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ABSTRACT 

COMPUTATIONAL ANALYSIS OF THE STERIC GATE REGION IN THE Y-

FAMILY DNA POLYMERASES 

Mariam Lule Namawejje, Ph.D. Student 

George Mason University, 2020 

Dissertation Director: Dr. Iosif Vaisman 

 

Background: The Y-family DNA polymerases specialize in translesion synthesis. This is 

ascribed to steric clashes with a residue near the active site, the steric gate and 2′-OH 

(hydroxyl) group. The steric gate provides by steric and physical constraints an effective 

mechanism for most DNA polymerases to selectively insert deoxyribonucleotides. 

Deoxyribonucleotides synthesis into DNA leads to replication stress and genomic 

instability. Defective replication leads to mutation in the protein sequences which can 

prevent the drug from binding to the target and consequently blocking treatment of 

disease. The aim of this research study was to determine the effectiveness of sequence 

pattern recognition to provide better insights into the Y-family DNA polymerases 

structure-function relationships.  

Methods and Materials: A combination of methods of computational structure analysis, 

correlated mutations, and sequence pattern recognition were used. Multiple Sequence 
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Alignments (MSA) of the UmuC domain from PFAM were used to identify critical 

residues in the steric gate position. The Consurf database was used to calculate 

conservation score and COUSCOus was used to calculate correlated mutations of the 

conserved regions. Residue pair scores were used as an amino acid pair position 

comparison analysis in order to assess the predicted residue-residue interactions.  

Results: 17,662 aligned sequences (as of April 11th, 2020) from PFAM of the UmuC 

domain were used; of these, 13,768 sequences (78.0%) had phenylalanine (F) or tyrosine 

(Y) at the steric gate position, 369 sequences (2.1%) had another residue at steric gate 

position and 3,525 sequences (20.0%) had no known steric gate. 150 (4.3%) of these 

were found to be fragments and were not considered for the analysis. An example of the 

structure 5KFZ from the human DNA polymerase eta retrieved from PFAM yielded 

conservation scores from the consurf database that were plotted against the correlation 

values from COUSCOus in r. An intersection showed that residues that were highly 

conserved were similarly correlated.  

Conclusions: The steric gate of approximately 90% of organisms is as expected with 

tyrosine (Y) and phenylalanine (F) in this position. However, a small number of 

organisms have been known to have been a different residue at the position. 

Understanding how these organisms discriminate against deoxyribonucleotides will give 

insight on how are they able to function. Specific human DNA repair and lesion bypass 

polymerases have been proposed to be anticancer drug targets. For instance, Pol η (eta) 

appears to be specialized in bypass of cyclobutane pyrimidine dimers, a UV- induced 

lesion.
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CHAPTER ONE 

DNA polymerases, the enzyme that synthesizes DNA molecules from 

deoxyribonucleotides, the building blocks of DNA is crucial in the DNA replication 

process. This process involves DNA polymerases working in pairs and consequently 

results in making two identical DNA strands from a single original DNA nucleotide.     

 

Introduction  

The first evidence of the existence of an enzymatic activity capable of 

synthesizing DNA came in 1958 with the discovery of E. coli Pol I by A. Kornberg and 

colleagues (Lehman, et al., 1958). With time, several other polymerase activities were 

discovered which showed that there were other significant properties as well. The 

biochemical differences were not put into perspective until sequence information became 

readily available. It became clear that polymerases, although sometimes clearly 

evolutionarily related, were nevertheless divergent, and the comparison of the features of 

their primary sequence led to classification into families (families A, B, C and X; Ito and 

Braithwaite, 1991; Braithwaite and Ito, 1993; see Table 1). The development of many 

sequencing projects resulted in a revolution of the polymerase field. Shortly afterwards, 

several novel DNA polymerase genes were identified (Goodman and Tippin, 2000). One 

of the main results was the identification of a novel family of DNA polymerases, family 
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Y (Ohmori, et al., 2001), whose members are widely believed to conduct synthesis 

opposite template lesions in a process known as translesion synthesis (TLS; Prakash, et 

al., 2005).  

 

Background to the study 

Primary sequence similarity shows that DNA polymerases (Pol) are classified into 

one of six families: A, B, C, D, X, or Y (Shanbhag et al 2017). Also, the reverse 

transcriptase (RT) family is occasionally considered an additional family since each RT 

has both DNA- and RNA-dependent DNA polymerase activities and properties. DNA 

polymerases catalyze nucleotidyl transfer of the four natural deoxyribonucleotide 5′-

triphosphates (dNTPs) during DNA replication, repair, lesion bypass, sister chromatid 

exchange, and antibody generation processes (Nevin, Engen and Beuning, 2015). The 

characterized DNA polymerases have a similar structural architecture of the polymerase 

domain which is composed of the fingers, palm, and thumb subdomains (Vaisman, 

Woodgate, 2017). These subdomains work hand in hand with the binding process of 

incoming dNTP and have been thought to be part of the polymerase fidelity process that 

stems from various conformational dynamics induced by correct and damaged dNTPs 

(Vaisman, Woodgate, 2017). 

DNA polymerases families and representative DNA polymerases are summarized 

in Table 1. 
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Table 1: Polymerase families and representative DNA polymerases (Shanbhag et al 2017). 
 

 
 

Steric Exclusion Model 

An enzyme's active sites are usually composed of amino acid residues. Depending 

on which amino acid residues are present, the specificity of the substrate can vary greatly. 

A mutation can alter the interaction of the active site amino acid residues and the 

incoming substrate. The substrate binds to the active site via hydrogen bonding. Once the 

substrate binds to the active site, an enzyme-substrate complex is formed and then 

involved in proceeding chemical reactions.  

A good number of DNA polymerases and RTs have evolved and consequently 

adopted a nucleotide discrimination mechanism to prevent misincorporation of rNTPs 

into DNA (Yang, 2014). The discrimination of rNTPs occurs via a simple steric 

exclusion model: an active site residue, usually one with a bulky side chain, collides with 

the 2′-OH (hydroxyl) group on the ribose ring of an incoming rNTP shown in Figure 1.  
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Figure 1:  Structural basis for ribonucleotide exclusion PDB structure example 3Q8P. 

 

Mechanism of the steric gate. 

 As previously mentioned, the steric gate establishes an effective mechanism for 

most DNA polymerases to selectively insert deoxyribonucleotides. To illustrate this, the 

common residue found at steric gate, tyrosine represented by the green residue was 

mutated to a smaller residue Alanine as shown with PDB structure ID 3Q8P in Figure 1. 

This further clarifies that it would not block the incorporation of the ribonucleotides. 

Ribonucleotide synthesis into DNA leads to replication stress and genomic instability. 
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Correlated Mutations Analysis - the steric gate region.  

Correlated Mutation (CM) analysis has been used in protein contact map 

prediction from primary amino acid sequence. Over the years CM methods have been 

updated and combined with other methods so as to improve precision (Kupkova, 

SedlarIvo, Provaznik, 2016).  

The mutation of a single element can have a severe impact on protein function. It 

is also known that many diseases are caused by such small defects. However, this 

sometimes does not result into any noticeable effects (Andreas Kowarsch, Angelika 

Fuchs, Dmitrij Frishman and Philipp Pagel, 2010). In this dissertation, we use the 

observation that the steric gate region of the Y family DNA Polymerases mutates in a 

correlated fashion. We then analyze this correlation with respect to mutation 

vulnerability. These mutations are more likely to happen when the correlated positions in 

the protein are close to each other in proximity. The pairs in the multiple sequence 

alignment would display co-variation.  
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CHAPTER TWO 

Previous mutagenesis studies indicate that DNA polymerases in Bacteria and 

Eukaryotes are at the center of mutagenic repair. DNA polymerases that are characterized 

by families B, C, and D appear to be at the heart of chromosomal replication, while the A 

family DNA polymerases replicate the mitochondrial DNA. It is also known that the A 

and B family DNA polymerases replicate viral genomes. However, the repair of DNA 

seems to involve DNA polymerases from all the families (Hu¨bscher et al. 2000). 

 

Literature Review  

Y-family DNA polymerases: The discovery of family Y polymerases resulted from 

the almost simultaneous realization that the E.coli proteins UmuC/UmuD (Tang, et al., 

1999) and DinB (Wagner, et al., 1999) encode DNA polymerases and that eukaryotes 

contained a related protein, Pol η. In humans, mutation in the Pol η gene result in 

Xeroderma Pigmentosum Variant (XP-V) (Johnson, et al., 1999; Masutani, et al., 1999),  

an inherited genetic disorder that is associated with photosensitivity and high incidence of 

skin cancer (Masutani, et al., 2000). 

Y-Family polymerases are divided into six major groups based on amino acid 

sequence. They are represented by E. coli pol IV (known as DinB) and pol V (of which 

UmuC is the catalytic subunit) and four human enzymes, pol η, ι, κ, and Rev1 (Woodgate 

2017) (Figure 2). All Y-Family polymerases comprise two functional parts, the 
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polymerase catalytic region of 350 - 500 residues and a regulatory region from 10 (as in 

DinB, Dbh, and Dpo4) to 600 residues (as in Rev1). 

 

 

Figure 2: Domain structures and protein interactions of Y-Family polymerases (Wei Yang, 2014). 

 

The illustration above shows catalytic and regulatory regions of the six subgroups 

of Y-Family polymerases. The catalytic core contains finger, palm, and thumb 

subdomains. LF denotes the little finger domain. PIP stands for the PCNA interaction 

peptide, RIR for the Rev1 interaction region, NLS for the nuclear localization signal, Ub 

for ubiquitin, UBZ for the Ub-binding zinc finger, UBM for the Ub-binding module, and 

BRCT for the BRCA1 C-terminal domain (Wei Yang, 2014). 

Y-Family polymerases have several common characteristics. None of them 

contains an exonuclease activity, and they have a domain, called the PAD, wrist or little-

fingers domain (Shanbhag et al 2017), that seems to modulate their substrate specificity. 

Family Y enzymes have low fidelity of synthesis on undamaged DNA. Unlike 
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polymerases in other families, Y family members have a loose DNA binding pocket for 

the nascent base pair (Nevin, Engen and Beuning, 2015). Thus, these enzymes can 

accommodate distorted DNA structures in their active site, resulting in the ability of these 

enzymes to polymerize on damaged DNA. In fact, the main role of family Y polymerases 

seems to be in DNA lesion tolerance pathways: if the cell fails to repair DNA lesions that 

can interfere with the replication process and these lesions are encountered by the 

replication fork, Y family polymerases can bypass those lesions by polymerizing across 

the damaged site, in a process that has been termed translesion synthesis (Prakash, et al., 

2005). For instance, Pol η appears to be specialized in bypass of cyclobutane pyrimidine 

dimers, a UV- induced lesion. 

Additional members of the family were identified subsequently, and these include 

Pols κ (Gerlach, et al., 1999; Ohashi, et al., 2000), Ι (McDonald, et al., 1999) and Rev1 

(Nelson, et al., 1996). The role of these polymerases is far from clear, but it is generally 

believed that they participate in translesion synthesis of some specific lesions. Family Y 

polymerases have also been implicated in the somatic hypermutation process, a 

phenomenon of targeted mutagenesis at the immunoglobulin gene loci that contributes to 

the generation of high affinity antibodies (Seki, et al., 2005). 

 

Work that has led to this project 

An evaluation has been made in past studies on the ability of pol ι to incorporate 

NTPs during DNA synthesis. pol ι incorporates and extends NTPs opposite damaged and 

undamaged template bases in a template-specific manner (Sale, Lehmann, and Woodgate, 
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2012). The tyrosine(Y) “steric gate” pol ι mutant is considerably more active and exhibits 

a marked increase in NTP incorporation and extension, and surprisingly, it also exhibits 

increased dNTP base selectivity. Previous studies show that a single residue in pol ι is 

able to discriminate between NTPs and dNTPs during DNA synthesis. Molecular 

modeling has also shown that constricted active site of wild-type pol ι becomes more 

spacious in the tyrosine(Y) variant. Therefore, tyrosine(Y) substitution permits 

incorporation of ribonucleotides (Nevin, Engen, and Beuning, 2015).  

  

Significance of the project  

Y-family DNA polymerases play a critical role in enabling continuing DNA 

replication when DNA is damaged by various environmental and endogenous factors, for 

example, ultraviolet and ionizing radiation, chemicals and pathogens, intracellular 

metabolic processes, etc. Better understanding of Y-family polymerases mechanisms 

would facilitate development of approaches and means to prevent and treat conditions 

caused by these factors, including various cancers, infectious and metabolic diseases.  

