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Summary

The concept of reaction similarity has been well-studied in terms of the overall transformation
associated with a reaction, but not in terms of mechanism. We present the first method to give a
quantitative measure of the similarity of reactions based upon their explicit mechanisms. Two
approaches are presented to measure the similarity between individual steps of mechanisms: a
fingerprint-based approach which incorporates relevant information on each mechanistic step, and
an approach based only on bond formation, cleavage and changes in order. The overall similarity
for two reaction mechanisms is then calculated using the Needleman-Wunsch alignment
algorithm. An analysis of MACIE, a database of enzyme mechanisms, using our measure of
similarity identifies some examples of convergent evolution of chemical mechanism. In many
cases mechanism similarity is not reflected by similarity according to the EC system of enzyme
classification. In particular, little mechanistic information is conveyed by the class level of the EC.
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Introduction

The concept of similarity is of central importance to the study of enzymes, but its meaning
depends on the context. Enzymes may be regarded as similar if they are evolutionarily
related — this is the measure used by evolutionary trees such as those in the database of
protein domain families, Pfam.! Alternatively, we may regard as similar those enzymes that
share structural elements — this is the basis of the CATH,2 SCOP3 and DAL classification
systems for proteins. Other classification systems consider enzyme function, such as the
Enzyme Commission (EC) system,® the Reaction Classification (RC) system® and the RLCP
classification,” which are based upon the overall reaction catalysed by the enzyme. In
addition, the RLCP classification also considers the mechanism type and structural features
of the enzyme.

There is a need for a similarity measure for enzymes based on reaction mechanism. A
growing body of evidence indicates that reaction steps are conserved during the evolution of
enzyme function. Both Babbitt and Gerlt® and Todd ef a/.® have found that in functionally
diverse superfamilies, a common chemical strategy may be used in the context of different
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overall transformations. By comparing the reaction steps of 27 pairs of homologous
enzymes of different function, Bartlett er a/10 identified examples of mechanisms that share
steps at the start, middle or end of the reaction but that catalyse different overall
transformations. Although the EC classification system has proved its worth as a system for
cataloguing and comparing the overall reactions catalysed by enzymes, it does not take into
account the increasing amount of mechanistic information that is becoming available, and
has several known limitations.11:12 For example, the four types of B-lactamase share the
same EC number, but have different reaction mechanisms, most notably the difference
between Classes A, C and D, all of which use the active site serine as the nucleophile, and
Class B, which uses one or two zinc ions to effect the reaction. In addition, enzymes with
very similar mechanisms can have quite different classifications under the EC system. For
example, there are two phosphatidylinositol-specific phospholipase Cs which belong to
different EC classes (EC 3.1.4.11 and EC 4.6.1.13), but the only difference in their
mechanism is that in one case the reaction proceeds through a cyclic intermediate to
hydrolysis, whereas in the other the major product is the cyclic structure.

Other hierarchical systems have been developed that use mechanistic information. The
Structure-Function Linkage Database!3 (SFLD) of Babbitt et al. uses an initial classification
of enzymes into superfamilies based on conserved partial reactions (currently, only six
superfamilies are included). Subsequent divisions are superfamily specific, but are typically
based on conserved structural features. Gariev and Varfolomeev’s hierarchical classification
of hydrolase catalytic sites* combines structural information with the catalytic roles of
active site residues. Although such hierarchical arrangements are useful from the point of
view of classification, and incorporate expert knowledge of particular families of enzymes,
they do not use or provide an explicit way to calculate the similarity of two reaction
mechanisms.

Here we describe the development and application of a similarity measure for enzyme
reaction mechanisms. This provides the first quantitative measure of similarity between
reactions based on their explicit mechanisms. Previous methods for calculating similarity
between reactions have at most included mechanistic information indirectly by means of
physicochemical descriptors of the reactants and/or products that represent inductive and
resonance effects around the reactive centre.1516 These descriptors have also been used to
classify enzyme reactions according to the EC system with an accuracy of 94% at the class
level of the EC.17 However, as mechanism is not explicitly included, reactions with identical
overall transformations but different mechanisms cannot be differentiated. Additionally,
these methods do not allow the detection of similarity for reaction mechanisms that are not
identical but do share some mechanistic steps. For example, in terms of mechanistic steps it
is clear that an aldol addition is a subset of an aldol condensation, but this would not be
apparent by simply considering the reactants and products.

