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Abstract

Identification of biologically relevant motifs in proteins is a long-standing problem in
bioinformatics, especially when considering distantly related proteins where sequence
analysis alone becomes increasingly difficult. Here we present a novel approach to
identify such motifs in protein three-dimensional structures without depending on se-
quence alignment by representing structures as graphs in the form of residue interaction
networks and employing a modified frequent subgraph mining algorithm. These net-
works represent residues as vertices while contacts between residues are denoted by
edges labeled with Euclidean distances. We use frequent subgraph mining to deter-
mine all subgraphs that are subgraph isomorphic to, i.e. are contained in, at least a
given number of such networks generated from structures in the same protein family.
For this we introduce two extensions of the classical frequent subgraph mining: approx-
imate matching of distance-based labels to account for small variations between protein
structures and scoring as well as score-based filtering of subgraphs in order to identify
structurally conserved motifs and to counteract the expanding size of the search space.
This approach was then validated by demonstrating that it can rediscover previously
characterized functionally important structural motifs in selected protein families. For
further validation we show that it is also able to identify motifs that correspond to
patterns in the PROSITE database. We then applied our approach to all superfami-
lies in the SCOP database and found an enrichment of residues in the ligand binding
site in the discovered motifs evidencing their functional importance. Finally we use
the approach to discover a novel structural motif in jelly-roll capsid proteins found
in members of the picornavirus-like superfamily. This is presented together with an
efficient open source implementation of the algorithm called RINminer.

Author summary

As the evolutionary distance between proteins increases, their sequence identity
drops rapidly, whereas functionally important sequence motifs and three-dimensional
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(3D) structural scaffold, in which they are embedded, are more conserved. We devel-
oped an approach that automatically identifies such motifs by converting protein 3D
structures into a set of graphs and then employing the frequent subgraph mining frame-
work. In these graphs, residues are represented as vertices, and if two residues interact
in the corresponding protein 3D structure, they are connected by an edge labeled with
the Euclidean distance between the residues. In the classical setting of frequent sub-
graph mining, all subgraphs from a database of graphs are enumerated and the ones
that are exactly found, i.e. are subgraph isomorphic, in more than a certain number of
graphs are listed as supported. Our approach introduces two new concepts: approxi-
mately isomorphic subgraphs and an efficient scoring scheme that allows to retain only
biologically relevant subgraph in the enumeration step. Approximate isomorphism al-
lows edge labels not to match exactly, and thus account for natural deviations between
3D structures of related proteins. With our approach, we were able to automatically
rediscover known motifs from PROSITE, as well as in three well-studied extremely
diverse protein families. We predicted functionally important residues in SCOP su-
perfamilies and demonstrated that they tend to lie in structurally meaningful regions:
ligand-binding sites and protein core. Additionally, we present a previously unreported
structural motif in jelly-roll viral capsids.

1 Introduction

The three-dimensional (3D) structure of distantly related proteins is often more
conserved than their amino acid sequence [1]. Such proteins may belong to the same
family, e.g. kinases, but from distantly related organisms. Also in rapidly evolving
organisms, such as viruses, very diverse protein groups can be found that are dif-
ficult to approach with sequence analysis tools. Discovering functionally important
motifs in sequences or structures of these protein families is a challenging task that
often requires manual intervention and expert knowledge. One example of such motifs
conserved in a family of proteins with very low sequence similarity is found in viral
RNA-dependent RNA polymerases (RARPs) [2]. Several RARP sequence motifs, in-
cluding those common to RARPs from positive and negative single-strand RNA viruses
as well as retroviruses, were identified before the availability of any 3D structures [3].
Later resolved 3D structures of these proteins confirmed that these sequence motifs
that lie at variable distances in the RARP sequences from different species all cluster
together near or directly in the active site of the protein [2]. With 3D structures at
hand, it now is more reasonable to consider this as a single structural motif rather than
a set of sequence motifs with variable spacing between them.

In this study, we present a novel algorithm for the detection of such structural motifs
based on 3D structures and validate it using large data sets of related proteins from
the PROSITE [4] and SCOP [5] databases. Our method is based on a solid graph-
theoretical and data-mining foundation, and has been implemented as an efficient tool
in C called RINminer, available at https://github.com/kalininalab/rinminer. We
demonstrate a good agreement of motifs identified with RINminer with functional
patterns in PROSITE. For SCOP superfamilies, we show a significant enrichment of
residues from the identified motifs in functionally or structurally important protein
regions, such as ligand interaction interfaces or protein core. Additionally, we apply
RINminer to several large and diverse protein families — eukaryotic proteases, extended
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AAA-ATPase domain, as well as viral RARPs and jelly-roll capsids — and discover
known as well as novel structural motifs.

1.1 Motif discovery approaches

In the past two decades, a variety of approaches have been developed to tackle the
problem of structural motif discovery that are summarized below. First, we focus on
methods that operate on structural information in a more direct fashion, and later we
outline methods that, like our approach, use a graph-based abstraction of 3D structures.

One of the first methods to include structural information was SPratt [6l [7]. It
combines the sequence motif discovery tool Pratt [8] with checks for structural con-
servation. Motifs here are represented as structurally conserved residues in sequence
order. This introduces the limitation that motifs have to follow the same sequence
order in different structures. Trilogy [9] starts with enumerating all spatially conserved
patterns of three residues and then combines these three-residue patterns into larger
patterns until a certain significance threshold is reached. This approach however intro-
duces the requirement that each residue included in the motif must have a conserved
distance to at least two other residues in the motif. In PINTS [10], common residue
patterns are enumerated by step-wise inclusion of the residues lying closer than a dis-
tance threshold so that the superimposed patterns do not exceed a root mean square
deviation (RMSD) significance cutoff. TerMo [11] approaches the problem by first
defining groups of residues that are all in contact with each other and then identifying
regular spatial motifs built by such groups.

Other approaches concentrate on the identification of very small structurally con-
served motifs. Johansson et al. [12] for example only consider 4-6 non-contiguous
amino acid residues, that can be found with simple enumeration. In DRESPAT [13]
the authors define structural patterns as groups of 3 to 6 residues all within a certain
distance from each other (a 12 A cutoff is used) and compare them based on pairwise
Ca-Cq and Cg-Cg distances as well as the distances between functional atoms. Wang
and Scott [14] define a structural pattern as small as one amino acid residue and its
spatial surrounding within a certain distance and build a kernel that allows for protein
function classification. There are also approaches that use very specific definitions of
motifs. Rahat et al., for example, define a motif as six nodes representing residues
connected by covalent bonds or backbone hydrogen bonds [15]. Such motif definitions
however suffer from the lack of generality outside their intended purpose.

Some approaches define motifs based on itemsets (groups of items, in this case of
amino acid types) that occur within a small region of the structure, without considering
sequence order. In these types of motifs only the presence or absence of a type of amino
acid is considered, not the number or order of occurrences. An example of this are
spatially cohesive itemsets [L6] which are itemsets of three amino acid types that are
found within a sphere of a certain size in at least a given number of structures.

Another group of methods look for conserved arrangements of larger structural mo-
tifs, so-called super-secondary structures, that consist of several consecutive secondary
structure elements. Chiang et al. [17], for example, explore mutual arrangement of
[B-strands in S-sandwich proteins and create a hierarchical classification of their struc-
tures on this basis. Fernandez-Fuentez et al. [18] define a minimal super-secondary
structure consisting of two consecutive secondary structures elements and then use
binned distances and angle between them to classify these motifs and look them up in
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3D structures of other proteins.

Some methods use statistical learning to identify structural motifs that can discrim-
inate well between protein functional families. For example, GASPS [19] uses a genetic
algorithm that learns the best such discriminating motifs defined in terms of their C,
coordinates and coordinates of centers of masses of the residues. Finally, some tools
include information not only about protein sequence and 3D structure, but also about
protein modeled dynamics such as the method presented by Chen and Bahar which
classifies serine and cysteine proteases into subfamilies [20].

1.2 Graph-based representations of protein three-dimensional
structures

Approaches that, like our approach, use graph representations of the protein 3D
structures are a subset of the methods for finding structural motifs. Using graphs in-
stead of considering all pairwise relations between residues to represent protein struc-
ture provides a way of reducing the residue-to-residue distances or contacts one has to
consider. It also allows for more flexibility of the structures. There are multiple ways
of obtaining such graph representations. Typically vertices are used to represent the
individual residues of the protein, which are labeled with the type of amino acid. Some
methods however rely on a representation at the level of individual atoms [21] or entire
secondary structure elements [22] instead.

Edges between two vertices indicate the structural relationships between the corre-
sponding residues and can have a label detailing this relationship. In its simplest form
this relationship can be based on proximity in the 3D structure with a fixed distance
cutoff and discretized distances as labels. The drawback of this definition is creat-
ing many spurious edges that connect residues not really contacting each other in the
corresponding protein 3D structure due to steric occlusion by other residues.