Mutation in the protein sequences can prevent the drug from binding to the target 

and consequently blocking treatment of disease. Understanding the impact of inter-

protein interactions and correlated mutations could lead to greater understanding of 

disease and better targeted treatments. Correlated mutations are known to be very helpful 

in predicting protein-protein interactions from primary sequences. 

We are characterizing the Y-family DNA polymerases and identifying residues in 

close proximity with each other in the protein structure because this physical interaction 
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would constrain the possible amino acid substitution which would then result in 

covariation. 
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CHAPTER THREE 

In this chapter, we will discuss the aims and objectives that will be taken towards 

sequence pattern recognition, computational structure analysis and correlated mutations 

to provide better insights into the Y-family DNA polymerases structure-function 

relationships.  

Based on the review of the existing literature, the phenomenon of correlated 

mutational behavior between columns of a multiple sequence alignment has been 

described for many years for both DNA/RNA and protein sequences (Altschuh D, Lesk 

AM, Bloomer AC, Klug A, 1987).  Multiple sequence alignments are widely used for the 

prediction of the function of amino acids and the occurrence of these predictions is 

mainly determined by the number of sequences, their evolutionary distances, and the 

quality of these alignments. These criteria are mostly met in structure‐based sequence 

alignments of large super‐families.  

The main assumption of methods based on correlated mutations is that if two 

sequence positions are important for protein structure or function, and one of these 

residues mutates, then the other one also should mutate to compensate. Correlated 

mutations therefore often indicate either a functional relation between residues or a 

residue-residue contact (Wozniak et. al. 2017). 
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The present work shows how correlated mutations can be used to determine 

networks of functionally related residues in the Y- family DNA polymerases. These 

analyses provide openings for protein engineering studies that are directed towards 

modification of enzyme specificity or activity. As proof of concept, the hypothesis, 

specific aims and methodology were developed.  

 

Specific Aims 

Most DNA polymerases, in particular those specialized in bulk DNA replication, 

efficiently discriminate in favor of dNTPs, which reflects the hazardous potential of 

NTPs. To distinguish NTPs from dNTPs, DNA polymerases are commonly endowed 

with “steric gates” formed by residues with bulky side chains, such as tyrosine or 

phenylalanine, which sterically hinder the access of NTP into the active site via collision 

with the 2′ hydroxyl group (2′OH) (Alberto et al, 2019).  

 

Hypothesis 

Mutation of the steric gate, the bulky active site residue, to a smaller residue 

significantly decreases discrimination against ribonucleotides with corresponding impact 

on protein sequences and mutation correlation. 

  

Aims and Objectives 

Analyze evolutionary history of the steric gate residue in the Y-family DNA 

polymerases using correlated mutations approach. 
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Investigate structure-function relationships in the steric gate region of the Y-

family DNA polymerases and effect of mutations in the steric gate position on protein 

function. 

Identify taxonomy with the amino acids phenylalanine (F) and tyrosine (Y) that 

are common in the steric gate region of the Y-family DNA polymerases. 

Identify taxonomy with different amino acids other than phenylalanine (F) and 

tyrosine (Y) that are common in the steric gate region of the Y-family DNA polymerases. 

Identify taxonomy without a known steric gate region of the Y-family DNA 

polymerases. 
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CHAPTER FOUR 

The purpose of this chapter is to introduce the research methodology regarding 

the steric gate position in the Y-Family DNA polymerases.  

 

Materials and Methods  

The analytical approach and methodology are discussed in this chapter. The 

design, including the methodology and analysis method are also primary components of 

this chapter.  

 

Sampling Design and Analytical Approach 

The UmuC domain is known for its damage tolerance mechanism in DNA repair. 

The Y-family of DNA polymerases includes the following enzymes, 1) Prokaryotic DNA 

polymerase IV (DinB), 2) Archaeal DinB homologue DNA polymerase IV, 3) Eukaryotic 

DinB homologue DNA polymerase kappa, 4) Prokarytoic DNA repair proteins UmuC 

and UmuD, 5) Eukaryotic Rad30 homologues DNA polymerase eta and iota and 6) 

Eukaryotic DNA repair protein Rev1. 

The sample used in this case was drawn from the UmuC domain. This sample was 

obtained from PFAM and InterPro - Protein Sequence Analysis and Classification with 
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respect to the Y - family DNA polymerase domain (UmuC domain (IPR001126)). Refer 

to Figure 3 for the sampling and analytical approach. 

 

 

Figure 3: Sampling and Analytical Approach. 

 

The approach taken constituted of the following analytical steps; 

1. Evaluation of results from sampling of taxonomy on PFAM and InterPro - 

Protein Sequence Analysis and Classification with respect to the Y - family 
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DNA polymerase domain (e.g. UmuC domain (IPR001126)). 

http://www.ebi.ac.uk/interpro/entry/IPR001126/taxonomy 

2. Assembly of Y - family DNA polymerase sequence reads for multiple 

sequences alignment (MSA). PFAM pre-aligned sequences were used. 

3. Identification of critical residues in the steric gate by selecting a subset of 

those with phenylalanine (F) or tyrosine (Y) residues. Those without these 

residues were of major interest since they didn’t have a known steric gate 

position but were classified as DNA polymerase.  

4. From this MSA, the co-evolution method COUSCOus was used for correlated 

mutation analysis. An ambiguous correlation threshold of 0.1 (Pcorr > 0.1 

from COUSCOus in r) was used. 

5. Amino Acid pair position comparison of highly conserved and correlated 

regions were used to identify residues in close proximity of the steric gate in 

terms of distance. 

 

Construction of sequence datasets 

A sample of taxonomy was taken from PFAM and InterPro - Protein Sequence 

Analysis and Classification with respect to the Y - family DNA polymerase domain 

(UmuC domain (IPR001126)) at https://pfam.xfam.org/family/PF00817#tabview=tab3 

and http://www.ebi.ac.uk/interpro/entry/IPR001126/taxonomy respectively.  

In PFAM, there were a range of different sequence alignments for this family. 

Among these was the seed alignment (84 sequences) from which the family is built, the 

http://www.ebi.ac.uk/interpro/entry/IPR001126/taxonomy
https://pfam.xfam.org/family/PF00817#tabview=tab3
http://www.ebi.ac.uk/interpro/entry/IPR001126/taxonomy
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full alignment (17,662 sequences), which was generated through searching the sequence 

database (reference proteomes) using the family Hidden Markov Model (HMM). Four 

representative proteomes (RP) sets (RP15 - 3,842 sequences, RP35 - 10,140 sequences, 

RP55 - 15,584  sequences and RP75 - 22,255 sequences)) were used to generate the 

sequences, the UniProtKB sequence database (48,387 sequences), the NCBI sequence 

database (76,520 sequences), and the metagenomics sequence database (2,724 

sequences). We decided to work with the full alignment consisting of 17,662 sequences 

as of 11th April, 2020.  The dataset PF00817_full.txt was downloaded from the PFAM 

site. 

 

Identification of Steric Gate 

The HMM logo for this family was viewed in PFAM at 

https://pfam.xfam.org/family/PF00817#tabview=tab4. We were able to identify the steric 

gate position as shown in Figure 1 below. This family was then compared across species 

by aligning the species selected against the HMM logo. These were obtained at 

https://pfam.xfam.org/family/PF00817#tabview=tab7.  The Eukaryotes consisted of 

4,058 sequences and 926 species, the Prokaryotes considered, consisted of 13,260 

sequences with 5762 species and the Archaea had 224 sequences and 165 species. The 

Prokaryotes, Eukaryotes and Archaea logos were generated using the WebLogo online 

tool located at http://weblogo.threeplusone.com/create.cgi version 3.7.4 through 

submission of MSA files obtained from PFAM. Redundancy was removed using 100% 

https://pfam.xfam.org/family/PF00817#tabview=tab4
http://weblogo.threeplusone.com/create.cgi
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threshold selection in the Jalview software. This was done for the Prokaryotes, 

Eukaryotes and Archaea.   

 

 

 

Figure 4: Species: Identification of Steric Gate - PFAM HMM Logo and WebLogo 3.7.4 

 

The PFAM logo shown in Figure 4 was separated into species as discussed 

before. Aspartic acid (D) was highly conserved in position 2 and 4. However, there were 

other amino acid residues though at a very low percentage as discussed in the next 

paragraph. The second position, a highly conserved region was seen to be dominated by 

the amino acid residue aspartic acid (D).  Prokaryotes had other amino acid residues in 
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this position at less than 0.07% which was too low to be significant. These residues were, 

tryptophan (W) 0.06%, histidine (H) 0.053%, tyrosine (Y) 0.053%, asparagine (N) 

0.008%, glutamic acid (E) 0.008%, phenylalanine (F) 0.008% and serine (S) 0.008%. The 

other amino acid residues in the conserved region were considered junk due to their low 

occurrence. 

Position 4 was highly conserved for Eukaryotes and Archaea. However, 

Prokaryotes had other amino acid residues, aspartic acid (D) 50.11%, asparagine (N) 

20.83%, lysine (K) 7.39% and glutamine (Q) 1.25%.  

Position 6 had phenylalanine (F) as the dominant amino acid residue. In the subset 

of Prokaryotes, phenylalanine (F) 75.58%, alanine (A) 2.21%, tyrosine (Y) 1.83% and 

cysteine (1.77%) were identified as the residues that were highly conserved respectively.  

Other residues were less than 0.5%. 

Position 7 had both tyrosine (Y) and phenylalanine (F) as highly conserved in 

Eukaryotes and Archaea. In Prokaryotes, the two amino acid residues tyrosine (Y) 

50.83% and phenylalanine (F) 27.78% were still conserved in this region. However, other 

residues existed as well namely, isoleucine (I) 1.25% and leucine (L) 0.94% which was 

quite intriguing. Other residues present in this position were less than 0.5% and so were 

considered junk.    

We then went further and separated the species down to taxonomy. Figure 5 

shows classifications of six taxonomy against the PFAM logo, Bacteroidia (229 

sequences), Burkholderiales (336 sequences), Clostridiale (670 sequences), 



20 

 

Gammaproteobacteria (1350 sequences) and Rhodobacterales (366 sequences). These 

particular taxonomy were chosen because they had diversity in the conserved regions. 

 

 

 

 

 

 

 

Figure 5: Classes: Identification of Steric Gate - PFAM HMM Logo and WebLogo 3.7.4 

 

All taxonomy had aspartic acid (D) 100% in the second position. Position 4 had 

aspartic acid (D) and asparagine (N) having a higher occurrence. However, 

Actinobacteria, Bacteriodia and Clostridiale had 4.23%, 13.1% and 36.9% of the amino 

acid lysine (K) respectively in this position. In the subset of Gammaproteobacteria, other 

residues included valine (V) 2.29%, lysine (K) 0.96% and threonine (T) 0.76%. All 

residues with less than 0.5% occurrence were considered junk. Rhodobacterales had 

alanine (A) 3.8% and lysine (K) 0.3% in position 4. 
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Position 6 had phenylalanine (F) as the dominant amino acid residue. However, 

Bacteriodia had other residues as well, that is phenylalanine (F) 87.8%, cysteine (C) 

8.7%, alanine (A) 2.2% and tyrosine (Y) 1.3%. Clostridiale also had cysteine (C) 3.1%, 

alanine (A) 31.5% and tyrosine (Y) 1.2%. Gammaproteobacteria had phenylalanine (F) 

95.32%, tyrosine (Y) 2.68% and methionine (M) 1.63%. 

Position 7 had both tyrosine (Y) and phenylalanine (F) as highly conserved. On 

the other hand, Actinobacteria had isoleucine (I) 9.13%, leucine (L) 1.63%, glutamine 

(Q) 1.63% and valine (V) 0.73% as the other residues as well. 

We went a little further and extracted sequences based on four proteins names as 

shown in Figure 6, DNA polymerase eta (343 sequences), DNA polymerase iota (228 

sequences), DNA polymerase IV (7,566 sequences) and DNA polymerase V (810 

sequences). All four proteins had aspartic acid (D) in the second position. 
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Figure 6: Protein: Identification of Steric Gate - PFAM HMM Logo and WebLogo 3.7.4 

 

Position 4 was highly conserved for DNA polymerase iota. However, DNA 

polymerase eta, DNA polymerase IV and DNA polymerase V had other amino acid 

residues in this position. DNA polymerase eta consisted of Aspartic Acid (D) 69.7% and 

Asparagine (N) 3.2%. DNA polymerase IV had aspartic acid (D) 80.90%, asparagine (N) 

13.71% and glutamine (Q) 1.85%. Residues with a less than 0.5% occurrence were not 
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considered. DNA polymerase V consisted of asparagine (N) 65.8%, lysine (K) 19.5%, 

arginine (R) 2.8%, aspartic acid (D) 2.6% and valine (V) 1.1%.    