Our method of measuring the similarity of enzyme reaction mechanisms uses the explicit
mechanism of a reaction, as determined by chemical, structural and biological studies taken
from the primary literature. It calculates a value for similarity by combining a sequence
alignment algorithm with methods to measure the similarity of two mechanistic steps. Using
this similarity measure, it is possible to calculate meaningful values for how similar two
reaction mechanisms are, and to discover similarity/dissimilarity between reactions whether
they are far apart or close together in terms of the conventional EC system.
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Results

Most similar reaction pairs

In order to test whether the similarity measures we propose can detect similarities between
enzyme mechanisms, we looked at the pairwise similarities between enzyme mechanisms in
the MACIE database, which contains non-homologous enzymes covering a broad range of
EC space.18 5% and 1% significance levels for the similarity values between two reaction
mechanisms g and b were calculated based on the distribution of similarity values for
random sequences of steps of the same length as aand 6. Each mechanism step in the
random sequences was chosen with replacement from the set of all steps in the database, and
the procedure was repeated 10,000 times.

The pairwise similarities of all of the reactions in MACIE version 1.1 were calculated using
the fingerprint method (FP), as well as using the bond change method (BC). Figure 1 shows
the distribution of pairwise similarities in the dataset. The 20 most similar pairs of reactions
for each method are shown in Table 1, along with the level up to which their EC codes agree
with each other. Twelve pairs of reactions are highly scored by both the FP and BC
methods, and in particular, both methods agree on seven of the top ten most similar
reactions. All of the similarity values are significant at the 5% level of significance, and all
but four are significant at the 1% level.

Since the enzymes in MACIE are unique at the fourth level of the CATH code, except where
the mechanism is significantly different, there should not be any duplicate mechanisms in
MACIE. Preliminary use of the methods described here identified such a pair of duplicates,
one of which was subsequently replaced (before the generation of the dataset used here).
Any remaining mechanisms that are identical or highly similar according to our measures of
mechanism similarity are considered to be examples of convergent evolution of chemical
mechanism. Here we present a discussion of some of the most similar pairs of reaction
mechanisms in our dataset according to our novel measures of similarity (Table 1). The
reaction mechanisms themselves can be viewed at http://www-mitchell.ch.cam.ac.uk/macie/
JMBPaper.

As a first example, we have taken two enzymes in the dataset whose mechanisms have been
taken from the same literature source, and which we know to be very similar. M006219:20
and M00631° are two adenosylcobalamin-dependent isomerases, both classified as
intramolecular transferases (EC 5.4), whose proposed mechanisms differ only in the order of
steps 3 and 4 of their 6-step mechanisms (Figure 2(a)). These steps involve the 1,2-shift of a
CH-COOH through a radical mechanism, but the two reactions differ in how this shift is
accomplished. For M0062, the isomerisation occurs viaan intramolecular bond formation
(leading to a cyclic intermediate) followed by a bond cleavage, whereas for M0063 a bond
cleavage occurs first followed by reattachment of the leaving group at a different position.
Both the FP and BC methods are able to identify the similarities between the two
mechanisms and rank them in the top ten most similar pairs in the dataset.

The measurement of mechanism similarity as defined by the BC or FP methods can be used
to identify examples of mechanistic convergence. That is, cases where the same mechanisms
are used by enzymes unrelated in sequence or structure. Reactions M002621:22.23 and
MO004124 are identical according to the BC method, and in the top ten according to the FP
method. In terms of conventional similarity measures they are very different: they differ at
the class level of the EC, have different catalytic domains, and M0041 catalyses the
hydrolysis of DNA whereas M0026 involves the cleavage of diacylglycerol (DAG) from
phosphatidylinositol diacylglycerol (Figure 2(b)). However, the general mechanisms of the
reactions are very similar. A histidine residue abstracts a proton from a hydroxyl group
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which then attacks a phosphate ester, displacing RO™. This is protonated by another histidine
residue, after which proton transfer occurs between the two histidine residues to return the
enzyme to the native state. Since the attacking hydroxyl group is OH™ for M0041 but OR™
for M0026, the former is classified as a hydrolase (EC class 3) acting on an ester bond,
whereas the latter is classified as a lyase (EC class 4) acting on P-O bonds.

