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Abstract

Background: A protein family has similar and diverse functions locally conserved. An aligned pattern cluster (APC)
can reflect the conserved functionality. Discovering aligned residue associations (ARAs) in APCs can reveal subtle
inner working characteristics of conserved regions of protein families. However, ARAs corresponding to different
functionalities/subgroups/classes could be entangled because of subtle multiple entwined factors.

Methods: To discover and disentangle patterns from mixed-mode datasets, such as APCs when the residues are
replaced by their fundamental biochemical properties list, this paper presents a novel method, Extended Aligned
Residual Association Discovery and Disentanglement (E-ARADD). E-ARADD discretizes the numerical dataset to transform
the mixed-mode dataset into an event-value dataset, constructs an ARA Frequency Matrix and then converts it into an
adjusted Statistical Residual (SR) Vector Space (SRV) capturing statistical deviation from randomness. By applying Principal
Component (PC) Decomposition on SRV, PCs ranked by their variance are obtained. Finally, the disentangled ARAs are
discovered when the projections on a PC is re-projected to a vector space with the same basis vectors of SRV.

Results: Experiments on synthetic, cytochrome ¢ and class A scavenger data have shown that E-ARADD can a) disentangle
the entwined ARAs in APCs (with residues or biochemical properties), b) reveal subtle AR clusters relating to classes, subtle
subgroups or specific functionalities.

Conclusions: E-ARADD can discover and disentangle ARs and ARAs entangled in functionality and location of protein
families to reveal functional subgroups and subgroup characteristics of biological conserved regions. Experimental results
on synthetic data provides the proof-of-concept validation on the successful disentanglement that reveals class-associated
ARAs with or without class labels as input. Experiments on cytochrome ¢ data proved the efficacy of E-ARADD in handing
both types of residue data. Our novel methodology is not only able to discover and disentangle ARs and ARAs in specific
statistical/functional (PCs and RSRVs) spaces, but also their locations in the protein family functional domains. The success of
E-ARADD shows its great potential to proteomic research, drug discovery and precision and personalized genetic medicine.
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characteristics
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Background

Proteins and their interactions control the biological
process of a living organism. Within the same family, pro-
teins have similar functions. Thus, discovering conserved
sequence patterns from a family is crucial for revealing
domain functionality. However, due to mutations and/or
multiple functionality, even these conserved patterns may
have substantial differences in species or even functions.
Hence, identifying subgroup characteristics are of funda-
mental importance. We have developed a novel method
to obtain knowledge-rich [1] Aligned Pattern Clusters
(APC) [2—-4] from protein families (Fig. 1(a) and (b)) to
represent biological conserved regions. Figures 1(b) and
(c) show its pattern space (APC) and data space (APC-D)
respectively [2—4]. When a local functional domain is
identified, and class labels are given, it is easy to see how
the ARs and ARAs are entangled among different classes
within the conserved domain (Fig. 1(c)) if the data size is
small. We may be able to disentangle their class relation.
However, if the size of data is large and more subtle clas-
ses or subgroups are present while the class labels are un-
known (Fig. 1(d)), the task of ARA disentanglement
becomes extreme difficult. To overcome this challenge, a
novel algorithm denoted as Aligned Residue Association
Discovery and Disentanglement (ARADD) [5], has been
developed by us, where ARADD is originated from our
recent best-paper-award work [6], by considering the
aligned sites in an APC as attributes and residues on a site
as attribute values. Hence, we extend AVADD to E-
ARADD (Aligned Residue Association Discovery and
Disentanglement) to obtain succinct disentangled sub-
groups of ARAs, revealing more succinct stereo physio-
chemical knowledge of the conserved regions with or
without explicit reliance of class labels. Since this know-
ledge is not obvious in the data, we refer it as deep know-
ledge discovered.
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It should be noted that to discover knowledge at the
physiochemical level, we have to handle mixed-mode
data, i.e. data containing both categorical and numerical
values. This becomes an interesting challenge since
physiochemical properties in Aligned Pattern Clusters
[2—-4], apart from our early work [7] have not yet been
seriously explored. In the following paragraphs, we pro-
vided a brief introduction of the related work, ranging
from association rule mining to pattern discovery in pro-
tein sequences.

Pattern discovery and association rule mining

In the field of data mining, association rule mining [8] is
common to mine itemset from relational tables. Algo-
rithms such as Apriori [9] and FP-growth [10] are used to
capture associations from relational dataset. However, the
above algorithms are extremely sensitive to parameters
and thresholds setting, such as probabilistic thresholds,
the number of clusters, distance measure and so on. Fur-
thermore, a challenging problem encountered that the
discovered patterns may be masked or obscure in the data
due to the entanglement of unknown factors in their
source environment [5, 6]. Therefore, for the real-world
applications in Bioinformatics with noise in the data, it is
important to discover patterns in a robust manner to
enhance biological comprehension and interpretation.

Protein functional regions represented by aligned pattern
clusters

Protein sequence analysis is crucial for identifying and
understanding the functional regions, as protein struc-
tures are expansive to obtain. Multiple Sequence Align-
ment (MSA) and Motif Discovery are the two major
methods. Given an entire set of protein sequences, MSA
[11-13] aligns them globally to identify the conserved
regions. However, MSA is limited as it is only suitable

Al A2 A3 A4 A5 A6 A7 A8 A9 A10A11A12A13 Al A2 A3 A4 A5 A6 A7 Al A2 A3 A4 A5 A6 A7 Al A2 A3 A4 A5 A6 A7
a/DSQCSMCHGAQAT s1/@ C S MCMHGICL||Q C|S|M|C H|G| |0 Cc|[S|M|C H|G
2VSQCSMCHGAQKT 2@ C S MCH G|C1||Q@ C|S|M|C H|G Q C|S|M|C H|G|
3s|[DSGCSMCHGAQAT ss|G € SMCHGICl |G C[S|M|C H|G||GICIA[A|C H|E
s16/D KGCGCVACHCAK| AtA2ASAASA6Al |G C VA CHC|C2I|G C|V|A|C H C||G|C|A|A|C H|E
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Fig. 1 Pattern and Data Spaces of APC and ARAs. a A portion of protein sequence dataset with discovered high order patterns (in bold) [2] with
labels on the top row denote the aligned sites, on the first column denote the sequence ID; (b) Aligned Pattern Cluster (APC) Pattern Space
obtained [3]. ¢ APC Data Space (APC-D). C1, C2, C3 represents three classes. d An discovered ARA Cluster contains three partitioned subgroups
and displayed in green, blue and red shade associate with class C1, C2 and C3 respectively. e Entangled ARAs. For example, in S3 S16, the AVAs
A1G and A3A in C2 are from C3 entangling with its ARAs A4A and A7E )
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for globally homologous sequences with a high level of
sequence similarity [13]. Different from MSA, Motif Dis-
covery [14, 15] locates and aligns similar subsequences
locally to construct a probabilistic model for represent-
ing the aligned amino acids. However, motif discovery
makes unrealistic assumption that there is independence
between residue columns to represent the conserved se-
quence patterns, where in reality it is clearly not the case
[16, 17]. Aligned Pattern Cluster (APC) [2—4] was thus
developed to discover sequence patterns directly, and to
capture functional conserved residue association in
order to identify clusters of aligned patterns from the se-
quence data. Since APCs conserve both strong statistical
sequence associations and homologous sites, it is more
knowledge rich [2, 3] to reveal similar yet diverse func-
tional associations in protein families.

Physiochemical properties in aligned pattern clusters

In this study, we extend ARADD [5] to E-ARADD to
discover physiochemical subgroup patterns in APCs at the
residue (amino acid) level and the deeper level with
mixed-mode residue physiochemical property. Hence, the
ARPA clusters discovered can directly reveal the physio-
chemical characteristics of the APCs. We refers them as
APPC patterns. In the notations, we insert term “Prop-
erty” by adding the character “P” into AR, ARA and APC
as ARP, ARPA and APPC respectively while the theory
and the algorithm are not affected. We thus use them
interchangeably except in some specific situation.

