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Abstract

Ligand-based Perspectives on the Evolution of Enzyme Function

Ranyee A. Chiang

Studying the evolution of enzymes and their functions improves our ability to
determine the functions of unknown enzymes and engineer enzymes to perform new
functions. An enzyme’s function is determined by its sequence and structure and we can
trace the evolution of enzymes and their function by analyzing their sequences and
structures. This dissertation describes work to extend these analyses of sequences and
structures to use comparisons of enzyme functions in order to study enzyme evolution.

The first studies described in this dissertation use “traditional” sequence and
structure analyses follow the evolution of an especially complex superfamily of enzymes.
We found that within the protein family that we were studying, despite having a single
function and a single evolutionary origin, no sequence or structural motifs unique to this
family could be identified. We also found that sequence and structural determinants of
specificity may lie outside of the active site. These results show that the correlation
between sequence, structure, and function is not always straightforward and demonstrate
the need for direct analyses of functions to study enzyme evolution.

In analogy to sequence and structure-based studies of enzyme evolution, we have
examined a large number of enzyme superfamilies using a new computational analysis of
patterns of substrate conservation. The patterns that we observe among substrates during

enzyme evolution suggest more complex patterns of functional divergence than what has
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been proposed by previous theories of enzyme evolution. The method has been
automated to facilitate large-scale annotation of enzymes discovered in sequencing and
structural genomics projects. A data resource has been developed to share this data with
researchers interested in improving predictions of enzyme function and in enzyme
engineering.

The final study presented describes work to select templates for structural
genomics efforts. The eventual goal is to increase the number of structures available to
determine enzyme function and specificity using methods like comparative modeling,

computational docking, and other experimental efforts.
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Chapter 1

Introduction

1.1. Metabolism and Enzymes

All living systems take in nutrients from their environment. Animals eat, plants
take in gases from the atmosphere and nutrients from the soil, and simpler organisms take
in individual nutrient molecules. Living systems actually use a more varied and often
more complicated set of molecules than the basic nutrients that they ingest. Thus, to
survive, living systems must be able to chemically convert the simple set of nutrients into
all the necessary forms. Living systems also increase their chance of survival if they
have a mechanism to chemically break down various toxins into less harmful forms.
Living systems use enzymes to satisfy these basic survival needs.

Enzymes, a subset of biological molecules called proteins, are essential for
driving these chemical reactions in living systems. They convert molecules (substrates)
into a chemically different form by first attaching themselves (binding) to the substrate
and then facilitating the substrate’s chemical change (catalyzing a chemical reaction). An
enzyme lowers the thermodynamic energy barrier for its reaction to proceed, often

through the stabilization of transition states that are very unstable when the enzyme is not



present. Each enzyme has the capability to catalyze a specific reaction on a specific
substrate (or sometimes, on a set of substrates). (Fersht 1985) An organism’s entire
assortment of enzymes make up its metabolic network and allow the organism to perform
all the different chemical reactions needed to convert nutrients into usable forms, break
complex molecules down into usable pieces, and break down harmful or unneeded

molecules to allow the pieces to be reused or excreted.

1.2. Enzyme Function and Experimental Determination

There are a several types of assays to confirm the substrate and product of an
enzyme. (Bergmeyer 1974) Using spectrophotometric methods, the appearance of a new
product can be detected by a change in light absorbance that is associated with the
substrate changing into a product. The enzyme’s reaction can also be coupled with
another enzyme and a downstream product can also be detected. The heat absorbed or
released during a chemical reaction can also be measured in calorimetric assays. These
assays can be used to monitor the substrate and/or product concentration over time which
can then be used to calculate the maximum velocity (Vax), reaction rates (kc,), substrate
concentrations required for the enzyme (for Ky, concentration required for enzyme to
reach half of V), and the efficiency of an enzyme (k.,/Ky). These values are most
easily calculated for enzymes that follow Michaelis-Menten kinetics (Briggs et al. 1925).
Using any the above methods requires that the substrate and/or product are known, or at
least that the substrate and/or product have been narrowed to a smaller list of molecules
that can be reasonably tested. Therefore, methods for predicting an enzyme’s function in
silico from its sequence or structure can greatly facilitate the experimental determination

of an enzyme’s function. Because sequence and structure information are expanding
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quickly due to genomics, metagenomics (Riesenfeld et al. 2004), and structural genomics
projects (Chandonia et al. 2006) and because experimental methods are time and resource

intensive, it is often only possible to determine enzyme function computationally.

1.3. Computational Prediction of Enzyme Function

The general strategy for computationally predicting the function of
uncharacterized enzymes usually involves finding homologous enzymes that are likely to
perform the same function, and then transferring the function from the characterized to
the uncharacterized enzyme. This success of strategy depends on 1) the strategy used to
find homologous enzymes and 2) how well the functions have been conserved between
homologous enzymes. These issues are discussed separately in the following paragraphs.

The basic algorithm for finding homologous enzymes is the Basic Local
Alignment Search Tool (Altschul et al. 1990). Starting from the nucleotide or amino acid
sequence of a given query enzyme, the BLAST algorithm is used to search sequence
databases for other proteins with statistically significant sequence similarity. While
BLAST is suitable for finding closely to moderately related sequences, an iterative
version of BLAST called PSI-BLAST (Altschul et al. 1997) is more appropriate for
finding more distantly related sequences. There are additional methods that can also be
used to find homologs based on sequence similarity (Pegg et al. 1999; Krishnamurthy et
al. 2005). Each of these methods have their own strengths and weaknesses (Brenner et al.
1998; Sauder et al. 2000), but in general, more distantly related proteins are harder to
detect accurately than less distantly related proteins. Because structures are more
conserved than sequences, structural similarity can be used as additional evidence of

common ancestry when sequence similarity is difficult to detect. There are a number of

3



methods that can be used to detect homology by structure similarity (Holm et al. 1996;
Shindyalov et al. 1998; Lupyan et al. 2005).

Using these sequence and structure similarity methods to predict functions
becomes more difficult with increasingly distant relationships. Not only are these
relationships harder to detect, functions are also less likely to be conserved at these
distant levels of relatedness (Hegyi et al. 1999; Wilson et al. 2000). In addition, the
conservation of function is not uniform across different families (Glasner, Fayazmanesh
et al. 2006) and superfamilies (Gerlt et al. 1998) — some sequences can diverge
considerably while retaining the same function while other sequences can diverge very
little and have different functions (Seffernick et al. 2001). Several large-scale studies
have examined the extent of the non-uniformity in the evolution of enzyme function
(Rost 2002; Tian et al. 2003). This variation in the evolution of enzymes leads to
difficulties with predicting enzyme function accurately, and thus, many sequence
databases are filled with erroneous annotations (Brenner 1999; Devos et al. 2001; Gilks et
al. 2002). To understand how to improve the prediction of enzyme function, we need to
examine in more detail the process of enzyme evolution and how functions are conserved

or vary.

1.4. Models of Enzyme Evolution

Over time, changes in the genes that code for enzymes lead to variations in the
enzymes themselves. Some enzymes are more successful in catalyzing needed reactions
and meeting new environmental demands. These “fit” enzymes contribute to the survival
of the individual organism with those enzymes, and, in turn, the survival of the enzymes

themselves. Inversely, enzymes that are detrimental to the organism will lead to the
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organism being less likely to survive. The primary mechanism that leads to diversity in
the enzyme repertoire involves the duplication and then divergence of enzymes (Todd et
al. 2001). After an ancestral enzyme undergoes a gene duplication, there will be a
redundant copy of the enzyme. One copy of the enzyme, now free from functional
constraints, can accumulate mutations. This divergence leads to new enzymatic
functions, both detrimental and beneficial, upon which natural selection can act. There
are several hypotheses that describe in more detail how enzymes and their functions
diverge (Schmidt, Sunyaev et al. 2003) and these hypotheses are described in the
following paragraphs.

To understand how individual enzymes evolve, it is useful to examine how
pathways of enzymes evolve. Jensen first proposed in 1976 that new enzyme pathways
are assembled by duplicating enzymes from different existing pathways in a patchwork
fashion (Jensen 1976) (Figure 1.1). This hypothesis, called the “patchwork hypothesis,”
has subsequently been established by a number of examples and studies (Babbitt et al.

1997; Copley 2000; Aharoni et al. 2005).
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Figure 1.1. Pathway evolution by the recruitment of enzymes from different pathways (Schmidt,
Sunyaev et al. 2003)
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During the evolution of new pathways according to the patchwork hypothesis, it
is easier to “reuse” an enzyme that already promiscuously or partially performs the

function needed for the new pathway (O'Brien et al. 1999). Thus, existing enzymes are



recruited during evolution to perform modified functions while often maintaining some
aspects of the ancestral function. Consequently, among contemporary enzymes we
observe groups of evolutionarily related enzymes that share some aspects of molecular
function and differ in others. The most divergent groups of evolutionarily related
enzymes that still share aspects of function are called superfamilies. Within a
superfamily, we define a family as a set of proteins that perform the same overall
catalytic reaction in the same way.

Previously, both large-scale and focused studies of enzyme evolution have
recognized two primary models of how function is conserved. In the retro- or substrate-
conserved model of enzyme evolution, Horowitz’s original hypothesis describes how an
existing enzyme in a pathway is duplicated and then evolves to convert new molecules
into the substrate for the original enzyme in a metabolic pathway (Horowitz 1945;
Horowitz 1965). In the resulting pathway, the newly evolved enzyme will function to
provide a reaction required upstream of the original enzyme (i.e., the product of the
newly evolved enzyme would be the substrate for the parent). In the second model,
chemistry-constrained evolution, the ancestral enzyme, which can be from any pathway,
is already promiscuous for or performs a fundamental type of chemistry (often a partial
reaction) in common with the function of the daughter enzyme. The aspect of catalysis
shared by the ancestral and daughter enzymes is maintained through conservation of
structural features such as active site residues (Babbitt et al. 1997; Gerlt et al. 2001;
Porter et al. 2004). The key difference between these two models is in the pattern of
function conservation within each. Related proteins that have diverged via the retro- or

substrate-conserved model will bind substrates in common while the chemical reactions



with those substrates differ. In the chemistry-constrained model, divergence can give rise
to large superfamilies performing many different reactions. Members of such
superfamilies will have conserved some aspect of the chemical reaction, which is often a

partial reaction, while the substrates they use and their overall chemical reactions differ.

1.5. Studying Enzyme Evolution

The value of any analysis of the evolution of enzyme function depends on how we
describe enzyme function, with respect to both the detailed molecular functions of
individual enzymes and the properties of function shared across diverse members of
enzyme superfamilies. Previous approaches to study enzyme evolution range from
detailed manual analyses of small numbers of related enzyme families and superfamilies
to automated analyses of many superfamilies. The former have often included not only
analyses of sequences and structures but also comparisons of the substrates and reaction
mechanisms of the constituent enzymes. These studies have been useful for annotating
new sequences and structures and for generating and testing hypotheses about patterns of
enzyme evolution (see (Babbitt et al. 1996; Bessman et al. 1996; Holden et al. 2001;
Allen et al. 2004; Mildvan et al. 2005) for examples). However, because of the expert
knowledge required and their time-intensive nature, these types of analyses are not
feasible for large numbers of superfamilies. Other semi-automated efforts have
contributed to our understanding of enzyme evolution and data from these analyses have
been made available in a number of online resources that include the Structure-Function
Linkage Database (Pegg et al. 2006), MACIE (Holliday et al. 2007), the Catalytic Site

Atlas (Porter et al. 2004), and EzCatDB (Nagano 2005).



Automated analyses (Shah et al. 1997; Todd et al. 1999; Schmidt, Sunyaev et al.
2003) have used enzyme classification systems, like the Enzyme Commission (EC)
system (Tipton et al. 2000), to represent functional properties and determine what
properties are conserved. The EC system represents a large proportion of known enzyme
reactions, classifying each enzyme with a hierarchical set of four numbers that uniquely
identify a reaction, and is easy to use for large-scale analyses. However, this system,
developed before analyses of enzyme evolution were common, does not provide a
detailed description of enzyme function or substrates at the atomic level (Rison et al.
2000). Moreover, the EC classification of function often does not correspond with either
the aspects of function that are conserved or those that can change during evolution.
These issues make this system unsuitable for evaluating how enzyme function evolves,
especially when evolutionary relationships are distant (Babbitt 2003). For enzymes, the
Gene Ontology (GO) system’s (Ashburner et al. 2000) molecular function classifications,
also often used to describe and analyze function, largely recapitulate the EC system.
Several groups have analyzed enzyme relationships and evolution on a large scale while
using substrate and reaction similarities (Nobeli et al. 2005; Keiser et al. 2007; O'Boyle et
al. 2007). Although these similarity metrics are useful, especially for clustering enzymes
by their substrate similarities, they are not informative about what specific aspects of
function are conserved.

To do large-scale and detailed studies of the general principles behind enzyme
evolution, we first need a way to describe enzyme function that is both systematic and
detailed. With such a description, we can begin to look at how function is conserved

during enzyme evolution, within specific superfamilies and among enzymes in general.



1.6. Outline of Thesis

The overarching goal of this body of work is to examine how enzyme functions
evolve by focusing on the molecules transformed by the enzymes. Because the enzymes
themselves also contribute to the story of how they evolve, enzyme sequences and
structures are also the object of study in this thesis. In addition providing new
perspectives and information to improve our understanding of the constraints that drive
enzyme evolution, our goal is also to improve our ability to predict enzyme function and
engineer enzymes to perform new functions. The following paragraphs outline the
sections of this thesis and how the work in each of these sections contributes to these
goals.

The next chapter (Chapter 2) of this thesis demonstrates how traditional analyses
of sequence and structure can be used to study how enzyme function evolves. For a well-
studied enzyme superfamily, I report the results of two studies to trace the evolutionary
history of individual families and analyze the conservation in sequence and structure to
find specificity determinants. The second study was done in collaboration with Dr.
Margaret Glasner, who was the primary contributor. For both studies, we were interested
in how functions, especially functional promiscuity, vary within families and how that is
determined by sequence and structure. The results demonstrated that the situation is
complicated. To leverage additional information to clarify this complicated situation, we
next turn to studying enzyme functions directly.

We have extended analyses of conservation in sequence and structure to examine
the conservation in enzyme substrates (Chapter 3). We have used graph isomorphism

algorithms to find the substructures that are conserved among all of the members of a



particular superfamily. These analyses have been automated to enable us to study a large
set of enzyme superfamilies. The results for these superfamilies enable us to 1) probe
general questions about how enzymes and their substrates evolve and 2) improve our
ability to engineer new enzyme functions, and 3) improve the precision of predictions of
enzyme function.

To make this substructure information accessible and useful for researchers
interested in enzyme evolution, function prediction, and enzyme engineering, we have
created a data resource. In Chapter 4, we describe how the conserved substructure
information can be explored through this data resource. Additionally, this resource
allows researchers to examine function variation within one superfamily as well as for a
particular enzyme.

Because experiments to determine enzyme function are time and resource
intensive, computational methods are required to predict functions or at least direct
experimental researchers to which substrates to test. The final chapter is focused on work
to facilitate the prediction of enzyme substrates accurately in the absence of experimental
information. The docking strategy (Kitchen et al. 2004), that involves calculating how
well different molecules fit into an enzyme’s active site and choosing the best-fitting
molecules, requires the three-dimensional structure of the enzyme. When there is no
experimentally determined structure, comparative modeling (Baker et al. 2001) can be
used to predict the enzyme’s structure based on the structure of a homologous enzyme.
In Chapter 5, I describe a study to select targets for structural genomics efforts. Dr.
Ursula Pieper is the primary contributor on this project. I contributed to the sequence and

modeling analyses to find new superfamily members and select targets for crystallization.
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The goal is to increase the number of experimental structures to increase the number of
enzyme structures that can be modeled which then improves our ability to predict the

functions of those enzymes through methods like docking.
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Chapter 2
Sequence  Analysis to  Find

Determinants of Enzyme Specificity

2.1. Introduction

Although majority of this work is focused on ligands and how substrate
specificity changes during enzyme evolution, because the substrate specificity is
determined by an enzyme’s sequence and structure, it is also important to consider these
pieces of the enzyme evolution picture. In this chapter, I present two studies of how
functional specificity is determined by variation in sequence and structure. For the first
study, I was the primary contributor. For the second study, Dr. Margaret Glasner was the
primary contributor and I performed the evolutionary trace and sequence analyses. The
results of this second study were published in 2006 (Glasner, Fayazmanesh et al. 2006)
and the sections of the published work that relate to my contribution are included in this
chapter.

Before describing the results of these studies, I first discuss the sequence analysis
method that was used in these studies (Section 2.1.1) and the enzyme superfamily that is

the focus of these analyses (Section 2.1.2).
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2.1.1. Evolutionary trace

The evolutionary trace (ET) method (Lichtarge et al. 1996; Madabushi et al.
2004) is commonly used to identify conserved sequence elements at different levels of
divergence in a group of related proteins. Based on the input of a multiple sequence
alignment, the ET method finds class-specific residues that have been evolutionary
conserved in and are specific to a superfamily, subgroup, or family. In other words, the
class-specific residues are not only conserved within that particular class, they are also
not conserved between different classes (Figure 2.1). When mapped to a protein’s
structure, the class-specific residues often correspond to functionally important residues
(Madabushi et al. 2002). When the different ET classes correspond to different enzyme
functions, class-specific residues often correspond to residues that mediate the
differences in specificity and function. The documentation and code for our

implementation of evolutionary evolution can be found in Appendix A.

. MS Y DGW
Family 1 MR VI.DAE I CS residues for family 1

Family 2 TEFKSGI SALLDAQ Q CS residues for family 2
PSAFGVEAEBADLT

Figure 2.1. Evolutionary trace example.
Residues in red are class-specific for Family 1. Residues in gold are class-specific for Family 2.
The aspartic acid (D) at the 11" position is conserved but not class-specific, as the same amino

acid residue is conserved across multiple families.
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2.1.2. Evolution of the enolase superfamily

Studying protein evolution requires identification of homologous proteins that
have evolved to perform different functions, such as those found in mechanistically
diverse superfamilies. Mechanistically diverse superfamilies are defined as groups of
homologous proteins which are unified by a common chemical attribute of catalysis,
although overall reactions can be quite different.(Gerlt et al. 2001) Here, we focus on the
enolase superfamily, which includes enzymes -catalyzing at least 14 different
reactions.(Gerlt et al. 2005) All enolase superfamily enzymes utilize a common partial
reaction in which a proton alpha to a carboxylate is abstracted by a base, leading to a
metal-stabilized enolate anion intermediate. Apart from this conserved partial reaction,
the overall reactions catalyzed by enzymes in this superfamily are quite divergent,
including racemization, B-elimination, and cycloisomerization. Very few residues are
required for the superfamily partial reaction; three metal-binding residues are well
conserved across the superfamily, but the identity and position of the general base is not
universally conserved.

Enolase superfamily proteins are composed of two domains, a ~200 amino acid
C-terminal modified (B/a)s-barrel domain ((B/a);B)) and a ~100-150 amino acid o+f
domain comprised of elements from both the N and C termini, which we call the capping
domain (Figure 2.2). As with other (fB/a)s-barrel domain proteins, the active site is
nestled in a depression formed by the C-terminal ends of the B-strands of the barrel
domain. The capping domain is structurally conserved among all members of the enolase
superfamily and has not been found in combination with any other (B/a)s-barrel domain

protein superfamily, with domains of other folds, or as a single domain protein. Thus, it
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appears that the two domains have been co-evolving since the origin of the enolase
superfamily. The capping domain closes the active site and appears to play a role in
determining substrate specificity and conformational changes that occur upon substrate
binding. These functions are thought to be primarily mediated by two N-terminal loops,
centered around positions 20 and 50 (numbering defined relative to Escherichia coli o-
succinylbenzoate synthase; PDB identifier 1FHV), which will be referred to as the 20s
and 50s loops. In most enolase superfamily members, the 20s loop is disordered in the
absence of ligand, and ordering of this loop upon substrate binding results in interactions
with the ligand and shields the active site from solvent.(Lebioda et al. 1988; Neidhart et
al. 1991; Landro et al. 1994; Wedekind et al. 1994; Gulick et al. 2000; Thompson et al.

2000) The domain structure and the 20s and 50s loops are the focus of Section 2.3.

Capping Domain:
Specificity

Barrel Domain:

Figure 2.2. Capping and barrel domains in the enolase superfamily.

Categorizing superfamily members into families, or groups of proteins sharing the
same function, is often accomplished by establishing a sequence similarity
threshhold.(Todd et al. 1999; Devos et al. 2000; Wilson et al. 2000; Rost 2002; Tian et al.

2003) However, families in the enolase superfamily, as in other superfamilies, have most
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likely diverged at different rates or at different times during evolutionary history, making
it difficult to define a similarity score cutoff that separates different isofunctional
families. The o-succinylbenzoate synthase (OSBS) family poses a particularly thorny
problem. First, sequence similarity between some OSBSs barely exceeds random
similarity scores expected between unrelated proteins, making it impossible to define a
similarity score that encompasses all OSBSs but excludes proteins of other functions.
Second, a promiscuous protein from Amycolatopsis sp. T-1-60 that shares 42% identity
with the OSBS from Bacillus subtilis catalyzes both OSB synthesis and N-acylamino acid
racemization (Palmer et al. 1999). Even experimental characterization does not
adequately determine the physiological function of this enzyme, since it catalyzes OSB
synthesis and racemization of N-succinylphenylglycine at equivalent rates.(Taylor Ringia
et al. 2004) Thus, the OSBS/N-acylamino acid racemase (NAAAR) family is an
especially interesting subject for investigating protein evolution because it includes both
extremely divergent enzymes having the same function and very similar enzymes having

different functions and is the focus of the following section (Section 2.2).

2.2. Evolution of Structure and Function in the o-Succinylbenzoate

Synthase/N-Acylamino Acid Racemase Family

2.2.1. Introduction

The evolution of new protein functions is a major puzzle in biochemistry. Given
that closely related proteins can have different functions, and distantly related proteins
can have the same function, what kinds of structural alterations are required or tolerated

during protein evolution? In addition, what characteristics of a particular protein
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determine its degree of evolvability, or the likelihood that it will evolve a new function?
Some previous work has indicated that evolution often proceeds through promiscuous
intermediates(Ycas 1974; Jensen 1976; Hughes 1994; O'Brien et al. 1999; Schultes et al.
2000; Gerlt et al. 2001; Matsumura et al. 2001; Copley 2003; Schmidt, Mundorff et al.
2003; Aharoni et al. 2005) and that conformational flexibility of surface loops near the
active site might contribute to promiscuous substrate binding and hence to the evolution
of promiscuous functions(James et al. 2003). Unfortunately, there are still few proteins
whose evolution, structure, and function have been analyzed in enough detail to fully
evaluate these hypotheses. With the advent of large-scale genomic sequencing we are
poised to answer these questions. Understanding how proteins evolve will help address
several longstanding problems in biochemistry, including how to redesign proteins in the
laboratory and how to predict function from sequence and structure.

Here, we have studied the evolution of the OSBS/NAAAR family. This study
begins to answer several questions about how function and structure evolve in extremely
divergent protein families. First, what sequence and structural features must be conserved
to maintain function in extremely divergent families? Second, by what mechanisms do
proteins evolve new functions? And finally, what functional and structural characteristics
of a protein make it more or less capable of evolving a new function? Our study of the
OSBS/NAAAR family’s evolution demonstrates that sequence, structure, and modes of
substrate binding are surprisingly malleable. In addition, we have identified a number of
proteins of unknown function whose experimental characterization would be valuable for
understanding evolutionary relationships and structural determinants of catalysis in the

enolase superfamily. We also demonstrated that the accuracy and extent of functional
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annotation could be improved using rigorous phylogenetic reconstruction accompanied
by analysis of genomic context. Lastly, our in depth analysis of the evolution, structure
and function of the OSBS/NAAAR family identified several characteristics of
Amycolatopsis OSBS/NAAAR which might enhance its evolvability relative to other

OSBSs.

2.2.2. Methods
Identification of menaquinone pathway genes

Menaquinone biosynthesis genes were identified in complete and incomplete
genomes using the Seed Annotation and Analysis Tool from the Fellowship for
Interpretation of Genomes (FIG).(Overbeek et al. 2004) Genes were initially annotated as
menaquinone pathway genes if the percent identity of a pairwise protein alignment
covering >90% of the length of a characterized menaquinone pathway protein was >40%.
Experimentally characterized menaquinone pathway proteins include all pathway
proteins from E. coli; menB, menC, menD, menE, and menF from B. subtilis; ubiE from
Geobacillus stearothermophilus; and menA and menB from Synechocystis sp. PCC
6803.(Meganathan et al. 1981; Taber et al. 1981; Driscoll et al. 1992; Rowland et al.
1995; Koike-Takeshita et al. 1997; Palmer et al. 1999; Johnson et al. 2000; Meganathan
2001) As a second criterion, genes were annotated as encoding a menaquinone pathway
protein if they were five or fewer genes distant from another menaquinone pathway gene
and their proteins had BLAST expectation values <107 relative to reliably annotated
menaquinone pathway proteins when searching the nr database. Most of the remaining

genes were provisionally assigned functions if their proteins share ~25%—-40% identity

with a characterized menaquinone pathway protein and nearly all proteins identified as
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being similar (BLAST E-values <107 using the nr database) are annotated as having that
function.
ldentification of MLE subgroup members

The initial enolase superfamily data set was downloaded from the Structure-
Function Linkage Database (SFLD).(Pegg et al. 2005; Pegg et al. 2006) Additional
superfamily members were identified using a subset of the superfamily filtered to include
only proteins sharing <35% identity as input for Shotgun.(Pegg et al. 1999) This program
performs a BLAST search (Altschul et al. 1990) of each input sequence and outputs a
score indicating the number of input sequences that find a given BLAST hit, allowing
homologs which have barely significant BLAST E-value scores to be identified. These
sequences were then manually screened to remove fragments and to verify that they
contained the canonical catalytic residues of the enolase superfamily. The final enolase
superfamily data set was compared to HMMs from the SFLD to classify sequences into
subgroups and isofunctional families. All further analyses were performed using protein
sequences matching the MLE subgroup HMM with expectation values <10™" and any
other enolase superfamily sequences, which could not be classified into a subgroup or
family by the HMMs.
Phylogenetic analysis

The MLE subgroup and outlying enolase superfamily members were aligned
using Muscle v.3.52. (Edgar 2004) The initial alignment was manually refined using
structural alignments of muconate lactonizing enzyme (1MUC), L-Ala-D/L-Glu
epimerase (1JPM and 1JPD), N-acylamino acid racemase (1SJB and 1XS2), and OSBS

(1FHV and B. bacteriovorus OSBS). Structural alignments were generated by MinRMS
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(Jewett et al. 2003) and the structure matching and alignment feature of UCSF Chimera
from the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by NIH P41 RR-01081). (Pettersen et al. 2004)
Phylogenetic reconstruction was performed using Bayesian and distance methods.
Bayesian trees were constructed with MrBayes v3.1.1(Ronquist et al. 2003; Altekar et al.
2004) under the WAG amino acid substitution model(Whelan et al. 2001) using a gamma
distribution to approximate rate variation among sites.

Distance trees were constructed using the NEIGHBOR program in
PHYLIP(Felsenstein 2004) under the JTT amino acid substitution model(Jones et al.
1992) and a gamma distribution of rate variation among sites using the alpha parameter
estimated in the Bayesian analysis. Trees produced by the two methods were similar,
although the Bayesian method produced trees with higher resolution and branch
confidence values. Accession numbers of sequences and species abbreviations used for
phylogenetic analysis are listed in the supplementary data (Tables 1, 2, 3, 4) of (Glasner,
Fayazmanesh et al. 2006). In general, species names are abbreviated using the first three
letters of the genus and first two letters of the species. The strain is indicated if multiple
strains of the same species were used in the analysis, and Bacteroides is abbreviated with
“Bet’’ to avoid confusion with Bacillus.

Sequence analysis

Sequence conservation was analyzed by comparing the aligned OSBS/NAAAR,
MLE, and AEE families. Family assignments of MLE and AEE proteins were taken from
the SFLD, which uses HMMs and information from the literature to assign proteins to

families. Conserved positions were defined as those in which >90% of family or
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subfamily members have the same amino acid residue. Phenylalanine and tyrosine or
aspartate and glutamate were treated as equivalent. Conserved residues were mapped
onto the structures of 1FHV (E. coli OSBS) and 1SJB (Amycolatopsis OSBS/NAAAR)
in Chimera.(Pettersen et al. 2004)
Structural analysis

Structural superpositions of the whole proteins, capping domains, and barrel
domains of 1SJB, 1FHV, B. bacteriovorus OSBS, and IMUC were generated from the
structure-based sequence alignment of the MLE subgroup using the Match feature of

Chimera or Combinatorial Extension (CE)(Shindyalov et al. 1998).

2.2.3. Results
Summary of phylogenetic analysis results

To understand the evolution of the OSBS/NAAAR family, we began by
identifying species which must have OSBS activity. We identified 127 strains in which
at least five of the eight menaquinone pathway genes could be identified (Figure 2.3). In
organisms in which most menaquinone pathway genes were identified, some or all are

colocalized in the genome and are likely to be coregulated as operons.
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Species Genomic positions of menaquinone synthesis genes

y-Proteobacteria

Haemophilus ducreyi 35000HP (Haedu) -mm[m-]mﬁ Ment ) fm— MenH —II—m-

Escherichia coli K12 (Escco) -m)-”-m-[[-mm—umm Mert =
Actinobacteria

Rubrobacter xylanophilus DSM 9941 (Rubxy) -@n 5 4@- w 1 iMenHm MenE =
Bacteroidetes

Bacteroides thetaiotaomicron VPI-5482 (Bctth) Menk =
Chlamydia

Parachlamydia sp. UWE25 (Par) M MenH- 2 M Mt : 1 m—
Firmicutes

Staphylococcus aureus subsp. aureus MW2 (Staau) -MMMM@—”-@-I’@:"’ Men m

Bacillus subtilis subsp. subtilis str. 168 (Bacsu) w Mrnnm MenE -Wﬁmw’-m—

Bdellovibrio bacteriovorus HD100 (Bdeba) -‘M 3 m 1 MMMH—II—” MenE
Plant

Arabidopsis thaliana (Arath) -m- -m- MmH-
Archaea

Haloarcula marismortui ATCC 43049 (Halma) w 2 m 1 el MenE
Chloroplast ‘

Cyanidium caldarium chloroplast (Cyaca) ‘MenD MenF == MenB JiMenA MenE —

Cyanobacteria

Prochlorococcus marinus str. MIT 9313 (PromaMA2) M MenE ==
Trichodesmium erythraeum IMS101 (Trier) m 10 m 7 ‘m 1 m 1 :MenH@ MenE {

Actinobacteria

Mycobacterium tuberculosis H37Rv (Myctu) _- 7 MemEr s w 4 1 m 2 m’
Propionibacterium acnes KPA171202 (Proac)  Menk —@—’I—m- 2 -m- 1 m—

Figure 2.3. Genomic context of menaquinone biosynthesis genes.
All identified menaquinone synthesis genes are shown as arrows; hollow arrows indicate
provisional assignments, as defined in Section 2.2.2. Menaquinone synthesis genes have been
aligned to show similarities in gene order; as a result, spaces between genes are not proportional to
the length of the DNA separating the genes. Each horizontal segment indicates a contiguous DNA
segment. The genomes of some species have multiple chromosomes or have not been completely
assembled, as indicated by gaps between segments. Hash marks indicate an intervening region
encoding > 40 genes. Smaller intervening regions are shown as light grey arrows with the number

of intervening genes and their orientation on the chromosome indicated.

The difficulty of unequivocally identifying OSBSs based on sequence similarity
and genome context is in agreement with the observation of Palmer et al. that OSBSs are
extremely divergent and can share < 15% identity(Palmer et al. 1999). In fact, some
putative OSBSs are barely recognizable as enolase superfamily members. For instance,

sequence similarity searches using the OSBS from Bdellovibrio bacteriovorus as a query
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identifies another very divergent, putative OSBS as the best match, but the E-value (0.05)
is barely significant. Thus, we speculated that OSBS activity might have evolved multiple
times within the enolase superfamily. To investigate this hypothesis and to understand
how the NAAAR-like proteins from organisms lacking menaquinone are related to
OSBS, we examined the phylogeny of a subset of the enolase superfamily comprised of
288 sequences which includes all OSBS candidates, the rest of the MLE subgroup, and
any other enolase superfamily members which could not be assigned to a subgroup or
family by Hidden Markov Models (HMMs) created to describe OSBS and other enolase
superfamily members in the Structure-Function Linkage Database (SFLD) (Pegg et al.
2005; Pegg et al. 2006). Contrary to our hypothesis, the phylogenetic tree of a
representative subset of these sequences demonstrated that all OSBSs and NAAAR-like
proteins are included in a single clade (Figure 2.4). Although the resolution at many
interior nodes is low, the branch confidence value separating the OSBS/NAAAR family
from the rest of the MLE subgroup is 1.00. This result confirms that the OSBSs identified
by sequence similarity and genomic context, including those that are too divergent to
match the MLE subgroup HMM and those that are not encoded near other menaquinone
pathway genes, belong to the OSBS/NAAAR family. In addition, this result strongly
suggests that this family had a single evolutionary origin, because rooting the tree with
MLE or AEE, the closest known paralogs of the OSBS/NAAAR family(Babbitt et al.

1996), leaves the family as a monophyletic group.
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AEE

unknown

MLE

Figure 2.4. Bayesian phylogenetic tree of proteins in the MLE subgroup.
A representative set of 54 proteins was selected from the 288-protein subgroup by using only
proteins sharing < 40% identity. The predicted or verified function is indicated by the prefix
“osbs”, “aee”, or “mlel”, and characterized proteins are indicated with an asterisk (*). Proteins of
unknown function are prefixed by “unk”. OSBS/NAAAR family members are shown in red,
characterized AEEs are in green, and MLE I is in blue. Other possible AEEs are in gray, but they
cluster with the characterized AEEs with only moderate statistical support. Proteins of unknown

function are in black. Branch confidence values are indicated as solid circles (> 0.95), hollow

circles (0.7-0.94), or no indication (0.5-0.7).

Diversity in the OSBS/NAAAR family

Having performed a comprehensive survey of the distribution of the

OSBS/NAAAR family, we were interested in reevaluating the family’s diversity to

discover whether it is unusually divergent compared to other protein families, as

suggested previously (Palmer et al. 1999). Initially, we compared lengths of

OSBS/NAAAR family trees to tree lengths of other families in the menaquinone pathway
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or enolase superfamily. Tree length (measured as substitutions per site) is expected to be
the most accurate measure of sequence divergence, because it corrects for multiple
substitutions per site. In comparisons of trees built using sequences from the same set of
species, the length of OSBS/NAAAR trees were usually at least twice as long as those of
other protein families, indicating that the OSBS/NAAAR family has indeed evolved at a
much faster rate (data not shown). However, the topology of the OSBS/NAAAR tree was
similar but rarely identical to the topology of trees built using other families, even when
using subsets of the OSBS/NAAAR family that are well resolved on the phylogenetic
tree.

Because the significance of comparing lengths of trees that have different
topologies is uncertain, we also calculated pairwise percent sequence identities, even
though these are a more approximate measure of evolutionary distance. Comparison of
OSBSs and menBs from a wide taxonomic distribution agree well with those previously
reported, with menB proteins generally sharing > 40% identity while OSBSs from the
same set of species generally share < 30% identity (Palmer et al. 1999). To gain a better
perspective concerning the divergence of the OSBS family, we compared minimum and
average percent identities of the OSBS family to other families in the enolase superfamily
and menaquinone pathway (Table 2.1). For each comparison, the set of OSBSs and the
set of proteins from the compared family were taken from the same set of species.
Compared to other families in the enolase superfamily, the OSBS family is unusually
divergent. However, comparison to other proteins in the menaquinone pathway reveals a
different picture. Although MenB is extremely well-conserved, the sequence divergence

of MenD and MenE is more similar to OSBS. On average, the OSBS family is slightly
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more divergent than the MenD or MenE families, but because percent identity is only a
rough approximation of evolutionary distance, it is unclear whether the OSBS family is
significantly more divergent than these proteins. Thus, although the OSBS family is
unusually divergent for the enolase superfamily, it is less extraordinary compared to other
proteins in its pathway.

Table 2.1. Relative divergence of the OSBS family

Family for Number of
comparison species® Compared family® 0SBS®
Average Minimum Average Minimum

% identity % identity % identity % identity

Enolase® 66 56 27 26 15

Galactonate

dehydratase® 8 55 32 31 20

Glucarate

dehydratase® ® 11 78 66 45 20

AEE° 30 38 24 33 18

MenB 67 58 35 26 14

MenD 66 32 21 26 14

MenE 67 27 14 26 14

*OSBSs were compared to proteins from a second family which were taken from the same set of
species as the OSBSs.

PPercentage identities were calculated as number identical/length of the longer sequence from pair-
wise alignments generated by ALIGN.83. E.-W. Myers and W. Miller, Optimal alignments in linear space,
Comput. Appl. Biosci. 4 (1988), pp. 11-17. View Record in Scopus | Cited By in Scopus (432)83

‘Some NAAAR-like proteins not encoded in menaquinone operons are included in the OSBS
family.

Glucarate dehydratase related protein, which has an unknown function was excluded.

In addition to being more divergent than other families in the enolase superfamily,
the OSBS/NAAAR family is unusual in that it includes proteins catalyzing at least two
different reactions. Surprisingly, the NAAAR-like proteins are not among the more
divergent proteins in the family, but are closely related to proteins identified as OSBS
based on genomic context and experimental evidence(Palmer et al. 1999). As shown

above, phylogenetic analysis failed to separate the NAAAR-like proteins into a separate
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clade. In fact, most NAAAR-like proteins which are not encoded in menaquinone
operons share > 40% identity with B. subtilis OSBS. Only the genomic position of the
genes encoding NAAAR-like proteins hints that their function might differ from the
menaquinone operon-encoded OSBSs.
Conservation of sequence in the OSBS/NAAAR family

Despite the high sequence divergence of the OSBS/NAAAR family, all proteins
in the family form a single clade in the MLE subgroup phylogenetic tree, indicating that
there must be conserved sequence information that differentiates this family from the rest
of the MLE subgroup. To identify conserved residues specific to the OSBS/NAAAR
family, we compared the pattern of sequence conservation among the OSBS/NAAAR,
MLE, and AEE families. For this analysis, the OSBS/NAAAR family was treated as a
single unit or divided into subfamilies representing clades containing at least five
sequences (y-Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, and
Firmicutes/NAAAR-like proteins), as indicated in Figure 2.5. Except for unk.Thefu
(g123018694 from Thermobifida fusca), the NAAAR-like proteins were included with the
Firmicute OSBSs because they could not be cleanly separated based on phylogeny or the
presence of the menaquinone operon. In addition, the AEEs were divided into two groups
comprised of close relatives of characterized E. coli or B. subtilis epimerases because the
clade including both groups had poor statistical support on the MLE subgroup

phylogenetic tree (Figure 2.4).
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Figure 2.5. Bayesian phylogenetic tree of the proteins in the OSBS/NAAAR
Branch confidence values are shown as in Figure 2.4. A) The OSBS/NAAAR family. To build the
tree, the full set of OSBS/NAAAR proteins was filtered to remove proteins sharing > 94% identity
with any other in the set. Proteins are colored according to phylum, and arcs indicate the main
subfamilies. Proteins in gray are environmental sequences derived from the Sargasso Sea data set
(Venter et al. 2004). A plus sign (+) indicates NAAAR-like proteins found in strains in which
menaquinone synthesis genes could not be identified. An asterisk (¥) identifies proteins which are

not encoded in menaquinone operons but are found in strains which have the menaquinone

pathway.