A more sophisticated approach using almost-Delaunay tessellations was introduced
by Huan et al. [23]. This approach reduces the number of edges compared to the
proximity approach by only considering edges based on Delaunay tessellation [24]. Here
the C, atoms of the residues are taken as points and an edge between them is added
if there exists a sphere such that the two points lie on its surface and no other point
is inside the sphere. An almost-Delaunay tessellation also allows for small deviations
from this classical Delaunay tessellation by tolerating shifts of all involved points by
a certain small margin in order to fulfill the Delaunay tessellation criteria. Allowing
these deviations helps to account for small structural variations in the data set.

Another approach of defining edges are so-called residue interaction networks (RINs).
In these networks, edges are constructed based on physical interactions between atoms
of the individual residues. Doncheva et al. [25] made use of the established probe [26]
and reduce [27] tools to determine such interactions and generate RINs. This is the
representation we have chosen for this work, because it faithfully represents physical
and chemical foundations of protein 3D structures. For this reason we have also chosen
to use exact distance values as edge labels which allows us to more accurately deter-
mine the structural conservation of a motif. This however also requires the algorithm
to allow approximate matching of edges.
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1.3 Graph mining-based approaches

There exist a variety of approaches to identify biologically important motifs from
such graph-based structure representations. Here we will focus on methods, that like
our approach, are based on frequent subgraph mining (FSM) and related approaches.
FSM, which will be explained in more details in Methods and Materials, is the enumer-
ation of all subgraphs that occur in at least a certain number of graphs in a collection
of graphs. In the case of structural motifs such a collection would correspond to a
family of proteins, for example.

These methods often include modifications of the core frequent subgraph mining
idea by introducing additional criteria to help better identify subgraphs representing
potentially biologically relevant substructures. One previously mentioned study used
discretized Euclidean distance labels on edges from almost Delaunay tesselation to
include additional structural information in the graphs [23]. The idea behind such
an approach is that functionally important motifs correspond to more strongly con-
served geometric patterns, since their three-dimensional arrangement is essential for
the protein function. Hence, if the corresponding edges in the graphs are labeled with
Euclidean distances, subgraphs related to the protein function are expected to corre-
spond to more similar edge labels across different structure graphs than non-relevant
frequent subgraphs. Therefore requiring similar distance labels for the edges increases
the specificity towards biologically meaningful subgraphs. Later this method was fur-
ther improved by using multiple edge labels from overlapping discretization bins with
edges being considered matching if there is an overlap of labels to account for similar
distances on different sides of a discretization border [28]. This approach is similar in
spirit to the method presented in this paper, but with the downside of not differentiat-
ing between bigger and smaller distance differences, if the distances fall into the same
bin. Other studies have attempted to account for missense mutations, i.e. differences
on the vertex labels, either by using post-processing, such as combining topologically
identical subgraphs with differing vertex labels based on substitution matrices [29] or
by including substitution probabilities in the frequent subgraph mining algorithm itself
[30].

Finally, there is also a group of approaches that uses statistical properties of the
subgraphs and is less specific to protein structures. Coherent subgraph mining [31] for
example introduces the use of the mutual information between a subgraph and its sub-
graphs to identify meaningful subgraphs. Another approach is to mine for significant
subgraphs [32], that is to only consider subgraphs that are significantly discriminative
as a binary classifier based on the presence or absence of a subgraph. It can be refor-
mulated as a problem of structural motif discovery by selecting the two classes to be
within and outside a protein family. The idea has also been extended to select the set
of subgraphs that in combination provide the best classification [33].

2 Methods and Materials

2.1 Graph terminology definitions

In this work we use a graph-based algorithm to detect conserved patterns in protein
3D structures. This algorithm is based on the concept of subgraph isomorphism. We
define a graph S as a subgraph of graph G if V/(S) C V(G) and E(S) C E(G). A graph
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H is isomorphic to a graph G if |V(H)| = |V(G)|, |E(H)| = |E(G)| and there exists
a bijective function ¢: Vg — Vi such that A(v) = A(¢(v)) for every vertex v in V(H)
and both (¢(v1), ¢(v2)) € E(G) and A(vy,va) = A(é(v1), d(ve)) for every edge (vy,vs)
in E(H) hold true given the labels \. Following this a graph S is considered subgraph
isomorphic to graph G if there exists a subgraph H of G that S is isomorphic to. We
call a graph connected if there exists a path from every vertex to every other vertex. A
spanning tree of a graph G is an acyclic and connected subgraph that covers the entire
vertex set of G. We only consider connected undirected graphs without self-loops or
multi-edges.

2.2 Residue interaction networks

Residue interaction networks are a way of describing protein structures as graphs
of residues interacting or in contact with each other. The RINs we use in this project
are constructed by representing each residue of the structure as a vertex labeled with
its amino acid type. Edges are added between vertices that correspond to residues
consecutive in sequence and are labeled as sequence-based interactions. After this,
edges labeled as contact-based interactions are added for interactions determined by
RINerator [25] if there is not already a sequence interaction between these residues.
RINerator identifies interactions based on van der Waals surface contacts calculated
by probe [26]. Further, all edges are labeled with the distance between the C, of the
corresponding residues in the structure. This means each edge has a two-dimensional
label with the first element (\;ype) representing the interaction type and the second
(Adgist) the distance between the interacting residues.

2.3 Frequent subgraph mining

Frequent subgraph mining describes the process of determining frequently occurring
subgraphs in a set of input graphs that are also referred to as the graph database.
A subgraph is considered frequent or supported if its support value, i.e. the number
of database graphs it is subgraph isomorphic to, is above a user-defined threshold.
There exist multiple established algorithms to perform this task, such as gSpan [34],
Gaston [35] and FFSM [36]. We base our approach on gSpan, which we extended with
a number of new features in a custom implementation called RINminer.

The gSpan algorithm makes use of the concept of depth first search (DFS) codes to
represent subgraphs. In the DFS code of a subgraph there is an entry for each edge of
the graph with the two connected vertex IDs, followed by the two corresponding vertex
labels and the edge label. The IDs of the vertices correspond to the traversal order of
a spanning tree of the graph in DFS order. Edges that are part of the spanning tree
are referred to as forward edges and go from a lower to a higher vertex ID. Similarly,
edges that are not part of the spanning tree are referred to as backward edges and go
from a higher vertex ID to a lower one. These backward edges occur when there are
cycles in the graph.

gSpan also defines a total order on the entries in the DFS code based on whether
the compared edges are forward or backward edges, the vertex IDs and the labels. This
total order is then used to define a total order on the different DFS code representations
which correspond to different spanning trees and traversal orders of a graph. For this
only the first differing entries between two DFS codes are compared. The DFS code
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representation which is considered the smallest possible is the canonical DFS code for
a given graph. By considering only subgraphs with canonical DFS codes, gSpan avoids
duplicates. An example graph together with its canonical DFS code representation is
shown in Fig

VooV
NhroUubrwoNE
WUUJU_ZD:DMUJ:D
MOUOWoOONO>0wW

Figure 1: Example graph together with its canonicals DFS code representa-
tion. Shown is an example graph next to its canonical DFS code representation with
backward edges highlighted in orange and vertex IDs shown next to each vertex. Edge
labels are omitted.

After initialization, gSpan uses a supported single edge graph as starting point
and proceeds with step-wise extension by either attaching a single edge-vertex pair
(forward edges) or by connecting existing vertices in the graph (backward edges). All
possible extensions considered in this step are determined by mapping the subgraph
back into each database graph and detecting missing edges to vertices adjacent to
vertices on the rightmost path in the DFS traversal. This extension process is repeated
until the support of the extended subgraph falls below the specified threshold or its
DFS code stops being canonical, at which point the algorithm backtracks to the last
supported subgraph for which not all extensions have been explored. Once all supported
extensions of the initial single edge graph have been explored, gSpan repeats this for the
remaining supported single edge graphs. To determine whether a generated subgraph
representation is canonical, the DFS code is compared to the smallest possible DFS
code of this subgraph. The smallest possible DFS code of a subgraph is generated by
starting with an empty graph and choosing the smallest possible extension leading to
this subgraph at every step.

In RINminer, we parallelized this traversal of the search space with a level-wise
partitioning scheme using subgraph pools. A pool contains all supported subgraphs of
a certain edge-size. All subgraphs of edge-size n + 1 can be generated from the pool of
subgraphs with edge-size n in parallel. The initial pool of subgraphs is generated by
determining all single edge subgraphs from all database graphs. This parallelization
scheme is possible because of the approach taken by the gSpan algorithm to detect and
avoid duplicate subgraphs. It defines a canonical representation of subgraphs which
depends on the order of construction of the subgraph. Only subgraphs constructed in
the canonical order are considered, so the algorithm does not require comparison with
other generated subgraphs. An example iteration in this parallelization scheme with
our additions to gSpan is shown in Fig Buehrer and Parthasarathy [37] suggest that
adaptive partitioning is superior at balancing the processor load, however the level-
wise approach introduced here proved to be beneficial for our score comparison scheme
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which we will describe later.
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Figure 2: Outline of an example RINminer iteration. Shown is an example of
the second iteration of RINminer which uses the pool of subgraphs generated during
the first iteration to generate a new pool of subgraphs. First all possible extensions are
determined followed by the different checks applied by RINminer assuming a support
threshold of 15/20 and a minimum score increase of 0.9. Vertex IDs are shown to the
bottom left of each vertex. Edge labels and subgraph variants that only differ in their
edge labels are omitted for legibility. Extension a results in a valid subgraph which
is added to the pool for the next iteration. Extension b is discarded due to a non-
canonical representation. The canonical representation of the same subgraph is found
in ¢. Extension c is discarded due to the score difference to its first parent subgraph.
This subgraph’s parent subgraphs are marked with an orange background in the pool.
Extension d shows a subgraph discarded due to low support.

