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Abstract 25 
β-N-Acetylgalactosamine-containing glycans play essential roles in several biological 26 
processes, including cell adhesion, signal transduction, and immune responses. β-N-27 
Acetylgalactosaminidases hydrolyze β-N-acetylgalactosamine linkages of various 28 
glycoconjugates. However, their biological significance remains ambiguous, primarily 29 
because only one type of enzyme, exo-β-N-acetylgalactosaminidases that specifically act on 30 
β-N-acetylgalactosamine residues, has been documented so far. In this study, we identified 31 
three novel glycoside hydrolase families distributed among all three domains of life and 32 
characterized eight novel β-N-acetylgalactosaminidases and β-N-acetylhexosaminidase 33 
through sequence-based screening of deep-sea metagenomes and subsequent searching of 34 
public protein databases. Despite low sequence similarity, the crystal structures of these 35 
enzymes demonstrate that all enzymes share a prototype structure and diversify their 36 
substrate specificities (endo-, dual-endo/exo-, and exo-) through the accumulation of 37 
mutations and insertional amino acid sequences. The diverse β-N-acetylgalactosaminidases 38 
reported in this study could facilitate the comprehension of their structures and functions and 39 
present novel evolutionary pathways for expanding their substrate specificity.  40 
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Beta-N-acetylgalactosamine (β-GalNAc)-containing glycans, such as glycoconjugates 41 
of polysaccharides (1), glycolipids (2, 3), N- and O-linked glycans (4, 5), O-antigen (6), and 42 
chondroitin sulfate (7), are ubiquitous and crucially contribute to various biological processes, 43 
including cell adhesion, signal transduction, cross-interactions with functional membrane 44 
components, formation of the cell envelope and maintenance of its stability, 45 
immunomodulation, and immune responses (1–7). The regulatory function of these glycans 46 
is attributed to their structural diversity, which differ in carbohydrate constituents (namely, 47 
glucose, galactose) and molecular architecture (α- or β-linkages, linear or branched) (1–8). 48 

Beta-N-acetylgalactosaminidases (β-NGAs) hydrolyze the different β-GalNAc 49 
linkages of various glycans to modulate the length, combination, and abundance of glycans. 50 
This catalytic activity requires the β-NGAs to possess diverse substrate specificities, but only 51 
two enzymes, exo-β-NGA and exo-β-N-acetylhexosaminidase (exo-β-HEX), possessing 52 
distinctive substrate specificity and sequence, have been evidenced to hydrolyze β-GalNAc. 53 
Exo-β-NGAs have a strict substrate specificity for the non-reducing terminal β-GalNAc and 54 
are classified into the glycoside hydrolase (GH) family GH123 (9) of the Carbohydrate-Active 55 
Enzymes (CAZy) database (10, 11). As β-GalNAc is prevalent in various glycans across the 56 
three domains of life (Bacteria, Archaea, and Eukarya) and in different ecological niches (1–57 
8), β-NGA activity is expected to follow a similar distribution pattern. However, these 58 
enzymes have been identified in only three bacterial species, specifically associated with 59 
microbe-host interactions in both terrestrial soil and human gut environments (namely, NgaP 60 
from Paenibacillus sp. TS12, CpNga123 from Clostridium perfringens, and BvGH123 from 61 
Phocaeicola vulgatus) (9, 12, 13), with no reported origin in archaea or eukaryotes, and endo-62 
β-NGA has not been reported. Meanwhile, exo-β-HEXs hydrolyze the non-reducing terminal 63 
of β-GalNAc as well as β-GlcNAc, and are classified into the family GH20 (14–16). More 64 
than 100 exo-β-HEXs from all three domains of life have been functionally analyzed, with 65 
no report of endo-β-HEXs. 66 

Given the limited extant knowledge on β-NGAs, it is imperative to further identify and 67 
functionally characterize novel β-NGAs. These endeavors are critical for comprehensively 68 
understanding the complex phenomena associated with β-GalNAc-mediated biological 69 
processes. Recently, culture-independent metagenomic exploration of novel glycosidases has 70 
substantially augmented our conception of carbohydrate-related enzymes. Function-based 71 
screening of diverse biological resources revealed several novel glycosidase families, 72 
including GH148 from volcanic soil (17), GH156 from a thermal hot spring (18), GH165 73 
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from agricultural soil (19), and GH173 and CBM89 from the capybara intestine (20). 74 
Moreover, sequence-based screening has enabled the analysis of much larger metagenomic 75 
sequencing datasets than functional screening, yielding more candidate sequences and 76 
facilitating the discovery of novel enzymes with distinct characteristics (21). 77 

The deep-sea environments, characterized by unique features and distinct bacterial 78 
flora (22), have rarely been surveyed owing to the challenges associated with sampling from 79 
these regions. The deep-sea metagenome is a promising frontier for enzyme discovery (23, 80 
24). Therefore, here we aimed to use a sequence-based screening approach of deep-sea 81 
microbial assemblages to explore the functional diversity of β-NGA activity. Our deep-sea 82 
sediment metagenomic (DSSM) analysis and domain search yielded three novel β-NGA gene 83 
families that are phylogenetically distinct from GH123 exo-β-NGAs. The biochemical and 84 
structural characterization of these enzymes not only unveiled their functional diversity but 85 
also shed light on their monophyletic evolutionary history, providing valuable insights into 86 
the mechanisms underlying β-GalNAc-mediated biological processes. 87 
 88 
 89 
Results 90 
Discovery of a novel β-NGA with both endo- and exo-glycosidase activities 91 

Using four metagenomic datasets derived from microbial assemblages in deep-sea 92 
abyssal sediments and a domain-based search, we retrieved three candidate complete coding 93 
sequences (CDSs) (Gene ID: dssm_1–3, tentative Protein ID: DSSM_1–3), which exhibited 94 
low sequence identity (15–26%) to all known GH123 exo-β-NGA genes (NgaP, CpNga123, 95 
and BvGH123) (Extended Data Fig. 1a, Supplementary Data S1). Sequence alignments 96 
demonstrated that the consecutive catalytic “DE” motif of family GH123, comprising an 97 
aspartic acid (stabilizer of the 2-acetamido group of the substrate) and a glutamic acid 98 
(acid/base) (9), was present in the dssm_2 and dssm_3 sequences but not in dssm_1 (Extended 99 
Data Fig. 1b, green box and asterisk).  100 

AlphaFold2 (25) was used to predict the structure of the candidate proteins (Fig. 1a). 101 
DSSM_1 was structurally distinct from the GH123 exo-β-NGAs (Fig. 1a, b) and consisted 102 
of five domains, among which only domain 2 (β-sandwich) displayed a degree of structural 103 
similarity to the N-terminal domain of GH123 exo-β-NGAs. Domain 4 ((β/α)8 barrel) was 104 
similar to cycloisomaltooligosaccharide glucanotransferase (PDB, 3WNM). By contrast, the 105 
predicted structures of DSSM_2 and DSSM_3 were similar to those of GH123-β-NGAs, and 106 
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they all shared DUF4091, a presumed domain region whose function remains undetermined 107 
(Fig. 1b, green, Extended Data Fig. 1b, underlined). 108 

Next, the β-NGA candidate sequences dssm_2 and dssm_3 were selected and 109 
heterologously expressed in Escherichia coli. The encoding sequences lacking the predicted 110 
signal peptides (Supplementary Data S1, bold and underlined) were cloned into an expression 111 
vector. Although an expression construct of dssm_2 failed to yield a soluble protein, the 112 
enzyme encoded by dssm_3 was solubilized, and a purified protein was successfully obtained 113 
(renamed Protein ID: NgaDssm). Assays using various pNP-substrates revealed that 114 
NgaDssm was active on GalNAc-β-pNP, but not on GlcNAc-β-pNP or GalNAc-α-pNP, 115 
indicating that the enzyme possessed exo-β-NGA but not exo-β-HEX activity. Furthermore, 116 
the enzyme hydrolyzed Galβ1-3GalNAc-β-pNP but not Gal-β-pNP, demonstrating an 117 
additional disaccharide-releasing endo-β-NGA activity (Table 1). These findings suggest that 118 
NgaDssm is a novel endo/exo-β-NGA. 119 
 120 
Phylogenetic diversity of β-NGAs 121 

The uncharacterized domain DUF4091 was conserved in the GH123 exo-β-NGAs and 122 
a novel endo/exo-NGA gene sequence. Consequently, we utilized DUF4091 as a query to 123 
further identify β-NGA genes. We retrieved 734 sequences containing DUF4091 from the 124 
Pfam protein family database. The catalytic DE motif was highly conserved (94%), and thus, 125 
majority of these genes were expected to encode enzymes possessing β-NGA activity. A 126 
phylogenetic tree of these sequences, along with the three known GH123 exo-β-NGA genes 127 
and the two deep-sea β-NGA candidates (Supplementary Data S2), identified four major 128 
groups: GH123, Group 1, Group 2, and Group 3 (Fig. 1c). Group 3 was further segregated 129 
into two subgroups (Group 3-1 and Group 3-2) based on the phylogenetic analysis, with 130 
NgaDssm belonging to Group 3-1 (Fig. 1c, d).  131 

To examine the β-NGA sequence alignment and activity distributed among all three 132 
domains of life, 14 representative sequences of each novel group were selected from model 133 
plants, archaea, and various bacterial phyla, as follows: for Group 1, Cohnella abietic from 134 
Bacillota (NgaCa), Meiothermus granaticius from Deinococcota (NgaMg), Nostoc 135 
punctiforme (NgaNp), Clyndrospermum stagnale (NgaCs), and Stanieria cyanosphaera 136 
(NgaSc) from Cyanobacteria; for Group 2, Arabidopsis thaliana (NgaAt), Glycine max 137 
(NgaGm), and Oryza sativa (NgaOs) from plants; for Group 3-1; Candidatus Bathyarchaeia 138 
archaeon B24 from Thermoproteota in Archaea from the hydrothermal vent microbiome 139 
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(NgaBa) and Chitinophaga pinensis from Bacteroidota (NgaCp); for Group 3-2; 140 
Brachybacterium faecium (NgaBf) and Bifidobacterium longum subsp. infantis (NgaBl) from 141 
Actinomycetota, Lacticaseibacillus yichunensis (NgaLy), and Paenibacillus sp. TS12 142 
(NgaP2) from Bacillota (Supplementary Data S2 and 3). Overall, the sequence identities 143 
between each group of 14 candidate genes and the three GH123 genes were low (12–26%) 144 
based on sequence alignment (Extended Data Fig. 2a), and only nine amino acids were 145 
entirely conserved (Fig. 1d, red background). DUF4091 was a comparatively well-conserved 146 
region, comprising four of the nine strictly conserved amino acids, with its sequence identity 147 
being at least 10% higher than that of the full-length sequence (Extended Data Fig. 2b, c). 148 
 149 
Substrate specificity of β-NGA candidates 150 

Recombinant expression vectors for the new candidate genes (except for NgaGm and 151 
NgaOs) were constructed to assess the activity of the identified enzymes (Supplementary 152 
Data S3). Although four expression constructs (NgaNp, NgaCs, NgaSc, and NgaCp) failed 153 
to yield soluble proteins, the remaining eight (NgaCa, NgaMg, NgaAt, NgaBa, NgaBf, NgaBl, 154 
NgaLy, and NgaP2) successfully expressed soluble enzymes (Extended Data Fig. 2a, red 155 
letter) and were subjected to protein purification for subsequent enzymatic assays (Extended 156 
Data Fig. 3a, Table 1). 157 

The substrate specificity of the expressed enzymes was assayed using various synthetic 158 
substrates (Table 1). Surprisingly, Group 1 NgaCa displayed strictly endo-type enzymatic 159 
activity and acted solely on Galβ1-3GalNAc-β-pNP. The other Group 1 protein, NgaMg, 160 
demonstrated no activity against any of the tested substrates.  161 

In Group 2, NgaAt was active against GalNAc-β-pNP and GlcNAc-β-pNP, but not 162 
against Galβ1-3GalNAc-β-pNP, indicating that it possessed exo-β-HEX activity. However, 163 
NgaAt did not share notable sequence similarity with any of the three types of exo-β-HEXs 164 
(HEXO1–3) classified into the GH20 family from A. thaliana (Extended Data Fig. 4a, b) (26, 165 
27). Thus, NgaAt is a novel family of exo-β-HEX. 166 

NgaBa in Group 3-1 was active on both GalNAc-β-pNP and Galβ1-3GalNAc-β-pNP, 167 
similar to NgaDssm, suggesting that members of Group 3-1 share endo/exo-type β-NGA 168 
activity. In Group 3-2, NgaBf, NgaBl, and NgaLy were active only on GalNAc-β-pNP, 169 
highlighting their strict exo-β-NGA functionality. NgaP2 was active against GalNAc-β-pNP 170 
and had weak activity against GlcNAc-β-pNP. Collectively, these results showed that the 171 
enzymes in each group exhibit a characteristic endo- and/or exo-type cleavage mode and 172 
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substrate specificity. 173 
NgaP from GH123 is an excellent tool for detecting sulfatase deficiency, as it does not 174 

act on substrates sulfated at positions 4 or 6 of GalNAc (28), and has been successfully used 175 
for screening of mucopolysaccharidosis (a metabolic disorder caused by the accumulation of 176 
mucopolysaccharides) in newborns (28, 29). We evaluated whether the enzymes identified 177 
herein possessed GalNAc4S or GalNAc6S cleavage activity. Using GalNAc4S-β-4MU and 178 
GalNAc6S-β-4MU (Table 1), we observed that NgaDssm, NgaAt, and NgaP2 acted on 179 
GalNAc4S-β-4MU. In particular, NgaDssm displayed approximately two-fold higher 180 
activity against GalNAc4S-β-4MU than against GalNAc-β-4MU. 181 
 182 
Generic properties of the novel β-NGAs 183 

