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The likelihood model underlying TwinCons scoring 
The TwinCons score is a log-likelihood for paired sets of aligned residues, sampled from 

the leaves of a branching process generated by the chosen substitution matrix. 
Denote by 𝑁𝑁and 𝑁𝑁′the number of sequences in the first and second groups; these are then the 
numbers of residues in the two groups at each position. 
Let 𝑖𝑖 or 𝑗𝑗 label the possible residues (amino acids or nucleotides) and denote the counts of 
residues in the two groups by vectors 𝑛𝑛 ≡ [𝑛𝑛𝑖𝑖] and 𝑛𝑛′ ≡ [𝑛𝑛𝑗𝑗′], respectively. Then ∑ 𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑁𝑁, 

� 𝑛𝑛𝑗𝑗′
𝑗𝑗

= 𝑁𝑁′. 

Extending pairwise scoring to pairs of sets 
A pairwise alignment score may be assigned as a log-likelihood to observe any pair of 

residues (𝑖𝑖, 𝑗𝑗)at a single position. The standard measure of significance assigned to pairs under a 
hypothesis about their separation from a common ancestor is the logarithm of the pair frequency 
sampled from the leaves of a branching process of the hypothesized depth, with empirically 
calibrated transition frequencies. The log-likelihood for residues at a single position is measured 
not in absolute terms, but relative to the log of the product of marginal probabilities representing 
the background frequencies under the same generating process at uncorrelated residues. These 
differences of log-likelihood measures are given in standard form as substitution matrices [1, 2]. 

We wish to extend this score to pairs of sets with no other assumptions of structure within 
the sets. Because aligned residues both within each group and between groups are considered 
conditionally independent given the branching process, they are treated as independent samples 
from the leaves of the process. The joint likelihoods for sets of samples are therefore products. 
The log-likelihoods that naturally extend the single-pair score to sets of pairs, with the only new 
conditions being the way the user has grouped the data, are naturally bilinear functions of the 
frequencies of residues in the two groups. Whereas, for amino acid substitution in proteins, a 
standard form exists for PAM and BLOSUM matrices as log-likelihood ratios with known 
branching processes, for nucleotides the time depth, overall magnitude of the scoring matrix, and 
baseline substitution will need to be standardized if these measures are to be compared across 
datasets, or between nucleic acids and proteins. 

We construct a group-level joint probability as a uniformly weighted probability over all 
pairs of the residue from one aligned sequence in one group and the residue from one aligned 
sequence in the other. For a pair of residue types (𝑖𝑖, 𝑗𝑗)in the first and second groups respectively, 
the number of pairs with those residues becomes 𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗. Thus, we wish to assign a probability to 
the two aligned groups that is proportional to the probability to independently sample 
𝑁𝑁𝑁𝑁′random pairs of residues, obtaining for each pair of residue types (𝑖𝑖, 𝑗𝑗)a fraction 𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗

𝑁𝑁𝑁𝑁′
. The 

notion of independence and uniform weighting is thus defined in terms of a product measure on 
pairs. 

Substitution matrix, consistent distribution, and log-likelihood 
Let 𝑠𝑠 ≡ �𝑠𝑠𝑖𝑖𝑗𝑗� denote the substitution matrix for the branching process. It is defined as in 
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[1] from the log-likelihood of pair probabilities 𝑞𝑞 ≡ �𝑞𝑞𝑖𝑖𝑗𝑗� by 

𝜆𝜆𝑠𝑠𝑖𝑖𝑗𝑗 = log � 𝑞𝑞𝑖𝑖𝑗𝑗
𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗

′� ,      (1) 

where the self-consistent marginals 𝑝𝑝and 𝑝𝑝′, known as target frequencies, are computed from 𝑞𝑞 
as 

𝑝𝑝𝑖𝑖 = � 𝑞𝑞𝑖𝑖𝑗𝑗
𝑗𝑗

  𝑝𝑝𝑗𝑗′ = � 𝑞𝑞𝑖𝑖𝑗𝑗
𝑖𝑖

.     (2) 

𝜆𝜆 is a scale factor relating a convenient base for information units to the log-likelihood ratio. 
The likelihood to independently sample a collection �𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗�(𝑖𝑖,𝑗𝑗)of pairs summing to 𝑁𝑁𝑁𝑁′from a 
branching process in which the pair probabilities on leaves are given by 𝑞𝑞𝑖𝑖𝑗𝑗is the multinomial 
distribution 

𝑙𝑙(𝑛𝑛, 𝑛𝑛′) = �𝑁𝑁𝑁𝑁
′

𝑛𝑛𝑛𝑛′
�� 𝑞𝑞𝑖𝑖𝑗𝑗

𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗
′

𝑖𝑖,𝑗𝑗

.     (3) 

The multinomial coefficient in Eq. (3), treating all indices (𝑖𝑖, 𝑗𝑗)as independent, is given 
by 

�𝑁𝑁𝑁𝑁
′

𝑛𝑛𝑛𝑛′ � ≡ �𝑁𝑁𝑁𝑁′�!

� �𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗
′�

𝑖𝑖,𝑗𝑗
!
.       (4) 

In Stirling’s approximation, the log-likelihood per sample is given by 

log 𝑙𝑙�𝑛𝑛,𝑛𝑛′�
𝑁𝑁𝑁𝑁′

= � 𝑛𝑛𝑖𝑖
𝑁𝑁

𝑛𝑛𝑗𝑗
′

𝑁𝑁′
log 𝑞𝑞𝑖𝑖𝑗𝑗

𝑖𝑖,𝑗𝑗

−� 𝑛𝑛𝑖𝑖
𝑁𝑁

log �𝑛𝑛𝑖𝑖
𝑁𝑁
�

𝑖𝑖
−�

𝑛𝑛𝑗𝑗
′

𝑁𝑁′
log �

𝑛𝑛𝑗𝑗
′

𝑁𝑁′
�

𝑗𝑗

= � 𝑛𝑛𝑖𝑖
𝑁𝑁

𝑛𝑛𝑗𝑗
′

𝑁𝑁′
log � 𝑞𝑞𝑖𝑖𝑗𝑗

𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗
′�

𝑖𝑖,𝑗𝑗

−� 𝑛𝑛𝑖𝑖
𝑁𝑁

log � 𝑛𝑛𝑖𝑖
𝑝𝑝𝑖𝑖𝑁𝑁

�
𝑖𝑖

−�
𝑛𝑛𝑗𝑗
′

𝑁𝑁′
log �

𝑛𝑛𝑗𝑗
′

𝑝𝑝𝑗𝑗
′𝑁𝑁′
�

𝑗𝑗

    (5) 

We recognize the Kullback-Leibler divergence, 
 

𝐷𝐷(n
𝑁𝑁

||𝑝𝑝) = � 𝑛𝑛𝑖𝑖
𝑁𝑁

log � 𝑛𝑛𝑖𝑖
𝑝𝑝𝑖𝑖𝑁𝑁

�
𝑖𝑖

     (6) 

as a negative log-likelihood to draw the sample {𝑛𝑛𝑖𝑖}𝑖𝑖 from the marginals of a branching process 
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for which the pair distribution is 𝑞𝑞𝑖𝑖𝑗𝑗 (and likewise for 𝑛𝑛𝑗𝑗and 𝑝𝑝𝑗𝑗′). It measures the excess 
information within groups about the mismatch to the branching process used as a null model. 
The within-group sample probability can be maximized (Kullback-Leibler divergence forced to 
zero) by adjusting target probabilities 𝑝𝑝and 𝑝𝑝′to probabilities 𝑃𝑃and 𝑃𝑃′that match the residue 
frequencies in the aligned samples, as in [3], while maximally retaining the information in pair 
correlations. Alternatively, these marginal divergences may be used as-is to quantify non-
representativeness within groups of the null model. 

Combining the definition (1) with the notation (6), we may write the TwinCons score in 
terms of these log-likelihood factors as 

𝜆𝜆� 𝑛𝑛𝑖𝑖
𝑁𝑁

𝑛𝑛𝑗𝑗
′

𝑁𝑁′
log 𝑠𝑠𝑖𝑖𝑗𝑗

𝑖𝑖,𝑗𝑗

= log 𝑙𝑙�𝑛𝑛,𝑛𝑛′�
𝑁𝑁𝑁𝑁′

+ 𝐷𝐷(𝑛𝑛
𝑁𝑁

||𝑝𝑝)  + 𝐷𝐷(𝑛𝑛
𝑁𝑁

||𝑝𝑝′)

   (7) 

Other sampling interpretations with the same log-likelihood value 
The likelihood (3), which treats each pair-label (𝑖𝑖, 𝑗𝑗)as an independent set of samples, 

does not explicitly account for the property that the sample numbers {𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗}(𝑖𝑖,𝑗𝑗)are constructed to 
have a product form, and are thus not all independent. The variables that are independent are 
only the two sets {𝑛𝑛𝑖𝑖}𝑖𝑖, �𝑛𝑛𝑗𝑗�𝑗𝑗 , summing to 𝑁𝑁 + 𝑁𝑁′. 

The uniformly-weighted group-level probability on only the independent sample values, 
which corresponds to TwinCons, assigns to each aligned sequence in the first group with residue 

𝑖𝑖a probability �� 𝑞𝑞𝑖𝑖𝑗𝑗
𝑗𝑗

�

1
𝑁𝑁′

– the geometric mean of pair probabilities for all pairs it may form in 

the second group – and to each aligned sequence in the second group with residue 𝑗𝑗a probability 

�� 𝑞𝑞𝑖𝑖𝑗𝑗
𝑖𝑖

�
1
𝑁𝑁

. 

The resulting likelihood conditioned on groupings may be written 

𝑙𝑙(𝑛𝑛,𝑛𝑛′ ∣∣ grps ) = �𝑁𝑁𝑛𝑛� �
𝑁𝑁′

𝑛𝑛′ �� 𝑞𝑞𝑖𝑖𝑗𝑗
𝑛𝑛𝑖𝑖�

𝑛𝑛𝑗𝑗
′

𝑁𝑁′
�+�

𝑛𝑛𝑖𝑖
𝑁𝑁�𝑛𝑛𝑗𝑗

′

𝑖𝑖,𝑗𝑗

= �𝑁𝑁𝑛𝑛� �
𝑁𝑁′

𝑛𝑛′ �� 𝑞𝑞𝑖𝑖𝑗𝑗

�𝑁𝑁+𝑁𝑁′�𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗
′

𝑁𝑁𝑁𝑁′

𝑖𝑖,𝑗𝑗

.