To improve the performance of calculating the support of a generated subgraph in
the extension phase we employ a hash table by calculating a hash of the DFS code
representation of the extension. When determining all allowed extensions for a given
subgraph and a given database graph this allows fast lookups of previous occurrences
of the same extension found in other database graphs. This method can however only
be used for exactly matching labels.

As an additional performance improvement over the original gSpan implementation,
we store subgraph mappings as embedding lists similar to the approaches outlined by
FFSM [36] and Gaston [35]. Embedding lists provide a space-efficient way to use
subgraph mappings determined for a subgraphs of size n — 1 as starting points for
mappings of a subgraphs of size n and share the memory for common parts.

New features of the algorithm added in RINminer include support for multidi-
mensional edge labels, which allows us to consider both the residue distances as well
as the interaction types in our RINs. Importantly, we allow for small deviations of
the distance-based edge labels by introducing a tolerance when mapping subgraphs to
database graphs. In addition to that, we introduce a scoring function based on these de-
viations to find the subgraphs corresponding to the structurally most conserved residue
interactions. This scoring function is also used to limit the search space. We will now
describe the two additions in more detail.
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2.4 Approximate matching of distance labels

Instead of using discretized distance labels like many of the previously mentioned
approaches, we propose to use exact values and employ a certain tolerance when match-
ing. Without such a tolerance, labels would rarely match exactly due to natural fluc-
tuations of protein 3D folds even in conserved substructures resulting in an artificially
reduced support of the corresponding subgraph. The advantage of our approach is that
it prevents accidentally missing matches between two close values that fall into differ-
ent bins of an arbitrarily chosen discretization intervals. Another solution [28] to this
problem that has previously been proposed is to consider multiple discretized distance
labels per edge and require only one label to match for edges to be considered match-
ing. This however can lead to the opposite problem of edges being matched despite
having a distance difference that is larger than the distance between two discretiza-
tion boundaries, which translates to only weak structural conservation. We propose a
conceptually different approach that avoid this shortcoming as well. In our approach
we consider the edges (z,y) € E(G;) and (¢(x), ¢(y)) € E(G2) matching with regard
to subgraph isomorphism if Aype(2,y) = Atype(d(x), #(y)) and d(x,y, A, ¢) < 0 with d
being the distance difference:

2 s (,4) — Maisa (6(2). 6(»)) 0
)\dist (.’E, y) + Adist(¢(x)7 (b(y))

This definition is based on a related definition for distance similarity used by DALI [38]
in its elastic similarity score to allow for higher variance in larger distances. Following
DALI, we set the threshold 6 to 0.2.

We apply this threshold only when determining the support of a subgraph, but
not in the extension step of gSpan. The latter still requires exact label matches. In
the following we will distinguish these two different types of matches by referring to
them as approzimate or exact, respectively. By only considering exact matches for the
extension step, we ensure that we will only ever generate subgraphs that are exact
subgraphs of at least one of the database graphs rather than combining edges from
different database graphs. This still increases the total number of generated subgraphs
by a factor proportional to the number of graphs in the database compared to a binning
approach, but it avoids a potentially exponential growth that would occur when using
approximate matching for the extension step. The impact of this is limited as the
number of database graphs tends to be small (typically between 5 and 50) and also
because we reduce the number of generated subgraphs with our scoring approach.

d(':l:7 y? >\7 d)) =

2.5 Subgraph scoring

The large number of subgraphs generated by FSM requires additional processing to
determine the most interesting ones. Using the previously-described deviations in the
distance labels we define a scoring function to determine the largest subgraphs that
correspond to structurally strongly conserved residues. The score of a subgraph S for
a database graph G given the sets of mappings ®¢ and the labels \ is defined as:

score(S, G) = max Z 1—d(z,y, A\ ). (2)
(IS de]
z,y€E(S)
We then select the scores from the ¢ database graphs with the highest scoring mappings,
i.e. the t database graphs with the smallest total distance deviation for this subgraph
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and calculate the average as final score of the subgraph, where ¢ is the gSpan support
threshold. This limitation to ¢ database graphs ensures comparability between sub-
graphs with different support values. Without it subgraphs that mostly have matches
with high distance deviations would artificially improve their score if these database
graphs were no longer matched after an extension. This property is important for our
following use of the score which requires the ability to compare scores between two
subgraphs with potentially different support values.

We make use of these scores to reduce the number of subgraphs generated by gSpan.
In addition to the support requirement from the original gSpan algorithm, we also re-
quire the score to increase by a specified amount compared to all of its parent subgraphs.
We used a value of 0.9 which was chosen such that it reduces the size of the search
space while retaining the most relevant motif in the later discussed RARP data set.
As parent subgraphs we define all connected subgraphs of the subgraph that can be
obtained by the removal of a single edge or a single edge-vertex pair, i.e. all subgraphs
that could be extended to the subgraph in question ignoring DFS canonicality. Fig
shows the parent subgraphs of the example subgraph ¢ indicated by an orange back-
ground. Using parent subgraphs makes this comparison independent from the order of
construction, because all possible ways to construct this subgraph in a step-wise fashion
without including disconnected graphs are considered. Further, we require all parent
subgraphs to fulfill this requirement recursively. The subgraph pools introduced for
parallelization allow us to look up these scores instead of recalculating them for every
parent subgraph. It also allows for simple detection of parents not fulfilling the require-
ment, as such subgraphs would be missing from the pool. Using such an approach we
only ever need to retain two such subgraph pools in memory at a time.

The parent subgraph lookup is implemented by determining removable edges or
edge-vertex pairs according to the parent subgraph definition. Here we make use of
multiple properties of DFS codes to implement this in an efficient manner. For this
we first must relate our definition of edges removable due to cycles to the DFS code
representation of a graph. This is given by the following theorem which is proven in
S1 Proof:

Theorem 1. In a graph with a given canonical DFS code representation the set of all
edges cycles is the union of the sets of all backward edges together with the forward
edges on the path connecting the end and starting vertices of each backward edge in the
direction from the leaves to the root.

Using this theorem and the property of the canonical DFS code representation of a
graph that all edges, backward or forward, originating from a vertex are sorted after the
forward edge to that vertex, we can define an algorithm (Algorithm [1]) to identify all
removable edges in a graph a linear time. By iterating over the DFS code backwards
we can count the number of cycles opened at a vertex by counting the number of
backward edges originating from it. Similarly, we can count the number of cycles that
will be closed once a vertex has been reached by the algorithm. In addition to the open
cycles from backward edges originating from a vertex, open cycles are also inherited
from child vertices in the spanning tree, i.e. forward edges originating from the vertex.
We consider a vertex to be reached, once we hit the DFS code entry representing the
forward edge pointing towards it. Using the number of open and closed cycles we can
now for each forward edge determine whether there is currently an open cycle involving
this edge. Backward edges are always considered removable, because they are known
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to be part of a cycle.

Algorithm 1 Determine all removable edges from a given graph and its canonical DFS
code representation
function IDENTIFYREMOVABLEEDGES(G, DF'S)
for v < 0,|V(G)| — 1 do
ecount[v] < 0

open[v] + 0
closed[v] < 0
end for

for e + |E(G)| — 1,0 do
from,to < DFS|e]
removablele] < false
ecount|from) < ecount|from] + 1
ecount[to] « ecount[to] + 1
if from < to then > forward edge
open|[to] < open[to] — closed|to]
open|from] < open|from] + open]to]
if open[to] > 0 or ecount[to] > 1 then
removable(e) < true
end if
else > backward edge
open[from] < open[from]+1
closed|[to] + closed][to] + 1
removablele] < true
end if
end for
if ecount[0] = 1 then
removable[l] + true
end if
return removable
end function

In addition to edges in a cycle, we also need to consider edges ending in terminal
vertices. Here for both forward and backward edges, we just count the number of times
outgoing and incoming vertices are encountered in the DFS code. For each forward
edge we check if this count for the incoming vertex is 1, meaning that it is a terminal
vertex and should be included as a removable edge-vertex pair. This works because
in reverse canonical DFS code order the forward edge pointing towards a vertex is the
last occurrence of that vertex with the exception of the root vertex. So as a special
case in the first DFS entry (non-reverse order) the same is also done for the outgoing
vertex, i.e. the root vertex.