Both M00272° and M00352° also involve RO™ attack on a phosphate ester (Figure 2(c)). The
former hydrolyses a phosphatidylcholine, whereas the latter phosphorylates the 6 form of the
phosphorylase enzyme. Again, although these may be regarded as quite different, the
mechanisms are very similar. An aspartate residue abstracts a proton from a hydroxyl group
which then attacks the phosphate ester, displacing DAG in the case of M0027 and ADP in
MOO035. Proton transfer occurs from the Asp to the leaving group to return the enzyme to the
native state. Despite these similarities in mechanism, M0027 is classified as a hydrolase (EC
class 3) acting on an ester bond, whereas M0035 is classified as a transferase (EC class 2) of
phosphorus-containing groups.

In the case of the previous mechanisms, similarity of mechanism might be inferred based on
the overall reaction. This is less likely in the case of M000527 and M0094,28:2% where the
former hydrolyses an amide bond but the latter hydrolyses an ester bond (Figure 2(d)). In
both mechanisms, a histidine residue abstracts a proton from a serine which then attacks the
carbonyl group of the amide or ester, and the amine or carboxylic acid is displaced. Next, a
hydroxyl group attacks the carbonyl group of the enzyme-substrate complex, displacing the
serine. Both enzymes are classified as hydrolases, acting either on a peptide bond (EC 3.4)
or on an ester bond (EC 3.1). By using a measure of mechanism similarity, it is clear that the
same mechanism is used to hydrolyse both functional groups. This similarity between
enzymes may be due to the fact that the catalytic domains of both enzymes have similar
structures (they have the same CATH code up to the topology level - 3.40.50.x), although
they are not detectable homologues.

The apparent dissimilarity of the mechanisms of M00693° and M008331:32 (Figure 2(e))
according to the EC system highlights a deficiency of the hierarchical nature of that system.
These enzymes differ at the class level of the EC. M0069 is a transesterification from an
alcohol and a thioester to an ester and a thiol, and is classified as a transferase (EC 2).
MO0083 involves the hydrolysis of an ester and thus is classified as a hydrolase (EC 3).
However, in terms of mechanism, the hydrolysis of an ester can be thought of as a special
case of transesterification where the reacting alcohol is replaced by water, and the product
ester is replaced by a carboxylic acid. As a review of the history of the EC nomenclature
system points out, the division of enzymes into categories is somewhat artificial in that
hydrolases in general could also be regarded as transferases.33 Although it may be consistent
with how a biochemist thinks about reactions, this division can obscure the similarity
between the mechanisms of related enzymes.

The direction in which a reaction occurs is not specified by the EC system; even if a reaction
has only been observed in the reverse direction, it is written in the direction common to the
subclass to which it belongs.33 M003234:35:36 (EC 4.4.1.5) and M003336:37 (EC 5.1.99.1)
share the same CATH domain 3.10.180.10, and have similar mechanisms according to the
BC and FP methods (Figure 2(f)), but their EC numbers differ at the class level. However,
the classification of M0032 as a lyase acting on C-S bonds is probably misleading, as
MO0032 catalyses this reaction in the opposite direction (and entered as such in MACIE), and
moreover, the enzyme does not catalyse the formation of the C-S bond — recent work has
shown that the substrate of the enzyme is a thioacetal (formed spontaneously from
methylglyoxal and glutathione).3* The overall reaction in M0032 is a 1,4-prototropic shift
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between a neighbouring alcohol and ketone, and so should probably be classed as an
isomerase (EC class 5).

Searching using similarity methods

In addition to finding similarities between mechanisms that are already in the database, it is
also possible to use similarity methods to search for enzyme reaction mechanisms that are
similar to a query mechanism. This could be used by an experimentalist to find out whether
there are known enzymes with similar mechanisms, as a step in the validation of a proposed
mechanism. Using either the BC or FP method, it is quite easy to define a query. The
alignment algorithm described in the Methods can then be applied to find similar reactions.
In these searches, we are not looking for a complete match to the query reaction mechanism,
but simply to find a reaction mechanism that contains the query. As a result, Equation 2 is
not applied to the similarity value resulting from the alignment algorithm.