    (8) 

The multinomial distributions in Eq. (8) now count only the partition of independent samples of 
aligned residues within each group: 
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�𝑁𝑁𝑛𝑛� ≡ 𝑁𝑁!
� 𝑛𝑛𝑖𝑖!𝑖𝑖

�𝑁𝑁
′

𝑛𝑛′ � ≡ 𝑁𝑁′!
� 𝑛𝑛𝑖𝑖

′!𝑗𝑗
.    (9) 

The likelihood (8) sums to unity over all independent partitions 𝑛𝑛of 𝑁𝑁and 𝑛𝑛′of 𝑁𝑁′. 
Stirling’s approximation then gives that 

𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙�𝑛𝑛,𝑛𝑛′∣∣grps �
𝑁𝑁+𝑁𝑁′

= 𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙�𝑛𝑛,𝑛𝑛′�
𝑁𝑁𝑁𝑁′

     (10) 

confirming equivalence of the models Eq. 3 and Eq. 8. 

TwinCons offset from the mean of its expected distribution 
The log of the sample likelihood from the leaves of the branching process is a random 

variable. Under independent pair samples from the branching process generated by 𝑠𝑠, the 
expectation of 𝜆𝜆𝑠𝑠 is the relative entropy 

𝜆𝜆� 𝑞𝑞𝑖𝑖𝑗𝑗𝑠𝑠𝑖𝑖𝑗𝑗
𝑖𝑖,𝑗𝑗

= � 𝑞𝑞𝑖𝑖𝑗𝑗log ( 𝑞𝑞𝑖𝑖𝑗𝑗
𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗

′) = 𝐷𝐷(𝑞𝑞||𝑝𝑝𝑝𝑝′)
𝑖𝑖,𝑗𝑗

,   (11) 

the Kullback-Leibler divergence of 𝑞𝑞from the product of its marginals, or the mutual information 
in one marginal about the other. 

The pair frequencies produced from two groups of aligned residues are, by construction, 
the products of their marginals. Therefore, the closest approximation they can give to the mean 
under the full branching process is the dual Kullback-Leibler divergence 

𝐷𝐷(𝑝𝑝𝑝𝑝′||𝑞𝑞) = � 𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗′ log �
𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗

′

𝑞𝑞𝑖𝑖𝑗𝑗
�

𝑖𝑖,𝑗𝑗

.   (12) 

If 𝑞𝑞is not too far from the product of its marginals, then the two divergences (11) and (12) 
will be similar in magnitude. 

We display TwinCons scores offset from the divergence (12) for consistency with the 
constraints on the input data. If the user chooses to adjust 𝑝𝑝and 𝑝𝑝′to distributions 𝑃𝑃and 
𝑃𝑃′matching the sample frequencies, the offset is exactly a subtraction of the sample frequency at 
each position from its expectation in the data.  
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Generating alignments from random sequences 
We used INDELible [4] to generate a set of alignments with related (true positive, TP) 

and unrelated (true negative, TN) groups. First, we generated 22 alignments from randomized 
sequence seeds of length 250 following the LG substitution model. Each alignment followed a 
random tree with 120 leaves. The control file with parameters for INDELible, used for tree and 
sequence generation is available in the Supplementary Material (Supp. Dataset 8). Every 
sequence within an alignment originates from the same initial random sequence, so these 
alignments were used as a TP set by splitting the 120 sequences in two groups of 60. From the 
original 22 alignments 20 were selected and iteratively combined with mafft-profile [5, 6], 
resulting in 190 TN alignments where the two groups are not related since they originate from 
different random sequences. The random sequence generation algorithm did not produce a 
satisfyingly different initial random sequences for 11 combinations of TN alignments, these 
alignments were removed from further analysis. 

 

Generating alignments from biological sequences 
Ribosomal protein dataset 
We used highly curated alignments of rProteins to generate an additional set of TP and 

TN composite alignments. Sequences for these alignments were gathered for 67 bacterial and 55 
archaeal species from the Sparse and Efficient Representation of the Extant Biology database 
(SEREB)[7]. TP composite alignments were created using the group separation between archaeal 
and bacterial sequences within a single rProtein alignment. TN composite alignments were 
generated from small subunit rProteins combined with the program mafft-profile [5, 6]. We used 
small subunit rProteins since they generally lack extended unstructured regions and do not share 
structural folds. 

 
BaliBASE dataset 
We also generated a set of TP and TN alignments from the BAliBASE multiple alignment 

suite [8]. The BaliBASE database of alignments has different structure-based reference 
alignments used for alignment algorithm evaluation. We used alignments from reference 3 where 
sequences are part of groups with less 20% identities between any two sequences across groups. 
Each one of the 30 alignments in this reference set can have more than two groups. We manually 
truncated the alignments to contain only two groups, this generated our TP set. To ensure gaps 
between TN composite alignments are preserved we excluded alignments with less than 20 
sequences in a group. We iteratively combined the alignment groups that contain more than 20 
sequences, ensuring no groups with similar structural folds or functions are in one TN composite 
alignment. Combinations of alignments that were excluded are available in Supp. Dataset 1. This 
produced 141 TN composite alignments and 38 TP composite alignments. 