The pattern of sequence conservation is summarized in Figure 2.6, in which

residues conserved in > 90% of subfamily members are highlighted in magenta, and

residues conserved in both > 90% of the subfamily and > 90% of the entire MLE

subgroup are highlighted in black. The only residues conserved throughout the entire
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MLE subgroup are the catalytic residues in the barrel domain, except for the lysine on
barrel domain strand 6 (Bar- B6) which is replaced by tyrosine or arginine in some MLE
subgroup members, including one branch of the Cyanobacteria OSBS subfamily. For
these Cyanobacteria OSBSs, an arginine at this position might have little effect on
catalysis, because the lysine at this position in E. coli OSBS appears to stabilize the
enediolate intermediate rather than act as a general acid/base catalyst(Klenchin et al.
2003). The other highly conserved residues in the MLE subgroup appear to be involved
in maintaining the structure. For instance, the conserved elements of capping domain
strand B3 and helix a3 (Cap-f3 and Cap-a3) are adjacent and probably important for
capping domain structure, and the glycine before Bar-6 is located in a tight turn. Other
than these residues, the pattern of sequence conservation is somewhat variable. Although
some groups appear to have greater numbers of conserved residues, this is mostly
because these groups are small (e.g. the Bacteroidetes group) or include sequences of
limited diversity (e.g. MLE and AEE groups, in which sequences share > 40% identity).
In comparison, the Firmicutes/NAAAR-like subfamily includes more divergent
sequences; it should be noted that the most divergent sequences in this group (osbs.Staau,
osbs.Staep, osbs.Lacla, osbs.Desha, osbs.Leume, and osbs.Exi) are menaquinone operon-

encoded OSBSs, not NAAAR-like proteins.
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Figure 2.6. Analysis of sequence conservation in the OSBS/NAAAR family

The sequence alignment shows representatives of each of the five OSBS/NAAAR subfamilies, the
MLE family, and two AEE subfamilies. The membership of each OSBS/NAAAR subfamily is

shown in Figure 2.5, as indicated by the arcs, with the exception that the NAAAR-like T. fusca

protein (unk.Thefu) was not included in this analysis. y-Proteobacteria is represented by
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OSBS.16130196.Escco, Cyanobacteria by OSBS.33864323.Proma, Bacteroidetes by
OSBS.53712611.Bctfr, Actinobacteria by OSBS.17367875.Myctu, and the Firmicute/NAAAR-
like protein subfamily by NAAAR.2147746.Amy. The membership of the AEE subfamilies and
the MLE family consists of proteins sharing > 40% identity with each sequence that is shown.
Magenta residues indicate conservation in > 90% of subfamily members, and black residues
indicate conservation in both > 90% of the subfamily and > 90% of the entire MLE subgroup.
Gray numbers indicate the length of segments that are not shown. Secondary structure of the
capping and barrel domains are indicated by Cap- and Bar-, respectively. Catalytic residues are

indicated by a five-pointed star below the sequences. Positions of residues lining the active site

pocket are indicated for E. coli OSBS (®), Amycolatopsis OSBS/NAAAR (#), and B.

bacteriovorus OSBS (#, sequence not shown). Solid symbols represent residues < 5 A away from

bound OSB, and open symbols indicate residues 5-6 A away from the ligand. The arrow indicates
the position of the glutamate or aspartate to glycine mutation that confers OSBS activity on E. coli

AEE or Pseudomonas sp. P51 MLE II(Schmidt, Mundorff et al. 2003).

Surprisingly, the results of this analysis indicate that there are no conserved

residues shared by all five OSBS/NAAAR subfamilies, other than residues also shared

with the rest of the MLE subgroup. Conserved residues within subfamilies are most likely

to fall in regions near the active site, either on two loops of the capping domain or on the

strands or loops of the barrel domain. Although one or more OSBS/NAAAR subfamilies

often has conserved residues at the same position, the identities of those residues are

rarely the same. In cases where the residue identity is conserved, the same residue is

often present in the MLE or AEE families. Thus, although the OSBS/NAAAR family is

phylogenetically unified and most, if not all (including characterized NAAAR-like

proteins) catalyze the OSBS reaction, there are no unique OSBS/NAAAR family motifs

to differentiate them from other MLE subgroup members.
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Summary of structural analysis results

To understand how substrate specificity is conserved with so little sequence
conservation, we compared the structures of E. coli OSBS bound to the substrate or OSB
(IFHV and 1R6W), Amycolatopsis OSBS/NAAAR bound to OSB (1SJB), and B.
bacteriovorus OSBS bound to OSB (coordinates generously provided by Alexander
Fedorov, Elena Fedorov and Dr. Steven Almo, Albert Einstein College of
Medicine)(Thompson et al. 2000; Klenchin et al. 2003; Thoden et al. 2004). In all three
structures, residues lining the active site pocket are in homologous positions, and these
residues tend to be more highly conserved within and between subfamilies than regions
distant from the active site (Figure 2.6). The structures exhibit similar hydrophobic
interactions between the benzene ring of OSB and the 50s loop, in which at least one of
the residues interacting with ligand is aromatic. Most members of the OSBS/NAAAR
family (and many other members of the MLE subgroup) have aromatic residues at one or
both positions, suggesting that this hydrophobic pocket is important for ligand binding.

In contrast to these similarities, there are also some striking differences in active
site structure, which might contribute to differences in function and inherent evolvability.
As previously reported, the conformation of OSB differs in the Amycolatopsis and E. coli
enzymes(Thoden et al. 2004). In Amycolatopsis, the succinyl tail of OSB is extended,
while it is bent in E. coli and B. bacteriovorus (Figure 2.7). Likewise, the succinyl or
acetyl moieties of N-acylamino acid substrates also lie in extended conformations in
Amycolatopsis OSBS/NAAAR. For N-succinyl-methionine, this conformation provides

suitable hydrogen bond donors and acceptors, which are unavailable in E. coli OSBS,
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accounting for the inability of E. coli OSBS to racemize this substrate(Thoden et al.

2004).

Figure 2.7. Comparison of OSB binding orientation
Amycolatopsis OSBS/NAAAR (1SJB) is red, E. coli OSBS (1FHV) is cyan, and B. bacteriovorus

OSBS is green.

The second major difference among these structures is the position of the 20s loop
(Figure 2.8, top). In spite of its proximity to the active site, the 20s loop is poorly
conserved within and between different subfamilies. The lack of conservation might be
explained by the necessity of compensatory mutations to accommodate other structural
changes, such as shifts in the orientation between the two domains, although there might
also be consequences for the catalytic activity (see below). In Amycolatopsis
OSBS/NAAAR bound to OSB, the 20s loop contacts the catalytic lysine that acts as a
general base (the second lysine in the KXK motif), sandwiching it between the loop and
the barrel and orienting it appropriately for proton abstraction. In contrast, the 20s loop of
E. coli OSBS bound to either substrate or product does not contact the barrel, leaving the
active site slightly open and the catalytic lysine disordered and solvent accessible.
Similarly, the catalytic lysine is also solvent accessible in B. bacteriovorus OSBS,

although the 20s loop is disordered, even when OSB is bound (data not shown).
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Amycolatopsis E. coli OSBS
OSBS/NAAAR

20's loop

N

E.coli OSBS with Capping
domain twisted to match
Amycolatopsis OSBS/NAAAR

Amycolatopsis OSBS/NAAAR
with Capping domain twisted
to match E. coli OSBS

Figure 2.8. Comparison of the 20s and 50s loop positions in E. coli OSBS and Amycolatopsis
OSBS/NAAAR

The native structures are shown in the top panels. In the bottom panels, the capping domain of
Amycolatopsis OSBS/NAAAR has been rotated to match the position of the E. coli OSBS capping
domain (left), and the E. coli OSBS capping domain has been rotated to match the Amycolatopsis
OSBS/NAAAR capping domain (right). Metal binding residues and the metal ion are shown in

green, the Bar-f2 lysine that acts as the general base is shown in blue, the Bar-36 lysine required
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for catalysis is purple, and residues on the 20s and 50s loops that contact the ligand are in orange.

The carbon from which the proton is abstracted is shown in black.

We hypothesize that these structural differences might contribute to differences in
binding specificity and catalysis among these enzymes, as well as to their capacities to
evolve new functions, as discussed below.

In order to understand the consequences of domain orientation on the structure of
the active site and the function of the enzymes, we analyzed the effect of twisting the E.
coli OSBS capping domain to match the orientation of the Amycolatopsis OSBS/NAAAR
capping domain (Figure 2.8, bottom). To do this, the capping and barrel domains were
superimposed separately on the Amycolatopsis enzyme. Twisting the E. coli capping
domain shifts the 20s and 50s loops ~ 6 A down toward Bar-g2. As a result, the 20s loop
is no longer in contact with the ligand. Instead, it now approaches the catalytic lysine of
the KXK motif, which is disordered in the E. coli structures. Having the 20s loop in this
position would prevent this lysine from adopting an extended conformation, possibly
forcing it into the active site toward the substrate. When the converse experiment is
performed and the Amycolatopsis capping domain is twisted to match that of E. coli, the
20s and 50s loops shift ~ 6 A away from the barrel so that the 50s loop is no longer in
contact with the ligand. In this position, the 20s loop barely contacts the second lysine of
the KXK motif, leaving it mostly exposed to solvent outside the active site.

Although we have only shifted the orientations of the two domains and have not
refined the models to ameliorate steric hindrances or reposition loop residues into more
favorable conformations, these results suggest that proper orientation of the capping and

barrel domains is required for positioning the catalytic lysine for catalysis in
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Amycolatopsis OSBS/NAAAR. For E. coli OSBS, these results suggest two possibilities.
First, perhaps the flexible lysine is resident in the active site often or long enough for
catalysis. Second, it is also conceivable that the crystal structures of E. coli OSBS bound
to either substrate or product do not capture the structure of the enzyme in the transition
state. As in Amycolatopsis OSBS/NAAAR, repositioning the 20s loop through domain
rotation or other conformation changes might be required in order to correctly position
the lysine for catalysis. The fact that the 20s loop is disordered in B. bacteriovorus OSBS

in the presence of ligand provides some support for the latter possibility.

2.2.4. Discussion
Changes in protein structure during evolution

Investigating the evolutionary relationships among the OSBS and NAAAR-like
proteins of the enolase superfamily uncovered several surprising observations. The most
remarkable are that these proteins exhibit significant structural variation and that
sequence motifs unique to the OSBS/NAAAR family which distinguish it from other
families in the enolase superfamily could not be identified, in spite of the fact that OSBS
activity has been conserved and the family appears to have a single evolutionary origin.

This raises the question of how enzyme specificity can be maintained over the
course of evolution. Some structural differences would be expected between
Amycolatopsis OSBS/NAAAR and the other two OSBSs, since the Amycolatopsis
enzyme has an additional activity. However, structural differences as exemplified by both
RMSD and domain orientation are at least as great between E. coli and B. bacteriovorus
OSBSs. One way in which specificity might be maintained during evolution is through

compensatory mutations and structural flexibility of surface loops that close the active
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site (James et al. 2003). In the three OSBS/NAAAR family structures, the function of the
50s loop appears to be conserved, since it is structurally well-aligned and forms a
hydrophobic binding pocket for the benzene ring (Figure 2.6). The ring is anchored at one
end by the carboxyl group binding to the metal ion and by the 50s loop at the other.
Mutations that affect the orientation of the benzene ring could be accommodated by
structural reorganization and mutations of the 50s loop, such as the small insertion
observed in the Amycolatopsis enzyme.

The 20s loop is also likely to play an important role in maintaining, and perhaps
altering enzyme specificity. In most enolase superfamily members, this loop is disordered
in the absence of ligand (Lebioda et al. 1988; Neidhart et al. 1991; Landro et al. 1994;
Wedekind et al. 1994; Gulick et al. 2000; Thompson et al. 2000). In addition to being less
well-conserved than the 50s loop, the 20s loop is not well-aligned in the structures of
Amycolatopsis OSBS/NAAAR and E. coli OSBS bound to OSB, and it is disordered in B.
bacteriovorus OSBS bound to OSB. The flexibility and apparent mutability of this loop
suggest that it could have coevolved with other sequence and structure elements (such as
those determining domain orientation) to maintain substrate binding. In addition, the
flexibility of this loop might allow promiscuous binding and reactions with new
substrates without impairing OSBS activity, leading to the evolution of new protein
functions, such as NAAAR activity(James et al. 2003; Aharoni et al. 2005).

While the role of flexible loops in maintaining OSBS activity is somewhat
speculative, it has also been proposed that structural requirements for catalysis are
relatively permissive because the OSBS reaction is highly exergonic and can proceed

uncatalyzed at significant rates(Palmer et al. 1999; Taylor et al. 2001). In all three
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OSBS/NAAAR family structures, interactions with OSB are largely hydrophobic, and
most hydrogen bonds are formed with water or residues conserved in the whole MLE
subgroup (Alexander Fedorov, Elena Fedorov and Dr. Steven Almo,
unpublished)(Thompson et al. 2000; Thoden et al. 2004). Thus, it appears that interaction
with subgroup-conserved residues is sufficient for correctly orienting the substrate for
catalysis, and the only additional requirement is a hydrophobic cavity of an appropriate
size and shape. Additional evidence for this is supplied by single point mutations in
Pseudomonas sp. P51 MLE 1I and E. coli AEE which confer OSBS activity on these
enzymes(Schmidt, Mundorff et al. 2003). These mutations are located at the same
position in Bar-8 and exchange an aspartate or glutamate for a glycine, creating space to
accommodate the succinyl tail of OSB if it is bound in the same conformation as in E.
coli OSBS (Figure 2.6 and Figure 2.7).
Ramifications for structure and function prediction in genomics

Two important contributions of genomics are to correctly annotate protein
functions and identify proteins of unknown structure and function whose characterization
will enhance biological understanding. As noted previously and shown here, simple
sequence metrics are often inadequate for predicting protein function(Rost 2002; Tian et
al. 2003). Perusal of GenBank annotations of the OSBS/NAAAR family reveals that only
60% are correctly annotated (43% excluding proteins misleadingly annotated as “o-
succinylbenzoate-CoA synthases”). While only 7% of these annotations are completely
incorrect, the remainder are incomplete or somewhat misleading, often assigning
OSBS/NAAAR proteins to the wrong family or subgroup of the enolase superfamily. For

example, several proteins are incorrectly annotated as muconate or chloromuconate
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cycloisomerases. Many others are annotated as “COG4948: L-alanine-DL-glutamate
epimerase and related enzymes of enolase superfamily”, which correctly relates them to
the MLE subgroup but also implies an incorrect function.

Functional annotation of the OSBS/NAAAR family is difficult for two reasons.
First, some members of the family are so divergent that sequence similarity cannot be
used to distinguish them. Outliers such as the B. bacteriovorus OSBS could only be
identified using a combination of genomic context, phylogenetic analyses, and ultimately
experimental validation. Second, the NAAAR-like proteins could not be separated from
the OSBSs based on sequence similarity or position in the phylogenetic tree. Instead,
their main characteristics are that they are closely related to Amycolatopsis
OSBS/NAAAR and they are not encoded in menaquinone operons.

Given such complexities, it is not surprising that automated annotation methods
have had so much difficulty with this family. The orthogonal information furnished by
phylogenetic reconstruction and analysis of genome context not only provides stronger
confidence in functional annotation, but it is also invaluable for identifying proteins
whose functions cannot be predicted with certainty. Similarly rigorous application of
these methods will probably be required for accurate annotation of other protein families
which exhibit high sequence, structural, and functional divergence.

Detailed studies of the sort undertaken here are also useful for identifying
candidates for experimental characterization and structural genomics projects. Not only is
there significant functional diversity in the OSBS/NAAAR family, but we also
discovered significant structural variation among the family’s three crystallized members.

As discussed above, it is expected that several other subfamilies, especially the

39



Actinobacteria subfamily, also exhibit structural variations. Solving the three-
dimensional structures of representatives of other subfamilies will be valuable for
understanding allowable variations in protein-substrate interactions in isofunctional
proteins. In addition, our current and future studies of the structure and function of the
NAAAR-like proteins will help elucidate how new protein functions evolve. Although
our strategy is more labor-intensive than purely automated methods of target selection for
structural genomics projects, it provides more context for understanding structure-
function relationships and evolutionary mechanisms.
Concluding Remarks

Our analysis of the OSBS/NAAAR family revealed several insights into how
protein function and structure evolve. First, highly divergent protein families can exhibit
significant structural variations. Second, enzyme specificity can be maintained in spite of
limited sequence conservation among ligand-contacting residues. Third, new activities
can evolve through promiscuous intermediates, and there might be structural features of
proteins that make them more or less prone to evolve promiscuous activities. Few
analyses of protein structure, function, and evolution have been performed in this depth;
thus, extending these studies to other protein families will be important for testing the

generality of these conclusions.

2.3. Non-active Site Determinants of Enzyme Specificity

2.3.1. Introduction
Traditionally, efforts to study enzyme specificity and evolution have been focused

on the active site region to explain how enzyme function has evolved. Our goal is to
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investigate whether there are non-active site regions that are important for function and
important for maintaining or altering function through evolution. Here, we apply
evolutionary trace (ET) to examine how specificity may have evolved in the enolase
superfamily, a group of related but diverse enzymes that share a common mechanistic
step. The current view is that the C-terminal TIM (B/a)s barrel domain mediates the
common mechanistic step shared by the entire superfamily, and that the N-terminal
capping domain determines the variation in specificity seen in the superfamily (Gerlt et
al. 2003). However, these inferences are based on anecdotal observations. Structural
analysis in the OSBS family (Section 2.2) suggests that domain orientation and both the
20s and 50s loops play a role in the substrate specificity. If these loops are important for
mediating function and determining substrate specificity, we might expect to find
function-specific sequence signatures in these loop regions. If domain orientation is
important for determining substrate specificity, domain interface residues might be
important for maintaining the proper domain orientation and we might expect to find
function-specific sequence signatures in these domain interface regions. We test these
ideas by examining the location of residues associated with specificity in relation to the

two domains, the active site and active site loops, and the interdomain regions.

2.3.2. Methods
Sequences and multiple sequence alignment

The sequences and the quality of the multiple sequence alignment used for an
evolutionary trace analysis will greatly affect the results. Therefore, we used sequences
and a hand-curated alignment of the enolase superfamily from the Structure-Function

Linkage Database (Pegg et al. 2006). The alignment includes sequences that are
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experimentally characterized and sequences that, based on classification using curated
Hidden Markov Models (HMMs), are predicted with high certainty to be members of the
enolase superfamily (Brown et al. 2006). The alignment was generated using ClustalW
and then manually refined using structural superpositions and to ensure that superfamily-
conserved functionally important residues are aligned properly.
Evolutionary trace

The general methodology for evolutionary trace (ET) is described in Section
2.1.1. To find residues that determine functional and substrate specificity, the classes for
the ET analysis were based on SFLD family classifications (Pegg et al. 2006). In the
SFLD, sequences are grouped into isofunctional families based on their experimentally
characterized function or, for uncharacterized sequences, based on how well they
matched family-specific HMMs. We focused on the muconate lactonizing enzyme II,
dipeptide epimerase, and the OSBS families. We divided the OSBS family into enzymes
that only performed the OSBS function and enzymes that are also able to promiscuously
catalyze the NAAAR reaction. We then found residues that were conserved within a
class (a residue is present in > 90% of sequences within a class) and not conserved across
the whole superfamily. The Python script for performing this analysis is included in
Appendix A.
Identification of ligand-binding residues

Ligand-binding residues are defined based on annotations in LigBase, a database
of ligand binding sites in protein structures (Stuart et al. 2002). A residue is defined as
being in the binding site when at least one atom in that residue is within 5 A of a ligand

bound to the structure.
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Identification of domain interface residues
PIBASE (Davis et al. 2005) is a database of interacting protein domain pairs and
properties of their interfaces. We use the definition of domain interface residues from

PIBASE for our analyses.

2.3.3. Results

We examined where the class-specific residues fall in the structures with respect
to the 20s and 50s loops (Figure 2.9). We find very few class-specific residues in the 20s
loop. In the dipeptide epimerase family, there are four residues that are class-specific,
but there are no residues that are class-specific and in the 20s loops in the other three
families. There are a few more class-specific residues in the 50s loop than in the 20s
loop, but this region does not have the highest concentration of class-specific residues.
The regions that have the most class-specific residues are highlighted as Regions 1, 2,

and 3 in Figure 2.9.
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Figure 2.9. Evolutionary trace for four families in enolase superfamily.
Residues in blue are class-specific for the muconate lactonizing enzyme (MLEI) family. Residues
in green are class-specific for the dipeptide epimerase (DPE) family. Residues in red are class-
specific for N-acylamino acid racemases. Residues in yellow are class-specific for the o-succinyl
benzoate synthase (OSBS) family. Residues in grey are conserved in the whole superfamily.
Residues that are in the 20s and 50s loops are outlined in black. These loops and other secondary
structure elements are shown above the sequence alignment. The N-terminal capping domain is
indicated with the blue horizontal line above each section of the multiple sequence alignment and

the C-terminal barrel domain with a red horizontal line.

Displaying these three regions on a representative structure from the superfamily
shows that these regions are concentrated in the interface between the N-terminal capping
domain and the C-terminal barrel domain (Figure 2.10). Region 1 is on an alpha helix of

the N-terminal capping domain that faces the barrel domain. Regions 2 and 3 are on the
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C-terminal end of the barrel, on two loops between beta strands and alpha helices of the

barrel.

Figure 2.10. Class-conserved residues in domain interface.

Class-conserved residues that occur in Regions 1, 2, and 3 are displayed in yellow. The three
regions with the highest concentration of class-conserved residues are shown in blue (Region 1),

green (Region 2), and red (Region 3) and these correspond to the regions highlighted in Figure 2.9

To verify the visual observations, we compared the fraction of class-specific
residues observed in a given region to what would be expected by chance (the fraction of
all residues in that region) (Table 2.2). We focused on two regions of the structures —
near the ligand (based on LigBase assignments) and near the domain interface (based on
PIBASE assignments). Class-specific residues occur more often than expected by chance
in the regions near the active site as well as near the interface region. The frequency of
class-specific residues occurring near the ligand varies between the four families, with
NAAAR/OSBS enzymes having the highest frequency and the OSBS enzymes having

the lowest frequency. In contrast, the frequency of class-specific residues in the interface
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region, though more than what would be expected based on previous reports of the
superfamily, does not vary greatly between families.

Table 2.2. Location of class-specific residues

Near Ligand In Interface
(from LigBase) (from PIBASE)
# csres # csres % cs res % # csresin #csres % cs res in % cs_interface/
near ligand near ligand cs_ligand/ interface interface % interface
% ligand
1 42 2.38% 1.22 23 42 54.76% 1.44
MLE
7 of 360 (1.94%) residues in active site 137 of 360 (38.06%) residues in interface
DPE 11 66 16.67% 2.60 38 66 57.58% 1.50
23 of 359 (6.41%) residues in active site 138 of 359 (38.44%) residues in interface
NAAAR/ 5 16 31.25% 4.99 13 16 81.25% 1.88
OSBS 23 of 367 (6.27%) residues in active site 159 of 367 (43.32%) residues in interface
OSBS 1 54 1.85% 1.19 30 54 55.56% 1.54
5 of 322 (1.55%) residues in active site 116 of 322 (36.02%) residues in interface
2.34. Discussion

We find class-specific residues occurring more frequently than expected both near
the ligand and also near the interface. Contrary to what we expected from previous
studies, we did not find a high concentration of class-specific residues in the 20s loop of
the N-terminal capping domain. In the 50s loop of the N-terminal capping domain, we
find some class-conserved residues, but not a high concentration. The regions with the
highest concentration of class-specific residues occur near the interface between the N-
terminal capping domain and the C-terminal barrel domain.

Previous studies have concluded that the 20s and 50s loops are involved in
substrate specificity based on their position in “capping” the active site and because the
position of these loops can vary from structure to structure (Gerlt et al. 2003; Glasner,
Fayazmanesh et al. 2006). However, our observation that there are very few class-

specific residues in these loops suggests another explanation for the role of these loops.
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This lack of class-specific residues on these loops suggests that these loops may be more
important for excluding water from the active site or for non-specific binding of the
substrate. Alternatively, it is possible that the 20s and 50s loops may be involved in
mediating substrate specificity through multiple sequence signatures that achieve the
same specificity, despite the lack of class-conserved residues on these loops. Until
mutation studies are completed, we cannot be sure of the exact nature these loops.

Our observation that residues at the interdomain residues are conserved within
isofunctional families in the enolase superfamily further confirms the conclusion from
work described in Section 2.2, that the domain orientation is important for achieving
specificity.

Combining the observations of this study with those from the study described in
Section 2.2 suggests that the size and overall shape of the binding pocket is important for
achieving different specificities among the different families of the enolase superfamily.
The 20s and 50s loops could contribute to the size and shape of the binding pocket in a
non-specific manner and functions can be conserved through by maintaining same size of
loop. The contribution of the interdomain orientation to the size and shape of the pocket
can similarly be maintained through the conservation of residues at the interface, as we
observe in this study. However, the enzymes in this superfamily are often fairly specific,
turning over only their own substrate and not similarly sized substrates and the loops and
interdomain orientation may not completely explain the different specificities within the
superfamily. The class-specific residues that we find close to ligand, of which most are
on the C-terminal domain, could be responsible for fine-tuning the specificity that is

generally shaped by the 20s and 50s loops and the interdomain orientation.
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Previous studies (Gerlt et al. 2003) have suggested that the functions performed
by members of the superfamily are segregated into different domains, with chemistry
mediated by the C-terminal barrel domain and the substrate specificity determined by the
N-terminal capping domain. Based on the results from this study, substrate specificity is
likely to be mediated by portions of both domains. Further studies to mutate individual
residues and combinations of residues are required to determine exactly how the substrate
specificity is determined in these enzymes and how this specificity is maintained or
diverges through evolution. There is ongoing work to mutate the 20s and 50s loops to

further explore their role in enzyme function.

2.4. Conclusion

To more fully understand the sequence, structure, and function relationship in
superfamilies like this one will require more detailed analysis of functions. In addition to
correlating conserved sequence signatures with conservation in structural elements and in
inter-domain orientations, it will also be useful to correlate conserved sequence
signatures with conserved aspects of function. The following chapters (Chapter 3,
Chapter 4) describe work in this area to systematically describe function and determine

which aspects of function are conserved among related proteins.
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Chapter 3
Evolutionarily Conserved Substrate
Substructures for Automated

Annotation of Enzyme Superfamilies

3.1. Abstract

The evolution of enzymes affects how well a species can adapt to new
environmental conditions. During enzyme evolution, certain aspects of molecular
function are conserved while other aspects can vary. Aspects of function that are more
difficult to change or that need to be reused in multiple contexts are often conserved,
while those that vary may indicate functions that are more easily changed or that are no
longer required. In analogy to the study of conservation patterns in enzyme sequences
and structures, we have examined the patterns of conservation and variation in enzyme
function by analyzing graph isomorphisms among enzyme substrates of a large number
of enzyme superfamilies. This systematic analysis of substrate substructures establishes
the conservation patterns that typify individual superfamilies.  Specifically, we

determined the chemical substructures that are conserved among all known substrates of
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a superfamily and the substructures that are reacting in these substrates, and then
examined the relationship between the two. Across the 42 superfamilies that were
analyzed, substantial variation was found in how much of the conserved substructure is
reacting, suggesting that superfamilies may not be easily grouped into discrete and
separable categories. Instead, our results suggest that many superfamilies may need to be
treated individually for analyses of evolution, function prediction, and to guide enzyme
engineering strategies. Annotating superfamilies with these conserved and reacting
substructure patterns provides information that is orthogonal to information provided by
studies of conservation in superfamily sequences and structures, thereby improving the
precision with which we can predict the functions of enzymes of unknown function and
direct studies in enzyme engineering. Because the method is automated, it is suitable for
large-scale characterization and comparison of fundamental functional capabilities of
both characterized and uncharacterized enzyme superfamilies. This chapter is modified

from a published report of this project (Chiang et al. 2008).

3.2. Introduction

Why are some aspects of function shared and others allowed to change? By
examining which aspects of function are shared among contemporary enzymes, we can
gain insight into the requirements and constraints that govern this evolutionary process.

The focus of most studies of enzyme evolution has been the examination of
conservation in sequence and structure. The data available to conduct such studies is
enormous and still increasing due to the multiplicity of ongoing genomic and
metagenomic sequencing efforts (Riesenfeld et al. 2004). In tandem with the growth of

sequence and structural data, a large number of new and sophisticated tools have been
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developed to improve our ability to identify the divergent members of superfamilies,
allowing us to analyze patterns of conservation in sequence and structure that shed light
on how enzyme functions have evolved and diversified (for some examples, see (Frazer
et al. 2003; Pearson et al. 2005; Marti-Renom et al. 2007)). But such studies only capture
aspects of enzyme evolution that can be inferred from the machinery that enables
enzymatic catalysis, the enzymes themselves. Far fewer studies have focused on the
substrates and products of these reactions, with most of these focused on the requirements
of metabolism (Alves et al. 2002; Light et al. 2004). In this work, our goal is to
understand the details of how enzymes function and evolve by studying the conservation
and variation in their substrates and products. In doing so, we aim for a more extensive
view of enzyme evolution in order to improve our abilities to annotate enzymes of
unknown function and to infer common aspects of function for superfamilies that have
not yet been characterized.

As described in Section 1.5, the success of any study of the evolution of enzyme
function depends on how function is defined and described. Previous studies fall into
two categories: detailed analyses that are limited in their scope because of the labor-
intensive nature of these analyses and automated analyses that have larger scope but lose
detail in how they describe function. The goal of this project was to develop methods
that can be used for automated analyses of enzyme function, but that also do not sacrifice
the level of detail.

Here, we use graph isomorphism analyses to compare substrates of enzymes from
42 superfamilies to identify specific aspects of function conserved within each

superfamily. We also use comparisons of substrates and their corresponding products to
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determine whether and how much of the conserved substructure is involved in the
reaction. This comparison of substrates and products is similar to an analysis performed
for a previous study with a different purpose, to predict EC numbers (Kotera et al. 2004).
To simplify the interpretation of results across the multiple superfamilies in this study,
only enzymes comprised of single domains and that catalyze unimolecular reactions were
investigated. ~Automation of the analysis allows us to describe overall trends in
functional conservation and variation across a large number of superfamilies. A
descriptive representation of conserved enzyme molecular functions using chemical
structures and SMILES strings (Weininger 1988; Weininger et al. 1989) is also provided.
This representation should be useful for annotating new members of superfamilies

discovered in sequencing projects and for characterizing new superfamilies.

3.3. Methods

3.3.1. Dataset — Enzyme superfamilies

For our analyses, we used a subset of superfamilies from SCOP, a database of
manually classified protein superfamilies, filtered based on criteria chosen to be most
informative about enzyme evolution at high levels of functional divergence. We included
only superfamilies of single-domain enzymes with significant functional information in
SCOPEC, a subset of SCOP with verified EC numbers, and in BRENDA, the most
comprehensive database of enzyme experimental results. Although many enzymes and
proteins function as multi-domain units, the nature and organization of which can affect
the specificity and regulation of enzymes (Bashton et al. 2007), for this study, we chose

to use only single-domain enzymes as this allowed us to clearly assign a single function
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to one domain. We included examples of enzymes known to have multiple structural
domains only when the composite acts as a single functional unit (e.g., the enolase
superfamily).

To ensure that the members of each superfamily were sufficiently divergent in
function to analyze conservation of their substructures, only superfamilies annotated with
at least two different EC numbers were investigated. Compared to unimolecular
reactions, bimolecular reactions have considerably more complex chemical and kinetic
mechanisms for how substrates interact with the enzyme’s catalytic site (i.e. in what
order different substrates bind). Because these variations would have greatly complicated
the analysis, we excluded superfamilies with any reactions that were not unimolecular.
Using the top level of the EC annotation, superfamilies were selected in which all the
characterized members belong to any one of the following classes: hydrolases (EC
numbers 3.x.x.x), lyases (EC numbers 4.x.x.x), and isomerases (EC numbers 5.x.X.x).

Experimentally verified substrate and product data were taken from the licensed
version of the BRENDA database (release 6.2) (Barthelmes et al. 2007). Reactions were
excluded in which 1) the product(s) had more than five (non-hydrogen) atoms more than
the substrate or 2) substrates and products both had three or fewer (non-hydrogen) atoms.
Reactions in the first category are likely to be erroneous because they are not properly
balanced. Reactions in the second category are unlikely to be informative for the analysis

because they contain so few atoms.

3.3.2. Definitions
A “conserved substructure” (Figure 3.1) contains the maximal sets of bonds in a

substrate that are present in all the substrates of a superfamily, plus their adjacent atoms.
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In all our analyses, we considered only bonds consisting of two atoms, neither of which is
a hydrogen. The “unconserved substructure” is the set of bonds in a substrate that are not
in the conserved substructure, plus their adjacent atoms. An atom can be in both the
conserved and unconserved substructure if it is adjacent to both a bond in the conserved

substructure and a bond in the unconserved substructure.

. .

- .

Figure 3.1. The conserved substructure (c) (blue square)

A “reacting substructure” (Figure 3.2) consists of the bonds in a substrate that are
not present in the product, their adjacent atoms, and any atoms that become connected in
new bonds in the product. In the case of a racemization reaction, in which the chirality of
an atom center changes, the reacting substructure is defined as including the chiral atom
that changes in the reaction, the four adjacent bonds and their adjacent atoms. The
“nonreacting substructure” is the set of bonds in a substrate that are also present in the
product and their adjacent atoms. An atom can be in both the reacting and nonreacting
substructure if it is adjacent to both a bond in the reacting substructure and a bond in the

nonreacting substructure.

< -9

substrate product

Figure 3.2. Reacting substructure (r) (red triangle)
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3.3.3. Finding the conserved substrate substructure

The substrate substructure conserved among all characterized members of each
superfamily was calculated using the maximal common substructure (MCS) algorithm
implemented in the Chemistry Development Kit (CDK) (Steinbeck et al. 2003), an open
source Java toolkit for manipulating small molecules. The molecules are represented as
graphs in which the nodes represent atoms and the edges represent bonds. Each node is
labeled with an atom type and each edge is labeled with the two atom types of the
connected atoms and the bond order. This algorithm finds, for a pair of molecules, the
maximum common substructure (MCS) present in both molecules. We extended this to
find the MCS for the set of all known substrates for a superfamily. In this initial analysis,
we treated different atoms as dissimilar as long as the element type was different and
bonds as different when the bond order and the two pairs of connected atoms were not
identical. The only exception to this rule was made for phosphate and sulfate groups,
which we treated as similar in the substrate conservation analyses. Our code allowed for
the possibility of multiple unconnected MCSs by representing them as an unconnected
graph with each connected portion corresponding to one MCS. Although some of the
pairwise MCSs contain multiple unconnected subgraphs, none of the superfamily-
conserved substructures contain such multiple unconnected MCSs. Finally, each
substrate has a unique unconserved substructure defined as the set of edges not present in

the conserved substructure and the atoms adjacent to these edges.

3.3.4. Finding the reacting substrate substructure
For each enzymatic reaction in which both the substrate and its corresponding

product(s) are known, we calculated the non-reacting substructure by finding the MCS
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between the substrate and the product(s). The reacting substructure is the set of edges in
the substrate that are not present in the product, plus the atoms adjacent to these edges.

The reacting substructure also includes atoms that form new bonds in the product.

3.3.5. Overlap between reacting and conserved substructures

To quantify the overlap between the reacting and conserved substructures, for
each reaction in our dataset, we calculate f. (Figure 3.3A), the fraction of the conserved
substructure that is reacting and f; (Figure 3.3B), the fraction of the reacting substructure

that is conserved.
*m " 9
Figure 3.3. Measures of overlap between reacting and conserved substructures
A) fc is the fraction of the conserved substructure (blue square) that is reacting (red triangle

overlap) B) fr is the fraction of the reacting substructure (red triangle) that is conserved (blue

square overlap)

The values for f; and f; are calculated in two ways, using atoms or bonds and the results
for both are reported as they provide different but useful views of the data. f, for bonds is
determined by dividing the number of bonds that are in both the conserved and the
reacting substructures (r N c) by the number of bonds in only the conserved substructure.
f. for atoms is determined similarly, using the number of atoms instead of bonds.
Likewise, f; for bonds is determined by dividing the number of bonds that are in both the
conserved and the reacting substructures by the number of bonds in only the reacting
substructure; this value was also calculated using atoms. For each enzyme in the
BRENDA database, there may be multiple substrates with corresponding reactions that
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have been characterized. For these cases, the values of f. and f; were obtained by
averaging all the substrates of each enzyme and then these values were averaged for all
the enzymes in each superfamily. We also determined the standard deviation in f; and f;

for the enzymes of each superfamily.

3.3.6. Variation in which substructure is reacting

To determine whether the same part of the superfamily-conserved substructure
was used in the different reactions of the superfamily, every pair of reactions was
analyzed in each of the superfamilies in our dataset. Each reaction has a substrate
substructure that is both conserved and reacting (r N c¢). For each pair of reactions, we
calculated how much overlap is observed among the two (r N c¢) substructures and
normalized each of these overlaps by the smallest (r N c) of each pair. The resulting
measure of overlap (o n ) was then averaged over every pair of reactions in each

superfamily.

3.4. Results

The 42 superfamilies that meet our criteria and for which there is sufficient data in
Brenda include representatives of six of the seven SCOP fold classes; the only fold class
not represented is the membrane proteins class. The enzymes of these 42 superfamilies
represent a substantial proportion of the diversity of enzyme function, covering 25.4% of
EC classes defined by the first two digits (subclasses) and 18.7% of EC classes defined
by the first three digits (sub-subclasses). Conservation patterns were examined using
only substrates and products as the data available in BRENDA were not sufficient to

consider other aspects of reactions, such as transition states and intermediates.
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Figure 3.4. Summary of superfamilies and their conserved substrate substructures
Because the portion of the conserved substructure that is reacting often varies among members
within one superfamily, we do not highlight the reacting substructure in this figure. (See Figure

3.7 for plots of the distribution of this variation over all superfamilies and Table 3.1 for values of

variation for each superfamily.)
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Our goal was to determine the molecular features that the substrates of a
superfamily share and whether the shared features are involved in the reactions catalyzed
by that superfamily. These conserved substructures for the 42 superfamilies in our
dataset are shown in Figure 3.4.

Additional information about the diversity and conservation of functions in these
superfamilies is provided in a hyperlinked table (Table S1 in Chiang et al. 2008).
Moreover, for each enzyme’s substrate(s), we found the reacting substructure and then
determined whether the conserved substructure overlaps with the reacting substructure
and by how much. Results for these measures of overlap are presented with respect to
both the number of atoms and the number of bonds.