Next, we evaluated the enzyme characteristics (Table 1, Extended Data Fig. 3). The 184 
optimal pH for the eight novel enzymes was in the range 5.0–7.0. NgaBa depicted a 185 
particularly broad optimal pH range, with relative activity above 90% at pH 5.5–7.5. Metal 186 
ions generally did not affect enzyme activity, except that of NgaLy, which was inhibited by 187 
Ni2+, Co2+, and Zn2+ (Table 1, Extended Data Fig. 3b, c). Overall, the enzymes exhibited 188 
moderate temperature optima (25–45℃) except for NgaBa, an enzyme from a hydrothermal 189 
vent microbiome (30), which displayed an extremely high optimal temperature (70℃) and 190 
Tm value (93.1℃) (Extended Data Fig. 3d, e). Thus, NgaBa is the first thermostable β-NGA 191 
reported to date. The Km and kcat of each enzyme for the most preferred substrate (GalNAc-192 
β-pNP or Galβ1-3GalNAc-β-pNP) was also examined (Extended Data Fig. 3f), wherein 193 
NgaLy possessed the highest kcat/Km value. 194 
 195 
Substrate specificity for oligosaccharides 196 

The substrate specificity of each enzyme was explored using various oligosaccharides 197 
as substrates (Extended Data Fig. 5a). NgaCa and NgaMg from Group 1 and NgaDssm from 198 
Group 3-1 surprisingly did not act on GA1 and Gb5 oligosaccharides, although these two 199 
oligosaccharides shared the non-reducing end structure Galβ1-3GalNAc-β- with Galβ1-200 
3GalNAc-β-pNP (Extended Data Fig. 5b, d). NgaAt acted on GalNAcβ1-3Gal but not on 201 
GalNAcβ1-4Gal (Extended Data Fig. 5c). By contrast, NgaBa was functional against both 202 
GA1 and Gb5 (Extended Data Fig. 5d, right lanes 2 and 5), displaying a more rapid digestion 203 
of GA1 over that of GA2 (Extended Data Fig. 5d, right lanes 2 and 4). The endo-activity of 204 
NgaBa against β-GalNAc located inside the oligosaccharide was stronger than its exo-205 
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activity against β-GalNAc at the non-reducing ends, but this preference was reversed when 206 
pNP-substrates were used. Moreover, NgaBa more effectively degraded Gb5 than Gb4 207 
(endo- > exo-activity) and displayed enzymatic activity against Galβ1-3GalNAc-β- and 208 
GalNAcα1-3GalNAc-β- (Extended Data Fig. 5d). The NgaBf, NgaBl, NgaLy, and NgaP2 209 
activities were similar to those of GH123 exo-β-NGAs, as they broke down only linear 210 
oligosaccharides with β-GalNAc at the non-reducing terminus (Extended Data Fig. 5e). The 211 
results for NgaBf and NgaLy indicated that these enzymes preferred GalNAcβ1-4Gal to 212 
GalNAcβ1-3Gal. As only a few β-GalNAc-containing oligosaccharides are commercially 213 
available, the natural substrates of NgaCa, NgaMg, and NgaDssm were not identified. 214 

 215 
X-ray crystal structures of the β-NGA from novel groups 216 

Although the novel β-NGAs and GH123 exo-β-NGAs were divided into four major 217 
groups based on the phylogenetic analysis, their predicted overall structure was similar. 218 
Based on substrate preferences, several of these enzymes considerably differed from GH123 219 
exo-β-NGAs in terms of substrate specificity. To understand the relationship between 220 
structural variation and substrate specificity, crystallization screening was performed on all 221 
novel β-NGAs, and X-ray crystallographic analyses of apo- and/or ligand-bound forms were 222 
successfully performed on the following enzymes (NgaCa [Group 1], NgaAt [Group 2], 223 
NgaDssm [Group 3-1], NgaLy, and NgaP2 [Group 3-2]; nine forms of five enzymes in total) 224 
(Fig. 2 and Supplementary Tables 1–5). The overall structure of these enzymes is similar to 225 
that of CpNga123 and BvGH123, which consist of a β-sandwich domain at the N-terminus 226 
and a (β/α)8-barrel domain encompassing the catalytic region (Fig. 2a, Supplementary Figs. 227 
1–5). The structure of NgaDssm (Group 3-1) bore striking resemblance to that of NgaLy and 228 
NgaP2 (Group 3-2) (root-mean-square distance of Cα atoms [rmsd] = 1.5–2.3 Å), while the 229 
structures of NgaLy and NgaP2 are identical (rmsd = 1.0 Å) (Extended Data Fig. 6a). The 230 
additional N-terminal domain consisting of approximately 80 amino acids, found only in 231 
Group 2 enzymes, was not modeled in the crystal structure of NgaAt due to disorder 232 
(Supplementary Fig. 2). 233 

Among Groups 1, 2, and 3 and GH123, the DE motif is located at the same position, 234 
suggesting that these enzymes adopt the substrate-assisted catalysis reported for GH123 exo-235 
β-NGAs (Fig. 2b). The conserved DUF4091 domain in these enzyme groups is located at the 236 
innermost position of the enzyme between the N-terminal domain and the (β/α)8-barrel 237 
domain (Fig. 2b, purple). This suggested that DUF4091 most likely plays a role in defining 238 
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the location of N-terminal and (β/α)8-barrel domains as a “central pillar”. Intriguingly, nine 239 
amino acid residues conserved among the groups (Fig. 1d, red background) are found at the 240 
same positions in the structure (Fig. 2c). Among the conserved amino acids, D95, W115, 241 
Y466, and R478 (amino acid numbers of NgaLy [Extended Data Fig. 6b]) are located at the 242 
interface between the N-terminal domain and DUF4091 (Fig. 2b, right). D95 and W115, 243 
located at the N-terminal domain, fit into the surface pocket of DUF4091, and the side chain 244 
of D95 formed hydrogen bonds with Y466 and R478 located at DUF4091 (Extended Data 245 
Fig. 6c). Therefore, D95, W115, Y466, and R478 are potentially important for maintaining 246 
structural integrity as they link the N-terminal and (β/α)8-barrel domains (Fig. 2b, blue letter). 247 
G427 is positioned at the entry point for the eighth β-sheet into the (β/α)8 barrel domain, with 248 
the space barely the size of the glycine residue (Extended Data Fig. 6d). The DE motif (D327 249 
and E328), Y392, and W431 are located around the substrate and are involved in substrate 250 
recognition (Fig. 2b, red letter). Previous studies have reported that point mutations in the 251 
DE motif decrease catalytic activity (9, 12). Therefore, we examined the remaining seven 252 
conserved amino acids and constructed corresponding alanine mutants (Extended Data Fig. 253 
6e). The point mutants D95A, W115A, Y466A, and R478A were expressed in E. coli, but all 254 
proteins precipitated. For G427, a Val mutant was also constructed based on structural 255 
information that suggested the conversion of Gly to Ala would be tolerated (Extended Data 256 
Fig. 6d). In this case, a very small amount of solubilized enzyme was obtained for G427A 257 
but not for G427V (Extended Data Fig. 6e, blue letter). The Y392A and W431A mutants were 258 
purified as soluble enzymes (Extended Data Fig. 6e, red letter), but their catalytic activity 259 
was considerably reduced (Extended Data Fig. 6f). These findings imply that amino acid 260 
substitutions severely impact the structural stability (D95, W115, Y466, R478, and G427) 261 
and substrate recognition (Y392 and W431) of the enzyme. 262 
 263 
Essential structural elements for endo- and exo-specificity 264 

We compared the overall structure and substrate-binding sites among the groups to 265 
identify the structural elements governing endo- and exo-specificity of these enzymes (Fig. 266 
3). NgaCa in Group 1 had the simplest structure among the enzymes analyzed (Fig. 3a, 267 
Supplementary Fig. 1). The active site of NgaCa possesses a cleft shape that allows 268 
oligosaccharides to pass through to the -2 subsite, enabling oligosaccharide binding and 269 
endo-type β-NGA activity. This structural feature indicated that Group 1 enzymes act on the 270 
inner regions of longer sugar chains in addition to disaccharides from the non-reducing end 271 
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(e.g., Galβ1-3GalNAc-β-pNP). 272 
The active site of NgaAt in Group 2 also possesses a cleft shape (Fig. 3b), and the 273 

second β-sheet of the (β/α)8 barrel is longer than that found in the other enzymes, followed 274 
by an additional β-sheet (Fig. 3b and Supplementary Fig. 2, orange). Consequently, the space 275 
around the 3-OH group of β-GalNAc in the -2 subsite is narrower than that in Group 1. 276 
Therefore, NgaAt was presumed to act on Galβ1-4GalNAcβ- but not on Galβ1-3GalNAcβ-. 277 
Since Galβ1-4GalNAc-β-pNP was commercially unavailable, Galβ1-4GlcNAc-β-pNP was 278 
used as an alternative substrate to test this hypothesis, and we observed that Galβ1-4GlcNAc-279 
β-pNP, but not Galβ1-3GalNAc-β-pNP, was degraded (Extended Data Fig. 4c). Thus, NgaAt 280 
demonstrates more diverse activity than expected and possesses endo/exo-β-HEX 281 
functionality, making it the first β-HEX with this characteristic. 282 

The active site of the endo/exo-type NgaDssm from Group 3-1 has a cleft structure that 283 
enables passage to the -2 subsites, as in NgaCa, but it also possesses two additional β-hairpins 284 
from the second and third β-sheets of the (β/α)8 barrel domain (Fig. 3c and Supplementary 285 
Fig. 3, purple). Moreover, NgaP2 (Group 3-2) has two loops above and below the cleft from 286 
the second and eighth β-sheets of the (β/α)8 barrel domain (Fig. 3d and Supplementary Fig. 287 
4, blue). The strict exo-type activity of Group 3-2 can be explained by these two loops that 288 
completely block the -2 subsite, forming a pocket-like architecture at the substrate-binding 289 
site and thus preventing substrate entry. 290 

Similarly, BvGH123 in GH123 also has two additional β-hairpins and one extended 291 
loop from the second β-sheet of the (β/α)8 barrel domain, which blocks the -2 subsite side of 292 
the cleft, yielding a pocket-like conformation (Fig. 3e and Supplementary Fig. 5, magenta). 293 

These findings revealed that substrate-binding sites with cleft structures exhibit endo-294 
type activity, while those with pocket-like architectures show exo-type activity. 295 
 296 
Substrate recognition and catalytic mechanism of β-GalNAc-acting enzymes  297 

We further examined detailed substrate recognition mechanisms using structural 298 
analysis of complexes with GalNAc-thiazoline, an analog of the oxazolinium intermediate 299 
and a potent inhibitor of enzymes utilizing substrate-assisted catalysis (31, 32) (Fig. 4, 300 
Supplementary Fig. 6). With the exception of NgaCa, the structures of the NgaAt, NgaDssm, 301 
and NgaP2 complexes with GalNAc-thiazoline were successfully characterized 302 
(Supplementary Tables 2–4), and a subsequent docking model was engineered for NgaCa. 303 
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The docking model of NgaCa (Group 1) demonstrated that seven amino acid residues 304 
recognize GalNAc-thiazoline (Fig. 4a, green residues). In NgaAt (Group 2), apart from these 305 
seven residues, W329 establishes a hydrogen bond with GalNAc-thiazoline, and L555 306 
contributes to substrate positioning (Fig. 4b, orange residues). Similarly, in NgaDssm (Group 307 
3-1), the H479 residue forms a hydrogen bond, while residues W204 and L485 are involved 308 
in substrate positioning (Fig. 4c, purple residues). These results imply that Group 2 and 309 
Group 3-1 members possess a higher affinity for β-GalNAc than those of Group 1. 310 
Furthermore, complex binding modes were observed for Group 3-2 and GH123. For NgaP2 311 
(Group 3-2), in addition to the seven residues discussed for NgaCa, three (D244, D297, and 312 
W298) and two (W196 and F489) residues are involved in hydrogen bond formation and 313 
substrate positioning, respectively (Fig. 4d, blue residues). Similarly, in BvGH123 (GH123), 314 
two (W253 and Q256) and three (W206, W306, and W482) residues are involved in these 315 
processes (Fig. 4e, magenta residues). Compared to the amino acid positions of the endo-316 
type enzyme (green sticks), the exo-type enzymes have additional substrate-binding amino 317 
acid residues around β-GalNAc, indicating stronger recognition from the -2 subsite side. The 318 
increased number of residues could potentially reinforce substrate recognition in Group 3-2 319 
and GH123 enzymes (Fig. 4f). Additional structural analyses (comparison of crystal structure 320 
with AlphaFold2 predicted structure of NgaCa, comparison of apo1-form and apo2-form of 321 
NgaCa, and comparison of GalNAc-thiazoline-bond form and GlcNAc-thiazoline-/apo-form 322 
of NgaAt, NgaDssm, and NgaP2) data are illustrated in Extended Data Fig. 7. 323 

To complete the enzymatic analysis, we examined GalNAc- or GlcNAc-thiazoline as 324 
inhibitors of these enzymes. In the assays using GalNAc-thiazoline, Group 3-2 exo-β-NGAs 325 
showed inhibitory activity at >1 nM concentrations (Fig. 4g, blue and light blue). By contrast, 326 
no inhibition was observed in Group 1 endo-β-NGA even at a concentration of 100 μM (Fig. 327 
4g, green). Interestingly, the activity of Group 3-1 endo/exo-β-NGA was inhibited at 328 
concentrations 1000-fold higher than for exo-β-NGA (Fig. 4g, purple). NgaAt was inhibited 329 
by 25 nM GalNAc-thiazoline and by 25 μM GlcNAc-thiazoline (a 1000-fold higher 330 
concentration) (Fig. 4g, orange and yellow). These results corroborate the disparity in 331 
recognition abilities of GalNAc-thiazoline identified from the aforementioned structures. 332 