Novelty and contributions
The novelty of this study, is the consolidation of our re-
cent work [5] and the extension of our ARADD algorithm
[5] into E-ARADD. We introduced into E-ARADD the
Aligned Residue Property (ARP), an ordered tuple for five
biochemical properties for Aligned Residue Property As-
sociation (ARPA) Pattern Discovery and Disentanglement.
Additional experimental analyses were conducted to sup-
port our proposed algorithms. Besides, we used the Ad-
justed Statistical Residual instead of standard statistical
residual to measure the significance of discovered associa-
tions so as to give a more accurate indication of how far
the observed count deviates from the expected count to
evaluate the statistical significance of ARA/ARPA.

The major contributions of our study are three-folded.

1. We extended the previous ARADD into E-ARADD
to handle the mixed-mode physiochemical protein
data with chemical properties for direct residue
biochemical association interpretation.

2. We showed that sequence patterns could be discovered
and disentangled from APCs, even if the patterns were
mixed or entangled in functionality and location.
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3. We validated that E-ARADD could reveal functional
subgroups and subgroup characteristics of APCs
and locate their residing domains through the case
study on Class A Scavenger Receptor family (SR-A).
Understanding subgroup characteristics of con-
served regions in proteins could render new know-
ledge for gene therapy applications [18].

Methods

This study focuses on discovering inherent ARAs/ARPA
from APCs; clustering them into subgroups to reveal the
functionalities of proteins within conserved functional
regions and discover deep knowledge (PC/RSRVs) from
APCs. Table 1 gives an abbreviation of terms and Fig. 2
provides a schematic overview of our method.

To show that ARADD can go one level deeper to discover
and disentangle ARA at the aligned residue chemical prop-
erty level, we replace each aligned residue in an APC by its
five-tuples of chemical properties referred to as APPC.
Given a mixed-mode APC dataset, EF-ARADD can accom-
plish the followings in steps as circled in Fig. 2. In addition,
Fig. 3 shows how E-ARADD could be easily shifted from
operating modes of APC and APPC via an Interactive GUI
to visualize the use of the proposed algorithm.

In the most general setting, an APC/APPC is represented
by R. Every tuple in R, denoted as A ={A;, A,, ...An}, is de-
scribed by N amino acid sites or the five chemical proper-
ties of the residues (ARP tuples) in the aligned sites.

First, to discover event (residue property) associations,
the numerical values of the source data need to be discre-
tized into intervals. Discretization can minimize the im-
pact of noisy data in the data mining process [19]. It also
can help smooth data to reduce noise [20], speed up clas-
sification process [21] and make classification result more

Table 1 Notations and terminologies

APC Aligned Pattern Cluster (with categorical amino
acid symbols)

APPC Aligned Property Pattern Cluster (with mixed-mode
chemical properties)

AR Aligned Residue (for amino acid symbols in APC
dataset)

ARP Aligned Residue Property (for mixed-mode chemical

properties in APC dataset)

ARA Aligned Residue Association (Significant co-occurrence
of two ARs in APCs)

ARPA Aligned Residue Property Association (for APPC)
ARA/ARPA ARA/ARPA Frequency Matrix

FM

SR adjusted Statistical Residual between two ARs/ARPs
SRV ARA/ARPA adjusted Statistical Residual Vector Space
PCD Principle Component Decomposition

RSRV Re-projected SRV
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Fig. 2 Schematic Overview of E-ARADD
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meaningful and easier-to-understand [22]. Hence, as Fig. 2
shows, in step 0, a mixed-mode APC is first converted to a
categorical APC by discretizing all the numerical (ordinal)
chemical properties of amino acid into intervals.

Equal Width and Equal Frequency are two simplest
discretization methods. However, if uncharacteristic
extreme values (outliers) exist in the data set, Equal
Width can hardly handle this situation [22]. Hence, we
transform numerical chemical properties of amino acid
into discrete value using Equal Frequency [22] algorithm.
Besides, we also implemented two other algorithms,
class-driven discretization [23], called Optimal Class-
Dependent Discretization OCDD, when class labels are
given, and equal probability maximizing the entropy [24]

when class labels are not given. As Fig. 3 shows, the ori-
ginal mixed-mode APC can be transformed into a cat-
egorical one after selecting a discretization method and
pushing the button labeled “Partition”.

Therefore, each amino acid site or chemical property
A,, can assume a numerical value or a categorical value.

1. For a continuous value, A,, is partitioned into I, bins
by transforming the original numerical values of A,,
into interval event values, denoted as A, = {A]i = 1,
2,...I,,}. If the distinct value of numerical A,, is less
than three, we treat it as a categorical attribute.

2. For categorical attribute, A, contains I,,- values, we
denote it as A, = {A/|j = 1,2, .1, }.

ol E-ARADD

Raw Data Input

LOAD APC

Step 0: Discretization

") Class-Driven @ Equal Frequency ' Max Entropy
Step 1-2: ARA FM and SRV

The Number of PCs= 5
Generate FM and SRV
'CD

Save AVAs

II

Generate RSRV

Highlight
Clusters

Step5 Highlight AR Clusters
Blocovecad Threshold Setting

ARAs -1.96 <t< 1.96

Step 3-4: PCD and Reprojection

|

Fig. 3 E-ARADD prototype of Interactive Decision Support GUI
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After transforming the mixed-mode dataset into an
event-value dataset, all the values of an attribute (A4,)
can be denoted as A4, = {A}, A2, .. Al"}.

Then, we will present the methodology through the
algorithmic process with formal definitions and theoret-
ical content as below

1. Construct ARAFM In step 1 (Fig. 2) we scan
through the APC/APPC to construct an ARAFM/
ARPAFM which is obtained from the frequency
counts between two ARs/ARPs, say FM(A' «<>A},),
where A’ denotes the i’ value on the n aligned site/
property in the APC/APPC, and A/, denotes the "
value on the 7 aligned site/property in the APC/
APPC (n#n'). Hence ARAFM/ARPAFM is a I x [
matrix, where 1 :22[:1 I, represents the total
number of event values of all sites in an APC/APPC.

2. Obtain SRV. In order to disentangle the statistical
residuals by Principal Component Decomposition
(PCD) [25], we first convert the ARAFM/ARPAFM
into an adjusted statistical residual (SR) matrix,
referred to as a SR Space (SRV), (Step 2 in Fig. 2)
by converting each ARA/ARPA frequency in the
ARAFM/ARPAFM into an adjusted SR value to
account for the deviation of the observed frequency
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against the expected frequency if that ARA/ARPA is
a random happening.

Formally, ARAFM/ARPAFM is transformed into SRV
by converting each ARA frequency into an SR,
denoted as SR(A! «>A),) = SR; = 0\’/;_7 - 0;j represents
the total number of occurrence when A,= A}, and

A,y = Af,,; e; represents the expected value of 0;. SR;;
measures whether o;; is significantly deviating from e;;
to reveal the statistical significance of an ARA/ARPA.
At the confidence level of 95%, the discovered ARA/
ARPA is positive significant or negative significant
when its SR > 1.96 or SR < — 1.96; and if the SR is
between - 1.96 and 1.96, the ARA/ARPA is
considered as irrelevant or random occurrence.

In order to disentangle the statistics in the SR
matrix, we treat it as a vector space, denoted as
SRV, where each row represents a vector
corresponding to an AR (referred to as an AR-
vector or just an a-vector) whose coordinates are
the SRs of that AR associating with other distinct
ARs (of other attributes) represented by the column
a-vectors. Then, SRV can be represented as a set of
vectors, denoted as, SRV = <SRV 41,..8RV 1, ...
SRV iy, -..SRV 1>, where SRV i ={SR(AL>A}), ...

SR(A! AL ),... SR(AL A )} and SR(A! —A!) = 0.