Figure 3(a) shows the mechanism of a base-catalysed aldol addition. Using the BC method
to define a query, this can be described by the following sequence of bond changes:

e  Step 1, abstraction of a-H and formation of enolate: C=0 — C-0O, C-C — C=C, O-
H formed, C-H cleaved

»  Step 2: enolate attack on carbonyl: C-O — C=0, C=C — C-C, C=0 — C-0, C-C
formed

»  Step 3: protonation of hydroxide: O-H formed, O-H cleaved

The MACIE database is annotated on a step-by-step basis. A mechanism step involving
enolate attack on a carbonyl (Step 2 above) is annotated as an aldol addition. The top five
matches in the database to a query consisting of Step 2 are the five mechanisms in the
database that contain steps annotated as aldol additions. Two of these match exactly
(M005338 and M00773940; scores of 1.0), whereas the other three have a reduced score
(M0052,41 M0059%2 and M007843; scores of 0.66) because the protonation step (Step 3
above) is included as part of the same step. Of the remaining five reactions in the top ten
(M0089,4445 0.5; M0081,46:47:48:49 0 43: M0031,50:51.52 0.43: M0070,>3 0.33; M0051,%4
0.33) two are of interest. M0070 is annotated as an “Assisted Keto-Enol Tautomerisation”
and involves enolate attack on a base to form the ketone. M0031 is a possible false negative
identified by this query; step 3 of M0031 involves enolate attack on the nitrogen analogue of
a carbonyl, an imine. The score for this match is quite low compared to the true positives
identified as it involves a C=N rather than a C=0, and in addition, the attacking group is an
enol (rather than an enolate), which is deprotonated as part of the step.

It is interesting to compare the results of the previous query with those of a query involving
all of Steps 1 to 3 as described above. The top ten matches in the database include only three
of the five annotated aldol additions in the dataset: M0052, M0053, and M0Q78 are found,
but not M0059 or M0077. M0059 scores lower as the enolate is not formed in the typical
way, but rather by cleavage of an OR bond, and protonation occurs as part of Step 2. In
MO0O077, the enolate is formed as described in Step 1 above, but the abstracting base is RS~
not RO™; in addition, instead of protonation of the hydroxide as Step 3, decomposition of the
thiohemiketal intermediate occurs to give a ketone and a thiol. Six of the remaining top ten
matches involve the formation of an enolate or enol (M0032, M0033, M0055,1155
M0060,%6:57 M0068°8:59 and M009560:61),

The base-catalysed hydrolysis of an ester (Figure 3(b)) can similarly be described in terms

of bond changes, although there is some ambiguity as to the nature of the basic and acidic
groups involved in proton abstraction and donation:

J Mol Biol. Author manuscript; available in PMC 2012 October 01.
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e Step 1: C=0 — C-0, base-H formed, C-O formed, O-H cleaved
e Step 2: C-O — C=0, acid-H cleaved, C-O cleaved, O-H formed

If the base is a histidine and the acid is its protonated form, then Step 1 involves formation
of an N-H bond, and Step 2 involves its cleavage. There are four exact matches in the
database to this query: M0005, M0024,62:63 M0083 and M0094 (steps 4 and 5), all of which
are valid hits. If instead we take the base as RO™ and the acid as ROH, then there are two
exact matches: M000264.65.66.67 and M0029,58 which again are valid. There is also an exact
match, M0002, for the case where Step 1 involves formation of an N-H bond and Step 2
involves cleavage of an O-H bond, but this is not a valid hit as the two matching steps are
not consecutive. A search was also made for a three step mechanism, where the proton
abstraction occurs in a separate step to the attack on the carbonyl. Hits were found with both
MOO005 (steps 1, 2 and 5) and M0094 (steps 1, 2 and 3) in the case of the base being RNH,
and the acid RN*, but only the latter involves consecutive steps.

Non-identical matches can also give an idea of how general a particular search query is, and
whether it needs to be modified to pick up other relevant instances. The top ten matches to
the initial query for the hydrolysis of an ester described above also include M0002 and
M0029, which involve an oxygen-based acid and base rather than nitrogen-based ones. In
addition, there are two matches to the hydrolysis of thioesters, and one to the hydrolysis of
an amide ester.

Discussion

The two methods we have described in this paper for comparing mechanisms are based on
different ideas for detection of similarity. Implicit in the FP method is the assumption that
similar mechanisms will share features that are widely used to classify chemical reaction
mechanisms. The BC method makes a weaker assumption; similar mechanisms will share a
common sequence of bond changes. The examples of the use of these methods described in
the Results section show that these methods are useful both for identifying meaningful
similarities between reaction mechanisms, and for searching databases of reaction
mechanisms with a query mechanism. Here we discuss differences between these methods,
some of their shortcomings, as well as some possible ways to extend them to overcome
these problems.