 333 
Analysis of catalytic residue mutants 334 

Based on structural analysis, Asp and Glu of the DE motifs were recognized as the 335 
stabilizer of the 2-acetamido group and acid-base catalytic residue, respectively. The 336 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.28.550916doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.28.550916
http://creativecommons.org/licenses/by-nc-nd/4.0/


GalNAc-thiazoline-bound structures and inhibition assays indicated that these enzymes 337 
perform substrate-assisted catalysis. Therefore, a point mutation analysis of the DE motifs 338 
was conducted (Fig. 4h). Mutants with Asp-to-Glu/Asn alterations exhibited little to no 339 
activity even at 10-fold to 100-fold higher enzyme concentrations. Glu-to-Asp/Gln mutants 340 
demonstrated reduced enzymatic activities, and the trends were similar to those observed for 341 
other enzymes performing substrate-assisted catalysis (9, 12). 342 
 343 
Elucidation of the catalytic mechanism using NMR 344 

GH123 enzymes are exo-β-NGAs, while enzymes from Groups 1 and 3-1 are endo- 345 
and endo/exo-type β-NGAs, respectively. To further confirm the substrate-assisted catalysis 346 
mechanism of these enzymes, we investigated the reaction products by NMR using Galβ-1-347 
3GalNAcβ-pNP as a substrate (Extended Data Figs. 8 and 9, Supplementary Figs. 7 and 8, 348 
Supplementary Tables 6 and 7) and monitored the stereochemistry of glycosidic bond 349 
hydrolysis (between the GalNAc and pNP moieties) by 1H NMR. The anomeric hydrogen 350 
signal of Galβ-1-3GalNAcβ-pNP (between the GalNAc and pNP moieties) disappeared 351 
within 1 min for NgaDssm (Extended Data Fig. 8a) and 10 min for NgaCa (Extended Data 352 
Fig. 8b) and Galβ-1-3GalNAcβ appeared, while Galβ-1-3GalNAcα anomeric signals 353 
appeared after 10 and 30 min, respectively, due to mutarotation. These results indicate that 354 
NgaDssm and NgaCa are anomer-retaining enzymes, similar to GH123 enzymes. 355 
 356 
 357 
Discussion 358 

We used deep-sea metagenomic sequences to discover a novel β-NGA, NgaDssm, 359 
which is the first β-NGA to possess dual endo/exo-type-β-NGA activity and low sequence 360 
similarity to known exo-β-NGAs. Prior studies have characterized three GH123 exo-β-NGAs 361 
(NgaP, CpNga123, and BvGH123) from land soil (9) and human gut bacteria (12, 13); 362 
however, no genes from other ecological niches have been reported. The deep-sea 363 
environment (below 200 m depth) is characterized by total darkness, low temperatures, and 364 
high pressure, with occasional high temperatures owing to geological formations, such as 365 
hydrothermal vents. The deep-sea environments are completely distinct from the terrestrial 366 
environment and remain unexplored owing to limited accessibility to samples. Therefore, the deep-367 
sea microbiome is an attractive potential bioresource for screening undiscovered enzymes 368 
(23). 369 
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We further discovered novel endo-, endo/exo-, and exo-type β-NGAs, as well as 370 
endo/exo-β-HEXs, acting on β-GalNAc by analyzing deep-sea metagenomic sequences and 371 
public protein databases, and our comparative biochemical and structural analyses provide 372 
insights into the molecular evolution of β-GalNAc-targeting enzymes (Fig. 5). Despite their 373 
phylogenetic distance and different substrate specificities, these novel enzymes and GH123 374 
β-NGAs are likely homologous proteins based on the presence of conserved residues in their 375 
sequences (Fig. 1d), which are also positionally retained in their structures (Fig. 2c), and the 376 
observation that mutations in conserved residues were not tolerated and resulted in 377 
destabilization of protein structure and elimination of substrate recognition (Extended Data 378 
Figs. 6e, f). Structural comparisons between members in Groups 1–3 and GH123 enzymes 379 
further supported that the four families have diversified their substrate specificity (endo-β-380 
NGA for Group 1, endo/exo-β-HEX for Group 2, endo/exo-β-NGA, exo-β-NGA for Group 381 
3, and exo-β-NGA for GH123) through the accumulation of point mutations and insertional 382 
sequences (Figs. 3 and 4). These data suggested a monophyletic evolutionary history of β-383 
NGAs from the prototype enzymes in Group 1 β-NGAs (Fig. 5). 384 

In the CAZy database, several GH families are grouped into "clans" according to the 385 
conservation of catalytic residues, common reaction mechanisms, and structural similarities 386 
(11, 33). Consistent with these criteria, we suggest a new clan composed of the enzyme 387 
groups discovered in this study (Groups 1, 2, and 3) and GH123. Among the new enzymes 388 
identified herein, only NgaAt (Group 2) is a β-HEX that acts on β-GalNAc and β-GlcNAc. 389 
We speculate that a prototype enzyme of the new putative GH clan, including GH123 was a 390 
β-NGA specific for β-GalNAc, and the β-HEX enzymes of Group 2 are proposed to be 391 
divergent from the structurally simpler β-NGA. By contrast, GH20, mainly comprising β-392 
HEX enzymes, belongs to clan GH-K, together with GH18 and GH85. All GH-K enzymes 393 
act on β-GlcNAc bonds (e.g., exo- and endo-β-N-acetylglucosaminidase, chitinase, lacto-N-394 
biosidase, and β-hyaluronidase). Thus, GH-K enzymes seem to originate from a structurally 395 
simple β-N-acetylglucosaminidase, and GH20 β-HEX appears to belong to a family that 396 
diverged from the prototypical β-N-acetylglucosaminidase. Therefore, since β-HEX acts on 397 
β-GalNAc and β-GlcNAc, we suggest that β-HEX has two enzyme lineages with different 398 
evolutionary pathways. 399 

In a previous study on β-NGAs from GH123, the function of DUF4091 has never been 400 
reported (12, 13). However, our domain-based exploration of β-NGA genes, based on GH123 401 
members in the deep-sea metagenomic data, led to the identification of novel β-NGA types 402 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.28.550916doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.28.550916
http://creativecommons.org/licenses/by-nc-nd/4.0/


containing DUF4091. Mutation experiments also highlighted that DUF4091 is indispensable 403 
for the stability of β-NGAs. The functional annotation of CDSs is typically conducted based 404 
on the similarity of the entire sequence to known protein sequences. A domain-based search 405 
(typically based on hidden Markov models) is an alternative method for identifying 406 
homologous sequence regions, even if the overall similarity is low. Examining CAZy 407 
families with consideration of co-occurring functionally unknown domains will likely lead 408 
to the subsequent discovery of additional novel enzymes. 409 

To investigate the possible biological functions of the novel β-NGAs, we examined 410 
neighboring genes and protein-protein interactions using the STRING database (34) 411 
(Extended Data Fig. 10, Supplementary Data S4 and S5). The enzymes identified herein are 412 
potentially involved in the regulation of lipoprotein (NgaCa), the capsular membrane 413 
(NgaCp), and O-antigen (NgaCs), as well as in the degradation of glycans in the periplasm 414 
(NgaBf). Therefore, β-NGAs may exhibit more diverse functions than solely the degradation 415 
and utilization of glycans, which GH123 β-NGA is thought to be responsible for and could 416 
have roles in various GalNAc-mediated biological processes. 417 

Since the majority of prokaryotes in nature remain uncultured, it is crucial to explore 418 
the functional and genetic diversity of glycosidases in uncultured microorganisms through 419 
metagenomic analysis in order to gain a comprehensive understanding of glycan-mediated 420 
phenomena. The novel glycosidases hold potential for various industrial applications, 421 
including the utilization of these enzymes as biocatalysts for the production of functional 422 
oligosaccharides, glycan structure analysis, and disease diagnosis. Therefore, the discovery 423 
of novel glycosidases is crucial for both the basic and applied sciences. The comprehensive 424 
exploration and characterization of the diverse β-NGAs presented significantly enhance our 425 
understanding of their biological functions and their evolutionary history. These findings 426 
present a new approach to enunciating the evolutionary history of not only β-NGA but also 427 
many glycan-related enzymes. Further elucidation of the correlation between structures and 428 
diverse functions determined during evolution would also have significant implications for 429 
the structural basis of enzyme design for the engineering of new enzymes.  430 
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Methods 431 
 432 
Sediment sampling and metagenomic sequencing 433 

Abyssal sediment core was collected using a gravity corer on a remotely operated 434 
vehicle ABISMO (35), at station IOB (located 29.2746° N, 143.7673° E, at a depth of 5747 435 
m below sea level) during a cruise of the ship R/V Kairei KR11-11 (December 2011) owned 436 
by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). The acquired 437 
sediment core was immediately subsampled onboard and stored at −80°C for molecular 438 
biology analyses (36). 439 

Approximately 5 mL of frozen subsampled sediments from four sections (extracted 440 
from the depth ranges 0–8, 13–23, 53–63, and 113–123 cm below the seafloor) were used for 441 
metagenomic analysis. The sections were selected based on the geochemical profile and 442 
microbial community composition of the sediment core, as previously reported (36). 443 
Environmental DNA was extracted using the DNeasy PowerMax Soil Kit (QIAGEN, Hilden, 444 
Germany), per manufacturer protocol, with the following minor modification to increase 445 
DNA yield: cells were agitated twice for 10 min each after incubation at 65°C. Sequence 446 
libraries were prepared using the KAPA HyperPrep Kit (KAPA Biosystems) or the Ovation 447 
SP+ Ultralow Library System (NuGEN Technologies, San Carlos, CA, USA), as previously 448 
described (37). Library pools were mixed with Illumina PhiX control libraries and sequenced 449 
using the Illumina MiSeq or HiSeq platforms (Illumina, San Diego, CA, USA) at JAMSTEC 450 
or Macrogen (Seoul, South Korea). 451 
 452 
Bioinformatics 453 

For raw metagenomic sequence data, both ends of the reads containing low-quality 454 
bases (Phread quality score <20) and adapter sequences were trimmed using TrimGalore 455 
(https://github.com/FelixKrueger/TrimGalore) with default settings. Sequencing reads 456 
derived from the PhiX genome were removed using Bowtie2 (38). Low complexity 457 
sequences or those shorter than 100 bp were discarded using PRINSEQ++ (39). The 458 
remaining high-quality paired-end reads of each sample were individually assembled de novo 459 
using metaSPAdes (40). Full-length coding sequences (CDSs) in the contigs were predicted 460 
using Prodigal (41) in the anonymous mode (‘p meta’ setting). Protein domain annotations 461 
of the CDSs were achieved through HMMER (42) against Pfam (version 35.0) (43) and 462 
dbCAN2 (version v10) (44) with a cutoff domain e-value of ≤ 1E-3. All CDSs assigned to 463 
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GH123 and measuring > 400 bp in length were retrieved as β-NGA candidates and used for 464 
further analysis. 465 

In addition to metagenomic CDSs, those with > 400 bp and architecture similar to 466 
known β-NGA genes (containing the DUF4091 [PF13320] domain in the C-terminal region) 467 
were retrieved from Pfam (version 35.0). A phylogenetic tree was constructed using MAFFT 468 
(45) with default settings and FastTree2 (46) with JC+CAT models. ClustalOmega (47) and 469 
the ColabFold software (48) were employed for sequence alignment and protein structure 470 
prediction, respectively. 471 
 472 
Construction of β-NGA expression vectors 473 

The selected β-NGA candidates were artificially synthesized by codon optimization 474 
for recombinant expression in E. coli using Strings DNA Fragments Synthesis Service 475 
(Thermo Fisher Scientific, Waltham, MA, USA) (Supplementary Data S3). The signal 476 
peptides in the amino acid sequences (Supplementary Data S1 and S3, highlighted with bold 477 
and underlined font) were predicted using SignalP 5.0 (49) and were removed from the N-478 
terminal side of NgaDssm, NgaNp, NgaCs, NgaSc, and NgaCp. The gene encoding NgaP2 479 
was directly cloned from the genomic DNA of Paenibacillus sp. TS12 via PCR amplification. 480 
These synthetic genes were designed with additional sequences at both terminals to facilitate 481 
amplification using a common primer set (Supplementary Data S6). The genes were cloned 482 
into the pET-47b(+) expression vector (Merck KGaA, Darmstadt, Germany) using the In-483 
Fusion HD Cloning Kit (Takara Bio, Shiga, Japan). Mutagenesis was performed using the 484 
In-Fusion HD Cloning Kit. Primer sequences are listed in Supplementary Data S6. 485 
 486 
Expression and purification of recombinant β-NGA 487 

