
 

Additional File 5: Results 

2.2 Important residues:  

In addition to diversity differences between environments, we also examined specific positions 

and amino acids which varied between environments. PF11999 DUF3494s are often ice-binding 

proteins, and to this end are expected to have ice-binding sites. These sites have been found on 

the b-face and c-face of DUF3494 proteins [1, 2]. While these are not necessarily the same in 

every protein, they form flat planes which contain linearly aligned side chains down the vertical 

axis of the protein. These columns of aligned side-chains might occur multiple times on the 

ice-binding face, and the distance between coils of the solenoid (rows) nearly matches the 

distance between water molecules on basal and prism planes of hexagonal ice [3]. The first 

column has been shown to include hydrophobic amino acids with small side chains such as 

alanine (A), and glycine (G) while a second column contains hydrophilic amino acids with small 

side chains containing hydroxyl groups such as threonine (T) and serine (S) which might 

contribute to hydrogen bonding. Finally, the c-face has been less specifically implicated in 

ice-binding. An exploration of 50 randomly sampled protein structures across environments 

showed frequent columns of aligned hydrophilic side chains (T and S). To test whether this was 

generalisable across the whole protein, we identified which aligned residues corresponded to 

these vertical “columns” of residues along the faces of the protein. We then performed a 

chi-squared test on the abundance of all amino acids in this column, compared to the 

abundance of these amino acids in the rest of the protein (expected values were the expected 

averages for seven residues). Due to the large sample size, the p-value was significant for all 

positions tested despite large differences in the �2 statistic. We therefore compared the effect 

size (Cramer’s V) for each column too (Table 3). As we were interested in positions where a 

small number of AAs (either T/S or A/G) were dominant, we also calculated the Shannon 

diversity index (H) of each position. We then selected the three columns with the highest 
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proportion of their most abundant AA (Figure 5e) and performed per-environment calculations 

on these columns. 

 

2.3 Column 2 (b-face) 

The first column of interest (b-face, col_2) mapped to the alignment positions 6, 26, 177, 158, 

140, 113 and 87 (Figure X). At position 6, Shannon diversity (sdiv) varied from 1.46 (rock) to 

1.85 (glacier ice), and the number of amino acids found varied from 13 (subsurface) to 20 

(frozen sediment, polar marine, glacier ice). At position 26, sdiv varied from 1.25 (rock) to 2.14 

(subsurface), with between 12 (subsurface) and 21 (frozen sediment, glacier ice) AAs. At 

position 177, sdiv varied from 1.05 (rock) to 1.48 (subsurface), ranging from 10 AAs 

(subsurface) to 21 (frozen sediment). At position 158, sdiv varied from 1.07 (rock) to 1.79 

(frozen sediment and glacier ice), with between 14 (subsurface) and 21 (frozen sediment) AAs. 

At position 140, sdiv ranged from 0.79 (rock) to 1.81 (subsurface), with between 15 (subsurface) 

and 22 (frozen sediment) AAs. At position 113, sdiv varied from 1.03 (rock) to 1.70 (frozen 

sediment) with between 10 (subsurface) and 21 (glacier ice) AAs. Finally, at position 87 sdiv 

varied from 1.62 (polar marine) to 1.91 (frozen sediment) with between 12 (subsurface) and 20 

(frozen sediment, glacier ice) AAs.  

 

In column 2 (b-face), average Shannon diversity was lowest closer to the middle of the sheet 

(positions 177, 158, 149, 113) (Figure 5a). While rock sequences had the lowest diversity at 

each of these individual positions, the amino acids at these positions were inconsistent down 

the column of residues, with hydrophobic As at 26 and 177, and hydrophilic Ts and Ss at other 

positions. This inconsistency was mirrored by frozen sediment and subsurface environments, in 

alignment with the misclassification pattern from the ANN (above). Conversely, in more “pure 

ice” environments such as glacier ice and polar marine (sea ice and seawater), this column was 



 

consistently dominated by hydrophobic As frequently preceded by Gs, consistent with it being 

an ice-binding site in these environments.  

 

2.4: Column 2 

The second column of interest (b-face, col_4) mapped to the aligned positions 28, 8, 179, 160, 

142, 115 and 89, which are also vertically aligned along the centre of the b-face of the protein. 