Position 6 had phenylalanine (F) as the dominant amino acid residue for all the 

four proteins. However, DNA polymerase eta, DNA polymerase IV and DNA 

polymerase V had other amino acid residues were DNA polymerase eta consisted of 

phenylalanine (F) 68.5%, alanine (A) 3.5% and tyrosine (Y) 0.9%.  DNA polymerase IV 

had phenylalanine (F) 91.86%, alanine (A) 3.37%, tyrosine (Y) 1.31% and cysteine (C) 

0.62%. DNA polymerase V had phenylalanine (F) 87.0%, alanine (A) 0.7%, tyrosine (Y) 

0.6%, cysteine (C) 4.0% and methionine (M) 2.1%. 

Position 7 had both tyrosine (Y) and phenylalanine (F) as highly conserved except 

DNA polymerase iota that had tyrosine (Y) as the dominant residue. DNA polymerase IV 

had tyrosine (Y) 56.42%, phenylalanine (F) 37.10%, isoleucine (I) 1.69%, leucine (L) 

1.28% and glutamine (Q) 0.53%. DNA polymerase eta had phenylalanine (F) 19.5%, 

tyrosine (Y) 50.7% and glutamic acid (E) 3.2%.   

We started with a comparison across species which identified some differences 

and similarities, but not highlighted as much. As we moved on to taxonomy, similarities 

in terms of residue composition began to emerge to show some differences and this 

prevailed some more in the protein comparison were larger differences were identified.  

 

Generation of Motif 

Using the logos generated previously, motifs were generated and submitted into 

the ScanProsite tool at https://prosite.expasy.org/scanprosite/. The second option ‘Option 

https://prosite.expasy.org/scanprosite/
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2 - Submit MOTIFS to scan them against a PROTEIN sequence database’ was chosen for 

this purpose. The motif was entered in to step 1 which was scanned against the 

UniProtKB protein sequence database in step 2. ‘Swiss-Prot’ and ‘Include splice variants’ 

options under this database were checked as well.     

Initial motif:  

[VILCM]-[DYHWNSEF]-X-[DNKQ]-X-[FAYC]-[FYIL]-[AVCLTISMPGEFWNQRY]-

[SAQTNGDERPKLMCVFHIY]-[VCIAWLFSTRYMGEK]-

[ESAGVFHTLQMICYDKRWNP]. 

66240 IDs were successfully mapped to Uniprot IDs. 518 were polymerases. 

However, these included a lot of false positives with RNA polymerases, DNA 

polymerases I, II and III included which were of no interest to us. An adjustment was 

made to the motif by excluding more residues based on residue conservation in the 

specific positions using Jalview. When a lot of diversity was found in a particular 

position, X was put in this position.   

 

Motif with excluded residues: 

[VILC]-D-X-[DNKQRPA]-X-[FAYC]-[FY]-[AVCLTIS]-[SAQTNG]-[VCIAWLF]-

[ESAGVFHTLQM]. 

826 sequences in ScanProsite had 755 IDs mapped to Uniprot IDs. 231 were true 

positives as will be discussed later. An example is shown in Figure 7 below. 

 



25 

 

  

Figure 7: Protein: Identification of Steric Gate - PFAM HMM Logo and WebLogo 3.7.4 

 

Protein database comparison  

A search term of ‘DNA polymerase’ was entered into the Uniprot at 

https://www.uniprot.org/. Only Swiss-Prot reviewed (23,381) sequences were considered 

in this comparison. Please refer to Table 2.  

 

Table 2: Comparison - ScanProsite and Uniprot True positives and False Positives 

Protein database Matches True positives False  Negatives False Positives 

ScanProsite 826 231 19 595 

DNA Polymerase IV   218 11  

DNA Polymerase V  1 3  

DNA  Polymerase iota  3 0  

DNA  polymerase eta  4 2  

DNA  polymerase kappa  5 3  

Uniprot (Swiss-prot) 23,381 250   

DNA Polymerase IV   229   

DNA Polymerase V  4   

DNA  Polymerase iota  3   

DNA  polymerase eta  6   
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DNA  polymerase kappa  8   

    

The ScanProsite results got from the motif were compared against the Uniprot 

database in order to identify the true positives, false negatives and false positives. DNA 

polymerase I, II and III though are polymerases were excluded from our analysis. 

The steric gate was identified as position 120 in the PFAM HMM logo. This led 

to further residue exclusion that depended on the residue content in the alignment. A 

cutoff threshold was chosen ambiguously as 0.5% from the residue content in the 

alignment as viewed in Jalview. Sequences that had the residue tyrosine (Y) or 

phenylalanine (F) in the steric gate position were extracted using the motif a) [VILCM]-

[DYHWNSEF]-[MLCVFAYIGSNQTW]-[DNKQRPAVESTCHILM]-X-

[ASCNQTMYGHRDEFKVLPW]-[FAYCMLENWHIV]-[FY]-

[AVCLTISMPGEFWNQRY]-[SAQTNGDERPKLMCVFHIY]-

[VCIAWLFSTRYMGEK]-[ESAGVFHTLQMICYDKRWNP] with further exclusion to 

[VILCM]-[DYHWNSEF]-[MLCVFAYIGSN]-[DNKQR]-X-[ASCNQTMY]-[FAYC]-

[FY]-[AVCL]-[SAQTN]-[VCIAWL]-[ESAGVFHT], sequences that had a different 

residue in the steric gate position but possessed the other section of the motif were not 

given a threshold and the motif used was b) [DYHWNSEF]-X-

[DNKQRPAVESTCHILM]-X-X-[FAYCMLENWHIV]-{FY}-[AVCL]-[SAQTN]-

[VCIAWL]-[ESAGVFHT]. More residues were excluded depending on their occurrence 

which resulted in to [DYHW]-X-[DNKQR]-X-X-[FAYC]-{FY}-[AVCL]-[SAQTN]-
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[VCIAWL]-[ESAGVFHT].  All other sequences were considered not to have the motif. 

The final motif was submitted into a python program to extract the sequences of interest. 

These three categories were grouped into three subsets.  

a. Subset 1: Sequences with phenylalanine (F) or tyrosine (Y) residues at the steric 

gate position (See Table 3). 

b. Subset 2: Sequences with another residue other than phenylalanine (F) or tyrosine 

(Y) residues at the steric gate position but has our motif of interest (See Table 4). 

c.  Subset 3: Sequences that do not possess our motif of interest (See Table 5). 

A total of 17,662 were downloaded from PFAM under the Y- family domain 

PF00817. Subset 1 (motif with phenylalanine (F) or tyrosine (Y) at position 120) had 

13,768 sequences, Subset 2 (motif without phenylalanine (F) or tyrosine (Y) at position 

120) had 369 sequences and 3525 sequences didn’t have the motif.  These were then 

further broken down by taxonomy and protein. 

 

Table 3: Subset 1 - Sequences with phenylalanine (F) or tyrosine (Y) residues at the steric gate position  
 

No Taxonomy Protein Count 

1.  Actinobacteria DNA polymerase IV 1335 

DNA polymerase V 31 

Other 147 

Obsolete 28 

2.  Acidobacteria Other 26 

3.  Bacteroidia DNA polymerase IV 122 

DNA polymerase V 26 

Other 80 

Obsolete 1 

4.  Burkholderiales DNA polymerase IV 241 

DNA polymerase V 52 

Other 41 

Obsolete 2 

5.  Clostridiales DNA polymerase IV 408 

DNA polymerase V 69 
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Other 193 

6.  Enterobacterale DNA polymerase IV 105 

DNA polymerase V 58 

Other 75 

Obsolete 2 

7.  Flavobacteriaceae DNA polymerase IV 440 

DNA polymerase V 60 

Other 105 

Obsolete 14 

8.  Gammaproteobacteria DNA polymerase IV 593 

DNA polymerase V 167 

Other 252 

Obsolete 34 

9.  Mycobacteriaceae DNA polymerase IV 176 

  DNA polymerase V 6 

10.  Rhodobacterales DNA polymerase IV 324 

DNA polymerase V 5 

Other 35 

Obsolete 2 

11.  Other/Excluded  8513 

TOTAL  13768 

 

 

Table 4: Subset 2 - Sequences with another residue other than phenylalanine (F) or tyrosine (Y) residues at the 

steric gate position but has our motif of interest 

 

No Taxonomy Protein Count 

1.  Actinobacteria DNA polymerase IV 216 

Other 14 

Obsolete 7 

2.  Acidobacteria DNA polymerase IV 2 

  Other 5 

  Obsolete 2 

3.  Bos taurus 

(Bovine) 

DNA polymerase iota 1 

4.  Firmicutes DNA polymerase IV 5 

  Other 1 

5.  Cyanobacteria Other 1 

6.  Springtail DNA polymerase IV 1 

DNA polymerase eta 11 

7.  Enterocytozoon Other 1 

8.  Mycobacteriace

ae 

DNA polymerase IV 87 

  Other 3 

  Obsolete 8 

9.  Nakamurella DNA polymerase IV 1 

10.  Thermobispora DNA polymerase IV 1 

11.  Trypanosoma Other 2 

TOTAL  369 
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Table 5: Subset 3 - Sequences that do not possess our motif of interest (Sample of 1341 sequences of 3525 sequences). 

   

Taxonomy Protein Count  Taxonomy Protein Count  Taxonomy Protein Count 

ACTN DNA polymerase III 1  BILA Other 16  DELT Other 14 

DNA polymerase IV 110  BORD DNA polymerase 

IV  

1  EIME Other 5 

DNA polymerase V 1   Other 12  ENTE DNA polymerase V 1 

Other 217  BRAD DNA polymerase 

IV 

4   Other 1 

 Obsolete 13   Other 30  ENTR DNA polymerase IV 1 

ACTO Other 27   Obsolete 3   Other 1 

AGAR Other 1  BURK DNA polymerase 

IV 

42  EUKA DNA polymerase IV 1 

ALTE DNA polymerase IV 8   Other 101   Other 3 

Other 33   Obsolete 5  EURO DNA polymerase eta 4 

Obsolete 1  CAUD Other 19   DNA polymerase 

iota 

1 

APHY Obsolete 1  CELL Other 13   Obsolete 2 

APIC Other 3   Obsolete 2  EURO Other 20 

ARCH Other 2  CEST Other 2  EURY DNA polymerase IV 6 

ASCO Other 1  CHLO DNA polymerase 

IV 

1   DNA polymerase V 1 

AVES DNA polymerase eta 1   Other 3   Obsolete 1 

BACE DNA polymerase IV 6  CHLR Other 1   Other 2 

Other 1   DNA polymerase 

IV 

4  FIRM DNA polymerase IV 13 

BACI DNA polymerase IV 8   Other 20   DNA polymerase V 4 

 Other 5  CLOT DNA polymerase 

IV 

4   Obsolete 2 

BACL DNA polymerase IV 5   Other 5   Other 18 
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 DNA polymerase V 2  CORY DNA polymerase 

IV 

2  FLAO DNA polymerase IV 36 

 Other 1   Other 43   DNA polymerase V 2 

BACT DNA polymerase IV 90   Obsolete 1   Other 4 

 DNA polymerase V 6  CYAN DNA polymerase 

IV 

2  FUNG Other 10 

 Other 77   Obsolete 2  GAMM DNA polymerase IV 38 

 Obsolete 2   Other 4   DNA polymerase V 9 

BASI Other 4  DEIO DNA polymerase 

IV 

1   Other 123 

 DNA polymerase eta 1   Other 2   Obsolete 19 

BIFI DNA polymerase IV 3  DELT DNA polymerase 

IV 

22  GRUI DNA polymerase eta 1 

 TOTAL 631   TOTAL 367   TOTAL 343 
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Large numbers of sequences with no known steric gate 

The PFAM alignment was found to have 19.96% (subset 3 - 3525 sequences) 

sequences with no known steric gate.  Different scenarios were considered, 

a. Could it be that these sequences have a missing exon?  

b. Is the steric gate located in a different position? 

c. Is the steric gate missing due to alternative splicing? 

 

Missing Exon 

Exons are coding regions of the RNA transcript, or the DNA encoding it, that has 

been translated into protein. A sample of four proteins of each of the protein names, DNA 

polymerase iota (Polι), DNA polymerase eta (Polη), DNA polymerase IV and DNA 

polymerase V was taken. Only proteins with complete sequences were considered. All 

sequences that had a sequence status of fragment in Uniprot were excluded. 3,369 

(95.74%) had complete sequences while 150 (4.26%) were found to be fragments. 