The expression vector and recombinant mutant plasmids were used to transform E. coli 488 
BL21 Star (DE3) cells. The cells were cultured in 50 mL of medium A (LB medium 489 
containing 50 μg/mL of kanamycin), incubated at 37°C for 16 h with shaking, inoculated into 490 
1–2 L of medium A, and incubated at 37°C for another 2–3 h with shaking. Protein expression 491 
was induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to the culture at a 492 
final concentration of 0.1 mM. After additional culturing at 16°C for 16 h, cells were 493 
harvested by centrifugation (10,000 g for 10 min) and suspended in 50 mL of buffer A 494 
(20 mM HEPES-Na [pH 7.5], 150 mM NaCl, 5% [v/v] glycerol, 1 mM DTT, and 50 mM 495 
imidazole). Following sonication, cell debris was removed by centrifugation (13,000 g, 4 °C 496 
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for 20 min) and passed through a 0.45-µm pore-sized GD/X syringe filter (Cytiva, 497 
Marlborough, MA, USA). The supernatant was subjected to chromatography using the 498 
AKTA Prime Chromatography System (Cytiva). The sample was loaded onto a 5 mL HisTrap 499 
HP column (Cytiva) at a flow rate of 2 mL/min. The column was then washed with buffer A. 500 
The His-tagged protein was eluted with Buffer B (20 mM HEPES-Na [pH 7.5], 150 mM 501 
NaCl, 5% [v/v] glycerol, 1 mM DTT, and 300 mM imidazole). The eluted fractions were 502 
pooled and dialyzed against Buffer C (20 mM HEPES-Na [pH 7.5], 150 mM NaCl, and 1 503 
mM DTT). To cleave the His-Tag, the HRV3C protease was dialyzed at 4 °C for 16 h. The 504 
enzyme was further purified by ion-exchange [5-mL HiTrapQ column (Cytiva)] and size 505 
exclusion chromatography (SEC) [HiLoad 16/600 Superdex 200 pg column (Cytiva)]. The 506 
presence of the desired protein was confirmed by SDS-PAGE. The molecular weights of all 507 
β-NGAs estimated by SEC were consistent with the calculated molecular weights of their 508 
monomers. 509 
 510 
Enzyme assays  511 

The activity of β-NGA candidates was determined using Assays I–III. In Assay I (pNP-512 
β-GalNAc as a substrate), the reaction mixture comprised 50 nmol of pNP-β-GalNAc and an 513 
appropriate amount of the enzyme in 100 μL of a 100 mM optimal buffer solution. Following 514 
a 30-min incubation, the reaction was arrested by adding 100 μL of 1 M sodium carbonate, 515 
and the corresponding absorbance was measured at 405 nm. One unit of the enzyme was 516 
defined as the amount that catalyzed the release of 1 μmol of p-nitrophenol per min from 517 
pNP-β-GalNAc under experimental conditions. Values represent the mean of technical 518 
triplicate measurements. For Assay II (4MU-β-GalNAc as a substrate), the reaction mixture 519 
was formulated using 10 nmol of 4MU-β-GalNAc and an appropriate amount of enzyme in 520 
100 μL of a 100 mM buffer solution. Following incubation for 30 min, the fluorescence 521 
intensity was measured using a Synergy 2 multimode microplate reader (BioTek) at 522 
excitation and emission wavelengths of 360 and 460 nm, respectively. Values represent the 523 
mean of technical triplicate measurements. In Assay III (oligosaccharides as substrates), 524 
reaction mixtures containing 5 nmol of oligosaccharides and an appropriate amount of 525 
enzyme in 20 μL of 100 mM buffer were incubated for 16 hours. The samples were boiled 526 
for 5 min to stop the reaction. The samples were dried, and the residues were dissolved in 10 527 
μL of a methanol:water (1:1, v/v) solution and applied to a TLC plate, which was then 528 
developed using a 1-butanol:acetic acid:water (2:1:1, v/v/v) solution. Oligosaccharides and 529 
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GalNAc were visualized using a diphenylamine-aniline-phosphate reagent (a mixture of 0.4 530 
g diphenylamine, 0.4 mL aniline, 3 mL 85% phosphoric acid, and acetone [20 mL]). The 531 
optimal pH was determined using the GTA buffer [50 mM 3,3-dimethyl glutaric acid, 50 mM 532 
tris(hydroxymethyl)aminomethane, and 50 mM 2-amino-2-methyl-1,3-propanediol]. To 533 
avoid thermal degradation of pNP-substrates, the optimum temperatures of the enzymes were 534 
maintained between 0 and 75℃. The substrate specificity of the enzymes was examined 535 
using the following pNP-glycosides (50 nmol) or 4MU-glycosides (10 nmol): GalNAc-β- or 536 
α-pNP, Galβ1-3GalNAc-β- or α-pNP, GlcNAc-β- or α-pNP, galactose-β- or α-pNP, glucose-537 
β- or α-pNP, arabinose-β- or α-pNP, mannose-β- or α-pNP, fucose-β- or α-pNP, xylose-β- or 538 
α-pNP, sulfate-pNP, GalNAc-β-4MU, GalNAc4S-β-4MU and GalNAc6S-β-4MU. 539 
 540 
Protein thermal shift assay 541 

The protein thermal shift assay was conducted in the StepOnePlus Real-Time PCR 542 
System (Applied Biosystems) using Applied Biosystems Protein Thermal Shift Dye. The Tm 543 
of the proteins was calculated using the Protein Thermal Shift software v1.4 (Applied 544 
Biosystems). 545 
 546 
Crystallization, data collection, and structure determination 547 

Purified β-NGA was concentrated to 10–20 mg/mL. This sample solution (0.5 μL) was 548 
mixed with an equivalent volume of the reservoir solution. Crystallization was performed by 549 
the sitting drop vapor diffusion technique at 20°C. Crystals were first formed in the 550 
crystallization screening trial and were reproduced by seeding the crystals into solutions 551 
prepared in an identical manner (Supplementary Data S7). For crystallization of the β-NGA-552 
(GalNAc-thiazoline) complex, GalNAc-thiazoline was incorporated into the β-NGA protein 553 
solution to obtain a final concentration of 5 mM. GalNAc-thiazoline was prepared as 554 
previously described (31). A crystallization solution containing 20% (v/v) glycerol was used 555 
as a cryoprotectant for X-ray diffraction data collection. The X-ray diffraction experiments 556 
were performed at the BL32XU beamline of SPring-8. All diffraction data were collected 557 
using the automated data collection system ZOO (50). The obtained data were processed with 558 
XDS (51) using the automated data processing pipeline KAMO (52). For the X-ray 559 
diffraction data of NgaDssm complexed with GalNAc-thiazoline, automated structural 560 
analysis was performed using NABE (Matsuura et al., under review), and the structure was 561 
solved by molecular replacement using the AlphaFold2 model (48). PHENIX (53), COOT 562 
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(54), and REFMAC (55) were employed for structure refinement. Molecular images were 563 
displayed using PyMol (Schrödinger LLC, Palo Alto, CA, USA). The secondary structural 564 
elements in Supplementary Figs. 1–5 were determined using the ESPript software (56). 565 
 566 
 567 
Author Contributions  568 

T. Sumida conceived and designed the study; performed molecular experiments, protein 569 
purifications, enzyme characterization, and protein crystallization; determined the protein structures; 570 
and wrote the manuscript. S.H. performed the bioinformatics analyses and wrote the manuscript. K.U. 571 
performed the molecular experiments and protein purifications. A.I. and K.T. performed NMR 572 
analysis. T. Sengoku performed structural prediction. K.A.S. synthesized inhibitors. S.D. and T.N. 573 
wrote the manuscript and supervised the project. S.F. determined the protein structures and wrote the 574 
manuscript. All authors reviewed the manuscript draft and approved the final manuscript. 575 
 576 
 577 
Acknowledgements 578 

We would like to express sincere appreciation to the captain, crew, and all onboard scientists 579 
and technicians of the KR11-11 cruise. We are extremely grateful to the ROV ABISMO development 580 
and operation teams. Computations were partially performed on the NIG supercomputer at the ROIS 581 
National Institute of Genetics and the Data Analysis System and the Earth Simulator at JAMSTEC. 582 
This research was funded by the Research Support Project for Life Science and Drug Discovery 583 
(Basis for Supporting Innovative Drug Discovery and Life Science Research (BINDS)) from AMED 584 
under Grant Number JP22ama121001 (support number 3118). The synchrotron radiation experiments 585 
were performed at the BL32XU of SPring-8 with the approval of the Japan Synchrotron Radiation 586 
Research Institute (JASRI) (Proposal No. 2021A6700). We thank Kunio Hirata and BL32XU 587 
beamline staff for assisting with X-ray crystallographic data collection and analysis. We are grateful 588 
to Naohiro Matsugaki for the diffraction data analysis, Yoshitaka Moriwaki for the AlphaFold2 589 
analysis, and Yukishige Ito for the NMR analysis. We thank Yasuhiro Shimane, Miho Hirai, and 590 
Fumie Kondo for their assistance in this study. This work was supported by the Japan Society for the 591 
Promotion of Science (Grant Numbers JP20K15444, JP22K05398) and the Mizutani Foundation for 592 
Glycoscience grant. K.A.S. appreciates the support of the Australian Research Council 593 
(FT100100291). 594 
 595 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.28.550916doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.28.550916
http://creativecommons.org/licenses/by-nc-nd/4.0/


Data availability 596 
The metagenomic sequencing data were deposited in the DDBJ Sequence Read Archive under 597 

BioProject ID PRJDB15058 [https://ddbj.nig.ac.jp/resource/bioproject/PRJDB15058]. All 598 
coordinates are deposited in the PDB under accession numbers 8K2F, 8K2G, 8K2H, 8K2I, 8K2J, 599 
8K2K, 8K2L, 8K2M, and 8K2N. All the requisite data for evaluating the conclusions are present in 600 
the article and/or the Materials and Methods. Additional information related to this study may be 601 
requested from the authors. 602 
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 732 
Fig. 1. Candidate β-NGA sequences retrieved from deep-sea sediment metagenomes and 733 
phylogenetic and sequence diversities of β-NGA candidates. 734 
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BvGH123    189 V V                 L V    LP                                                                 I                                                     T KADGITL....SELKLN Q KNRT  PPSEWAFHLDLWQNPYAVSR..........YYNV...EPFSKKHFDLMR..PLMKLYADA.GGKV T...........AS........IMHKPWNGQTYDAFESMVTW..........

NgaP       233 L AS                L V    LP                                                                 I                                                     T  SASGEE....VSFTLQ E LDLT  DVKDWGFELDLWQNPYAVAR..........VNGITQDQLWTKAHFDAMK..PHYEMLAAA.GQKV T...........TT........VTYDPWNSQTYDVYDTMVKW..........

NgaMg      188   VS                L V    LP                                                                                                                      YT  AANGQAQG.....EIR R WNFE  V..................................................................................RPTLQSFAPLWFTHTTAAKLELLRN..........

NgaSc      190   VT                L V    LP                                                                                                                      YT  SDRGKFTG.....EIS T WNFE  L..................................................................................QPSLNSSFSFWEQTNQENYIELLQH..........

NgaCa      162   VS                L V    LP                                                                                                                      YI  SEHGEVTG.....QIS T WNFE  L..................................................................................KPSLKSTFLIWSSRKKSTVEELLKH..........

NgaNp      194   VT                L V    LP                                                                                                                      FI  SDQGKAES.....KIV K WNFE  L..................................................................................KPSLKSSFPFWYNKTKIANEEMLKH..........

NgaCs      190   V                 L V    LP                                                                                                                      FT GSNQGNFTG.....EIS K WNFE  L..................................................................................KPSLKSSFLVWEARSKSTFVELLKH..........

NgaOs      190 I IS                       L                                                                  V                                                     F  AVRAEAESRGESLTK...SERYQ YKELRNCIDITEPRDYSSSEEMVQRLTSASTTLRR...MLALPSFQDCQENNGLGDMMDED.IMNN AVRLKLSLTVWDFTLPLTPSLPAVFGISETVIED..................

NgaAt      175 I IS                       L                                                                  L                                                     I  AMKTDGGGS.SHLAK...HEKDQ CVELNTCLDIMEPIEGKPMDEVVERIKCASSSLRR...ILFSPSFSEFISTNGSTDMMEED.VVSN SLRIKLRLTVWEFIIPVTPSLPAVIGVSDTVIED..................

NgaGm      181 I IT                  V    L                                                                  L                                                     V  AIKSDAESPVQSISK... EKHQ YRDLKGCLDIVEPIDGKPLDEVVERVKSTTTSLRR...ILLSPSFSEFFSDNGPVDVMDED.AISS SLRMKLNLTVWEFVLPETPSLPAVFGISDTVIED..................

NgaBl      176 L  T                V      LP                                                                 L                                                     TF FTDRAG.TTVAATAVS HRISAQ  E.LT..IAHTEWLHADCLAQ..........WYGV...PVWSEEHWRIVE..RFVRLAAKR.GMTM ............YTPLFTPPLDTVVGGERLTTQLVGVTRIESSAAATGTADT

NgaBf      139 L L                 L V    LP                                                                 V                                                     T ALTDTTGEQVLAEHAVQ R HPHQ  P.LS..ITNTHWFHADSLST..........YYDV...EVLSPQHWELIE..AFLASAREM.DVTS ............LTPTWTPPLDTAEGHTRPFVQLIGIRE.............

NgaLy      132 I LT                L V    A                                                                  L                                                     T  .ETASG.QVVFSQTVP T AAAV QP.PR..LHHTEWFSVDCLAD..........YYHE...APYTPRLWAIIG..NFMVFAHDEALMDT ............LTPIFTPPLDTAVGATRTNVQLVQI..L............

NgaP2      160 I L                 L I    LP                                                                 L                                                     D CFEDGKG.NHLGAEKFA E IFQE  E.QT..LLHTEWFHSDCIAT..........QYKV...EVFSEAHWKLIE..SYVHNAVNH.GVNM ............LTPLFTPPLDTYVGGERPTVQLIDVEIT............

NgaCp      163 L VT                I V    V                                                                  V                                                     V  AVTANGEQQSVKKNFD K YPVS TK.QT..LWVSNWASFLSPSSVVMKN.....PQAS...KMYSDEYWTALK..AMADKMNDY.RQNV ............RIEMLK....VI...........TF...............