For a given superfamily, the average f. and f; calculated using atoms often differ
from the values obtained using bonds (Table 3.1). This difference arises because the
number of bonds is frequently not proportional to the number of atoms in molecular
structures (e.g., one bond consists of two atoms while three atoms can be connected by
three bonds; a cyclic structure will have a different number of bonds compared to non-
cyclic structure with the same number of atoms). In addition, different types of reactions
vary in the ratio of atoms and bonds that are involved in the reaction (e.g., a lyase may
break one bond involving two atoms while an intramolecular transferase may involve one
bond and three atoms). Because both are valid measures of substructure size, both are

provided in this report.

Table 3.1. Overlap between reacting and conserved substructures (f. and f,)

Overlap between reacting and conserved substructures (f; and f;). The superfamilies in this table
are sorted by [average f.(atoms) plus f.(bonds)]. *The metallo-dependent hydrolases superfamily does not
have a substrate substructure that is conserved in all members of the superfamily. Thus, for this
superfamily, f., the fraction of the conserved substructure that is reacting, cannot be calculated.

59



fc fl’

Avg. Std. Dev. Avg. Std. Dev.
Superfamily SCOPID Atoms Bonds Atoms Bonds Atoms Bonds Atoms Bonds
Alkaline phosphatase-like c.76.1 0.98 0.98 0.04 0.05 0.66 064 0.06 0.05
SGNH hydrolase c23.10 095 092 002 003 065 055 004 0.01
’:r'f:l'rf ez e d.1591 072 068 016 017 082 081 026 0.27
Carbohydrate phosphatase ~ €.7.1 072 067 0.01 0 098 097 0.03 003
Cobalamin (vitamin B12)- ~ ; ,g 081 054 009 006 081 081 009 0.09
dependent enzymes
Eﬁeosphog'ycerate mutase- . 60,1 061 055 029 032 068 064 031 038
Six-hairpin glycosidases a.102.1 056 048 014 015 065 067 013 0.18
alpha/beta-Hydrolases c.23.9 0.55 048 023 0.21 0.64 063 045 0.47
PLP-binding barrel c.1.6 056 047 041 0.2 1 1 0 0

Carbon-nitrogen hydrolase  d.160.1 0.5 05 0.71 0.71 0.07 0.04 0.09 0.06
Creatinase/aminopeptidase  d.127.1 0.55 0.44 0.24 0.3 056 045 0.23 0.31
Metalloproteases

e . . d.92.1 0.55 0.43 0.31 0.38 028 0.13 0.17 0.14
("zincins"), catalytic domain

Nudix d.113.1 0.5 0.46 0.2 0.22 0.46 0.40 0.2 0.18
Eﬂgzgzgl'pase C/Pi a.124.1 05 043 0 0 052 048 021 022
Pyruvoyl-dependent

histidine and arginine d.155.1 0.47 0.38 0.06 0.07 093 095 0.09 0.07
decarboxylases

PLC-like

phosphodiesterases c.1.18 0.43 036 0.15 0.16 045 039 0.1 0.07
dUTPase-like b.85.4 0.41 0.35 0.03 0 0.92 0.9 0.12 0.14
Tautomerase/MIF d.80.1 0.58 0.17 0.14 0.17 0.32 0.13 0.16 0.13
Xylose isomerase-like c.1.15 0.43 0.23 0.26 0.24 0.71 0.49 0.19 0.24
g;&ﬁig‘;g‘;zgg c.56.5 042 019 0.8 013 037 007 016 004
Chelatase c.92.1 0.33 0.23 0.09 0.08 0.68 047 0.02 0.11
L-aspartase-like a.127.1 0.38 0.17 0.31 0.41 0.41 0.1 0.13 0.24
Protease

propeptides/inhibitors d.58.3 0.30 0.14 0.05 0.13 0.62 0.47 0.21 0.42

Ribulose-phosphate
binding barrel

Metallo-
hydrolase/oxidoreductase
Enolase C-terminal

c.1.2 0.28 0.13 028 0.13 037 025 036 0.25

d.157.1 0.25 0.15 0.15 0.1 092 088 0.12 0.18

Jomase c.1.11 031 008 01 013 035 007 007 0.12
gg;:)y%srfsr:s;segmglr::éer d.38.1 019 019 034 033 0142 011 021 0.18
Cobalamin (vitamin B12)-  »5 ¢ 021 047 030 026 038 033 053 047
binding domain

Subtilisin-like c.41.1 023 014 009 006 057 052 036 042
Kringle-like g.14.1 022 013 024 025 03 0141 019 0.21
beta-lactamase/ 6.3.1 029 006 026 01 028 003 026 005
transpeptidase-like

(Phosphotyrosine protein)

Dhosphatases c.45.1 0.2 013 019 0.18 007 004 0.06 0.05
FAH d1771 022 007 01 012 034 004 015 0.07
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HD-domain/PDEase-like a.211.1 0.17 0.08 0 0 0.79 081 0.02 0.04

Cytidine deaminase-like c.97.1 0.20 0 0.05 0 0.26 0 0.07 0
Lsﬁj"rgféfe“;atase"'ke ¢.33.1 017 0 024 0 025 0 035 0
Glutaminase/Asparaginase  C.88.1 0.13 0.03 0.06 0.04 035 0.11 0.14 0.15
Caspase-like c.171 0.11 0.083 0.08 0.04 0.33 0.11 0.11 0.16
ngo?égﬁepimerase C.74.1 012 001 002 001 038 001 016 002
EGF/Laminin g.3.11 0.04 0 0.04 0 0.06 0 0.06 0
Arginase/deacetylase c.42.1 0.04 0 0.05 0 0.06 0 0.09 0
*Metallo-dependent c1.9 B _ B B 0 0 0 0

hydrolases

The distribution of average f. for the set of superfamilies (Figure 3.5) indicates
that there is a continuum among the superfamilies in how much of the conserved
substructure is reacting, with superfamilies ranging from having little to having most of
the conserved substructure participating in the reaction. This trend is observed regardless
of whether we use atoms or bonds in our calculations of average f.. The results also
show that all superfamilies with a conserved substructure have an average f. above zero,

indicating that at least part of the conserved substructure is involved in the reaction.
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Figure 3.5. Distribution of average fraction of conserved substructure that is reacting.

For bonds (orange stripe) and for atoms (blue solid)
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Only one superfamily in our study set, the superfamily defined by SCOP as the
metallo-dependent hydrolase superfamily, also known as the amidohydrolase superfamily
(Holm et al. 1997; Gerlt et al. 2003), has substrates so diverse that they do not share a
common substructure of even a single conserved bond. Detailed analysis of the
superfamily, including analysis of differences in the overall functions, how active site
motifs are used for catalysis, and other factors such as metal ion dependence, suggests
that this group may be more properly considered as multiple superfamilies (Brown and

Babbitt, in preparation).
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Figure 3.6. Patterns of overlap between reacting and conserved substructures
A) Scatter plot of average fr versus fc. Each superfamily is represented by a blue diamond. The
plot is colored to orient the reader within the plot and to roughly indicate where the different
overlap patterns fall. The regions labeled with Roman numerals correspond to the overlap patterns
in part B of the figure. B) Five types of overlap patterns. (I) Completely nonoverlapping (red); (II)
partially overlapping (green), (III) completely overlapping (orange), (IV) reacting is part of

conserved substructure (blue), (V) conserved is part of reacting substructure (purple).
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Plotting f,, the fraction of the reacting substructure that is conserved, against f.
illustrates the distribution of superfamilies (Figure 3.6A) across different patterns of
overlap (Figure 3.6B) in the reacting and conserved substructures. For simplicity, only
the data calculated using atoms is provided in Figure 3.6A. The values for each
superfamily, calculated using both atoms and bonds, are provided in Table 3.1. The
different regions in Figure 3.6A are intended merely to orient the reader to the range of
variation across multiple superfamilies rather than to infer distinct categories implying
fundamental differences between the superfamilies in different regions.

Most superfamilies have little variation in how much of the conserved
substructure is reacting (variation of f;) (Table 3.1, Figure 3.7A). However, there are a
few superfamilies with substantial variation in f.. We also evaluated the level of
variation in which part of a superfamily’s conserved substructure is used among the
different reactions (o, n ). A flatter distribution and more variation was observed among
the superfamilies for the average o, n . (Figure 3.7B) than for the standard deviation of f..
The superfamilies that rank highest both in variation in f; and o, . include the carbon-
nitrogen hydrolase, metalloproteases ("zincins") (catalytic domain), and the
thioesterase/thiol ester dehydrase-isomerase superfamilies. Superfamilies that have low
variation in f. and o, n . include the HD-domain/PDEase-like, dUTPase-like, and

carbohydrate phosphatase superfamilies.
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Figure 3.7. A) Variation in the fraction of the conserved substructure that is reacting. B) Variation
in which part of conserved substructure is reacting.

A) Distribution of the observed standard deviation in fc within each superfamily, for bonds
(orange stripe) and atoms (blue solid). B) Average pairwise overlap in the reacting and conserved
substructure (o, n ), for bonds (orange stripe) and atoms (blue solid). In both plots, superfamilies
with less variation can be found on the left side of the distributions and those with more variation

are found on the right.

From these examples of superfamilies with high and low variation in f. and o; n ,
we observe that the superfamilies with high variation tend to have smaller conserved
substructures while superfamilies with low variation tend to have larger conserved
substructures, though the correlation is not perfect. The superfamilies in the low

variation group have phosphate groups in the conserved substructure. These tendencies
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may arise because different superfamilies and different types of reactions have different
propensities for variation and conservation through evolution. Alternatively, variation in
how different superfamilies are defined in SCOP may lead to some of the variation
observed among these superfamilies. We also note that the set of reactions surveyed in
this work represents only a subset of enzyme superfamilies, making it difficult to
definitively address these hypotheses and questions. More extensive analyses will be
required to confirm and further explore these initial observations.

As new superfamily members are characterized, modifications of these
substructure conservation patterns may be required. To provide updates of this
information, work is underway to incorporate this information into a searchable resource
within our Structure-Function Linkage Database (http://sfld.rbvi.ucsf.edu/) (Pegg et al.
2006). Additional data generated in this study, including reacting substructures and how
they overlap with conserved substructures for individual superfamily members, are
available from the authors upon request. As described below (Section 3.5.2) , our method
can also be used to determine conserved functional characteristics for superfamilies that
have not yet been characterized. Programs and scripts required to perform these analyses

are also available upon request.

3.5. Discussion

Our analysis of the conservation of substrate substructures in enzyme
superfamilies precisely determines aspects of chemical transformations that are
conserved during divergent evolution. As such, it provides a view of conservation and
divergence different from the view afforded by more common types of studies focused on

enzyme sequences and structures.
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3.5.1. Patterns of substrate conservation across many superfamilies

While our dataset of superfamilies and their associated substrates, products, and
reactions is large, it is still limited as only single domain and unimolecular enzymes and
superfamilies with sufficient data available were considered. Nevertheless, the results
suggest a continuum in how enzyme superfamilies have evolved, from the reacting
substructure being mostly conserved to being only slightly conserved (Figure 3.5).
Moreover, these superfamilies span a wide range in patterns of overlap (Figure 3.6).

Previously, both large-scale and focused studies of enzyme evolution have
recognized two primary models of how function is conserved (Section 1.4). For the most
part, the previous studies that have classified superfamilies into one or the other of these
categories have been limited either in their scope (see the review by Glasner et al. for
examples (Glasner, Gerlt et al. 2006)) or in the type of data used (Todd et al. 1999; Alves
et al. 2002; Schmidt, Sunyaev et al. 2003; Light et al. 2004). Although our current work
cannot be directly compared with these previous analyses because of differences in
methodologies, our results suggest that the evolution of enzyme function is too complex
to be described by a few distinct categories. Instead, we see large variations in the
patterns of substrate conservation across the set of superfamilies investigated in this
study. Also, in these superfamilies, conserved substructures are not entirely reacting nor
are they entirely non-reacting. This observation also suggests that the reacting and non-
reacting substructures, the latter often including the part of the substrate that has binding
interactions with the enzyme, are simultaneously relevant to the evolutionary process and
should be analyzed together. Consistent with our observations, a recent network-based

analysis of the evolution of metabolism concludes that the two models previously used to
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describe enzyme evolution are not mutually exclusive or independent (Diaz-Mejia et al.
2007).

Variations observed within individual superfamilies suggest additional
complexity in the evolution of function and how conserved substrate substructures are
used in catalysis. Although within most of the superfamilies we studied there is little
variation in the extent to which conserved substructures are involved in the reaction
(Figure 3.7), the observation of some variation, and in a few cases, considerable
variation, demonstrates that even members of the same superfamily may not proceed with
the same pattern of evolution.

As discussed in the sections below, these results also suggest potentially
important implications for the analysis of individual superfamilies, functional annotation,

and value of evolutionary information in providing guidance for enzyme engineering.

3.5.2. Functional annotation of superfamilies and enzymes

By automating the analysis of enzyme substrates and reactions, the methodology
introduced in this work facilitates the analysis of previously unstudied enzyme
superfamilies. This effort contrasts with previous analyses of enzyme superfamilies to
determine patterns of functional conservation that have been highly labor-intensive,
involving extensive manual analysis of reactions and literature-based curation of
functional properties (see the SFLD, http://sfld.rbvi.ucsf.edu/, for examples). The
substructures conserved among the substrates of all members of a superfamily (Figure
3.4) provide annotation information that describes how function has been conserved in
each of these superfamilies. The certainty of these superfamily annotations will depend,

however, on how well the range of substrates in each superfamily has been sampled.
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Thorough substrate sampling may be especially critical for complex superfamilies that
include many different catalytic functions. While we have used all available reaction
information in our analyses, the sampling of superfamily reactions may still be
incomplete. As new reactions are discovered through the sequencing of new genomes
and metagenomes, these results can be updated and improved.

Despite these limitations, the characterization of superfamily-conserved
substructures presented here facilitates the annotation of individual sequences on a large
scale, helping to address the need for new strategies for automated function annotation.
This issue has become more pressing as the number of sequenced genomes increases and
the era of metagenomics moves into high gear (Friedberg 2006). Sequences that can be
classified into a superfamily but not into a specific family can be annotated with the
substructure common to all characterized members. In these cases, often found in
complex superfamilies exhibiting broad diversity in enzyme function, this may be the
only level at which accurate annotation can be achieved, as insufficient information may
be available to support annotation of a specific reaction or substrate specificity.

While substructure-based annotation does not by itself suggest a specific enzyme
function, this information can be used as a starting point for additional analyses to
determine specific function. For example, many structures have been solved through
structural genomics efforts, but their functions remain unknown (Gerlt 2007). We have
compiled a list of structures that have been classified into the SCOP superfamilies
analyzed in this study, but have unknown functions. These structures, many of them
from structural genomics projects, can be at least minimally annotated with the

substructure identified here as conserved across that superfamily, illustrated by the
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examples given in Figure 3.8 (see Table S3 in (Chiang et al. 2008) for the complete list).
Using this information, characteristics of ligands likely to be bound or turned over by
these proteins can be inferred, providing guidance for biochemical studies to determine
specificity. These data also provide information about classes of small molecules that
may be useful for co-crystallization trials to aid in solving the structures of these proteins
or to capture them in functionally relevant conformations.

The variation found within superfamilies presents a caveat to be considered when
using these substructures for function annotation. While most of the superfamilies
analyzed here have conserved substructures that are used consistently among the different
superfamily members (Figure 3.7), there are a few superfamilies that have significant
variation in the degree to which the conserved substructure is used in the reactions.
These superfamilies can be expected to be more difficult cases for function prediction
since their variability makes it more difficult to determine conserved aspects of function.
In contrast, superfamilies with less variation in the degree to which the conserved
substructure is used in the reaction are expected to be more straightforward cases for

function prediction.

69



Superfamily and

SCOPID PDB ID Current Annotation
conserved substructure
alpha/beta-Hydrolases €.69.1 1vkh Putative serine hydrolase Ydr428c
i 1pv1 Hypothetical esterase YJL068C
P )I\ 1r3d Hypothetical protein VC1974
1vk9 Hypothetical protein TM1506
Enolase C-terminal domain-like c.1.11 1rvk Hypothetical protein Atu3453

N 1zz, 2dw6, 2dw7 | Hypothetical protein BII6730

2gdq, 2gge, Hypothetical protein YitF
2915 Putative dehydratase protein

STM2273
HD-domain/PDEase-like a.211.1 1ynb, 1yoy Hypothetical protein AF1432
° " 2hek Hypothetical protein aq_1910
q:,lzo 206i Hypothetical protein EF1143
® ° \ 1var Hypothetical protein Cj0248
Metallo-dependent d.159.1 1Tnmw Hypothetical protein PF1291
UGS 1uf3 Hypothetical protein TT1561
Il Ut tes e Putative phosphodiesterase MJ0936
\O/T\o 2ahd
o 1xm7 Hypothetical protein aq_1666
1t70 Putative phosphatase DR1281
1t71 Hypothetical protein MPN349
2cv9 Hypothetical protein TTHA0625
Metallo- d.157.1 1vjn Hypothetical protein TM0207
hydrolase/oxidoreductase Hypothetical protein BA1088
v 1zkp (BAS1016)
/"\/H("\)J\o 2az4 Hypothetical protein EF2904
i 1ztc Hypothetical protein TM0894
Nudix IOI ﬁ d.113.1 1sjy, 113:3 1su2, Hypothetical protein DR1025
P. P 1k2e, 1k26, 1jrk = Hypothetical protein PAE3301
/\/\O/CI,\O/J)\O 2azw Hypothetical protein EF1141
2b0v Hypothetical protein NEO184
Hypothetical protein SP1235
call yp(spr1 11 5;)
1927 Hypothetical protein DR0079
2fkb Hypothetical protein YfcD
of Hypothetical protein EF2700, N-term.
ml -
domain
>fpl Hypothetical protein BT0354, N-term.
domain
Xylose isomerase-like c.1.15 1i60, 1i6n Hypothetical protein loll
i I 2g0w Hypothetical protein Lmo2234
° 1k77 Hypothetical protein YgbM (EC1530)
o 1yx1 Hypothetical protein PA2260

Figure 3.8. Protein structures with unknown function can be annotated with superfamily-conserved
substructures.

This partial list includes superfamilies with between four and nine proteins of unknown function. See
Table S3 in (Chiang et al. 2008) for the full list.
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3.5.3. Guidance for protein engineering

Understanding the patterns of functional conservation associated with the
evolution of functionally diverse enzyme superfamilies can provide useful information
for guiding enzyme engineering experiments in the laboratory (Glasner et al. 2007).
Using as a starting template for design or engineering an enzyme that already “knows”
how to perform a critical partial reaction or how to bind a required substrate substructure
ensures that some of the machinery required to perform a desired function is already in
place. Although still daunting, the task then simplifies to modifying the enzyme to bind
and turn over a new substrate that contains the substructure consistent with the
underlying capabilities of the superfamily. As a corollary, aspects of function that have
been conserved in all members of a divergent superfamily may be difficult to modify by
in vitro engineering (O'Loughlin et al. 2006; Glasner et al. 2007). Using such a strategy
in a proof-of-concept study, two members of the enolase superfamily were successfully
engineered to perform the reaction of a third superfamily member (Schmidt et al. 2001).
As shown in Figure 3.9, the superfamily-conserved substructure and the partial reaction
associated with that substructure were not changed in these experiments. Rather,
engineering the template proteins to perform the target reaction involved changing each
to accommodate binding the part of the substrate that is unique to the new reaction
desired.

To allow for generalization of this approach, our analysis provides for all of the
superfamilies that we investigated 1) the parts of an enzyme’s substrate and reaction that
are not conserved among related enzymes, which, provided they can be associated with

regions of a target structure that interact with them, may point to structural features
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amenable to engineering, and 2) the parts of the substrates that are conserved across all
members of a superfamily, which may point to regions of the structure that may not be

easily changed without loss of function or stability (Nagatani et al. 2007).
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Figure 3.9. Enzyme engineering strategy.
Two previously demonstrated examples using superfamily analysis to guide engineering of enzymes to
perform new functions (Schmidt, Mundorff et al. 2003). In the top example, error-prone PCR resulted in a
single point mutation of muconate lactonizing II (MLE) enzyme, which enabled it to catalyze the o-
succinylbenzoate synthase (OSBS) reaction (k../Ky (M'1 sec'l) =2x 103). In the lower example, a single
mutation was rationally designed based on comparison of the active sites of Ala-Glu epimerase (AEE) and
o-succinyl benzoate synthase (OSBS). The mutant that was generated enabled this enzyme to catalyze the
OSBS reaction as well (ke/Ky (M sec™) = 12.5). In both of these examples, the superfamily conserved
substrate substructure (blue) and associated partial reaction were not changed during the engineering
experiment. The changes in the reaction that were made are in the portion of the substrates that are not
conserved in the superfamily (black). The diverse products of the native MLE, OSBS, and AEE reactions

are also shown (grey).
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3.5.4. Future directions for substructure analysis

In this study, requirements for a sufficiently large sample of enzyme reactions for
a comprehensive analysis restricted us to using only substrates and products. However,
enzyme substrates can undergo intermediate changes during catalysis that are not
adequately captured by looking only at substrates and products. In some reactions, such
as those in the enolase superfamily (Gerlt et al. 2005), some portions of the substrate
change and revert back to their original configuration during the reaction; these types of
transformations are undetectable in the study described here. The enolase superfamily
represents a well-characterized example of chemistry-conserved evolution. However,
because our analysis does not currently detect such substrate changes, the average
f.(atoms) for the enolase superfamily is 0.31 and the average f.(bonds) for the enolase
superfamily is 0.34, which places this superfamily in the middle of the distribution
among our superfamilies for these measures of overlap. Being able to detect the full
extent to which structures change during a reaction would provide a better picture of
substructure conservation in superfamilies like the enolase superfamily. But this will
require compilation of additional data required to capture all of the partial reactions
involved in a given overall reaction, including structures of reaction intermediates.
Emerging data resources, such as MACIE (Holliday et al. 2007) and the SFLD (Pegg et
al. 2006), currently seek to catalog information about reaction steps and mechanisms.
However, because this process is labor-intensive and often hampered by disagreement or
ambiguity in the literature regarding the specific mechanisms of some reactions, these
data resources are not yet sufficiently populated to support such broader analyses. As

these types of resources grow, we are optimistic that the information required to analyze
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reaction mechanisms more fully will become increasingly available. Although it is
beyond the scope of this study, correlating the conservation patterns we see in enzyme
substrates with the conservation patterns in the sequence and structures of the enzymes
themselves would also be a valuable extension for these analyses.

Finally, recent progress has been made in using in silico docking of small
molecules to enzyme structures to infer molecular function. In one such study, a library
of high-energy reaction intermediates was generated and used to predict substrate
specificity of enzymes in the amidohydrolase superfamily (Hermann et al. 2006). As
these methodologies are further developed, incorporation of predicted reaction
intermediates into substructure analysis could improve prediction of substructures that are
reacting. In addition to benefiting from such recent advances in docking, the type of
analysis presented here may in turn be used to improve applications of docking to
predicting substrate specificity in enzymes. Several such studies have recently focused
on predicting functional specificity in the enolase (Kalyanaraman et al. 2005; Song et al.
2007) and amidohydrolase (Hermann et al. 2007) superfamilies using knowledge about
conserved substrate substructures from earlier analyses (Seibert et al. 2005; Pegg et al.
2006) to construct focused ligand libraries for docking. We expect that the set of
conserved substructures generated by our analysis can be used similarly to guide the
construction of chemical libraries of ligands to improve prediction of substrate specificity

in other superfamilies.

3.5.5. Conclusions
This study presents an automated method for analysis of superfamilies to

determine the conserved aspects of their functions, represented by patterns of substrate
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conservation. Our results show that superfamilies do not fall into discrete and easily
separable categories describing how their functions may have evolved. Rather, the
conserved substructures determined in this analysis define superfamily-specific
conservation patterns. These results enable precise prediction of functional
characteristics at the superfamily level for complex superfamilies whose members
perform many different but related reactions, even when the evidence is insufficient to
support more specific annotations of overall reaction and substrate specificity. For
applications in enzyme engineering, we expect that the identification of the aspects of
function that have been most and least conserved during natural evolution will provide
guidance for identifying the structural elements of a target scaffold that are most and least
amenable to modification, thereby informing engineering strategies for improved success.
The following chapter (Chapter 4) describes work to make the results of this work

available for researchers interested in these applications.
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Chapter 4
Substructures for Enzyme Evolution

and Engineering Resource

4.1. Introduction

The goal of the study described in the previous chapter (Chapter 3) was to study
the evolution of enzyme function in enzyme superfamilies. We used an automated graph
isomorphism analysis to determine what substructures are conserved among the
substrates of a superfamily (Chiang et al. 2008). Using the results of this analysis, we
were able to study the evolution of function in multiple superfamilies and determined that
enzyme evolution suggests more complex patterns of functional divergence than those
that have been proposed by previous theories of enzyme evolution (Horowitz 1965;
Babbitt et al. 1997) or that have been considered in previous studies (Todd et al. 1999;
Schmidt, Sunyaev et al. 2003). The results of the substructure analyses can also be used
to improve predictions of function and to guide enzyme engineering. The following
sections (Sections 4.1.1, 4.1.2, and 4.1.3) describe how the conserved substructure

information can be used to develop hypotheses and guide research in these areas.
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4.1.1. Enzyme evolution and superfamilies

The conserved substructure is a representation of the conserved function of a
particular superfamily. Based on the results of our previous study (Chiang et al. 2008),
the conserved substructure is likely to be directly involved in or at least adjacent to the
portion of the substrate undergoing the chemical conversion. Because the conserved
substructure is present in all characterized members of a given superfamily, provided the
diversity of enzyme substrates has been sufficiently characterized, new enzymes with
unknown function can be expected to catalyze reactions on substrates that also contain
the conserved substructure. Therefore, the conserved substructure provides initial
annotation for the substrate of individual members of the superfamily, especially those
members that cannot be classified into a specific family. The initial annotation can be

confirmed and further explored through additional experiments.

4.1.2. Computational molecular docking to predict substrate specificity

Recently, researchers have been starting to apply computational molecular
docking (Kitchen et al. 2004) methods to predict enzyme substrates (Kalyanaraman et al.
2005; Hermann et al. 2006; Hermann et al. 2007). In several of these successful cases,
the ligand library was filtered for molecules that contained the substructures that were
known to be conserved among substrates of the particular enzyme superfamily. Thus,
during the docking analyses, fewer irrelevant molecules need to be screened and
computational resources can be devoted to screening molecules that are more likely to be
substrates. In these cases, the conserved substrate was determined through prior and

extensive studies (Babbitt et al. 1996; Seibert et al. 2005). The results of the automated
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substructure analysis allow researchers to customize their ligand libraries for enzymes in

many additional superfamilies.

4.1.3. Enzyme engineering

Enzyme engineering can be used to develop new enzymes to catalyze reactions
useful for biodefense, bioremediation, biofuels, and to facilitate the production of
molecules important for human health and agriculture. What was conserved in substrates
and products during evolution can be used to suggest which parts of the reaction are
unlikely to be changed during engineering. Inversely, what has been variable during
evolution can suggest the parts of the reaction that can be changed during engineering.
The results of the conserved substructure analyses allow us use this strategy and to select
enzymes that already partially perform the target reaction and that are likely to be
changed to perform the target reaction. There are several criteria that can be used to
select a superfamily or enzyme as a good starting point for engineering. For
superfamilies, it may be advantageous to select those in which the superfamily conserved
substructure is present in the desired new reaction and in which the range of reactions
performed is diverse enough to suggest that the desired new reaction is evolvable. Just as
it may be advantageous to select superfamilies that are more diverse, it may also be
advantageous to select enzymes that are more promiscuous, as they are likely to more

evolvable (Khersonsky et al. 2000).

4.1.4. Data resource
To facilitate these goals, we developed a database, the Substructures for Enzyme
Evolution and Engineering Resource (SEEER), for researchers to access, interact with,

and develop hypotheses from the data. This resource is currently available at a temporary
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location, http://sfldtest.rbvi.ucsf.edu/seeer. ~ Although the resource is not currently

publicly available, it will eventually be made public.

4.2. Methods and Results

4.2.1. Data

The foundation of the SEEER is the data from the substrate substructure analysis
described in the previous chapter (Chapter 3). The full details of the data and methods
are described in the methods section of that chapter (Section 3.3). In summary, we used a
subset of superfamilies from the Structural Classification of Proteins (SCOP) (Murzin et
al. 1995) where the enzymes are all single-domain proteins and the reactions catalyzed by
the enzymes of the superfamily are all unimolecular. For these 42 superfamilies, we
found the conserved substrate substructures by extending a maximum common
substructure algorithm, implemented in the Chemistry Development Kit (CDK)
(Steinbeck et al. 2003), to find common substructures among more than two molecules at
a time. To find the reacting substructures, we used the maximum common substructure
algorithm; in this case, we found the substructures that differ between the substrate and
product(s) of each reaction in the superfamilies. We developed a number of measures to
describe the overlap between the conserved substructure and the reacting substructure: f.,
the fraction of the conserved substructure that is reacting, and f;, the fraction of the

reacting substructure that is conserved.
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4.2.2. MySQL database structure
The underlying data is stored as a MySQL database. The main tables in the
structure of database (Figure 4.1) describe superfamily, enzyme family, and reaction

information. The number of entries in each of these tables are listed in Table 4.1.

enzyme isofunctional family
Enzyme Id
< Scop Id
Name
Reaction name
EC number
Substructure overlap measures

Figure 4.1. Summary of database schema.
Each colored box represents a different table in the MySQL database. The major fields is also listed in
each colored box, with the name of the table in bold. The relationships between the tables are represented
by lines. The ends of these lines represent the multiplicity of these relationships: one-to-many relationships
are represented by the blank ends (one) and ends with “crows’ feet.” (many)

Table 4.1. Number of Entries in SEEER Tables

Table Number of Entries
superfamily 42
enzyme family 149
reaction 822
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4.2.3. Web interface

As of the date of submission of this thesis, the SEEER is available at
http://sfldtest.rbvi.ucsf.edu/seeer. The interface is a combination of HTML pages and
dynamic pages generated by Python cgi-scripts that query the MySQL database and
display results. There are several ways of accessing the data: browsing superfamilies,
searching by substructure, and searching by enzyme.

Selecting the option to “Browse by Superfamily” displays a summary table of all
the superfamilies in the SEEER (Figure 4.2). For each superfamily, the table includes the
superfamily’s conserved function (both the conserved substructure and the EC digits
shared by all members of the superfamily) as well as a summary of the range of reactions
known to be performed by members of the superfamily (the number of unique EC
numbers and the number of reactions). Because many of the enzymes in the SEEER are
known to catalyze more than one reaction, either in vivo or in vitro, but an enzyme will
often only be assigned one EC number, the number of reactions in a particular
superfamily will often be greater than the number of unique EC numbers. Users may
select a particular superfamily, which will open up a summary page describing the
characteristics and reactions of that superfamily. The superfamily summary pages are

described in more detail below.
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Superfamilies in the SFLD

Conserved EC Umique EC
digits numbers

(Phosphotyrosine protein) phosphatases IT cdii N/\ 35 2 9

Superfamily Conserved substnucture Reactions

Alkaline phosphatase-like c.Jo.l e . 3l b] 67
0
C"\/

alphabeta-Hydrolases c.60.1 \"/ 311, 3 13

0]

: ; Q 0o 0

AraD-like aldolase/epimerase c741 o - 3 8

0™y

o A

Figure 4.2. Database interface — Browse superfamilies.
To facilitate browsing through the superfamilies in SEEER, superfamilies and their conserved substructures

as well as other summary information is displayed as a table.

A user interested in engineering an enzyme to perform a particular reaction may
be interested in finding a superfamily or enzyme that is likely to be a good starting point
for engineering. Selecting the “Search by Substructure” option allows the user to query
the database with a SMILES string for the substrate or product of the desired reaction.
The SMILES string will be used as a query against the superfamily conserved
substructures and/or the reacting substructures, depending on which search options are
selected. If the superfamily search option is selected, any superfamily whose conserved

substructure is a substructure of the query SMILES will be returned and summarized in a
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displayed table. If the enzyme search option is selected, any enzyme family with
enzymes that have reacting substructures that are substructures of the query SMILES will
be displayed as a table. Because an enzyme family may have multiple different reactions,
there may be multiple matching reactions for a particular enzyme, but the number of
matching reactions may only be a fraction of the total number of reactions performed by
that enzyme. Therefore, both the number and fraction of matching reactions are reported
and the results are sorted by the fraction of matching reactions.

A user may also have a particular enzyme as a starting point for entering the
database. Such a user might be interested in exploring the range of reactions performed
or learning which aspects of that enzymes function are conserved within its superfamily.
By selecting the “Search by Enzyme” option, a user can enter in the name of the enzyme
of interest or an EC number of the reaction performed by the enzyme. If a matching
enzyme is found in the database, the results will be displayed as an enzyme summary
table. From this table, the superfamily and other enzyme families in the superfamily are
accessible through hypertext links. This table is discussed in more detail further below.

For each superfamily, users can view a superfamily summary page (Figure 4.3).
The top of the page contains a table summarizing the range of reactions catalyzed by
members of the superfamily and the functions conserved among members of the
superfamily.  This table also contains a summary of how much the conserved
substructure and reacting substructures overlap. Below the summary table, the conserved
substrate substructure and all of the reactions in the superfamily are displayed. The
reactions can be viewed either all on one page (Show all reactions, default view) or by

scrolling through one reaction at a time (Show one reaction at a time). Each reaction is
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labeled with the name of the enzyme that performs that reaction and with the substrate
and product(s) of the reaction and is linked to the summary pages for each enzyme

family.

Top Level

SCOP Superfamily: Enolase C-terminal domain-like (c.1.11)

Summary of reactions and EC numbers in superfamily:
# unique EC idenfiers in Brenda: ] # unique reactions in Brenda: 26
EC positions conserved:

Overlap between conserved and reacting substructures: 2
avg f. (atoms) 0.31 avg f. (bonds) 0.08
stdev f; (atoms) 0.10 stdev f; (bonds) 0.13
avg f; (atoms) 035 avg f; (bonds) 0.07
stdev f; (atoms) 0.07 stdev f; (bonds) 0.12
avg og (atoms) 0.59 avg oy (bonds) 0.11

Show all reactions

Conserved substrate substructure Reactions in superfamily

0. H N H
\"/ N
0 <X Oy — &
"0
HO oH
ey O 0
methylaspartate ammonia-lyase
L-threo-3-methylaspartate, CSHINO4 —* Mesaconate, CAH604 + NH3,
H3N

Figure 4.3. Database interface - Superfamily display page.
Superfamily summary pages display information about the superfamily including the conserved
substructures, each reaction in the superfamily, the number of unique reactions in the superfamily, and

measures that describe the overlap between conserved and reacting substructures.

Information for individual enzyme families in SEEER is also displayed in
summary pages (Figure 4.4). The top of the page contains a table summarizing the

canonical enzyme family reaction and the range of reactions catalyzed by this enzyme.
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This table also contains a summary of how much the conserved substructure of the
superfamily and the reacting substructures overlap. Below the summary table, there is a
table showing all of the reactions catalyzed by members of the enzyme family. The
reactions can be viewed either all on one page (Show all reactions, default view) or by
scrolling through one reaction at a time (Show one reaction at a time). Each reaction is

labeled with the substrate and product of the reaction.

Top Level

SCOP Superfamily: Enolase C-terminal domain-like (e.1.11)
Enzyme family: muconate cycloisomerase (5.5.1.1)

Summary of reactions in family:
reaction: 2 3-dihydro-3-onofuran-2-acetate = cis, cis-hexadienedioate
# umique reactions in Brenda: 3
Owerlap between conserved and reacting substructures: 2
avg f; (atoms) 023 avg f; (bonds) 0.00
stdev f; (atoms) 0.00 stdev f; (bonds) 0.00
avg f; (atoms) 032 avg f; (bonds) 0.00
stdew f; (atoms) 0.03 stdev f; (bonds) 0.00
Show one reaction at a time
EReactions in family
0 —3 oL
0 0
0
( 0 n
C
3-Chloro-cis,cis-muconate, C6H304Cl — 5-Chloromuconelactone, C6H504CI

Figure 4.4. Database interface - Enzyme display page.
Enzyme summary pages show the reactions catalyzed by the particular family of enzymes and measures

that describe the overlap between conserved and reacting substructures.
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4.3. Conclusion

By developing this resource to share results of our prior substrate substructure
analyses, we hope to facilitate the generation of hypotheses relating to enzyme evolution
and for enzyme engineering. For researchers interested in a particular enzyme or
superfamily, the SEEER allows for exploration of the conserved functions as well as the
diversity of functions. In addition, the conserved substructures can be used as an initial
prediction of function for enzymes that can be classified into a superfamily but not into a
specific family. That initial prediction serves as a starting point for additional studies to
determine the full and exact function of the enzyme. For enzyme engineering, the
substrate and product of the desired reaction can be used to query the SEEER for
superfamilies and enzymes that already perform reactions that share substructures with
the desired reaction. By selecting such superfamilies and enzymes as starting points for
evolution, fewer changes need to be made to achieve the desired reaction. In addition,
researchers interested in predicting substrates using computational docking
methodologies can use the conserved the substructure to filter ligand libraries for
docking. The SEEER resource will be made publicly available to facilitate researchers

interested in these goals.
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Chapter 5

Target Selection and Annotation for
the Structural Genomics of the
Amidohydrolase and Enolase

Superfamilies

5.1. Abstract

To study the physics and evolution of the substrate specificity of enzymes, we use
the amidohydrolase and enolase superfamilies as model systems. Members of these
superfamilies share a common TIM barrel fold and catalyze a wide range of chemical
reactions. Here, we describe our work to maximize the structural coverage of the
amidohydrolase and enolase superfamilies. Using sequence- and structure-based protein
comparisons, we first selected 535 target proteins from a variety of genomes for high-
throughput structure determination by X-ray crystallography; 63 of these targets were not
previously annotated as superfamily members. To date, 20 unique structures in the
amidohydrolase superfamily and 41 in the enolase superfamily have been determined,

increasing the fraction of sequences in the two superfamilies that can be modeled based
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on at least 30% sequence identity from 45% to 73%. The work in this chapter has been
submitted for publication. The primary contributor of the full manuscript is Dr. Ursula
Pieper. This chapter contains the sections that are related to my contribution to this work,

the sequence and modeling analyses for structural genomics target selection.

5.2. Introduction

The goal of this work is to predict the substrate specificity of an enzyme based on
its experimentally determined and/or modeled structure (Gerlt et al. 2001; Todd et al.
2001; Seibert et al. 2005; Glasner, Gerlt et al. 2006). Computational docking
methodologies have been successfully used to predict enzyme specificity (Kalyanaraman
et al. 2005; Hermann et al. 2007; Song et al. 2007). In the absence of an experimentally
determined structure, comparative modeling can be used to predict an enzyme’s structure,
which then can be used for computational docking (McGovern et al. 2003). The quality
of the models and the successive docking results depends on the availability of good
template structures. Therefore, the successful prediction of enzyme specificity is enabled
by structural genomics efforts to obtain crystallographic structures that thoroughly cover
the space of enzyme sequences.