*s; (=2.4730, -3.7180,4.9820)

Z axis

¢ s, (=3.7180, —2.6873,2.1871)

OrNWA G

S5 (4.9820,2.1871,—1.6855)

-4

X axis : 4

(a) Original SRV 3D Subspace

0.005

Y axis

0.000 1 X X
-0.005 -

(¢) The coordinates of Sf c Sg “ and Sg “ in PC 1

Fig. 4 Diagrammatic lllustration of SRV, PC Plots and Their Coordinates in SRV and RSRV Subspaces. a Original data space: three a-vectors from the
experiment is display in the 3-dimensional SRV Subspace. b PCs Plots: a-vectors position after applying PCD on SRV. ¢ The coordinates of ! ,5’2”‘ and
5‘3)“ in pc;: the projection of the transformed a-vectors on the PC (as colored crosses). d Re-projecting the Coordinates in PCs: Re-projection of a-vector
projections on the PC to RSRV subspace (as crosses on the blue axis). The colored dots are their original position in the SRV subspace

Z axis

Z axis

(d) Re-projecting SRV (RSRV) Subspace
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3. Disentangle the SRV by PCD. In Step 3, we

conduct PCD to disentangle the SRV into PCs
ranked according to the descending order of their
eigenvalues. In PCD, PCs are a sets k PCs, denoted
as PC = {PC,, PC,, ...PCy}, where PC,, is a set of
projections of the a-vectors from SRV on it and
denoted as PC,={PC,(A) | n=1,2,..N,i=1,...
I,,}, where N represents the total number of all
ARs/ARPs and I, represents the total number of
distinct values of A,,.Fig. 4 (a) to (c) give a diagram-
matic illustration of applying PCD to the SRV. Con-
sidering a matrix, A (i.e. a three-dimensional
subspace of SRV) with 3 points as shown in Fig.
4(a) of the original data space. After applying PCD,
we obtain eigenvectors and eigenvalues, sorted in
descending order according to the magnitude of
their eigenvalues. Fig. 4(b) shows the PC axis
induced by their projection of the a-vectors that
maximize their variance on that PC. Fig. 4(c) shows
the coordinates of the projection of the a-vectors
on the PC.

Re-project the a-vector projections on each PC.
In step 4, we re-project the projections of the a-
vectors on the PC back to an SRV with the same
basis vectors of the previous SRV. We refer this new
SRV as the Re-projected SRV (denoted as RSRV)
with subscript k in RSRV/, corresponding to that in
PCy. RSRV is the SRV containing the transformed
positions of a-vector on PCy via RSRVy. = SRV - PCy. -
PC.

Figure 4(d) shows the new positions of the a-vectors
representing their projection on the PC to the RSRV.
In each RSRYV, like SRV, each row represents an a-
vector corresponding to an AR with a new set of
coordinates accounting the statistical strength SRs of
that AR associating with other ARs captured by the
PC governed by certain specific underlying factors.
Identify ARAs/ARPAs and AR/ARP Clusters in
each PC. Since each row a-vector in SRV represents
an AR or their properties associating with other ARs
or properties as its coordinates, the PC transform-
ation will bring out in the PC the highest variance of
the a-vectors with high SR coordinate values and
display them at the far ends from the center (with
zero coordinate value) of the PC. We may not see the
reason why an a-vector is significant at the surface,
but when viewing it in the RSRV, we would find out
that the coordinate(s) of an a-vector of an AR/ARP
reflect the statistic strength of its ARAs/ARPAs with
another AR(s)/ARP(s) contributing to its high
variance on the PC. In general, PCD is sensitive to
the relative scaling of the original variables, often
masking their distinctiveness. However, by converting
the AR(P)AFM into SRV with uniform SR scale and
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statistical weights, both ARADD and E-ARADD
utilize the statistical strength and functional decom-
position to reveal more stable, subtle yet significant
statistical associations that might be masked in the
original frequency space. Hence, in this step, the sig-
nificant AR(P)As discovered and disentangled are
more distinct, stable and specific as manifested in
separate RSRVs. Therefore, a cluster of ARs can be
generated by AR(P)s that share strong AR(P)As.

As Fig. 3 shows the GUI of E-ARADD server, for
step 1-2, when pressing the button labeled “Gener-
ated FM and SRV” on E-ARADD server, both
ARAFM and SRV are constructed for original data.
Then, for step 3—4, the set of top PCs and their cor-
responding RSRVs are generated depending on the
values of parameters (i.e. the number of PCs) are
assigned in the box. Finally, in step 5, the sub-
cluster results are highlighted according to the
assigned confidence interval in the box.

Finally, we can validate the output RSRVs and AR(P)
clusters when apply E-ARADD in specific application. We
summarize the results as below.

1. The significant disentangled AR(P)As. These can be
found from the distinct AR(P)s and the AR(P) clusters
in the PCs based on their distance from the center
(with zero value) of the PCs. When AR(P)As were
entangled, the SRV disentanglement to reveal distinct
AR(P)s in the PCs is crucial for yielding highly distinct,
stable, and specific results as manifested in the RSRVs
obtained from both datasets.

2. AR(P)s Sub-clusters. On one hand, the disentangled
PCs can reveal significant AR(P)s/AR(P)-Clusters
on a one-dimensional space; on the other hand, the
SR of the AR(P)As in RSRVs can further reveal the
significance of the AR(P)As and the AR(P)-Clusters.
The AR(P) subgroups that are obtained in different
orthogonal PC spaces may have functional meaning
leading to established or new biological
interpretation.

Results

In this study, we conducted both experiments on synthetic
data and bio-sequence data. We hereby illustrate the ex-
perimental results and their analysis in this section.

Synthetic dataset

We first generated a 300 x 6 matrix with the first column
representing class labels and the following 5 representing 5
attributes values AVs (equivalent to aligned residues ARs).
First for each entry of an attribute column, we stochastically
generated characters from a uniform distribution of the
characters via a pseudo random number generator. We
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Table 2 Synthetic dataset with embedded entangled patterns
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Figure 5 show the result using adjusted residual as the

Classes  Attribute Values are Significant Associated with Class Label measurement. In Fig. 5(a), we found that AIA is

ci ATA, A2C, A3E, (A4 H/G, ASM/N) where A4 and A5 are random  entangled in class 1 and class 2; A2D is entangled in
patterns class 2 and class 3; and A3E is entangled in class 2 and

@ ATA, A2D, A3F, (A4 H/G, ASM/N) where A4 and A5 are random  class 3. Later, after the disentanglement, the AVAs re-
patterns sults are shown in RSRVs (Fig. 5(b)-(d)). We noted that

a3 A1B, A2D, A3E, (A4 H, ASM/N) where A4 and A5 are random the class patterns are disentangled. In Fig. 5(b), after dis-
patterns

then embedded patterns of three different classes 1, 2 and 3
(C1, Cy, and G3) as shown in Table 2. To simplify the nota-
tion, from here on we represent an attribute (say Al) as-
suming a certain value (say A) by A1A.