With the list of removable DFS code entries corresponding to either edges or edge-
vertex pairs, we now generate the parent graphs and determine their canonical DFS
code representations. This is done analogously to the method used by gSpan to de-
termine the canonicality of a DFS code representation by iteratively building the DFS
code and choosing the edge resulting in the smallest DFS code entry. This DFS code
representation can then be used for a hash-based lookup of the parent graphs in the
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subgraph pool.

2.6 PROSITE pattern data set and validation

We performed a validation of our approach based on protein families corresponding
to patterns in the PROSITE database [4]. For this we determined the overlap be-
tween the residues matched by a pattern and the residues corresponding to subgraphs
generated by RINminer for the same set of structures.

For each PROSITE pattern we selected all corresponding protein 3D structures
marked as true positives and pruned the set of matching structures using PISCES [39).
We required the structures to be determined by X-ray crystallography at a resolution of
at most 3.0 A and we excluded structures that only contain C, atoms to have reliable
residue interaction information. The data set was then pruned to structure chains that
share at most 50 % sequence identity. This identity threshold is higher than the distant
relations our approach is intended for (< 30 %), which is due to the fact that PROSITE
patterns represent sequence motifs found in more similar proteins. By using this less
restrictive threshold we can avoid unnecessary further pruning of the already reduced
data set and can later still filter out cases where the high sequence identity causes run
time or memory issues due to too many subgraphs to explore. In a final step we prune
data sets with less than three structures.

For each pattern we then ran RINminer with a support threshold ranging from
min(3, |5 ]) to n, where n is the number of structures remaining for each pattern after
pruning. We then selected the 15 subgraphs with the highest subgraph score for each
threshold. For each subgraph, only the highest scoring subgraph variant was used. A
variant here refers to a subgraph with the same topology and vertex labels, but differing
edge labels. We also excluded subgraphs and subgraph variants that were a part of
already selected subgraphs with higher scores.

PROSITE patterns do not always specify exact sequences, but can also allow or
disallow sets of amino acids for individual residues. Allowed amino acids in a pattern are
encompassed by square brackets whereas disallowed are encompassed by curly brackets.
Patterns can also contain wildcards, indicated by a lowercase x, which match every
amino acid. To assess the overlap between a pattern and the subgraphs generated by
RINminer, we use two different scoring functions considering the fact that subgraphs
generated by RINminer cannot contain residues with multiple amino acid types. The
first scoring function, which we refer to as the exact scoring function, only considers
exact residue matches and ignores residues with multiple possible amino acid types.
The second scoring function, on the other hand, includes residue matches against groups
of amino acids and is in the following referred to as the non-exact scoring function. For
both scoring functions the pattern is mapped onto the sequence given by the resolved
residues of a structure. This may result in no mapping for structures with unresolved
residues in which case these structures are ignored by the scoring function. It is also
possible for a pattern to have multiple mappings. Next, the non-exact scoring function
assigns a value of (20 — a)/19 to each matched residue in a mapping where «a is the
number of allowed amino acid types at a particular position of the pattern. In this way
we include wildcard and amino acid group matches into the scoring function, but give
them a lower contribution to the final score. For the exact scoring function, matched
residues are assigned a value of 1 if @ = 1, and 0 otherwise. The maximum score of a
pattern mapping in both scoring functions is defined as the sum of the values for all
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residues of the pattern. The score of a subgraph mapping is defined as the sum of the
values of all residues mapped into the pattern normalized by the maximum score of the
pattern mapping. In case of multiple subgraph or pattern mappings for a structure,
the best score is used. The final score of a subgraph is the average of the best subgraph
mapping scores for each structure.

For example the PROSITE pattern [IV]-{K}-[TACI]-Y-[RKH]-{E}-[LM]-L-|DE] (PS00226)
has a maximum mapping score of 2 in the exact case and a score of 18““6“9“7““8“9“8
6.684 in the non-exact case. A subgraph mapping that only maps to the last two
residues would have an exact score of 1 and a non-exact score of 1.947. The final scores
for this subgraph assuming a single structure database would then be 0.5 and 0.291,
respectively.

2.7 SCOP superfamily data set

Finally, we applied our approach to structures found in SCOP 1.75 [5] by generating
a database for each superfamily. The pruning step and RINminer parameter calculation
was done in the same way as for PROSITE but with a lower sequence identity threshold
of 30 % when pruning to reflect the greater evolutionary distance found in superfamilies.

For this data set we also determined the significance of a subgraph using its clas-
sification power similar to Huan et al. [23]. Each subgraph was used to classify all
structures from our pruned SCOP database. If a subgraph is approximately subgraph
isomorphic to a database graph, this database graph and thus the corresponding pro-
tein structure was classified into the same superfamily as the originating database
graph of the subgraph. The p-value of each subgraph was calculated using a one-
sided Fisher’s exact test on these classifications to determine the likelihood of a better
classifier. When determining the significance of these p-values, we applied Bonferroni
correction to account for multiple testing using a base threshold of 0.0001, following
Huan et al. [23], and the number of data and parameter sets (3296) and the number of
subgraphs evaluated for each of these sets (15), resulting in a significance threshold of
2.0-107°.

2.8 Selected protein families data set

We also assembled a data set of three well researched protein families with known
motifs and one family without any currently known structural motifs to evaluate the
found motifs of our approach in more detail for these specific cases. The chosen families
are AAA-ATPases, eukaryotic proteases, viral RARPs and viral capsids. For the first
two we again used SCOP but this time instead of taking entire superfamilies, we only
focused on families (¢.37.1.20 and b.47.1.2, respectively), but again a low sequence
identity of at most 30 %. The last two data sets were adapted from data sets used by
Caprari et al. [40] in their study of similar proteins in distantly related viruses. A list
of chosen PDB structures can be found in Supplementary Table S2.

Implementation

RINminer was implemented in C. Scripts for generation of the data and analysis of
the results were written in Python using Biopython [54] and SciPy [55]. The code is
available at https://github.com/kalininalab/rinminer.
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3 Results and Discussion

3.1 PROSITE Patterns

We generated 254 data sets consisting of between 3 and 7 RINs, where each data set
corresponds to a single PROSITE pattern. After applying our method to these data
sets, we excluded 126 data sets for which the enumeration of supported subgraphs had
not terminated after 1 hour of runtime or run out of memory. The longer runtimes
in comparison to most of our other experiments are caused by the higher similarity
(50% identity cutoff) between the sequences, which then in turn leads to more similar
RINs with a higher number of common subgraphs. For the remaining 128 data sets,
we applied our scoring approach to evaluate the overlap between the known PROSITE
patterns and the subgraphs identified by our approach. In each case we selected the
largest frequent subgraph with the highest subgraph score (Equation .

When considering the 15 top-ranking subgraph across various support ranges (be-
tween half the size of the graph database and the size of the graph database), we ob-
served that the ones with the highest subgraph score when comparing to the PROSITE
patterns overlap with 48.7% (718 of 1475) of strictly conserved pattern residues, and
the ones with the highest exact score cover 55.3% (815 of 1475) of them. For indi-
vidual subgraphs with the highest subgraph score, their PROSITE exact scores have a
bimodal distribution with 39.3% (48 of 122 patterns with at least one strictly conserved
residue) with a value of 1, i.e. all strictly conserved residues included in the subgraph
and 32.0% (39 of 122) with a value of 0, i.e. none of the strictly conserved residues
included, and non-exact PROSITE scores have a median value of 0.39 (Fig[3JA). Of the
subgraphs with the highest PROSITE scores for each pattern across different support
threshold values, 45.9% (56 of 122) have an exact score of 1 and 19.6% (24 of 122) of 0,
and the median of non-exact scores is 0.49 (Fig ), indicating a high degree of overlap
between the identified structural motifs and PROSITE patterns.

A by subgraph score B by PROSITE score

60

0 PROSITE score
<
=] exact
o
o

20 non-exact

0

0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00

Figure 3: PROSITE score distributions for the best ranking subgraphs of
each PROSITE pattern. (A) Subgraphs ranked by their subgraph score. (B) Sub-
graphs ranked by the exact/non-exact PROSITE score.

An example of a successful prediction is the Zinc finger RanBP2-type signature
pattern ZFRANBP2 1, where the top-ranking subgraph coincides with the pattern,
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which, in turn, contains only conserved positions (Fig ) Structurally, they also per-
fectly align, despite a relatively low average sequence identity within this family (only
the residues of the PROSITE pattern are conserved in the corresponding domain,
which corresponds to 6 out of 30 residues). An example of a more flexible pattern is
the uroporphyrin-IIT C-methyltransferase signature SUMT 1, which contains strictly
conserved, as well as variable positions (Fig ) Here our top-ranking subgraph in-
cludes three of four strictly conserved and three of eight variable pattern residues.
Additionally, the subgraph includes four residues from a different pattern SUMT 2,
which occurs in the same proteins, but is distant in sequence from SUMT 1. Here we
demonstrate that two disjoint in sequence functional patterns come close to each other
in space and can be included in a single structural motif.