A particularly attractive opportunity to study the substrate specificity and
enzymatic mechanisms from the evolutionary and physical perspectives is provided by
the very large and diverse amidohydrolase and enolase superfamilies. These
superfamilies are attractive targets because of significant existing knowledge about them,
while there are still large areas of their sequence space where we don’t have any structure

or function information.
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We have previously described the enolase superfamily (Section 2.1.2). The other
superfamily central to this study is the amidohydrolase superfamily. The amidohydrolase
superfamily members catalyze the hydrolysis of a wide range of substrates bearing amide
or ester functional groups at carbon and phosphorus centers (Seibert et al. 2005). A
common feature for this superfamily is a mononuclear or binuclear metal center
coordinated in a (B/a)s-barrel (TIM barrel) polypeptide chain fold. The active site is
formed by loops at the C-terminal ends of the B-strands. This superfamily is currently
organized into 36 named families based on the experimentally verified catalytic reactions.
The sequences are also clustered into 90 subgroups based on their chemical reaction
catalyzed and active site similarities and a common sequence identity of at least 40%
(Pegg et al. 2006).

NIH guidelines allow for 15% of Protein Structure Initiative (PSI) structures to be
“community-nominated” targets (Norvell et al. 2007). A substantial fraction of the New
York Research Center for Structural Genomics (NYSGXRC) community targets are
members of the amidoydrolase and enolase superfamilies that we have nominated. To
date, our work has resulted in 25 amidohydrolase superfamily and 50 enolase superfamily
structures, contributing substantially to the total structures in the Protein Data Bank
(PDB; 6/16/08) (amidohydrolase: 154 and enolase: 89) (Berman et al. 2007).

We begin by outlining the data sources and methods used for target selection and
structure-based functional annotation (Methods, Section 5.3). Then, we present the results
of the target selection process, the status of the selected targets in the structural genomics

pipeline, and the improvement in the modeling of the amidohydrolase and enolase
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superfamilies made possible by the new crystallographic structures (Results and

Discussion, Section 5.4).

5.3. Methods

5.3.1. Target selection

Target selection begins by identifying known members of the superfamilies (seed
sequences), followed by filtering to obtain an initial target list. To identify additional
members, we applied sequence- and structure-based expansion methods, followed by
filtering for preferred source organisms. Superfamily membership for the additional
targets was verified by inspecting their sequences for probable catalytic sites.
Seed sequence sources

Verified amidohydrolase and enolase superfamily sequences (ie, seed sequences)
were obtained from the SFLD, which has been described in more detail in Section 2.3.2.
In June 2005, when our target list was constructed, SFLD contained 3701 sequences for
the amidohydrolase superfamily and 1795 sequences in the enolase superfamily.
Filtering of seed sequences

To select targets that share ~30% or less amino acid sequence identity over at
least 70% of their length to a known three-dimensional structure, the seed sequences were
processed using the automated comparative modeling server MODWEB
(http://salilab.org/modweb) (Eswar et al. 2003).
Sequence-based expansion of amidohydrolase and enolase superfamily members

We identified additional potential superfamily sequences that were not present in

the seed sequence pools. For each seed sequence, homologous sequences in the
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UNIPROT database (Wu et al. 2006) were identified by the BUILD_PROFILE routine of
MODELLER-9 (Eswar et al. 2003). BUILD_PROFILE is an iterative database-searching
tool that relies on local dynamic programming to generate alignments and a robust
estimate of their statistical significance.

Structure-based expansion of amidohydrolase superfamily members

In addition to the SFLD entries, we also used the known amidohydrolase
superfamily structures to find additional potential amidohydrolase superfamily members
(this expansion was not performed for the enolase superfamily). We began by clustering
100 PDB files (only monomeric structure) containing known amidohydrolase
superfamily structures (June 2005) at 80% sequence identity. The resulting 48 non-
redundant structures were used for comparative modeling using the automated modeling
server MODWEB (Eswar et al. 2003).

For each structure, PSIBLAST (Altschul et al. 1997) was used to find putative
homologs in UNIPROT, which were modeled using the query structure as a template.
Known amidohydrolase superfamily members were excluded. All models were
deposited in our comprehensive MODBASE database of comparative protein structure
models (http://salilab.org/modbase/; dataset model set ah_structures) (Pieper et al. 2000).
To eliminate sequences that are likely members of other superfamilies, the homologs
were subjected to standard comparative modeling with MODWEB using all non-
redundant chains in the PDB as potential templates.

Filtering by organism
While seed sequences could come from any genome, the additional

amidohydrolase superfamily sequences identified by sequence- and structure-based
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expansions were filtered for ease of cloning to include only 79 organisms with genomic
DNA available to NYSGXRC in 2005 and the marine metagenome from the Sargasso
Sea sequencing project (Venter et al. 2004).
Verification of catalytic residues

The resulting putative amidohydrolase superfamily sequences were aligned to
amidohydrolase superfamily HMMs in SFLD and manually inspected for probable
catalytic residues. The final target list only includes sequences with at least 70% of the

catalytic residues present.

5.3.2. Analysis of the target structures

The amidohydrolase and enolase superfamilies were annotated using several
computational tools. Cytoscape clustering gives an overview of how the targets are
distributed across the superfamily (Shannon et al. 2003). Finally, template-based
modeling determines how many new sequences can be modeled with the new structural
information (Eswar et al. 2003).
Sequence clustering by Cytoscape

All-by-all BLAST searches were performed for the superfamily members and
these results were used to construct Cytoscape (Shannon et al. 2003) networks for the
amidohydrolase superfamily and the mandelate racemase, glucarate dehydratase,
mannonate dehydratase, and muconate cycloisomerase subgroups of the enolase
superfamily. A node represents a single sequence and an edge is shown for the most
significant BLAST e-value connecting two sequences when it is better than an e-value

cutoff chosen empirically to achieve the best “visual” separation of the clusters (10" for
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the amidohydrolase superfamily, 10*° for the enolase superfamily). The nodes were
arranged using the ‘organic’ layout.
Template-based modeling by MODWEB

The new NYSGXRC crystallographic structures were submitted to MODWEB
(Eswar et al. 2003) to serve as templates to model all of the identifiable homologs of the
input structure in the non-redundant database of protein sequences nr (Wheeler et al.
2008); these homologs were identified during ten PSI-BLAST iterations of the template
sequence against nr (e-value cutoff is 0.0001) The results are available at

http://salilab.org/modbase/models_nysgxrc_latest.html.

5.4. Results and Discussion

We first present the results of the target selection procedure. We also describe the
current snapshot of the progress of the targets through our structural genomics pipeline
(June 2008). We then indicate how the resulting crystallographic structures are
distributed across the two superfamilies. Finally, we determine the number of protein
sequences in the comprehensive sequence databases that are detectably related to these

protein structures (ie, the modeling leverage).

54.1. Target selection

Given the capacities of NYSGXRC, the goal was to identify approximately 500
target sequences, approximately evenly distributed between the two superfamilies. These
targets were obtained by selecting representatives from previously identified superfamily
members as well as by identifying new superfamily members in a select set of genomes

(See Methods, Section 5.3).
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Targets for the amidohydrolase superfamily

From the SFLD, we obtained a list of 3701 amidohydrolase superfamily
members. The first filtering step resulted in 1918 sequences with less than 30% sequence
identity to a known structure and at least 250 amino acid residues in length, originating
from 424 organisms. We chose a 30% sequence identity limit because at approximately
this level of sequence identity, obtaining accurate target-template alignments becomes
more difficult and homology modeling begins to incur significant errors (Sanchez et al.
1997; Vitkup et al. 2001).

These 1918 sequences were further filtered manually to obtain the reduced set of
224 target sequences. The selected amidohydrolase superfamily members are evenly
distributed among the various clades of the superfamily, thus representing the diversity
within the superfamily.

In addition to the known superfamily members, the sequence- and structure-based
expansions detected 63 putative amidohydrolase superfamily members that were not
initially in the SFLD (A table listing all amidohydrolase and enolase superfamily targets
can be found at http://salilab.org/projects/enspec/target_list.html). These new potential
targets fall into two categories: (i) divergent sequences that were detected by the
sequence-based approach (Figure 5.1, blue box) and (ii) divergent sequences that were
detected by the structure-based approach (Figure 5.1, pink box). Of the 63 putative
amidohydrolase superfamily sequences, 50 were subsequently verified using the SFLD
update procedure. The presence of probable catalytic residues for the remaining 13
targets was verified manually. Nine of these 13 sequences were detected by both the

sequence- and structure-based approaches, and four sequences were only detected by the
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structure-based approach. Thus, the sequence- and structure-based approaches yielded 13
additional targets that could not be identified with previously available protocols as

amidohydrolase superfamily members (corresponding to 21% of the new putative

members of the amidohydrolase superfamily).

Expansion of seed target sets

Sequence-based expansion Structure-based expansion
Collect all known
Collect seed sequences ’
amidohydrolase PDB
from SFLD database StrUCILres
Sequence col!emlnn Sequence collection
Sequence-based
expansion: generale Structure-based search:
profiles using UniPrat homalogs from UniProt
]
|~
‘-\
Filters Filters
306 sequence identity
309 sequence identity to PDB structure
to PDE structure I
NYSGXRC organisms
(homologs)
, |
NYSGXRC organisms Modeling filter (better
(Homalogs) template outside
superfamily)

N\
Verification of catalytic
residues

List of putative superfamily members

Verified target
seguences

Figure 5.1. Flowchart of the target expansion strategy

Sequence-based target expansion (left) and structure-based target expansion (right).
The final amidohydrolase target list, including both previously identified and

newly identified sequences, comprises 287 sequences from 53 organisms that cover 22

(61%) named families in the superfamily (Figure 5.2).
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Metagenom
Dictyostelium discoideum (0,2)
Rattus norvegicus (0,1)
Homo sapiens (0,7)
Xenopus laevis (0,2)
Drosophila melanogaster (0,8)
Caenorhabditis elegans (0,5)
Filobasidiella neoformans (0,1)
Magnaporthe grisea 70-15 (0,1)
\ Aspergillus nidulans FGSC A4 (0,1)
Saccharomyces cerevisiae (0,2)
Arabidopsis thaliana (0,2)
Aeropyrum pernix (3,4)
Sulfolobus solfataricus (0,2)
Methanopyrus kandleri (1,0)
Archaeoglobus fulgidus (5,0)
Methanosarcina acetivorans (1,0)
Methanococcus maripaludis (3,0
Methanocaldococcus jannaschii (1,0)
Thermotoga maritima (0,1)
Bifidobacterium longum NCC2705 (3,0)
Arthrobacter aurescens (3,0
Arthrobacter sp (1,0)
Thermus thermophilus HB8 (0,1)
Deinococcus radiodurans (3,1)
Clostridium perfringens (1,0)
Clostridium acetobutylicum (4,2)
Enterococcus faecalis (6,1)
Streptococcus mutans (0,1)
Listeria monocytogenes (3,1)
Bacillus halodurans (5,4)
Bacillus subtilis (3,1)
Bacillus cereus ATCC 10987 (6,0)
Bacillus thuringiensis serovar (6,0)
Bacillus anthracis (11,0)
Staphylococcus aureus (0.2)
Chromobacterium violaceum (2,0)
Acidovorax avenae subsp. citrulli (1,0)
Bordetella pertussis (0,3)
Bordetella parapertussis (3,0)
. Bordetella bronchiseptica (4,0)
Proteobacteria Caulobacter vibrioides(0,3)
Mesorhizobium loti (4,0)
Bradyrhizobium japonicum (12,0)
Sinorhizobium meliloti (0,1)
Agrobacterium tumefaciens (16,0)
Haemophilus influenzae (0,2)
Escherichia coli (0,2)
Enterobacter cloacae (1,0)
IAcinetobacter sp. ADP1 (2,0)
Pseudomonas aeruginosa (0,3
Campylobacter jejuni (0,1)
Treponema denticola (0,1)

Cellular Organisms

—
Firmicutes

Bacteria

Figure 5.2. Phylogenetic tree of the organisms for the selected amidohydrolase targets
The numbers in parentheses represent the number of targets for confirmed (first number) and

putative (second number) amidohydrolase superfamily members.

Targets for the enolase superfamily

We used a simpler selection scheme for the enolase superfamily members. Of the
1795 sequences already established as enolase superfamily members, we selected as
targets the 255 sequences with less than 30% sequence identity to a known structure and
at least 250 residues in length, originating from 98 organisms.

A complete list of the selected amidohydrolase and enolase superfamily targets

can be found at http://salilab.org/projects/enspec/.
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Structural genomics pipeline attrition

To date, structure determinations have been attempted for 254 amidohydrolase
(88%) and 206 enolase (80%) superfamily members by the NYSGXRC/ENSPEC X-ray
crystallographic structure determination pipeline. Progress to date and attrition rate at
each stage of the pipeline are documented in Table 5.1 (June 2008). The project has not
yet been completed, and a number of targets are still progressing through the pipeline.
Therefore, the final overall success rate should be higher than that presented in Table 5.1.

Table 5.1. Success rates for the steps in the structural genomics pipeline as of June 2008.

Step Amidohydrolase superfamily | Enolase superfamily | Both superfamilies
Total Fraction [%] Total ‘ Fraction [%] | Total ‘ Fraction [%)]
Selected 279 222 501
Cloned 254 91 206 93 460 92
Expressed 225 88 177 86 402 87
Soluble 167 74 112 63 279 69
Purified 110 66 67 60 177 63
Crystallized ~63 ~57 ~44 ~66 ~107 ~60
Unique Structures 20 ~32 41 ~93 61 ~57
All Structures 25 50 75
5.4.2. Analysis of the resulting crystallographic structures

Leverage of new crystallographic structures by modeling

To determine the impact of a structure on the structural mapping of the protein
sequence space, we determine how many known protein sequences can be modeled based
on the structure (ie, the modeling leverage). Each enolase structure is a useful template
for calculating comparative models for 2500 to 3200 other protein sequences in the
Genbank nr database; a template is considered useful when the resulting model is based
on a significant PSI-BLAST E-value (0.0001) or a favorable GA341 model score (>0.7).

In contrast, the amidohydrolase superfamily structures fall into two categories: most are
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detectably related to 3000 - 3800 other proteins, but five structures (PDB Codes: 215G,
2Q01, 2Q6E, 2RAG, and 3B40) are related to a significantly smaller number of
sequences (approximately 300 - 1000).

The average number of models per structure is significantly higher for the
amidohydrolase and enolase superfamilies than for all structures determined by
NYSGXRC (2,681versus 1,964) (as of May 2007) (Table 5.2). This difference reflects
the relatively large sizes of the amidohydrolase and enolase superfamilies. The number of
sequences that can be modeled based on target-template sequence identity higher than
30% 1is significantly lower for the amidohydrolase and enolase superfamilies structures
than for the full NYSGXRC structure set (3% versus 11%), due to the relatively high
diversity in the amidohydrolase and enolase superfamilies.

Table 5.2. Comparison of template-based modeling statistics for the 63 ENSPEC/NYSGXRC
structures and all 327 NYSGXRC structures (May 2007).
An acceptable model is defined to be based on a significant PSI-BLAST E-value (0.0001) or a
favorable GA341 model score (>0.7).

Amidohydrolase and All
enolase superfamily
members

Average number of sequences with acceptable 2681 1964
models
Minimum / maximum number of sequences 189/3693 30/6320
with acceptable models
Average number of sequences with >50% 15 20
sequence identity, at least 50% coverage
Average number of sequences with 30-50% 59 113
sequence identity, at least 50% coverage
Average number of sequences with <30% 2572 1400

sequence identity, at least 50% coverage

Upon initiation of this effort in June 2005, 45% of all known members of the

amidohydrolase and enolase superfamilies were related to a known structure with a
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sequence identity higher than 30%. Due to the increased number of templates contributed
by our consortia, this number increased to 73% from 45%.

The total number of unique sequences modeled using the new amidohydrolase
and enolase superfamily structures is 11,097, approximately 30% more than the number
of known sequences from the amidohydrolase and enolase superfamilies. Among these
additional sequences, we expect both currently unidentified members of the
amidohydrolase and enolase superfamilies as well as members of other superfamilies
with the TIM barrel fold.

Distribution of targets over the amidohydrolase and enolase superfamilies

For large groups of related sequences, such as the amidohydrolase superfamily, a
“network” visualization of their relationships is helpful in generating hypotheses on how
various enzymes in the superfamily evolved, and on how closely the subgroups are
related to each other. We have plotted Cytoscape networks for the amidohydrolase and

enolase superfamilies, based on clustering by sequence similarity (Figure 5.3).
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Figure 5.3. Cytoscape clustering for the amidohydrolase superfamily (a) and enolase superfamily (b).
Green diamonds: Structures determined prior to the start of the ENSPEC/NYSGXRC project in
June 2005. Red triangles: Superfamily members in the target list. Blue squares: All other
structures determined by ENSPEC/NYSGXRC. (a) The most homogeneous subgroups have been
named. Purple squares: Five divergent structures determined by ENSPEC/NYSGXRC. (b)
Cytoscape clustering for the enolase superfamily. Subgroup clusters are marked for four

subgroups.
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Many subgroups in the large amidohydrolase superfamily, such as the urease-like
subgroup and the uronate isomerase-like subgroup, are distinctly separated from the other
superfamily members. For the enolase superfamily, we chose to generate a Cytoscape
network that represents only four subgroups, containing the majority of the targets. The
targets were mostly chosen from the mandelate racemase-like subgroup, because it is the
largest subgroup with little previous structural coverage, and from the more divergent
muconate cycloisomerase subgroup. The Cytoscape networks illustrate that the targets
and the resulting structures are indeed concentrated in regions of superfamily sequence
space that lacked structural characterization prior to the start of the project, as desired for

our target selection.

5.5. Conclusion

We have made significant progress towards characterizing the structures in the
amidohydrolase and enolase superfamilies. New members of the amidohydrolase
superfamily have been identified through a combination of sequence- and structure-based
expansions of the pool of known superfamily members. The structure-based expansion
was particularly successful in identifying previously unrecognized superfamily members.
The 63 crystallographic structures from the structural genomics pipeline increased the
fraction of the sequences in these two superfamilies that can be modeled based on at least
30% sequence identity from 45% to 73%. This demonstrates the power of combining
sequence- and structure-based approaches for the structural genomics of two large and

diverse enzyme superfamilies.
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Chapter 6

Conclusion and Future Directions

This dissertation has presented a body of work to study enzyme evolution by
focusing on the substrates and products of the enzymes and how they vary over enzyme
evolution. Our approaches also include sequence-based and structure-based analyses,
which due to the interconnectedness of enzyme sequence, structure, and function, are
closely tied to the primary focus of this work, the analyses of enzyme function. Using
computational methods for these analyses ensures that our analyses can be conducted
systematically and on large sets of data, which facilitates the determination of general
patterns in enzyme evolution. In addition, the computational nature of the analyses
facilitates the application of our results to other areas of research including function
prediction and enzyme engineering.

The first studies described in this dissertation (Chapter 2) describe sequence and
structure-based studies to trace the evolution of enzyme function in a particular
superfamily. These two studies demonstrate the potential of phylogenetic, evolutionary
trace, and structure comparison methods as well as some of their limitations, especially

when the evolution of function is complicated.
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The central piece of this body of work, described in Chapter 3, is the study on the
conservation patterns in the substrates of enzyme superfamilies. Using newly developed
automated methods to study many superfamilies, we determined that the previous
theories of how enzymes evolve were inadequate for describing the range of variation
seen among superfamilies. In addition, the results of this substrate substructure analyses
can be used to improve the precision of protein function prediction and to guide efforts in
enzyme engineering. The Substructures for Enzyme Evolution and Engineering
Resource was developed to facilitate researchers interested in these applications (Chapter
4). This resource, which will be publicly accessible, allows researchers to search and
explore the substrates, products, reactions, and how these are conserved among
superfamilies and their enzymes. The resource can also be searched, using the target
substrate or product, to find superfamilies and enzymes that are promising starting points
for enzyme engineering.

Because the SEEER is a new resource, there are currently no examples of
successful engineering of enzymes that have been based on hypotheses from the SEEER.
We plan to make this resource available to researchers interested in engineering enzymes
and hope that the information about how enzyme functions have evolved can be used as a
model for successful engineering. In addition to engineering enzymes to perform
different reactions and/or use different substrates, there are additional engineering
strategies that can be combined to tightly control the function in biological systems
(Arkin et al. 2006). For example, protein-protein interfaces can be engineered to
modulate the functions of the component proteins (Kortemme et al. 2004). As progress is

made in our ability to engineer different individual components of biological systems, we

103



can move toward more challenging engineering involving multiple interdependent
components.

The study of enzyme function and evolution is enabled by knowing the functions
of as many enzymes as possible, which is, in turn, enabled by having many structures.
Experimentally determined structures can be used to determine how enzymes have
evolved and thus, how their functions have evolved (For an example, see (Ojha et al.
2007)). Computational docking methods to predict enzyme substrates are enabled by
studies like the one described in Chapter 3 as well as by having many structures. When
there are no experimental structures available for docking, comparative modeling can be
used to predict structures. For the study described in Chapter 5, the selection of targets
for structural genomics efforts led to an increase in the number of structures available to
guide studies to determine the functions. Additionally, selecting targets that were evenly
distributed throughout the superfamilies enabled us to maximize the number of additional
sequences that can be modeled.

Because the product of one enzyme is the substrate for the next enzyme in the
pathway, enzymes in the same pathway will share similarities in their substrates. The
goal of ongoing work is to leverage this similarity among substrates within pathways to
improve our ability to predict enzyme substrate specificity (Figure 6.1). The first step in
this strategy involves using docking methods to screen ligand libraries for substrates and
products of multiple members of enzymes coded by a single operon. This requires either
a crystal structure of the enzyme or of a homologous enzyme that can be used as a
template for comparative modeling. For cases in which the order of the enzymes in the

pathway is unknown, the SEA method (Keiser et al. 2007) to relate enzymes by ligand
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list similarity can be used to cluster the enzymes’ docking hit lists to predict whether the
enzymes in the operon are in the same pathway as well as the likely order of enzymes.
With the pathway order, substructure-based analyses can be used to find substructures
that occur frequently in the hit lists of neighboring enzymes of the pathway to further

enrich the docking results for true substrates and products.

‘ Reconstruct operons

Docking to structures
(crystal or modeled)

Predict pathway order
and membership (SEA)

Find common
substructures in
adjacent enzymes

Figure 6.1. Flowchart of the substrate prediction strategy
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Analysis of conservation in enzyme substrates and products represents an
important first step in the study of the evolution of function. There are additional
strategies that can supplement the initial strategy that we developed. For example,
reaction steps can be described and compared to determine how enzyme functions are
conserved or vary during enzyme evolution (O'Boyle et al. 2007). This type of
methodology is currently being further developed and can be combined with the analysis
of ligand structures to get a more complete view of how enzymes evolve. By combining
these orthogonal strategies, we would get closer to a systematic and detailed
representation of enzyme function that could replace the outdated EC system.  This
improved representation of enzyme function would facilitate the study, prediction, and
annotation of enzyme function.

The more we study enzyme function — both focused and large-scale studies — the
more we are finding that enzyme function is very complex. Highly dissimilar enzymes
can share the same function (Glasner, Fayazmanesh et al. 2006), while highly similar
enzymes can have differing functions (Seffernick et al. 2001). How many changes in
sequence and structure can occur in an enzyme while maintaining the same function?
Many enzymes are known to be promiscuous for multiple functions (O'Brien et al. 1999)
and because of limits in our ability to test large ranges of possible functions, many
additional enzymes are likely to be promiscuous. What role does promiscuity play in the
evolution of new functions? Some case studies suggest that promiscuous proteins more
likely to evolve different function, but this hypothesis has not been thoroughly tested. To
answer these questions about the complex process of enzyme evolution will require more

data, consistent and accurate database annotations, improved ways of encoding function,
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and better ways to evaluate promiscuity (Nath et al. 2008). The work in this dissertation
provides a foundation for further work in this field that will be necessary to develop

comprehensive solutions to these challenges
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Appendix A. Evolutionary Trace

A.l.1. Usage

This section will detail the usage of et.py on the command line to find class-
conserved and class-specific residue positions in a multiple sequence alignment.

Brief command description

General usage: et.py --alignment=<alignment file> --classes=<classes
file> [--cces=<cec/cs>] [-—-conservationType=<complete/subs/<integer>> [—-
outputFormat=<list/seqgsel>

Exanqﬂe command: et.py —--alignment=msa.fasta -
classes=classes.txt -cccs=cs —--conservationType=90 -outputFormat=segsel

Requirements for running et.py. A version of Python (http://www.python.org/) should be
installed in order to run this script.
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Options.

-—alignment=<alignment file> : Specify the file containing the multiple
sequence alignment in FASTA format.

--classes=<classes file> : Specify the file containing class memberships
(See below for file format)

-—cces=<cc/cs> : Specify either ‘cc’ to find class-conserved residues or ‘cs’ to
find class-specific residues

-—conservationType=<complete/subs/<integer>> ! Specﬁy the type of
conservation for the class-conserved or class-specific residues. Specify ‘complete’ to
require 100% conservation, ‘subs’ to allow glutamate-aspartate and phenylalanine-
tyrosine substitutions, and an integer to specify the level of conservation required.

—-—outputFormat=<list/segsel> : Optional. Default is ‘list’ option. Specify
the output format. Specify ‘list’ to output text listing, for each class, residue position and
amino acid type of class-conserved or class-specific residues. Specify ‘seqsel’ to output
the results as a seqsel formatted file. A description of this file can be found at
http://www.cgl.ucsf.edu/chimera/1.1700/docs/ContributedSoftware/msfviewer/seqsel.htm
1. Files of this type can be opened in the MultAlignViewer of UCSF’s Chimera program
(http://www.cgl.ucsf.edu/chimera/) to color the class-conserved or class-specific
positions in the alignment.

Definitions.
class-conserved : Positions in the alignment that are conserved within every
class, but not necessarily with the same amino acid type across different classes.
class-specific : Positions in the alignment that are conserved within a particular
class and that may or may not have conservation within other classes.

Input file format — class file. Classes with fewer than 2 members are not used for the
analysis. Sequences, which can be in multiple classes, must be listed using the same
identifier as the identifiers in the alignment file. If the ‘seqsel’ option is selected, a color
must be specified for each class in as three integers (0 - 255) in RGB format (i.e. “255 10
0”). When opening the seqgsel file in MultAlignViewer in Chimera, this color will be
used to highlight the class-conserved or class-specific residues for that class. The items
in the ‘CLASSLEVEL’ and ‘NEWCLASS?’ lines are separated by tabs.

CLASSLEVEL <name of class level A>

NEWCLASS <name of class Al> [RGB color]
seq_idl

seq_id2

NEWCLASS <name of class A2> [255 0 255]
seq_id3

CLASSLEVEL <name of class level B>

NEWCLASS <name of class Bl> [0 0 255]

seq_id4
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Output file format.

<name of
<name of
<residue
<residue
<name of
<residue
<residue
<name of
<name of
<residue
<residue

class level A>
class Al>
position> <amino
position> <amino

class A2>
position> <amino
position> <amino

class level B>
class Bl>
position> <amino
position> <amino

acid
acid

acid
acid

acid
acid

type>
type>

type>
type>

type>
type>

118



40
41
42
43
44
45
46

47
4z
449
50

A.1.2. Script Code

# 2t.py <alignment fasta formats> <classes lists> <specific or conserved:s
<tvpe of conservations [output format]

FRanyee Chiang

created May 5, 2005

last edited sSeptember 25, 2005

reads in an alignment of fasta format
reads in classes organized as tab delimited f£1le
gets class-specific residues of classes based on alignment

e He e e e e e

FHEFFFAHEF AR AR AR A AR E A A AR A AR A AR FE AR R AR A AR AR 404

# FORMAT FCOR WRITIMNG CLASS LEVELS AND GROUPINGS

#

# sequences can be in multiple classes

# vou can have classes with one or zero members, but they will not
# be used

#

# CLASSLEVEL namz of class lewvel

# MEWCLASS namz of class at this class level

F seq 1dl

# seq 1dz

# MEWCLASS namz of szcond class at this class level
F seq 1dz

# CLASSLEVEL namz of szcond class lewvel

# MEWCLASS namz of class at second class level

F seq 144

#

FHEHHHH A A R A R R R R T R R R R
import sys, string, getopt

GRFLIST = ['-', '.', '~'"]

FREFIFFLLLAAFIEAFALIAFFILAT vsage () FAYEFRALLAAFERAAASSAAALSAASEEAAA
# prints usags

def usage():
print "Froper syntax:"

print

print "zt.py --allgmment=<fasta alignment> --classes=<classes fillex"
print " [--cocs=<cof o]

[-—conservaticonType=<complete /subs/<integer>=]"

print " [——ocutputFormat=<1list/seqgsel=]"

print

print "-————-1-"--"-"-"-"----—--"-----------e—————————————————— "
print "opticns”

print

print "--ccoos: 'co! = class-conserved (default), 'os' = class-specific”
print "--conservationType: 'complete' = 100% conserved, 'subs' = D/E
F/7, <integer> = amt of conssrvaticon”

print "--cutputFormat: "list' = list (defanlt), 'segsel' = segsel”
print

print "-—-—--——— e ——————————— e "

print "Input file formats"



[SEI

-] R oM s DO

C C & O v oo MM oomononoomoomoonoon
L5 T S FY R S R =T

a8
89
an
21
2z
k|
94
95
94

print
print "alignment file must ke fasta format alignment”
print "See script text for class file descripticn”

# prints an error i1f the syntax 1s lncorrect and exits the program
def printError(s):
print "-————-—"-"-—"----1-—---—+"iiio oo ph b b oo ———————————
print
print "---------- - ------\-\-.. -. .. . n n.£..-..n .00 0 . "
print
nsagel )
sSYs.ex1ti()

CLASSSFECIFICTYFE = "cz"
CLASSCONSERVEDTYFE = "oo"

COMPFLETECONSERVATIONTYFE = "complete"
SUBSTITUTICHMSTYFE = "subs"
FARTIALCONSERVATIONTYFE = "partial”

LISTTYFE = "list"
SEQSELTYPE = "saqs=1"

global =LTvpe
etType = CLASSCONSERVEDTYFE

global conservatlonTyvpe
conservationType = COMPLETECONSERVATICHNTYEE
global conservatlionLevel
conservationlevel = 100

global alignmentFile
alignmentFile = ""
global classesFile
classesFile = ""

global ocutputTvpe
ocutputTyvpe = LISTTYFEE

# uses getopt Lo handle the command line arguments
# global wvariables are set here
def handleargs():

globkal etTvpe

globkal conservationType
global conservaticnLewvel
global alignmentFlle

global classesFile
globkal cutputTyvpe
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104 tey:

105 apts, args = getopt.getoptisys.argv([l:], "h", ["help", "alignment-=",
"zlasses=", "cccs=", "conservationType-", "ocutputFormat-"])
104 except gJgetopt.GetoptError:
107 printError("Incorrect parameter used")
108 sys.ex1lt (2)
10% for o, a in opts:
110 if o in ["-h", "--help"]:
111 usage ()
112 sys.axlt()
112 elif o == "—--coccs" 1 & class-conserved or class-specific
114 gtType = a
115 if etType == CLASSSPECIFICTYPE cor =2tType == CLASSCONSERVEDTYFE:
114 pass
117 alse:
112 printError("Invalid option for cocs: only valid cptions are
cs oand cc")
119 aelif 0 == "--allgoment” :
120 alignmentFils = a3
121 elif o0 == "--classzes":
122 classesFlle = a
123 alif 0 == "--conservationType":
124 if a == SUBSTITUTIOHNSTYPE or a == COMPLETECCHSERVATICHTYFPE:
125 conservatlonTvpe = a
124 alse:
127 trey:
128 conservationlevel = intia)
126 conservationType = PARTIALCOHMSERVATICHNTYPE
130 except ValueError:
131 printError("Invalld conservationType: only wvalld opticons
are 'complete', 'subks', <integer:=")
132 if conservatlonlewel > 100:
133 printError{ "conservaticnType cannct ke an integer over
1aomy
134 alif o == "—--ocutputFormat”:
135 if a == LISTTYFE or a == SEJSELTYFE:
134 cutputType = a
137 alse:
138 printError("Invalid output format: only walld opticons are
'list' and 'segsel'™)
139
140 if __name_ == "__maln_ ":
141 handleargs()
142

142 FRESEaastdaaattaaassaaassnsatsanadtanntiaanstgaatsaaattaasttaanstass
144 # parse class fille

145 trey:

144 lines = open(classesFlle, 'r').readlines()

147 axcapt ICError:

142 printError("Cannct opensread class fille: %s3" % (classesFille))
14%

150 # classes are stored as a list (lewvels) of lists (classes) of lists
[sequences)
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166
167
168

o
] -l
R oW

-1
[EE I

P R R |
[ 0N

[l o o ol o el
0

[
o -

-1
e

181
182
1873
124
185
186
1287
138
189
190
191
192
1932
194
195
194
197
198
199
;'I_l I_|

201

list of sequences
for 1 in lines:

if 1[0] t= "&":
tokens = (l.strip()).split{'\t")
if tokens[0U] == CLASSLEVEL:
if firstLewel:
firstLewvel = 0
alse:

currentLewvel. appendicurrentClass)
classes. append({currentLevel)
classMames . appendicurrentClassHames)
if outputType == SEQSELTYPE:
colors.append{current ClassColors)
leveltlames, append (tokens [1] )
firstClass = 1

currentLevel = []
currentClassHames = []
if outputType == SEQSELTYFE:
currentClassColors = []
elif tokens[0] == NEWCLASS:
if firstcClass:
firstclass = 0
alse:

currentLevel. appendicurrentClass)
currentClassNames. append (tokens[1] )
if outputType == SEQSELTYFE:
currentClasscolors. appenditokens[ 2] eplit i)
currentClass = []
alse:
currentClass. append (tokens[0] )
currentLevel. append (currentClass)
classes.append (currentLevel)
classNames, appendicurrentClassilames)
if outputType == SEQSELTYFE:
colors. append(currentclasscolors)

122

CLASSLEVEL = "CLASSLEVEL"
: NEWCLASS = "HEWCLASS"
claszses = [] #% list of list of lists
levellamzs = [] #% contains a list of level names
£ classHamzs = [] #% contains a list of class names for zach level
currentLeveltlams = "
currentclasstames = []
3 if outputType == SEQSELTYFE:
colors = [] #% list of colors of classes for each level
currentClasscolors = []
currentlevel = [] & this 1s a list of <lasses
currentClass = [] # this 1s a list of sequences
firstLevel = 1 # this 1z to make sure that vou don't add the first smpty
class
F flrstClass = 1 # this 1s to make sure that vou don't add the first empty



202 # parse alignment file
202 # this 1= for fasta format right now

204 try:

208 lines = open(alignmentFile, 'r').readlines()

206 except IOError:

207 printError ("Cannct opensread alignment file: %s" % (alignmentFile) )
208

205 sequences = ||

210 sequencelIndices = |}
211 currentseqId = "
212 currentseqg = ""

213 flrstsegq = 1

214 count = 0

215 for 1 in lines:

216 if 1[0] == '="':

217 if firstsSeq:

218 firstseq = 0

219 alsa:

220 sequences[currentSegId] = currentSeg
221 sgquenceIndices[currentseqId] = count
222 count += 1

223 currentsegq = ""

224 tokens = (l.strip()).split('=")

225 currentsegqId = tokens[1]

226 Forint currentsegld

2217 elsa:

228 currentsedq += l.strip()

225 sequences[currentSegId] = currentseg

220 sequencelIndices [currentseqIld] = count

231

232

233

234

235

236 ALLOWABLESUBSTITUTICNS = [['D','E'], ['F','1']]
237

ZE3B FadiLEAtLtARsYt areEquiwalenticharl, chari) fasssdsansdasssssanting
23% &

240 # function to determine whether two characters are allowabls
241 # substituticns

24z #

243 & param charl first character

244 % param charz second character

245 # return 1 if two characters are edquilvalent, 0 otherwise
246 def areEquivalent (charl, char2):

247 if charl == charz:

2448 return 1

249 elsa:

250 for 1 in ALLOWABLESURSTITUTICHS:

251 if (charl im 1) and (charz im 1}):
252 return 1

253 return 0

254
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285 #a¥#+##44 iscClassconservediclassSequences, poslition) $E#FFf55aaf8Lss

256 #

287 & function to check 1f all positions within seqquences have the same

258 & residue

259 & 1f all the sequences have a gap at a positicon, that doessn't count

260 #

261 § param classSeduences list of sequences 1n class

262 & param position residue position to be checked

262  return char identity of conserved aa at that position

264 # return 0 1f 1t 1s not conssrved

268 daf 1sclassConserved(classSequences, position):

266 if conservatlionType !'= SUBSTITUTICHSTYFE:

267 conservedraDlict = (]

268 for s in classSequences:

269 < = s5[position]

270 if net ¢ in conservedAADlct.kevsi():

271 conservedAADict[c] = 1

272 alse:

273 conservedRaDict[<] += 1

274 conservedaa =

275 maxlength = 0

276 for < in conservedAabict. kevsi):

277 if conservedAADlct[c] > maxLength:

278 conservediA = o

279 maxLength = conservedaablct [c]

280 if conservedAA in GAPLIST:

281 return o

282 if (maxLength+0.0) flen({classSequences) »=
(conservatlonLevel+0, 0) f100:

283 raturn conservedasn

284 alsa:

285 return o

286 elsa:

287 conservedAn = classSequences[0] [positicon]

238 if conservedAd in GAPLIST:

289 return o

290 for s in classSedquences([l:]

291 if net areBEquivalent (s[position], conservedan):

292 return 0

293 return conservedaa

294

295

296 ge¥#4+d 1scpecificinonClassSequences, posltlon, conservedAR) sffsdss
297 4

#

298 & function to determins 1f all nonclassSequences at position positicon

29% % do not have conssrvedAr at that peositicon

=00 #

201 & param noncClassSeduences list of sequence 1ldentifiers that aren't in
class

02 § param position int position to check

202 # param conservedan char residue that should neot be at the position

in the sequence
04 & return 1 1f 3ll sequences do not have conservedar at positicon
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305
304
307
208
309
310
311
31z
313
314
315
R
317
318

319

320
321
322
323
324
328
326
327
328
329
330
331
332
333
334
235
236

337

e
350
351
352
353
354

# return 0 octherwise
def lzcpecificinonClassSequences, position, conservedAd):
for s in nonClassSequences:
if s[position] == conservedii:
raturn 0O
return 1

FHEFEFF5F getClassSpecificResiduss(classList, sequences) ##L##F55##

F
# function to find class-specific residues given class members
# full alignment
# alsc checks to see that leniclassList) = 0O
#
# param <lassList list of sequences identiflers in class
F param ssquences dict of all sequences (key 1s sequence 1d, wvalus 1is
sequancs)
# return 1list of class-specific positions
# return empty list 1f len(classList) = 0
def getClassspecificResiduss(classList, sequences):
if leniclassList) > 1:
lzngth = len(sequences[sequences.keva()[0]])
# Jgather all the sequences into ones list
classSequences = []
for < in classList:
try:
classSequences. appendisequences [C])
except KevError:

pass
if leniclassSequences) < 3.
return []
# gather all nonclass sequences into one list
nonClassSequences = [|]

for s in sequences.kevysi):
if not 5 in classList:
nonClassSequences. append({sequences[s] )
# loop through all the positilons
spacificPositionslist = []
for p in range (length):
¥ check to see if all sequences 1in class have the same residus
conservedAd = lsClassConservedi{classSegquances, p)
if conssrvedid:
if et Type == CLASSSPECIFICTYPE:
# check to see if all sequences not in class have a
different residu
if lscpecificinonClasssequences, P, CconssrvediR):
specificPoslitionsList .append( [P, conserveadas])
alsa:
specificPositionsList. appendl [p, conserwvedial)
return speclficPositiconsList
alsa:
return []
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286 & go through classes and find class-speclflc residues

257 if outputType == LISTTYPE:

258 for 1 in range(lenilevelNames)):

el print levelbames[1]

360 for ¢ in range (leni{classMames[l])):

361 print " ", classMamss[1l][c]

362 resldues = getClassSpecificResidues (classes([l] [c], seguences)
3632 print " ",

364 for r in residues:

265 print "%s%A" % (r[l], r[0]),

266 print

367 else:

368 # 1n segsel format

369 # positicons are numbersed starting at O

270 # sequences are numbersd starting at 1

371 for 1 in range(len(levelWamss)):

372 for ¢ in range(len(classMamss[1])):

373 resldues = getcClasssSpecificResiduss (classes([1l] [c], seduences)

¥ get sedquence ranges
seqIndexList = []

min = -1
377 for seq in classes[l][c]:
378 try:
379 saqIndexList. append (sequencelndices [saqg])
380 except FKeyError:
381 pass
382 seqIndexList, scrt ()
382 rangsList = []
284 if lenisegqIndexllst) > 2.
385 min = seqIndexList[0]
384 for s in range(lenisegIndexList)i[Ll:]:
387 if seqIndexList[s] != seqIndexList[s-1]+1:
284 rangeList.append("%s %s" % (min+l,
seqindexList[s=1]+1) ]
289 min = seqIndexLlist[s]
390 rangellst.append("%s %s" % (min+l,
segindexList[lenisegIndexLlist)-1]1+11)
291 fer seqRange in rangelist:
382 for r in residuss:
293 print r([0], r([0], segRangs,
394 for col in coleors[l][c]:
295 print col,
296 print

397

29% § oubtput this information into file

400 # this file can later be conwverted into segsel format to be wisualized in
Chimsra
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Appendix B. Reacting and Common
Substructures

B.1.1. Usage

This section will detail the usage of the Java program RCSubstructures to
calculate reacting and conserved structures for a single superfamily on the
command line.