To illustrate this, it was essential that we look at the gene structure. To do this, we used 

the NCBI Genome Data Viewer (GDV) tool located at 

https://www.ncbi.nlm.nih.gov/genome/gdv/. A search of our gene of interest was used as 

our search term in the ‘Search genome’ box based on the organism. The gene was then 

compared with the translated sequence and the corresponding exon. 

 

https://www.ncbi.nlm.nih.gov/genome/gdv/
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Missing section of sequence 

Our assumption in this subset was that a section of the sequence was missing and 

this is the section where the steric gate could have been located. Since only sequences 

marked complete in Uniprot were being considered, this signified that some of the 

proteins were not extracted properly. 

 

Alternative splicing 

Splicing is a post-translational process in which introns (non-coding regions) are 

removed and exons (coding regions) are joined into a mature transcript. Alternative 

splicing is a regulated process were multiple protein isoforms are encoded by a single 

gene via exons, parts of exons, or introns being differentially joined or skipped. 

Alternative splicing can encode for different sequences with different structures and 

consequently carry out different functions but originate from the same gene. This 

increases the diversity of proteins encoded by the genome. 

 

Correlated Mutation Co-evolution Methods 

Residue contacts can be predicted based on the principle of correlated mutations. 

In this theory, sequence positions in a multiple sequence alignment that mutate in a 

correlated fashion are likely to represent residues that share a spatial proximity (Wozniak 

et. al. 2017). 

A variety of co-evolution tools have been used like GREMLIN. GREMLIN has 

been tested on 329 protein targets selected from the Continuous, Automated Model 
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Evaluation (CAMEO) (Haas et al., 2013) and shown to outperform PSICOV, plmDCA 

and mfDCA. Another tool that has been used is COUSCOus. It combines the best 

shrinkage approach, the empirical Bayes covariance estimator and GLasso (Reda Rawi et 

al, 2016). By analyzing the original PSICOV benchmark test set and proteins from the 

Critical Assessment of techniques for protein Structure Prediction 11 (CASP11) 

experiments, COUSCOus seems to be significantly outperforms PSICOV (Reda Rawi et 

al, 2016). We decided to go with COUSCOus. 

 

Detection of correlated mutations using COUSCOus 

A computational method, ‘COUSCOus’ was used. It searches for pairs of 

positions in the multiple sequence alignment that displays co-variation. Through this, 

specific mutations at one position that are accompanied by certain mutations at the other 

were identified. The pairs were further ranked by the strength of their correlation value 

and those that appeared to be the highest in ranking were predicted to be in close contact. 

Multiple Sequence Alignment corresponding to the PDB structures originally got from 

PFAM were obtained from The Consurf Database. COUSCOus, a residue-residue contact 

detecting approach was applied and this generated the pairs with their corresponding 

correlation values. A cutoff threshold of 0.1 was used. The conservation scores were then 

plotted against the correlation scores obtained in order to see if those that were highly 

conserved scored highly in correlation as well. 
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Amino acid pair comparison 

The generated pairs with their corresponding correlation values would signify 

residue to residue contact in particular positions. However, this wouldn’t identify the 

particular pair of residues that were correlated in that position. Hence the need to 

calculate the residue pair score. This would isolate the residues that were ranked higher in 

correlation for these positions. 

 

 
 

 
 

 
 

 
 

 

Equation 1 was applied to the position pairs with a correlation score that was 

considered relevant based on the protein of interest. The residue pair ratio fij, the residue 

(i) ratio fi , and the residue (j) were calculated to eventually get the residue pair 

correlation score Qij. A score higher than the COUSCOus correlation score would show 

that the residue pair was higher in ranking compared to the other residue pairs in those 

same positions. 

………………………………………………………  Equation 1 

………………………………………………………….. Equation 3 

………………………………………………………….. Equation 4 

…………………………………………………………  Equation 2 
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Conservation score analysis using the consurf database 

Conservation scores are used to evaluate sites in a multiple sequence alignment, 

so as to identify residues critical for structure or function. A quantitative measure for 

conservation is ideal when identifying sites. Various methods to quantitatively evaluate 

conservation alignment sites have been developed.  

We used The Consurf Database, https://consurfdb.tau.ac.il/newGUI/index.php to 

evaluate positions of contact predictions. This method uses structures to run a multiple 

sequence alignment in order to generate information about catalytic sites. A conservation 

score is then calculated. It is already known that the steric gate is a key factor in 

translesion synthesis and was a central focus during this analysis. Protein structures 

identified under the Y-family polymerase were obtained from PFAM at 

https://pfam.xfam.org/family/PF00817#tabview=tab9. From the 408 structures, three 

structures were identified: 

 

a) Mycobaterium DNA Polymerase IV, Uniprot entry A0QR77_MYCS2, PDB ID 

4Q45 structure resolution of 2.32Å chain A/B, method X-RAY DIFFRACTION 

residues 7 - 154. 

b) Human DNA polymerase eta, Uniprot entry POLH_HUMAN, PDB ID 5KFZ 

structure resolution of 1.44Å chain A, method X-RAY DIFFRACTION residues 

12 - 228.  

https://consurfdb.tau.ac.il/newGUI/index.php
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c) Human DNA Polymerase Iota, Uniprot entry POLI_HUMAN, PDB ID 3OSN 

structure resolution of 1.9Å chain A, method X-RAY DIFFRACTION residues 58 

- 236. 
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CHAPTER FIVE 

This chapter contains the results of the methodology, the discussion that the 

analysis conducted was consistent with the methodology and how the analysis ties back 

to the aims and objectives of the research. 

 

Analysis and Results 

Process Flow: 

Please refer to the process flow illustration in Figure 8 below. 

 

Figure 8: Process flow diagram 
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A total of 17,662 were downloaded from PFAM under the Y- family domain 

PF00817. Subset 1 (motif with phenylalanine (F) or tyrosine (Y) at position 120) had 

13,768 sequences, Subset 2 (motif without phenylalanine (F) or tyrosine (Y) at position 

120) had 369 sequences and 3525 sequences didn’t have the motif.  These were then 

further broken down by taxonomy and protein.   

Further exclusion of taxonomy was necessary since some of the taxonomy were 

sub groups of the other. InterPro was used to further classify these. A list of protein IDs 

were extracted from InterPro by taxonomy. They were then mapped to the PFAM 

database which significantly boosted the taxonomy numbers compared to the original 

grouping.  

  Analysis of sequences with no known steric gate through the examination of 

these sequences and exploration of the architectural composition of subset 3 was done. 

Could these sequences have a missing exon, was the steric gate located in a different 

position, was the steric gate missing due to alternative splicing. Also, an assumption was 

made that these were closely related in ancestry and hence the phylogenic tree analysis. 

The ITOL tool was used for this analysis to gauge whether majority of the sequences 

eventually clustered together so as to make a conclusion for our assumption. All these 

possibilities were explored. 

 A conservation analysis of the steric gate region for subset 1 and subset 2 was 

done. This was performed according to the simplified taxonomy and the residues of 

interest were identified. Furthermore, a conservation score analysis was performed to find 

out if the steric gate position scored highly. The residues that scored highly were then 
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compared to those residues that ranked high in correlation. The tool used for conservation 

score analysis was The Consurf database.  

A correlated mutation method, COUSCOus was used to generate the correlation 

values (pCorr) of which residue positions that had a correlation score greater than 0.1 and 

were corresponding to the steric gate position were sieved out for future comparison.  

Structure analysis for steric gate residue to residue contact was performed using 

the Discovery Studio software. The goal here was to identify those residues that were 

closest to the steric gate. Were these the same residues that ranked high in correlation as 

well as conservation? 
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Sequence extraction based on critical residues in steric region 

Table 6 below is a general tabular representation of subset 1, subset 2 and subset 3 from PFAM. We used a cutoff 

threshold of 0.5 % for subset 1 just give a general overview. Bacteroidia (BACT) had the largest number with 7.4% of the 

total in subset 1 (13,768) sequences. A sample of 7867 sequences are shown in Table 2. Only 9 sequences were found in 

subset 2 and subset 3 had 175 sequences. Please refer to Table 6 for other taxonomy for subset 1 and there corresponding 

subset 2 and subset 3. 

 

Table 6: Subset 1 Taxonomy extraction from PFAM - Motif with tyrosine (Y) or phenylalanine (F) at steric gate position (cutoff 0.5%) 

 
Taxonomy Subset 1: Count Subset 1: Percent Subset 2: Count Subset 2: Percent Subset 3: Count Subset 3: Percent 

BACT 1019 7.4 9 2.44 175 4.96 

FIRM 790 5.74 1 0.27 37 1.05 

GAMM 748 5.43 0 0 189 5.36 

FLAO 590 4.29 0 0 42 1.19 

ACTN 508 3.69 49 13.28 342 9.7 

BACI 349 2.53 0 0 13 0.37 

RHOB 339 2.46 0 0 245 6.95 

RHIZ 329 2.39 0 0 177 5.02 

PROT 315 2.29 0 0 84 2.38 

BURK 264 1.92 0 0 148 4.2 

BACL 263 1.91 0 0 8 0.23 

MICO 230 1.67 64 17.34 120 3.4 

PEZI 224 1.63 0 0 8 0.23 

EURO 222 1.61 0 0 27 0.77 
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CLOT 208 1.51 5 1.36 9 0.26 

SPHN 206 1.5 0 0 170 4.82 

LACO 205 1.49 0 0 23 0.65 

SPHI 159 1.15 0 0 63 1.79 

MYCO 133 0.97 71 19.24 98 2.78 

PSED 118 0.86 0 0 52 1.48 

EURY 102 0.74 0 0 10 0.28 

MICC 99 0.72 25 6.78 20 0.57 

DELT 97 0.7 0 0 36 1.02 

LACT 97 0.7 0 0 12 0.34 

PSEU 95 0.69 44 11.92 70 1.99 

BILA 79 0.57 0 0 16 0.45 

ENTE 79 0.57 0 0 2 0.06 

TOTAL 7867      

 

Subset 2 had the taxonomy Mycobacteriaceae with the largest percentage of 19.24% of 369 sequences in total. A 

sample of 310 sequences are shown in the Table 7 below. 

 

Table 7: Subset 2 Taxonomy extraction from PFAM - Motif with no tyrosine (Y) or phenylalanine (F) at steric gate position (cutoff 0.5%) 
 

Taxonomy Subset 1: Count Subset 1: Percent Subset 2: Count Subset 2: Percent Subset 3: Count Subset 3: Percent 

MYCO 133 0.97 71 19.24 98 2.78 

MICO 230 1.67 64 17.34 120 3.4 

ACTN 508 3.69 49 13.28 342 9.7 

PSEU 95 0.69 44 11.92 70 1.99 

MICC 99 0.72 25 6.78 20 0.57 

NOCA 47 0.34 24 6.5 33 0.94 
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FOLCA 2 0.01 10 2.71 3 0.09 

BACT 1019 7.4 9 2.44 175 4.96 

CLOT 208 1.51 5 1.36 9 0.26 

CELL 25 0.18 3 0.81 15 0.43 

TRYCC 8 0.06 2 0.54 0 0 

MYCKA 6 0.04 2 0.54 3 0.09 

ORCCI 2 0.01 2 0.54 1 0.03 

TOTAL   310    

 

Finally, Subset 3 had the taxonomy Actinobacteria with the largest percentage of 9.7% of 3525 sequences in total. 

A sample of 2423 sequences are shown in the Table 8 below. 