At position 28, sdiv varied from 0.95 (rock) to 1.73 (polar_marine) with between 12 (subsurface) 

and 20 (frozen sediment) AAs. At position 8, sdiv varied from 0.77 (rock) to 1.70 (glacier ice), 

with between seven (subsurface) and 20 (glacier ice and polar marine) AAs. At position 179, 

sdiv varied from 0.96 (rock) to 1.85 (polar marine) with between 10 (subsurface) and 21 (polar 

marine) AAs. At position 160, sdiv varied from 1.33 (rock) to 1.94 (glacier ice) with between 14 

(subsurface) and 22 (glacier ice) AAs. At position 142, sdiv varied from 0.69 (rock) to 1.87 (polar 

marine) with between 12 (subsurface) and 21 (polar marine) AAs. At position 115, sdiv varied 

from 1.53 (rock) to 2.03 (polar marine) with between 12 (subsurface) and 20 (polar marine, 

frozen sediment) AAs. At position 89, sdiv varied from 1.78 (polar marine) to 2.43 (frozen 

sediment) with between 16 (subsurface) and 21 (polar marine and frozen sediment) AAs. 

 

Like the first putative IBS, rock sequences consistently had the lowest Shannon diversity. Rock 

sequences down this column were consistently dominated by hydrophobic residues, specifically 

threonine, and at position 160, threonine or serine. Once again, subsurface and frozen sediment 

sequences had similar patterns, with subsurface consistently having the smallest number of 

AAs. Meanwhile, for polar marine and glacier ice sequences, although threonine/serine were 

still the single most frequent AAs, these were a much smaller proportion of the total residues, 

with a variety of other amino acids also being found. This second column of aligned residues is 

thought to be involved with hydrogen bonding. Taken with the results from the first column of 



 

residues, this could imply that these hydrophobic interactions could be more important in the 

function of DUF3494 proteins in non-pure ice environments.  

 

2.5: Column 3 

The third column of interest (a-face, col_0) mapped to the aligned positions 35, 17, 169, 151, 

133, 106 and 80. At position 35, sdiv varied from 0.13 (subsurface) to 1.11 (polar marine) with 

between five (subsurface) and 21 (polar marine) AAs. At position 17, sdiv varied from 0.25 

(subsurface) to 0.75 (glacier ice), with between four (subsurface) and 20 (polar marine) AAs. At 

position 169, sdiv varied from 0.14 to 0.46 (glacier ice) with between three (subsurface) and 14 

(polar marine) AAs. At position 151, sdiv varied from 0.07 (subsurface) to 0.15 (glacier ice) with 

between three (subsurface) and nine (frozen sediment) AAs. At position 133, sdiv varied 

between 0.47 (rock) and 0.93 (subsurface) with between six (subsurface and glacier ice) and 11 

(rock) positions. At position 106 sdiv varied from 0.37 (rock) to 0.87 (glacier ice) with between 

six (subsurface) and 12 (frozen sediment) AAs. At position 80 sdiv varied from 0.17 (polar 

marine) and 0.36 (glacier ice) with between six (subsurface) and 13 (rock and frozen sediment) 

AAs. 

 

Shannon diversity was overall lowest in this column. It was not consistently lowest in any given 

environment. This is likely because the composition of this position was consistent within and 

between environments. In all environments, the first four columns were dominated by G, the 5th 

column contained nonpolar side chain  I or V, the 6th column was dominated by aromatic 

hydrophobic AAs F and W, and the 7th column was dominated by G. The proportions of F:W 

differed slightly between environments, with F dominating in rock environments.  

 

2.5:  Insertion found in rock sequences 



 

We identified a potential insertion/deletion which was more prevalent in rock environments 

compared to other environments. At aligned positions 66-68 (between the bottom of the alpha 

helix and the bottom sheet of the b-face), sequences in polar marine, glacier ice, subsurface 

and frozen sediment environments had >34 % of gaps (polar marine: 34.4% ± 14.1%; glacier 

ice: 41.6% ± 7.4%; subsurface: 45.4±0.1%; frozen sediment: 40.6% ± 2.3% ) while in rock 

environments, just 12.5%±2.6% of values at these positions was gaps. Instead, in rock 

environments, the most abundant AAs were T or A at position 66 (17.9%;15.3%), L or V at 

position 67 (39.6%; 24.8%) and T or P at position 68 (33.0%; 13.1%). Rock sequences are one 

of the most easily distinguishable sequences by the ANN and this is mirrored by their lower local 

and overall diversity, as well as this potential insertion. 