Command description

General usage: java RCSubstructures <input molfile specification
file> <output smiles file> > <output summary file>

Example command: java RCSubstructures a.102.1.mol.txt
a.102.1.smiles.txt > a.102.1.sssummary.txt

Requirements  for running RCSubstructures. A version of Java’s JDK
(http://java.sun.com/javase/) should be installed in order to compile and run this program.
In addition, the Chemistry Development Kit (http://sourceforge.net/projects/cdk) should
be installed.

Requirements for input files. To be useful, multiple reactions should be specified for each
superfamily. Reactions must be unimolecular (only one substrate), but multiple products
can be specified. Molfiles for all substrates and products must be specified.

Notes about output files. If there are inconsistencies in the substrates and products of the
specified reactions (i.e. the number of atoms in the substrate doesn’t approximately equal
the number of atoms in the products or the number of atoms in the substrate is very
small), those reactions will not be used in the calculation. The output files only contain
results for the valid reactions. To identify the reactions in the input file to which the
outputted reactions correspond, the index of the reaction in the input file is specified (See
below).
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Input file format — Molfile specification file. This file specifies the location of the
coordinate files for the substrate and products of the reactions in the superfamily. Each
line in this file corresponds to one reaction.

<molfile for substrate A> = <molfile for product A>
<molfile for substrate B> = <molfile for product Bl> + <molfile
for product B2>

Output file format — SMILES file. After the program is done running, this file will
contain the SMILES string for the conserved substrate substructure for the superfamily.
And for each reaction, this file will contain the SMILES strings for the substrate, product,
reacting and nonreacting substructures, conserved and unconserved substructures, and the
overlaps between all combinations of these substructures. The order of the reactions is
the same as for the other output of RCSubstructures.

<conserved substructure>

cceeecececececececececce

<substrate A>

<product A>

<reacting substructure A>

<nonreacting substructure A>

<conserved substructure A>

<unconserved substructure A>

<reacting conserved substructure overlap A>
<reacting unconserved substructure overlap A>
<nonreacting conserved substructure overlap A>
<nonreacting unconserved substructure overlap A>
ccceeecececececececececce

<substrate B>

<product B>

<reacting substructure B>

<nonreacting substructure B>

<conserved substructure B>

<unconserved substructure B>

<reacting conserved substructure overlap B>
<reacting unconserved substructure overlap B>
<nonreacting conserved substructure overlap B>
<nonreacting unconserved substructure overlap B>
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Output file format — Summary file. After the program is done running, this file will
contain the number of atoms and bonds in the various substructures that have been
calculated. For each reaction, this file will contain the name of the substrate and product
as specified in the molfiles. In addition, there will be an index that corresponds to the
order of the reaction in the input file. The order of the reactions in this ouput is the same
as the SMILES string output.

<substrate A name> = <product A name> <reaction A index>
substrate <# of atoms> <# of bonds>
product <# of atoms> <# of bonds>
reacting <# of atoms> <# of bonds>
nonreacting <# of atoms> <# of bonds>
conserved <# of atoms> <# of bonds>
unconserved <# of atoms> <# of bonds>
reacting+conserved <# of atoms> <# of bonds>
reacting+unconserved <# of atoms> <# of bonds>
nonreacting+conserved <# of atoms> <# of bonds>
nonreacting+unconserved <# of atoms> <# of bonds>
<substrate B name> = <product B name> <reaction B index>
substrate <# of atoms> <# of bonds>
product <# of atoms> <# of bonds>
reacting <# of atoms> <# of bonds>
nonreacting <# of atoms> <# of bonds>
conserved <# of atoms> <# of bonds>
unconserved <# of atoms> <# of bonds>
reacting+conserved <# of atoms> <# of bonds>
reacting+unconserved <# of atoms> <# of bonds>
nonreacting+conserved <# of atoms> <# of bonds>
nonreacting+unconserved <# of atoms> <# of bonds>
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B.1.2. Program Code

1 S** RCSubstructures. java

2 #

E] * Ozage: Java RCSubstructures <input *.mol filles:> <output smiles files> =
<ountput summary files

4 *

5 * Ranyee Chilang

& * Decembsr 15, 2008

7 * last updated Januwary 9, 2007

a #*

] * Reads 1n substrates and reactlons for a superfamily

10 * Finds conserved substructure, reacting substructure

11 * Finds overlap

12 * 7

132

14 /4 For sach substrate, get conserwved and unconserved reglon by always
putting in molecule in guestion or resulting substructure 1st into getMCS

15 /7 For sach substrate with product info, get reacting and non-reacting
raglons - put substrate in first to MCS

16 /7 Then get MCS between conserved and reacting, 2tec but also check atom
coordinates

17

12 Sipackage RCSubstructures;

19

20 import java.lang.string;

21 import java.io.*;

22 import java.util.*;

23 import Java.lang.*;

24 import java.lang.Math;

25 import org.openscience. cdk.Molacule;

26 import org.opensclence. cdk. Atom;

27 import org.opensclence. cdk.Eond;

28 import org.opensclence. cdk. ChemModeal;

29 import org.openscilence. cdk.lo.Mol2Reader;

20 import org.opensclence. cdk.lo.MDLEsader;

=1 import org.openscience. cdk. 1o, SMILESWriter;

32 import org.openscience. cdk.exception. COKException;
33 import org.openscience. cdk. lsomorphism. UniversalIsomorphismTester;
E] import org.openscience. cdk.lsomorphism.moss  RHMap;
25 import org.openscience. cdk.graph. PathTools;

36 import org.openscilence. cdk.AtomContainer;

37 import javax.wvecmath.Polnt2d;

38 import javax.wvecmath.Polnt2d;

39 SAimpert RCsubstructures. RCAtomContainer;

40

41 public class RCSubstructures |

42

43 private static int MINATOMOOUNT = 3;

44 private static SMILESWrlter sWriter;

45 private static AtcomContainer blankMolecule = new AtomContalner();

46 private static UniverszalIsomorphlsmTester ult = new
UniversalIscmorphlismTester () ;

47 private static int overlapCount = O;

42 private static ArravList acstack = new ArrayListi);
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private statiec ArrayList rmapStack = new Arraviist();

* methods to read and 1initialize molecules from files
B e e e e e e e e e e e . . . . o . . . e . . . . . . . . . . . . . . . . . . . . .
* f
_I.-' w ok
L -———  getReactliconsLlist —---

* param String filename - name of file containing paths of mel2 files
* return ArrayLilst - list of strings

* Reads and parses file with filename and returns list
* of molz file names

*
¥

private statie ArrayList getReactionsList (String filename) throws
IoException |
FilleReader fr = null;
try {fr = new FlleReader (new File (filename) ) ;)
catech (FlleWMotFoundException ) |
system.out.println({"file not found®);
System.exit{l);
}
ArrayList filenamselist = new arravList();
FReaction reacticon = new ERsactionid);
int rEncounter = 0;
string moltlams = new String();

int oj

boolean hasProduct = false;

while (ic = fr.readi()) !s =1} [
if jc== '=") {

hasProduct = trus;
reaction = new EeacticonirxnCounter, moliame);
rERCoUnter+4;
moltlame = new Stringi);
} else if (c == "+') {
if (!hasProduct) { /J/ thilis case shouldn't happen but if 1t does
Ssystem.cut.println{"arror with reading reactions with multiple
products");
} else |
reacticn.addrroductFile (moltame) ;
}
moliame = new Stringi();
} else if (c == '"\n') {
if (hasProduct) |
reacticon. addFroductFile (moltame) ;

} else |
reaction = new REeactlonirxnCounter, molMame);
rrncCounter++;

}

fllenameList.add (reaction);
moliame = new Stringi);
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100 hasProduct = false;

101 } else if (c != '"“n') {

10z moltlame = molWame + (char)c;

103 }

104 }

105 /¢ take care of situaticon where last line 1s /n

104 if (molWams. lengthi) > 1) |

107 if (hasProduct) {

108 reacticn. addFroductFlile (mollams ) ;

109 } elsa |

110 reaction = new FEsactloni{rxnCountser, mollame);

111 rEnCoUnter ++;

11z }

112 filenameList. addi{reaction);

114 1

115 return filenameldlst;

114 }

117

112 F ks -—— JetECHumList ---

119 * reads *.info.txt flle to get EC numbers as a list

120 xS

121 private static ArrayList gefECHumList (String filenams) throws
IoException |

122

123 FlleReader fr = null;

124 try {fr = new FlleReader (new File (filename) )}

1258 catech (FileWotFoundException ) |

126 system.out.println{"file not found®);

127 System.exit(l);

128 1

12% ArrayLlst ECList = mew ArrayList();

130 int rEnCounter = 0;

131 String ECHum = mew String():

132 int cj

132 boolean pauseReadling = false;

124 while (ic = fr.read()) I!= =1) {

135 if (c== ' ' && paussReading == fals=z) |

1386 ECList. 2dd (ECHum) ;

137 rEnCoUnter++;

138 pauseReading = trus;

13% ECHum = new sString();

140 } else if (c == '‘n') {

141 pauseReading = false;

142 } else if (pauseReading == fals=z) |

143 ECHum = ECHum + {(char)c;

144 }

145 1

144 return ECL1st;

147

142 }

14%

150

151 fEx

132



* -——- getMolecule ———-

* param String filename - name of mol2 file
* return Moleculs - converted from contents of mol2 file

*

* Reads in file with filename, creates and returns new Molecule object
* J,"

private static Molecule getMMoclecule(String filenams) |
FileReader file = null;
try {file = new FlleReader (filename);}
catch (FlleMotFoundException )

return new Moleculs ();

}
MOLEsader testReadsr = new MOLEsader (file);
Moleculs moll = new HMoleculs ()
ChemModsl chemMod = new Chembodsl ()

try |
chamMod = (ChemModel)testReader.read({chemMod) ;
moll = chemMod. getSetofMoleculas (). getMolacula(0);
}
catch (COEExcsption =) {
System.out.println{"readser error: " + e.getMesszage() + " " +
filename) ;
}
return moll;
}
J,-' * &
* -——- removeHyvdrogensFromMolaculs —---—

k.

* param AtcmContalner ac
* returns AtomContalner
* J,"
private static AtomContailner removeHydrogensFromHolecule (AtomContailner
aciy |
Atom[] atomList = ac.getitoms();
string H3tring = new String("H");

for {int 1=0; 1< atcmList.length; 1i++) |
if [(HString.ecualsiatomList[i].getsvmbol il
ac.removerAt omandConnectedElaectronContainers (atomList[1]);
}
}

return ac;

}
P S change SToF (AtomContalner ac)

* changes all S to P oso that I find matches between = and P

iy
£

private static AtomContalner changesToF(AtomContalner ac) |
Atom[] atomList = ac.getitoms();

string sSstring = new String("=");
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203 String Pstring = new String("E");

204 char PChar = 'F';

208

208 for (int 1 = 0; 1 <« atomList.length; 1++) |

207 if (sstring.equalsiatomList[l].getsymbol (i) |

208 string symbolstring = atomList [1].getsymbal();

209 atomList[1].setsymbol (symbolstring.replace('s', PChar));

210 atomList [1].setatomlchumber (15} ;

211 atomList[1].setMassHumbar ( 31);

212 atomList[1].setExactMass(30.2737634);

213 }

214 }

215 return acj

214 }

217

218 fE*

219 * —-——=- getMoleculebNamse ----

220 &

221 * param String filename

222 * return String molscule name

243 *

224 * from file with filenams, gets moleculs name (second line of Brenda
molfile)

225 *f

226 private static string getMoleculeMames (String filename) throws

IoException {
227 FilleReader fr = null;

228 try {fr = new FlleReader (new File(filename));}
229 cateh (FlleMotFoundException =) |

230 return null;

231 }

232 ArrayList filenamelist = new ArravListi);
233 string molMame = new String();

234 int cj

235 int count = 0;

236 while (ic = fr.readi()) !s -1) {

2317 if (o t= "n'") |

238 mltlame = molWame + (char)c;

239 }

240 else {

241 if j(count == 1) {

242 return molWams;

243 }

244 count = count + 1;

245 molilame = new Stringi);

246 }

247 }

248 return moliams;

24% }

250

251 fr*

252 L —-——— getMoleculesForList ——-—
253 *
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254 * param ArrayList filenameldist - 1list of molZz files names

255 * return ArravLilst - ArrayList of Molcules

256 =

257 * Reads in all melz2 files in fillenams List and returns ArravList

258 * of Molecules

259 *f

260 private static ArrayList geftMoleculesForList (ArrayList reactlonLilst)
throws IOEXcepticn, CCOEException |

261 ArrayLlst molLlst = new ArravListi);

262 RCAtomContaliner mol;

263 string molTitle;

264 AtomContainer ac;

265 Feaction reaction;

2646 for {(int 1 = 0; 1 =« reactionList.slze(); 1++) |

267 ac = new AtomContainer();

268 molTitle = new String("");

269 reaction = (Reactilon)reacticnList.gstil);

270 /¢ convert Reaction's substrate

271 String filename = reaction.getsSubstrateFile();

272 filename = fillename.trim();

273 ff converts fillename to AtomContainer, removes hydrogens, adds to

RCERtomContainer

274 ac = getMoleculs (fllename) ;

275

276 if i{ac != null) {

277 m2lTitle = getMoleculsedams (filename);

278 ac = removeHydrogensFromMoleculs (ac) i

2749 ac = changeSToFP(ac);

280 if (molTitle != null) {

281 mol = new RCAtocmContaineriac, molTitls);

282 if (mol.getLigand().getatomCount () > MINATOMCOUNT)

283 reaction. setsSubstrateAtomContalner imol) ;

284 }

285 }

286 }

287

288 // convert Reacticn's product

289 ArrayList fillenamellst = reaction.getProductFPileListi);

290 for (int p = 0; p < filenamelList.slz=(); p+t) |

291 filename = (String)fllenamsLilst.gst{p);

292 if (filenams != null) {

293 filename = filenams.trim();

294 ac = getMolecule (filename) ;

2495 ac = removeHvdrogensFromMolecule (ac);

296 ac = changeSToFlac);

297 if {(ac !=s null) {

298 ma3lTitle = getMMoleculetlame (f1lenamsa) ;

299 mol = mew RCAtomContainer (ac, molTitle);

200 if (mol == null) {

301 } else {

202 Sf accept molecules that are smaller than minatomoount

303 reaction.addProductatomContainer (mal) ;

304 }
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305
306
308
308

210

311
312
313
314
315
216
217
318
315
220
321
322
323
224
325
326
327
348
329
230
331
332
333
224
235
336
237
338
339
340
341
34z
3432
344
345

L

347
244
3459
350

351

352

353

}
for (int 1 = reacticnList.size()-1; 1 »= 0; 1——) |
RCAtomZontainer testsubstrate =
({(Reactlon)reactionList.get(l)).getSubstratertomContainer();
if (testsubstrate == null) {
f remove from list
reactionList.remove (1) ;
}
}

return reactionList;

}

Sk

* --—— 1initFileWriter ----

* param String filenams - name of file to initialize for writing
* return FlleWriter - Object which can be used to write to the file

k3

* Inltlalizes FlleWriter for writing to file with filename
* 4
private static FilleWriter initFilewWriter(String filename) throws
IoException, CDEExceptlioni
FllewWriter filleWriter = mull;
try {fileWriter = new FlleWrlter(fillenams);}
cateh (FlleMNotFoundException ) |
system.out.printlni{"File not found: " + filename);
system.exit({l);
}

return filewWriter;

}

—-—-—— readsSterecchemlstryForlList —-—-

* param ArrayList list - list of reactions
* return none

* Reads and parses information for sterecchemlstry and adds 1t Lo
* substrate and product in reactions
* F
private static veold readsStereochemistryForList (ArrayList list) throws
IoException |
Reaction reaction;
string scFillenams;
ArrayList productFllenameList;
boolean fileIsFresent;
int c; float x = 0 float v = 0; fleat z = 0; int sc = 0; int
coordinateCount = O
ArrayLlst currentChararray = new ArravListi);
Object[] ckhikrrav;
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254 char[] charArray;

355

354 for (int r = 0; r < list.size ()i r++) |

257 reaction = (Reactlion)list.getir);

354 FileReader fr = null;

359 scFllename = reactlon.getsubstrateFile().replace(".mol", "sc.txt");

260 scFilanams =
scFllename.replace ("C:\Wbrenda_molfilest\molflles outh ",
"Criwhbrenda molfilesthstersecchemlstrysy");

361

362 try {fr = mew FlleReader(mew Flle(scFilename)); filelsPresent =
trus;}

363 catch (FilleNotFoundException =1

264 fileIsFresent = false;

365 }

366

367 if (fileIsFresent) |

258 // read the file and set the RCAtomContainers to have the correct

sterecpariy

269 ¥=10; v=0; £ =0; sc= 0 coordinateCount = 0;

370 = currentChardrray = new ArrayListi);

371 while (ic = fr.read{)) Is -1} {

372 if (c== " ") { f/ are now getting ready to encounter new number,

deal with previcus number
373 objarray = currentCharirray.toclrravi);:

charaArray = new char [objarray. length]:
for (int 1 = 0} 1 < chararrav.length; 1++ |
chararray[1i] = ( (Character)objarray([i]).charvalus();

377 }

2748 if (coocrdinateCount == 2) {2 = new Float (new StringicharaArray) );
coordinateCount++; }

379 aelse if (coordinatecCount == 1) (¥ = new Float inew sStringi(charaArray));
coordinateCount++; }

280 else if (coordinateCount == 0) {x = new Float inew Stringichararray));
coordinatecount++; }

381 currentCharikrray = new Arravilistii;

282 } else if (c == "“n') { // vou'wve reached end of line

383 objArray = currentCharirray.toarray ();

384 charaArray = new char [objarray. length]:

385 for (int 1 = 0; 1 = charirray.length; 1++) |

386 chararray[1i] = ( (Character)objarray([i]).charvalus();

387 }

284 if (chararray[0] == "1") {

389 sc = 1;

390 } else if (chararray[d] == '2") |

391 sC = X

392 }

293 reaction. getSubstrateaAtomContalner () .setSterecparity(sc, %X, ¥, Z)i

394 coordinateCount = 0;

295 currentCharirray = new Arraviist();

394 sc o= 0

397 } else |

294 currentChariArray. addiichar)c);
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398 }

400 }

401 f/ read in product sterecoparity informaticn

40z productFilenamellst = reactlon. getProductFileLlsti);

4032 foer (int p = 0; p < productFillenamelist.slize () pe+d |

404 scF1llename = ((String)productFilenamslist. getip)).replace (".mol",
BTl b A -

405 scFilename =
scFllename.replace ("C:Wibrenda_molfilest\molfiles_out™ ",
"Cryibrenda_molfileststereochemlstryyy ")

406 scFilename = scFilename.trimi);

407

408 trv {fr = new FlleReader (new Flle(scFllenams)); filelsPresent =
trus; }

409 catech (FlleMotFoundException <) |

410 fileIsPresent = false;

111 }

412

4132 if (fileIsPresent)

414 '/ read the file and set the RCAtomContalners to hawve the correct

stereopariy

415 x= 0 ¥y=0; z= 0 sc =10; cocrdinateCcunt = 0;

414 currentCharkrray = new ArravList();

417 while ((c = fr.readi)) I=s =1} {

4182 if (o= " ") | f/ are now getting ready to encounter new

mumber, deal with previous number

414 chikrrayv = currentcCharArrav.tobrravi():

420 charArray = new char[objarray.lengthl];

421 for {(int 1 = 0; 1 = chararray.length; 1++) {

422 chararrav[il] = ((Charactericbhijirrav[li])i.charvalusi);

423 }

424 if (coordinatecCount == 2) {z = new Float(new String(chararray));
coordinateCount++; )

425 else if (coordinateCount == 1) {¥ = new Float (new
stringichararray)); coocrdlinatecount++;}

426 else if (coordinateCount == 0) (X = new Floal (new
ctringicharArrav)); coordinateCount++;}

427 currentChararray = new ArravList ();

428 } else if ic == '""n') { f/ vou'wve reached end of line

429 ocbiArray = currentcCharArrav.tokrravi():

430 charArray = new char[objarray.lengthl];

431 for (int 1 = 0; 1 < chararray.length; 1i++) {

432 chararrav[il] = ((Charactericbhijirrav[li])i.charvalusi);

433 }

434 if (chararray[d] == '"1") {

435 5C = 1;

436

437 } el=se if (chararray[0] == '2") {

438 5C = 2

439 }

440 reaction.getProductatomContalner () .setsterecparityisc, X, ¥, Z)i

441 coordinateCount = 0;

442 currentChararray = new ArravList();
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443
444
445
444
447
4448
449
450
451
452
453
454
455
454
457
458
459
460
451

440

491
49z

} else {
currentchararray. add( icharic);
}

* -—-—— printResacticnsList —-—-

* debugging method
* _1'-.
private statiec wveid printReacticnsList(ArrayList list) throws
IoException, CDEException(
Feaction reaction;
String pFile;
RCAatomZontalner pAc
for (int 1 = 0; 1 <« list.zize()r 1++) |
reaction = (Reacticon)list.get il);
printsMILES(reactlon.getsubstrateatomContainer (). getLigand() )
pACc = reaction.getProductitomContaliner ()
if (pAc == null) {
System.out.printlni "Ho product™);
} else {
PrintSMILES (pAc. getLigandi) );

-——- printsMILES ----

* param AtcmZontalner ac

* returns none

& _.'"
private static wveid printRCEMILES (RCAtomContalner ac) throws
COEException, ICException(

sWriter. write (new Molescule(ac.getLigand()));

}

private static wveid printsMILES (AtomContainer ac) throws COEExceptlon,

IoException(
if {(ac != null) {

sWriter.write (new Molesculs(ac));
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493 }

494 }

4495

494 private static veoild printSMILESList (ArraylList 1list) throws
COEException, ICException |

497 AtomZontalner ac

494 for (int 1 = 0; 1 <= list.size ()i 1++) |

4945 ac = (AtomContalnerilist.getil);

500 printsMILES{ac);

501 1

50z }

503

504 private static wveld printSHMILESList (List list) throws CDEExceptlon,
IoException {

505 RCARtomContainer ac;

& for (int 1 = 0; 1 = list.size ()i 1+4+)

507 ac = (RCAtomContalner)list.getil);

B0a printSMILES{ac.getLigand () i;

509 1

510 }

511

51z

512 private static wveld printcCoordinates (AtomContalner ac) |

514 Atom[] atoms = ac.getatoms();

515 for (int § = 0; 7 = atoms.length; J++) |

514 Atom a = atoms[]];

517 if (fa.getxX2d() == 0) && (a.getyzd() == 0)1 {

Ela System.out.print (a.getPolnt2d());

514 } alse {

520 System.out.print (a.getPolnt2d());

521 }

52z }

523 System.out.printlnig);

524 }

525

524 private static wveld printsStersoparity (AtomContailner ac) |

527 Atom[] atoms = ac.getatoms();

524 for (int § = 0; 7 = atoms.length; J++) |

525 Atom a = atoms[]];

530 System.out.print(a. getsterecParlty () );

531 }

B3z System.out.printlnig);

533 }

534

535 _l-"* __________________________________________________________________

534 L private housekeeping and utlility methods

537 e

538 *f

539

540 JHrw

541 = —-——— convertMoleculellst —-——-

54z

543 * converts ArraylLlst of Reacticns to ArrayList of AtomContainers
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* returns ArrayList of the substrates
ar .l,"
private static ArrayList convertMoleculelLlst (ArrayList molLlst) throws
COEException, ICException
ArrayLlist newLlst = new ArravList();
for (int 1 = 0; 1 = molList.size(): 1++) {
AtomZontalner ac =
{(ReactlonimolList.get(l)) .getsubstratetomContainer().getLigand () ;
nawLilst. addiac);
}

return newlLlst;

}

—---= SWap ----

* param ArrayList list - list with elements to be swapped
* param int 1 - index of first s2lement to be swapped

* param int 3 - index of second element to be swapped

* return ArravLilst - ArrayList with elements swapped

ar

* gwitches the waluss of the ith and jth positicon in the ArrayList
* J,"

private statie ArrayList swap(ArrayList list, int 1, inmnt J) {
imt temp = (Integer)list.get (1);
list.set (1, i(Integer)list.get(])i;
list.set (1, temp);
return list;

* param 1nt[] list - list with s2lements to bhe swapped
* param int 1 - index of first element Lo be swapped
* param int 3 - index of second element to be swapped
* return int[] - aArrayList with 2lements swapped

#

switches the walues of the ith and jth positieon in the ArravList
£

private static deuble[] swapDoubles(deuble[] list, int 1, int J) {
double temp = list[i]:
list[1] = 1ist[]1]:
list[]] = temp;
return list;

}

*

private static int[] swapInts(int([] list, int 1, int J) {
imt temp = list[1]:
list[1] = 1list[q]:
list[]] = temp;
return list;
}
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B20

623
524

626

627

B0

633

534

G36

637

mA0

private static ArrayList swapAcCs (ArrayList 1list, int 1, int ) {
AtomZontalner temp = (AtomContailner)list.getil);
list.set (1, (AtomContainer)list.getidil;
list.set (], temp);
return list;
}

private statie ArrayList swapStrings (ArraylList list, imt 1, int J) {
String temp = (string)list.getil);
list.s=t (1, (string)list.get{]));
list.set (], temp);
return list;

}

private statie ArrayList swapArravLists(ArrayList list, imt 1, int ) {
ArrayList temp = (ArravList)list.get(i);
list.set (i, (ArravList)list.oget(q));
list.set (], temp):
return list;

}

R

L ---- sort ----

* param ArrayList list - list of Integers
* return ArrayList - scrted list of Integers

* sorts the Integers in 1list
ar _:'..
private static ArrayList scrt(ArrayList list) {
int 3J;
imt 1ntl;
int intz;
for (int 1 = 0; 1 <« list.size()=1; 1++) {
for (] = 1+41; 1 = list.sdize(): J++) {
intl = ((Integerjlist.getil)).intvalus=();
intz = ((Integerilist.geti])).intvalua();
if i{intl = int2; {
list = swapi(list, 1, 3J);

}
return list;

}

JS** gets sorted string of atom ldentitiss */
private static string getsSortedatomsymbols (AtomContalner ac) |
Atom[] atomList = ac.getitoms();
ArrayList symbolsList = new ArravListi);
get all symbols together
for i(int a = 0} a < atomList.length; a++) |
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548 symbolsList. add{atomList [a] .getsvmbol () );

5459 }
B50 '/ sort the symbols
651 for (int 1 = 0; 1 = symbolsList.size()=1; 1++) |
RE2 for (int 1 = 1 + 1; J =< symbolsList.size(): J++) |
BE3 if (((string)symbolslist.getil) ) compareTo( (String) symbolsList.get (30
= 0y
554 symbolsList = swapstrings (symbolsList, 1, q):
G55 }
AE& }
&57 }
558 '/ conwvert the symbols to a string
Bh9 string symbolsstring = new Stringi);
E60 for (int 1 = 0; 1 = symbolsList.slze(); 1++) {
G symbolsstring = symbolssString + (String)symbolsList. getil);
}
return svmbolsstring;
}
fr* —--— sortREMapList(ArrayList 1list) —---—-
* sorts ArrayList of rmaps so that the largest molecule 1s first
* F
BE9 private static ArrayList sortRMapList (ArrayLlst 1ist)
570 int §;
571 for (int 1 = 0; 1 = list.size()j-1; 1++) |
672 for (] = 1+41; 1 = list.zlze(); J++) {
673 int sizel = ((ArrayList)list.get(i)).sizei);
int size2 = | (ArrayList)list.geti{])).slze();
if i(sizel = sizel) |
list = swaphrravLists(list, 1, 1);
i }
678 }
679 }
580 return list;
[3=51 }
BE2
6813 S** sorts ArravLlst of AtomContainers so that the largest molecule is
first */
Ga4d private static ArrayList scrtacList (ArrayList list) |
=13 int 7
586 int 1intil;
587 int 1intz;
BEE AtomContainer acl;
=3 AtomZontalner aci;
Ba0
591 '/ then sort by sum of bonds connected to atom
692 for (int 1 = 0; 1 = list.size(i=1; 1++) {
£93 for (1 = 1+41; 4 = list.zlze(): J++) |
594 acl = (AtomContalner)list.get({i);
695 ac? = (AtomZontalner)list.get{d);
=1
537 int connecticnssuml = 0
(=]} int connectliconssum? = 0
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700 Atom[] atomList = acl.getitomsi);
701 for (int a = 0; 3 = atomList.length; at+) |
q0z connectionssuml = connectionssuml +
{acl.getConnectedBonds (atomLlist [a]) ). length;
7032 }
704 atomList = acZ.getatomsi);
705 for (int a = 0; a < atomList.length; at++) |
706 connectionssumz = connectionssum? +
{ac2.getCconnectaedEcnds (atamLlst [a] ) ). length;
707 }
T08
709 if (connectionssuml > connectionssumz2) |
710 list = swapicsi(list, 1, 7
711 }
71z }
713 }
714
715 '/ flrst sorting by sum of bond order
716 for (int 1 = 0; 1 < 1list.size()=-1; 1i++) |
717 for (] = 1+41; 1 = list.zlze(); J++) |
T1ia acl = (AatomContalner)list.geti{i);
714 acz = (AtomContalner)list.gst{]i;
T20
721 deuble bondordersuml = 0
722 deouble bondordersumz = 0;
722
724 Bond[] bondLlst = acl.getBonds ()
728 for {(int b = 0; b < bondList.length; I++) {
726 bondordersuml = bondorderSuml + bondList [k].getorder i;
727 }
728 bondList = acz, getBondsi g
729 for {(int b = 0; b < bondList.length; I++) {
730 bondordersum? = bondorderSum? + bondList [k].getorderi;
731 }
732
733 if (kbondofrdersuml > bondordersumz) |
724 list = swaphCsi{list, 1, 1);
735 }
36 }
737 }
738
739 '/ sorting by & bonds, descending
740 for (int 1 = 0; 1 = list.size()j-1; 1++) |
741 for (] = 1+41; 1 = list.zlze(); J++) {
742 intl = {((AtomContainer)list.get (1)), getBondCounti);
742 intz = {{atocmContalner)list.get (3)).getEondCounty);
744 if (intl < imt2) |
745 list = swaphkCsi(list, 1, 1)
745 }
747 }
748 }
74%
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TR0
751

753

754

758

794

return list;

}

S** sorts ArravLlst of AtomContainers so that the largest molecule is
first */

private static ArrayList scrtaclist (ArravlLlst list, ArravyList rmaplList)

{
int 7;
int 1intl;
int 1int2;
AtomZontalner acl;
AtomCZocntalner acz;
then sort by sum of bonds connected to atom
for (int 1 = 07 1 = list.size()-1; 1++) {

for (] = 1+41; J = list.size ()i J++) |
acl (AtomZontainerilist.getii);
acz (AtomZontalner)list.geti]l;

int connectlonssuml 0
int connectlonssum? = 0O;

Atom[] atomLlst = acl.getatoms();

for (int a = 0; 2 <= atomList.length; a++) {
connecticonssuml = connectionssuml +
{acl.getConnectedBonds (atomLlst [a] ) ). length;

}

atomList = acZ.getatoms();

for (int a = 0; a = atomList.length; at++) |
connectionssum? = connectionssSum? +
{ac2.getConnectedBEocnds (atomLlist [a] ) ). length;

if (comnectionssuml > connectionssumz) |
list = swaphACs(list, 1, 1);
if (rmaplist.sizei) = 1) {
rmaplList = swaparravLists (rmapList, 1, 71):
}

first scrting by sum of bond order
for (int 1 0 1 = list.size()=1; 1++) {
for (] 1+41; 4 = list.size()i J++) {
acl {AtomZontainer)list.getil);
acz (atomContalner)list.getidy;

double bondordersuml 0
deuble bondordersum2 = 0;

Bond[] bondLlst = acl.getBonds();
fer (int b = 0; b <= bondList.length; ++) |
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739
a00
201
80z
203
204
205
806
207
808
809
210
811
812
813
514
815
216
817
2l8
819
820
821

B2

=
229
830
231
83z
833
534
235
534
837
8238
239
240

541

242
244
245
244
247
248
249
850

251

bondordersuml = bondordersuml + bondList [k].getorder i
}
bondList = acz, getBondsi);
for (int b = 0; b = bondList.length; D++) {

bondordersum2 = bondordersumz? + bondList [b].getorder i

if (bondordersuml > bondordersumz) |
list = swaphAls({list, 1, J);
if (rmaplist.size() = J) {
rmapList = swapArraylListsirmapLlst, 1, J);
}

sorting by # bonds, descending
for (int 1 = 0} 1 = list.zize()=1; 1++) {
for (] = 1+41; 1 = list.size ()i J++) {
intl = ((AtcmContainer)list.get (1)), getBondcounti);
intz = ((AtocmContailner)list.get (j)).getBondcounti);
if (intl <« int2) |
list = swapkCs(list, 1, J);
if (rmaplist.size() = 1) {
rmapList = swapArraylists(rmapList, 1, J);
}

return list;
}

fr* -——- getRecrderedIndlces ———-

* param int[] mumdverlapsList
* return int[] with 1indices of numdverlapsList 1in sorted order

*
£

private static int[] getkRecrderedIndices(deouble|[] numdwverlapsList)
int [] recrderedIndices = new int[numZverlapsLilst.length]:
intizlize indieces 1list to O, 1, 2, 2, 4, 5
for (int 1 = 0; 1 = recrderedIndices.length; 1++) {
reorderedIndices[1] = 1;

for (int 1 = 0} 1 = numdverlapslist. length-1; 1++) |
for i(int 1 = 1; J <« numoverlapsList.length: J++) |
if (numoverlapsList[1l] = numiverlapsList[d]) |
mumoverlapsLlist = swapbDoubles (numcverlapsList, 1, Ji;
recrderedIndices = swaplnts (reorderedIndices, 1, J):
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return recrderedIndices;

}

F Aok

-——— reversesSubstrate ---—-
* param Feaction

* reverses the atom order of the substrate in this reaction
&« J

£

private static wveoild reversesubstrate (Reaction reacticn) throws
IoException, CDEExceptlioni

RCAtomZontalner rcac = reactlon. getsubstrateatomContalner ()i

rcac.reversesubstrateatomorder();
}
_.l'.* *
* -——— reverseProduct ----

* param Reaction

* reverses the atom order of the product in this reacticon
* J,"
private statiec wveild reverseProduct (Reaction reactlon) throws
IDException, CDEExceptlon{
RCAatomZontalner rcac = reactlon. getProductatomContaineri);
rcac.reversesubstrateatomorder ();

}

--—— atomIsFresent ----
* param Atcm a
* param AtomContalner ac

* returns boolszan

* returns whether atom instance 1s present in atom container
* J,"
private statiec beoolean atomIsPresent (Atom a, AtomContainer ac) {
Atom[] atombLilst = ac.getitoms();
for (int 1=0; 1 = atomList. length; 1++)
if (atombList[i].comparsia)) {
return trus;

1
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Q03
204
205
204
Q07
208
20%
910
911
91z
913

914
915

914
a17
91a
a1s
920
921
a2z
Q23

924

925
Q26
az27
az2a

929
930
2931
932
933
934
935
936
937

Q38
939
240
941

94z
943

return false;

= —-——— getatomInMolecule ———-

* param Atom atom
* param AtomZontainer molecule
k3
* return boclean - trus 1f atom with that coordinates, atom type are
present, false octherwlse
* J,"
private static atom getitomInMclecule (Atom atom, AtomContalner
maleculs) |
Atom molAtom;
Atom[] atombLlst = molecule. getatoms();
loop through all atoms in molecule
for (int 1 = 0; 1 = atomList. length; 14+) |
chack to see 1f this atom has same info as parameter atom
molitom = atomList[1];

check to see 1f it's using 2d or 2d coordinates
if (atom.getXx2d() = molAtom.getXzdi) == 0 && atom.getryzdi) =
malatom, gety2d () == 0 && atom.getxXzdi) == 0 && molAtom.getyad() == 0)
{
if (atom.getXzd() == molAtom.getX3d() && atom.get¥zd() ==
molatom. gety¥sd () && atom.getfZzd () == molatom.getfZzd() &&
atom. getsymbol().equalsimolatom. getsymbol () 1) |
return molAtom;
}
} else |
if jatom. getxid() == molatom.getxX2d() && atom. getyzd() ==
molatom.gety¥ad() && atom.getsvmbol().equalsimolatom. getsvmbol ()1 ) |
return molAtom;
}
}
}
return null;
}

private static boolean atomsHaveIdenticalCoordinates (Atom al, atom aZz)

{
if (al.getxzd () — az.getXz2d() == 0 && al.gety2di) — azZ.get¥zd() == 0 &&
al., getxzd() == 0 && a2.getyzdi() == 0) {
if (al.getXzd() == az.getXadi) && al.getyid() == a2.get¥zdi) &&
al.getZzdi) == aZ2.getzzd() && al.getsSyvmbol{).equalsia2.getsSyvmbol ()))
{
return trus;
}
} elsa |
if (al.getX2d() == aZ.getX2d() && al.get¥2d{) == a2.get¥2d() &&
al.getsymbol().equals(az2.getsymbol () 1) {
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944 return trus;