NgaDssm    168 V IS                I V    VG                                                                 V                                                     H  GRV.DGRQITTKVPVA K FDIE  Q.SR..LWVTNWFSMQSRHM..........KIAP...EPDSQQYWALLS..RYARNMSEH.RQNV ............LVSPLS....LA...........TF...............

NgaBa      142 V I                 L V    LP                                                                 I                                                     L RADG.DETRVKTC.... R HDVI  DERN..LKLSNFLSPHNISK..........FHGV...ELWSEDFWRLLK..AYARNMAEH.RQSS ............ITPILE....LT............R...............

CpNga123   245                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y  M            ..............RKNSYGTFEFDYSHFD  IQLNIDL ILDPEKGFGQ KCYSIVP NNRI.............Q.YFNEATN.KE...EAINPTPGSD..LWINIWTQF TSFMSH EE.KGW.FNIT IS .  R.SMDDLKA

BvGH123    287                                                                                                                                         DE                                       KW       G          I       W                                                     L      L              M            ..............LKKADGTWYFDYTVFD  VEFMMDL VK......KQ SCYSMVP RLSF.............Q.YFDQASN.SF...KFLDAKPGEV..AYEEFWMNM QDFSKH KA.KGW.FDITHIA .  R.PMKDMQE

NgaP       334                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y               ..............TKKADGTYTFDFEIFD  VQFMMDL ID......SQ DAYSMVS ASKI.............K.YYDEVQK.KD...VIETVQTNNP..KWAVMWRAF EAFVPH EA.KGW.LDKT MAN.  R.ALNDLLI

NgaMg      238                                                                                                                                         DE                                                G                                                                               L           Y  A            .RIQPGR.............VQPKQLQLLSPAGLNLVEL I.................GAGANYHNCQANP...............AP...............PPEVFRKA.....KEA NT.....DLPV DF F  V......DH

NgaSc      240                                                                                                                                         DE                                        W       P                  W                                                                        Y               .KIMPRN...........DLDTIKDPELISQ GLTSVSL F................. SGANYHNCRMKP...............AP...............SLEDIRAA.....AERNQS.....NLLK IYSV  V......DH

NgaCa      212                                                                                                                                         DE                                       KY       G                  W                                                                        Y               .KLMCQQW...NLSEEEKGAAPTSEGEWIE  GVNCSGL F................. SKADTFNGVMPP...............PP...............TVEEIQAA.....ASAHPS.....NLFL NYTA  I......GH

NgaNp      244                                                                                                                                         DE                                                G                  W                                                                        Y               .KLMPK............HINPQDQQGLV.QQGLASASL Y................. SGADISTCKMNS...............LP...............SFEEFRKT.....AASYQS.....DLFL NYTA  I......DR

NgaCs      240                                                                                                                                         DE                                       KW       P                  W                                                                        Y               .KIMPVG...........NINPADERELID  GLSSVRL F................. SGANNRTCRMNL...............AP...............SVEEIKAS.....AAKHQS.....DLFL VYSV  I......DN

NgaOs      312                                                                                                                                         DE                                       RW       P          I       W                                                     L      L           Y  L            ...........RFCLEHGTKGWYDALDHHF  LLQYRIS FFCRWGDSMR LA.YTCP PADH.......P...KAKEYYSDPRLAAYAVPYAPILSSTD...AAKN....S RREVEI KSEAHW.SK.S FY W  PLNMEQYDV

NgaAt      296                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFAVEHGSEDWYKKLDLHF  LLQYRIS YFCKWGESMR LT.YTSP PADH.......P...KSDEYLSDSRLAAYAVPYRQVIAGDD...SRES....Y RKEVEI RSKPHW.NK.A FY W  PLNMEHFDN

NgaGm      303                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFGVQQGTAEWYEALDQHF  LLQYRIS YFCKWADGMR LT.YTSP PADH.......P...KSDEYFSDPRLAAYAVPYKQVVSGNN...SAED....Y QKQVEI RTKNHW.RK.A FY W  PLNLEQYDS

NgaBl      291                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              V            DDIAPGVVGASGDSAATPTAAWQFDFSKLE  VRMAQAA ..IRWFEMSH FT....Q GAAH......CP..KIIA..AIDGEERRP...FGWRASATDPADGYPEFLAAF TALDRE HR.LGI.ADNTVFH S  P.TADQLGS

NgaBf      242                                                                                                                                         DE                                       RW       G          L       W                                                     I      L              I            .................EEGEYSFDLSALD  LEICGRL ..FTGIEIAH FT....Q GARS......TP..AIQV..ETGSGLEHR...FGWHVPATSP..EYRRLLEAL PVLRAH EE.HW..DGQVLWH S  P.HEDQLDS

NgaLy      233                                                                                                                                         DE                                       KW       G          L       W                                                     L      L           F  L            .................PGTPYRFDWSRLR  CQLAQQS ..FAYLEMPP FT....Q GAQA......TP..TITD.....TAGTAL...FGWHVPSTAP..AYRAFLQAL PQLLAV AE.EGYDRDHL FH A  P.NASTEDG

NgaP2      263                                                                                                                                         DE                                       RW       G          L       W                                                     L      I           F  V            .................GVNEYRFKFDRLE  VEMCQRL ..IQFIEFSH FT....Q GAKY......AP..KIIA..KKDGEEKRI...FGWDTEASGE..SYSLFLDQF PQLVHF RN.HHL.DDKV FH S  P.GMKHAES

NgaCp      254                                                                                                                                         DE                                       K        G          V       W                                                     L      L           F  V            ..............NKGNNGHYSFNFERLD MMGLFMQS ..IKRFEGDF AQ.KMTD AGPL..GFVMPADA........GDAV.SR...KLVTVNDADN..NARQFYKEY VALYNH KQ.KNW.DDIV LH S  P.TQQNPKA

NgaDssm    253                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              L            ..............QLDKSSRMEVDFSRFD  VRIFIAE V.IGRIEGGH GG.RSSD ESPF........VVRI.KELR.EG...NI...ITKSVAPTSE..EANQFYAQF PALVNH RD.RGW.LEKYAQH A  P.VRTNIES

NgaBa      223                                                                                                                                         DE                                       RW       G          L                                                             M      L              L            ..............IYKGDDRLEFDFRLLD  INLFKEE V.IGTVEGGY AG.RPPRTVEGW..WTVSEFLSRRYRVFNKDGSL.AY...VQEPVKVSSP..VFEEFISQF PALQAH DE.LGL.LDSYVQH A  P.IDANAES

CpNga123   354                                                                                                           Y                                     G     L   I              I  A            D                                                      A              C         PS               W         FLCVD IEN TNNSYE.....HFK SS MDYESGNDYSFL RI..........DDISIGL.............SHI.....N....HNSDDMKNM THRQELGLLTTI T T.G....DY  SFTISDPSEGAFT.I YSLYQNTN   

BvGH123    390                                                                                                           Y                                     G     V   A              V  A            D                                                      I              C         PN               W         YLTLK IRK DKD.........FK SL ...GTY.HKELL DL..........N.....D.............YCI.....T....IAEKFTPEE EARRKAGKVTTY T CTE....PR  TFTFSEPAEAEWL.A HSAKENLD   

NgaP       437                                                                                                           Y                                     G     L   V              IA A            D                                                                     C         PN  A            W         YLAAD IEE SGG........KLK  A MNVNSL.SDSRL RL..........HKISVGL.............YHV.....N....HENKQLTNTSEHRRQLGLITTI N V.G....HY  SF RSNPAEPVWV.I DTMRHQTD   

NgaMg      308                                                                                                           Y                                     G     L   L              IA V            D         V                                            L          W             PN  L       RI   F          LCD. SQA RDWGRSMHQAGVLQ  T S.....PTPELL DG..SGRPA DVFVLNAAM..........................YEKAKANGM DAARAKGARI Y SALVLSETPGA  WQ DVAPMNF  SSG FAQALGFS I 

NgaSc      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             PQ  I       RI   F          LCPQ YSA KEWGKNIQQAGVKH  V T.....PVPEID ........F DIWVVQPQW..........................YDTAT..NR KEAMNKGDQI F SGY.DAT..YS  WT DSQPIDF  GQG ISQSLGIK V 

NgaCa      292                                                                                                           Y                                     G     L   I              LI M            D         V                                            I          W   C         P   I       RI   F          LYTS YEP KAWARNLHEAGVAN  T A.....PVPELY DGSGSGRSA DIWVILPLQ..........................YDK....DR QEVLAKGDEV S N CVQDD..YS KWQ DFNPIEY  QPG INQSLGMT I 

NgaNp      314                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             P   I       RI   F          LCPS FQQ KQWSRNLHSAGVSN  T I.....PTPELY DGSGTGRSA DIWAILPKM..........................YEQAP..DR AKVLQKGDKV S NTLVQDE..YS KWQ DFQPINY  QPG ISQSLGLT I 

NgaCs      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            V          W             P   V       RI   F          LCQN NQA KQWLRNVKQAGVAN  V T.....PVSELY HNFFAGSPG DVWVVSPPM..........................YYQAG..SS SDVLKNKGKV F TALVPDD..YS KWQ DFEPINF  PHG INQSLGLT A 

NgaOs      428                                                                                                           Y                                     G     I   L              IL                        A                                            A          W   C         PN  L       RA   W         FLICS SNE RSYASD......VR  TTY.....YCGPS.GSE......L ..PSTFEAFVKVPNVLRPHTQIFCTSEWVLGTREDLVKD...IV ELRPDLGEEW T V MGPSD..PQ  WH GMRGTQH  V.M RVWKEGGT   

NgaAt      412                                                                                                           Y                                     G     M   I              VL              D         A                                                       W   C         PN  L       RA   W         FLVRK ASE YAYAPD......SR  TTY.....YCGPG. AP......L ..PTPFESFVKVPNLLRPYTQIYCTSEWVLGNREDLVKD...ILDELQTENGEEW T I LGPSD..PH  WH GMRGTQQ  V.M RVWKEGGT   

NgaGm      419                                                                                                           Y                                     G     M   I              IL              D         A                                            A          W   C         PN  L       RA   W         FLVRN ASE HAYAPD......AR  TTY.....YCGPN. AP......L ..PTPFDAFVKVPSFLRPHNQIYCTSEWVLGNQEDLVKD...II ELQPENGEEW T V MGPSD..PH  WH GMRGTQH  V.M RVWKEGGT   

NgaBl      416                                                                                                           Y                                     G     A   V              IM A            E                                                      V          W   C         PN  M       RV             FLYLK KAV APYLKD......YR  D L.....SHVEFY SG......AC..EHPIPAD..........................DAIE...PF ...QAHVPDL T Y CAQTT..NV  RF AMPSYRN  L.GLLLYTYDLA   

NgaBf      347                                                                                                           Y                                     G     A   V              VV A            E         V                                            L          W   C          N  I       RV             FLYRA KEQ ADLLEG......AQ  D L.....SSLAFA QG......V ..DTPIVAT..........................SHVG...PF ...EAGRRP. V Y VSQNR..DVA RF AQPSVRN  L.GRQLFAFDAP   

NgaLy      337                                                                                                           Y                                     G     A   V              VI A            E         V                                            L          W   C         PN          RV             FLYRA RAQ ADLLDG......LQ  D L.....SDVRFY NG......L ..PHPVVAD..........................DALA...PF ...AADAAPL T Y CAQTT..AV  RFFALRSYDN  L.GVLLYRHQIQ   

NgaP2      369                                                                                                           Y                                     G     A   L              IL A            E         V                                            I          W   C          N          RV             FLYRQ SDI NKHLAG......FS  D L.....SDYDFY KG......L ..QIPVPSN..........................DQIE...PF ...EHGVEPL T Y CGQDH..HVS RFFSLSSPRN  L.GAQLYKFGVQ   

NgaCp      365                                                                                                           Y                                     G     M   V              II A                      I                                                       W   C         PN  L       R    W         FMYKD LAF RSVVPD......MK  E I.....NQPV.PIDV......D ..QVPLLSY..........................LRYGALPKFEKQRAQNKGEL Y V VSPQY..NY  RF ENPLIKT FL.H TNYKYDLT   

NgaDssm    363                                                                                                           Y                                     G     I   V              II A                      V                                                       W   C          N  I       RL   W         YLYRA SKL RKYAPE......LK  E C.....HTKDLAGAI......D ..WVPQLNF..........................LHND..FEHYQKRQRAGDEV F T IYPQG..EYA RF EQPLLKT  L.H INYRYGMT   

NgaBa      343                                                                                                           Y                                     G     I   V              II A            D         V                                                       W   C         PN  I       RI   W         YLYKH AGL RKYAPK......IR  E S.....TCKRLV YI......D ..LVPLLDD..........................YDKN..MSFYEERKRRGNEV F T LAPTG..RY  RL DYSLVKV  L.H INFKYGLV   

CpNga123   458  W                                   Y               R                                                                                                   W                        GDP LI P            T     L  GI D   A  L             L             Y                  A  IK  I   A                  R SWDG VE..NPLENV.......SYKYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY MEKAPNLKNSIEN IYSLKRPNKGENA GSAVAASKEDRD.LTISE NR  NG NNF REFISLTMETL.......

BvGH123    482  W                                   Y               R                                                                                                   W                        GD  MI PG            I    L  GI   E V IL            I              F                  V  AK  I                      R ALNS VK..NPLQDS.......RFTAWAA  TY     ARSS........  LER TE  QFF K R  KEEFEEKGNKGA KN.....IDKTLKM DES....SMDKI.SPTTA NK  KV ....NRY...............