A B

/6235 {5313

0 - o
00 )

15.548 ™ 6058 /
i‘ 789

o

W-x-C-x(2,4)-C-x(3)-N-x(6)-C-x(2)-C

[LIVMJ-[GS]HSTAL]-G-P-G-x(3)-
[LIVMFYHLIVM]-T-[LIVM]-[KRHQG-[AG]

Figure 4: Examples of identified subgraphs for PROSITE pattern and
their mapping into representative 3D structures. (A) PROSITE pattern
ZF RANPB 2 representing zinc finger RANBP2-type motif and its mapping into
the structure of RanGDP-Nup153ZnF2 complex from human (PDB id 3GJ3). The
overlapping residues between the motif and the subgraph are shown in dark blue. The
Zn atom is shown as a gray sphere. (B) PROSITE pattern SUMT 1 representing the
uroporphyrin-I1TI C-methyltransferase signature 1 and its mapping into the structure of
Precorrin-4 Cl1-methyltransferase from Rhodobacter capsulatus (PDB id 3NDC). The
overlapping residues between the motif and the subgraph are shown in teal.

3.2 SCOP superfamilies

We applied our approach to 537 SCOP superfamilies, where we could find at least
three representative structures of proteins with pairwise sequence identity up to 30%
and a length of at least 50 residues using a filtering approach based on the PISCES
algorithm [39]. With the chosen ranges of support thresholds this resulted in 3296
parameter sets, of which 120 did not complete within a specified time frame of 20
minutes or exceeded a memory usage of 1TB. To evaluate the found subgraphs we first
determined how well the identified subgraphs can differentiate between structures of
proteins belonging to the same and to different superfamilies. For that we implemented
a classifier in a manner similar to Huan et al. [23] (see Methods and Materials for more
details). Of the up to 15 top-ranked subgraphs in all 3296 parameter sets, 37.8%
(9854,/26068) are significantly classifying, i.e. the classification p-value is lower than
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the Bonferroni corrected significance threshold of 2.0 - 1079, If we consider only the
subgraphs with the highest score for each support threshold and each family, 41.9%
are significantly classifying. Considering only the subgraph with the lowest p-value for
each superfamily this yields 77.5% (396/511) significantly classifying subgraphs. These
results indicate that our approach can identify subgraphs bearing some specific features
that distinguish SCOP superfamilies from one another.

For SCOP, we do not have systematic description of the true functional motifs,
although SCOP superfamilies were constructed in such a way that proteins in them
share same functional mechanism and presumably common evolutionary origin [5].
We estimated the functional importance of the residues in identified subgraphs using
a recently introduced structural annotation tool StructMAn [41]. Briefly, StructMAn
explores structural environment of a given amino acid residue in a given protein, taking
into account not only its own 3D structure, but also 3D structures of homologous
proteins. Then it classifies residues into lying in the protein core, on the surface or on an
interaction interface with another protein, low molecular weight ligand, DNA, or RNA.
Residues in all these structural classes, except surface, are deemed to be functionally
or structurally important. It has been previously shown that such a classification,
despite its apparent simplicity, agrees well both with clinical annotations of mutations
at individual protein positions and other computational tools for the prediction of
functional consequences of mutations [41, [42].

We analyzed the distribution of the structural classification of all residues corre-
sponding to significantly classifying top scoring subgraphs for different support thresh-
olds (Table ) In order to be able to combine the results from superfamilies of
different size, we consider the support threshold as a percentage of the numbers of
structures in a superfamily. In these subgraphs, we observe a significant enrichment
with residues classified as core, which may indicate their potential structural impor-
tance, and as interacting with ligands indicating their functional importance, whereas
residues classified as surface residues are depleted (data not shown) across all support
thresholds. A significant depletion can be observed in protein-protein interaction in-
terfaces, which is a counter-intuitive result. Previously, it had already been observed
that protein-protein interaction interfaces are not enriched in disease-associated mu-
tation [42], and hypothesized that due to their large size, protein-protein interaction
interfaces must possess a more complex functional landscape than being uniformly
comprised of important residues. The percentage (0.6%-1.1%) of residues classified as
DNA or RNA interacting rarely show a significant difference from the corresponding
background percentage (1.2%) in the data set.
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L1

sup ligand interaction DNA/RNA interaction protein interaction core
# % odds # %  odds # % odds # % odds
50 1934 22.8 2.225 **X 54 0.6 0.521 ** 903 10.7 0.637  *** 4648 54.9 2212 K**
60 2276 234 2296  *** 62 0.6 0.520 ** 1018 10.5 0.622  *** 5297 54.4 2170 Rx*
A 70 1977 21.0 1.997 *** 55 0.6 0477 k¥ 979 104 0.619  *** 5351 56.8 2.399 R
80 1648 18.2 1.664 *** 8 09 0.779 * 1046 11.5 0.695 *** 5220 57.5  2.468  ***
90 1068 15.7 1.394  *** 71 1.0 0.860 809 11.9 0.722 **x* 3955 582 2.531 R
100 1023 154 1.362 *** 76 1.1 0.945 729 11.0 0.659 kX 3775 56.9 2398 Rk
50 1388 37.4 4.485  **X 24 0.6 0.530 ** 410 11.0 0.663  *** 1581 42.6 1.341 ***
60 1673 354 4.135  **X 41 09 0714 * 478 10.1 0.602  *x* 2041 432 1.379 ke
B 70 1456  36.1 4.258  *** 38 0.9 0.776 399 9.9 0.587 kxx* 1731  43.0 1.364 ***
80 1045 32.5 3.608 *** 56 1.7 1.446 ** 394 122 0.746  ** 1385 43.0 1.367 ***
90 659 27.3 2.810 x* 47 1.9 1.622 ** 302 125 0.765 ** 1105 45.8 1.528  ***
100 655 27.6 2.856  *** 34 14 1.187 221 9.3 0.549 KX 1070  45.1 1.488  ***
C - 136105 11.8 - - 13946 1.2 - - | 181324 15.7 - - 410091 35.6 - -

Table 1: Distribution of the structural classification of the residues corresponding to the top scoring mappings of the top-scoring
subgraphs for each superfamily at a given support threshold for the SCOP data set.
subgraphs (A), only significantly classifying and containing less than 50% frequent hydrophobic residues (B), all residues in the data
set (C). Shown for each structural class are the number of residues in the class (#) and percentage as well as the odds-ratio and

significance (¥** < 2.2 x 10716 ** < (.01, * < 0.05) according to Fisher’s exact test.

Only considering significantly classifying
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We also compared these results to the subset of residues that correspond to signif-
icantly classifying subgraphs that contain less than half typical frequent hydrophobic
residues (A, I, L, V) and still have the highest score in the superfamily for a given
support threshold (Table ) The removal of subgraphs consisting of mostly hy-
drophobic residues expectedly resulted in a depletion of residues classified as part of
the core of the protein and an enrichment of residues interacting with ligands. This
additional restriction therefore allows shifting the focus more towards functionally im-
portant motifs.

Another way of filtering the resulting subgraphs is to consider the rigidity of the
corresponding motif. For this we also compared the classification distribution of the
subgraphs for which the atoms from the corresponding residues in the different sup-
porting structures can be superimposed with an average pairwise RMSD of at most 3A
in addition to the previous restrictions (Fig . Comparing the rigidity filtered results
with and without the hydrophobic residue restriction (the last two plots in Fig [5A),
shows that the hydrophobic residue restriction does not have a strong effect in this
case as it does without the rigidity filtering (the first two plots in Fig ) This proba-
bly means that there are stricter geometric constraints on the position of functionally
important residues in these sites than in protein core. When one considers that ligand-
binding sites, defined as they are by StructMAn, can frequently be catalytic sites, one
can hypothesize that identified patterns are related to catalytic residues.

In some cases the spatial location of the residues from a top-ranked subgraph can
readily suggest their function. For example, for the SCOP superfamily e.3.1 (beta-
lactamase /transpeptidase-like) we identify a subgraph that corresponds to a very well
conserved structural motif (Fig @A) This motif includes two lysines and two serines
that can be separated by a great distance in the protein sequence (the number of
residues between one of the lysines and the following serine can be between 44 and
245). The serine and lysine of the S-x-x-K submotif are parts of the beta-lactamase
active site [43}44]. In agreement with this, in one of the structures (PDB id 1XKZ), this
motif defines a pocket where an antibiotic derivative acylated ceftazidime is bound. In
other cases, e.g. for the rhodanese/cell cycle control phosphatase superfamily (c.46.1)
we can identify a structurally very well conserved motif buried in the protein core
(Fig ), which may play a role in building the protein scaffold.