94k ]

94a }

947 return false;

948 }

949

950 f**

ELy] & -——— getBondInMolecule ——--—-

952 E

953 * param EBond bond

954 * param AtomZontalner molecule

955 E

956 * return Bond in moleculs that has same info as bond

957 *f

958 private static Bond getBondInMoleculs (BEcnd bond, AtomContainer
mZlscule) |

959 Bond molBond;

Qa0 Bond[] bondList = molscule. getEBonds();

Ly FPolnt2d zeropolnt = new Polntadi0.o, O.0);

952

963 Atom[] meolBondAtoms;

964 Atom[] bondatoms;

965

ELS J¢ loop through all bonds in molecule

967 for i{int 1 = 0; 1 < bkondList.length: 1440

968 /4 chack to see 1f thils bond has the same info as parameter bond

969 molEond = bondList[1]:

aTn if { (bond.getl2bCenter().distance({zeropolint) == 0) &&

(molBond. getZhCenter () .distance (zercpolnt) == 0) ) {

a71 if (bond.getiDCenter().distance (molBond.Jet2DCenteri)) == 0) {

972 { get both atoms of bond

973 Londatoms = bond., getatomsi )

a74 Sf get both atoms of molBond

975 molEondatoms = molBond., getatoms i) ;

976 ff 1f atomCoordinates are equal (first way or second way)

a77 if { {(atomsHaveIdenticalCoordinates (bondaAtoms([0], molBondaAtoms([0] )

&& ztomsHaveIldenticalcoordinates (bondatoms[1l], molBondatoms[1]) )
|l ( atomsHaveIdenticalCoordinates(bondatoms[0], molBondatoms[1])
&& =ztomsHaveldenticalcoordinates (bondatoms[1], meolBondatoms[O]))) |

a7a if (bend. getorderi) == molBond.gstorder () |

979 return molBond;

EE] }

g1 }

a5z }

2923 }

924 alse |

985 if (bond. get2DCenter().distance (molBond.get2DCenter()) == 0) {
EET /i get both atoms of bond

Qa7 bondatoms = bond. getatomsi )

938 /¢ get both atoms of molBond

9859 molEBondatoms = molBond. getatomsi) ;

aa0 S 1f atemCoordinates are equal (first way or sscond way)
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991 if ( (atomsHaveIdenticalcCoordinates(bondatoms[0], molBondatoms[O])
&& ztomsHaveldenticalcoordinates (bondAtoms([1], molBondatoms[1l]) )
Il ¢ atomsHaveIdenticalcCoordinates(bondatoms[0], molBondatoms[1])
&& stomsHaveIdenticalCoordinates (bondatoms[1l], molBondatoms[O]h)) |

992 if (bond. getorder() == molBond.getorder ()) |

993 return molEBond;

994 }

94k }

996 }

997 }

gag }

999 return null;

1000 }

1001

1002 f**

1002 * -——— countoverlapplngitoms ———-

1004 =

1005 * return int mumber of ac has any of the same atoms as acz

1006 S

1007 publiec statie int countoverlapplngatoms (AtcmContalner acl,

AtomContalner ac?) |

1008 Atom[] atombLlst = acl.getatomsi);

100% Atom testitom;

1010 int count 0;

1011 for(int a = 0; a = atomList.length; a++) |

101z testAtom = getitomInMolecule (atomLlst[a], acl);
1012 if (testatom != null) {

1014 count = count + 1;

1015 }

1014 }

1017 return count;

101s }

101%

1020 fE*

1021 b —-—-—— getoverlappingatoms —--—--

102z

1023 * param AtomZontalner acl

1024 * param AtomContalner acz

1025

1026 * returns AtomContailner with overlapplng atoms
1027 * Iwarning! dogsn't handle bonds now

1028 *f

1029 public statie AtomContalner getoverlapplngitoms (AtomContailner acl,

rRtomZontainer ac?) threws CDEExcepticon, IOException |
1030 Atom[] atomLlst = acl.getatomsi);
10321 Atom testitom;

1032 AtomContalner cverlappingac = new RtomContainer();
1023 for (int a = 0y a < atcocmLilst.lsngth; a++) |

10324

1035 testAtom = getitomInMolecule (atomLlst[a], ac?);
10346 if (testatom != null)

1037 cverlapplngac, addrtom (testatom) ;

1038 }
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1039
1040
1041
104z
10432
1044
1045
10446
1047
1048

104%
108D
1051

1052
1053

1054
1085
1054
1087
1088
10559
10&0
1061
1062
1063
1064

1065

10646

10&a7

1068
106%
1070
1071
1072
1073
1074
1075
1074
1077
1078
10759
1080
1081
108z
1083
1084
1085

}
return overlapplngac;
}
_1':* *
* ———— areBquivalentAtomContainers - -——

* param AtomZontalnsr acl
* param AtomZontalner acz
* return boclean whether AtomContainers have same number of atoms with

equivalent coordinates
*
3 _.'"
private static boolean areEquivalentatomContalners (AtomContalner acl,

AtomZontalilner ac2) |

int numowverlappingitoms = countoverlapplngiAtomsiacl, ac2);
if (numSverlapplngatoms == acl.getifomCount () && numiverlapplngatoms ==
ac?,getAtomCount () {
return trus;

}
return false;

}

fE*x -—— getWondverlappingsubstructure —--——-

* getlonoverlappingsubstructure

&

* param AtomZontalnser moleculs
* param AtcmZontalner substructurs
E
* returns AtomContainer part of moleculs that i1s not contalned in
snbstructure
* J,"
private static AtomContainer
gethonoverlapplngsubstructure (AtomContainer moleculs, AtomContainer
substructure) threws IOExcepticon, CDEException|
Atom molAtom;
Bond molBond;
Vector atomVector;
int 1;
'/ check that substructure 1is substructure of molecule
copy the molecule

AtomZontalner acCopy = (AtomContalnerimolecule.clons il
Bond[] substructursBondlist = substructure. getBonds();
loop through bonds of substructure

for (1= 0; 1 = substructureBondLlst.length; 1++)
molEond = getBondIinMoleculs (substructureBondList [1], acCopy);
if (molbond !'= null) |
" get atoms connected to this bond
atomvVector = molBond. getatomsvector ()
" remove that bond
acCopy. removeBond i (Atom) atomvVector.get{0), (AtomjatomVector.geti{l));

t
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1084 1

1087 // remove disconnected atoms

108g Atom[] acCopyvAtomLlist = acCopy.gstatomsi);
108% for (1= 0; 1 < acCopvAtomList. length; 1++) |

1090 if (acCopy.getBondCount (acCopyatombList [1]) == 0) |

1091 acCopy.removeitomiacCopyatomList [1]);

1092 }

1053 1

10%4 return acCopy;

10595 }

1094

1057

1098 fr* -—-—— getHondverlappingsubstructurebiffcoord ———-

1099 * getWonoverlappingsubstructureplffcoord

1100 =

1101 * param AtomContalner moleculs

1102 * param AtomContalner substructure

1102 *

1104 * returns AtomContalner part of moleculs that 1s not contained in
substructure

1108 LF

1106 private statiec AtomContalner

gettonoverlappingsubstructuredi ffcCoord (AtomContainer molecule,
AtomZontalner substructure) throws ICException, CDEException(
1107 List acList = ult.getoverlaps(molecule, substructure);
1108 AtomZontalner matchingSubstructure;
11089 if f(acList.size() '= 1) {

1110 Arrayllist betterLilst = scrtACLlist inew Arraviist{acList));

1111 if j(acLlist.size() = 0) |

1112 matchingsubstructure = (AtomContaineribetterlist. getid);

1112 } else |

1114 return new ARtomCcntainer();

1115 }

1116 } else |

1117 matchingsubstructure = (AtomContailner)acLilist.get{0);

1112 }

111% if (matchingsubstructure.getBondfount () == substructure. getBondCountii)y |

1120 return getNonoverlappingSubstructure (molecule, matchingSubstructure);

1121 } elsea {

1122 return getdonoverlappingsubstructure (molecule, matchingsSubstructure);

1123}

1124

1125 }

1124

1127 f=* -—- sortBondarray(Bond[] bonds) --—-

1128 * sorts bond array by some measure

1129 * any measure, doesn't matter, Just has to be conslstent

1120 F

1121

113z private static boolean arebBondsEquivalent (Bond bl, Bond b2) {

1133 Point2d zeropolnt = mew Pointzdi0.o, O.0);

1124 if ( (bl.get2DCenter().distance|zercpolint) == 0) k&
(b2.get2DCenter().distance(zeropolnt) == 0) ) {
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1135 if (bl.getzDCenter().dlstance (b2.get2DCenter{)) == 0) {

1134 return trus;

1127 }

1128 } else |

1139 if (bl.getZDCenter().distance (b2.getZhCenter{)) == 0) {

1140 return trus;

1141 }

1142}

1143 return false;

1144 }

1145

1144 J/ glven a list of atoms, checks to see 1If atom 1s in list

1147 ) coordinates and sterecparity

1148 private statiec beoolean atomInListi{Atom atom, ArrayList aLilst) |

114% Atom tempatom;

1150 for (int a = 0 a = aldst.size(); at++) |

1151 tempatom = (Atom)aLlst.gstia);

1182 if | (tempitom.getXZ2d() == atom.getX2d{)) && (tempAtom.get¥idi) ==
atom.getry2d{)) && (LempAtom.getstersaoParityv() ==
atom.getsSterecParity()) ) {

1153 return trus;

1154 }

1156}

1156 return falss;

1157 }

1158

1159 fr* -—— gethondstring —--

1160 * param Bond

11461 * returns sString - alphebetized string with atoms on either side of

bond with bond ordsr in front

1162 *

11632 private static string gethRondstring(Bond b)) {

1164 string bondstring = new sString():

1165 Ffadd in bond ordsr

1166 bondstring = bondstring. concatistring. valueofib., getordsri{)i);

1167 Jf get atoms, scort them, add them to bondstring

1168 Atom[] atoms = b.getatomsi);
1169 String a0 = atoms [0].getsymboli;
1170 string al = atoms [1].getsymbal();
1171 if (a0, compareTolal) = 0) |

1172 bondstring = bondString. concatial);
1172 bondstring = bondstring. concatiald);
1174 } else |

1175 bondstring = bondstring. concatiald);
1174 bondstring = bondstring. concat(al);
1177}

1174 return bondstring;

1179 }

1120

1181 fr* --— sortstringList —---
1182 * param ArrayList - of sStrings

1182 * returns Arraylist - alphabetized 1list of strings
1184 *y
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1185 private statie sString[] sortstringarravistring[] stringarray) {
1186 String strl;

1187 string strz;

1188 string tmpstr;

1185

1190 for (int 1 = 0; 1 = stringhirray.length-1; 1i++) |
1191 for (int 7 = 1+41; ] = stringirray.length; J++) |
1192 strl = stringArray[i];

1192 strz = stringarray([1]:

1154

1185 if (strl.compareToistr2) > 0) {

11594 fS o EWap

1197 stringirrav[l] = strz;

1158 stringkrrav[j] = strl:

1199 }

1200 }

1201 1

1202 return stringarray;

1203 }

1204

1205 fE*x —-—- getBondiarravstring ——-—

1206 * param Bond[] - of Bonds

1207 * returns String - alphabetized string of all bends concatenated
1208 *f

1209 private static sString getBondarravstring(Bond[] bondList) {
1210

1211 Bond bond;

1212 String bondstring;

1213

1214 string([] stringarray = new sString[bondLilst. length];
1215 String wheolestring = new Stringi);
1216 for (int b = 0; b < bondList. length; b++) |

1217 bond = bondList[0];

1218 bondstring = getBondstring(bond);

1219 stringaArray[b] = bondstring;

1220 }

1221 stringArray = sortstringhrrav(stringArray);
1222 for (int 1 = 0; 1 < stringarrayv.length; 1++) {
1223 wholedtring = wholeString.concat {stringarrav[i]);
1224 1

1225 return wholestring;

1226 }

1227

1228 private static EBond[]

getBondsConnectedToAtomtlotIncludingturrentBond (AtomContainer ac, aAtom
a, Bond by
1229 Bond[] allconnectedBonds = ac.getConnectedBconds (a);

1220 if (allconmectediBcnds. length > 1) |

1231 Bond[] newConnectedBonds = new Econd[allconnectedbBonds. length-1];
1232 int bondListLength = 0;

1233 if (newConnectedbonds.length == 0) |

1234 return new Bond[0];

1235 }
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1236
1237
12328
1239
1240
1241
124z
1243
1244
1245
1246
1247
1248
124%
1250
1251
1252
1253
1254

1255

1254
1287
1258
12559
1260
1261

1262
1263
1264
1265
12646
1267
1268
1265
1270
1271

1272
1272
1274
1275
127

=3}

1277
1278

1279

for (int 1 = 0; 1 « allConnectedBonds. length: 1++4)
if (lareBondsEquivalent{allconnectedeonds[1], b)) {
if (bondListLength < newConnectedBonds.length) |
newConnectedbonds [bondListLength] = allconnectedBonds[1];
bondListLength++;

}

}

return newConnectedBonds;
} else {
return new Bond[O];

F e —-—-— areiAtomsForbBondswitched —--

* param Bond first bond

* param Bond second bond

* param AtcmZontalner substratesubstructures - common substructure,
uses substrate's coordinates

* param AtomZontalner productsubstructure - common substructure, uses

product's coocrdinates

* returns boclesan false 1f ab=k0 and al=kl, trus if ad=kl and al=kd
*

* determines whether atom crder needs to be switched to get

* RProper correspondsnce

*J,'

private statiec beoolean areitomsForBondSwitched (Bond substrateBond, Bond
productBond, aAtcom[] substrateitoms, Atom([] productitoms, AtomContalner

substratesubstructure, AtomContalner productsubstructure) |
boolean correspondenceFound = trus;

Bond[] substrateConnectedbondsi;
Bond[] subkstrateConnectadbondsl:
Bond[] productConnectedBondso;
Bond[] productConnectedBondsl;

solution #1 first do chvious check when symbols are different
if (substrateatoms[0].getsymbol() !'= substrateatoms[l].getsymbol () |
correspondenceFound = trus;
if (substrateatoms [0].getsymbol() == productatoms[0]. getsvmboli) &&
substratefAtoms [1] . getsvmboll) == productitoms([l]. getsSvmboli)) |

atoml in substrate is same as atoml in product
return false;
} elze |
return trus;
}
} elaa { // find adijacent bonds in substructures i(substrate and product
coordinates)
save atoms of substructure
Atom productatoml = getatomInMolecule (productAtoms[0],
product substructure ) ;
Atom productatoml = getatomInMolecule (productAtoms[l],
product substructure);
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1280

128l

1282
1283
1284
1285
1286
1287

1288

12859

1294
1257
12598
1299
1200
1201
1302
1302
1204
13205
1306
1307
1208
1309

1310
1311
1212
1313
1314
1315
1314
1217
1218

Atom substrateatoml = getfitomIntolecule (substrateatoms([0],
substratesubstructure);
Atom substrateitoml = getitomIntolscule (substrateatoms[1],
substratesubstructure ) ;

if iproductAtoml == null) |
System.out.printlng "productatomd mall™);
system.out . println{productitoms. length) ;
}
productConnectedbondsl =
getRondsConnectedToatomMot Includlingfur rentBond (product Substructure,
productatomnd, productBEond);
productcConnectedieondsl =
getBondsConnectedToAtomiot IncludingCurrentBond{product Subst ructure,
productatoml, productBond);
substrateConnectedEondso =
getBondsConnectedToatombot IncludingCurrentBond( substratesSubstructure,
substrateatomd, substrateBond);
substrateConnectedEondsl =
getRondsConnectedToatomMot Includingfur rentBond | substratesubstructure,
substrateatoml, substrateBond);
solution #2 if number of connscted b
if (substrateconnectedeondsi. length !'=
substrateconnectedbondsl. length) |
correspondenceFound = trus;
if { (substrateconnectedbonds0.length == productConnectedieonds0. length)
&& (substrateConnectedbBondsl. length == productConnectediBondsl. length) )

{

onds on sach atom 1s different

return false;
} else |
return trus;

check to see 1f bond identities are the same
3tring substrates) = getBondarraystringisubstrateconnectedeondso);
string substratesl = getbBondarraystring(substrateconnactadBondsl);
string productsd = getiBondarravestring (productConnectedBonds0);
String productsl getBondarravsString (productConnectedBondsl) ;

if (substratesid.compareToisubstratesl) !s 0) |
correspondenceFound = trus;
if { (substratesl.compareToiproductsd) == () &&
{substratesl. compareTo(productsl) == 0) 1 {
return false;
} else {
raturn true;
}
} else |
correspondenceFound = false;
return falss;
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121%

1320
1321
1322
1322
1224
1225
1326
1327
1328
1329
1330
1331
1322
133232
1334
1325

1336
1337
1338

1335

1240

1341
1242
1242
1344
1245
1244
1347
1348

1345

1350
1351
1352
1253
1354
1355

1354
1357
1358
13559
1360
1361
1262

1f they are not switched, # connected bonds should be the same,

type of bonds should be the same
}

}

J,"frt T — T T T T ] ] ] ] S ] ] S ]S ] ] ] - ] ] ] . ] -
= MZs methods
e e e e e o
*J,"

F ks —-——— getMCsFromPalr —----—-
*

* param AtcomContainer moll, first molecule
* param AtomContainer molZ, second molsacule

* this 1s the new recursive implementaticon that will solwve lots of
problems 271707
k3 J,"
private static wveld getHCSFromPalr (AtomContalner moll, AtomContalner
molz, AtomContainer wholeMolecule, AtomContalner prodMolecule) throws
COEException, ICException |
ArrayList acList = mew Zrravilst(ult, getoverlaps ((AtomContalnerimoll,
(AtomContainerimola) )

ArrayList rmapllist = new
arravListiult.getoverlapMaps ( (AtomContalnerimoll, (AtomContalnperimoll));

acLlst = sortacList(acList, rmapLlst);
rmaplList = sortREMaplListirmapLlist);

if (acList.silzei) = 01 {
'/ remove first subgraph from substrate and product
AtomContainer firstsubgraph = (AtomContainerjacList. get (0);
AtomContainer newMoll = getWoncverlapplngsubstructure(moll,
firstsubgraph);
AtomCeontainer newMol? = getWondverlappingsubstructurebDiffCocrd(molz,
firstsubgraph);

call function again, add it teo first subgraph and return

if (firstsubgraph.getBondcount() == 01 {
return;

}

else if (inewMoll.getBondCounti) > 0) && (newMoll.getBondCounti() »
0yy { /7 1f there are still bonds left to compare
getMCsFromFalr inewMoll, newMol2, wholeMolecule, produolecule);

}

acstack. addi(0, firstsubgraph):

renumber rmaps kbased on wheoleMolecule coordinates

Arrayllist rmapFirstsubgraph = (ArrayList)rmapList.get(0);
loop through bonds
for (int r = 0; r « rmapFlrstsubgraph.size (1} r++) |
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1362 FMap rmap = (BMap)rmapFlrstsubgraph. getir);

1364

1365 /f take care of substrate

1366 Bond subgraphbBond = moll.getBondat (rmap. get IdL ()i ;

1367 ff get the number of that beond in the whole molecule

1368 int wholeMaolId =
wholeMolecule. getBondiumber (JetRondIntolecule (subgraphBond,
wholsMolscule) ) ;

13659 /f reassign RMap 1ds

1270 if (wholeMolId = -1)

1271 rmap. st Idl (wholeMolId) ;

1372 } else |

1373 ff didn't find bond in melecule

1374 }

1375

1274 ff take care of product

1377 subgraphBond = mol2. getEBondat (rmap. getId2 () 1;

1274 int produolId =
prodMolecule. getBondiumbe r {getPondInMoleculs { subgraphBond,
prodoclacule) );

1379 if (prodeclId = =1) |

1380 rmap. setIAd2 (prodMol Id) ;

1281 } else { // didn't find bond in molecule

1382 }

1383

1284 }

1385 rmapstack.2dd (0, rmapFlrstsubgraph);

1284 return;

1387 } else {

1388 return;

1389 )

1250 }

1291

1392 f** -—— swWitchEMapIds ---

1353 * sets 1dl to be 1d2 and 1d2 to be 1dl

1394 *f

13595 private static ArrayList switchBEMapIdsi(ArrayLilst rmapList) {

1396 for (int 1 = Oy 1 < rmapList.zizei): 1++1 |

1397 EMap rmap = (REMap)rmapLilst.get(1);

1398 int tempIdl = rmap.getIdli);

1399 rmap.setIdli{rmap. JgetId2 () );

1400 rmap.setIidiitempIdl) ;

1401 }

1402 return rmapLlst;

1403 }

1404

1405 fE* ---- getMCi3FromPalrsecondCocrds —----

1404

1407 * param AtomContainer moll, first molecule

1408 * param AtomZontainer molZ, second moleculs

140% =

1410 * thils 15 the new recursive lmplementaticn that will solwve lots

problems 271707
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1411

141z
1413
1414

1415

1414

1417
1412
141%
1420
1421
1422
14232

1424

1425
1426
1427
1428
142%
14320

1431

1432
1432
1424
1435

14326
1437
1432
142%
1440
1441
1442
1443

1444
1445
1446
1447
1442
144%

* uzes it getoverlaps to make sure overlap is the same when things
are reversad
k3 .l'..
private statiec veld getMCSFromPalrSecondCoords (AtomContalner meoll,
AtomContainer meol?, AtomContainer wholeMolscule, AtcmContainer
prodclecule) throws CDEExceptlon, ICException |
ArrayLlist acList = new
ArrayListjult.getoverlapsSecondCoords ( (AtomContainer)moll,
{AtcmContaliner)moll));
ArrayList rmapllist = new
ArrayList jult.getoverlapMapssecondcoords( (AtomContaliner)moll,
(AtomContalnerimoll));
acLlst = sortacList{acList, rmapList);
rmaplist = sortREMaplLilist irmaplist);

if (acList.silzei) = 01 {
'/ remove first subgraph from substrate and product
AtomContalner firstsubgrarh = (AtomContailner)acList. get (0);
AtomContainer newMol? = getWondverlapplingsSubstructure (molZz,
firstsubgraph);

AtomContainer newMoll = getHondverlappingSubstructureDiffCocrdimoll,

firstsubgraph) ;

call function again, add 1t to first subgraph and return

if (firstsubgraph.getBondCount () == 01 {
return;
}
else if (inewMoll.getBondCounti) > 0) && (newMoll.getBondCounti() =
0yy { /4 1f there are still atems left to compare

getMCsFromFalr SecondCoords (newHMoll, newMol2, wholeMolecule,
produclaculs);
}
acstack. addid, firstSubgraph);
remumber rmaps based on wholeMolscoule coordinates
Arrayllist rmapFirstsubgraph =
swltchEMapIds ((ArrayList)rmaplList.get(0));
loop through bonds
for (int r = 0; r <= rmapFirstsubgraph.slze ()7 r++) {
FHMap rmap = (EMap)rmapFlrstaubgraph. getir);

¢ take care of product
Bond subgraphbBond = mol2. getiBondat (rmap.getIdl () );

f get the number of that beond in the whole molecule
int prodeolId =
prodMolecule. getBondiiumber (getBondInMolecule ( subgraphBond,
produclacule) i;
/f reassign RMap 1ds
if (produclId = -1) |

rmap. setIdl (prodyol Id) ;
} else |
{ didn't find bond in moleculs
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1450

1451 // take care of substrate
1452 subgraphBond = moll.getBondat (rmap.getId2 i) ;
1453 int subMolId =

wholeMolecule. getBondiumber (getBondInMolscule ( subgraphBond,
wholeMolacule) ) ;

1454 if (subMolId = =13 |

1455 rmap. setId2 (subMolId) ;

1454 } elsa {

1457 S/ didn't find bond in molecule

1458 }

1455 }

14a0 rmapstack.2dd(0, rmapFlrstsubgraph);

1451 raturn;

1462 } else |

1463 return;

1464 }

1455 }

1464

1467 fEE

1458 * ———= getMCs -———

1455 =

1470 * param ArrayList molLlist - list of molecules

1471 * param int[] referencelIndex - index of molecule which provides
coordinates for substructure

1472 * return ArravList - List of MCS found

1473 L7

1474 * Zets Maxmum Common Subgraph from a list of meolecules

1475 * right now starts MCS looplng with reference molscule, but I might
nead to change that so that I do all things in the same order

1476 * may need to add referencelIndex paramster

1477 *

1478 xS

1479 private static AtomContainer getMCsS(ArrayList molList) throws

COEException, ICException(

1480

1441 ArrayList subgraphs = null;

148z if (mollist.size () == 1) {

1422 return (AtomContalnerimollist.getid);

14284 } else if (molList.size() == 0] |

1485 return new AtomCcontainer ();

1424 } else |

14487 S pop first two ltems from stack and get palrwlse MCS (all
possibkbilities)

1488 Arraylist listTolse = new ArrayList imolList);

1485 AtomZontalner moll = (AtomContainer)listToUse.remove (0);

1450 AtomZontalner molZ = (AtomContainer)listToUse.remove (0);

14591

1452 ff order of ult.getoverlaps dossn't matter because I find lsomorphs
with zach substrate later

1452 if (mell.getBondCount() »= mol2.getBondCount()) {

1494 subgraphs = mew Arravilstiuilt.,getoverlapsifAtomContalnerimoll,

(AtomContalnerimol2) ) ;
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1457
1458
1455
1500
1501
1502
1503
1504
1508
1504
1507
1508
1505
1510
1511
151z
1512
1514

1515
1514
1517
1518
151%
1520
1521
152z
1523
1524
1525
1524
1527

1528

1529
1520
1521
1532
1522
1524

1525
1536
1537
1528
1539

1540
1541

} else |
subgraphs = mew Arraviistiuit.getoverlapsi(atomContalnerimolZ,
(AtomContaliner jmoll) )

1

ArrayLlist savedirraylLlst = new ArravList (1lstTolUse);
Arrayllist conservedsubstructurelist = new arrayListi);
for each subgraph

for (int 1 = 0; 1 <= subgraphs.zize(); 1++) |

f push subgraph into new stack and call MCS again
ArravLlst currentArrayList = new ArrayvList (savedarravList);
currentaArrayList. addi0, (atomContalner)subgraphs. getiii);

add sach answer to a list

conservedsubstructurelist . addi{getMCs (currentarrayList) i;

}

f pilck the largest answer 1n the list to return
int largestAC = 0;
int largestACIndex = =1;
for (int 1 = 0; 1 = conservedsubstructurselist.slze (i 1++) {
AtomContainer currentCsSs =
(AtomContailner ) conservedsubstructureldlst .get (1)
if (currentcCsSs.getEBondCount () »= largestac) |
largestaAC = currentCss.getBondCount ();
largestacIndex = 1;

}

}

return (AtomContalner) conservedSubstructureList. getilargestACIndeax)
}
fx* -—— getallIscmorphs ——-

* returns a list of all iscmorphic subgraphs present in mol
* J,"

private static ArrayList getallIsomcrphiatomContalner mol,
AtomZontalner subgraph) throws IOExceptlon, COEEXception(

J7find one, removing that, keep locking, until vou can't find any more o
there are no more atoms left

boolean foundMoMore = false;

AtomZocntainer molTolse = mol;

ArrayList lsomorphlist = new ArravListi):

while (!founddoMore && molToUse, getatomCount () = 0)

" try teo find one
Arraylist foundlLlst = mew ArraylList(uit.getoverlaps(molTolse,
subgraph) i
foundlist = sortAcListifoundList);
if (foundhist.size() » Q) { // 1f found
add teo 1list
AtomZontalner foundaAc = (AtomContalner) foundList, get (0] ;
if (foundac.getBondCount () » 0 && foundac.getBondCount () ==
subgraph. getBondCount (1)
isomorphList. 244 (foundac);
{/ remove that and loop through again
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1542
1543
1544
1545
15446
1547
1548
154%
1EED
1551
1552
1553
1554
1555
1556
1557
1558
1EE%
LE&D0
1561
1562
1563
1564
1565

1566
1567

1568
15659

1570
1571

1572
1573
1574

1575
1576
1577

1578
1579

1580
1581
158z
1583
1584
1585
1584

molToUse = getMonoverlapplngsubstructure (molToUse, foundac);
} else |
foundioMore = trus;

} elaza { // 1if not found
flip foundHoMore
foundioMore = trus;

}
}
return l1scmorphList;
}
_I.-' e ———— Y
= main superfamily and substrate/product KOS methods
N e e
* _-".
_1': & ik
* -——- loopThroughMcs -—--

* param ArrayList molList - list of Resacticons
* return ArravList molList - list of Reactilons with conserved
substructure addsd

*

* may change this to doConservedsubstructure Lb/c I'm not loopling
Anymore
a J,"

private static wveoid loopThroughMcs (ArrayLlist molLlst) throws

COEException, ICException |

find conservedsubstructure that has coordinates of first moleculs 1in
list
ArrayList acList = getAtomContainerList (molList);
AtomZontalner conservedsubstructure = getfMCS (acList);
System.out.println("conserved “LhLWEAE" +
conservedsubstructure. getAt cmCount () e o+

conservedsubstructure, getBondCount (1) ;
printsMILES (conservedsubstructure);
System.out.println("4#conserved substructure occurrences™);

loop through other molecules and find all ccourrences of substructure
in substrates
for (int 1 = (0; 1 < acList.slze(); 1++) |

Arraylist ilsomorphLlist = getallIscmorph((AtomContalner)acList.getil),

conservedsubstructure ) ;

Reaction reacticon = (Reaction)molList.getil);

RCAtomContalner substrate = reaction.getsSubstrateftomContaineri();

RCAtomZontalner product = reaction. getProductatomContalner () ;

System.out.print(substrate. getMoleculetame (). trimi));

if iproduct !'= null) |
system.out.print (" = ");

try {
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1587 System.out.print (product. getMoleculetame (). trim{) + " " +

reaction.getReactionIndex({) + "“n");

1588 } =zateh (HMullPocinterException =) |

158% System.out.printlni);

1550 continue;

15591 }

1592 } else |

1593 System.out.println(reaction.getReactionIndex());

1594 }

1545 system.out.print( "substrate “ELOLLWELNET +
substrate.getlLigand () .getitomZount () + "“t" +
substrate.getlLigand () .getBondZount () + "“n");

1556 if iproduct != null) {

1597 System.out.print ("product LELVELELVET 4+

product.getligand () .getatomCount () + "“L" +
product.getligand ) .getBondCount () + "n");

1598 }

1599

1&00 System.out.printlni"occurrences “EAEWE" 4+ 1somorphlist.size ()i

1601 ({(Feaction)mollist. get(i)) .getsubstratestomContalneri).
setConservedsubstructurelist (1somorphList) ;

1602 }

1602 System.out.printlni{"#substructure info");

1604 }

1605

1604

1607

1608 f*r -——— combinedcCstack ----

1609

1610 * starts from beginning of stack and combines atom contalnsrs 1f there
are no overlaps

1611 * if there are no overlaps, it also puts rMaps into new list

1612 * checks to ses that nons of atoms are in otherac (by mapping
combinedac to otherac)

1612 *

1614 * param ArrayList acStack

1615 * param ArrayList rmapsStack

1614 * returns Cwerlap (which has atomContainer and rmap ArrayList)

1617 xf

lala private static Overlaps combinsACstack(&ArrayLlst acLlist, ArravList

rmapList, AtomContainer otherAcC) threws ICException, CDEException(
161%
1620 AtomZontainer combinsdAC = new AtomContalner ()i
1621 AtomContainer combinedotherAC = new AtomContalneri);

1622 ArrayList newBMapList = nmew Arravilsti);

1623 acLilst = sortacList (acList, rmapLilst);

1624

1625 /4 loop through atem contalners in stack

1626 for (int ac = 0 ac < aclist.slze(); ac++) |

1627

1628 Atom([] newAtomsirray = ((AtomContainer)jaclList.gset jac)).getatomsi);
1629 boclean addCurrentac = trus;

1630
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loop through atoms in current atom

not 1n already combinedac

for (int 1 = 0; 1 < newAtocmsArray. length;

container and make

14+ |

Rtom atom = getatomInMolecule (newhtomsArray[l], combinedic);

if (atom != pull) {
aver laplount ++;
addCurrentac = false;

loop through atoms of in c

make sure they're not in otherac

will havwe

to o
I think 2 1=

Lo
t

through rmaps to get the correspondenc
he 1d of the otheracC 1in the

Qrres |_:":'I'|-:|.l ng atoms of current ac

18]

rmaps

don't have to deo this 1if addCurrentac i1s already false

AtomContalner otheraACTordd
if (addCurrentic) |

ArraylList rml = (ArrayList)rmaplist. getiac);
for (int 1 = 0; 1 < rml.size(); 1++) {
EMap rmap = (EMap)rml.get{i);
Econd otherBcond = octherac. getBondatirmap. getIdzi));
Atom[] bondAtoms = otherBond.getitoms ();
otheraCToadd., addatom i bondatoms [0] ) ;
otherACTordd., addatomibondatoms[1] ) ;
atherACToddd. addeand { otherBond) ;

for i(int a = 0; a < bondatoms. length; at++)
Atom atom = getitomIntMolscule (bonditoms[al,

if (atcm != null) {
addCurrentac = false;

if (addCurrentAl) |

combinedac, addi (AtomContaliner)aclist.getiac) )i
combinedotherac. addiotherACToAdd) ;
newkBMapList.addi (ArrayList)rmapList. getiac)i;

}

return new Overlaps (combinedad,

}
J,"* *
% -——- dosubstrateProductMCs --—-
*
for all the Resacticns that have substrate and product
* find non reacting substructure and set that in the substrate of the
reaction

nawEMapList);
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1681 *f

laaz private static wveid dosSubstraterProductMCs (Arraylist reactlonLilst)
throws IOException, CODEException{

1683 Feaction reaction;

1684 RCAtomContailner substrate;

16485 ECAatomContainer product;

1686 Overlaps commonSubstructure;

1687 Overlaps productsubstructurs;

1688 for (int 1 = 0; 1 < reactionList.slze(); 1++) |

1689 overlapCount = 0

1690 printsMILES(blankMoleculea);

1691 reacticon = (Reactlon)reactionList.getil):

1692 product = reaction. getProductatomContainer();

16932 substrate = reactlon.getsubstrateatomContainer();

1694 printsMILES{substrate. getligandi));

16595

1696 system.out.print(substrate. getMoleculetlama(y.trim());

1697

1a98 if iproduct != null) {

1699

1700 system.out.print (" = "i;

1701 try |

1702 System.out.print (product. getMoleculetame (). trimi) + " " +

reaction.getReactionIndex({) + "“n");

1702 } satch (HullPointerException =)

1704 System.out.println();

1705 continue;

1704 }

1707

1708 ff do MCS between substrate and product

170% printSMILES (product.getLigand());

1710

1711 Ff 1nitialize new acStack

1712 f4 do getMCSFromPair. ..