NgaP       537  W                                   Y               R                                                                                                   F                        GD   V PG            V    M  GI D E V  L            AA             Y                  V  LK  L   A                  R AFDS VK..DPYETT.......DFKTWES  SAQ    AVSS........  FER KE  R A K RY TEHNAEIGEEIA  AWQMQNVGYALDP NGV....KDPGIVNIPQE NR  AS DQA RKYLDLIREEMKDEIVLV

NgaMg      421  W                                   Y               R                                                                                                                             DG LV PG         V SM    L  GV D E V LL             V             W                  L   R  I   L                  D AADYVTKGQDPWQDV..SYLE..NKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  KKNPKLYAQYGWR E....RLVPGLES SPNPAE............ EAT RA GEA SQP...............

NgaSc      415  W                                   Y               R                                                                                                   W                        GEG LV  G         V SM    I  GV D E I IL            AL             W                  L  AR  L   I                  Y RIDD T..DEPWEKV..PVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  KQLGL....EKW  QV.ARDVGADWRN TKKPAE............ EL  KK GEK NQIYSQTKQT........

NgaCa      402  W                                   Y               R                                                                                                   W                        GEG LV PG         V SI    I  GI D E I IL            AL             W                  L  AR  L   I                  Y RVDF T..EDPWHDV..LTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  KNLGH....EQW  EI.SQSVGPDWHN TKDHHK............ EW  KQ GER NDLMTK............

NgaNp      426  W                                   Y               R                                                                                                   W                        GEG LV PG         I SM    L  GV D E M II            AL             W                  L  VR  L   I                  Y QVDL T..KDPWHDI..QTYSKNNGDNFP   M     KQVGLQG.V P   LKW RD  E Y Y E  KKLGS....GTW  NI.GRTVGKDWKN TRDTNV............ ES  SQ GAE DKLSFLKANAK.......

NgaCs      424  W                                   Y               R                                                                                                   W                        GEG LV PG         V SM    L  GV D E I IL            AL             W                  L  AR  M   I                  Y RVDF T..DDPWNNV..ETLF.QDGNHYP   M     QQVGIEG.V P   LKW RD  E Y Y Q  KELGR....GDW  EV.SRKVGRDWKD TRDPQA............ EL  RQ GEE ERISTQ............

NgaOs      549  W                                   Y               R                                                                                                   Y                        GDG L  PG         V S     I  GM D E L L             LL             Y                  I  MR  V                      Y GTNC EKA......MIPSAEICFRRGLPP   V F   EVFSSSHEP A T LER LS  Q I Y K YSSRYGREEG.LA  EK.T.GVYLGPDR ALDHGP............ DV  GE YRTCRS................

NgaAt      533  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    L  GL D E L L             LL             Y                  I  LR  V                      Y GANC EKA......TVPSAEVKFRRGLPP   V Y   EVFSSSSEP A   LER LS  Q Y Y K YESKYGREEA.MG  EK.T.GVYTGPER TLEHRP............ DV  GE YNTCRPS...............

NgaGm      540  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    I  GL D E L L             LL             Y                  I  MR  I                      Y GANC EKA......TVASAEIKFRHGLPP   V Y   EVFSTSHQP A   LER LN  Q T Y R YASRYGRDES.IA  ER.M.GVYFGPER TFEHMP............ DA  GQ FNACRS................

NgaBl      509  W                                   Y               R                                                                                                   Y                        GD  LV PG           SI    V   L D     LL            IV             Y                  L   R  I   I                  H GFNF NAQ.YSLRPINPYTEAGTPEGFAA  AF     P....GGAPEE   IMV EEA N LRACR  ESLIGRERT.LA  SE.GLGTPLTFAD PQSADW............ LGR DA NQA AQAIAARP..........

NgaBf      439  W                                   Y               R                                                                                                   W                        GD  AV PG           SL        M D   L  L            LV             F                     AR  V   I                  H GYNF WAQ.FSLRPIDPFEETCAGGPFFG  SF     P....EGTPWL   HRVFAQA A HRA TW AELTDRPSA.VA  DE.G..GTLTYSS SYDVHA............HLE  HA DER RAALAA............

NgaLy      430  W                                   Y               R                                                                                                   Y                        GDP LV PG         L SL       G  D   L  L            LI             Y                  L  LH  A   L                  H GFNF NAQ.LSTRPIDPFAVTDAGGAFPS   F     A....DGQP N   NEVQRL FG LAV QQ EALKGRPFV.ER  DV.TAGMVPQFDD PPDAGW............ TR  EK VAT AAAAPAHKKE........

NgaP2      462  W                                   Y               R                                                                                                   W                        GDP VV PG         L SI       GL D   L LL            LL             F                  L   R  I   I                  H GFNF YSQ.YSKKVIDPFKVTDADCAFPS   F     A....DG.P D   WEVFRE  Q LRA K  EALAGREKT.LA  EQ.NLREELTFKS PDDIEW............ LST EK NRA KDAYRADR..........

NgaCp      463  W                                   Y               R                                                                                                   W                        GD  IV P          I SV    M  GI D E L LL            IV                                    R  I   L                  H GYNI TG..YPFDFS..TSN......SVG  AW    KD....GK.I S   LEA RD  V Y L R  EKKNPALAQ..Q  NA....TILDFDKSNTDIGT............FRTN RK LTA SN................

NgaDssm    460  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    M  GI D E L ML            LV             Y                      R  L   L                  H GYNQ GKD.SPFTHT..TKQHTGQQYLPA   W     R....DG.P D   HEA CD  A Y L S  GERDPEAAK..R  NR....HVLDFDR NCNVEA............FRAT LE LEL SRQ...............

NgaBa      440  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    L  GV D E   LL            L              Y                  L  IR  L   L                  H GYNY TE..KPFEDV..ENEPSHPFPLPP   F     K....SG.P D   FEA RD  E Y LFK  AERKGLDEA.VG CSL....AVKTITD VRSSGE............ LS  LR INE ESLG..............
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BvGH123      1                                                                                         L    T   I                                          L A KGE...............................................MKKLLFLGALL...LSTVCMNAQTS.EYYQEAANPIATNPA WAKV APQ SWGSTDIRYKKEEPAPIH.................SAQKSMN T W   

NgaP         1                                                                                              Q  K                                             A KGDAVTGIEMEAGELTVEDGSITQLNAAVLPA...NASNQTIRWSTSDDQVAKIDAQGRLSAEAVGTVQVTATSEDGGFQAT.RKVVVAPA....S YL GAVGTTDMHYVKESPFDDYKRI.......DYMEIAQMNEKVWTGN W   

NgaMg        1                                                                                         V    S  RV                                          L AARGE......................................MSWLRRSRLLLVLLPAL........TGCPAM......SPLAAIDPSGPLR WAVS LE  ........MPETPPQEN..K...................PIE F     

NgaSc        1                                                                                         V    N  RI                                          L AARGE..........................MKIFSFF...TNFRWLTI.......IFLT........ILL..I......LVRTKNLSSNNPI WVTS ME  ........GLNEQPNSKFKN...................TIE Y     

NgaCa        1                                                                                         V    S  RV                                          L AARGE.............................................................................MANTQKTLSLS WTAS QE  ........RQDDPAGES..L...................NIE F     

NgaNp        1                                                                                         L    S  RI                                          I AAKGE..........................MQMIRFWKKLKFIRWVML.......IFIT........LICLNI......WQIPKASSAIGPV YMVP LK  ........GQTEKITNT..S...................LSK Y     

NgaCs        1                                                                                         I    S  RI                                          L AARGE............................MQGFKLTSQIIIWTVL.......ALAT........FSCA........LGVAKQSSSNGPA WVAQ LE  ........AQSQNPGSS..S...................SVK Y     

NgaOs        1                                                                                         V    S   V                                          L AAR E......MESGQPNSAAAADKTQNSSVPPVEGVAGGGTSYGWVDGGLQASS.............LGNG.A......IDPTKIHSADLLH WSMP TAN ........SQQEAPRPLEH.....................VN L   N 

NgaAt        1                                                                                         V    N   V                                          L AAR E..............MD..NNVSQEMTVPVEGVAGGGTAYGFNDAEP.................L.KQ.S......TDPSEVPTADLVN WCMP TVN ........GSQETPRALEP.....................IN L   N 

NgaGm        1                                                                                         V    N   V                                          L AAR E..............MDNSGNPQDVVVPPVEGVAGGGTAYGWNDGGTHGLN.............V.KG.P......IDPTEIPTKDLVH WCMP TAN ........GPQDMPRHLEP.....................IN L   N 

NgaBl        1                                                                                         V       KI                                          V  L GE.................................................................................MTVAIFT TPVSALE  ........FPTSRPTAAGPSAGGPSPAGPATANPLHVALIRE TG A  

NgaBf        1                                                                                              S  KV                                          A    GE......................................................................................MQTVLTD LE  ........LGESAPRPAAPIG..................GAH SGFL  

NgaLy        1                                                                                         I       KV                                            VL GE....................................................................................MDYQ DLVDPLT  ........FADEVPDAWV.....................VATQM  Q  

NgaP2        1                                                                                              S  KV                                            AM  E.............................................MIRWS.............QVDE.E......GDTIMLEELPDFETRCLS LS  ........FADAELHDLP.....................VNTGS  WK 

NgaCp        1                                                                                         A       KV                                          A VAKGE...................................MKAFFLLLLGVLPFG.............ILSA.Q.........ESNRKKGGAT MFVDPLV  ........FKYSNDLQEIK.....................PV D     

NgaDssm      1                                                                                         V       KV                                          A VARGE...............................MKETITLWGILCITSCFWG.............LVST.A..........IAKEDRILK WTVDPLV  ........FRDSEPVTTGQ.....................AL E     

NgaBa        1                                                                                         V    S  KV                                          L AVR E...................................................................................MSRFD WVQD LT  ........FRDSPKPEDAIK...................DVV D   N 

CpNga123    43                                                                                      D                                   W                           N  IVM               V     D               I        L                            FP  I                      L I       A I I IP     G         Y G EL SK   WTNSSPVN......N TLSSS FINENGDLISSNNIK S......W KETLAN.........IGR.SNPSAPLEP   I HNSG.................S N EKNKIAS   N K  RNAKP I........ N S

BvGH123     80                                                                                      D                                   W                           S QLVV                     D                        V                     A          I                      L L     Q   I V IP     G         Y G KI A    WTPKVLND......LTF.MVS LTSG.SATISKENIRTG......F RYVITDELNKDGLGACGYRNS DFDSTLVA V DHIT................PT T PANST GG  S N  QGTKA K........ T T

NgaP       133                                                                                      D                                   W                           S Q VL               V     D               V        V                             P  L                      V I     Q I V I VP     G         Y G RA A F  WTTNRKED......Q TLSIG LVGEHNQSIASSNLS H......F KTTKAA.........RGN.PSQGKPQELI  I GSAD.................P S DKFGV P   S D  KDAKA N........ S Q

NgaMg       67                                                                                      D                                   W                           S QVVV               V     D               L                                     YP  L                      I V     Q   I L VP     G         Y G YE F    FGPK.GLR......G NLQVS LSGPGGAVIAKDHLS YREHYLPVSTPSPHRG.......G....PNRPLGKGW   A IPFDSSTRPQYTPDAVVYGSVP D APGNT AF  D Y  REAPP L........ T Q

NgaSc       69                                                                                      D                                   W                             QIVV               V     D               L                              L      Y   L                        L     Q I V I VP     G         Y G YEAF    GAPTKNVT......N NVSIS LSSANEQIISNKNIT YREHYLYIDQPSTQEW.......T....NN TSRVGW A G IPFLNPETG.KDLTGANLDAVPFD KSGEN P   D F  RNTKA Q........ K T

NgaCa       42                                                                                      D                                   W                           S QVAL               V     D               L                              L      YP  L                        L     Q I V I VP     G         Y G YE F    KAPEGEHR......N HFVVS LKGTGDSFISKSNLT YREHYVYISESSPQRG............TV PEGPGW   A IPFIDPATN.EPPSGGELIAVPFA ENNSN V   D Q  RDAEA H........ S S

NgaNp       72                                                                                      D                                   W                           S QLVI               V     D               L                                     YP  L                        L     Q I V V VP     G         Y G YE V    KAPSSGLT......N NISVS LLGSNNQIIPKNNIT YREHYVYVSHSSPNMR.......DN...LNPPLGVGW   G IPFLDPVTQ.KPPLTGELKAVPFR QSQYN P   D F  RNAKS E........ T K

NgaCs       68                                                                                      D                                   W                           S QI I               V     D               L        V                            Y   L                        L     Q I V V VP     G         Y G YE F  G KSLQGGLT......N NVSVS LSGLNNQVIPKSNIT YREHYVRV NSSPKEN.......RS...SNPPLQPGW A G IPFVNPETK.AELSGAKLDAVPFK DAGSN P   D F  NNAKP L........ K T

NgaOs       93                                                                                      D                                   W                           S QIAL               V     D               A        V                     L       P  L                      I L     S I V L VP     G         Y G RE F    RPKVSWATSGIAG.S QVQCT LC...........SS GDRL...V GQSVTLRRVVP.........M .....GV  A VPIDPLNSQ............. N LPGET A   S N  CGQQP L........ E E

NgaAt       78                                                                                      D                                   W                           S QIAM               V     D               A        V                     L       P  L                      L L     S I V I VP     G         Y G RE F    RPKVSWAASSPSG.I QVQCS LC...........SS GDRL...V GQSLKLRRVVP.........V .....GV  A VPLDLPVSQ............. S FPGET V   S D  TGQPP Q........ E E

NgaGm       84                                                                                      D                                   W                           S QIAI               V     D                        V                     L       P  L                      I L     T L I I VP     G         Y G RE V    RPKVSWGGSSVAG.T QIQCS LC...........STSGDRL...I GQSLLLRRVVP.........I .....GV  A VPVDLPVSQ............. N FPGET A   S D  SSQPP Q........ E E