 
PROSITE dataset 
Additionally, we used the PROSITE database of protein patterns and profiles [9, 10] to 
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generate a set of TP and TN composite alignments. The PROSITE database has 1826 
documentation entries in the 2019 February release. Each documentation entry describes single 
or multiple motifs that have an alignment associated with it. We generated TP composite 
alignments by pairwise combination of motif alignments from the same documentation entry. TN 
composite alignments were generated by combining motif alignments from different 
documentation entries. To ensure that groups within our merged alignments where of comparable 
size, we removed PROSITE motif alignments with less than 20 sequences and more than 100 
sequences. Furthermore, we filtered out PROSITE motif alignments with length less than 50 
residues and more than 500 residues. This generated 120 TP composite alignments and 36,856 
TN composite alignments. 

 

SVM classifier formula and features 
The optimization formula for the SVM classifier with a ‘rbf’ kernel, used throughout the 

manuscript is: 
exp (−𝛾𝛾‖𝑥𝑥 − 𝑥𝑥′‖2)      (13), 

where γ is the influence of each training example, our parametrization sets gamma to 0.5. 
The minimum and maximum values used to normalize each testing segment are: 

• Minimum weight: 5.425 
• Maximum weight: 52.092 
• Minimum length coverage: 0.005 
• Maximum length coverage: 0.338 

Weight is the sum of TwinCons scores for a given segment, length coverage is the 
percentage of the alignment positions a given segment covers. 

 
Signature and conservation thresholds. 
To determine a threshold for signature positions in TwinCons results from composite 

alignments we used a k-means clustering algorithm. By separating all TwinCons scores from a 
given alignment in k number of groups, we determine the thresholds that separate these groups. 
These thresholds can be used to determine highly conserved or signature scores for the given 
alignment. TwinCons scores depend on the matrix being used. Therefore, protein and rRNA 
scores will differ. For that reason, signature thresholds are determined for a particular alignment 
or groups of alignments, using the same matrix. We applied the same algorithm to rRNA and 
protein results, using 5 k-clusters, ensuring that even complex TwinCons score distributions have 
sufficient peak distinction. S7 Dataset holds TwinCons results from protein and RNA alignments 
with their conservation and signature thresholds. 

rRNA signature and conservation thresholds 
Distribution of TwinCons scores from different rRNA parts of the ribosome were 

inspected to check whether limiting input data would affect scores. The distributions produced 
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from composite alignments of the entire rRNA (23S+16S+5S) show three peaks. A small peak 
around the minimal possible value (-2.25), another peak around TwinCons score of zero, and 
third peak around the maximal possible value (6.75) (Fig I). Distributions from subsets of 23S or 
16S show the same peaks, with lower intensity. To determine the boundary for signature and 
conserved nucleotides we used increasing number of k-clusters (starting from 3) with the scipy 
python library [11] until each distribution peak was placed in separate group (Fig I). The lowest 
number of k-clusters that produced clear distinction was 5. Different subsets of rRNA produced 
different thresholds (Table B). The subset including only 16S rRNA produced the most 
conservative threshold of -0.75 and the lowest standard deviation from 100 runs. Therefore, we 
selected -0.75 as threshold for signatures and 5.55 as threshold for conserved nucleotides. 

Protein signature and conservation thresholds 
Distribution of TwinCons score from protein alignments generally take the Gaussian 

form. Therefore, using 3 k-clusters would be sufficient to identify thresholds for signature and 
conserved amino acids. We elected to use 5 k-clusters to be consistent with the rRNA 
methodology. 

 
Caspase and metacaspase analysis. 
To study differences between caspases and metacaspases, we selected a subset of 14 

metazoan Caspase-9 and 11 non-metazoan eukaryotic metacaspase sequences. We generated a 
structurally guided MSA for this subset of sequences. Both TwinCons and Zebra2 was computed 
for the same MSA and mapped on available 3D structures of caspases (PDB ID: 1JXQ [12]) and 
metacaspases (PDB ID: 4F6O [13]). TwinCons was calculated using structure inferred 
substitution matrices [14] and the blosum62 matrix (Fig H). The same methodology as the one 
used for signature threshold selection in rRNA was used for the caspase composite alignment. 
The signature threshold selected for TwinCons calculated with structure inferred matrices for the 
caspase-metacaspase alignment was -0.9.  

 

Supplementary Results 
 
TwinCons detects sequence similarity between P-loop domains of EF-Tu and 

Initiation factor 2. 
First, we tested the ability of the automated TwinCons search algorithm to detect regions 

of high sequence similarity between the catalytic GTPase domains of two translation factors: 
initiation factor 2 (IF2 in bacteria; aIF5 in Archaea; PDB ID: 5YT0 [15]) and elongation factor 
thermo unstable (EF-Tu; PDB ID: 1EFC [16]). These domains are known to be paralogous; their 
duplication predates the last universal common ancestor [17, 18]. TwinCons detects 2 significant 
segments between archaeal sequences of aIF5 and bacterial sequences of EF-Tu (Fig 4, green 
circles) (Table 2). Highly significant segments detected by TwinCons cover the binding site for 
GTP (Fig J). HHalign finds strong homology between the entire structural core of the aIF5 and 
EF-Tu P-loop domain (E-value 3.6e-16). HHalign detects larger region as significant, totaling 233 
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residues, compared to the 70 residues in the two TwinCons segments that cover only the catalytic 
center of GTPase (Table 2). 

TwinCons detects sequence similarity between ribosomal proteins and RNA 
polymerase subunits. 