1713 f¢ add the atomcontainers from acstack into one atomcontalner, without
adding overlapping atoms

1714 // also take care of rmaps

1715

1716 Arravllist productACLilst = reaction. getProductACList ();

1717 productacList = scortacList (productACList);

1718

171% acStack = new ArravList();

1720 rmapsStack = new ArrayvList();

1721 getMCsFromFalr (substrate.getLigand(), product.getLigand(),
substrate.getLigand(), product.getLigand{));

1722 Owerlaps nraubstratedverlap = comblneacstack (acstack, rmapstack,

product.getLigand i)

acsStack = new ArravListi);

rmapStack = mew ArravList();
getMCsFromFalr SecondCoords (substrate.getligand (), product.getLigand(),
substrate.getLigand(), product.getLigand());
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1727 Tverlaps nrProductoverlap = combineacstack (acsStack, rmapstack,
substrate. getLigandi));

1728

1729 int nonreversedoverlapCount = overlapcCount;

1730 cverlapcount = 0;

1731

1732 reverseProduct (reaction);

1733 raversesubstrate (reacticon);

1724

1735 acstack = new arrayListi);

1736 rmapstack = new ArravListi);

1737 getMCsFromFalr (substrate.getLigand(), product.getLigand(),
substrate. getLigandi(), product.getLigand());

1738 Twerlaps rsubstratedverlap = combinercstackiacstack, rmapstack,
product.getLigandi));

17359

1740 acstack = new ArrayListi);

1741 rmap5tack = new ArrayvListi);

1742 getMCsSFromPalr SecondCoords (substrate . .getLigand(), product.getligand(),
substrate. getLigand(), product.getLigand());

1743 Tverlaps rProductoverlap = combilnsacstackiacstack, rmapstack,
substrate. getLigand());

1744

1745 ovaerlaps substratedverlap;

1746 owerlaps productcverlap:

1747

1742 if (overlapCount < nonreversedoverlapCount) |

1749 ff use reversed

1780 substratedverlap = rSubstratelverlap;

1751 productdverlap = rProductiverlap;

1752 } else if (overlapCount > nonreverseddverlapCount) |

1753 SF use nonreversed and rever substrate and product back

1754 reverseProducti{reaction) ;

1755 reversesSubstrate (reaction);

1756 substratedverlap = nroubstratedverlap:;

1757 productoverlap = nrProductowerlap;

1758

759 } elsa |
760 '/ use the one where the rmap length squals the bond count

1
LAY
[

int nrBondCount = nrsubstratedwerlap. getOverlapi) .getBondCount () ;

763 int rPondCount = rsubstratedwverlap. getcwverlapi).getBondCount);
Tad int nrMapcount = O;
Tas for i(int r = (0; r < nraubstratedverlap.getRMaps (). s1ze()i I++) |

[ i el el o Sl ol
[

-1
o
[

ArravList substructureRMap =
({ArrayvList)nrsubstratedverlap. getRMaps () .get (X ;
nrMapCount 4= substructureBMap.s1lzei();

}

int rMapCount = 0;

for (int r = (0 r < rSubstratedverlap.getRMaps{).size () r++) |
ArravList substructureRHap =
(ArravList)irsubstratecverlap. getRMaps (.2t (LK) ;
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1798

179%
1800
1201
1802
1803
1804
1805
1806
1807
1208
180%
1210
1811
1212
1213
1214
1815
1216
1217
1818
1219
1820

rMapCount += substructureRMap. size();

}
if i(nrecndCount == nrHapcount) |
substratedverlap = nrsubstratedverlap;

productoverlap = nrProductoverlap;
reverseProduct (reaction);
reversesubstrate(reaction);

} el=se if (rBondCount == rMapCount) |
substratedverlap = rsubstratedverlap;
productoverlap = rProductiverlap;

} el=e |
if (Math. abs(rBondcount-rHaplount) <=
Math. abs (nrBondCount-nrMapCounty )

substratedverlap = roubstratedverlap;

productoverlap = rProductoverlap;
} else |

substratedverlap = nrsubstratedverlap:
productoverlap = nrProductoverlap;
reverseFroduct (Feactlion) ;
reversesubstrate(reacticn);

" remove sterecparlty changes from common substructurs
if (reacticn.izRacemazei() ||
{substratecverlap.getoverlap ). getatomCount() ==

substrate. getLigand().getatomCount (1)) {
reaction.subtractsterecparityChanges (substratedwerlap.getoverlapi(),
substratedverlap. getEMapsi), productoverlap.getoverlapi));

}

" add commonsubstructure to substrate obkject
substrate. setionreactingsubstructure (substratedverlap.getdverlap());

" to reacting substructure, add atoms which have more bonds in product
reacticon. addatoms2ofChangedEcnds (substrateCverlap.getRMaps () ) ;

" calculate overlaps
substrate.calculaterlldverlapsi);

" print results
Print SMILES (substrate.getReactingsubstructure() )
print SMILES (substrate.getonreactingsubstructure());

Print SMILES (substrate.getConservedsubstructure () );
Print SMILES (substrate.getUnconservedsubstructure());

print SMILES (substrate.getReactingConservedoverlapi));
Print SMILES (substrate.getReactingUnconservediverlap () )
Print SMILES (substrate.getlonreactingConservedoverlapi));
print SMILES (substrate.getNonreactingUnoonserveddverlap());

167



1221

1822

1823
laz4

1825

1826

1827

128
1829

1820

1831

1832

1833
12324
1235
1234
1837
1838

1839
1340
141
184z
1243
la44
1245

1344

1347

System.out.print ("substrate “EALEVENET 4+
substrate. getLigand().getatomCount () + "“L" +
substrate. getLigand().getBondCount () + "n");
System.out.print ("product WELLLVEVET 4
product.getligand () .getatomCount () + "“t" +
product.getLigand () .getBondCount () + "“n");

System.out.print ("reacting SELLLERET 4+

substrate. getReactingsubstructure (). getatomCount() + "“t" +
substrate. getReactingsubstructure (). getBondCount() + "“n");
System.out .print ("nonreacting SELEALLET 4

substrate. gettlonreactingsubstructure () .getAtomCount () + "L t" +
substrate. getilonreactingsubstructure () .getBondCount () + "“n") ¢
System.out..print ("conserved L LAWELVEALLT 4

substrate. getConservedsubstructure ().getatomCount () + " t" +
substrate. getConservedsubstructure ().getBondCount () + "wn");
system.out .. print ("unconserved WELEALLT 4

substrate. getUnconservedsubstructure () .getAtomCount () + "“t" +
substrate. getUnconservedsubstructure () .getBondCount () + "“n") ¢

system.out..print ("reacting+conservad WELET 4

substrate. getReactingConservedoverlap () ..getatomCount () + "“L" +
substrate. getReactingConserveddverlap () .getBondCount () + "n");
System.out.print ("reacting+unconserved LELE"T +

substrate. getReactingUnconservedoverlap()..getatomCount () + "“t" +
substrate. getReactingUnconservedoverlap () ..getBondCount () + "wn");
system.out.print ("nonreacting+conserved WAL +

substrate. getilonreactingConserveddverlap () ..getAtomCocunt () + "“t" +
substrate. getionreactingConservedoverlap () .getBondcount () + "n");
system.out.print ("nonreacting+unconserved LT o+

substrate. getilonreactinginoonservedoverlap () SgetatomCount () + " t" +
substrate. getilonreactingUnconservedoverlap () .getBondCount () + "n");

figure cut wvariation in which part of conserved substructure 1is

reacting
EChtomContalner substratel, substrated;

for each pailr of substrates

System.out.printlni{"4all palrwise_ overlap_of reacting+conserved fatoms
#bonds #atoms/r+c satoms,/r #bonds/r+c f#bonds/r");
for (int 1 = 0; 1 = reactionList.size()=1; 1+4+) {

for (int J = 1+41; ] < reactionlist.szsizei(); J++1 |
substratel =
{{Reaction)reactionLilst. get (i) ). .getSubstratedtomContainer ()
substrate] =
{{Reaction)reacticonLlst.get(])).getSubstrateatomContalner ()
if (({substratel.getReactingSubstructure().getatomZount() I= 0) &&
{substrate j.getReactingsubstructure () .getAtomCocunt () Is 0)) {
"/ get correspondence between conserved substructure 1n one and
conserved substructure in another
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1248 ArravLlist rmapList = new
arrayListi{uilt.getoverlapMaps (substratel. getConservedsubstructure(),
substrate].getConservedsubstructure()));

184% rmapList = (ArravListirmapList.getid);
18E0
1251 /7 then see how many atoms and bonds overlap in the two overlaps
1852 ff for each bond in rc cwverlap, get bond identifier in conserwved
substructure
1852 /7 also add atoms to atomlist
1354 ff filrst substrate
1855 ArravLlist bondListl = new ArravListi);
1284 RrravList atomListl = new ArravListi();
1857 for (int b= 0 b <
substrateld.getkeactingConservedoverlap () ..getBondCount ()7 Dé+) |
1aka Bond bond =
getBondInMolecules (substratel. getkeactingConservedoverlapl ). getBondat (b),
substratel.getConservedsubstructure () ;
1859 bondListi.add(substratel.getConservedsubstructure () . JetBondiumber (bond) ) ;
1860 int atomium =
substratel.getConservedsubstructure () . getat cmbumber (bond. getAtomAL{0) ) ;
1861 if (latomListil.contains(atomum) ) |
1862 atomListi. add(at omblum) ;
1863 }
1864 atomibum =
substratel.getConservedsubstructure () . getat cmilumber (bond. getAtomat{1l));
1865 if (latomListi. contains (atomduam) ) |
13646 atomListl. addiatomidum) ;
1867 }
1868 }
186% for (int a = 0 a =<
substratel.getReactingConserveddverlap () ..getAtomCount () a++) {
1870 Etom atom =
getAatomInMoleculs (substratel. getkeactingConservedoverlap( ). getatomatia),
substratel.getConservedsubstructura () ;
1871 int atombum =
substratel.getConservadsubstructure () . getat cmiumber (atom) ;
1872 if (latomListil.contains(atomdum) ) |
1873 atomListl. addiatomtdum) ;
1574 }
1875 }
1874
1877 7/ second substrate
1278 ArravLlst bondList] = new ArravLlsti);
1879 ArravLlst atomList] = new ArravListi);
18a0 for (int b = 0; b <
substrate].getkeactingConservedoverlap () ..getBondCount ()¢ b++) |
1581 Bond bond =
getBondInMolecule (substrate]. getReactingConserveddverlapl ). getBondat (b,
substrate].getConservaedsubstructure ()¢
1382 bondList].add(substratej.getConservedsubstructure () . JetBondiumber (bond) ) ;
1583 int atomMum =
substratej.getConservedsubstructure () . getat cmumber (bond. getatomat(0) ) ;
laed if (latombList].contalns (atomium)) |
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18485 atomList J. addiatomium) ;

12846 }

1887 atomtium =
substratej.getConservedsubstructure () . JgetAtomitumber (bond. getatomAt{1l)) ¢

1888 if (latomList].contains (atomdum)) |

1889 atomList §. addiatomblum) ;

1850 }

12591 }

1892 for (int a = 0; a3 <

substratej.getReactingConservediverlap () .getAtomZount ()7 a+4) |
1893 Atcocm atom =
getAatomInMoleculs (substrate]. getkeactingConservediverlapl ). getAtomat{a),
substrate].getConservedsubstructura () ) ;

1254 int atomMum =
substrate].getConservedsubstructure () . getatomtlumber (atom) ;

1895 if (latcombList].contains (atomdum)) |

1896 atomList J. addiatomium) ;

1857 }

18598 }

185959

1900 /¢ for each bond in rmaplist, see 1f that pair i1s in both bondlists

1901 float overlapBondCount = 0

1902 AtomContalner overlaplfRCoverlap = new RtomContalneri);

1903 for (int r = 0; r < rmapList.size ()i r++) |

1904 if ibondListi.containsi ((BMap)rmapList.get(r)).getIdl{)) &&
bondList].contains({ (EMap)rmapList.getir) ).getId2 i)y {

1908 overlapBondlount++;

1906 Bond bondToadd =

substratel.getConservedsubstructure () JJetBondat( { (FMap ) rmapList. get

1907 overlapofRCOverlap. addeond (bondToadd) ;

1908 foer (int a = 0; a < 2; a++) |

1909 if jgetitomInMolecules (bondToadd. getatomatia), owerlapofRCoverlap)

== ull) {

1910 cverlapofRCOverlap. addatom (bondToAdd. getatomat (ay);

1911 }

191z }

1912 } else {

1914 }

1915 }

1914

1917 boolean filrstIssmalleratoms;

1918 boolean firstIsSmallerBonds;

191% int minatoms;

1920 int minEBonds;

1921 if (substratel.getReactingsubstructure () .getAtomCount () <

substrate]j.getReactingsubstructure( ). getatomCount()) |

1922 firstIssmalleratoms = trus;

1923 minatoms = substratel.getReactingConservedoverlap () .getaitomCount () ;

1924 } else |

1925 firstIssmalleratoms = false;

1926 minAtoms = substrated.getReactingConservedoverlap () ..getitomZount();

1827 }
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1928 if (substratel.getReactingsubstructure () .getBondCount () <
substratedj.getReactingsSubstructure (). getBondCounti{)) {

1929 firstIssmallerBonds = ftrus;

1930 minBonds = substratel. getReactingConservedoverlap () .getBondCount () ;

1921 } else |

1932 firstIsSmallerBonds = false;

1932 minBonds = substrate].getReactingConservedoverlap () .getBondCount () ;

1924 }

193k

1936 /¢ loop through bonds in rmapllist again

19237 ff for each atom palr in rmaplist

1928 // see 1f the atom 1s present in substrateconservedl and
substrateconserved]

19239 float overlapitomCount = 03

1940 for (int r = ; r < rmapList.siz=(); r++) |

1941 Bond bondi =

substratel.getConservedsubstructure () .getBondat { ( (RMap)rmapLlst.get(r)).
1942 Bond bondd =
substrate].getConservaedsubstructure () .getBondat { ( (RMap) rmapLlist. get({r)).

1943 if (areatomsForBondswitched(bondi, bkondj, bondl.getatoms(),
bondj.getatoms (), substratel. getConservedSubstructure(),
substratej.getConservedsubstructure ()))y {

1244 7/ handle first atom palr of bond

1945 Atom al = bondl.getatomat (0);

1944 Atom al = bondj.getatomat (1) ;

1247 int atombtlumi =

substratel.getConservedsubstructure () . getAtomiiumber (al);
194g int atombumy =
substrate].getConservedsubstructure () . getAtomtiumber (aj) ;

1949 if ((atomListi. containsiatombumi)) &&
{atomList].contains{atombum])) && (getatomInMoleculeiai,
substratel.getReactingfonservaedoverlap()) = null) &&
(getatomInMoleculs (aj, substrate].getReactingConservedoverlapi))
I'= nully) {

1950 if (getatomInMolecule (al, overlapofRCoverlap) == null) |

1951 F¢ add atem 1f 1t's not in the owverlapofRCOverlap

1852 if (overlapClfRCoverlap. getatomCount() < minadtoms) |

19532 overlapOfRCOverlap. addatom (aly;

1954 }

1985 }

1984 }

1957 // handle second atom palr of bond

1958 al = bondl.getatomat (1) ;

19E5% al] = bondi.getAtomAL (0);

1960 atombumi =

substratel.getConservedsubstructure () . getAtomiiumber (al);

1961 atombtlumy] =
substratej.getConservedsubstructure () . getatomiumber (aj);

1962 if ((atcmListi. containsi{atombumi)) &&
{atomList].contains{atomiumy)) && (getatomInMoleculsial,
substratel.getReactingConservedoverlap()) !'= null) &&
(getatomInMoleculs (aj, substrate].gethReactingConservedoverlapi())
I= nully) {
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1963 if (getatcmInMolecule (al, overlapOfRCOverlap) == null) {

1964 77 add atom if 1t's not in the overlaplfRCOverlap and 1f veou
don't have more atocms than yvou're supposed Lo

1965 if (overlapCffRCoOverlap. getatomCount() = minatoms) |

1966 cvarlapOfRCOverlap. addatom(al);

1967 }

1968 }

19659 }

1870

1971 } else {

18972 S/ handle first atom palr of bond

19732 Atom al = bondl.getatomat (0);

1274 Atom aj = bondj.getatomat (0}

1975 int atomblumi =
substratel.getConservedsubstructure () . getatomtumber (al) ;7

19746 int atcmtlumj =
substratej.getConservedsubstructure () .getitomumber (a]) 7

ia77 if ({atoemListi.containsi{atombumi)) &&

(fatomlist].contains (atom¥umy) ) && (getatomInMoleculs(ai,
substratel.getReactingConservedoverlap()) = null) &&
{getAtomInMoleculs (a], substrated.getReactingConservedoverlapi))

= nully) {
1978 if (getatomInMolecule (al, overlapOfRCoOverlap) == null) {
1979 A/ add atom 1f 1t's not in the overlaplfRCoverlap
1920 if (overlapCofRCOverlap. getatomCounti) < minaAtoms) |
1221 cvarlapOfRCOverlap. addatom(al);
198z }
1983 }
1984 }
19485 7/ handle second atom palr of bond
19486 al = bondl.getAtomat (1)
1987 al = bondj.getatomat (1) ;
1988 atomtlumi =

substratel.getConservedsubstructure () .getitom¥Mumber (al) ;

1989 atomtlum] =
substratej.getConservedsubstructure () . getitomfumber (2]) §

1950 if ((atomListi.containsi{atombumi)) &&
{atomList].contains (atombum])) && (getatomInMoleculs(ai,
substratel.getReactingConservedoverlap()) !'= null) &&
(getatomInMolecule (aj, substrate].getkReactingConservedoverlapi))

I'= nully) {
1991 if (getitomInMolsecule (al, owverlapOfRCCverlap) == null) {
1952 // add atoem 1f 1t's not in the overlapofRCowerlap
1993 if (overlapCfRCoOverlap. getatomCount() <« minatoms) |
1994 cverlapofRCOverlap. addatom (al) ;
1955 }
19595 }
1997 }
1958 }
1959
2000 }
2001
2002 {f #atoms #bonds #atoms/r+c #atoms/r #bonds/r+c #bonds/r
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2003 system.out. print (overlapOfRCoOverlap. getatomCount () + " " +
overlapCfRCoverlap.getBondCount () + " ");

2004

2005 /¢ record that number / smallest reacting substructure of pailr

20046 if (firstIssmalleratoms) |

2007 System. out.print (| (overlaplfRCOverlap. getitomCount () + 0.0) f
substratel.getReactingConservedoverlap () .getAtomCount () + " ");

2008 system. out.print( (overlapliRCoverlap. getitomCount () + 0.0) f

substratel.getReactingsubstructure () .getatomZount () + " ") ;
2009 } elsea |

2010 system. out.print( (overlapliRCoverlap. getitomCount () + 0.0) f
substrate].getReactingConservedoverlap (). .getatomCount () + " ");

2011 system. out.print( (overlaptfRCcoverlap. getitomCount () + 0.0) S
substratej.getReactingsubstructure () .getatomZount () + " ") ;

201z }

2013 if (firstIsSmallerBonds) |

2014 System. cut.print (overlapBondCount f
substratel.getReactingConservedoverlap (). .getBondCount () + "™ ");

2015 System. cut.printlni{overlapBondCount J
substratel.getReactingsubstructure () .getBondCount () ) ;

2016 J7 T divide by ReactingsSubstructure? EReactingCoservedoverlap?

2017 } elsa |

2018 system. out.print (overlapBondCount [/
substrate].getReactingConservadoverlap () ..getBondCount () + " ");

2019 system. out.printlni{overlapBondCount J
substratej.getReactingsubstructure () .getBondCount () ) ;

2020 }

2021

2022 }

2023

2024 }

2025 }

2026

2027 }

2028

2029 fE*

2030 L —-——— fillterkeactlonsEvilize --——-

2021 *f

2032 private static wveid fillterReactliconsBySize (ArrayLlst molList) {

2033 RCAtomContainer substrateRcac;

2034 RCAtomContainer productRcac;

2035 ArrayList indicesTcRemove = new ArravListi);
20328 int diff;

2037

20328 String H3tring = new String("H");

2039 for (int 1 = 0; 1 = mollist.size()i 1++) |

2040 productRcac = ( (Feaction)mollist. getil) ). getProductatomContalner () ;
2041 if (productReoac = nall) {

2042 substrateRcac = ((Reactlon)molList. getil)).getsubstratertomcontalner ();
2043 Jf rewrlting this to not count hydrogens for hte comparlscn

2044 Rtom[] productAtomsList = productReac.getligand (). .getatomsi);

2045 J¢ count number of non-hydrogen atoms

2044 int numdonHFroductatoms = O
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2047 fer (int a =0; a <« productatomsList. length: a++) |

2048 if ('Hstring.equalsiproductiatomsList [a] .. getsymboli) )y |

204% mumtlonHPr odUuctALOmS ++;

2080 ]-

2081 }

2052 Atom[] substrateatomslList = substrateRcac.getlLigand().getitoms();

2052 J¢ count number of non-hvdrogen atoms

2054 int numMeonHsubstrateitoms = 05

2055 for (int a =0; a <« substrateatomsList.length; a++) |

2056 if ('Hstring.equalsisubstrateatomsList[al). getsvmbol(iyy |

2087 numibonHsubstrate At oms++;

2058 }

2085 }

2060

2061 d1ff = Math.zbs {numMonHProductitoms - numblonHSubstrateitoms)

2062 if (diff > MIMNATOMCCOUNT) |

2063 indicesToRemove. addinew Integer (1));

2064 }

2065 }

20868 H

2067 if (indicesToRemove.size () = 0) |

2068 for (int 1 = indicesTcRemove.slze()=1; 1 == 0; 1-—) |

2069 molLlst.remove | ((Integer) indlicesToRemove . getil) ) . lntvalue () 1;

2070 }

2071 }

2072 }

2073

2074

2075 ik —-—— getAtomContainerList ——-

2078 * March 2, 2007

20717 *f

2078 private static ArrayList getatomContainerlist (ArraylList reactieonList)

2079 ArrayLlist acArravList = new arravListi);

2080 for (int 1 = (0} 1 <« reactionList.sizei); 1++) |

20821 acArrayList.add((({Reactlon)reactliconList.get(l) ). getsubstrateatomCont alner

2082 H

2083 return acArravLlst;

2084 }

2085

2088 fE*

2087 * -——- HMain --——-

2088 *f

2089 public static veold mainistring[] args) throws IOException,
COEException|

2090

2091 int 1;
2092 for (1 =0; 1 < 15; 1++) {

2093 blankMolecule. addatominew 2tom ("c"));
2094 if (1= 0) {

2085 blankMolecule. addecnd{i, 1-1, 1);

2094 }

2097 }

2098 // set up SMILESWriter to output fille
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2099 sWrilter = new SHMILESWriter(initFileWriteri{args[l])):

2100 7/ read in file with 1list of £i1le names

2101 ArrayList filenamelist = getkReactlconsListiargs[0]):
2102

2103 f/ read 1n file to get EC numbers

2104 String ECFlle = args[d].substringid,args[0].lengthi) -
Ty concat("info.txt™);
2108 ArrayList ECList = getECHumList (ECF1le);

2106

2107 /¢ make these filles into CDE Molecules

2108 ArrayList molLlst = getMoleculesForList (fllenamelist);

2109

2110 /¢ Set EC Mumbrers for the reactions

2111 for (1= 0y 1 <« mollist.slze(i} 1++) |

2112 ((Reaction)molList., getili)).setEChumber { {String)ECLlist . get (1)) #
2112 }

2114

2115 /{ Bead 1n stersochemistry

2114 readsterecchemlistryForList (mollist);

2117

2118 ff Fllter ocut cases wherse substrate and product are really different

sizes
2119 filterkeactionsEvsSize (mollist);
2120
2121 // check for Maximum Common Subgraphs
2122 loopThroughtdCs (molList) ¢
2123
2124 // take care of substrate-product HCS
2125 dosubstrateProductMCs (mollist) ;
2128
2127 }
21z8 }
2129
. =1 | R & R EE—————————————————————
21321
2132
2122 j** RCAatomContalner. java
2124  * RCsubstructures. java <superfamily substrates file> <reaction dir=
<output file-
2135 ¥
21386 * Ranyee Chlang
2127 * April &, 2006
2138 ~*
212% * gtores atom info, reacting substructure, and nonreacting substructure
2140 *f

2141

2142 glass RCAtomContalner |

2143

2144 public AtomContalner wholeLigand;

2145 public AtomContailner reactingsubstructure;

2144 public AtomContalner nonreactingsubstructure;

2147 /i before owverlaps are calcalculated - keep substructures as list
2148 public ArraylList conservedsubstructureLilst;
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214%
2150

2181
2152
2183
2154
2155
2184
2187
2158
21559
2160
2161
2162

21632
2164
2165
21646
2167
2168
2169
2170
2171
2172
21732
2174
2175
2178
211
2178
2179
21830
2181
2182
2183
2184
2185
2186
2187
2188
2185
2150
2191
2192
2193
2154
2155
21598
2157
21598
21599

public Arraylist unconservedsubstructureLlst;

after overlaps are calculated, figure out cne conserved substructure

and keesp 1t

public AtomContainer conservedsubstructure;

public AtomContalner unconservedsSubstructure;
public AtomContainer reactingConserveddwverlap;
public AtomContailner reactingUnoonssrvediverlap;
public AtomContalner nonreactingConservediverlap:
public AtomContainser nonreactingUnoonssrvedoverlap;
public String moleculsMames ;

private UnlversallscmorphismTester uilt;

" Eet all atoms' sterecparity to some non value
" DUse set and getsSterecParlty
Hawve maln function call method with input as coocrdinates and
sterecparity and set it

RCAtomContalner() |
ult = mew UniversallsomorphismTester();
this.wholelLigand = new RtomContaineri);
conservedsubstructurelist = new Arravilsti);
unconservedsSubstructurelist = new ArravList();
reactingConserveddverlap = null;
reactinginconservedoverlap = null;
nonreactingConservedoverlap = null;
nonreactinginoconservedoverlap = nuall;

}

roatomCont alner (AtomContainer lig) |
ult = maw UniversallsomorphismTester();
this.wholeLigand = 1lig;
resetStersoparity ();

conservedsubstructurelist = new ArravListi);
unconservedsubstructurelist = new ArravList();

reactingConserveddverlap = null;
reactingnconserveddverlap = null;
nonreactingConservedoverlap = null;
nonreactingUnoonservedovaerlap = null;

}

roatomContalner (AtomContalner lig, String name) |
ult = mew UniversallsomorphismTester();
this.wholeLigand = lig;
resetsSterecparity();

if (name != mall) {
this.moleculeName = name.trimi);
} else |

thiszs.moleculeName = name;

conservedsubstructurelist = new ArravLlsti);
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2200 unccnservedsubstructurelist = new ArravList ();
2201 reactingConservediverlap = nuall;

2202 reactinginconservedoverlap = null;
2202 nonreactingConservedoverlap = null;

2204 nonreactingUnoonservedoverlap = null;

2205 }

2206

2207

2208

2209 S** resetStereoparity

2210 e

2211 * param non

2212 *

2213 * return non

2214 *f

2215 private wvold resetSterecparity () {

2216 Jf loop through all atoms

2217  Atom[] atomList = this.wholeligand.getaitoms ();
2218 ff set the stereoparity of all atoms to be O
2219 for (int a = 0; a < atomLilst.lsngth; a++) |
2220 if (atemList([a).getsterecParityi) I= 0} |
2221 }

2222 atomList[a).setSterecParity(0);

2223 }

2224 }

2225

2226 public void setSterecparity(int sp, fleoat x, fleat ¥y, float z) {
2227 /f check coordinates of all atoms

2228 Atom[] atomList = this.wholeligand.getitoms ();
2229 Atom atom;

2230 int count = 0;

2231 boolean found = false;

2222  while ({count < atombList.length) && (! found)) |

2233 S 1f x» v and z match, set sterecparity of that atom

2234 atom = atomLilst[count];

2238 Fi¢ 1f the atom has 3d and not 2d coordinates

2236 if (atom.getXidl) == 0 && atom.get¥2di) == 0 && (atom.getxad() I= 0

|| atocm.getyzd () != 0 || atom.getz2di) I=s d)) {

22237 if ( (Math.abs{atom.getX2di)-x) <« 0.0001) && (Math.absiatom.gety2d ()-v)
< 0,0001) && (Math.abs{atom.getZidii-z) < O0.0001)y 3 {

2238 atom. setSterecFarity(sp);

2239 found = trus;

2240 }

2241 } else {

2242 if { (Math.azbsi{atom.getxzd{j=x) < 0.0001) e& (Math.abs{atem.gety2dii-y¥)
< D.0001)y ) |

2243 atom. setsterecParltyisp);

2244 found = trues;

2245 }

2244 }

2247 count++;

2248 }

2245 }
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22580

2281 fE*

2252 E -——- getatomInMolecule ———-—

2283 E

2254 * param Atcom atom

22585 * param AtomZontalner molecule

2254 =

22587 * return booclean - truse if atom with that coordinates, atom typs are
present, false otherwlse

2258 *f

2259 private static Atom getatomInMolecules (Atom atom, AtomContainer

molacula) |
2260 Atom molAatom;
2261 Atom[] atombLlst = molecule. getatomsi);
2262 f¢ loop through all atoms in molecule
2262 for (int 1 = 0; 1 < atomLilst.lsngth; 1++4) |

2264 f¢ check to see 1f this atom has same 1nfo as parameter atom
2265 melatom = atomLdst[1];
2266 7/ check to see 1f 1t's using 2d or 2d coordinates
2267 if (atom.getxXzdi) - molAtom.getXzdi) == 0 && atom. get¥zd() -
molatom,getyzd () == 0 && atom.getxXzdi) == 0 & molitom.getyad() ==
{
2268 if (atom.getxXidi) == molitom.getx2d() && atom.gety2d() ==
molatom, getrsd () && atom.getizd() == molatom.getZzdi) &&
atom. getsymbol () .equalsimolatom. getsSyvmbol (1)) |
2269 return molAtom;
2270 }
2271 } else |
2272 if jatom. getx2di) == molatom.getxZdi) && atom.getyzdi) ==

molatom. getyad() && atcom.getsvmboli).equals(molatom. getsvombol ()i ) |
2273 return molAtom;

2274 }

22178 }

2274

2277 }

2278 return null;

2279 }

2280

2281 Jrw

2282 * getBondInMolsculs

2283 *

2284 * param EBond bond

2285 * param AtocmZontalner moleculs

2288 *

2287 * return Bond in moleculs that has same info as bond
2288 L7

2289 private Bond getPondInMolecule (Bond bond, AtomContainer molecule) |

2290 Bond molBond;
2291 Bond[] bondLlst = molecule. getBondsi);

2292 ff loocp through all bonds in molscule

2293 for (int 1 = 0; 1 < bondList.length; 1++4) |

2254 ff check to see 1f this bond has the same 1info as paramster bond
2298 mzlEond = bondList[1];
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2296
2297

22598
2299
2300
2301
2302
2303
2304
2305
2308
2307
2308
2309
2310
2311
231z
2313
2314
2315
2318
2317
2318
2319

2320
2321
2322

2323
2324
2325
2328
2327
2328
2329
2330
2321
2332
2333
2324
2335
2338
2337
2338
2339
2340
2341
234z
2343
2344
2345

malecule has 2d coordinates
if ((bond.getZDClenter().dlstance(new Folnt2d(0.0, 0.0)) I=s 0) &&
{bond.getibCenter().distance (new Pointzd(0.0, 0.0, 0.0)) == 031 {
if (bond.get2DCenter().distance (molBond. get2hCaenter ()) == 0) {
return molEond;
}
} else | /7 molecule has 2d coordinates
if (bond.getiDCenter().distance (molBond.get2DCenter{)) == 0) {
return molEond;
}
}
}
return null;
}

substructure is subgraph of moleculs
J,"* *

* getWonOverlappingsubstructure
k.

* param AtcmZontalner molecule
* param AtcmZontainer substructurs
&
* returns AtomContainsr part of /7 copy ligand
Ji from the copy, remove all atoms (check cocrdinates) that are present
in substructure
moleculs that 1s not containsd in substructurs
& J,"
private AtomContalner getWondwverlappingSubstructure (AtomContalner
molecule, AtomContainer substructurs) |
Atom molAtom;
Bond molBond;
Vector atomVector;
int 1;
‘4 check that substructure i1s substructure of molecule
copy the molecule
AtomZocntalner acCopy = (AtomContalnerimolecule.clons il

Bond[] substructureBondLlst = substructure. getBonds();
for (1= 0; 1 = substructureBondLlst. length;y 1++) |

molEBond = getRondIinMolecule (substructureBondList [1], acCopy);
if imecleond !'= null) |
" get atoms connected to this bond
atomvVector = molBond. getatomsvVector () ;
acCopy. removeBond( (Atom) atomVector.get (), (AtocmlatomVector.getil));
}

remove disconnected atoms
Atom[] acCopvatomLlst = acCopy.getbitomsi);
for (1= 0; 1 < acCopvAtomList. length; 1++) |
if jacCopy.getBondCount (acCopyaAtomList [1]) == 01
acCopy. removeitomiacCopyatombList [1] )

t
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2348
2347
2348
2349
2350
2351
2352
23583
2354
2355
23Ea
2357

2358
2359
23a0
2361
2362
2383
2364

2365
23646
2387
2368
2369
2370

2371
2372
2373
2374
2375
2376
2377
2378
2379
2380
2381
2382
2383
2324

2385
2384
2387
2388

2389

}

return acCopy;

}

set ligand

public void setLigand (AtomContalner lig) |
wholeLigand = 1ig;
resetSterecparity ()

}

f method for helping me debug
f pri
reacting/not
publie void printInforForallBonds()

nt out 2ach bond in molecule

and whether 1it's conserwved/not

{

Bond[] bondList = this.wholeligand.getiBonds ()

for

(int
Syst

5

this
if |

b= 0; b = bondList. length;
em.out.printib + " ");

b++) |

ge 1f 1t's reacting or nonreacting
Bond conserved = getBondIntolscule (bondList [B],

Lconservedsubstructure)
conserved == null) |

System.out.print ("unconserved ") ;

} el

ga |

System.out .print ("conservead ") ;

1

Bond unconserved = getBondInMolecule(bondList(b],

this
if |

JAnconservedsSubstructure ) ;
unconserved == null) {

System.out.printlnf"conserved");

} el

sa |

System.out.printlnf "unconservead” );

t

set nonreacting substructure
public void sethonreactingsubstructure(AtomContaliner ss) |

this.nonreactingsubstructure = s53;
this.reactingsubstructurs =

getNonoverlappingsubstructure (this.wholeLlgand,
this.nonreactingSubstructure);

}

st

con
when

served substructure list

substructure
publiec void sctConservedsSubstructurelList (ArrayList
conservedsubstructurelist) |
thisz. conservedsubstructureList = conservedsubstructureList;

1o

o

through szach of the possible
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92 S/ find unconservedsubstructure and add it to unconservedSubstructureList

393 for (int 1 = 0; 1 < this.conservedsubstructurelist. sizei)s 1++) {
3594 this.unconservedSubstructurellst.add( getHonoverlapplingsubstructure(this
(AtomContainer)this. conservedsubstructurellst. get (1)) )
2385 }
2398 1
2397
23948 Jf set consserved substructure
23599 public void setConservedsubstructure (int 1) {

2400 this.conservedsubstructure =
{AtomContainerithis. conservedsubstructuralilist. get (1)1}
2401 this.unconservedsubstructure =
(AtomContalner)this.unconservedsubstructurelist. get (1) ;

2402 1
2403
2404 publiec void setConservedsubstructure (AtomContalner css) |

2405 this. conservedsubstructure = css;

24048 this.unconservedsubstructure =
getHonoverlappingsubstructure (this.wholelLigand,
this. conservedsubstructure) ;

2407 }

2408

240% /7 set moleculs name

2410 publie void setMolzculeMName (String name) |

2411 this.moleculeNams = name.trimi);

241z 1

2413

2414 /7 get ligand

2415 public AtomContainer getLigandi)

2414 return wholeLigand;

2417 1

2418 /S get reacting substructure

2419 public AtomContainer getReactingsubstructure() |
2420 return this.reactingsubstructure;

2421 1

24z2 /7 get nonreacting substructure

2423 publie AtomContainer getMonreactingsSubstructure() {
2424 return this.nonreactingsubstructure;

2425 1

2428 /7 get conserved substructure list

2427 publiec Arraylist getConservedSubstructureList() {
2428 return this.conservedsubstructureList;

2429 1

2430 /7 get non-conssrved substructure list

2431 public Arraylist getUnconservedsubstructureLilst () {
2432 return this.unconservedsSubstructureLlst;

2433 }

24324

2435 /7 get conserved substructure

2436 publie AtomContalner getConservedsSubstructure() {
2437 return this.conservedsubstructure;

243g 1

2439 // get non-conserved substructure
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2440 public AtomContalner getUnconservedsSubstructure() {
2441 return this.unconservedsubstructure;

244z }

2443

2444 /7 get moleculs names

2445 public sString getMoleculeMame()

24445 return this.moleculslams;

2447 }

2449

244% /) private get overlap between two substructurss

2480

2481 private statiec weoid printcocordinates (AtomContainer ac) |
2452 Atom[] atoms = ac.getabtoms();

2453 for (int j = 0; J < atoms. length; J++) |

24584 Rtom a = atoms[]]);

24EF5 system.out.print(a. getPolntz2d() );

2488 }

2487 System.out.printlni);

2458 }

2455

2450 fr*

2451 L -——— rayersesSubstrateatomordsr —--—-

24532

2453 * takes the atom array of the substrate, reverses that
2464 * this 1s a hack around the problem of symmetric molecules
2465 * or molecules with multipls coples of same molety
2468 *f

2487 public void reverssSubstrateAtomordsar i) |

2458 int count;
2489 if (getLigand() != null) {

2470 /4 reverse atom array

2471 Atom[] atomList = getLigandi).getatomsi);

2472 Atom[] newAtomlList = new Atom[atomList. lengthl];
2473 /i reverse atomList;

2474 count = 0;

2475 for (int 1 = atomList.length-1; 1 == 0; 1-—) |
2476 newhtomList[count] = atomList[1];

24717 count = count + 1;

2478 }

2479 getligandi) .setatoms (newAtomList) ;

2480

2481 /f reverse bond array

2482 Bond[] bondList = getLigandi).getBondsi);

2483 Bond[] newBondList = new Bond[bondList. lengthl];
2484 count = 0;

2485 for (int 1 = bondList.length-1; 1 == 0; 1-—1 |
2486 newBondList[count] = bondList[1];

2487 count = count + 1;

2488 }

2489 getligandi) .removedllBonds();

2490 for (int 1 = 0; 1 < newBondList.length; 1++) |
2491 getLigand().adderond (newBondLlst [1]);

2492 }
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2492
2494
2495
24594
2497
24598
2499
2500
2501
2502

2503
2504
2505
2508
2507
2508
2509
2510
2511
2512
2513
2514
2515

2514
2517
2518
251%
2520
2521
2522
25232
2524
2525
2528
2527
2528
2529
2530
2531
253z

2533
2534
2535
2536
2537
2538
2539
2540
2541
2542

J,l'**
= ———— calculatealldverlaps ——--

* pAram none

* returns none

*

* calculates overlappling atom contailners between reacting-conssrved,

reacting-unconserved, =tc

*f

public void calculatealloverlaps() |

calculateResactingConservedoverlap() ¢
calculateReactingUnoonservedover lapl )y
calculateNonreactingConservedoverlap(i;
calculateNonreactingUnconservedoverlapi() ¢

1

J,l'**
* ---- getReactingfonservediverlap ----
E
* pAram none
* returns AtomContainer owverlap between reacting and conserved
substructures
&
* 1f reactingonservedoverlap 1s null, calculate it
* otherwlse return 1t
*f
publie AtomContailner getReactingConservedowverlapi) {
if (this.reactingConservedoverlap == null) {
return calculateReactingConservedOverlap();
} else |
return this.reactingConservedover lap;

J,l'**
———— calculatekResactingConservediverlap —--——-

* param none
* returns Atomcontalner overlap betwesen reacting and conserwved

substructures
*

* Dogs the actual calcoulaticons and returns the result
*f
publiec AtomContainer calculateReactingConservedoverlap()

1f conserwved substructure list 1s zero
if (getConservedsubstructurelist().slze() == 0) {
'/ set conserved substructure to be nothing
setConservedsubstructure (new AtomContainer()):
set reacting conserved to be nothing
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2543
2544
2545
2549
2547
2548

2549
2550
2551
2552

2553
2554
2555
2554
2557
2558

2559
2560
2561
256z
2563
2564
2565
2564
2567
2568
2569
2570

2571
2572
2573
2574
2575
2576
2577

2574
2579
2580
2581
2582
2583
2584
258k
2586
2587
2588
2589
2590

this.reactingConservedoverlap = new AtomContalner ();
return empty atom container
return this.reactingConservedoverlap;

initialize list for possible overlapsiwill wind up being the same
length as conservedsubstructureList)
ArrayList owerlaplList = new ArrayListi);
for each possible conserved substructure
for (int 1 = 0; 1 < getConservedsSubstructurelist ().size()r 1+4) |
AtomZontalner currentConservedsubstructure =
(AtomContalner)getConservedsubstructurelist()..get {1);
chack for bond owerlap
AtomContaliner owverlapaAC = new AtomContaineri);
Bond conservedBond;
Bond[] reactingBondsLlist = getReactingsubstructure () .getBonds( )i
for iint b = 0 b = reactingBondsList.length; l++) |
conservedBond = getBondInMoleculeireactingbhondsList [b],
currentConservedsubstructure);
if (conservedbBcond !'= null) {
Atom[] connecteditoms = reactingBondsLlst[b].getitoms();

if (getatomInMeolecule (connectedAtoms[0], owverlapaAC) == null) {
overlapaAc. addatomiconnectedatoms [0] ) ;

}

if (getatomInMolecule (connectedAtoms[1l], owverlapaAC) == null) {
overlapaAc. addatom{connectedatoms [1]);

}

overlapac. addecndi{reactingBondsLilst [I2] )

}

}
'/ also check for atom owverlap o handle cases where reacting
substructure 1s adjacent to conserved substructure

Atom conservedAtom;
Atom overlapatom;
Atom[] reactingAtomsLlst = getReactingsSubstructure().getAtomsi);
for (int a = 0; a =< reactingatomsList.length; a++) |
cvarlapatom = getitomIntolscule (reactingAtomsList[a], overlapadl);
if (overlapatom == nully |
conservedAtom = getAtomInMolecule (reactingatomsLilst[al,
currentConservedsubstructure);

if (conservedatom != null) |
overlapaAc., addatomireactingatomsList [a] )
}

add the owverlapac to list
ocvarlapList. add{overlapac);

return the substructure that 1s the largest
int largestoverlap = 0;
int largestoverlapIndex = 0;
for (int 1 = 0; 1 = overlapList.zsize(); 1++) {
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2591 AtomContalner currentOverlap = (AtomZontainer)overlapLlist.gstil);

2592 if (currentowverlap.getbBondCount() = largestowverlap) |
2593 largestoverlap = currentoverlap.getBondCount (;

25594 largestoverlapIndex = 1;

2585 }

25594 }

2597 /i 1f there are no bonds, see which one has most atoms
2598 if (largestoverlap == 0) {