In Table 2, we can find that the attribute values AlA,
A4H, A5N are entangled for class 1 and class 2; attribute
values A3E, A4H, A5M and A5N are entangled in class
1 and class 3; and attribute values A2D, A4H, A5M,
A5N are entangled in class 2 and class 3.

entanglement, RSRV1 captured the disentangled AVA
patterns for class 1 and class 2. An interesting character-
istic of this association is that they share the same AV in
A2 but with different residues D and E. Their AV-vec-
tors are on the opposite side of the same PC. RSRV2 re-
veals another set of associations between class 2 and
class 3. Here they both involve Al but with different
values A and B. This shows that Class 2 has two association
patterns, one associated with Class 1 and another associat-
ing with Class 3, just as what we implanted. They were dis-
entangled in different PCs and RSRVs. Fig. 5(c) and (d)

Class=C1 | Class=C2 | Class=C3 RSRV1 Class=C1 Class=C2 Class=C3| RSRV2 Class=C1 Class=C2 Class=C3
Al=A 262 60 5550 Al=A 0.99 -0.69 -0.31 Al=A 0.62 2.29 -2.99
Al=B -0.98 0.6 0.31 Al=B -0.62 -2.28 2.98
Al=B -2.62 -2.62 5.39 A2=C 320 223 -1.00 A2=C 013 047 -0.61
A2=C 5.39 -2.83 -2.62 A2=D = -3.19 223 1.00 A2=D -0.12 -0.46  0.60
A2=D 5.39 2.83 2.62 A3=E 2.24 -1.56 -0.70 A3=E -0.47 -1.76 2.29
A3=F -2.24 1.56 0.70 A3=F 0.48 1.77 -2.31
A3=E 2.83 -5.39 2.62 Ad=H -068 047 021 Ad=H  -010 -0.37 049
A3=F -2.83 5.39 6D A4=G  0.68 -0.48 -0.21 A4=G  0.10 039 -0.50
X N A5=M -0.06 0.04 0.02 A5=M -0.05 -0.18 0.24
Ad=H 0.76 0.09 0.69 AS=N 006 -0.04 -0.02 A5=N  0.05 019  -0.25
A4=G 0.76 -0.09 -0.69
» Class=C1 3.56 -2.48 -1.11 Class=C1 0.15 0.54 -0.70
AS=M -0.13 0.13 0.28 Class=C2 -2.47 172 077 Class=C2  0.54 1.98  -2.59
A5=N 0.13 0.13 -0.28 Class=C3 -1.11 0.77 0.34 Class=C3 -0.69 -2.57 3.36
(a) (b)
With Class Class Class Without
ClassLlabel =C1 =C2  =C3 Class Label A2=D A3=F Al=B A4=H AS5=M A5=N A4=G Al=A A3=E A2=C
Al=A 099 -0.69 -0.31 A2=C  -2.88 -2.02 -0.89 -0.62 -0.06 0.05 0.61 0.88 2.01 2.87
Al=B -0.98 0.69 0.31 A3=E -2.01 -1.40 -0.61 -0.42 -0.03 0.04 0.44 0.63 1.42 2.02
A2=C | 320 BB -1.00 Al=A  -0.90 -0.63 -0.28 -0.20 -0.03 0.01 0.18 0.26 C1
A2=D | -319 223 1.00 A4=G  -0.61 -0.43 -0.19 -0.13 -0.01 0.01 0.13 0.19
A3=E 224 -156 -0.70 AS5=N  -0.05 -0.04 -0.02 -0.01 0.00 0.00 0.01 0.02 0.04 0.05
A3=F | -224 156 0.70 A5=M  0.05 0.04 0.02 0.01 0.00 0.00 -0.01 -0.02 -0.04 -0.05
Ad=H  -0.68 047 021 Ad=H 0.19 0.13 0.01 -0.01 -0.13 -0.19 -0.43 -0.61
A4=G  0.68 -0.48 -0.21 A1=B 0.28 0.20 0.03 -0.01 -0.18 -0.26 -0.61 -0.88
A5=M  -0.06 0.04 0.02 A3=F 2,01 1.40 0.61 0.42 0.03 -0.04 -0.44 -0.63 -1.42 -2.02
AS=N__ 0.06 -0.04 -0.02 A2=D  2.88 2.02 0.89 0.62 0.06 -0.05 -0.61 -0.88 -2.01 -2.87
(©
With Class Class Class Without c3
Classlabel =C1 =C2 =C3 | [Classlabel A1=B A3=E A2=D Ad4=H AS=M AS5=N A4=G A2:=C A3=F Al=A
Al=A 062 229 -299 Al=A -265 -2.04 -054 -045 -022 021 044 053 203 264
A3=F 062 228 298 A3=F | 204 -157 -042 -034 -017 017 034 041 157 204
A2=C 013 047 -0.61 A2=C 054 -042 -011 -009 -005 004 003 011 041 053
Ad=G -0.12 -046 0.60 Ad=G -044 -034 -009 -007 -004 004 0.07 005 034 044
A5=N -047 -176 229 AS5=N -0.22 -017 -004 -004 -002 002 004 004 017 0.22
AS5=M 048 177 -231 A5=M 022 017 004 004 0.02 -002 -004 -004 -017 -0.22
Ad=H  -0.10 -037 049 Ad=H 2 aa4 009 007 004 -004 -007 -009 -0.34 -0.44
A2=D 010 039 -050 A2:D [ €2 .} 011 009 005 -004 -009 -011 -041 -0.53
A3=E 005 -018 024 A3=E 204 157 042 034 017 -017 -0.34 -041 -157 -2.04
Al=B 005 019 -0.25 Al=B 265 204 054 045 022 -021 -044 -053 -203 -2.64
Fig. 5 Pattern entanglement and disentanglement. ARA patterns are shown in significant SR colored in yellow. a ATA is entangled in class 1 and
class 2; A2D is entangled in class 2 and class 3; and A3E is entangled in class 2 and class 3. b AR patterns disentangled in two RSRVs, pattern for
classes 1 and 2 in RSRV1 and classes 2 and 3 in RSRV2. Note the different ARAs of class 2 -— one with the same residue site A2 as Class 1 but
different ARs (A2C and A2D) while the other with site AT with different ARs (ATA and A1B) with class 3. ¢ and (d) show the two different sets of
ARs, one associating with classes 1 and 2 and another with classes 2 and 3
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SRV  Mammal Plant Fungi Insect || RSRV]I Mammal Plant Fungi Insect|| RSRV2 Mammal Plant Fungi Insect ||RSRV3 Mammal Plant Fungi Insect
71=L | 2.65 232 |-636 123 || 71=L 131 -137 -0.06 0.08 || 71=L 1.64 302 | 513 006 || 71=L  -0.59 -0.51 0.15 148
73=E 5.92 -5.44 229 I 2.04 73=E 5.63 -5.06 -1.15 035 73=E 0.13 0.05 -020 0.00 73=E  -034 -039 020 081
76=E | 470 |[-816| 188 219 || 76=E 550 496 -1.12 034 || 76=E 082 -1.81 289 -0.03 || 76=E 044 044 0.18 1.09
76=L | 445 | 8.64 | 277 207 || 76=L | 561 455 169 -035|[ 76=L 1.23 221 378 004 || 76=L 035 -0.06 035 -0.94
90-A | 476 |-431 360 [ 395 || 90-A 460 418 -089 028 [| 90-A 049 075 -137 002 || 90-A 081 -062 010 202
92=L | 869 | 445 328 237 (| 92=L. = -620 505 183 -039|| 92=L  -044 -107 1.66 -0.02 || 92=L 046 -045 0.8 144
95-P | -621 | 6.08 [-1.05] 208 || 95=P | 544 440 164 -034|| 95P 079 135 [E23368 003 || 95=P -051 -047 017 125
(a) (b) (© (d)

Fig. 6 Discovered ARAs by E-ARADD for Dataset 1 with Amino Acid. (a) Entangled ARAs associating with classes in SRV; (b) Disentangled ARAs

associating with Mammal and Plant in RSRV1; (c) Disentangled ARAs associating with Plant and Fungi in RSRV2; (d) Disentangled ARAs associating

with Insect in RSRV3

J

unveil all their disentangled patterns as implanted, with or
without class labels given --- a robust demonstration of the
deep knowledge discovered from the entangled source en-
vironment without the explicit reliance of prior knowledge
or posteriori fixing.

Bio-sequence dataset (cytochrome c protein family)

For protein study, we used three datasets. Dataset 1
and Dataset 2 are APCs obtained from two distinct lo-
calized regions from the dataset in [3] collected from
the cytochrome c protein family with taxonomic class
labels. In addition, Dataset 3 is the APC obtained from
the class A scavenger receptors (SR-A) dataset in our
previous paper [26] where we have reported some
experimental result. In this paper we just highlight the
use of address table in ARADD to track down the

locations of ARAs we discovered and disentangled as
detailed in [26].

Dataset 1 is an APC dataset (width: 27) used in [3, 7]
that contains 85 samples from four classes: Mammals,
Plants, Fungus, and Insects. To compress this dataset,
we reduced the number of aligned sites from 27 to 9 by
removing the aligned sites with low SR2 value [13].