Archaeal RNAP (aRNAP) have additional protein chains when compared with bacterial 
RNAP [19, 20]. One of these additional proteins is Subunit E (Rpb7 in eukaryotes, referred here 
as aRNAP7). This subunit, positioned on the periphery of aRNAP (PDB ID: 4V8S [21]), shares 
an OB-fold structural topology with bacterial rProtein bS1 (PDB ID: 4V9D [22]). rProtein bS1 is 
formed by 6 OB-fold β-barrels labeled D1 through D6 [23, 24] and aRNAP7 is comprised of an 
N-terminal truncated RNP motif and a C-terminal OB-fold of the S1 motif [25, 26]. The S1 motif 
is commonly found in nucleic acid binding proteins [27], such as initiation factors [28-30], RNA 
helicases [31] and ribonuclease E [32]. We checked, if TwinCons are able to discover sequence 
similarity between bS1 and aRNAP7. 

TwinCons detects a significant segment that covers the first three β-strands of the β-barrel 
in aRNAP7 (Fig K) and part of D3 from bS1. We were unable to map the TwinCons score on 
bS1 because there are no modelled structures of D3 for bS1. HHalign also detects a significant 
hit (Table 2) for the same region. Notably both D3 of bS1 and the β-barrel of aRNAP7 have roles 
in binding mRNA [24, 26, 33-35]. 

TwinCons detects differences in sequence similarity between rProteins that have 
migrated on the ribosomal surface. 

Using a few non-trivial examples of possible ancestral relationship between 3 groups of 
ribosomal proteins, we further explore the predictions of the automated TwinCons search. The 
archaeal rProteins aL8, aL30, and eS12 exhibit promiscuous binding on the ribosomal surface 
[36] and share structural similarity together with eukaryotic rProteins [36]. This makes rProteins 
aL8, aL30, and eS12 prime candidates to detect sequence similarity. These rProteins belong to 
the α+β three layers topology and L7Ae family of folds [37, 38]. Sequence similarity between 
single representatives of aL8 and aL30 has already been reported [39] and their homology has 
been verified through shared gene clusters [40]. We used TwinCons and HHalign to search for 
sequence segments with significant similarity scores within composite alignments of aL8-aL30, 
aL8-eS12, and aL30-eS12. 

TwinCons detects one significant segment in the aL8-eS12, aL8-aL30, aL30-eS12, 
composite alignments. (Fig 4, red, light green, and salmon circles; Table 2). The composite 
alignment of aL8 with eS12 has a longer segment, compared the segments for aL8-aL30 and 
aL30-eS12 (Table 2). The aL8-eS12 segment is also at a greater distance from the decision 
boundary than the segments from the other two composite alignments (Table 2). 

The length of significant segments, identified with TwinCons, can be used as a proxy for 
similarity between the sequences of aL8, aL30, and eS12. Most similar are rProteins in the aL8-
eS12 composite alignment with a segment with length of 63, next is the composite alignment of 
aL8-aL30 with 44, finally the aL30-eS12 composite alignment produces a segment with length 
of 40 (Table 2). HHalign results agree with these TwinCons calculations (Table 2). These results 
suggest that the eukaryotic specific rProtein eS12 was more likely formed through the 
duplication of aL8 and not aL30. 
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Sequence similarity between rProteins with shared location bL34 and aL37. 
TwinCons detects sequence similarity between bL34 and aL37, a pair of rProteins that 

share structural location but exhibit different 2D and 3D structures. bL34 and aL37 are short (< 
60 aa) rProteins, buried deep within the large subunit rRNA. bL34 is comprised of two short α-
helices, while aL37 has a Zn-binding Rubredoxin-like topology with many loops and two short 
β-strands (Fig L). TwinCons detects a single segment with significant sequence similarity 
between the two groups (Fig 4, violet circle), pointing to a possible common ancestry. The 
segment covers an N-terminal loop in aL37 that has near α-helical conformation and an N-
terminal α-helix within bL34 (Fig L). The segment length is 12 residues in aL37 and 13 residues 
in bL34 (Table 2). HHalign did not detect significant similarity between the two sequence groups 
(Table 2). The difference between TwinCons and HHalign results might stem from the short 
length of the studied proteins. 
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Supplementary Figures 
 
 

 
Fig A. ROC curves for classifiers with different parameters built from the BaliBASE 

dataset, tested against the rProt dataset. Parameters shown here are segment boundaries (length 
threshold), TWC intensity for detection of positive positions (intensity threshold), and what 
percentage gaps should be used for removal of alignment columns (gap threshold). Each subplot 
represents different combination of the intensity and length thresholds. Colored lines within 
subplots represent different gap thresholds. Cutting only alignment positions with more than 80-
90% gaps produce better distinction between true positive and true negatives. Complete data 
including all tested parameters and datasets is available in S2 Dataset. 
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Fig B. ROC curves of training classifiers with different penalties and gamma parameters. 
The first four subplots (A-D) test different penalties and the last four test different gamma values 
(E-H). Each subplot represents a different dataset that was used for training and testing. (A) and 
(E) are PROSITE, (B) and (F) are BaliBASE, (C) and (G) are INDELible, (D) and (H) are 
rProtein dataset. For testing each dataset was split in 3 folds. Each fold produces an ROC curve, 
we plot the mean of the three results as single curve and plot the standard deviation of the true 
positive rate as a shaded region around it. Complete data is available in S3Dataset. 
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Fig C. ROC curves generated from HHalign alignments from the four datasets: 