2599 for (int 1 = 0; 1 = owverlapList.size(); 1++) |

2600 AtomZontalner currentdverlap = (AtomContalner)coverlapList.get il):
2601 if (currentoverlap.getitomCount () » largestOwerlap) |
2602 largestoverlap = currentoverlap. getatomCount();
26032 largestoverlapIndex = 1;

2604 }

2608 }

2608 }

2607 /i set the conserved substructure

2508 setConservedsSubstructure (largestOwverlapIndex);
2609 this.reactingConservedoverlap =
(AtomContalner)overlaplLlst. get(largestover lapIndex);

2E10 return (AtomContainer)overlaplist.getilargestoverlapIndex);

2611 }

2612

2613 fE*

2614 = -——— getReactingUnonservedoverlap ———-

2615 *

2616 * param nons

2617 * returns AtomContainer owerlap between reacting and conserved
substructures

2618 *

2619 * if reactingUncoonservedoverlap is null, calculate 1t

2620 * otherwise return it

2621 * )

2622 publie AtomContainer getReactingUnconservedoverlapi) {

2623 if (this.reactingUnconservedoverlap == null) {

2624 return calculateReactingUnconservedoverlap( )i

2625 } else |

2626 return this.reactingUnconservedoverlap;

2627 }

2628 }

2629

2630 fEx

2631 L —--—— calculatekeactinglnconserveddverlap ———-

2632

2633 * param nons

2634 * returns AtomContainer owverlap between reacting and unconserved
substructures

2635 =

2638 * Does the actual calculaticns and returns the result

2637 *f

26328 public AtomContainer calculateResactingUnconservedoverlap() |

2639

2640 if (thisz.unconservedsubstructure == null) {
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2641 calculatekReactingConservedover lapi) ;

264z }

2643 S/ 1lnitialize new AtomContainer

2644 AtomZontalner overlapdC = new AtomContalneri);
2645

2644 Bond unconservedbBond;
2647 Bond[] reactinghRondsList = getReactingsubstructure(). getBonds();
2648 for (int b = 0; b <« reactingBondsList.length; b4+) |

2649 unconservedbond = getbBondIinMolecule ireactingbondsLiist[b],
getlnconservedsubstructure|));

2650 if (unconservedbBond !'= null) |

2651 Atom[] connectedatoms = reactingbBondsList([k].getatomsi);

2652 if (getatomIntolscule (connectedatoms([0], owerlapac) == mull) |

2653 overlapac. addrtom{connectedAtoms [0] );

2654 1

2685 if (getitomIndMoleculs (connectedatoms[l], owverlapaAC) == null) {

2656 overlapac, addrtom{connectedAtoms[1] )

26587 }

2658 cverlapac, addeond (reactingBondsList[b] ) ;

2659 }

2660 }

2661 f¢ also check for atom overlap (to handle cases where reacting

substructure 1s adjacent to conserved substructure
2662 Atom unconservedatom;
2663 Atom overlapitom;
2664 Atom[] reactingatomsList = getkReactingSubstructure(). getatoms();
2665 for i(int a = 0; a < reactingatomsList. length; a++) |

2a64 oyerlapAtom = getitomIinMeolecule{reactingatomsList[a], overlaphC);

2667 if (overlapatom == null) {

2a68 unconservedatom = getitomInMolecule (reactingatomsList [a],
getUnconservedsubstructura () );

2669 if (unconservedatom != null) {

2670 owerlapal, addatom (reactingatomsList [2] )¢

2671 }

2672 }

2673 }

2674 thizs.reactingUnconservedoverlap = overlapac;
2675 return overlaphcC;

2676 1

2677

2678

2679 fE*

2680 & —-——— getHonreactingConservedoverlap ———-

2681 E

2682 * param nons

26832 * returns AtomZontalner overlap between nonreacting and conserved
substructures

2684 E

2685 * 1f nonreactingonservedoverlap 1s nmull, calculate it

2688 * otherwlse return 1t

2687 *F

2688 public AtomContainer getMonreactingConservedowerlapi() |

2689 if (this.nonreactingConservedoverlap == null) |
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2730
2731
2732
2733
2734

2735
2736
2737
2738

return calculateMNonreactingConservedoverlap();
} else |
return this.nonreactingConservedoverlap;

}
}
J,"* *
* —-——- calculateNonsactingConservedoiverlap -—-—-
*
* param none
* returns AtomContainer overlap between nonreacting and conserved
substructures
*
* Dogs the actual caloulaticns and returns the result
L¥
£
publie AtomContainer calculateMonreactingConservedoverlap() |
if (this.conservedSubstructure == null) {
calculatekeactingConservedoverlapi() ;

initialize new AtomContainer
AtomContalner overlapdC = new AtomContalneri);

Bond conservedbBond;
Bond[] nonreactingBondsList = getWonreactingsubstructure ().getRondsi);
for i(int b = 0; b < nonreactingBondsList, lengthy b++) |
conservedbond = getBondInMolecule inonreactingbondsList[b],
getConservedsubstructura i) );

if (conservedBond !'= null) |
Atom[] connectedatoms = nonreactingBondsList [B] . getitoms ()
if (getitomInMolscule (connectedAtoms([0], owverlapal) == mull) |
overlapac, addatom i connectedAtoms [0] ) ;
}
if (getitomInMolecule (connectedAtoms([l], overlapac) == mill) |
overlapac, addatomiconnectaedAtoms [1] 1
}
cverlapaC, addeond (nonreactingBondsList [B] )
}
}
7/ also check for atom overlap (to handle cases where reacting
substructurs 1s adjacent to conserved substructure

Atom conservedatom;
Atom cverlapatom;
Atom[] neonreactingatomsList = getWonreactingsubstructure().getatoms();
for (int a = 0; a < nonreactingatomsList. length: a++) |
cyverlapatom = gethitomindolecule{nonreactingAtomsLilist[a), overlaphc);
if (overlapAtom == null) |
conservedhtom = getatomInMoleculsinonreactingitomsList[a]l,
getConservedsubstructure ());
if (conservedatom !'s null) |
overlapac. addrtominonreactingatomsList[al )
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2739}
2740 this.nonreactingConserveddverlap = overlaphc;
2741 return overlapic;
2742 }
2743
2744 fE*
2745 —-—-—— getlonreactingUnoonservedoverlap ——---—
2748
2747 * param nons
2748 * returns AtomContalner overlap between nonrsacting and unconssrved
substructures
2749 =
2750 * 1f nonreactinginoonservedowverlap 1s null, calculate it
2751 * otherwise return it
2782 */f
2783 public AtomContalner getMonreactinginconservedoserlap() |
2754 if (this.nonreactinginconservedoverlap == null) |
return calculateNonreactingUnoonservedoverlapi);
} else |
return this.nonrsactinglnoonservediverlap;
}
}
J,"?rt
* -——— calculateNonreactinginconservedoverlap —---
r
* param nons
* returns AtomContainer overlap between nonresacting and unconserved
substructures
2786 *
2767 * Does the actual caloulatieons and returns the result
2768 *f
2769 public AtomContalner calculateMonreactingUnconservedoverlap() |
2770
2771 if (this.unconservedsubstructure == null) {
: calculatekeactingConservediverlap () ;
}
2
2775 /¢ 1nitialize new AtomContainer
2776 AtomZontalner overlapAC = new AtomContalner ();
2717
2778 Bond unconservedBond;
2779 Bond[] neonreactingBondsList = getHonreactingsubstructure().getBondsi);
2740 for (int b = 0} b <« nonreactingBondsList. length: b+ |
2781 unconservedbond = getBondIinMolecule (nonreactingBondsList [B],
getinconservedsubstructure () );
27482 if (unceonservedbBond != mall)
2783 Rtom[] connectedatoms = nonreactingBondsList [b].gstitomsi;
2784 if (getatomIntolscule (connectedAtoms [0], owverlapac) == null) {
27485 overlaphAC. addatomiconnectedAtoms [0] i
2788 }
2787 if (getztomInMolecule (connectedatoms[l], owverlapac) == null) {
2788 overlapaC, addatomiconnectedAtoms [1] i
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}
cwerlapac, addeond inonreactingbondsList [I2] )
}
}
'/ also check for atom overlap (to handle cases where reacting
substructure 1s adijacent to conserved substructurse

Atom unconservedAtom;
Atom overlapAtom;
Atom[] neonreactingatomsList = getHonreactingsubstructure().getatoms();
for (int a = 0} a = nonreactingatomsList. length; a++) |
ocverlapatom = gethitomInMoleculsinonreactingitomsList[a], overlaphAci;
if (overlapkAtom == null) {
unconservedatom = getatomIntolscule (nonreactingatomsList[al,
getUnconservedsubstructure () );
if junconservedatom != null) {
ovaerlapac. addatom{nonreactingatomsList[a) )

}
this.nonreactingUnoonserveddverlap = overlapAc;

return overlaphC;
}

* class Reaction
&

* stores fillenames for substrate and product
* -I,"
clazs Reaction {

private String substrateFils;

private ArravLlist productFilelist;

private RCAtomContainer substrateftomContalner;

private RCAtomContalner productaAtomContailner;

private ArravLlist productacList;

private int rxnIndsx;

private ArravLilst substrateProductCorrespondence = new ArravLlist();
ArraylLlst of ArrayLilsts (palrs of substrate atom/product atom)
private boolean correspondencefFound = false;

private sString ECHumber;

Feaction(int 1) {
this.substraterile = null;
this.productFilellist = new ArravListi);
this.substrateadtomContainer = null;
this.productatomContaliner = null;
this.productacList = new ArrayList();
this.ECHumber = null;

189



28329 rxnIndsx = 1;

2240 }
2241
284z Feacticon(int 1, String sFile) {

2843 this.substrateFile = sF1ls;

2844 this.productFilelist = new ArravListi);
2845 this.substrateatomZontalner = null;
2844 this.productatomContainer = null;

2247 this.productACList = new ArravList();
2848 this.ECHumber = null;

2845 rEnIndsx = 1;

2880 }
2851
2852 Feaction(int 1, sString sFils, =String pFlle) |

2853 this.substrateFile = sF1le;

28R4 this.productFilellst = new Arravilsti);
28E5 this.productFilleList. addipFile);

2884 this.substrateatomContainer = null;
2887 this.productatomContainer = null;

2858 thisz.productacList = new 2rrayList ();
2889 this.ECHumber = null;

2860 renIndex = 1i;

2861 1

2862

2863 publie int getReactionIndex() {

2864 return this.rxnIndex;

2865 }

2868

2867 publie String getsubstrateFile() {
2868 return this.substrateFile;

2869 }

2870

2871 publiec Arraylist getProductFilleList() {
2872 return this.productFilelist;

2873 }

2574

2875 public RCAtcmContalner getProductatomContalneri) {
2876 return this.productitomContalner;

2877 }

2878

2879 public ArraylList getProductacList ()
2aa0 return this.productAcCList;

2apl }

2882

2883 publie RCAtcomContalner getSubstratedtomContainer() {
2884 return this.substrateatomContalner;

2885 }

2885

2887 public String getECHumber () {

2888 return this.ECHuUmber;

28409 }

2850

2891 public boclean lsRacemass () {
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2893
28594
2895
2896
2897
2898
2899
2900
2901
2902
2903
2904
2905
2908
2907
2908
2909
2910
2911
2912

2913
2914
2915
29146

2917

2918
291%
2920

2921
2922
2923
2924
2925
2928
2927
2928
2929
2920

2931
2932

2933
2934
2935
2928

return (this.ECHumber.startswWithi("5.1.") ||
this.ECHMumber.startsWith("5.5.") || this.ECHumber.startswWith({"5.22."));

1

public void setECHumber(sString ec) {
this.ECHNumber = &c;
}

public void addFroductFile (String pFlle)
this.productFileldist., addipFile);
}

public void setSubstrateatomContainer (RCAtomContainer ac) {
this. substratedtomContalner = ac;

1

public void addProductitomContaliner (RCAtomContaliner rac) {
this.productACList.add (mew AtomContainerirac.getligand{i));
if (this.productatomContalner == null) |
thiszs.productatomContalner = rac;

} el=e |
 this 1s code that just adds the product without checking for
averlaps - 1f they're listed as separate molecules, there should be
any overlaps
" try out:

this.productAtomContalner.getligand () .add({rac.getLigand () )

" change molecule name of product
this.productatomContalner.setoleculetlame ( this. productatomContalner.
getMoleculeMams ()

+ " + " + rac.getMoleculeMams () )#

{ this may not add the bonds so test 1t out by
of atoms and bonds before and after

f1f 1t =till doesn't work, try:

{ looping through bonds and adding bonds

f 1f that deoesn't work, locp through bonds, check 1f bond's atoms
are already therse and add if not

printing out nu mber

}
J,l'**
= -——- getatomInMolecule ———-

* param Atcocm atom
* param AtocmContalner moleculs
W

* return koclean - trus 1f atom with that coordinates, atom type ars
present, false octherwlse
*f
private static Atom getAtomInMoleculs (Atom atom, AtomContalner
molacula) |
Atom molAatom;
Atom[] atomLlst = molecule. getatfomsi);
" loop through all atoms in molscule
for (int 1 = 0; 1 <« atomList.length; 1++) |
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29237
2938
2939
2940

2941

294z
2943
2944
2945

294§
2947
2943
2945
2950
2951
2952
2953
2954
2955
295§
2957
2958
2955
2960
2961
2962

2963
2964
2965
2965
2967
2988
2969

2970

2971
2972
29731
2974
2975
2976
2977
2974
29753
2940
2981
2982

f check to see 1f 1t's using 2d or 2d coordinates
if (atom.getxXzdi) — molAtom.getXzdi) == 0 && atom. getyad() -
molAtom., Jgety¥2d() == 0 && atom.getX2d{) == 0 && molAtom.gety2d()
{
if (atom.getxzdi) == molatom.getxXzd() && atom.getyzd() ==
molatom. gety2d () && atom.getZzd() == molAtom.getZzdi) &&

{ check to see 1f this atom has same 1nfo as parameter atom
molitom = atomList[1]:

atom. getsymbol () .equalsimolatom. getSymbol ()1 ) |

if

molatom. getradi)

}

}
1

return molAtom;

aelse |
atom. getx2d() == molAtom. getx2d() && atom.getyzdi) ==

return molAtom;

return null;

}

*

—-=——-= getBEondInMolecule —-—-

param Bond bond
* param AtomContalner moleculs

* return Eond in moleoule that has same info as bond

r

.

private static Bond getBondInMoleculs (Bond bond, AtomContainer
malecules) |

Bond molBond;

Bond[] bondLlst = molecule. getBondsi);

Folnt2d zeropolnt = new Polintzd(o.0, 0.0);

" locp through all bonds in molscule
for (int 1 = 0; 1 < bondList.length; 1++) |
" check to see 1f this bond has the same info as parameter bond
mzlEcnd = bondList[1];
if { (bond.getzDCenter().distance(zeropclint) == 1) &&
molBond., get20Center () . .distance (zercpolint) == 0) ) {
if (bond. getzbCenter().distance (molBond.getaDCenter())y == 0) {
return molBEcond;
}
}
aelse {
if (bond.get2DCenter().distance (molBond.get2DCenter (1)) == 0) {
return molEcnd;
}
}

}

return null;

}
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2983
2984
2985
2985
29a7

29488
299
2990
2991
2952
2993
2954
2955
2994
2997
2959
2999
3000
3001
3002
3003
3004

2005

3008
3007
3008
3009
3010
3011
3012
30132
3014

3015
2016
3017
=018
3019
2020
3021
302z
3023
3024
3025

3026

private boolean arebBondsEquivalent(Bond bl, Bond b2 {
Folnt2d zeropolnt = new Polntzd(0.0, O.0);

if { (bl.get2DCenter().distance|zercpolnt) == 0) &&
(b2.get2DCenter().distance|{zercpolnt) == 0) ) {
if (bl.getzDCenter().dlstance (b2.get2DCanter()) == 0) {
return trus;
}
} else |
if (bl.getZDCenter().distance (b2.get2DCaenter (1)) == 0) |
return trus;
}
}

return false;

}

f given a list of atoms, checks to see 1f atom 1s 1in list
¢ checks coocrdinates and sterscparity
private boolean atomInList (atom atom, ArrayLlst aLilst) |
Atom temphtom;
for (int a = 0y a < alist.size(); a++) |
tempatom = (Atom)aLlst.gstia);

if ( (tempiAtom.getXzd() == atom.getxX2d()) && (tempAtom.getyzd() ==
atom.getyadi)) && (tempaAtom.getsStercoParitvi() ==
atom. getsSterecParlty () ) {
return trus;
}
}
return false;
}
fr* —-—— getBondstring —--

* param Bond
* returns sString - alphebetized string with atoms on 2ither side of
Irond with kond ordsr in front
* J,"
private string getBondstringiBond b) {
string bondstring = new Stringi )i
fiadd in bond order
bondstring = bondstring. concat{string. valuetf{b, getOrder{i)i;
" get atoms, scort them, add them to bkondstring
Atom[] atoms = b.getatomsig
String a0 = atcms [0].getsymball);
String al = atoms [1]. getsymbali);
if (al.compareTo(al) = 0) |
bondstring = bondstring. concatial);

bondstring = bondstring. concat(al);
} else |

bondstring = bondstring. concatiald);

bondstring = bondstring. concat(al);

}
return bondstring;
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3032 }

3033

20324 e -—— sortstringlList ---

2035 * param ArrayList - of strings

2036 * returns Arravlist - alphabetized list of strings

2037 */

3038 private String[] sortstringirrav(String[] stringarray) |

30329 string strl;
3040 string strz;
3041 string tmpstr;

3042

2043 for (int 1 = 0; 1 < stringarray.length-1; 1++) {
2044 for (int 1 = 1+1; 1 =< stringarrav.length; J++1 |
2045 strl = stringarray[i]:

2044 str2 = stringarray[]];

3047

3048 if (strl.compareTo(str2) = 0) {

3045 '/ swap

2050 stringarray[1l] = strz;

3051 stringarray[]] = stril;

3082 }

3053 }

3054 }

2055 return stringirray;

3054 }

30E87

2058 fr* —--—- getBondhrravstring —---

2059 * param Bond[] - of Bonds

2060 * returns s3tring - alphabkbetized string of all bonds concatenated
3061 *f

3062 private String getBondarravstring(Bond[] bondList) {
3063

3064 Bond kbond;

2065 string bondstring

3064

3067 string[] stringarray = new String(bondLlst. length];
2068 String wheolesString = new Stringi);

3069 for (int b = 0; b < bondList. length; b++) |

2070 bond = bondList[0];

2071 bondstring = getbBondstring(bond) ;
2072 stringaArray[b] = bondstring;

3073 }

3074 stringaArray = sortstringirray (stringarray) i
3075 for (int 1 = 0; 1 = stringdArray.length; 1++) |

3076 wholestring = wholestring.concat (stringarrav[i]):
3077 }

2078 return wholeString;

2079 }

2080

2081 private EBEondl[]

getBondsConnectedToatombotIncludingCurrentbond (AtomContaliner ac, Atom
a, Bond by |
208z Bond[] allConnectedbonds = ac.getConnectedEcndsia);
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2083
3084
3085
3084
3087
3088
30859
3050
3091
3092
2093
3094
3085
2094
3097
3098
30959
3100
2101
3102
2103
3104
3108
3104

3107

3108

3109
3110
3111
311z
3l1z
3114

3115
3114
3117
3118
311%
3120
3121
3122

3123

3124
3125
2126
3127
3128

if {(allcConnectedBonds. length = 11 |
Bond[] newConnectedbBonds = new EBEond[allconnectedeonds. length-11];
int bondListLength = 0;
if (newConnectedbonds.length == 0) |
return new Bond[0];
}
for (int 1 = 0; 1 = allConnectedBonds. length; 1++) |
if (lareBondsEquivalent{allconnectedBonds[1], bl {
if (bondListLength = newConnectedBonds.length) |
newConnectedbonds [bondLlistLength] = allconnectedbonds[1];
bondListLength++;
}

}

return newConnesctedronds;
} elsa |
return new EBond[0];

F e ——-— areftomsForBondswitched —--

* param Bond first hond

* param Bond second bond

* param AtcomContalner substratesubstructure - common substructure,
uses substrate's coordinates

* param AtomContalner productsubstructure - common substructure, uses
product's coordinates

* returns boolszan false 1f al=k0 and al-kl, trus if ad=kl and al-=ki

*

* determines whether atom crder needs to be switched to get

* proper correspondsence

* J."
private boolean aredtomsForBondswiltched{Bond substratePond, Bond
productiBond, Ateoem[] substrateatoms, Atom[] productztoms, AtomContalner
substratesubstructure, AtomContailner productsubstructurs)

Bond[] substrateConnectedBondso;

Bond[] substratecConnectedBondsl;
Bond[] productcConnectedbBondsi;

Bond[] productConnectedBondsl;
soluticon #1 first do chvious check when symbols are different

if (substrateatoms[0].getsvmboli) !'=s substrateatoms[l].getsymbol () |
correspondenceFound = trus;

if (substrateatoms [0].getsymbol() == productAtoms[0] . getsvmbol () &&
substrateatoms [1] . getsvmbol() == productatoms([l] . getsvmboliy) 7/ 1f
stoml in substrate 1s same as atoml in product
return false;
} else {
return trus;
}
} elsa { // find adjacent bonds in substructures (substrate and product
coordinates)
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3140

2141

3142

3143
3144
3145

2144
3147

3148
3149
2150
21E1
3152
31532
3154
3155
3156
2157
3158
3159
31a0

3161

3162
3163
3164

3165

save atoms of substructure
Atom productatomd = getitomInMoleculs (productitoms[0],
productsubstructure);
Atom productatoml = getiAtomInMoleculs (productitoms[l],
productsubstructure);
Atom substrateatomd = getitomInMolszcule (substrateitoms[0],
substratesubstructure ) ;
Atom substrateitoml = getitomInMolecule (substrateitoms[1],
substratesubstructure) ;

if (productitoml == null) {
system.out.println( "productatomd null™;
system.out ., println{productatoms. length) ;
}

productConnectedronds0 =
getRondsConnectedToaAtombot Includingliurrent Bond{product substructure,
productatoml, productEcnd);

productConnectedrondsl =
getRondsConnectedToaAtombot Includingliurrent Bond{product substructure,
productatoml, productEcnd);

substratecConnectedEonds0 =
getRondsConnectedToaAtombot Includingiurrent Bond( substratesubstructure,
substrateatoml, substratebBond);

substratecConnectedEcndsl =
getBondsConnectedToAtomiot IncludingCurrent Bond( substratesubstructure,
substrateatoml, substratebBond);

solution #2 1f number of connected bonds on each atom is different
if (substrateConnectedronds0. length I=
substratecConnectedeondsl. length) |
correspondenceFound = trus;
if { (substrateConnectedBonds0d. length == productConnectedBondsd. langth)
&& (substrateConnectedbBondsl. length == productconnectedBondsl. length) )
{
return false;
} else {
return trus;

}
} else {
check to see 1f bond identities are the same
string substrates) = getbBondarravetring(substrateConnectedbondsad);

3tring substratesl = getbBondarravetring(substrateConnsctediondsl);
string productsd = getkRondarravetring(productConnectedbondso ;
string productsl = getBondarravetring(productConnectedbondsl);

if (substratesl.comparseToisubstratesl) I=s 0 |
correspondenceFound = trus;
if ( (substratesi.compareTo (productsi) == 0) &&
{substratesl. compareTo(praductsl) == 0) ) |
return false;
} else {
return trus;

}
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zla6 } else |

2167 correspondenceFound = false;
3las return false;
3169 }
3170 }
3171 1f they are not switched, % connected bonds should be the same,
tvpe of bonds should be the same
2172 may hawve to extend out beyond first bond (recurse this function?)
3173 }
3174 }
2175
2176 fr* -—— atomInCorrespondencellst —-—-
2177 =
2178 * determines whether a substrate atom is already in correspondence
list
-\.l"'E &
3180 * )
2181 private boolean atomInCorrespondencelist(Atom a) {
318z Jireturn false;
3183 7/ substrateProductCorrespondence 1s an ArrayList of ArravLists (palrs)
3184 7/ loop through ArrayLists
212k for (int 1 = 0; 1 = substrateProductCorrespondence. size(); 1+4+) |
31846 f¢ get first atom in each ArrayList
21487 Arrayllist correspondence =
{ArravListisubstratebProduct Correspondence. gzt (1) ;
a 1f that aAteom 2 1s present, return trues
9 Atom currentd = (Atom)correspondence. get ()
0 if (2 == currenta) |
1 return trus;
2 }
3 }

/ 1f vou make 1t cut of the loop, return false
return false;
}

o

(=3}

FE ———-— subtractsterecparityChanges —--—-
* param AtomZontalner substructure - the substructure found as being
in common

W W W W W W W

| I e e N e e e e e

[Vl e e I I~ = Y = R e T v
4

Lo o

3200 * param List maplist - maps atoms 1n substrate to atoms in product

3201 * param AtomZontalner productsubstructure - the substructure found as
being in common ot with the product coordinates

3202 =

3202 * takes out parts of substructure that change stercparity

2204 * a3ls0 suend biand (convenlently at the same time) stores
substrate-product atom correspondences for commonsubstructure

3208 * this w1ll have a few extra atcocms that were later removed bisc of
sterecparity changes

2206 * but that won't matter because I will ke looking up substrate

nonreacting substructure atoms to

2207 * get the corresponding product atom
3208 *
2209 public void subtractsSterecparityChanges (AtomContalner substructure,

ArravlLlst mapList, AtomContainer productsSubstructure) |
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ArrayList fragment;

RMap rMap;

ArrayList atomscChangedList = new ArravListi);

Bond substratebBond;

Bond productBEond;

Atom[] substrateatoms;

atom[] productAtoms;

AtomContalner substrate = getsubstrateAtomContalner().getLigand();
AtomContainer product = getProductitomContainer ) .getligand();

loop through fragments
for (int 1 = 0; 1 < mapList.size(); 1++) {
fragment = (Arraylist)mapList.getil);
¢ loop through EMaps for each atom in fragment
for (int 3 = 0; 7 = fragment.slze(); J++) |

rMap = (EMap) fragment.gstij);

try {
substrateBond = substrate.getBondat (rMap.getIdl());
productBond = product. getEondat (rMap. getId2 i) ) ;

} =matech (ArravIindexcutOfBoundsExceptlon =)
System.out.println ("arravindexoutofboundseception™) ;

continue;
}
// w1ll hawve to get atoms of bonds (loop through them) - I don't know
which atom matches to which
3234 substrateitoms = substrateBond. getitomsi);
3235 productatoms = productBond. getatoms () ;
3234
3237 if (lareatomsForBondswitched(substrateBond, productBond,
substrateitoms, productaAtoms, substructure, productsubstructure)) |
3238 /4 check to see 1f sterecparity changes
3239 if ((substrateatoms[0d].getsymbol () == productatoms [0] ..getsymbol ())
&& (substrateatoms[l].getsvmboli) == productAtoms[l].gstSvmbol i)l )
{
3240 if (!(substrateatoms[0].getstersoParityi) == 0
|| {substrateatoms([0] .getsterecFarityi) == 31 ||
(productatoms [0] . getsterecFarity () == 0) ||
(productatoms [0]. getSterecParity () == 3))) |
3241 if (substrateatoms [0].getsterscParity() I=
productatoms[0] . getsterecParitv i)y {
3242 if (latomInListisubstrateaAtoms[0], atomsChangedListi) |
3243 atomsChangedLilst. add({ substrateatoms[0] ) ;
3244 }
3245 }
3246 }
3247
2248 if (!(substratedtcms[l].getsterecParlity () == 0 ||
{substrateatoms[1l].getsterecParity () == 2) ||
(productatoms [1]. getstereckarity () == 0) ||
(productatoms [1]. getsterecFarity () == 2)1) |
3249 if (substrateatoms[1].getsSterscParity() I=
productatoms[1l] .. getsSterecrarlity ()) |
3250 if (tatomInListisubstrateatoms[l], atocmsChangedListi) |
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3251 atomsChangadList. addisubstrateatoms[1]);

3282 }

32583 }

3254 }

3255 /S store substrate atom correspondence

3286 ArravLlist correspondence = new arravList ()

3257 if (latomInCorrespondencelist (substrateatoms[0])) |

3258 correspondence. add{substrateatoms [0] )

correspondence. addiproductatoms [0] )
substrateProductCorrespondence . addicorrespondence ) ;

2259 } else |

3260 ff 1f this cne found the correspeondsnce, use this one

3261 if (correspondenceFound &&

(latomsHaveIdenticalCoordinates (productaAtoms[0],
getCorrespondingProductatomi substrateatoms[0])1) ) |

3262 replacecorrespondingProduct At om(substrateatoms[0],

productitoms[0] 1;

3263 Ff else 1f it didn't find the correspondence, don't replace

3264 }

3265 }

3264 correspondence = new ArravList();

3267 if (latomInCorrespondencelist (substrateatoms[1])) {

3268 correspondance., add{substrateatoms[1] )

correspondence., add(productatoms [L] )
substrateProductCorrespondence . addicorrespondence ) ;

3269 } else |

2270 /7 1f this cone found the correspondence, use thils one

3271 if (correspondenceFound s&

(latomsHaveIdenticalCoordinates (productatoms[1],
getCorrespondingProductatomi substrateatoms[1])1)) |

3272 replaceCorrespondingProductitom(substrateatoms[1],

productatoms[1] )i

3273 glse 1f it didn't find the correspondsncs, don't replace

3274 }

3275 }

3276 } else {

3277 }

3278

3279 } elsa { // when atoml in substrate 1s same as atom2 in product

3280 if (isubstrateatoms[0].getsvmbol () == productatoms [1] .getsymbol i)

&& (substrateatoms[l].getsvmboli) == productAteoms [0].getSvmboliy) )
{

3281 if (lisubstrateatoms[0].getsterecParity () == 0 ||
({substratedtoms [0].getsterecParity () == 2) ||
(productatoms [1]. getSsterecrarity () == ) ||
(productatoms [1]. getsterecrarity () == 2111 {

2282 if (substrateatoms [0].getsteracParity() I=

productatoms[1l].getStereckaritv()) |

3283 if ('atomInList(substrateatoms[0], atomsChangedList)) |

3284 atomsChangadList. addisubstrateatoms[0] ) ;

3285 }

2204 }

3287 }
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3299
3300
3301

3302

2302
3304
3305
2306
3307
3308

3309
3310
3311

331z

3312
3314
3315
3314
3317
3318
3319
3320
3321
3322
3323
3324
33258

3326

if (!(substratedtcms[l].getsterecParlityvi) == 0 ||

(substrateatoms[l].getstercoParity i) == 21 ||
(productatoms [0] . getstereckarity () == 0) ||
(productatoms [0]. getsterecParity () == 2)1) {

if (substrateatoms[l].getsterscrarity () I=
productatoms[0] .. getsterecParity i)y |
if (YatomInList(substrateatoms[l], atocmsChangedList)) {
atomsChangadList, addi{substrateatoms[1]);

store substrate atom correspondsnce
ArrayList correspondence = new ArrayList ()i
if (latomInCorrespondencellst (substrateatoms[0])) |
correspondsence. add{substrateatoms [0] ) ;
correspondance., add({productatoms [1] )¢
substrateProductCorrespondence . addicorrespondence ) ;
} else |
if this cne found the correspondence, use thils one
if (correspondenceFound &&
(latomsHaveIdenticalCoordinates (productatoms[1],
getCorrespondingFroductatomi substrateatoms[0])1) ) |
replaceCorrespondingfProduct At omisubstrateatoms [0],
productiAtoms[1] i;
glse 1f it dido't find the correspondence, don't replac
}

18]

1

correspondence = new ArravList ()i
if (latomInCorrespondencelist (substrateatoms[1])) |
correspondence., add{substrateatoms([1] )
correspondance ., add{productAtoms [0] );
substrateProductCorrespondence . addicorrespondence ) ;
} else |
if this cne found the correspondence, use thils one
if (correspondenceFound &&
atomsHaveIdenticalCoordinates (productatoms [0],
getCorrespondingProductatomisubstrateatoms[1])) ) |
replaceCorrespondingfProductAtom(substrateatoms[1],
productitoms[0] 1;
glse 1f it didn't find the correspondence, don't replac
}

i

} else |

Atom substructursitom;

Atom[] connectedatoms;
Atom tempAtom;
for (int a=0; a < atomsChangedList.size(); a++) |
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3327 tempatom = (Atom)atomschangedList.getia);

3328 f¢ check if atom with changed stereoparity 1s present in substructure

3329 snbstructureatom = getitomInMoleculeitempAtom, substructure);

3330 if i(substructureAtom != null) |

3331 ff 1f so0, remove 1t and its connected bonds

3332 connectedatoms = substructure.getConnsctedatoms (substructureatom) ;

3332 for (int ca = 0; ca = connectedatoms.length: cat+) |

3334 substructure. removeEBond (substructureatom, connectedatoms([cal);

3335 }

33324 substructure. removertomisulzstructureatom) ;

3337 }

3338 l;

3339

2340 f/ remove any unconnected atoms

3341 atom[] remainingatoms = substructure.getatomsi);

3342 for (int 1 = 0; 1 < remalningatoms. length; 1+4) |

3343 if isubstructure.getBondCount (remainingatoms[1]) == 01 {

3344 substructure . removestomiremalningatoms[1] ) ;

3345 }

3344 }

3347

3348 }

334%

2350 private boolean atomsHaveIdenticalCoordinates(atom al, Atom a2)

3351 if (al.getx2d() - aZ.getxX2d() == 0 && al.getyad{) — aZ.gety2d{) == 0 &&

al.getxzdi) == 0 && a2.getyzd() == 0) {

3352 if (al.getXzd() == a2.getX3d() && al.get¥zd() == a2.get¥zd() &&
al.getzzd() == aZ.getzzd() && al.getsymbol().equalsia2.getsvmbol (1))
{

3353 return trus;

3354 }

3385 } else |

3356 if (al.getxz2d() == az2.getX2di) && al.getrad() == a2.getyZd() &&
al.getsymbol ().equals(az.getsymbol () )1 {

3357 return trus;

2358 }

3359}

3360 return false;

3361 }

3362

3363 fr* ——— replaceCorrespondingProductitom ————

3364 * replaces the product atom for substrate atom with the new one

3365 *

3364

3367 private wvoid replaceCorrespondingProductatom{Atom substrateatom, atom

productatom) |

2368 ff loop through ArrayLists (palrs) 1n substrateProductCorrespondence

3369 for i(int 1 = 0; 1 < substrateProductCorrespondence. size(); 14+ |

3370 ff 1f substrateatom is equal to first element of ArrayList

2371 Arrayllist spPalr = (ArrayList)substrateFroductCorrespondence.get (1)

3372 if ((Atom)spPalr.ogeti0) == substrateatom) |

3373 // replace the second element of the list

3374 spPalr.==til, productatom);
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3375 }

3374 }

3377 }

3378

2379 S —-—-—— getCorrespondingProductitom ————-

3380 * param Atcom substrateatom

3381 * return Atom corresponding product atom, null 1f not found

3382 =

3383 * using substrateProductCorrespondence (Arrayvlist), finds product atom
which

2384 * corresponds to the substrate's atom

3385 Lt

33846 private Atom getCorrespondingProductAtom(Atom substrateatom)

23487 S/ loop through ArrayLists (palrs) in substrateProductCorrespondence

3388 for (int 1 = 0; 1 = substrateProductCorrespondence. size( ) 1++) |

3389 ArraylLlst spFPalr = (ArrayLilst)substrateProductcorrespondence.getil);

2390 fi 1f substrateitom 1s equal to first element of ArrayList

3391 if (iAtom)spPair.gsti0) == substrateatom) |

3392 /4 return the second element

3393 return (atom)spPalr.getil);

3394 }

3395 }

3394 return null;

3357 }

3398

3399 fE*

2400 = -———— addateomToAC ———-

3401

3402 * param AtcmContalner basehAC

2403 * param Atom a

3404

3405 * adds bonds and moleculss of addac to baseac

2404 *f

2407 private static wveid addatomToAC (Atom a, AtomZontailner basell) |

3408 /¢ make sure atom 1s not already in ac, which means that there should be

no bonds contalning this atom

2409 if (getAtomInMoleculs (a, baseAlC) == null) {

3410 J7 add atom to atom container

3411 baseAC. addatom({a);

2412}

3413 }

3414

2415 Sy e addatomsCfchangedBonds () ———-

2416 * param ArrayList maplList - maplilist for substrate substructure overlap

3417 * ¥¥param AtomContalner productCommonsubstructure - product
substructure overlap

3418 * returns ncone

34159 =

3420 * for new bonds made 1n the product {(also checks for bonds broken, but
may be unnecessary),

3421 * adds adjacent atoms to reacting substructurs

342z *f
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3428
3425
3430
24321
3432
2433
34324
3435
3434
3437
3438
3435
2440
3441

3442
3443
3444

3445
34456
3447
3448
3449
3450
3451
3452
3453
3454
34EE
3456
3457
3458
3459
34610
3461
3462
3463
2464
3465
3466
3467
3458
3469

3470

* 5

el

public void addatomsofcChangedBonds (ArrayList mapLlst) throws
I0Exception, CDEException(
Atom substrateitom;
Atom productatom;
AtomZontalner nonrsactingsSubstructure =
getsubstrateitomContainer (). getilonreactingsubstructure();
AtomZocntalner reactingsubstructure =
getsubstrateAtomContalner ). getReactingsubstructure( );
AtomContainer substrate = getsSubstratertomContainer().getLigand();
AtomContalner product = getProductaAtomContainer () .getligand();

if (nonreactingsubstructure != nully {
¢ laoop through atoms of nonreacting substructure
Atom[] nonreactingitoms = nonreactingsubstructure. getatoms();
for (int 1 = 0; 1 < nonreactingatoms.length; 1++) |
{f get atom in substrate and atem in product
substrateAtom = getatomIndoleculeinonreactingatoms([1], substrate);
productAtom = getCorrespondingProductAitomsubstratestom) ;
if (productatom != null) |

1f bondcount is different
if (substrate.getBondCount (substrateatom) !=
product, getBondCount (productatom) ) |
¢ 1f the atom 1s MOT in the reacting substructure
if (getatomInMolecule{substrateatom, reactingsubstructure) == nully {
" add the atom to reacting substructure (don't need to remowve 1t
from nonreacting substructure)
addatomTorkC{substrateadtom, reactingsubstructurs);

} else {

}
}
} else {

}

} else {}

class Cverlaps
stores AtomContainer and EMap for pailrwlse owverlaps calculation
4

aszs Overlaps |

private AtomContaliner overlap:
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3473
2474
3475
2474
3477
3478
3479
3440
3481
248z
3482
3484
3445
34846
2447
3488
3485
2450
3491
34592
24593
34594
3455
3494
3497
24598
3455
3500
2501
3502
3503

private ArravLlst rMaps;

overlapsi) |
this.owverlap = null;
this.rMaps = new ArravList();

}

Cyerlaps{AtomContalner ac,
this.overlap = ac;
this.rMaps = al;

}

ArrayList al)

public AtomContainer getoverlapi)

return this.overlap;
}

public ArraylList getRMaps()
return this.rMaps;

}

{

public wvoid zddrRMap (ArrayList rm)

this.rMaps. addirm);
}

public void setRMaps(ArrayList ac) {

this.rMaps = ac;
}

public void setoverlap(AtomContainer o)

this.overlap = o;
}
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