3.3 Selected diverse protein families

In addition to superfamilies, we also looked at two families in SCOP which show
extremely diverse sequences (eukaryotic proteases b.47.1.2 and extended AAA-ATPase
domain ¢.37.1.20). SCOP families are the next hierarchical level after superfamilies,
usually proteins from the same family demonstrate an easily detectable sequence simi-
larity. However, in the cases of eukaryotic proteases and extended AAA-ATPase domain
they are extremely large and diverse, which makes them suitable for analysis with RIN-
miner. Further, we analyzed two sets of structures from virus protein families which are
of special interest due to their particularly diverse sequences. The first family comprises
3D structures from 12 manually selected RNA-dependent RNA polymerases (RARP)
from positive- and negative-sense single-strand, as well as from double-strand RNA
viruses. The other family contains 49 3D structures of jelly-roll capsids from a very
diverse set of virus families, including double-strand DNA (e.g. Baculoviridae, Papil-
lomaviridae, Polyomaviridae), double-strand RNA (Birnaviridae), single-strand DNA
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Figure 5: Structural classification of residues corresponding to identified sub-
graphs. (A) Stacked area charts of the distributions of structural classes for different
categories of subgraphs at different support thresholds. (B) Background distribution
across all residues in the data set. (C) Number of identified frequent subgraphs in each
category of at different support thresholds. The support thresholds in A and B are in
percent of the database size from 50% to 100% with a step size of 5% and the cate-
gories are from left to right: all significantly classifying subgraphs (sig); significantly
classifying subgraphs that comprise less than a half hydrophobic residues A, I, L, V;
significantly classifying subgraphs, whose mappings into protein 3D structures can be
superimposed with a RMSD less than 3 A on average (only the highest scoring mapping
for each structure is considered); significantly classifying non-hydrophobic subgraphs
with mappings that can be superimposed with a RMSD up to 3 A on average.

(Clircoviridae, Parvoviridae), and positive-sense single-strand RNA (e.g. Bromoviridae,
Caliciviridae, several Picornavirales families) viruses. The average pairwise sequence
identity in these four families ranges between 10.9% and 26.2% (Table [2).

Table 2: Average pairwise sequence identities of the selected protein families.

Number of | Average sequence
Family structures identity
Eukaryotic proteases b.47.1.2 7 26.2%
Extended AAA-ATPase domain ¢.37.1.20 23 14.6%
RNA-dependent RNA polymerases 12 11.2%
Jelly-roll capsids 49 10.9%
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Figure 6: Examples of identified subgraphs for SCOP superfamilies and their
mapping into representative 3D structures. Residues corresponding to the
subgraph are shown as sticks and colored green. (A) SCOP superfamily e.3.1
(beta-lactamase /transpeptidase-like) and mapping into the structure of S216A mutant
of Streptomyces K15 DD-transpeptidase (PDB id 1ES5). Inhibitor acylated ceftazidime
from aligned structure of acylated beta-lactam sensor domain of Blarl from S. aureus
(PDB id 1XKZ) is shown in salmon. (B) SCOP superfamily c.46.1 (rhodanese/cell
cycle control phosphatase) and mapping into the structure of a USP8-NRDP1 complex
from human (PDB id 2GWF).

The eukaryotic proteases are ubiquitous proteins with diverged sequences and 3D
structures resolved for very many species. In our data set, we collected 7 3D structures
of proteins with average sequences identity of 26.2%. Using our approach, we can
identify a conserved structural motif that includes the catalytic triad [45] in 6 of them
(Fig ) A somewhat larger common subgraph in this case also reflects the higher
sequence similarity within this family. One structure (1A7S) from our data set not
containing this motif is due to it having an inactivating H41S mutation [46].

The extended AAA-ATPase family is a large and diverse protein family involved
in different cellular processes. In our data set, we selected 23 3D structures of AAA-
ATPases with on average 14.6% sequence identity. Using our method, for the support
threshold 11 we identify a subgraph corresponding to a known functional Walker A
motif [47] involved in phosphate binding (Fig[7B).

Functional motifs in the RARP family have been previously identified by sophisti-
cated sequence comparison. One distinguishes seven functional motifs with relatively
degenerate consensus sequences, which play different roles in catalysis and coordination
of the substrate and lie at large distances that can vary substantially among viruses [2].
The subgraph with the highest score identified using the support threshold 6 defines a
structural pattern that contains three of these motifs packed tightly together in the 3D
space (Fig[7]A): one of the two aspartate residues of the motif A that coordinate the
metal ions required for catalysis [48], motif B, which is located in the active center of
the polymerase and is responsible for distinguishing between ribose- and deoxyribose-
based nucleotides [49], and motif C, which is a part of the active site and participates
in coordination of metal ions as well [50} [51]. These motifs come from distant regions
of the sequences, but form a single compact structural arrangement.
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Figure 7: Examples of identified frequent subgraphs in selected diverse pro-
tein families and their mapping into protein 3D structures. (A) Eukaryotic
proteases b.47.1.2. The catalytic triad is shown in dark blue. (B) Extended AAA-

ATPase domain ¢.37.1.20. Walker A motif is shown in teal. (C) RNA-dependent RNA
polymerases. Motif B is peach, motif C in purple. (D) Jelly-roll capsids.

Jelly-roll capsids are found in very distant viral families, nevertheless their com-
mon evolutionary origin has been suggested, based on an exceptional conservation of
their 3D structure [52]. There is very little sequence similarity among these structures:
structure-based pairwise alignments of our 49 structures yield on average 10.9% se-
quence identity. For most support thresholds, we can identify only very small (up to 3
vertices) frequent subgraphs that consist of most common amino acids, and hence are
perhaps not very interesting. However, for the threshold of 6 (12.2%), we find a sub-
graph of 5 vertices comprised of a tryptophan along with multiple hydrophobic amino
acids (Fig ) Interestingly, in the 3D structure of the capsid, these residues form a
very conserved pattern of interactions in the hydrophobic core, being perhaps a part of
the proteins’ conserved structural scaffold as this motif shows a remarkably low average
RMSD (0.354 A). The 6 viruses we found this motif in belong to 3 distantly related
families: Senecavirus and Hepatovirus A to Picornaviridae, Cripavirus and Triatovirus
to Dicistroviridae, and Vesivirus and Lagovirus to Caliciviridae. These families have
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been assigned to the evolutionary related Picornavirus-like superfamily [53].

4 Conclusions

We propose a novel data-driven approach and the corresponding tool, RINminer,
for the identification of functionally important motifs in distantly related proteins with
known 3D structures. The basis of our approach is the technique of frequent subgraph
mining that has previously been applied in life sciences, for example to identify common
chemical moieties [34] [35] or protein structural motifs |23} 28].

A significant novel feature of our approach that has been implemented in RIN-
miner for the first time is that we propose a concept of approximate label matching,
in that subgraphs of graphs representing protein 3D structures are matched, even if
the edge labels representing the Euclidean distance between proteins residues do not
match exactly. We introduce an additional tunable parameter that governs the allowed
deviation between the edge labels. This allows us to use exact Euclidean distances be-
tween protein residues directly, without binning that was employed in previous studies
[28].

Another advantage is that we convert protein 3D structures to graphs using residue-
interaction networks [25] that respect the physicochemical nature of interactions among
protein atoms. Additionally, we differentiate between covalent and non-covalent inter-
actions by labeling edges as sequence or structural. Both distance and interaction type
are encoded as a multidimensional edge label. In the process of frequent subgraph min-
ing only the dimension of the labels that represent the interaction type are matched
exactly. This has been made possible by implementing support for multidimensional
labels, which is also a unique feature of RINminer.

Due to run time constraints, only approximate matching of edge labels but not
vertex labels has been considered, although approximate label matching for vertices
is also supported by the tool. Using this option will, for example, enable mining for
subgraphs that include not only exactly same, but chemically similar residues. An-
other way to account for physicochemical similarities between residues would be to use
pseudoresidue labels, i.e. group several related residues together under one label (e.g.
all aliphatic or all positively charged). We explored this possibility, but the result-
ing subgraphs were either too unspecific, or the runtimes were too long. Introducing
approximate isomorphism on the residue labels would be thus a more flexible way to
account for such relationships, which will be a matter of future research.

In various validation and application scenarios, we have shown that our approach
is able to re-discover known motifs and propose novel ones. In particular, we sug-
gested a novel structural motif in jelly-roll capsid proteins from several viruses of the
picornavirus-like superfamily.

5 Acknowledgments

The authors would like to thank Nadezhda Doncheva for her assistance with RINer-
ator and Alexander Gress for adapting StructMAn to make some of the analysis shown
in this paper possible. We are also grateful to Alexander Gress and Fawaz Dabbaghie
for critical reading of the manuscript.

22


https://doi.org/10.1101/2020.05.14.095695
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.14.095695; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

[1] Hlergard K, Ardell DH, Elofsson A. Structure is three to ten times more conserved
than sequence-A study of structural response in protein cores. Proteins: Struct ,
Funct , Bioinf. 2009;77(3):499-508. doi:10.1002/prot.22458.

[2] Lang DM, Zemla AT, Zhou CLE. Highly similar structural frames link the tem-
plate tunnel and NTP entry tunnel to the exterior surface in RNA-dependent RNA
polymerases. Nucleic Acids Res. 2012;41(3):1464-1482. doi:10.1093 /nar/gks1251.

[3] Poch O, Sauvaget I, Delarue M, Tordo N. Identification of four conserved motifs
among the RNA-dependent polymerase encoding elements. The EMBO Journal.
1989;8(12):3867-3874. doi:10.1002/j.1460-2075.1989.tb08565.x.