 

Table 8: Subset 3 Taxonomy extraction from PFAM - Motif with no tyrosine (Y) or phenylalanine (F) at steric gate position (cutoff 0.5%) 

 

Taxonomy Subset 1: Count Subset 1: Percent Subset 2: Count Subset 2: Percent Subset 3: Count Subset 3: Percent 

ACTN 508 3.69 49 13.28 342 9.7 

RHOB 339 2.46 0 0 245 6.95 

GAMM 748 5.43 0 0 189 5.36 

RHIZ 329 2.39 0 0 177 5.02 

BACT 1019 7.4 9 2.44 175 4.96 

SPHN 206 1.5 0 0 170 4.82 

BURK 264 1.92 0 0 148 4.2 

MICO 230 1.67 64 17.34 120 3.4 

MYCO 133 0.97 71 19.24 98 2.78 

PROT 315 2.29 0 0 84 2.38 

PSEU 95 0.69 44 11.92 70 1.99 

SPHI 159 1.15 0 0 63 1.79 

PSED 118 0.86 0 0 52 1.48 

CORY 52 0.38 0 0 46 1.3 
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FLAO 590 4.29 0 0 42 1.19 

ALTE 60 0.44 0 0 42 1.19 

FIRM 790 5.74 1 0.27 37 1.05 

BRAD 66 0.48 0 0 37 1.05 

DELT 97 0.7 0 0 36 1.02 

NOCA 47 0.34 24 6.5 33 0.94 

MAIZE 20 0.15 0 0 29 0.82 

EURO 222 1.61 0 0 27 0.77 

VIBR 38 0.28 0 0 27 0.77 

ACTO 36 0.26 0 0 27 0.77 

CHLR 56 0.41 0 0 24 0.68 

LACO 205 1.49 0 0 23 0.65 

HORVV 58 0.42 0 0 21 0.6 

MICC 99 0.72 25 6.78 20 0.57 

CAUL 28 0.2 0 0 19 0.54 

TOTAL     2423  

 

These taxonomy were then further broken down using the InterPro database under the domain IPR001126, 

http://www.ebi.ac.uk/interpro/entry/InterPro/IPR001126/. Interpro already has taxonomy classified using respective 

database IDs. Taxonomy IDs were run across PFAM IDs and this helped to further classify some taxonomy that were sub-

groups of others. The results are shown in Table 7 and Table 8 for subset 1 and subset 2. 

 

http://www.ebi.ac.uk/interpro/entry/InterPro/IPR001126/
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Table 9 shows the sequences with the motif of interest classified by taxonomy. 

Actinobacteria had the highest number of sequences (1541). A total of ten taxonomy 

were considered as shown below. 

 

Table 9: Subset 1 simplified by InterPro - Motif with tyrosine (Y) or phenylalanine (F) at steric gate position 

 

No Taxonomy Total sequences 

1.  Actinobacteria 1541 

2.  Acidobacteria 26 

3.  Bacteroidia 229 

4.  Burkholderiales 336 

5.  Clostridiales 670 

6.  Enterobacterale 240 

7.  Flavobacteriaceae 619 

8.  Gammaproteobacteria 1046 

9.  Mycobacteriaceae 182 

10.  Rhodobacterales 366 

11.  Other/Excluded 8513 

TOTAL 13768 

 

Table 10 shows the sequences with the motif of interest, but with a different 

residue at the steric gate position (position 120) classified by taxonomy. Actinobacteria 

still had the highest number of sequences (237). A total of 11 taxonomy were considered 

as shown below. 
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Table 10: Subset 2 simplified by InterPro - Motif with no tyrosine (Y) or phenylalanine (F) at steric gate position 

No Taxonomy Sequences 

1.  Actinobacteria 237 

2.  Acidobacteria 9 

3.  Bos taurus (Bovine) 1 

4.  Firmicutes 6 

5.  Cyanobacteria 1 

6.  Springtail 12 

7.  Enterocytozoon 1 

8.  Mycobacteriaceae 98 

9.  Nakamurella 1 

10.  Thermobispora 1 

11.  Trypanosoma 2 

TOTAL 369 

 

Table 11 shows those sequences that were classified under subset 3 because they 

had no known steric gate position. A sample of 2,423 are listed in Table 11 below. 

 

Table 11: Subset 3 - No Motif present 

 
No Taxonomy Count Percent (%) 

1.  ACTN 342 9.70 

2.  RHOB 245 6.95 

3.  GAMM 189 5.36 

4.  RHIZ 177 5.02 

5.  BACT 175 4.96 

6.  SPHN 170 4.82 

7.  BURK 148 4.20 

8.  MICO 120 3.40 

9.  MYCO 98 2.78 

10.  PROT 84 2.38 

11.  PSEU 70 1.99 

12.  SPHI 63 1.79 

13.  PSED 52 1.48 
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14.  CORY 46 1.30 

15.  ALTE 42 1.19 

16.  FLAO 42 1.19 

17.  BRAD 37 1.05 

18.  FIRM 37 1.05 

19.  DELT 36 1.02 

20.  NOCA 33 0.94 

21.  MAIZE 29 0.82 

22.  ACTO 27 0.77 

23.  EURO 27 0.77 

24.  VIBR 27 0.77 

25.  CHLR 24 0.68 

26.  LACO 23 0.65 

27.  HORVV 21 0.60 

28.  MICC 20 0.57 

29.  CAUL 19 0.54 

 Total 2423 68.74 

 
*Note: 1,102 sequences had less than 0.5% of the total 3525 sequences and were not included in the list. 68.74% have been show in 

Table 3 above. 

 

 

 

Absence of steric gate 

For this analysis, we were keen to investigate the sequences that didn’t have a 

known steric region. A total of 3,525 sequences were considered which were classified 

under subset 3. 

 

Missing exon or different steric gate position 

A sample of various organisms are shown in Table 12. These show that a portion 

of the sequence with the steric gate position was missing yet the sequence was considered 

complete. 
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Table 12: Sample based on organisms - Missing exon or Missing section in sequence 

Uniprot ID  

(Organism) 

Protein name BLAST (Uniprot) 

J3KSW2 

(Human) 

DNA polymerase iota 

 

A0A2I2ZXA4  

(Western lowland 

gorilla) 

 

 

A0A0R4J1Z5  

(Mouse) 

 

 

A0A286XYW1  

(Guinea pig) 

 

 

A0A1U8C9P1  

(Golden hamster) 

 

 

A0A287A3Z7  

(Pig) 

 

 

A0A1D6KGB1 

(Maize) 

DNA polymerase eta 

 

G4VAP7  

(Blood fluke) 
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G1NEM2  

(Wild turkey) 

 

 

A0A068YMB0  

(Fox tapeworm) 

 

 

A0A0M4EMK3  

(Fruit fly) 

 

 

G3IL33  

(Chinese hamster) 

 

 

A0A1B1WRT5 

(Mycobacterium) 

DNA polymerase IV 

 

R5XVX7  

(Clostridium) 

 

 

A0A2A4UDA1 

(Proteobacteria) 

 

 

A0A069JLS2 

 (Streptomyces 

sp.) 

 

 

W7ZNL4  

(Bacillus sp.) 
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A0A0S8JV97  

(Bacteroides sp.) 

 

 

A0A1I2HF34 

(Flavobacterium 

xueshanense) 

DNA polymerase V 

 

W1DLS2  

(Klebsiella 

pneumonia) 

 

 

A0A1R4KJ55 

(Microbacterium 

esteraromaticum) 

 

 

A0A0P0I4F 

(Acinetobacter 

phage) 

 

 

 

Missing exon 

We submitted the gene POLI in to NCBI Genome Data Viewer (GDV) tool after 

identifying the organism of interest. The gene POLI is located in chromosome 18 with 

NCBI Reference Sequence: NC_000018.10 in the Human organism. A total of 9 exons 

were explored. Figure 5 below shows the amino acid residue and the corresponding 

codon. The steric gate position was located exon 2 as marked with the gold arrow.     
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Figure 9:  Organism: Human, Gene:  POLI, Transcript: NM_007195.2, exon 2 - range 54,271,360 - 54,271,485 

 

Figure 9 identifies the sequence and corresponding exon. It was noted that the 

sequence under the Uniprot ID J3KSW2 was identified in exon 3 which further led us to 

believe that the steric gate was missing due to a missing exon.  

 

 

Figure 10:  Organism: Human, Gene: POLI, Transcript: NM_007195.2, exon 3 - range 54,273,926 - 54,274,090 
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The gene POLI is located in chromosome 1 with NCBI Reference Sequence: 

NC_010443.5 in the Pig. The steric gate was located in exon 2 as marked with the gold 

arrow in Figure 10. 

 

 

Figure 11:  Organism: Pig, Gene: POLI, Transcript: XM_021093313.1, exon 2 - range 103,795,787 - 103,795,909 

 

In Figure 11, we identified a section of sequence from Uniprot ID A0A287A3Z7 

of the Pig. This suggested that there was a missing exon and this is the exon where the 

steric gate was located as shown in Figure 11.   

 

 

Figure 12:  Organism: Pig, Gene: POLI, Transcript: XM_021093313.1, exon 3 - range 103,798,188 - 103,798,352 

 

 

The mechanism of alternative splicing. 
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Due to alternative splicing, different sequences can have different structures and 

also carry out different functions but come from the same gene.  In humans, 95% of 

multi-exon genes are alternatively spliced.  

Additional molecular features, such as chromatin structure, RNA structure and 

alternative transcription initiation or alternative transcription termination, collaborate 

with these basic components to generate the protein diversity due to alternative splicing. 

All these factors contributing to this one fundamental biological process add up to a 

mechanism that is critical to the proper functioning of cells. Any corruption of the 

process may lead to disruption of normal cellular function and the eventuality of disease 

(Wang. Y, 2015). 

Table 13 shows two organisms that were found to have had a missing steric gate 

due to alternative splicing for the Y-family DNA polymerase. These were identified in 

the mouse and arabidopsis thaliana organisms. 

 

Table 13: Sample based on organisms - Alternative splicing 

Uniprot ID  

(Organism) 

Protein name BLAST (Uniprot) 

Q6R3M4-2  

(Mouse) 

DNA polymerase 

iota 
 

Q8H2D5-2  

(Arabidopsis thaliana) 

DNA polymerase 

eta 
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As already observed, these sequences do not have a known steric gate. 

Furthermore, an investigation on architecture was done. 

 

Architectural comparison - No motif present (Subset 3)  

 

A total of 3525 sequences were found not to have a known steric gate position. 

An architectural comparison was done using the lists under the Domain organization. 

https://pfam.xfam.org/family/pf00817#domainsBlock. 

The assumption was that these sequences could belong to a different architecture hence 

the missing or different location of the steric gate position as per the motif search. Table 

14 below shows all sequences separated by architecture. Sequences with no known steric 

gate (3525) were listed as this was our main interest in this aspect. It was noted that 

almost all sequences belonging to the architecture IMS x 2 did not have a known steric 

gate position (Refer to Table 14 below).   

 

Table 14: Architectural comparison of sequences with no motif present 

 
Architecture No Steric Gate Count All Seqs Count Percent (%) 

IMS 2144 2764 77.57 

IMS, IMS_C 553 5785 9.56 

IMS, IMS_HHH, IMS_C 435 5186 8.39 

IMS, IMS_C, zf_UBZ 73 515 14.17 

IMS, IMS_C, DUF4113 66 1273 5.18 

IMS x 2, IMS_C, zf_UBZ 55 55 100 

IMS, IMS_HHH 36 214 16.82 

IMS, HHH_5, IMS_C 34 132 25.76 

IMS, IMS_HHH, IMS_C, DUF4113 17 292 5.82 

IMS x 2 14 15 93.33 

IMS x 2, IMS_C 10 11 90.91 

IMS, IMS_C, REV1_C 8 20 40 

IMS, IMS_HHH, IMS_C, zf_UBZ 8 26 30.77 

https://pfam.xfam.org/family/pf00817#domainsBlock
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BRCT_2, IMS, IMS_C 6 213 2.82 

IMS x 2, IMS_HHH, IMS_C 6 6 100 

IMS, IMS_C, zf_UBZ x 2 4 41 9.76 

BRCT_2, IMS, IMS_C, REV1_C 3 142 2.11 

BRCT_2, IMS, IMS_HHH, IMS_C 3 22 13.64 

IMS, HHH_5 3 3 100 

IMS, IMS_C, UBM x 2 3 13 23.08 

IMS, zf_UBZ 3 45 6.67 

BRCT_2, IMS x 2, IMS_C 2 2 100 

BRCT_2, IMS x 2, IMS_C, REV1_C 2 2 100 

IMS x 2, IMS_C, DUF4113 2 2 100 

IMS, DUF4113 2 13 15.38 

IMS, IMS_C, UBM 2 6 33.33 

IMS, IMS_C, UBM x 2, REV1_C 2 14 14.29 

IMS, IMS_HHH, IMS_C, UBM x 2, REV1_C 2 4 50 

 BRCT_2, IMS x 2, IMS_HHH, IMS_C 1 1 100 

 DUF2219, IMS, IMS_C 1 1 100 

 IMS x 2, IMS_C, Ank_2 x 3 1 1 100 

 IMS x 2, IMS_C, Ank_2 x 4 1 1 100 

 IMS x 2, IMS_C, zf_UBZ x 2 1 1 100 

 IMS, IMS_C, C2 x 2 1 1 100 

 IMS, IMS_C, IMS x 2 1 1 100 

 IMS, IMS_C, Pyridoxal_deC, BRCT, AAA, RFC1 1 1 100 

 IMS, IMS_HHH, IMS_C, B9-C2 1 1 100 

 IMS, IMS_HHH, IMS_C, C2 1 1 100 

 IMS, IMS_HHH, IMS_C, zf_UBZ, MMR_HSR1 1 1 100 

 IMS, RILP, 7tm_1 1 1 100 

 IMS, TRAUB 1 1 100 

 L51_S25_CI-B8, IMS 1 1 100 

 Metallothio, IMS, IMS_C, zf_UBZ 1 1 100 

 Patched, IMS 1 1 100 

 Peptidase_S24, IMS 1 1 100 

 RcbX, IMS 1 1 100 

 WD40 x 5, IMS 1 1 100 

 zf-C2H2 x 2, IMS 1 1 100 

BRCT, IMS, IMS_C 1 14 7.14 

BRCT_2, IMS 1 68 1.47 

BRCT_2, IMS, IMS_C, UBM x 2, REV1_C 1 228 0.44 

BRCT_2, IMS, IMS_C, UBM x 3, REV1_C 1 131 0.76 

IMS, DNA_pol_lambd_f, IMS_C 1 5 20 

IMS, IMS_C, Reprolysin_5, Disintegrin, ADAM_CR_2 1 2 50 

LIG3_BRCT, IMS, IMS_C 1 11 9.09 

Total 3525 17295 20.38 

 

*Note: 367 Architectures had no sequences listed in subset 3 i.e. a value of 0 and hence not listed. This would have then totaled to 
17662 sequences. 
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17,662 sequences were used for this architectural analysis. 3525 (20.38%) of 

these were already known as those that didn’t have a known steric gate. An exhaustive 

break down of the architectures was listed according to those that seemed to have a larger 

percentage as shown in table 23 above. The sole purpose was to see if the sequences 

clustered together which would signify that they are closer in evolution or ancestry. 