Although there is quite good agreement between the FP and BC methods regarding the pairs
of reactions that are regarded as most similar in our dataset (Table 1), there are several
examples of reactions that are highly ranked by one method but not the other. For example,
the pair M0002 and M0029 is highly ranked by the BC method, but does not appear in the
top twenty most similar pairs according to the FP method. These mechanisms both involve
the hydrolysis of an amide bond, with a p-lactam as the substrate in M0O002 and a linear
amide in M0029. There are two main contributing factors to the difference in scores between
the methods. Firstly, the C-N bond cleavage is intramolecular in M0002, but intermolecular
in M0029, affecting the change in the number of species, the change in the number of
cycles, as well as whether an enzyme substrate bond is cleaved. Secondly, the BC method is
insensitive to differences in how protons are accounted for between the mechanisms (that is,
although certain steps have the same bond formations/cleavages, the actual bonds involved
are different). Although the FP measure of similarity has greater discriminating power
compared to the BC method, it is also more prone to false positives. Of the pairs of reaction
mechanisms shown in Table 1 that are not shared between the FP and BC methods, all but
one pair (M0097, M0098) of those scored highly by the FP method may be regarded as false
positives. That is, on inspection, the remaining pairs of mechanisms can not be regarded as
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similar. In contrast, none of the pairs of reactions in Table 1 identified as similar by the BC
method are false positives.

While inspecting the results of the analysis of the MACIE database, a number of more
sophisticated methods of measuring similarity occurred to us that would have resolved
problems with particular false positives/negatives. The FP and BC methods discriminate
between the identities of proton donors/acceptors where the reactive group is a hydroxyl
(Glu, Asp), and those where the reactive group is an amine (His, Lys), due to the fact that an
N-H bond is involved in one case but an O-H in the other. Since the exact identity of the
proton donor/acceptor may not be important in assessing similarity, a better approach might
be not to regard this as a normal bond change, but rather as a Donor-H bond change. For the
FP method, rather than increment or decrement the charge on an oxygen or nitrogen, the
charge on a Donor should be altered. As such bond changes are very common in MACIE,
this could have a significant effect.

As an extension of the previous idea, we may also regard some bond changes as more
similar than others. Both the FP and BC methods as we have described them do not consider
the similarity of particular bond changes; that is, two bond changes are either identical or
not. However, the formation of an N-H bond may be regarded as more similar to the
formation of an O-H bond than to cleavage of a C-C bond. Both carbonyls and phosphate
esters undergo similar chemistry which suggests that the decrease in bond order of a P=0
bond might be regarded as similar to that of a C=0 bond. At the other extreme, it may be
useful to further discriminate between bond changes that involve different atom types. For
example, the cleavage of a bond between a chlorine atom attached to an aromatic carbon
atom would be regarded by an organic chemist as quite different to that involving a chlorine
and a sp3-hybridised carbon. In this initial study, we have used simpler methods as we
wished to avoid excessive parameterisation on a limited dataset.

Although the order of steps in a mechanism is, in principle, usually well-defined in terms of
the lowest activation energy path between local minima on a free energy surface, there is
some potential ambiguity in reported mechanisms. For example, it is sometimes not clear
whether a particular proton transfer occurs before or after a particular bond formation or
cleavage. Additionally, there are a few cases in our dataset where independent proton
transfers are described as part of the same single step of a mechanism. Some descriptions of
mechanisms may not adhere to common conventions; for example, it is usual to describe
nucleophilic attack on a carbonyl group and subsequent loss of a leaving group as two
sequential steps, but in some cases these are described as a single step. Such ambiguities will
reduce the similarity values between two similar mechanisms unless the same conventions
have been used. However, we note that in the querying examples discussed in the Results,
the same reactions are identified despite minor modifications to the query, suggesting that
the method is quite robust. It may be possible to allow for these ambiguities using a more
sophisticated alignment procedure that allows the position of a particular proton transfer in a
mechanism to be moved into a previous/subsequent step if it improves the match.