BaliBASE, rProtein, INDELible, and PROSITE. Colored lines within subplots represent 
different gap thresholds used for column exclusion. 
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Fig D. Comparison of structural mapping between Zebra2 and TwinCons. A) Zebra2 

results and B) TwinCons results from sequence alignment for uL02 between archaeal and 
bacterial sequences mapped on the E. coli uL02 structure from PDB 4V9D [22]. C) Zebra2 
results and D) TwinCons results from the same sequence alignment mapped on the P. furiosus 
uL02 structure from PDB 4V6U [36]. In panels A) and C) red indicates signatures. In panels B) 
and D) dark green indicates alignment positions with high conservation of residues, purple 
indicates signature positions, gray indicates heavily gapped regions in the composite alignment. 
Orange circles indicate signature positions. 
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Fig E. TwinCons mapped for a short α-helix region in uL2 with analogous sequence 

between Bacteria and Archaea. Residues depicted here are listed in Table C. (A) stick 
representation for E. coli uL2. (B) stick representation for P. furiosus uL2. (C) cartoon 
representation of E. coli uL2. (D) cartoon representation of P. furiosus uL2. (E) and (F) show 
different angle for the E. coli and P. furiosus uL2. Conserved residues are colored green, 
signatures are colored purple, and random positions are white. Heavily gapped regions, present 
in a single group, are colored gray. Figure generated with PyMOL [41]. PDB IDs and chains 
used for the figure are available in Table E.  
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Fig F. TwinCons segment with significant sequence similarity between (A, B) bL33 and 

(C, D) aL42. The segment is shown with full opacity cartoon, non-segment regions are shown 
with transparent cartoon. Conserved residues are colored green, signatures are colored purple, 
and random positions are white. Heavily gapped regions, present in a single group, are colored 
gray. Segment definitions are available in S6 Dataset. Figure generated with PyMOL [41]. PDB 
IDs and chains used for the figure are available in Table E. 
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Fig G. TwinCons score for Archaea and Bacteria composite alignments of the small and 
large subunits. (A) Secondary structure of the P. furiosus 16S rRNA with mapped TwinCons. (B) 
Secondary structure of the P. furiosus 5S and 23S rRNAs with mapped TwinCons. (C) Surface 
representation of the 16S rRNA for P. furiosus ribosome. (D) Surface representation of the 5S 
and 23S rRNAs for P. furiosus ribosome in crown view. Both the small and large subunits are 
shown from the subunit interface direction. Gray indicates heavily gapped regions, present only 
in bacterial or archaeal sequences; dark green indicates highly conserved regions between both 
bacterial and archaeal sequences; dark purple indicates signature regions between bacterial and 
archaeal sequences; white indicates sequence variable regions. In panels (A) and (B) blue 
numbers indicate helical numbering and ribosomal domains are indicated with brown. Panels (A) 
and (B) are generated with RiboVision [42], panels (C) and (D) are generated with PyMOL [41]. 
PDB IDs and chains used for the figure are available in Table E. 
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Fig H. TwinCons signatures differ based on the substitution matrix used. TwinCons 

results mapped on (A) metacaspase, (C) caspase, and (B) β-sheet superimposition of both 
structures, using the Blosum62 matrix. TwinCons results mapped on (D) metacaspase, (F) 
caspase, and (E) β-sheet superimposition of both structures, using structure-informed substitution 
matrices. A position with differing result is highlighted between panels (B) and (D) with red. Set 
of residues, representing the composite alignment column for the highlighted position, are shown 
between (B) and (E). Structure-informed matrices produce stronger signature signal between the 
two groups for this alignment position. Structures are generated with PyMOL [41]. PDB IDs and 
chains used for the figure are available in Table E. 
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Fig I. Distribution of TwinCons scores from the E. coli rRNA, based on three composite 

alignments between Archaeal and Bacterial sequences of 23S, 16S, and 5S rRNA. (A) Histogram 
of TwinCons scores showing three peaks of distribution around the minimum score, score zero, 
and the maximum score. (B) Scatter plot of TwinCons scores with group assignment by k-means 
clustering algorithm. The y-axis holds randomly assigned values and is only illustrative. Scores 
from different groups are colored with the viridis gradient. The red and green lines indicate the 
calculated thresholds of the groups spanning the lowest (red) and highest (green) scores. 
Thresholds calculated from each composite alignment are available in Table B.  
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Fig J. TwinCons segments with significant sequence similarity between the P-loop 

domains of (A, C) aIF5 and (B, D) EF-Tu. Segments are shown with full opacity cartoon, while 
non-segment regions are shown with transparent cartoon. GDP from the EF-Tu structure is 
shown with sticks. Conserved residues are colored green, signatures are colored purple, and 
random positions are white. Heavily gapped regions, present in a single group, are colored gray. 
Segment definitions are available in S6 Dataset. Figure generated with PyMOL [41]. PDB IDs 
and chains used for the figure are available in Table E. 
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Fig K. TwinCons segment with significant sequence similarity between bS1 and domain 

7 of RNAP mapped on the RNAP7 structure. (A) and (B) two views of the segment mapped on 
the RNAP7 structure. Segment is shown with full opacity cartoon, while non-segment regions 
are shown with transparent cartoon. Conserved residues are colored green, signatures are colored 
purple, and random positions are white. Heavily gapped regions, present in a single group, are 
colored gray. Segment definitions are available in S6 Dataset. Figure generated with PyMOL 
[41]. PDB IDs and chains used for the figure are available in Table E. 
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Fig L. TwinCons segment with significant sequence similarity between bL34 and aL37. 