Phylogenetic trees was generated for a sample of eight architectures in the list. Special 

attention was given to the IMS x 2 due to its tendency to have almost all sequences 

belonging to subset 3. 

 

Architecture distribution of proteins (DNA polymerase IV, DNA polymerase V, DNA 

polymerase iota and DNA polymerase eta):  

 

Table 15: Architectural comparison of sequences distributed by protein 

 
Architecture Protein name (Uniprot) Count Percent (%) 

IMS DNA polymerase IV 93 2.64 

 DNA polymerase eta 30 0.85 

 Other 1754 49.76 

 Deleted. 65 1.84 

IMS, IMS_C DNA polymerase IV 178 5.05 

 DNA polymerase iota 11 0.31 

 Deleted. 19 0.54 

 Other 234 6.64 

IMS,  IMS_HHH, IMS_C DNA polymerase IV 306 8.68 

 Other 34 0.96 

 Deleted. 19 0.54 

IMS, IMS_C, zf_UBZ DNA polymerase eta 32 0.91 

 Other 20 0.57 

IMS, HHH_5, IMS_C DNA polymerase IV 21 0.60 

IMS, IMS_HHH Other 13 0.37 

IMS x 2, IMS_C, zf_UBZ Other 24 0.68 

Total  2853 80.94 

Note: A sample of 2,853 (80.94%) architectures distributed by protein is shown. 103 proteins were found to be obsolete (Deleted) in 

the Uniprot sample. 
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Table 15 is a sample distribution broken down by protein name as listed in 

Uniprot. However, majority of these were not actual protein names. We decided to only 

focus on the proteins; DNA polymerase iota, DNA polymerase eta, DNA polymerase IV 

and DNA polymerase V. 

 

Phylogenetic tree cluster comparison 

 

Phylogenetic trees are often used in evolutionary relationships among a collection 

of viruses, bacteria, animal or plant species, or other taxonomy. It shows an evolutionary 

relationship and provides a visual representation of the estimated cluster order of the 

taxonomy involved.  

Sequences without a steric gate were assumed to be closer in evolution or 

ancestry hence phylogenetic tree analysis. The tool used for this purpose was the 

Interactive Tree Of Life (ITOL) at https://itol.embl.de/.  

 

IMS 

A phylogenic tree containing 2764 was generated. Out of these, 2,144 sequences 

belonging to the IMS architecture were highlighted. A large number of the sequences 

were under the same cluster as viewed in Figure 13 below.   

 

https://itol.embl.de/
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Figure 13: Architectural comparison: IMS 

 

Proteins belonging to IMS Architecture 

A sample of 774 sequences were used. Special attention was given to the proteins, 

DNA polymerase IV, DNA polymerase eta and DNA polymerase iota protein just to have 

diversity in our presentation. It can be seen in Figure 28 that the proteins Protein ImuB 

and DNA polymerase eta seem to have the most clustering effect. 
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Figure 14: Architectural comparison: IMS by Protein 

 

 

IMS, IMS_HHH, IMS_C 

Similarly, IMS, IMS_HHH, IMS_C had a large number of sequences clustered 

together as shown in Figure 15.  
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Figure 15 Architectural comparison: IMS 

 

 

Proteins belonging to IMS, IMS_HHH, IMS_C Architecture 

A sample of 308 sequences out of the 3525 sequences that were considered not to 

have a steric gate were used. Clusters for the taxonomy belonging to the protein DNA 

polymerase IV were seen. Please refer to Figure 16.  Consideration was still given to the 

four categories of protein, DNA polymerase IV, DNA polymerase eta, DNA polymerase 

iota.  
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Figure 16: Architectural comparison: IMS, IMS_HHH, IMS_by Protein 

 

IMS, IMS_C 

5,785 sequences existed in this architecture and of these, 553 (9.6%) also existed 

in subset 3 (no motif present). Figure 17 shows a phylogenetic tree generated using 

ITOL. It can be noticed that majority of the 553 sequences ended up being clustered 

together which signifies evolutionary relations.  

 

 



61 

 

 
 

Figure 17: Architectural comparison: IMS, IMS_HHH, IMS_C 

 

 

 Proteins belonging to IMS, IMS_C Architecture 

A sample of 204 sequences were used. In this subset, the dominant protein was 

DNA polymerase IV. The clusters were quite sparse in distribution though we could see 

some few clusters. The definite clustering was with DNA polymerase iota. Please refer to 

Figure 18. 
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Figure 18: Architectural comparison: IMS, IMS_HHH, IMS_C 

 

 

IMS, IMS_C, zf_UBZ  

73 sequences in subset 3 that belonged to this architecture were highlighted in the 

phylogenic tree. (See Figure 19). A large number of these seemed to cluster together 

which signified that they were closer in ancestry.   
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Figure 19: Architectural comparison: IMS, IMS_C, zf_UBZ  

 

Proteins belonging to IMS, IMS_C, zf_UBZ Architecture 

32 sequences were represented in this analysis with DNA polymerase eta 

emerging as the dominant protein. As shown in Figure 20, these proteins are clustering 

together. 
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Figure 20: Architectural comparison: IMS, IMS_C, zf_UBZ by protein 

 

IMS, IMS_C, DUF4113 

66 sequences that belonged to subset 3 were highlighted in the phylogenic tree. 

Majority of these were also clustered together. 
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Figure 21: Architectural comparison: IMS, IMS_C, DUF4113 

 

IMS x 2, IMS_C, zf_UBZ  

All sequences from this architecture were found to be in the subset 3. To check 

whether these would get clustered together, ITOL was used to highlight these sequences 

basing on the total sequences used in subset 3, that is, 3,525 sequences. The phylogenetic 

tree showed that these sequences got clustered together as shown in Figure 22.  
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Figure 22: Architectural comparison IMS x 2, IMS_C, zf_UBZ 

 

IMS, HHH_5, IMS_C 

34 sequences from the subset 3 were found to be of this architecture out the 132 

that were listed in PFAM. Majority of these still clustered together showing that they 

were closer in evolution. Please refer to Figure 23. 
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Figure 23: Architectural comparison: IMS, HHH_5, IMS_C 

 

 

IMS x 2, IMS x 2, IMS_C and IMS x 2, IMS_HHH, IMS_C. 

Almost all sequences belonging to the architecture IMS x 2 seemed to come from 

subset 3.  To further investigate why this was the subset, a phylogenic tree containing all 

3,525 sequences from subset 3 was generated and a sample of those sequences that 

belonged to the IMS x 2 were highlighted as shown in Figure 24.    
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Figure 24: Architectural comparison: IMS x 2 

 

IMS x 2 

This architecture was quite interesting because all the sequences existed in subset 

3 except one sequence which was obsolete. IMS x 2 was singled out just so we could get 

a closer view and the phylogenetic tree showed two distinct clusters.  

 

 
Figure 25: Architectural comparison: IMS x 2 

 

Cluster Analysis 

We performed cluster analysis on the architecture, in order to see if there are any 

ancestral relations among these sequences with no known steric gate. For this analysis, 

the sequences that were in the same cluster were considered to be closely related. 
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Average linking was used as the clustering method which was applied using Jalview. 

This means that the clusters are joined based on the average distance between all inter-

cluster pairs.  

Architectures ‘IMS x 2’, ‘IMS, IMS_C, DUF4113’,  ‘IMS x 2, IMS_C, zf_UBZ’ 

and ‘ IMS, HHH_5’ were not analyzed by protein as they didn’t have our protein 

categories of interest present in their samples. 

 

Conserved Region Analysis 

Actinobacteria  

 

48.73% tyrosine (Y) and 51.27% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). 1,541 sequences contained tyrosine 

(Y) or phenylalanine (F) at the steric gate position. See Figure 26. 
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Figure 26: Y-Family polymerases steric gate of Actinobacteria (Jalview).  

 

237 sequences had a different residue at this steric gate position. These residues 

were identified as 69.2% isoleucine (I), 12.7% glutamine (Q), 12.2% leucine (L), 5.5% 

valine (V) and 0.4% Histidine (H). See Figure 27. 

 

  

                                                                  

Figure 27: Y-Family polymerases steric gate of Actinobacteria (Jalview).  

 



71 

 

 

Protein distribution of Actinobacteria 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein. Please refer to Table 16 below.  

 

Table 16: Protein distribution of Actinobacteria  

Protein  Count Percent (%) 

DNA polymerase IV 1335 88.24 

DNA polymerase V 31 2.05 

Other 147 9.72 

Total 1513 100 
*Note: 28 were found to be obsolete in Uniprot. 

 

Bacteroidia 

 

62.9% tyrosine (Y) and 37.1% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). 229 sequences contained tyrosine 

(Y) or phenylalanine (F) at the steric gate position and fulfilled the motif condition as 

well. See Figure 28 below. 
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Figure 28:  Y-Family polymerases steric gate of Bacteroidia (Jalview) 

 

No sequences were found that had a different residue at the steric gate position.  

 

Protein distribution of Bacteroidia 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein. Please refer to Table 17 below. 

 

Table 17: Protein distribution of Bacteroidia 

Protein Count Percent (%) 

DNA polymerase IV 122 53.51 

DNA polymerase V 26 11.40 

Other 80 35.09 

Total 228 100.0 
*Note: 1 was found to be obsolete in Uniprot. 
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Burkholderiales 

 

83.6% tyrosine (Y) and 16.4% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). 336 sequences contained tyrosine 

(Y) or phenylalanine (F) at the steric gate position and fulfilled the motif condition as 

well. See Figure 29. 

 

 

                                      

Figure 29:  Y-Family polymerases steric gate of Burkholderiales (Jalview) 

 

No sequences were found that had a different residue at the steric gate position. 

However, a conserved position located before the steric gate (position 116) had 0.9% 

tyrosine (Y) and 97.3% phenylalanine (F) at the steric position but had a different residue 

at position 4, a conserved position located before the steric gate position. 27.7% 

asparagine (N) was found at this position instead of the expected aspartic acid (D). 

Aspartic acid (D) and asparagine (N) are similar residues judging from the BLOSUM62 
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amino acid substitution matrix with a score of 1.  

 

Protein distribution of Burkholderiales 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 72.16%. Please refer to Table 18 below. 

 

Table 18: Protein distribution of Burkholderiales 

 

Protein Count Percent (%) 

DNA polymerase IV 241 72.16 

DNA polymerase V 52 15.57 

Other 41 12.28 

Total 334 100.0 
*Note: 2 proteins was found to be obsolete in Uniprot. 

 

Clostridiale 

 

66.4% tyrosine (Y) and 33.6% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). See Figure 30. 
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Figure 30: Y-Family polymerases steric gate of Clostridiale (Jalview) 

  

No sequences were found that had a different residue at the steric gate position. 