[4] Sigrist CJA, De Castro E, Cerutti L, Cuche BA, Hulo N, Bridge A, et al. New and
Continuing Developments at PROSITE. Nucleic Acids Res. 2012;41(D1):D344—
D347. doi:10.1093 /nar/gks1067.

[5] Murzin AG, Brenner SE, Hubbard T, Chothia C. SCOP: A Structural Classifi-
cation of Proteins Database for the Investigation of Sequences and Structures. J
Mol Biol. 1995;247(4):536-540. do0i:10.1016,/S0022-2836(05)80134-2.

[6] Jonassen I, Eidhammer I, Taylor WR. Discovery of local packing motifs in
protein structures. Proteins: Struct , Funct , Bioinf. 1999;34(2):206-219.
d0i:10.1002/(SICI)1097-0134(19990201)34:2<206:: AID-PROT6>3.0.CO;2-N.

[7] Jonassen I, Eidhammer I, Conklin D, Taylor WR. Structure mo-
tif discovery and mining the PDB. Bioinformatics. 2002;18(2):362-367.
doi:10.1093 /bioinformatics/18.2.362.

[8] Jonassen I, Collins JF, Higgins DG. Finding flexible patterns in unaligned protein
sequences. Protein Sci. 1995;4(8):1587-1595. doi:10.1002/pro.5560040817.

[9] Bradley P, Kim PS, Berger B. Trilogy: Discovery of Sequence-structure Patterns
Across Diverse Proteins. In: Proceedings of the Sixth Annual International Con-
ference on Computational Biology. RECOMB ’02. New York, NY, USA: ACM,;
2002. p. 77-88.

[10] Stark A, Russell RB. Annotation in three dimensions. PINTS: Patterns in
Non-homologous Tertiary Structures. Nucleic Acids Res. 2003;31(13):3341-3344.
doi:10.1093 /nar/gkg506.

[11] Day R, Lennox KP, Dahl DB, Vannucci M, Tsai JW. Characterizing the regu-
larity of tetrahedral packing motifs in protein tertiary structure. Bioinformatics.
2010;26(24):3059-3066. doi:10.1093/bioinformatics/btq573.

[12] Johansson UM, Zoete V, Guex N. Recurrent Structural Motifs in Non-Homologous
Protein Structures. Int J Mol Sci. 2013;14(4). doi:10.3390/ijms14047795.

[13] Wangikar PP, Tendulkar AV, Ramya S, Mali DN, Sarawagi S. Functional Sites
in Protein Families Uncovered via an Objective and Automated Graph Theoretic
Approach. J Mol Biol. 2003;326(3):955-978. d0i:10.1016,/S0022-2836(02)01384-0.

23


https://doi.org/10.1101/2020.05.14.095695
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.14.095695; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[14] Wang C, Scott SD. New Kernels for Protein Structural Motif Discovery and
Function Classification. In: Proceedings of the 22Nd International Conference on
Machine Learning. ICML ’05. New York, NY, USA: ACM; 2005. p. 940-947.

[15] Rahat O, Alon U, Levy Y, Schreiber G. Understanding hydrogen-bond pat-
terns in proteins using network motifs. Bioinformatics. 2009;25(22):2921-2928.
doi:10.1093 /bioinformatics/btp541.

[16] Zhou C, Meysman P, Cule B, Laukens K, Goethals B. Discovery of Spatially
Cohesive Itemsets in Three-dimensional Protein Structures. IEEE/ACM Trans
Comput Biol Bioinformatics. 2014;11(5):814-825. doi:10.1109/tcbb.2014.2311795.

[17] Chiang YS, Gelfand TI, Kister AE, Gelfand IM. New classification of su-
persecondary structures of sandwich-like proteins uncovers strict patterns of
strand assemblage. Proteins: Struct , Funct , Bioinf. 2007;68(4):915-921.
doi:10.1002/prot.21473.

[18] Fernandez-Fuentes N, Dybas JM, Fiser A. Structural Characteris-
tics of Novel Protein Folds. PLoS Comput Biol. 2010;6(4):¢1000750.
doi:10.1371/journal.pcbi.1000750.

[19] Polacco BJ, Babbitt PC. Automated discovery of 3D motifs for
protein  function  annotation. Bioinformatics.  2006;22(6):723-730.
d0i:10.1093 /bioinformatics,/btk038.

[20] Chen SC, Bahar I Mining frequent patterns in protein structures:
a study of protease families. Bioinformatics. 2004;20(suppl 1):177-i85.
doi:10.1093 /bioinformatics/bth912.

[21] Milik M, Szalma S, Olszewski KA. Common Structural Cliques: A Tool for
Protein Structure and Function Analysis. Protein Eng. 2003;16(8):543-552.
doi:10.1093 /protein,/gzg080.

[22] Aung Z, Li J. Mining super-secondary structure motifs from 3D protein structures:
a sequence order independent approach. In: Genome Informatics 2007. Published
by Imperial College Press and distributed by World Scientific Publishing Co.; 2007.
p. 15-26.

[23] Huan J, Wang W, Bandyopadhyay D, Snoeyink J, Prins J, Tropsha A. Mining
protein family specific residue packing patterns from protein structure graphs. In:
Proceedings of the eighth annual international conference on Resaerch in compu-
tational molecular biology. ACM; 2004. p. 308-315.

[24] Delaunay B. Sur la spheére vide. Izv Akad Nauk SSSR, Otdelenie Matematicheskih
i Estestvennyh Nauk. 1934;7:793-800.

[25] Doncheva NT, Klein K, Domingues FS, Albrecht M. Analyzing and Visualizing
Residue Networks of Protein Structures. Trends Biochem Sci. 2011;36(4):179-182.
doi:10.1016/j.tibs.2011.01.002.

[26] Word JM, Lovell SC, LaBean TH, Taylor HC, Zalis ME, Presley BK, et al.
Visualizing and Quantifying Molecular Goodness-of-fit: Small-probe Contact

24


https://doi.org/10.1101/2020.05.14.095695
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.14.095695; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Dots with Explicit Hydrogen Atoms. J Mol Biol. 1999;285(4):1711-1733.
doi:10.1006 /jmbi.1998.2400.

[27] Word JM, Lovell SC, Richardson JS, Richardson DC. Asparagine and glutamine:
using hydrogen atom contacts in the choice of side-chain amide orientation. J Mol
Biol. 1999;285(4):1735-1747. d0i:10.1006/jmbi.1998.2401.

[28] Huan J, Bandyopadhyay D, Prins J, Snoeyink J, Tropsha A, Wang W. Distance-
based Identification of Structure Motifs in Proteins Using Constrained Frequent
Subgraph Mining. In: Computational Systems Bioinformatics Conference; 2006.
p. 227-238.

[29] Dhifli W, Saidi R, Nguifo EM. Smoothing 3D protein structure motifs through
graph mining and amino acid similarities. J Comput Biol. 2014;21(2):162-172.
doi:10.1089/cmb.2013.0092.

[30] Jia Y, Huan J, Buhr V, Zhang J, Carayannopoulos LN. Towards comprehen-
sive structural motif mining for better fold annotation in the "twilight zone" of
sequence dissimilarity. BMC Bioinf. 2009;10(Suppl 1):S46. doi:10.1186,/1471-2105-
10-S1-5S46.

[31] Huan J, Wang W, Washington A, Prins J, Shah R, Tropsha A. Accurate Clas-
sification of Protein Structural Families Using Coherent Subgraph Analysis. In:
Ninth Pacific Symposium on Biocomputing; 2003. p. 411-422.

[32] Yan X, Cheng H, Han J, Yu PS. Mining significant graph patterns by leap search.
In: Proceedings of the 2008 ACM SIGMOD international conference on Manage-
ment of data. ACM; 2008. p. 433—444.

[33] Jin N, Young C, Wang W. Graph classification based on pattern co-occurrence.
In: Proceedings of the 18th ACM conference on Information and knowledge man-
agement. ACM; 2009. p. 573-582.

[34] Yan X, Han J. gSpan: Graph-based Substructure Pattern Mining. In: IEEE
International Conference on Data Mining; 2002. p. 721-724.

[35] Nijssen S, Kok JN. A Quickstart in Frequent Structure Mining Can Make a
Difference. In: Tenth ACM SIGKDD International Conference on Knowledge
Discovery and Data Mining. KDD ’04. New York, NY, USA: ACM; 2004. p. 647—
652.

[36] Huan J, Wang W, Prins J. Efficient Mining of Frequent Subgraphs in the Presence
of Isomorphism. In: Third IEEE International Conference on Data Mining. IEEE;
2003. p. 549-552.

[37] Buehrer G, Parthasarathy S, Chen YK. Adaptive Parallel Graph Mining for CMP
Architectures. In: Sixth International Conference on Data Mining. IEEE; 2006.
p. 97-106.

[38] Holm L, Sander C. Protein Structure Comparison by Alignment of Distance Ma-
trices. J Mol Biol. 1993;233(1):123-138. d0i:10.1006/jmbi.1993.1489.