(A) representation of E. coli bL34, (B) representation of P. furiosus aL37, (C) 90-degree rotation 
view of E. coli bL34, and (D) 90-degree rotation view of P. furiosus aL37. The segment is shown 
with full opacity cartoon, non-segment regions are shown with transparent cartoon. Conserved 
residues are colored green, signatures are colored purple, and random positions are white. 
Heavily gapped regions, present in a single group, are colored gray. Segment definitions are 
available in S6 Dataset. Figure generated with PyMOL [41]. PDB IDs and chains used for the 
figure are available in Table E.  
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Supplementary Tables 
Table A. Substitution matrices available for TwinCons calculation. Full descriptions of 

matrices are available in Vogt, Etzold (43) and in Le and Gascuel (14). 

Matrix Description Reference 

B Protein structure buried [14] 

BH Protein structure buried helix [14] 

BO Protein structure buried other [14] 

BS Protein structure buried sheet [14] 

E Protein structure exposed [14] 

EH Protein structure exposed helix [14] 

EO Protein structure exposed other [14] 

ES Protein structure exposed sheet [14] 

H Protein structure helix [14] 

O Protein structure other [14] 

S Protein structure sheet [14] 

BEHOS LG matrix when structure does not match 
between the two groups [14] 

LG Protein structure [44] 

WAG Protein phylogeny maximum likelihood [45] 

blastn nucleotide  

identity nucleotide  

trans nucleotide  

benner6, benner22, 
benner74 

Aligned database sequences clustered by pam 
distance [46] 

blosum30, blosum35, 
blosum40, blosum45, 
blosum50, blosum55, 
blosum60, blosum62, 
blosum65, blosum70, 
blosum75, blosum80, 
blosum85, blosum90, 
blosum95, blosum100 

Aligned sequence segments in family groups [2] 

genetic Genetic code distance [46] 
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gonnet Aligned and family clustered database 
sequences [47] 

ident Exact residue conservation  

johnson Family alignment by structural superposition  

levin Secondary structural properties [48] 

miyata Volume and polarity of amino acid types [49] 

nwsgappep Modified Dayhoff pam250 matrix [50] 

pam30, pam60, pam90, 
pam180, pam250, pam300 

Evolutionary model for point mutations in 
ancestral families [51] 

risler Pairwise alignments from protein structural 
superposition [52] 

structure Structure based substitutions [53] 
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Table B. TwinCons thresholds calculated with 5 k-clusters for different subsets of rRNA. 
First two rows, tagged with ‘ribosome’, include sequences from the 23S, 5S, and 16S. Entries 
tagged with LSU include sequences from the 23S and 5S. Entries tagged with SSU include only 
rRNA from the 16S rRNA. TwinCons was calculated against the Archaea-Bacteria composite 
alignment of the rRNA. Standard deviations were calculated after repeating the calculation 100 
times. Full script used to generate this data can be found at 
https://github.com/LDWLab/TWC_distribution. 

rRNA source Signature threshold Signature STD Conserved threshold Conserved STD 

EC ribosome -0.617 0.034 5.460 0.048 

PF ribosome -0.620 0.029 5.449 0.049 

PF LSU -0.418 0.059 5.556 0.036 

EC LSU -0.419 0.054 5.556 0.037 

PF SSU -0.753 0.009 5.439 0.019 

EC SSU -0.752 0.012 5.437 0.019 
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Table C. TwinCons and ConSurf statistics for α-helical region in uL2. Positions with low 
Shannon entropy, low ConSurf score, and high TwinCons score are detected as highly conserved. 
Positions with TwinCons below -0.6 are detected as signature positions. Signature positions 
detected with TwinCons, that are detected as conserved by ConSurf are highlighted with blue. 

E. coli 
residue 

Bacteria 
consensus 

P. furiosus 
residue 

Archaea 
consensus 

ConSurf 
score 

ConSurf 
color group 

ConSurf 
confidence 

TwinCons 
score 

Shannon 
entropy 

196 G 163 A -0.869 8 8.7 2.002 1.52 

197 N 164 G -1.224 9 9.9 1.165 1.13 

198 E 165 G 0.735 3 4.2 0.003 2.75 

199 E 166 G -0.766 7 8.7 -0.416 1.76 

200 H 167 R -0.514 7 7.6 1.137 2.21 

201 M 168 T 2.370 1 2.1 0.426 3.66 

202 N 169 E -0.845 8 8.7 -1.437 1.99 

203 I 170 K -0.298 6 7.6 0.836 2.55 

204 N 171 P 0.112 5 6.4 -1.362 2.52 

205 L 172 F 0.704 3 4.2 2.526 2.47 

206 G 173 L -0.314 6 7.5 -3.277 1.89 
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Table D. Composite alignments used in sequence similarity analysis. 
Protein 
name Used in composite alignments from S5 Dataset 