The two methods described in this paper should be regarded as starting points for the
development of similarity measures for reaction mechanisms appropriate to particular
studies, as there is no one solution appropriate for all studies. For example, a distance
measure developed for enzyme reaction mechanisms would not be suitable for the reaction
mechanisms found in typical organic chemistry reactions. In that case, an additional feature
for the presence of a concerted reaction step might be appropriate, and radical reactions
would be regarded as very dissimilar to heterolytic reactions.
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Our measures have been developed with the MACIE database in mind, but for a study of the
mechanisms of closely-related enzymes, a similarity measure focused on the specific
features that differentiate those mechanisms might be more appropriate. An example of such
a set of enzyme mechanisms is the enolase superfamily of the Structure-Function Linkage
Databasel3 (SFLD). In this context, a superfamily is defined as a set of evolutionarily-
related enzymes whose members retain a conserved aspect of function. The enolase
superfamily conserves the ability to extract a proton alpha to a carboxylic acid to form an
enolate intermediate. Based on the partial reactions given by the SFLD, the families
contained in this superfamily are divided by the BC method into 4 sets: (a) galactonate
dehydratase, L-fuconate dehydratase, glucarate dehydratase, osuccinylbenzoate synthase,
enolase; (b) mandelate racemase, N-succinylamino acid racemase, muconate
cycloisomerase, dipeptide epimerase; (c) methylaspartate ammonia-lyase; (d)
chloromuconate cycloisomerase. Within each set, the mechanisms are identical. A
comparison of sets (a), (b) and (c) gives pairwise similarities of 0.5, but set (d) is more
distant (with similarities of 0.1, 0.3 and 0.2, respectively, with respect to sets (a), (b) and
(c)). This division of the mechanisms into sets based on bond changes differs from the
SFLD’s division of the enolase superfamily into subgroups based on conserved active site
residues. For example, in the SFLD mandelate racemase is in a different subgroup from the
other members of set (b). Since neither the BC method nor FP method incorporates any
information regarding the identity of active site residues (beyond the identity of a donating
or accepting atom), detailed comparisons of very similar enzymes may require the extension
of these methods.

The EC system classifies enzymes based on the overall reaction catalysed, and does not
consider mechanism. However, as shown by M0005 and M0094 in our dataset, enzymes
with similar EC numbers often have similar mechanisms. In order to quantify the extent to
which this occurs, we compared reaction mechanism similarity using the BC or FP method
with similarity between overall transformations as classified by the EC. Table 2 shows that
the greater the agreement between the EC numbers of two reactions, the more similar the
mechanisms of the two reactions are in general. However, the first level of the EC (class)
does not contain much information about the reaction mechanism, as the median rank for
those reaction pairs sharing the same class is not much greater than the median rank for all
reaction pairs. A large increase in the median rank occurs (in particular for the BC method)
once the subclass is included. The subclass level includes generic information on the type of
bond or group a particular enzyme acts on. The third level, the subsubclass, describes more
specifically the type of bond or group the enzyme acts on, but according to Table 2 it does
not in fact provide additional information regarding the mechanism.

Table 2 shows that out of 4950 pairs of reactions, there are four that share the same EC
classification. The median rank of these reactions should not be regarded as significant both
due to the small sample size and to the fact that these reactions have been chosen so that no
two reactions share the same mechanism. Three of these pairs involve the p-lactamases
MO0002, M0015,%9 and M0016,5° which share the EC classification 3.5.2.6. M0002 is a
Class A p-lactamase which uses an activated serine to hydrolyse p-lactam rings. Its
mechanism is different from those of the included Class B B-lactamases M0015 and M0O016,
both of which use zinc ions to catalyse the hydrolysis of the p-lactam by OH™. The
mechanisms of M0016 and M0O015 differ in that the former uses a single zinc ion to effect
the reaction, whereas the latter uses two. The remaining pair of reactions that share the same
EC number are M005411.70 and M0055, which are Type | and 11 3-dehydroquinate
dehydratases, respectively. These enzymes have no sequence similarity. Type | enzymes use
a Schiff-base intermediate and catalyse the elimination of water with syn stereochemistry.
Type Il do not require metals or cofactors for activity, do not involve a covalent
intermediate and catalyse the elimination reaction with #rans stereochemistry.’!
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Conclusions

Methods

As more and more mechanistic data on enzymes become available, the ability to identify
similar mechanisms in other enzymes is becoming more important. Such information may
be used to identify mechanistically convergent or divergent enzymes, to study the link
between structure and function, to perform literature searches, and to validate experimental
results.

Here we have described two methods to measure the similarity of enzyme reaction
mechanisms, a fingerprint (FP) method and a bond change (BC) method. When applied to
the MACIE database of enzyme reactions, similarities between several reaction mechanisms
are detected, often between enzymes with different EC classifications. The FP and BC
methods place different emphasis on features of the mechanistic steps and result in slightly
different measurements of similarity. In its current form the FP method is more susceptible
to identifying false positives, although an appropriate weighting scheme may be able to
overcome this problem.