 

3. Genetic algorithm 

a-face:  

On the a-face, distinguishing features of sequences from frozen sediment environments often 

included positions 81, 83 (bottom sheet of a-face), and 106 (2nd to bottom sheet of a-face). 

Amino acids which frequently (>1 rule included) appeared in rules for this environment were 

leucine (L) at position 81 (24.5% of sequences in this environment; 7.9% of sequences in other 

environments), a cysteine at position 83 (18.6%; 7.2%), the absence of phenylalanine (F) 

(46.5%; 22.0%) or presence of tryptophan (W) (39.9%; 18.7%) at position 106, and an F at 

position 108 (87.8%; 65.7%). 

 

Polar marine sequence rules often included positions 108, 133 and 134 (3rd from bottom loop of 

a-face). AAs which frequently appeared in rules for this environment were isoleucine (I) at 

position 105 (21.7% of sequences in this environment; 8.1% of sequences in other 

environments), and I at position 134 (9.9%;1.3%).  

 



 

Rock sequence rules often included positions 106, 132 and 134. AAs which frequently appeared 

in rules for this environment were F at position 106 (90.7% of sequences in this environment; 

71.6% of sequences in other environments), E at position 132 (0.7%; 0.2%), and the absence of 

L (99.9%; 95.8%) and the absence of W (99.8%; 99.9%) at position 134.  

 

Glacier ice sequence rules often included positions 105, 106, 107 and 133. AAs which 

frequently appeared in rules for this environment were T at position 105 (7.4% of sequences in 

this environment; 4.4% of sequences in other environments), presence of W (37.0%; 20.1%) 

and absence of F (42.7%;23.7%) at position 106, presence of valine (V) at position 133 (76.3%; 

66.2%).  

 

Subsurface sequence rules often included positions 80 and 107. The AA which was the most 

frequent across rules for this environment was an H at position 80 (2.4%; 1.4%).  

 

Rules pertaining to residues found on the a-face (helix-facing) of the protein often included very 

hydrophobic (L, I, F, W, V) AAs with bulky side chains. Across this face, the strongest signal was 

for the frozen sediment environment, and the weakest was for subsurface environments. 

 

b-face: 

On the b-face, frozen sediment rules often included positions 71, 72 and 145. The AA which 

was the most frequent across rules for this environment was the absence of A at position 145 

(86.1% of sequences in this environment; 48.7% of sequences in other environments).  

 

Polar marine sequence rules often included positions 71, 72 and 145. The AAs which most 

frequently appeared in rules for this environment were A at position 145 (63.8% of sequences in 



 

this environment; 19.3% of sequences in other environments), V at position 71 (11.0%;1.9% ) 

and the absence of L at position 72 (83.3%; 32.8%). 

 

Rock sequence rules often included positions 71 and 72. The AAs which most frequently 

appeared in rules for this environment were D at position 71 (63.3%; 13.8%)  and L at position 

72 (84.1%; 28.0%). 

 

Glacier ice sequence rules often included positions 71, 73 and 144. The AA which was the most 

frequent across rules for this environment was D at position 73 (1.9%; 1.3%).  

 

Subsurface sequence rules often included positions 26 and 71. The AA which was the most 

frequent across rules for this environment was the absence of V at position 27 (93.4%; 81.6%).  

 

Rules for positions on the b-face (ice-binding) of the protein often included the absence (and 

presence) of specific hydrophobic AAs (A, L, V). This is interesting especially when bulky AAs 

such as L have been shown to decrease ice-binding activity of the DUF3494s on this surface. 

Conversely, small hydrophobic residues like A are an important component of the IBS. Across 

this face, the strongest signals were for polar marine and rock, and the weakest was for 

subsurface. 

 

c-face:  

On the c-face, frozen sediment rules most often included positions 77 and 97. The AA which 

was the most frequent across rules for this environment was the absence of D at position 97 

(49.8%; 25.8%).  

 



 

Polar marine sequence rules most often included positions 94, 95 and 77. The AA which was 

the most frequent across rules for this environment was M at position 77 (0.9%; 0.3%).  

 

Rock sequence rules rarely included positions on the c-face with rules appearing at positions 7, 

78, 79, 96 and 97 but no position having a frequency of >1.  

 

Glacier ice sequence rules most often included positions 78 and 97. The AA which was the 

most frequent across rules for this environment was N at position 78 (3.4%; 3.0%) . 