However, tyrosine (Y) and phenylalanine (F) were present at the steric position but had a 

different residue at (position 116), a conserved position located before the steric gate 

position. Asparagine (N) and 36.9% lysine (K) was found at this position instead of the 

expected aspartic acid (D). 9.9% Aspartic acid (D) and 53.3 % asparagine (N) are similar 

residues judging from the BLOSUM62 amino acid substitution matrix with a score of 1. 

Lysine (K) and asparagine (N) were also found to be similar.  

 

Protein distribution of Clostridiale 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 60.90%. Please refer to Table 19 below. 
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Table 19: Protein distribution of Clostridiale 

 

Protein Count Percent (%) 

DNA polymerase IV 408 60.90 

DNA polymerase V 69 10.30 

Other 193 28.81 

Total 670 100.0 

 

 

Enterobacterales 

32.1% tyrosine (Y) and 67.9% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). See Figure 31 below. 
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Figure 31: Y-Family polymerases steric gate of Enterobacterales (Jalview) 

 

No sequences were found that had a different residue at the steric gate position.  

 

Protein distribution of Enterobacterales 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 45.85%. Please refer to Table 20 below. 

 

Table 20: Protein distribution of Enterobacterales 

 

Protein Count Percent (%) 

DNA polymerase IV 105 45.85 

DNA polymerase V 58 25.33 

Other 66 28.82 

Total 229 100.0 
*Note: 2 proteins were found to be obsolete in Uniprot. 
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Flavobacteriaceae 

 

64.0% tyrosine (Y) and 36.0% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). See Figure 32. 

 

 

                                      

Figure 32: Y-Family polymerases steric gate of Flavobacteriaceae (Jalview) 

 

No sequences were found that had a different residue at the steric gate position.  

Protein distribution of Flavobacteriaceae 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 72.73%. Please refer to Table 21 below. 

 

Table 21: Protein distribution of Flavobacteriaceae 

 

Protein Count Percent (%) 

DNA polymerase IV 440 72.73 

DNA polymerase V 60 9.92 
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Other 105 17.36 

Total 605 100.0 
*Note: 14 proteins were found to be obsolete in Uniprot. 

 

Gammaproteobacteria 

 

77.92% tyrosine (Y) and 22.08% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). See Figure 33 below. 

 

 

                                

Figure 33: Y-Family polymerases steric gate of Gammaproteobacteria (Jalview) 

 

No sequences were found that had a different residue at the steric gate position. 

 

Protein distribution of Gammaproteobacteria 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 58.60%. Please refer to Table 22 below. 
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Table 22: Protein distribution of Gammaproteobacteria 

 
Protein Count Percent (%) 

DNA polymerase IV 593 58.60 

DNA polymerase V 167 16.50 

Other 252 24.90 

Total 1012 100.0 

*Note: 34 proteins were found to be obsolete in Uniprot. 

 

Rhodobacterales  

 

78.7% tyrosine (Y) and 21.3% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120). See Figure 34 below. 

 

 

                                    

Figure 34: Y-Family polymerases steric gate of Rhodobacterales (Jalview) 
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Protein distribution of Rhodobacterales 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 89.01%. Please refer to Table 23 below. 

 

Table 23: Protein distribution of Rhodobacterales 

 
Protein Count Percent (%) 

DNA polymerase IV 324 89.01 

DNA polymerase V 5 1.37 

Other 35 9.62 

Total 364 100.0 

*Note: 2 proteins was found to be obsolete in Uniprot. 
 

Mycobacteriaceae  

 

52.2% tyrosine (Y) and 47.8% phenylalanine (F) were found in the steric gate 

position of the alignment from PFAM (position 120).  
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Figure 35: Y-Family polymerases steric gate of Mycobacteriaceae (Jalview).  

 

98 sequences had a different residue at this steric gate position. These residues 

were identified as 83% leucine (L) and 17% glutamine (Q). See Figure 36. 

 

 

                                                                           

Figure 36: Y-Family polymerases steric gate of Mycobacteriaceae (Jalview).  

 

 

Protein distribution of Mycobacteriaceae 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase IV protein with 96.70%. Please refer to Table 24 below. 

 

Table 24: Protein distribution of Mycobacteriaceae 

 

Protein Count Percent (%) 

DNA polymerase IV 176 96.70 
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Other 6 3.30 

Total 182 100.0 
*Note: 3 proteins were found to be obsolete in Uniprot. 

 

Springtail  

 

12 sequences had a different residue at this steric gate position. These residues 

were identified as 83% leucine (L) and 17% glutamine (Q). See Figure 37. 

  

 

                                    

Figure 37: Y-Family polymerases steric gate of Springtail (Jalview).  

 

 

Protein distribution of Springtail 

The protein distribution showed that most of the sequences belonged to the DNA 

polymerase eta protein with 91.67%. Please refer to Table 25 below. 
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Table 25: Protein distribution of Springtail 

 

Protein Count Percent (%) 

DNA polymerase eta 11 91.67 

DNA polymerase IV 1 8.3 

Total 12 100.0 

 

 

Acidobacteria 

 

9 sequences had a different residue at this steric gate position. These residues 

were identified as Proline (P) - 50%, Isoleucine (I) - 20%, Alanine (A) - 10%, Leucine 

(L) - 10% and Threonine (T) - 10%. See Figure 38.  

 

 

                                                                             

Figure 38: Y-Family polymerases steric gate of Acidobacteria (Jalview).  
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Protein distribution of Acidobacteria 

The protein distribution showed an almost equal distribution for most of the 

sequences. Please refer to Table 26 below. 

 

Table 26: Protein distribution of Acidobacteria 

 

Protein Count Percent (%) 

DNA polymerase IV 2 28.57 

Other 5 71.43 

Total 7 100.0 
*Note: 3 proteins were found to be obsolete in Uniprot. 

 

Summary - motif comparison by taxonomy. 

A summary of subset 1, subset 2 and subset 3 comparison was broken down into a 

table format. Subset 2 residues were highlighted in Table 7 to signify those residues that 

weren’t tyrosine (Y) or phenylalanine (F) at position 120 in the PFAM alignment also 

identified as position 6 in table 19. The four positions shown in Table 19 (Pos 1, Pos 3, 

Pos 5 and Pos 6) are known to be highly conserved regions and were the main interest in 

our analysis. This was done by gauging the percentage of residues in the different 

positions according to consensus. The purpose of this was to compare residue similarity. 

Table 27 below shows a comparison of thirteen taxonomy with a total of 5619 sequences. 

 

Table 27: Residue Similarity - Motif comparison 

 

   Motif     

No Taxonomy Total 

seqs 

Pos 1 

(%) 

Pos 3 

(%) 

 

Pos 5 

(%) 

 

Pos 6 

 (%) 
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1.  Actinobacteria 1778 D (100) D (90.49)  

N (  5.06) 

K (  4.22) 

A (  0.06) 

R (  0.06)  

V (  0.06) 

F (98.31) 

M (0.79) 

A (0.39) 

C (0.34) 

Y (0.17) 

F (44.43) 

Y (42.24) 

I (9.22) 

H (0.06) 

Q (1.69) 

L (1.63) 

V (0.73) 

2.  Acidobacteria 35 D (83)    

Y (11) 

F (3) 

S (3) 

D (47) 

N (33) 

P (11) 

R (6) 

K (3) 

F (94) 

Y (6) 
F (36) 

Y (36) 

P (14) 

I  (6)       

A (3) 

L (3) 

T (3) 

3.  Mycobacteriaceae 280 D (100) D (99.3) 

K (0.7) 

F (100) Y (33.9) 

F (31.1) 

L (28.9) 

Q (6.1) 

4.  Bacteroidia 229 D (100) D (60.3) 

N (26.6) 

K (13.1) 

F (87.8) 

C (8.7) 

A (2.2) 

Y (1.3) 

Y (62.9) 

F(37.1) 

5.  Burkholderiales 336 D (100) D (71.1) 

N (27.7) 

S (0.6) 

H (0.3) 

K (0.3) 

F (97.3) 

M (1.2) 

Y (0.9) 

A (0.3) 

I (0.3) 

Y (83.6) 

F (16.4) 

6.  Clostridiales 670 D (100) N (53.3) 

K (36.9) 

D (9.9) 

F (64.2) 

A (31.5) 

C (3.1) 

Y (1.2) 

Y (66.4) 

F (33.6) 

7.  Enterobacterale 240 D (100) N (55) 

D (44.6) 

S (0.4) 

F (97.5) 

M (2.1) 

A (0.4) 

Y (67.9) 

F (32.1) 

8.  Flavobacteriaceae 619 D (100) D (71.1) 

N (28.9) 

F (98.9) 

Y (1.0) 

M (0.2) 

Y (64) 

F (36) 

9.  Gammaproteobacteri

a 

1046 D (100) D (56.98) 

N (38.05) 

V (2.29) 

K (0.96) 

T (0.76) 

E (0.29) 

I (0.19) 

R (0.19) 

S (0.19) 

Q (0.10) 

F (95.32) 

Y (2.68) 

M (1.63) 

A (0.29) 

C (0.10) 

Y (77.92) 

F (22.08) 

10.  Rhodobacterales 366 D(100) D (89.6) 

N (6.3) 

A (3.8) 

K (0.3) 

F (99.2) 

Y (0.8) 

Y (78.7) 

F (21.3) 

11.  Springtail 12 D (100) D (100)                           F (100)     
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                                       E (100) 

12.  Firmicutes 6 D (100) N (100)                           F (100)   

                                       L (100) 

  

13.  Trypanosoma 2 D (100) D (100)                           E (100)   

                                       L (100) 

  

TOTAL 5619     

 

 

 

Correlation and Conservation score analysis 

Conservation score analysis 

Conservation scores are used to evaluate sites in a multiple sequence alignment, 

so as to identify residues critical for structure or function. A protein's amino acid 

sequence is known to carry information pertaining to structure and function of the 

protein. However, prediction of residues that are of importance for structure and 

functionality from a single sequence is not straight forward. One effective way of 

acquiring this information is through comparison of homologous sequences, since 

proteins that share common ancestry usually have similar structures and functionality. 

This is because residues critical for function or structure have been conserved in 

homologous proteins during evolution. Consequently, prediction of residues or alignment 

sites can be done by comparing amino acid sequences of homologous proteins and 

sieving out conserved alignment sites.  

A quantitative measure for conservation is ideal when identifying sites. Various 

methods to quantitatively evaluate conservation alignment sites have been developed.  

We used The Consurf Database, https://consurfdb.tau.ac.il/newGUI/index.php to 

evaluate positions of contact predictions. This method uses structures to run a multiple 

sequence alignment in order to generate information about catalytic sites. A conservation 

https://consurfdb.tau.ac.il/newGUI/index.php
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score is then calculated. It is already known that the steric gate is a key factor in 

translesion synthesis and was a central focus during this analysis. 

Protein structures identified under the Y-family polymerase were obtained from 

PFAM at https://pfam.xfam.org/family/pf00817#tabview=tab9. From the 408 structures, 

three structures were identified;  a) Mycobaterium DNA Polymerase IV, Uniprot entry 

A0QR77_MYCS2, PDB ID 4Q45  structure resolution of 2.32Å chain A/B, method X-

RAY DIFFRACTION residues 7 - 154.  b) Human DNA polymerase eta, Uniprot entry 

POLH_HUMAN, PDB ID 5KFZ structure resolution of 1.44Å chain A, method X-RAY 

DIFFRACTION residues 12 - 228. c) Human DNA Polymerase Iota, Uniprot entry 

POLI_HUMAN, PDB ID 3OSN structure resolution of 1.9Å chain A, method X-RAY 

DIFFRACTION residues 58 - 236.    

 

Mycobaterium DNA Polymerase IV 

Structure 4Q45 was submitted into the consurf database. Normalized conservation 

score values were then plotted against the position in the structure. A conservation score 

cutoff threshold of -1.3 was used in order to identify those residues in the highly 

conserved region. The question here was, would these match with our motif? Results 

showed that the steric gate shown at position 13 was among those that were highly 

conserved. The red circle signified a magnification of the region of interest which turned 

out to be our motif of interest. Please refer to Figure 39 below.  

 

https://pfam.xfam.org/family/pf00817#tabview=tab9
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Figure 39: Conservation score based on residue position (PDB structure 4Q45 – Mycobacterium DNA 

polymerases IV).  

 

 

Human DNA polymerase eta 

Normalized conservation scores for structure 5KFZ were plotted against the 

residue positions of the alignment and the steric gate position 20 was identified among 

those that were highly conserved. This was further magnified in the red circle as shown in 

Figure 40. 
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Figure 40: Conservation score based on residue position (PDB structure 5KFZ - Human DNA polymerases eta).  