Dataset 2 is an APC dataset (width:36) used in [3, 7] that
contains 147 samples from six classes: Mammals, Birds,
Fish, Insects, Metazoas and Plants. Like the dimensionality
reduction process in Dataset 1, we reduced the dimen-
sions from 36 to 17.

Dataset 3 is an APC dataset (width: 12) used in [26]
converting 95 protein sequences from five classes: Macro,
Sra, Scara3, Scara4, Scara5 of class A scavenger receptors
(SR-A) originally taken from a dataset with 106 sequences
used in [27], one with the highest coverage. All five

SRV Bird  Fish Metazoa Insect Mammal Plant RSRV3 Bird Fish Insect Mammal Metazoa  Plant
A84=F -1.11 _-096 1 2.15 6.79 215 -193 73=A -0.87 1.07 1.91 -2.06 1.88 0.1
A79=N -0.93 2.94 0.45 3.80 -1.79 -1.60 84=F -0.86 1.06 1.88 -2.04 1.86 0.1
A80=Q -0.44 227 227 -049 -0.85 -0.76 85=V -0.9 11 1.97 -2.12 1.93 0.09
A73=N 0.82 -2.12 -1.18 | -2.74 1.58 1.18 108 =N -0.88 1.08 1.94 -2.08 1.9 0.1
A84=M 163 008 -1.69 416 | -3.38 (c)

.. RSRV4 Bird Fish Insect Mammal Metazoa  Plant
(a) 73=E 0.02 242 -2.31 0.41 -1.3 0.46
RSRV1 Bird Fish  Insect Mammal Metazoa Plant 84=N 0.02 242 -2.31 0.41 -1.3 0.46
74=M -0.78 -0.8 -0.74 = -2.19 -043 4 88=Q 0.02 242 -2.31 0.41 -1.3 0.46
75=A -1.01 -121 ~-1.03 | -294 -0.73 5.51 100=N 0.02 242 -2.31 041 -1.3 0.46
76=V -096 -1.11 -096 | -2.77 -0.66 5.16 108 =R 0.02 242 -2.31 0.41 -13 0.46
79=E -0.75 -0.77 -0.71 | -2.12 -0.4 3.85 (d)
84=Y -1.01 .12 -1.03 | =294 -0.73 5:5 RSRVS Bird Fish Insect Mammal Metazoa  Plant
85=D -1.03 -123 -1.05 -299 -0.75 5.61 79=K -0.58 0.27 -1.41 -0.36 2.64 0.19
88=L -1.04 -125 -1.06 | -3.02 -0.76 5.66 80=N -0.58 0.27 -1.41 -0.37 2.65 0.19
100=V -086 -094 -084 -244 -0.53 4.5 107=2 -0.55 0.27 -1.3 -0.36 247 0.19
102=P -1.01 -1.21 -1.03 | -2.94 -0.73 551 (e)
104=L -0.7 -0.68 -0.65 -196 -034 3.52 RSRV13 Bird Fish Insect Mammal Metazoa  Plant
107=P -0.87 -097 -0.86 -25 -0.56 4.63 108=S 0.78 0.11 0.04 -0.65 0.27 0.06
108=Q -0.94 -1.09 -095  -2793 -0.65 5:07 108=A 0.54 0.13 0.03 -0.57 0.28 0.10
(b) (®)

Fig. 7 Discovered ARAs by E-ARADD for Dataset 2 with Amino Acid. (@) Entangled ARAs associating with classes in SRV; (b-f) Disentangled ARAs
in RSRV1, RSRV3, RSRV4, RSRV5 and RSRV13
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subclasses of proteins contain domains: Cytoplasmic, Col-
lagenous, Transmembrane, a-helical and coiled-coil mo-
tifs. Macro, Sra, and Scara5 contain the Collagenous
domain. Only Sra contains the SRCR domain.

In this paper, we first reported the results when E-
ARADD was applied to the two datasets above, using
both their APCs and APPCs. Analysis I focuses on
evaluating and comparing the entangled ARAs and
disentangled ARAs results for APCs composed of amino
acid symbols for Dataset 1 and Dataset 2. Analysis II
shows how E-ARADD being applied to the mixed-mode
APPC for both datasets. Then, in the Discussion Section,
we summarized the results of our work on dataset 3
reported in [26], highlighting how ARADD is able to
reveal and locate all the significant ARs and ARAs inher-
ent in an APC obtained from the sequence data of SR-A
protein family. Since the AR and ARA ID Address Table
reported in [26] is a special module of E-ARADD, we
will include a brief summary the work in [26] in the dis-
cussion of this paper. We will briefly describe how
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E-ARADD is able to unveil the crucial functional informa-
tion, of “what” and “where” of a protein family through
the APCs discovered in the data [26].

Analysis | - Cytochrome c APCs in amino acid symbols

In Analysis I, we applied E-ARADD on APCs in amino
acid symbols from data of dataset 1 and dataset 2. First,
we compared the discovered ARAs obtained in RSRVs
by using E-ARADD with those using only the adjusted
statistical residual in SRV [28] with the same threshold
1.96. Figures 6 and 7 show the result of dataset 1 and
dataset 2 respectively.

Figure 6(a) presents the results when the SRV was
used to reveal the ARs associating with classes in dataset
1. From the SRV obtained from the APC, we observed
that different species share the same ARs. For example,
both Mammal and Plant share A71L. In another word,
the ARs are entangled among different classes. However,
after the E-ARADD disentanglement, we noted that the

RSRV1 RSRV1
With Without

ClassLabel Mammal Plant Fungi Insect ClassLabel 92=L 73=D 72=Y 90=P 76=L 88=V 95=P 96=Q 96=E 90=V 96=G 90=A 76=E 73=E 95=K 92=I 88=I 72=M
92-L 620 505 183 -039 88=] 621 -589 -584 574 563 -556 -545 -544 241 283 408 458 549 561 585 58 636 637
73=D Essell 477 175 | 037 72=M 619 -587 -582 -572 -560 -554 -543 -541 245 287 411 462 552 565 589 590 640 641
72=Y 58 473 174  -036 92=1 | 576 -546 -541 -532 -522 -516 -505 -504 221 260 375 421 505 516 538 539 585 586
90=P 573 465 171  -036 95=K | -573 -543 -538 -520 -519 -513 -503 -501 222 261 376 42 06517 539 540 586 587
76=L 561 455 169 -035 73=E 536 -507 -503 -494 484 -478 468 467 227 264 374 ,09 531 531 575 576
88=V 555 449 167 -035 76=E 509 -481 -477 -469 -459 -453 -444 442 236 272 380 423 501 512 533 534 577 578
95=p 544 | 440 164 -034 90=A | 436 412 408 -401 -393 -388 -380 -379 190 220 311 347 413 422 439 440 476 476
96= 542 438 164 -034 96=G  -409 -388 -384 -378 -371 -366 -350 -358 151 178 258 291 350 358 373 374 406 407
96=E 243 233 -034 0.5 90=V | -202 277 275 270 -2.65 -2.62 -257 -256 102 121 178 201 242 248 259 259 282 282
90=v 285 269 -045 0.8 96=E |2A0SEoio oS0 0o es  GaEol sEEH oM 0] 0.97 | 1.13 | 162 | 1.81 (217 222 231 231 251 251
96=G 410 | 375 -076 025 96=Q 488 462 457 450 440 435 426 424 220 255 -357 399 -473 -483 -503 -504 -544 545
90=A 460 418 -089 028 88=V 498 471 467 459 449 444 434 433 227 263 367 -410 -485 -496 -516 -517 -559 -560
76=E 550 -496 -112 034 76=L 500 472 468 460 450 444 435 434 234 270 376 -419 -496 -506 -527 -528 -570 -5.71
73=E 563 506 -115 035 95=P 504 477 473 4.50 441 439 208 -243 -345 -387 -461 -471 -491 -492 -533 -534
95K 557 B0 -121 | 036 90=P 510 482 478 Leoo——rou—454 444 443 -239 -276 -384 -427 -506 -517 -538 -538 -582 -5.82
92-1 588 | 528 -121 036 72=Y 522 493 488 480 470 464 454 453 241 278 383 -432 -512 -523 -544 -545 -589 -590
88=1 638 570 -134 039 73=D 535 506 502 493 483 477 467 466 -234 272 -382 -427 -508 -519 -541 -541 -586 -587
72=) 639 571 -134 040 92=L 584 554 549 540 529 523 512 511 -229 -269 -386 -434 -519 -530 -553 -554 -601 -6.02