 

Subsurface sequence rules most often included positions 78, 79 and 95. The AAs which most 

frequently appeared in rules for this environment were the absence of K (100%; 97.9%), and the 

absence of R (100%; 99.3%), at position 78, the absence of A at position 79 (90.8%; 86.3%), 

the absence of Y (97.7%; 95.4%) and absence of V (99.1; 95.6) at position 95.  

 

Rules for positions the c-face were generally quite rare and had weak signals. Subsurface rules 

had the most components, however these were all absence rules whose predictive power is 

inherently weaker (less specific) than presence rules. The functional role of this face is less 

clear and these results support the hypothesis that it may play an indirect role, such as protein 

stability.  

 

between faces:  

On conserved regions between faces, frozen sediment rules most often included position 153. 

The AA which was the most frequent across rules for this environment was the absence of L at 

position 153 (91.7% of sequences in this environment; 72.1% of sequences in other 

environments).  

 



 

Polar marine sequences rules only included position 152, with the rule being the presence of I at 

this position (11.6%; 5.9%).  

 

Rock sequence rules included positions 124 and 173, of which position 124 was more frequent. 

All AAs had the same frequency in rules in this environment.  

 

Glacier ice sequence rules most often included positions 126, 171 and 173. The AAs which 

most frequently appeared in rules for this environment were G at position 171 (8.8% of 

sequences in this environment; 0.9% of sequences in other environments), and the absence of 

A at position 173 (65.4%; 53.7%).  

 

Subsurface rules most often included positions 125, 152 and 173. The AA which was the most 

frequent across rules for this environment was A at position 173 (81.7%; 44.9%) 

 

The most frequent positions appearing in frozen sediment rules were positions 106 (a-face), 71, 

72, and 145 (b-face). Across these rules, the most common elements were C at position 83, the 

absence of F at position 106, and the absence of A at position 145 

 

The most frequent positions appearing in polar marine rules were positions 71, 72 and 145 

(b-face). Across these rules, the most common elements were A at position 145, V at  position 

71 and the absence of L at position 72.  

 

The most frequent positions appearing in rock rules were positions 71 and 72 (b-face). Across 

these rules, the most common elements were D at position 71, L at position 72, and F at 

position 106.  

 



 

The most frequent positions appearing in glacier ice rules were positions 105, 106 (a-face), and 

73 (b-face). Across these rules, the most common elements were the absence of F at 106, the 

presence of W at 106, the presence of G at 171 and the absence of A at 173 (between faces).  

 

The most frequent positions appearing in subsurface rules were positions 78, 95 (c-face), 26, 71 

(b-face) and 107 (a-face). Across these rules, the most common element was the absence of K 

at position 78.  

 

Position 71 was a common component of rules in all environments except glacier ice. For rock 

and polar marine rules, single amino acids dominated these positions. In the context of aligned 

hydrophobic/hydrophilic residues along ice-binding face of the protein (as discussed above), it is 

notable that in rock environments rules this position was most often dominated by a 

hydrophobic AA (valine) while in polar marine rules this was a neutral/hydrophilic AA 

(aspartate). 

 

Rules for positions between faces varied, with the presence of specific hydrophobic AAs (I, G 

and A) being the most consistent trend. The functional implications of this may follow on from 

the same effect seen on the a-face.  



 

​​Additional File 6: Supplementary discussion 

Further discussion of environmental adaptation of DUF3494 

Type and higher concentrations of solute can also enhance ice-recrystallisation activity [4], so it 

is possible that in these high-solute environments, there is less pressure to optimise protein 

structure. Alternatively, it is possible that this increased diversity is reflecting more relaxed 

selection or more functional divergence in these proteins, in favour of different ecological roles. 

For example, in addition to binding ice, certain non-DUF3494 ice-binding proteins have been 

shown to inhibit the growth of other crystals such as α-d-mannopyranoside [5]. Alternatively, 

rather than binding ice, it is possible that these proteins bind water, as this is an especially 

scarce resource in permafrost environments [6, 7]. Indeed, proteins in the PF20597 family have 

the same discontinuous B-solenoid/braced alpha helix shape as DUF3494, and they have been 

implicated in biofilm formation by diatoms [8] and human pathogens [9, 10], a process that 

involves binding of water [11](Chang & Halverson, 2003). Our ANN struggled to distinguish 

between glacier ice and frozen sediment more than between other environments. This could 

potentially imply less phylogenetic constraints and more functional adaptation in these 

environments.  
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