NgaBl       59                                                                                      D                                   W                           S QLA                L                     L        V                     L      YP  L                      V         L V V LP                   TV F   YRVEPETQDPNDAD.R RQTCVNQFVTHVT....VSGA ADRTRVRA RNVQVDFAAYPGTVDD...AY SDQPGQ   L QDTD..GW.............. AFMPGQWRS   D E  AMDEPQEIPN......ASD

NgaBf       36                                                                                      D                                   W                           S QVAL                     E               I        V                     L      YP  L                      V V       L I V                      VL V    RAEEGEAPDPR........SA HAALRVR....LGGE ADSARVHA RRVPVSSPAPA.EADE...HY ATAPGE   L EPLG..GEE............. R GRGLWEA   D IDAPPG.............EHT

NgaLy       35                                                                                      D                                   W                             QLA                      E                        I                     L      FP  L                      V A       L L I                  Y   PLVL   YQRLRDDDA..S........FS ...........LTLATSLSAQCFE NQVPSQLPTWP.HPDA...RY RTTPGL   L TPLT..GP.............. R YHGQVRA   K PTESLTPG.........S ELT

NgaP2       54                                                                                      D                                   W                           S QVA                      E                        V                     I      YP  L                      V A       V V V LP                   VF F   YRSPQLIKSLKI........SA ...........SELEPY..LAIRA GLSPSELPVFP.NPDE...GY RTAPGL   P YPLA..DG.............. H VPNQWRS   T S  SMSEFIPAADIGAESVSFP

NgaCp       61                                                                                      D                                   W                           S Q V                I                              V                     I      FP  L                      I V     Q I L V I                Y G YA F F YRSGTAIKSLSAKITG KGER.............G..GTISNSMVKF GYVKQGKYTD..KPAT...DI RSKDGT   P YEQQ....S............. A DAGDN A   T P TAGQQPDL........ H E

NgaDssm     64                                                                                      D                                   W                           T QIVI               L                     V        V                     L      FP  L                      I V     Q I V V VP     G         Y G RA L    RCAKPIQELHAKVGP ALGS.............NAKQ LESAPVRF GYVPVDRPIPR.P.PK...DQ RRPPAD   P LEEK....T............. A DENQV P   T A  TNTQP L........ Q S

NgaBa       38                                                                                      D                                   W                             QIVV               L                     A        V                     V      FP  L                      V V     Q V L V VP     G         Y G YEAA    HPLEDVERLEVRVTS RHES.............DE.Y ITRVYPRF GYVPVKRNTPD.TPPE...EL RKAPGM   P LEEE....T............. R KKGEN P   T Y  KDAPP T........ H E

CpNga123   143 I VT                  V     P                                                                 V                                                     E  ADELEK...SYTFDYSFE LNLVQ LPSETNTQIEFWQHPYTIAR..........YYKICKEDLFTEKHFKYLR..GNLKEYRNM.GGRG I...........AT........IVHEAWNHQSYDSDPSMIKW..........

BvGH123    189 V V                 L V    LP                                                                 I                                                     T KADGITL....SELKLN Q KNRT  PPSEWAFHLDLWQNPYAVSR..........YYNV...EPFSKKHFDLMR..PLMKLYADA.GGKV T...........AS........IMHKPWNGQTYDAFESMVTW..........

NgaP       233 L AS                L V    LP                                                                 I                                                     T  SASGEE....VSFTLQ E LDLT  DVKDWGFELDLWQNPYAVAR..........VNGITQDQLWTKAHFDAMK..PHYEMLAAA.GQKV T...........TT........VTYDPWNSQTYDVYDTMVKW..........

NgaMg      188   VS                L V    LP                                                                                                                      YT  AANGQAQG.....EIR R WNFE  V..................................................................................RPTLQSFAPLWFTHTTAAKLELLRN..........

NgaSc      190   VT                L V    LP                                                                                                                      YT  SDRGKFTG.....EIS T WNFE  L..................................................................................QPSLNSSFSFWEQTNQENYIELLQH..........

NgaCa      162   VS                L V    LP                                                                                                                      YI  SEHGEVTG.....QIS T WNFE  L..................................................................................KPSLKSTFLIWSSRKKSTVEELLKH..........

NgaNp      194   VT                L V    LP                                                                                                                      FI  SDQGKAES.....KIV K WNFE  L..................................................................................KPSLKSSFPFWYNKTKIANEEMLKH..........

NgaCs      190   V                 L V    LP                                                                                                                      FT GSNQGNFTG.....EIS K WNFE  L..................................................................................KPSLKSSFLVWEARSKSTFVELLKH..........

NgaOs      190 I IS                       L                                                                  V                                                     F  AVRAEAESRGESLTK...SERYQ YKELRNCIDITEPRDYSSSEEMVQRLTSASTTLRR...MLALPSFQDCQENNGLGDMMDED.IMNN AVRLKLSLTVWDFTLPLTPSLPAVFGISETVIED..................

NgaAt      175 I IS                       L                                                                  L                                                     I  AMKTDGGGS.SHLAK...HEKDQ CVELNTCLDIMEPIEGKPMDEVVERIKCASSSLRR...ILFSPSFSEFISTNGSTDMMEED.VVSN SLRIKLRLTVWEFIIPVTPSLPAVIGVSDTVIED..................

NgaGm      181 I IT                  V    L                                                                  L                                                     V  AIKSDAESPVQSISK... EKHQ YRDLKGCLDIVEPIDGKPLDEVVERVKSTTTSLRR...ILLSPSFSEFFSDNGPVDVMDED.AISS SLRMKLNLTVWEFVLPETPSLPAVFGISDTVIED..................

NgaBl      176 L  T                V      LP                                                                 L                                                     TF FTDRAG.TTVAATAVS HRISAQ  E.LT..IAHTEWLHADCLAQ..........WYGV...PVWSEEHWRIVE..RFVRLAAKR.GMTM ............YTPLFTPPLDTVVGGERLTTQLVGVTRIESSAAATGTADT

NgaBf      139 L L                 L V    LP                                                                 V                                                     T ALTDTTGEQVLAEHAVQ R HPHQ  P.LS..ITNTHWFHADSLST..........YYDV...EVLSPQHWELIE..AFLASAREM.DVTS ............LTPTWTPPLDTAEGHTRPFVQLIGIRE.............

NgaLy      132 I LT                L V    A                                                                  L                                                     T  .ETASG.QVVFSQTVP T AAAV QP.PR..LHHTEWFSVDCLAD..........YYHE...APYTPRLWAIIG..NFMVFAHDEALMDT ............LTPIFTPPLDTAVGATRTNVQLVQI..L............

NgaP2      160 I L                 L I    LP                                                                 L                                                     D CFEDGKG.NHLGAEKFA E IFQE  E.QT..LLHTEWFHSDCIAT..........QYKV...EVFSEAHWKLIE..SYVHNAVNH.GVNM ............LTPLFTPPLDTYVGGERPTVQLIDVEIT............

NgaCp      163 L VT                I V    V                                                                  V                                                     V  AVTANGEQQSVKKNFD K YPVS TK.QT..LWVSNWASFLSPSSVVMKN.....PQAS...KMYSDEYWTALK..AMADKMNDY.RQNV ............RIEMLK....VI...........TF...............

NgaDssm    168 V IS                I V    VG                                                                 V                                                     H  GRV.DGRQITTKVPVA K FDIE  Q.SR..LWVTNWFSMQSRHM..........KIAP...EPDSQQYWALLS..RYARNMSEH.RQNV ............LVSPLS....LA...........TF...............

NgaBa      142 V I                 L V    LP                                                                 I                                                     L RADG.DETRVKTC.... R HDVI  DERN..LKLSNFLSPHNISK..........FHGV...ELWSEDFWRLLK..AYARNMAEH.RQSS ............ITPILE....LT............R...............

CpNga123   245                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y  M            ..............RKNSYGTFEFDYSHFD  IQLNIDL ILDPEKGFGQ KCYSIVP NNRI.............Q.YFNEATN.KE...EAINPTPGSD..LWINIWTQF TSFMSH EE.KGW.FNIT IS .  R.SMDDLKA

BvGH123    287                                                                                                                                         DE                                       KW       G          I       W                                                     L      L              M            ..............LKKADGTWYFDYTVFD  VEFMMDL VK......KQ SCYSMVP RLSF.............Q.YFDQASN.SF...KFLDAKPGEV..AYEEFWMNM QDFSKH KA.KGW.FDITHIA .  R.PMKDMQE

NgaP       334                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y               ..............TKKADGTYTFDFEIFD  VQFMMDL ID......SQ DAYSMVS ASKI.............K.YYDEVQK.KD...VIETVQTNNP..KWAVMWRAF EAFVPH EA.KGW.LDKT MAN.  R.ALNDLLI

NgaMg      238                                                                                                                                         DE                                                G                                                                               L           Y  A            .RIQPGR.............VQPKQLQLLSPAGLNLVEL I.................GAGANYHNCQANP...............AP...............PPEVFRKA.....KEA NT.....DLPV DF F  V......DH

NgaSc      240                                                                                                                                         DE                                        W       P                  W                                                                        Y               .KIMPRN...........DLDTIKDPELISQ GLTSVSL F................. SGANYHNCRMKP...............AP...............SLEDIRAA.....AERNQS.....NLLK IYSV  V......DH

NgaCa      212                                                                                                                                         DE                                       KY       G                  W                                                                        Y               .KLMCQQW...NLSEEEKGAAPTSEGEWIE  GVNCSGL F................. SKADTFNGVMPP...............PP...............TVEEIQAA.....ASAHPS.....NLFL NYTA  I......GH

NgaNp      244                                                                                                                                         DE                                                G                  W                                                                        Y               .KLMPK............HINPQDQQGLV.QQGLASASL Y................. SGADISTCKMNS...............LP...............SFEEFRKT.....AASYQS.....DLFL NYTA  I......DR

NgaCs      240                                                                                                                                         DE                                       KW       P                  W                                                                        Y               .KIMPVG...........NINPADERELID  GLSSVRL F................. SGANNRTCRMNL...............AP...............SVEEIKAS.....AAKHQS.....DLFL VYSV  I......DN

NgaOs      312                                                                                                                                         DE                                       RW       P          I       W                                                     L      L           Y  L            ...........RFCLEHGTKGWYDALDHHF  LLQYRIS FFCRWGDSMR LA.YTCP PADH.......P...KAKEYYSDPRLAAYAVPYAPILSSTD...AAKN....S RREVEI KSEAHW.SK.S FY W  PLNMEQYDV

NgaAt      296                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFAVEHGSEDWYKKLDLHF  LLQYRIS YFCKWGESMR LT.YTSP PADH.......P...KSDEYLSDSRLAAYAVPYRQVIAGDD...SRES....Y RKEVEI RSKPHW.NK.A FY W  PLNMEHFDN

NgaGm      303                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFGVQQGTAEWYEALDQHF  LLQYRIS YFCKWADGMR LT.YTSP PADH.......P...KSDEYFSDPRLAAYAVPYKQVVSGNN...SAED....Y QKQVEI RTKNHW.RK.A FY W  PLNLEQYDS

NgaBl      291                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              V            DDIAPGVVGASGDSAATPTAAWQFDFSKLE  VRMAQAA ..IRWFEMSH FT....Q GAAH......CP..KIIA..AIDGEERRP...FGWRASATDPADGYPEFLAAF TALDRE HR.LGI.ADNTVFH S  P.TADQLGS

NgaBf      242                                                                                                                                         DE                                       RW       G          L       W                                                     I      L              I            .................EEGEYSFDLSALD  LEICGRL ..FTGIEIAH FT....Q GARS......TP..AIQV..ETGSGLEHR...FGWHVPATSP..EYRRLLEAL PVLRAH EE.HW..DGQVLWH S  P.HEDQLDS

NgaLy      233                                                                                                                                         DE                                       KW       G          L       W                                                     L      L           F  L            .................PGTPYRFDWSRLR  CQLAQQS ..FAYLEMPP FT....Q GAQA......TP..TITD.....TAGTAL...FGWHVPSTAP..AYRAFLQAL PQLLAV AE.EGYDRDHL FH A  P.NASTEDG

NgaP2      263                                                                                                                                         DE                                       RW       G          L       W                                                     L      I           F  V            .................GVNEYRFKFDRLE  VEMCQRL ..IQFIEFSH FT....Q GAKY......AP..KIIA..KKDGEEKRI...FGWDTEASGE..SYSLFLDQF PQLVHF RN.HHL.DDKV FH S  P.GMKHAES

NgaCp      254                                                                                                                                         DE                                       K        G          V       W                                                     L      L           F  V            ..............NKGNNGHYSFNFERLD MMGLFMQS ..IKRFEGDF AQ.KMTD AGPL..GFVMPADA........GDAV.SR...KLVTVNDADN..NARQFYKEY VALYNH KQ.KNW.DDIV LH S  P.TQQNPKA

NgaDssm    253                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              L            ..............QLDKSSRMEVDFSRFD  VRIFIAE V.IGRIEGGH GG.RSSD ESPF........VVRI.KELR.EG...NI...ITKSVAPTSE..EANQFYAQF PALVNH RD.RGW.LEKYAQH A  P.VRTNIES

NgaBa      223                                                                                                                                         DE                                       RW       G          L                                                             M      L              L            ..............IYKGDDRLEFDFRLLD  INLFKEE V.IGTVEGGY AG.RPPRTVEGW..WTVSEFLSRRYRVFNKDGSL.AY...VQEPVKVSSP..VFEEFISQF PALQAH DE.LGL.LDSYVQH A  P.IDANAES

