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alignments, which are typical of traditional methods. In this way, it is uniquely useful
for investigating large sets of uncharacterized proteins. Further, our model provides
insight into the evolutionary relationships of proteins within an enzyme superfamily, by
identifying some traits that are specific to each protein. The novel uncharacterized
members of heme-copper oxygen reductases that we have described and the unique
features we have identified in their protein sequences would be an interesting set of
targets for biochemical characterization. In our work, we have seen the promise of deep
learning methods; to classify proteins and to identify innate structural and functional
features associated with function, directly from primary sequence. In the future, these
methods can be used to tackle the heterogeneity in biological sequence data and
understand aspects of protein diversity and functional adaptation.
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Family Threading templates used C-score TM score
D 2yevA, loccA, 1fftA, 3ag3A, locrA 0.84 0.83+0.08
E 1mb6A, loccA, 2y69A, 2gsmA ;| 1fftA, 3ag3A 1.2 0.88+0.07
F 2yevA, loccA, 1fftA, 3ag3A 0.03 0.7240.11
G 1fftA, loccA, 2yevA, 3ag3A 0.49 0.7840.10
H 2yevA, loccA, 3fyiA, 2gsmA, 1fftA -0.91 0.60+0.14
I 2yevA, loccA, 1fftA; 3ag3A 0.11 0.734+0.11
J 1fftA, 3eh3A, 1mb6, 2y69A, 2yev, lehkA 0.44 0.774+0.10
K 2yevA, 3eh3A, 1fftA, 3ag3A, lehkA 0.26 0.754+0.10
ENOR  2yevA, 3¢h3A, 1fftA, 3ag3A 0.19 0.7440.11
BNOR  2yevA, 3eh3A, 1fftA, 3ag3A, 1lehkA 0.5 0.78+0.10
SNOR  1fftA, loccA, 3fyiA, 1mb56, 3ag3A 1.03 0.85+0.08
NNOR  2yevA, loccA, 2yevA, 1mb6, 3ag3A 0.98 0.85+0.08
GNOR  1fftA, loccA, locrA, 1m56, 3ag3A 0.53 0.78+0.09

Table S2. Homology models made for uncharacterized HCOs on i-TASSER with their
quality scores

Workflow for generating a labelled database of proteins from a superfamily for training a FIND classification model

Step 1. Select template sequence(s) from favorite protein superfamily
Favorite_protein_query AGAVQSTFIHDLVGLYVTPVAWGLMYYFVPVIMKKPMWSHGLSL

Step 2. Use Blastp from the NCBI Entrez server to collect
a database of relevant sequences

BLAST results

Description Max score Totalscore  Query Cover  E value Ident Accession
seq_1 cytochrome oxidase subunit | 1110 110 100% 00 Wi
seq_2 cytochrome oxidase subunit | 855 855 99% 00 75%
seq 3 cytochrome oxidase subunit | 736 736 99% 00 63%
seq 4 cytochrome oxidase subunit | 605 605 95% 00 58%

Step 3. Align the database of sequences, 200-500 at a time 4———

seq_2 AGAVQSTF | HDLI GLY VTPVAWGLMYY F VPV | MKKPMW|
seq_3 AGAVNSTF | HDLVGLY VTPVAWGLMYY F VPV | MKKPMWH!

seq_1 AGAVQSTF I HDLVGLY VTPVAWGLMYYF VPV | MKRPMWHG
seq_4 AGAVNSTF | HDLI GLW I TPVAWGLMYY FVPV | MKKPMW]

Step 4. Use the alignment to generate a phylogenetic tree using PhyML/ RaxML
and MrBayes

Same clusters recovered from different phylogenetic trees

seq_1 seq_1
Step 6. Repeat procedure for database to
seq_2 verify the validity of the clusters
above and the assignment

of unlablled sequences
seq_4 to the extracted clusters.

seq_2

seq_3

Maximum Likelihood | C seq_4 MrBayes seq3

Step 5. Extract the number of clusters from a phylogenetic tree and label
them. Clusters are considered supported if you get the same clusters from
ML and Bayesian trees.These are the labels your algorithm will train for.

DATABASE
Names Sequences Labels
seq_1 AGAVQSTFIHDLVGLY VTPVAWGLMYYFVPV | MKKPMWHG A

seq_2 AGAVQSTFIHDLI GLY VTPVAWGLMYY FVPV | MKKPMWHH A
seq_3 AGAVNSTFI HDLVGLY VTPVAWGLMYY FVPV | MKKPVWHI B
seq_4 AGAVNSTFI HDLI GLW ITPVAWGLMYYFVPV | MKKPMWHH [

\ 4

Training set for neural network model (FIND)

NOTE: The database to be used as input for FIND need not be extracted using phylogeny. You can modify step 4 by using
ANY clustering method if you are not seeking to extract evolutionary relationships. Further, you can use ANY curated
database, for e.g. using GO annotations or other functional assignments to train a FIND classification model.

Fig S1. Work flow for the generation of a curated database of protein sequences with
labels. This database is then split into training, validation and test set to generate a
classification model using FIND
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nifD phylogeny

Treescale:1 ———

VnfD nifD_II

- «_ Group IV
ANME nifD

Fig S2. Phylogenetic clustering of nitrogenases using the nifD subunit. Tree was
generated using PhyML. Clusters corresponding to nifDI, nifDII, AnfD, VnfD and
nifD-ANME were extracted and used to train FIND. Groups III and IV were not used
in our training sets because of the smaller number of sequences in those clusters.

E2

Tree scale: 1 — / ﬂ E1

Fig S3. Phylogenetic clustering of cytochrome bd-type oxygen reductases using subunit
I. This phylogenetic tree was generated using PhyML. Clusters corresponding to
E1,E2,E3,E4,B,A and C were extracted and used to train FIND.
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