(@) (b)

RSRV2 RSRV2
With Without

ClassLabel Mammal Plant Fungi Insect ClassLabel 90=G 88=A 72=S 71=M 95=E 76=E 76=T 95=P 96=Q 76=L 88=V 90=P 72=Y 71=L
96=K -1.94 | -401 653  -0.07 FaT, 534 532 -450 -399 -354 -232 -214 208 3.14 327 330 336 345 440
90=G 4193 399 650 -007 72= 430 428 364 325 290 -195 -181 147 230 240 242 246 254 327
88=A -192 | 397 648 -0.07 90=P 420 -418 -356 -3.18 -2.84 -192 -1.79 140 220 2.6 243 315
72=§ -162 338 550 -0.06 76=L 400 -408 348 310 277 -187 -174 136 214 21——ot 1o 237 306
71=M -143 [1231028 489 -0.05 88=V 409 408 347 309 275 -184 -1.72 143 222 231 234 237 245 315
95=E -1.27 [E25698 436 -0.05 96=Q 5388 327030000361 -1.74 | -1.62 | 137 | 212 221 223 227 234 3.01
76=E 082  -181 289 -0.03 95=P 2248 =247 -2/09] -1.86 | -1.65 -1.08 -1.00 | 097 146 152 | 153 156 160 204
76=T 076 -169 269 -0.03 95=A 235 234 197 174 154 | 099 | 091 | -1.00 -148 -1.54|-1.56 -1.58 | -1.62 [22.05
95=A 065 -149 235 -0.03 76=T 292 271 229 203 179 | 1.16 | 1.07 | -1.11 | -1.66 | -1.73 | -1.74 | -1.77 | -1.32 [EuAS
95=p 0.79 135 236 003 76=E 312 311 266 238 213 145 | 136 |-097|-155|-163|-164|-167|-1.72 [E225
96=Q 118 | 212 | -3631 0.04 95=E 453 451 3.8 340 302 200 186 -1.68 -256 -2.67 -270 -2.74 -2.82 -361
76=L 123 | 221 3981 0.04 71=M  5.00 .73 331 215 199 -200 -301 -3.13 -316 -320 -330 -419
88=V 124 | 223 M 0.04 72= 559 & 7U—3.16 368 237 219 -230 -343 -357 -360 -366 -3.76 -477
90=P 126 | 227 388l 0.04 90=G 675 672 569 506 449 296 274 -256 -389 -405 -409 -415 -427 -546
72=Y 129 234 | 400 0.05 88=A 678 675 573 510 454 301 280 -247 -380 -396 -399 -406 -418 -536
71=L 164 | 302 EESHSE 0.06 96=K 684 681 578 515 458 304 283 -248 -382 -398 -402 -408 -420 -539

(©) d)

Fig. 8 The Result of AR Clusters captured in PCs and the corresponding ARAs reflected in RSRVs for APC Dataset 1 with amino acid. a ARA

Clustering Result with Class Label on RSRV1; (b) ARA Clustering Result without Class Labels on RSRV1 (c) ARA Clustering Result with Class Label

on RSRV2; and (d) ARA Clustering Result without Class Labels on RSRV2
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ARAs associating with class were disentangled as mani-
fested in the RSRVs (Fig. 6b-d). In Fig. 6(b), ARs associ-
ating with Mammal were disentangled with those with
Plant whereas most of them were quite mixed in the
SRV (Fig. 6(a)). For instance, A92L was entangled among
Plant, Fungi and Insect in SRV, but associates with Plant
but not Mammal in the specific statistic/functional space
RSRV1; and with Fungi in RSRV2 and Insect in RSRV3.
This indicates that 192 L play different role in three un-
correlated statistic/functional spaces (though the latter
could be weak, with SR =2.02 and 1.44 respectively). We
also observed that in RSRV3, only A90A and A92L asso-
ciating with Insect were picked up. Note that the weak
association of A92L with Insect (SR =1.44) will play a
strong role (SR =5.05) in Plant in RSRV1 and a weaker
role (SR = 1.66) in RSRV2. The importance of E-ARADD
Disentanglement of ARAs with different classes were
clearly revealed in different statistical/functional spaces,
RSRV1, RSRV2 and RSRV3, as captured through their
corresponding PCs.

Similarly, Fig. 7 shows the discovered ARAs on SRV
and RSRVs from the APC in amino acid symbols from
dataset 2. Figure 7(a) shows the result in SRV. Here, we
observed that “Mammal” stands out with positive SR
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associating with A84M while other ARs were entangled
with different classes. Note that from the SRV obtained
from this APC, Birds and even Plants were irrelevant.
We also noted that ARs associating with Metazoa, In-
sect and Fish were mixed. However, after the disen-
tanglement, the result of RSRVs shown in Fig. 7(b-f)
told a different story. In Fig. 7(d) Fish stands out from
Insect and Metazoa. In Fig. 7(e) Metazoa separates
from Insect and Fish. The ARA with specific classes
stood out in different disentangled spaces. More sur-
prising is that the AR missing in the Bird class ap-
peared in PC;3 and RSRV;3; with low SR but its ARA
values still stand out from the SRs of all the other
ARAs. This indicates the capability of ARADD in re-
vealing weak ARAs (rare events) encountered in the
imbalanced class problem that has plagued data mining
for sometimes [29].

This experimental result shows that, beside discover-
ing and disentangling the ARAs, E-ARADD can discover
AR Clusters (ARCs) and significant ARs captured in or-
thogonal PCs and their corresponding RSRVs. It demon-
strated the Explainable AI (XAI) [36] capability without
the reliance of explicit a priori knowledge and a poster-
iori processing.

RSRV1

Without
75=G $S<E_76=1 100=I $5=E 102=A 104=I 107=K $4=M 7
197 776 161 688 675 616 598 -593 581 -5
196 175 160 -636 673 614 595 S0 578 -
M 156 683 669 610 592 587 ST S

749 678 664 607 -5
T4 670 657 599 -5
13 646 633 578 -
12 644 632 STT -5
672 607 595 542 -
651 587 575 523 -5
S61 505 494 449 4
517 469 460 421
497 450 441 403 3
469 425 417 32 -
362 328 32 294 -
361 328 321 294 -

413 348
404 339
394 3R

760 687 674 615 596 591 579

$1=D 108=G SI=E 79=¢
420 354 -
415 349 -
411 345 -

N 79:E 745M 104sL 100V 107=P 76=V 108=Q 75=A 8$5=D 102=P $=L $4=Y
491 506 589 679 688 715 717 153 157 164 17 175
506 521 605 695 704 732 734 770 175 181 70 792
S12 527 611 701 7M1 739 740 1776 181 738 797 1799
484 499 S81 669 678 705 707 142 146 153 162 164
498 SI3 595 684 693 720 72 157 162 16 17 1M
460 474 552 636 644 670 672 705 109 716 724 726