25


https://doi.org/10.1101/2020.05.14.095695
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.14.095695; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[39] Wang G, Dunbrack RL Jr. PISCES: A Protein Sequence Culling Server. Bioin-
formatics. 2003;19(12):1589. doi:10.1093/bioinformatics/btg224.

[40] Caprari S, Metzler S, Lengauer T, Kalinina O. Sequence and Structure Analysis of
Distantly-Related Viruses Reveals Extensive Gene Transfer between Viruses and
Hosts and among Viruses. Viruses. 2015;7(10):5388-5409. doi:10.3390/v7102882.

[41] Gress A, Ramensky V, Biich J, Keller A, Kalinina OV. StructMAn: annotation
of single-nucleotide polymorphisms in the structural context. Nucleic Acids Res.
2016;44(W1):W463-W468. doi:10.1093/nar/gkw364.

[42] Gress A, Ramensky V, Kalinina OV. Spatial distribution of disease-associated
variants in three-dimensional structures of protein complexes. Oncogenesis.
2017;6:€380. doi:10.1038/oncsis.2017.79.

[43] Fisher J, Charnas RL, Bradley SM, Knowles JR. Inactivation of the RTEM beta-
lactamase from Escherichia coli. Interaction of penam sulfones with enzyme. Bio-
chemistry (Mosc ). 1981;20(10):2726-2731. doi:10.1021/bi00513a004.

[44] Damblon C, Raquet X, Lian LY, Lamotte-Brasseur J, Fonze E, Charlier P, et al.
The catalytic mechanism of beta-lactamases: NMR titration of an active-site lysine
residue of the TEM-1 enzyme. Proceedings of the National Academy of Sciences.
1996;93(5):1747. doi:10.1073/pnas.93.5.1747.

[45] Matthews BW, Sigler PB, Henderson R, Blow DM. Three-dimensional Structure
of Tosyl-a-chymotrypsin. Nature. 1967;214(5089):652-656. doi:10.1038,/214652a0.

[46] Karlsen S, Iversen LF, Larsen IK, Flodgaard HJ, Kastrup JS. Atomic Resolution
Structure of Human HBP/CAP37/Azurocidin. Acta Crystallographica Section D
Biological Crystallography. 1998;54(4):598-609. doi:10.1107/50907444997016193.

[47] Walker JE, Saraste M, Runswick MJ, Gay NJ. Distantly related sequences in
the alpha- and beta-subunits of ATP synthase, myosin, kinases and other ATP-
requiring enzymes and a common nucleotide binding fold. The EMBO Journal.
1982;1(8):945-951. doi:10.1002/j.1460-2075.1982.tb01276.x.

[48] Zamyatkin DF, Parra F, Alonso JMM, Harki DA, Peterson BR, Grochulski P, et al.
Structural Insights into Mechanisms of Catalysis and Inhibition in Norwalk Virus
Polymerase. J Biol Chem. 2008;283(12):7705-7712. doi:10.1074/jbc.M709563200.

[49] Pan J, Vakharia VN, Tao YJ. The structure of a birnavirus polymerase reveals
a distinct active site topology. Proceedings of the National Academy of Sciences.
2007;104(18):7385. do0i:10.1073/pnas.0611599104.

[50] Jablonski SA, Morrow CD. Mutation of the aspartic acid residues of the GDD
sequence motif of poliovirus RNA-dependent RNA polymerase results in enzymes
with altered metal ion requirements for activity. J Virol. 1995;69(3):1532.

[61] Vazquez AL, Alonso JMM, Parra F. Mutation Analysis of the GDD Sequence
Motif of a Calicivirus RNA-Dependent RNA Polymerase. J Virol. 2000;74(8):3888.
doi:10.1128/JV1.74.8.3888-3891.2000.

26


https://doi.org/10.1101/2020.05.14.095695
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.14.095695; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[52] Yutin N, Béackstrom D, Ettema TJG, Krupovic M, Koonin EV. Vast diversity
of prokaryotic virus genomes encoding double jelly-roll major capsid proteins un-
covered by genomic and metagenomic sequence analysis. Virol J. 2018;15(1):67.
doi:10.1186/s12985-018-0974-y.

[63] Koonin EV, Wolf YI, Nagasaki K, Dolja VV. The Big Bang of picorna-like virus
evolution antedates the radiation of eukaryotic supergroups. Nat Rev Microbiol.
2008;6(12):925-939. do0i:10.1038 /nrmicro2030.

[54] Cock PJA, Antao T, Chang JT, Chapman BA, Cox CJ, Dalke A, Friedberg I,
Hamelryck T, Kauff F, Wilczynski B, de Hoon MJL Biopython: freely available
Python tools for computational molecular biology and bioinformatics Bioinfor-
matics. 2009;11(25):1422-1423 doi:10.1093 /bioinformatics/btp163.

[65] Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D,
Burovski E, Peterson P, Weckesser W, Bright J, van der Walt SJ, Brett M, Wilson
J, Jarrod Millman K, Mayorov N, Nelson ARJ, Jones E, Kern R, Larson E, Carey
CJ, Polat I, Feng Y, Moore EW, Vand erPlas J, Laxalde D, Perktold J, Cimrman
R, Henriksen I, Quintero EA, Harris CR, Archibald AM, Ribeiro AH, Pedregosa
F, van Mulbregt P, Contributors, SciPy 1. 0 SciPy 1.0: fundamental algorithms for
scientific computing in Python Nat Methods. 2020;17:261-272 doi:10.1038 /s41592-
019-0686-2.

27


https://doi.org/10.1101/2020.05.14.095695
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.14.095695; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

S1 Proof. Proof of Theorem 1

Proof. Tt is trivial to see that a path of forward edges where the first and last
vertex of the path are connected by a backward edge forms a cycle, however it
still has to be proven that no further edges than those stated by the theorem
can be part of any cycle. Assume that there is a forward edge e = (€0t €lcaf)
that is part of a cycle with the vertex e,o; being closer to the root and ejeqy
closer to the leaf such that e is not considered part of a cycle by the theorem, i.e.
it does not lie on a path connecting the end of a backward edge with its start.
We also need to consider a backward edge b that is involved in the formation
of such a cycle, because the spanning tree consisting of forward edges alone
contains no cycles. Given that e is supposed to be part of a cycle, there needs
to be a path that connects €00t t0 €1cqf Without traversing e. Because in the
spanning tree the only path connecting e,oot t0 €ieay is €, broor needs to be on
the path between e,,,: and the root vertex in order for such an ejeqf to €0t
path to exist. Since we require e to contradict our theorem, e must not be on
the forward edge path between bjeqr t0 broot, Which means that bje.s has to
be on a branch that does not contain e, i.e. on a branch that branched off of
the path between b,,,: and e,,o:. Now in order to complete a cycle there has
to be a path between this branch and ej.qr without going over e. This would
require another backward edge. However by construction there can only ever
be backward edges between the vertices on the path from the leaf to the root
node (i.e. the rightmost path at the time of construction), so any backward edge
would end on either the branch or another vertex on the path between e,,,; and
the root node resulting in one of the previous problems. Therefore such an edge
e can not exist and the theorem holds true. O
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Supplementary Table S2. Structures used in the
Selected protein families dataset.

PDB identifiers are given followed by chain identifiers. Note that in some cases
multiple chains were used for graph generation.

Family PDB
Eukaryotic proteases 1A7SA, 1IGVKB, 10P0A, 1PQTA,
(b.47.1.2) 1RRKA, 2HLCA, 2QY0B

1A5TA, 1ID2NA, 1IFNNA, 1G41A,
1G8PA, 1IN4A, 1IQPA, 1JBKA,
Extended AAA-ATPase 1JQLB, 1L8QA, 1LVTA, INJGA,
domain (c.37.1.20) INY5A, 1QZMA, 1SVMA, 1SXJA,
1SXJE, 1TUEA, 1U0JA, TW5TA,
2A5YB, 2FNAA, 2GNOA

1KHVA, IN35A, 2CJQA, 2ECO0A,
2R7RA, 3UQSA, 3ZEDA, 4A80A,
4GZKA, 4HDHA, 40BCA, AAWSBB
1A6CA, 1B35A, 1B35B, 1B35C,
1BEV3, ICWPA, 1DNVA, 1DZLA,
1F15A, 1F2NA, 1IHMA, 10HFA,
10POA, 1S58A, 1SVAL1, 1X35A,
1YQ5A, 2BBVA, 2FZ2A, 2GHS8A,
21ZWA, 2MEV1, 2TBVA, 2W0CL,
Jelly-roll capsids 2WS91, 2WUYA, 3CJIA, 3CJIB,
3CJIC, 3FBMA, 3J1PA, 3J1QA,
3J40H, 3J4UH, 3N7XA, 3NAPA,
3NAPB, 3NAPC, 3P0SA, 3R0RA,
3RQVA, 3ZXAC, 4GORA, 4GMPO,
ANWVA, 4Q4W1, 4QPIA, 4QPIB,
4QPIC

RNA-dependent RNA
polymerases
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