Since the meaning of similarity depends on the context, we are continuing to search for
better similarity methods for particular studies. The alignment method described here may
be combined with any appropriate measure for the similarity of two reaction mechanism
steps. Based on the methods described here we intend to provide a facility to query the
MACIE database online, which will be a useful service for those elucidating the mechanisms
of enzyme reactions.

Although the EC system plays a very important conceptual role in the classification of
enzyme reactions, we hope that the ideas of enzyme mechanism similarity outlined here will
encourage researchers to look beyond the hierarchical picture that the EC imposes and see
that similarities and differences can exist between enzyme mechanisms whatever their
classification.

Measurement of similarity of reaction steps

In our approach, the similarity of reactions depends upon the similarity of the reaction steps
of the mechanisms. Any numerical measure of similarity of reaction steps is necessarily
arbitrary and depends on the context. Here we describe two different methods for measuring
the similarity of reaction steps, one of which takes into account a number of different
features that are widely used in the classification of chemical reaction mechanisms (the FP
method), and another which we regard as the simplest possible method that can yield a
useful measure of similarity (the BC method).

In the fingerprint (FP) method, each reaction step in a reaction mechanism is represented by
a list of 58 features which are used to measure the similarity between steps. The choice of
features to include in the reaction step fingerprint affects how similar different reaction steps
appear. Our approach was to include features that should allow reaction mechanisms of
different Ingold classifications’2 to be differentiated. In addition, we considered several
features specific to enzyme reaction mechanisms, such as the presence of cofactors, and the
formation or cleavage of enzyme substrate complexes. In general a reaction can be viewed
as a change from the starting state (reactants) to the final state (products). Such a change in
chemistry is characterised by the movement of electrons from their position in the reactants
to their position in the products, with the following possible effects:
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« Bonds are changed in order. This is described by either bond formation (order
change from 0 to 1), cleavage (order change from 1 to 0) or a bond order change (1
to 2, 2to 1, and so on).

e The formal charges on atoms increase or decrease.

»  Electron pairs are split up to form free radicals, or formed from two unpaired
electrons.

In addition, there are other changes which can affect how a reaction might be classified:

e A mechanistic step may result in a cyclic or a linear product. In the Ingold
classification system this would be the difference between an intra- or
intermolecular reaction. We include a feature for the change in the number of rings.

» Ingold used the molecularity of the reaction in his classification, and it is therefore
included in the FP method.

The full list of 58 features is as follows (all have integer values):

» 3 features: the number of reactants (the molecularity), the number of products
minus the number of reactants, the number of cycles in the products minus the
number of cycles in the reactants.

» 21 features: the total number of a particular bond type involved in a reaction. For
example, the number of C-O bonds involved in the reaction.

» 4 features: Boolean values — is an enzyme substrate (ES) complex formed (1
feature) or cleaved (1 feature) or present in the reactants (1 feature)? Is a cofactor
involved (1 feature)?

» 5 features: the total number of each type of bond order change: bond formation,
bond cleavage, changes in order from 1to 2, 2to 1, 3to 2.

» 16 features: for a particular atom type, the number that increase in charge as well as
the number that decrease in charge.

» 4 features: Boolean values — are radicals involved (1 feature)? Does radical
initiation (1 feature), propagation (1 feature), or termination (1 feature) occur?

» 5 features: Boolean values — does this step involve a radical based on N, C, O, S, or
on another atom?

Once all of the reaction steps were encoded in this way, the Euclidean distances between
reaction step fingerprints were calculated and stored in a pairwise distance matrix. Similarity
values were derived from the distances by first normalising the distances to unity by
dividing by the maximum distance value in the distance matrix for all the reactions in our
dataset, and then subtracting the results from 1.

As an alternative measure of the similarity of a pair of reaction steps, we considered the
simplest possible method that we thought could still yield useful information. In this bond
change (BC) approach, we define similarity in terms of the bond changes that occur on
going from the reactants to the products in each of the individual steps of the mechanism.
Each reaction step is represented by a set of bond changes comprising the bond formations,
bond cleavages, increases in bond order, and decreases in bond order associated with that
step. Multiple bond changes of the same type are included multiple times. The similarity
between two sets of bond changes is measured using the Tanimoto coefficient,’3 T:
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T_aﬁb
TauUb

The Tanimoto coefficient has the characteristic that its value is in the range 0 to 1, and that
in addition to scoring highly those reaction steps that share bond changes, it penalises bond
changes that occur in one but not in the other.