464 478 555 639 643 674 676 200 714 720 728 1730
455 469 544 624 695 701 709 701
461 41 S48 627 Plant 697 703 71 113
407 419 483 SS2 559 580 582 609 613 613 625 626
319 329 385 445 451 469 470 494 497 S0 508 509
443 461 462 485 488 4 498 499
407 424 425 446 449 453 458 460
323336 337 354 356 360 364 365
317 330 331 348 350 353 357 358
238 246 247 258 259 261 264 264
247 256 256 267 269 27 274 274
243 251 252 26 264 266 269 269
192 199 200 209 210 212 214 215
276 286 287 299 301 304 307 307
263 274 275 289 290 293 296 297
320 332 333 348 351 354 357 38
372 386 387 406 408 412 417 418
434 452 453 476 479 483 459 490
535 555 556 582 586 -S91 597 599
474 493 494 519 523 -527 -S34 535
544 564 566 -592 596 601 -608 609
533 -S54 555 -S81 585 -590 -597 598
524 546 547 575 579 584 591 S92
613 637 638 669 673 678 636 638
628 652 654 -684 639 694 702 1.0
669 696 698 132 131 743 251 153
692 119 721 156 160 161 -176 171
A0 130 32 26 D 179 188 1%

RSRVS RSRVS
With Without
Class Label | Bird | Fish | Insect| Mammal| Metazoa| Plant Class Label 79=K 80=N 107=Z 108=T 108=K 73=G $1=Q 107=Q 108=N 73=A
73=A 021 010 142 035 -168 012 73=A 5310505 195 -186 -1.73 -168 -155 -153 177 185
108=N 018 011 133 035 -156 0.12 108=N 150198 182 174 -161| -156 -145 -143 166 174
73=G 2046 029 -130 017 210 005 73=G 224 221 200 173 179 171 153 149 -146 -160
108=K 048 029 -135 016 217 005 108=K 233 229 207 180 18 178 159 155 -152 -167
108=T 2048 029 -138 016 221 005 108=T 238 233 211 184 190 181 162 158 -1.56 -1.70
107=Z 052 030 -152 015 241 005 107=2 262 257 232 203 209 199 179 174 -1.73 -189
80=N 2056 031 -168 -014 263 004 80=N 2.2.24 229 219 197 192 -192 .09
79=K 058 032 -176 014 274 004 79=K o235 239 229 206 20179201 219
(c) (d)

Fig. 9 The Result of AR Clusters captured in PCs and the corresponding ARAs reflected in RSRVs for APC Dataset 2 with amino acid. a ARA
Clustering Result with Class Label on RSRV1; (b) ARA Clustering Result without Class Labels on RSRV1; (c) ARA Clustering Result with Class Label

on RSRV5; and (d) ARA Clustering Result without Class Labels on RSRV5
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P
SRV Mammal  Plant Fungi Insect ||RSRV1 Mammal  Plant Fungi Insect ||[RSRV2 Mammal  Plant Fungi Insect
721=NonPolar_aromatic = -3.44 -2.41 1.88 6.30 721=NonPolar_aromatic  0.79 -1.10 0.27 0.04 721=NonPolar_aromatic  -0.65 -0.30 1.16 -0.14
724=(165.19 181.19] -6.83 5.97 -1.02 3.17 ||724=[165.19181.19] -4.86 5.84 -0.53 -0.38 |[724=(165.19 181.19] 0.52 0.17 -0.83 0.09
734=[89.09 147.13] -5.92 5.44 2.29 -2.04 734=[89.09 147.13] -4.87 5.85 -0.53 -0.38 734=[89.09 147.13] -1.50 -0.64 2.59 -0.30
734=[147.13 147.13] 5.92 -5.44 -2.29 2.04 734=[147.13 147.13] 4.70 -5.91 0.82 0.33 734={147.13 147.13] 1.56 0.58 -2.59 0.29
761=Polar 4.45 -8.64 2.77 2.07 ||761=Polar 5.84 -7.31 0.98 041 ||761=Polar -1.07 | -047 1.87 -0.22
762=Acidic 4.70 -8.16 1.88 219 ||762=Acidic 5.68 711 0.96 0.40 ||762=Acidic -049 | -0.24 0.88 -0.11
904=(89.09 117.15] 3.69 2.66 -8.25 172 ||904=[89.09 117.15] -1.00 1.10 0.02 -0.09 ||904=[89.09117.15] 4.29 1.68 -7.22 0.81
925=[5.98 5.98] -8.69 4.45 3.28 237 ||925=[5.985.98] -4.60 5.51 -0.49 -0.36 ||925=[5.98 5.98] -2.27 -0.96 3.91 -0.45
951=Nonpolar -7.16 5.21 0.27 3.03 951=Nonpolar -5.09 6.12 -0.56 -0.39 951=Nonpolar -0.33 -0.18 0.62 -0.08
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Fig. 10 Discovered ARPAs on SRV and RSRVs by E-ARADD for APC Dataset 1 with chemical properties. a Entangled ARPAs with class on SRV; (b)
Disentangled ARPAs on RSRV1; (c) Disentangled ARPAs on RSRV2

To reveal the ARAs obtained for dataset 1 in greater
depth, we made a careful comparison of the ARs in the
PCs with the ARAs in their corresponding RSRVs to see
how the ARAs grouping reflecting the distinctness of the
AR sub-clusters in the RSRVs. Fig. 8 shows the AR clus-
ters (yellow cells) that captured on different PCs. In order
to show that such functional associations are intrinsic un-
related to class labels, we compared experimental result
on APCs with and without class labels. Figure 8 (a-d)
showed the AR clusters on the right-handed side and their
corresponding RSRV plots obtained from SRV without
class labels on the left-handed side. We observed in both
that the ARs associating to the class are almost identical.
Hence, this further indicates the explainable machine
learning capability of E-ARADD in both supervised/un-
supervised settings not relying on explicit a priori or a
posteriori knowledge. As Figs. 8 and 9 show, in all the
experiments, we see little difference in ARA results with
or without class labels given.

Analysis Il - Cytochrome ¢ APCs in aligned residue
property tuples

In Analysis II, the same protein APC datasets in Analysis
I were used, but the aligned residues are represented by
the five amino acid chemical properties: Side Chain Po-
larity, Side Chain Acidity / Basicity, Hydropathy Index,
Molecular Weight (Da), and Isoelectric Point instead.
Thus, we represent an APC in Analysis I by an Aligned
Property Pattern Cluster (APPC) and an Aligned Resi-
due (AR) by an Aligned Residue Property Tuple (ARP).
Furthermore, instead of using ARAs as our fundamental
association from the APC from Dataset 1, we used the
Aligned Residue Property Association (ARPA) obtained
from APPCs instead.

In this paper, our focus is not to conduct a thorough
bio-molecular study of a protein family but rather to
explore the performance of E-ARADD on APPCs. That
we selected the APCs from cytochrome C based on
amino acids and their chemical properties is to examine
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Fig. 11 Discovered ARAPs on SRV and RSRVs by E-ARADD for APC Dataset 2 with chemical properties. a Entangled ARPAs with class on SRV; (b)

Disentangled ARPAs on RSRV1; (c) Disentangled ARPAs on RSRV3. d Disentangled ARPAs on RSRV4
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Fig. 12 PC plots results for APPC in dataset 1 with class label

whether ARPAs can be discovered in the disentangled
spaces of PCs and RSRVs to reveal the chemical associ-
ation ARPs at a deeper level. We would also like to find
out also whether ARP clusters could be identified to
generate ARP subgroups corresponding to taxonomical
classes with or without class label provided. Thus, we
took the dataset 1 and converted the APC with a width
of 9 amino acids into a 9x5 mixed-mode APPC, from
which we constructed an SRV. We then applied PCD
on the SRV to obtain PCs and RSRVs as we did in Ana-
lysis I, ranked them after their eigenvalues. The corre-
sponding set of RSRVs then represent the coordinates of
the ARP-vector which were the SRs of each ARPA be-
tween ARPs corresponding to the row and column ARP-
vectors. Figure 10 shows the disentanglement of the ARPs
associating with class labels for dataset 1. The attribute
“721 = NonPolar_aromatic” denotes that the aligned 1st
chemical property (Side Chain Polarity) of the 72th amino
acid in the APPC is “NonPolar_aromatic”. Since chemical

properties were used, we observed more disentangled as-
sociation of the ARP with class labels were obtained in the
SRV (Fig. 10(a)). As expected, more succinct disentangle-
ment had also been observed in the RSRVs. In RSRV1
(Fig. 10(b)), we observed succinct disentanglement of
ARPAs between Mammal and Plant, and in RSRV2
(Fig. 10(c)), between Mammal and Fungi. Overall, we see
that more specific chemical associations between species
are discovered in different functional spaces. Such deeper
knowledge could help biologists to further their research.
Similarly, Fig. 11 shows the ARPAs with the class labels
in disentangled spaces for dataset 2. Figure 11(a) shows
the result of ARP Associating with classes in the SRV ob-
tained from the APPC with chemical properties of dataset
2. Note that in SRV, we noted that there are quite a num-
ber of ARP entangled with different taxonomical classes.
However, after disentanglement, we observed that disen-
tangled ARPs in RSRV1 were distinctly associating Mam-
mal and Plant. Especially for site 1043 = 3.8 (the value of
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Fig. 13 PC plots results for APPC in dataset 2 with class label
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Fig. 14 An Excerpt of Experimental result of AR groups associating with different SR-A classes [28]

the 3th properties of the 104th amino acid), and 1045 =
5.98, While ARPs of Insect and Plant are entangled in
SRV, the ARP of Insect was standing out in RSRV3 and
that of Plant was standing out in RSRV1.

