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Text S5. Optimization of the component scores used to match the secondary 
structure and sequence profiles of two proteins 

In addition to the contact-map alignment guided by Eq. (S11), CEthreader includes 
two other energy terms that depend on sequence profile and secondary structure 
matching, which have been shown to be essential for improving alignment accuracy for 
both close- and distant-homology proteins [1]. Inspired by MUSTER, the normalized 
profile term is defined by [2]: 

𝑆"#$%(𝑖, 𝑗) = ,𝑃(𝑖, 𝑘) ∗ 𝐿(𝑘, 𝑗)/𝑚𝑎𝑥5,6(|,𝑃(𝑚, 𝑘) ∗ 𝐿(𝑘, 𝑛)|
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where 𝑃(𝑖, 𝑘) is the frequency of the k-th amino acid at the i-th position in a multiple 
sequence alignment (MSA) obtained by PSI-BLAST search [3] of the query sequence 
through the NR database (ftp://ftp.ncbi.nlm.nih.gov/blast/db), where Henikoff [4] 
weighting is used to reduce the redundancy in the MSA. 𝐿(𝑘, 𝑗) is the log-odds profile 
(Position-Specific Substitution Matrix in PSI-BLAST with an E-value of 0.001) of the 
template sequence for the k-th amino acid at the j-th position. Here, we use a similar 
affine penalty scheme as used by the contact-based term, where the gap penalty 
𝐺"#$% = 𝑔$(𝑝𝑟𝑜𝑓) + 𝑔H(𝑝𝑟𝑜𝑓) ∗ 𝑙, with gap opening penalty 𝑔$(𝑝𝑟𝑜𝑓) = −1.0 and 
gap extension penalty 𝑔H(𝑝𝑟𝑜𝑓) = −0.1, where l is the length of the gap in the profile 
(prof) guided alignments. 

The secondary structure (SS) alignment term in CEthreader is defined by 

𝑆MM(𝑖, 𝑗) = 𝛿O𝑠Q, 𝑠RS																																														(𝑆13) 

where 𝑠Q  is the secondary structure of the i-th residue of the query as predicted by 
PSSpred [5] and 𝑠R  is the secondary structure of the j-th residue of the template as 
assigned by the DSSP program [6]. To align the query and template secondary 
structures, we follow a very similar protocol as MUSTER [2], where 𝑆MM(𝑖, 𝑗) is equal 
to 0.093 if 𝑠Q = 𝑠R, and -0.093 otherwise. Again we employ an affine penalty scheme, 
where the gap penalty 𝐺MM = 𝑔$(𝑠𝑠) + 𝑔H(𝑠𝑠) ∗ 𝑙, with gap opening penalty 𝑔$(𝑠𝑠) =
−1.0  and gap extension penalty 𝑔H(𝑠𝑠) = −0.077 , where l is the gap length. 
Moreover, no gaps are allowed inside the continuous secondary structure regions 
(helices and strands), i.e., with gap open and gap extension penalties of -100 in these 
regions. 

In summary, the final multi-feature scoring function and gap penalties used in 
CEthreader can be written as: 
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𝑆Z5[MM["#$%(𝑖, 𝑗) = 𝜔=𝑆Z5(𝑖, 𝑗) + 𝜔9𝑆"#$%(𝑖, 𝑗) + 𝜔]𝑆MM(𝑖, 𝑗) + 𝜔^
𝑔$ = 𝜔=𝑔$(𝑐𝑚) + 𝜔9𝑔$(𝑝𝑟𝑜𝑓) + 𝜔]𝑔$(𝑠𝑠)
𝑔H = 𝜔=𝑔H(𝑐𝑚) + 𝜔9𝑔H(𝑝𝑟𝑜𝑓) + 𝜔]𝑔H(𝑠𝑠)
𝜔= + 𝜔9 + 𝜔] = 1
𝜔^ > 0

								(𝑆14) 

Here, we utilize a weighting strategy for the three scoring function terms and gap 
penalties. Also, we set a bonus term for matching identical residues to each other. The 
optimized values of the four parameters are 𝜔= = 0.5, 𝜔9 = 0.4, 𝜔] = 0.1	and 𝜔^ =
0.1, based on the 905 query-template pairs dataset. 
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