 

Human DNA polymerase Iota 

Similarly PDB structure 3OSN belonging to the Human DNA polymerase iota 

was submitted. Again, the steric gate position 38 was identified. It can also be seen from 

the magnified diagram bordered by the red circle that this is very close to our motif. 

Please refer Figure 41. 

 

 
 

Figure 41: Conservation score based on residue position (PDB structure 3OSN - Human DNA polymerases iota).  

 

Correlation mutation analysis - COUSCOus  

 

Genes are encoded with information to make proteins from building blocks that 

are known as amino acids. This information is encoded into codons that each symbolize a 
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single amino acid. Any small mutation in the codon can change the amino acid located at 

the specific position in the protein. There are also subsets were some amino acids interact 

with other amino acids which enables the protein to fold and adopt the three-dimensional 

shape it needs to work or function properly. This further shows that a small mutation that 

affects any of these amino acids may affect the ability of the protein to work or function 

efficiently. 

However, if the mutation at one position in the protein is accompanied by a 

mutation in another position, it may have little effect. Such mutations are more likely to 

happen when these positions in the protein are close to each other.  In order to identify 

these mutations, the amino acid sequences of similar proteins from different organisms or 

taxonomy are aligned and put into comparison.  

A computational method, ‘COUSCOus’ was used. It searches for pairs of 

positions in the multiple sequence alignment that displays co-variation. Through this, 

specific mutations at one position that are accompanied by certain mutations at the other 

are identified. The pairs are further ranked by the strength of their correlation (pCorr) and 

those that appear to be the highest ranking are predicted to be in close contact. 

 

Mycobaterium DNA Polymerase IV 

A Multiple Sequence Alignment corresponding to the PDB structure 4Q45 

originally got from PFAM was obtained from the The Consurf Database. COUSCOus, a 

residue-residue contact detecting approach was applied and this generated the pairs with 

their corresponding correlation values. A cutoff threshold of 0.1 was used. The 
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conservation scores were then plotted against the correlation scores obtained in order to 

see if those that were highly conserved scored highly in correlation as well.  

Figure 42 below shows those residues that were both highly conserved and at the 

same time ranked among those with high correlation. Residues H, D, D, and F in 

positions 7, 9, 11 and 13 still came up in this group which showed us that residues with a 

high correlation would also be conserved. The red circle signifies a magnification of the 

intersection of both with correlation and conservation. 

 

 

 

 
 

 
Figure 42: Conservation score versus Correlation (PDB structure 4Q45 - Mycobacterium DNA polymerases IV).  

 

 

Human DNA polymerase eta 

Using the structure 5KFZ from the Human DNA polymerase eta obtained from 

PFAM, conservation scores obtained from the consurf database were plotted against the 

correlation values from COUSCOus. An intersection showed that those residues that 
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were highly conserved were also correlated. Figure 43 shows a blow up of the 

intersection of these two methods in the red circle.  

 

 

 

 
 
Figure 43: Conservation score versus Correlation (PDB structure 5KFZ - Human DNA polymerases eta). 

 

 

Human DNA polymerase iota 

The PDB structure 3OSN that belonged to the Human DNA polymerase iota also 

showed that the residues that were highly conserved were also correlated. Figure 44 

shows that the residues that were considered highly conserved were also correlated as 

shown in the illustration within the red boundary. 
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Figure 44: Conservation score versus Correlation (PDB structure 3OSN - Human DNA polymerases iota). 

 

Amino Acid pair comparison 

 A higher correlation score in the two positions as shown by COUSCOus signified 

correlated mutations. However, it was necessary that the specific residue pair be 

identified. This was done based on the four proteins, DNA polymerase IV, DNA 

polymerase V, DNA polymerase iota and DNA polymerase eta.  
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Figure 45: Amino Acid pair comparison - DNA polymerase IV 

  

Positions 119_121, 119_123, 121_123 and 116_121 in DNA polymerase IV had 

relatively high correlation values. We then went ahead and calculated the residue pair 
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correlation score Qij in comparison to the amino acid count as shown in Figure 45. A Qij 

score above 1.5 was considered significant. In the positions 119_121, the residue pair 

alanine (A) and leucine (L), tyrosine (Y) and valine (V) had a high Qij score of 28.32 and 

1.77 respectively. Only amino acid pairs greater than 0.1% were considered for this 

analysis. 

 Positions 119_123 had alanine (A) and tryptophan (W), cysteine (C) and 

isoleucine (I), and tyrosine (Y) and alanine (A) with Qij scores 28.77, 9.77 and 5.03 

respectively. 

Positions 121_123 had leucine (L) and tryptophan (W), isoleucine (I) and cysteine 

(C) and valine (V) and cysteine (C) with Qij scores 28.21, 9.12 and 4.21 respectively. 

Positions 116_121 had asparagine (N) and leucine (L), asparagine (N) and 

isoleucine (I) and asparagine (N) and cysteine (C) with Qij scores 6.95, 5.66 and 4.82 

respectively. 

Residue pairs with high Qij scores signified residue to residue contact hence the 

need for analysis of the distance between amino acids. It was of interest to confirm if 

these same residues were in close proximity of each other.  

    

Distance between Amino Acids.  

 

  As mentioned earlier, a mutation at one position in the protein is accompanied by 

a mutation in another position may have little effect. However, these mutations are more 

likely to happen when these positions in the protein are close to each other hence the need 
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for the analysis of those amino acids that are close to the steric gate position.  

 

Highly conserved regions can provide some additional contact information than a single 

one. It was necessary that we seek out same residues that had a high conservation and 

correlation that were in close proximity to the steric gate region. To do this, all amino 

acids within 4.0Å of the steric gate position were identified using structure PDB IDs that 

was extracted from PFAM. The tool used to identify residues close to each other was 

Discovery Studio. 

Figure 45 shows the structure 4Q45 with the subset 1 motif highlighted in light 

blue. The residues within 4.0Å are shown in green with their respective labels. Were 

these the same residues that had a high conservation score and were also considered 

correlated? As seen in Table 28, Alanine (A) and Glutamate (E) were at the top of the list 

with a high conservation score, high correlation ranking and seen to have met our 

conservation cutoff threshold of -1.3.  Majority of the residues that were identified to be 

closer in distance to the steric gate were the same residues identified in Table 28 with a 

high conservation score and high correlation ranking.          
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Figure 46: Mycobaterium DNA Polymerase IV phenylalanine (F) PDB: 4Q45; Resolution: 2.32Å; 

Method: X-Ray Diffraction 

 

 

Residues highlighted in orange marked those that were identified with a high 

conservation score, high correlation ranking and met our conservation cutoff threshold of 

-1.3 as earlier stated. Those in blue were next in ranking with a relatively high correlation 

and conservation score though missed our threshold slightly. These residues were still 

considered to have a high correlation ranking. Please refer to Table 28.  

 

Table 28: Residues within 4.0Å of steric gate for PDB: 4Q45 

 

No Position AA Amino Acid letter Conservation score Correlation score 

1.  16 CYS C -1.079 1.56 

2.  18 PHE F -0.416 0.58 

3.  19 ALA A -1.24 1.50 

4.  20 GLN Q -1.03 0.61 

5.  21 VAL V -0.95 0.75 

6.  22 GLU E -1.27 1.05 

7.  35 ILE I -0.54 0.37 

8.  47 THR T -1.04 0.88 

9.  81 PHE F -0.23 1.90 
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10.  84 TYR Y -1.39 1.28 

 

Figure 45 is a structural representation of the residues that are within 4.0Å of the 

steric gate. Similar residues identified in Table 28 were also seen in Table 29 as well .i.e. 

cysteine (C), valine (V), glutamine (Q). This further confirmed that residues with a high 

conservation score and high correlation ranking were most likely to be closer in distance. 

 

 
Figure 47: tyrosine(Y) PDB: 5KFZ; Resolution: 1.44Å; Method: X-Ray Diffraction, Human DNA polymerase 

eta 

 

 

Table 29 is a general breakdown of the residues that were within 4.0Å of the 

steric gate. Valine (V) and glutamine (Q) had the highest conservation score and high 

correlation ranking.  
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Table 29: Residues within 4.0Å of steric gate for PDB: 5KFZ 

 

No Position AA Amino Acid letter Conservation score Correlation score 

1.  19 CYS C -1.12 0.57 

2.  20 PHE F -1.24 0.46 

3.  22 VAL V -1.05 1.63 

4.  23 GLN Q -1.25 0.47 

5.  24 VAL V -1.07 0.22 

6.  39 VAL V -1.29 0.64 

7.  51 ILE I -1.15 0.18 

8.  95 TYR Y -1.28 1.02 

9.  117 ILE I -0.80 0.82 

 

 

 

Figure 48 is a structural representation of the residues that are within 4.0Å of the 

steric gate. Similar residues identified in Table 29 were also seen in Table 30 as well .i.e. 

cysteine (C) and valine (V). 

 

 
Figure 48: Human DNA polymerases iota: tyrosine(Y) PDB: 3OSN; Resolution: 1.9Å; Method: X-Ray 

Diffraction 

 

Table 30 shows the residues that were within 4.0Å of the steric gate. Cysteine (C) 

and valine (V) had the highest conservation score and high correlation ranking.  
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Table 30: Residues within 4.0Å of steric gate for PDB: 3OSN 

 

No Position AA Amino Acid letter Conservation score Correlation score 

1.  37 CYS C -1.03 0.47 

2.  38 PHE F -1.23 1.57 

3.  59 GLN Q 0.02 0.68 

4.  64 VAL V -0.81 0.57 

5.  65 THR T -1.21 0.90 

6.  102 TYR Y -1.39 0.2 

 

 

In conclusion, residues with a relatively high conservation score and a high 

correlation ranking were found to be in close proximity (within 4.0Å) to the steric gate 

position. 
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CHAPTER SIX 

Understanding the structural mechanisms and architecture of DNA polymerases is 

important so as to expand the utility of DNA polymerases in various applications. DNA 

polymerases are utilized for enzymatic synthesis of DNA in various applications such as 

polymerase chain reaction (PCR), cDNA cloning, DNA sequencing, and detection of 

single nucleotide polymorphisms (SNPs). These methods are essential experimental tools 

for a basic scientist and are useful diagnostic tools for a clinician that needs genomic 

sequence information for confirming genetic diseases, treating cancer, or overcoming 

drug resistance (Jessica et al, 2011).  

It is known that the mutation of the steric gate, the bulky active site residue, to a 

smaller residue significantly decreases discrimination against ribonucleotides. However, 

how about those organisms that do not have a known steric gate?   

The knowledge gained from pattern recognition can also be applied to designing 

improved drug treatments.  

Correlated mutation analysis, conservation score analysis and structural analysis 

revealed inter-protein coordination. These methods showed that: (i) the steric gate amino 

acid position in the alignment is conserved as well as correlated (ii) the pair of co-varying 

sites are a result of residues that are closer in distance based on the structural analysis 
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results. Hence correlated mutations at these positions revealed by these methodologies 

are also more likely to have physical significance. 

 

Conclusion  

The steric gate of approximately 90% of organisms is as expected with tyrosine 

(Y) and phenylalanine (F) in this position. However, a small number of organisms have 

been known to have been a different residue at the position. Understanding how these 

organisms discriminate against deoxyribonucleotides will give insight on how are they 

able to function. 

 

No known steric region analysis 

Sequences that didn’t have a known steric gate were found to have a missing exon 

yet were described as complete in the Uniprot database. Pairwise alignment confirmed 

that the steric gate was located in the missing section.  

 

Structure-function relationships 

Investigation of structure-function relationships yielded residues that were within 

4.0Å of the steric gate in terms of residue distance in the structure. These same residues 

were found to be highly correlated to the steric gate hence the conclusion that mutations 

that are correlated to the steric gate are close in proximity to the residue. 

Protein to protein interaction from primary sequences can help predict residue interaction 

through correlated mutation analysis. For the subset of MSAs that had phenylalanine (F) 

and tyrosine (Y) in the active site, we were able to show that the steric gate position, the 
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active site was correlated to various positions. Also, we were able to calculate the 

conservation percentage so as to gauge level of consensus. 

 

Future Work 

We are keen to investigate protein names as it was noticed that the Uniprot 

protein names were not ideal. Protein names like Protein ImuB or UmuC domain-

containing protein are not actual protein names hence the need for database updates in 

this aspect.  

 

Furthermore, it is worth mentioning that applying the other correlated mutation methods 

and having a general comparison of results would be of interest in this research. 
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