Trp aatRNA aatRNAS_Y-W.fa 

Tyr aatRNA aatRNAS_Y-W.fa 

aL14 aeL14-eL27.fa 

aL30 aL08-aL30.fa; aL30-eS12.fa;  

aL37 aL37-bL34.fa; uL02c-aL37.fa 

aL8 aL08-aL30.fa; aL08-eS12.fa 

aS8 uL14a-aS08.fa 

bL27 bL27CP-uL16a-43.fa; bL27CP-uL16b-31.fa; bL27-uL16a.fa; 
bL27-uL16b.fa 

bL34 aL37-bL34.fa; uL02b-bL34.fa 

bS1 C-struc_bS1-RNAP7Ca.fas; N-struc_bS01-RNAP7Ca.fas 

bS18 uL11a-bS18.fa; uL11b-bS18.fa 

EF-Tu IF2-EFTU_Ploop.fa; aIF5-bEFTU.fa;  

eL27 aeL14-eL27.fa 

eS12 aL08-eS12.fa; aL30-eS12.fa; 

IF2/IF5B IF2-EFTU_Ploop.fa; aIF5-bEFTU.fa; uL03a-aIF5.fa 

RNAP7 C-struc_bS1-RNAP7Ca.fas; N-struc_bS01-RNAP7Ca.fas 

RNAPA uL03a-aRNAPA.fa 

RNAPA 2 uL03a-aRNAPA2.fa 

RNAPB uL03a-aRNAPB-ClustalW.fa;  

uL11 uL11a-bS18.fa; uL11b-bS18.fa 

uL14 uL14a-aS08.fa 

uL16 bL27CP-uL16a-43.fa; bL27CP-uL16b-31.fa; bL27-uL16a.fa; 
bL27-uL16b.fa;  

uL2 uL02c-aL37.fa;  

uL3 uL03a-aRNAPA.fa; uL03a-aRNAPA2.fa; uL03a-aRNAPB-Clus-
talW.fa;  

uL30 uL30b-aL08.fa; uL30b-aL30.fa 

uL33 uL33_aperm_STRUC.fa; uL33_bperm_PRMS.fa; 
uL33_bperm_STRUC.fa; uL33_noperm.fa; 
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Table E. Protein and rRNA structures used to map sequence similarity analysis. When 
multiple PDBs are used in a single row they are separated by a semicolon. When multiple chains 
are used from a single PDB they are separated by &. 
 

Protein name PDB ID Chains Figures Citation 
IF5B 5YT0 A J Murakami, Singh (15) 

EF-Tu 1EFC A J Song, Parsons (16) 

aL37 4V6U Bi L Armache, Anger (36) 

bL34 4V9D D2 L Dunkle, Wang (22) 

RNAP7 4V8S AT K Wojtas, Mogni (21) 

uL2 4V9D; 4V6U DC; BB 2; D, E Dunkle, Wang (22), 
Armache, Anger (36) 

23S & 5S rRNA 4V9D; 4V6U DA & DB; B1 & B3 5, 6, G, L Dunkle, Wang (22), 
Armache, Anger (36) 

uL33 4V9D; 4V6U D1; Bj 6, F Dunkle, Wang (22), 
Armache, Anger (36) 

Caspase 9 1JXQ A 3, H Renatus, Stennicke 
(12) 

Metacaspase 4F6O A 3, H Wong, Yan (13) 
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Supplementary Dataset Descriptions 
 
S1 Dataset (separate file). Table with BaliBASE alignment names with enzyme and EC 

annotations present in the alignment. Alignments with similar EC annotations are colored the 
same. Combinations between alignments that share color are excluded from dataset generation. 

S2 Dataset (separate file). Figures with ROC curves for all tested parameters. The title 
of each figure indicates the training dataset and the tested dataset. For example, “BBS vs 
PROSITE” indicates that the training set was BaliBASE and it was tested against the PROSITE 
dataset. ROC labels of subplots and lines are the same as the ones used in Fig A. 

S3 Dataset (separate file). Data used to generate figure S2. The title of each sheet 
indicates whether penalties or gamma values were tested. TPR, FPR, and TPR standard deviation 
for each of the datasets. Calculations were done for boundary distance thresholds varying from -
20 to 20 with a step of 0.05. 

S4 Dataset (separate file). Performance of trained classifier from the BaliBASE dataset 
with best parameter combination against itself and the three other datasets. TPR, TNR, and 
precision for boundary distance thresholds varying from -5 to 5 with a step of 0.1. The distance 
thresholds of 0.7 and 1.5 are highlighted. 

S5 Dataset (separate file). Description of query composite alignments used in figure 4. 
Alignments are available at https://apollo2.chemistry.gatech.edu/TwinConsDatasets/. 

S6 Dataset (separate file). TwinCons segment results for composite alignments used in 
figure 4. Each segment is identified with its alignment position and the distance it was from the 
decision boundary. 

S7 Dataset (separate file). TwinCons results from rRNA composite alignment of 23S, 
16S, and 5S sequences between Archaea and Bacteria. TwinCons results from protein composite 
alignments of caspase-metacaspase and uL2. Thresholds for signature and conserved positions 
for each alignment are indicated. 

S8 Dataset (separate file). INDELible control file used to generate artificial sequence 
alignments from random sequence seeds, evolved under biological model. 

S9 Dataset (separate file). Combined TwinCons and HHalign results for segments 
detected within the query alignment set. The file reports alignment group names, TwinCons 
scores and probability, TwinCons segment ranges, HHalign scores and probabilities, HHalign 
ranges, and index sequences used for the ranges. 

S10 Dataset (separate file). Direct score comparison for the alignment of uL2 between 
TwinCons and Zebra2, as well as TwinCons and ConSurf. 
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