We can conclude from the above experimental result
that when the class labels are included in APPCs as input,
we could disentangle the discovered associations of chem-
ical property relation between ARPs. In addition, we also
showed from the PC plots for dataset 1 and 2 how chem-
ical properties of the ARP clusters were associating with
class in the PCs as Figs. 12 and 13 show. Since each
ARP-cluster consists of a special set of ARPs, biologists
could gain significant molecular biological insight for each
specific functional space. Such ARP associating with clas-
ses were also revealed in other RSRVs.

In summary, from the results of Analysis II, we found
that E-ARADD can handle mixed-mode dataset. It can dis-
cover the statistically significant ARPAs, though entangled

in the SRV, as well as the ARP Clusters (ARPCs) captured
in orthogonal PCs to bring out their separability associating
with taxonomical classes.

Discussion

Discovering patterns from biological sequences is of
fundamental importance in unraveling the underlying
science. It is particularly true in Proteomics, where pro-
teins virtually regulate every biological process of a living
organism. A new method has been developed from us to
obtain from protein sequences Aligned Pattern Clusters
(APCs) [2—4] representing the biological conserved regions.
APCs [2-4], comparing with probabilistic methods [1],
have captured more complete statistical association of
aligned residues. As the column-wise associations are
preserved in APCs, contrasting to probabilistic models,
e.g. Position Weight Matrix (PWM) [30], we are able to
discover the Aligned Residue Associations (ARAs) [5] to
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Fig. 15 The process of Aligned Residue Association (ARA) disentanglement in both pattern space and sequence location. a the result of disentanglement
of functional groups corresponding to classes; (b) an APC with AR groups in different bold colors corresponding to different classes with the range of
positions shown; (c) the 5 AR groups mapped onto the protein sequences with domain regions annotated [28] and class labels associated [26]
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reveal subgroup characteristics, in which, these subgroup
characteristics, regarding multiple functionalities and/or
local stereo physiochemical environments, may have been
masked or entangled. We further extended the ARADD al-
gorithm into E-ARADD to handle the mixed-mode bio-
chemical protein data to provide direct biochemical
interpretation supported by experimental results.

Experimental results on synthetic data provides the
proof-of-concept validation on the successful disentangle-
ment that reveals class-associated ARAs with or without
class labels as input, results on cytochrome c and class A
scavenger receptors sequence data render scientific valid-
ation of our method. In experimental Analysis I, after dis-
entanglement, different ARAs were revealed. They were
linked to the species class labels. We validated that the AR
results in PCs and ARAS in RSRVs remain essentially the
same with or without the inclusion of class labels in the
APCs. In experimental Analysis II, we found that different
APPAs were associated with different species. The obser-
vation, to a certain degree, is consistent to the literature
report that certain biological processes of cytochrome c
such as oxidization have homologous yet different chem-
ical characterization in different families [31].

Furthermore, in order to show the completeness of the
proposed algorithm E-ARADD, we furnish a brief sum-
mary of our recent work [26] when ARADD algorithm
[5] was applied to a very diverse protein family of class
A scavenger receptors (SR-A), dataset 3. In our recent
work [26], we showed that ARADD was able not only to
discover and disentangle ARs and ARAs in specific PCs
and RSRVs, but also their locations in the protein func-
tional domains of SR-A.

Figure 14 demonstrates an excerpt showing the results
of only two classes from a figure taken from our recent
work [26]. Note that the AR patterns are in bold brown
color fonts for Scara5 (CRM****G***V) and in violet
color fonts for Sra (CR***Y*G***V). These AR patterns
are similar in sequence and thus clustered in the same
APC. However, they are in fact in two distant domains.
This indicates that not only can ARADD disentangle
functional association in an APC, i.e. the pattern space,
but also disentangle their sequence locations relating to
different family domains [26], e.g. Scara5 and Sra. This
provides a strong support to the scientific significance of
ARA disentanglement, by revealing the information of
“what” and “where” in a protein family.

Figure 15 [26] provides an overview of the discovered
results in both pattern and data space. Figure 15(a) from
[26] demonstrates that the class labels associating with
ARs of their pertaining classes are revealed within their
associating clusters in the one-dimensional PC space. As
shown in Fig. 14, the AR groups for Scara5 and Sra are
close with only a single difference in their significant
ARs. Their closeness is also observed in RSRV2 [26].
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The two groups differ from other classes significantly.
Hence, from the PCs (Fig. 15(a)) and the plots of the sig-
nificant AR clusters (color rectangular boxes), we have
observed both their similarity (i.e. Sra and Scara5 in
PC2) and their differences (i.e. scara3 and scara4 in
PC3), with statistical backing (the distance of their pro-
jection position from the mean in the PCs and their SR
magnitude in the RSRVs). From the APC data space as
shown by their sequence ID and sequence position in
Figs.14(a), 15(b) and (c), we observed that their residing
sequence positions and family domain locations of each
AR pattern were identified. Surprisingly, they are closely
correlated with the domain regions annotated.

Conclusion

In this study, we extend our previous ARADD algorithm
[5] into E-ARADD to enable it to handle mixed-mode
physiochemical property data, which contains both cat-
egorical and numerical values. By applying E-ARADD to
the entangled APC obtained from cytochrome ¢ family
and class A scavenger receptors, this study has shown that
AR clusters (patterns in pattern space), associating with dif-
ferent functional subgroups, regions and domains of the
family obtained from an APC, could be succinctly plotted
and statistically separated in different PCs and RSRVs as
well as in different locations through their sequence ID and
sequence position in the protein family data [26].

The most significant finding of this study is that the
AR subgroups within the APCs could be found in the
disentangled PCs and RSRVS of ARA/ARPA associating
with different classes or subgroups, residing in different
functional regions or domains of the family. Biologically,
entangled ARA/ARPA in the aligned patterns within the
conserved regions APC/APPC of class A scavenger re-
ceptor, reveal biological functional patterns pertaining to
similar or different classes. It is interesting to find that
the ARAs/ARPAs within the entangled patterns in APCs
of class A scavenger receptor family can be disentangled
into subgroups pertaining to different functionality as
reflected by the disentangled PCs and RSRVs. This implies
that the strong statistical associations of multiple func-
tionalities for different classes/subgroups inherent in the
residue associations within the aligned patterns. Hence, in
summary, the successful application of ARADD algorithm
demonstrates its capability to open a new way for analyz-
ing conserved regions and their distribution, with poten-
tial to reveal new knowledge in omics for drug discovery,
genetic medicine and gene therapy applications.
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APC: Aligned Pattern Cluster (with categorical amino acid); APPC: Aligned
Property Pattern Cluster (with mixed-mode chemical properties); AR: Aligned
Residue (for categorical amino acid in APC dataset); ARA: Aligned Residue
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Residue Property (for mixed-mode chemical properties in APC dataset);
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