Measurement of similarity of reaction mechanisms

Dataset

Once pairwise similarity values have been calculated for the reaction steps of two reaction
mechanisms, an overall reaction similarity can be calculated. First of all, corresponding
reaction steps in the two reaction mechanisms must be matched up, or aligned, as well as
possible. The problem of aligning two sets of reaction steps is analogous to that of aligning
two DNA or protein sequences, a common and well-studied problem in bioinformatics.’47
Very efficient methods have been developed to find the best alignment of two
sequences.”®77 Some of the possible alignments include gaps. In protein sequences, our
understanding of evolution suggests that the introduction of gaps due to insertions or
deletions is less likely than the substitution of one amino acid by another. As a result, gaps
are penalised and higher similarity values are found for sequences that align without gaps. In
our approach for chemical reaction similarity, we will not penalise gaps. Not only is this the
simplest approach, but it does not make any assumptions about how the similarity between a
pair of reactions may have arisen. The Needleman-Wunsch algorithm for global alignment
was used, 8 using the reaction step pairwise similarity values instead of a substitution
matrix.

The final step involves normalising the similarity value from the Needleman-Wunsch
algorithm to take into account the maximum possible similarity that could have been
calculated given the two sequences being compared. The equation used has the same form as
that for the Tanimoto coefficient:

- NW;
VU NW+NWj; — NW;;

where S;is the calculated similarity between two reaction mechanisms 7and j, and NWj;is
the similarity score calculated from the alignment of reaction mechanisms 7and j using the
Needleman-Wunsch algorithm. Note that for the FP and BC methods NVWj;is equal to the
number of reaction steps in reaction mechanism /.

To test our proposed measures of reaction mechanism similarity, we used version 1.1 of the
MACIE database!® of enzyme reaction mechanisms. MACIE 1.1 contains 100 reaction
mechanisms (395 reaction steps) taken from the literature, covering 97 EC numbers and
approximately one-third of EC subsubclasses for which mechanisms are available. Each
reaction is well characterised, with a crystal structure deposited in the PDB, and a relatively
well understood, or at least plausible, mechanism. The enzymes in MACIE are also unique
at the fourth level of the CATH code (that is, they do not share a detectable common
ancestor), except where the mechanism is significantly different.

The specific data used in this study is the version of MACIE current on 19 Sept 2006. A
frozen copy of this dataset has been created, and is available as diagrams, annotation and
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Chemical Markup Language (CML) from http://www-mitchell.ch.cam.ac.uk/macie/
JMBPaper.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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the BC method and (b) the FP method. Bin sizes of 0.05 were used.
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Figure 2(a).

The catalytic mechanisms of MACIE entries M0062, methylmalonyl-CoA mutase, and
MO0063, methylaspartate mutase.
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Figure 2(b).

The catalytic mechanisms of

MACIE entries M0026, phosphatidylinositol diacylglycerol-

lyase, and M0041, deoxyribonuclease 1.
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Figure 2(c).
The catalytic mechanisms of MACIE entries M0027, phospholipase C, and M0035,
phosphorylase kinase.
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Figure 2(d).
The catalytic mechanisms of MACIE entries M0005, carboxypeptidase D, and M0094, 1-
alkyl-2-acetylglycerophosphocholine esterase.
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Figure 2(e).
The catalytic mechanisms of MACIE entries M0069, acyl-[acyl-carrier-protein]-UDP-N-
acetylglucosamine O-acyltransferase, and M0083, phospholipase A2.
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Figure 2(f).

The catalytic mechanisms of MACIE entries M0032, lactoylglutathione lyase, and M0033,
methylmalonyl-CoA epimerase.
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Figure 3.
(a) A base-catalysed aldol addition. (b) A base-catalysed hydrolysis of an ester.
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Table 2

The extent to which similarity according to the EC agrees with similarity in terms of mechanism.

sameEC2 Number of pairs Median rank

FP BC
20 (all) 4950 2476 2476
=1 1008 2384 2134
22 232 1747 1326
>3 81 1670 1571
4 4 2595 1155

aThis is the level up to which the two reactions share the same EC classification.
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