CpNga123   354                                                                                                           Y                                     G     L   I              I  A            D                                                      A              C         PS               W         FLCVD IEN TNNSYE.....HFK SS MDYESGNDYSFL RI..........DDISIGL.............SHI.....N....HNSDDMKNM THRQELGLLTTI T T.G....DY  SFTISDPSEGAFT.I YSLYQNTN   

BvGH123    390                                                                                                           Y                                     G     V   A              V  A            D                                                      I              C         PN               W         YLTLK IRK DKD.........FK SL ...GTY.HKELL DL..........N.....D.............YCI.....T....IAEKFTPEE EARRKAGKVTTY T CTE....PR  TFTFSEPAEAEWL.A HSAKENLD   

NgaP       437                                                                                                           Y                                     G     L   V              IA A            D                                                                     C         PN  A            W         YLAAD IEE SGG........KLK  A MNVNSL.SDSRL RL..........HKISVGL.............YHV.....N....HENKQLTNTSEHRRQLGLITTI N V.G....HY  SF RSNPAEPVWV.I DTMRHQTD   

NgaMg      308                                                                                                           Y                                     G     L   L              IA V            D         V                                            L          W             PN  L       RI   F          LCD. SQA RDWGRSMHQAGVLQ  T S.....PTPELL DG..SGRPA DVFVLNAAM..........................YEKAKANGM DAARAKGARI Y SALVLSETPGA  WQ DVAPMNF  SSG FAQALGFS I 

NgaSc      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             PQ  I       RI   F          LCPQ YSA KEWGKNIQQAGVKH  V T.....PVPEID ........F DIWVVQPQW..........................YDTAT..NR KEAMNKGDQI F SGY.DAT..YS  WT DSQPIDF  GQG ISQSLGIK V 

NgaCa      292                                                                                                           Y                                     G     L   I              LI M            D         V                                            I          W   C         P   I       RI   F          LYTS YEP KAWARNLHEAGVAN  T A.....PVPELY DGSGSGRSA DIWVILPLQ..........................YDK....DR QEVLAKGDEV S N CVQDD..YS KWQ DFNPIEY  QPG INQSLGMT I 

NgaNp      314                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             P   I       RI   F          LCPS FQQ KQWSRNLHSAGVSN  T I.....PTPELY DGSGTGRSA DIWAILPKM..........................YEQAP..DR AKVLQKGDKV S NTLVQDE..YS KWQ DFQPINY  QPG ISQSLGLT I 

NgaCs      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            V          W             P   V       RI   F          LCQN NQA KQWLRNVKQAGVAN  V T.....PVSELY HNFFAGSPG DVWVVSPPM..........................YYQAG..SS SDVLKNKGKV F TALVPDD..YS KWQ DFEPINF  PHG INQSLGLT A 

NgaOs      428                                                                                                           Y                                     G     I   L              IL                        A                                            A          W   C         PN  L       RA   W         FLICS SNE RSYASD......VR  TTY.....YCGPS.GSE......L ..PSTFEAFVKVPNVLRPHTQIFCTSEWVLGTREDLVKD...IV ELRPDLGEEW T V MGPSD..PQ  WH GMRGTQH  V.M RVWKEGGT   

NgaAt      412                                                                                                           Y                                     G     M   I              VL              D         A                                                       W   C         PN  L       RA   W         FLVRK ASE YAYAPD......SR  TTY.....YCGPG. AP......L ..PTPFESFVKVPNLLRPYTQIYCTSEWVLGNREDLVKD...ILDELQTENGEEW T I LGPSD..PH  WH GMRGTQQ  V.M RVWKEGGT   

NgaGm      419                                                                                                           Y                                     G     M   I              IL              D         A                                            A          W   C         PN  L       RA   W         FLVRN ASE HAYAPD......AR  TTY.....YCGPN. AP......L ..PTPFDAFVKVPSFLRPHNQIYCTSEWVLGNQEDLVKD...II ELQPENGEEW T V MGPSD..PH  WH GMRGTQH  V.M RVWKEGGT   

NgaBl      416                                                                                                           Y                                     G     A   V              IM A            E                                                      V          W   C         PN  M       RV             FLYLK KAV APYLKD......YR  D L.....SHVEFY SG......AC..EHPIPAD..........................DAIE...PF ...QAHVPDL T Y CAQTT..NV  RF AMPSYRN  L.GLLLYTYDLA   

NgaBf      347                                                                                                           Y                                     G     A   V              VV A            E         V                                            L          W   C          N  I       RV             FLYRA KEQ ADLLEG......AQ  D L.....SSLAFA QG......V ..DTPIVAT..........................SHVG...PF ...EAGRRP. V Y VSQNR..DVA RF AQPSVRN  L.GRQLFAFDAP   

NgaLy      337                                                                                                           Y                                     G     A   V              VI A            E         V                                            L          W   C         PN          RV             FLYRA RAQ ADLLDG......LQ  D L.....SDVRFY NG......L ..PHPVVAD..........................DALA...PF ...AADAAPL T Y CAQTT..AV  RFFALRSYDN  L.GVLLYRHQIQ   

NgaP2      369                                                                                                           Y                                     G     A   L              IL A            E         V                                            I          W   C          N          RV             FLYRQ SDI NKHLAG......FS  D L.....SDYDFY KG......L ..QIPVPSN..........................DQIE...PF ...EHGVEPL T Y CGQDH..HVS RFFSLSSPRN  L.GAQLYKFGVQ   

NgaCp      365                                                                                                           Y                                     G     M   V              II A                      I                                                       W   C         PN  L       R    W         FMYKD LAF RSVVPD......MK  E I.....NQPV.PIDV......D ..QVPLLSY..........................LRYGALPKFEKQRAQNKGEL Y V VSPQY..NY  RF ENPLIKT FL.H TNYKYDLT   

NgaDssm    363                                                                                                           Y                                     G     I   V              II A                      V                                                       W   C          N  I       RL   W         YLYRA SKL RKYAPE......LK  E C.....HTKDLAGAI......D ..WVPQLNF..........................LHND..FEHYQKRQRAGDEV F T IYPQG..EYA RF EQPLLKT  L.H INYRYGMT   

NgaBa      343                                                                                                           Y                                     G     I   V              II A            D         V                                                       W   C         PN  I       RI   W         YLYKH AGL RKYAPK......IR  E S.....TCKRLV YI......D ..LVPLLDD..........................YDKN..MSFYEERKRRGNEV F T LAPTG..RY  RL DYSLVKV  L.H INFKYGLV   

CpNga123   458  W                                   Y               R                                                                                                   W                        GDP LI P            T     L  GI D   A  L             L             Y                  A  IK  I   A                  R SWDG VE..NPLENV.......SYKYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY MEKAPNLKNSIEN IYSLKRPNKGENA GSAVAASKEDRD.LTISE NR  NG NNF REFISLTMETL.......

BvGH123    482  W                                   Y               R                                                                                                   W                        GD  MI PG            I    L  GI   E V IL            I              F                  V  AK  I                      R ALNS VK..NPLQDS.......RFTAWAA  TY     ARSS........  LER TE  QFF K R  KEEFEEKGNKGA KN.....IDKTLKM DES....SMDKI.SPTTA NK  KV ....NRY...............

NgaP       537  W                                   Y               R                                                                                                   F                        GD   V PG            V    M  GI D E V  L            AA             Y                  V  LK  L   A                  R AFDS VK..DPYETT.......DFKTWES  SAQ    AVSS........  FER KE  R A K RY TEHNAEIGEEIA  AWQMQNVGYALDP NGV....KDPGIVNIPQE NR  AS DQA RKYLDLIREEMKDEIVLV

NgaMg      421  W                                   Y               R                                                                                                                             DG LV PG         V SM    L  GV D E V LL             V             W                  L   R  I   L                  D AADYVTKGQDPWQDV..SYLE..NKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  KKNPKLYAQYGWR E....RLVPGLES SPNPAE............ EAT RA GEA SQP...............

NgaSc      415  W                                   Y               R                                                                                                   W                        GEG LV  G         V SM    I  GV D E I IL            AL             W                  L  AR  L   I                  Y RIDD T..DEPWEKV..PVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  KQLGL....EKW  QV.ARDVGADWRN TKKPAE............ EL  KK GEK NQIYSQTKQT........

NgaCa      402  W                                   Y               R                                                                                                   W                        GEG LV PG         V SI    I  GI D E I IL            AL             W                  L  AR  L   I                  Y RVDF T..EDPWHDV..LTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  KNLGH....EQW  EI.SQSVGPDWHN TKDHHK............ EW  KQ GER NDLMTK............

NgaNp      426  W                                   Y               R                                                                                                   W                        GEG LV PG         I SM    L  GV D E M II            AL             W                  L  VR  L   I                  Y QVDL T..KDPWHDI..QTYSKNNGDNFP   M     KQVGLQG.V P   LKW RD  E Y Y E  KKLGS....GTW  NI.GRTVGKDWKN TRDTNV............ ES  SQ GAE DKLSFLKANAK.......

NgaCs      424  W                                   Y               R                                                                                                   W                        GEG LV PG         V SM    L  GV D E I IL            AL             W                  L  AR  M   I                  Y RVDF T..DDPWNNV..ETLF.QDGNHYP   M     QQVGIEG.V P   LKW RD  E Y Y Q  KELGR....GDW  EV.SRKVGRDWKD TRDPQA............ EL  RQ GEE ERISTQ............

NgaOs      549  W                                   Y               R                                                                                                   Y                        GDG L  PG         V S     I  GM D E L L             LL             Y                  I  MR  V                      Y GTNC EKA......MIPSAEICFRRGLPP   V F   EVFSSSHEP A T LER LS  Q I Y K YSSRYGREEG.LA  EK.T.GVYLGPDR ALDHGP............ DV  GE YRTCRS................

NgaAt      533  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    L  GL D E L L             LL             Y                  I  LR  V                      Y GANC EKA......TVPSAEVKFRRGLPP   V Y   EVFSSSSEP A   LER LS  Q Y Y K YESKYGREEA.MG  EK.T.GVYTGPER TLEHRP............ DV  GE YNTCRPS...............

NgaGm      540  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    I  GL D E L L             LL             Y                  I  MR  I                      Y GANC EKA......TVASAEIKFRHGLPP   V Y   EVFSTSHQP A   LER LN  Q T Y R YASRYGRDES.IA  ER.M.GVYFGPER TFEHMP............ DA  GQ FNACRS................

NgaBl      509  W                                   Y               R                                                                                                   Y                        GD  LV PG           SI    V   L D     LL            IV             Y                  L   R  I   I                  H GFNF NAQ.YSLRPINPYTEAGTPEGFAA  AF     P....GGAPEE   IMV EEA N LRACR  ESLIGRERT.LA  SE.GLGTPLTFAD PQSADW............ LGR DA NQA AQAIAARP..........

NgaBf      439  W                                   Y               R                                                                                                   W                        GD  AV PG           SL        M D   L  L            LV             F                     AR  V   I                  H GYNF WAQ.FSLRPIDPFEETCAGGPFFG  SF     P....EGTPWL   HRVFAQA A HRA TW AELTDRPSA.VA  DE.G..GTLTYSS SYDVHA............HLE  HA DER RAALAA............

NgaLy      430  W                                   Y               R                                                                                                   Y                        GDP LV PG         L SL       G  D   L  L            LI             Y                  L  LH  A   L                  H GFNF NAQ.LSTRPIDPFAVTDAGGAFPS   F     A....DGQP N   NEVQRL FG LAV QQ EALKGRPFV.ER  DV.TAGMVPQFDD PPDAGW............ TR  EK VAT AAAAPAHKKE........

NgaP2      462  W                                   Y               R                                                                                                   W                        GDP VV PG         L SI       GL D   L LL            LL             F                  L   R  I   I                  H GFNF YSQ.YSKKVIDPFKVTDADCAFPS   F     A....DG.P D   WEVFRE  Q LRA K  EALAGREKT.LA  EQ.NLREELTFKS PDDIEW............ LST EK NRA KDAYRADR..........

NgaCp      463  W                                   Y               R                                                                                                   W                        GD  IV P          I SV    M  GI D E L LL            IV                                    R  I   L                  H GYNI TG..YPFDFS..TSN......SVG  AW    KD....GK.I S   LEA RD  V Y L R  EKKNPALAQ..Q  NA....TILDFDKSNTDIGT............FRTN RK LTA SN................

NgaDssm    460  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    M  GI D E L ML            LV             Y                      R  L   L                  H GYNQ GKD.SPFTHT..TKQHTGQQYLPA   W     R....DG.P D   HEA CD  A Y L S  GERDPEAAK..R  NR....HVLDFDR NCNVEA............FRAT LE LEL SRQ...............

NgaBa      440  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    L  GV D E   LL            L              Y                  L  IR  L   L                  H GYNY TE..KPFEDV..ENEPSHPFPLPP   F     K....SG.P D   FEA RD  E Y LFK  AERKGLDEA.VG CSL....AVKTITD VRSSGE............ LS  LR INE ESLG..............

CpNga123 ...................................................................................................................................................

BvGH123 ...................................................................................................................................................

NgaP       663 GPDAVQSDESFAVKFGLNRLSKPVQALDITLRYSADRFEFIGAASADEHVQIVDTIKQGDGKLRLIVAALGSEHAIHADSLFLELSFRAKAADQSAQGIVEAAEVIVSGSDGVESSLSPVSIAIDVLPVDPFDRLDVNRDGKISIGD

NgaMg   ...................................................................................................................................................

NgaSc   ...................................................................................................................................................

NgaCa   ...................................................................................................................................................

NgaNp   ...................................................................................................................................................

NgaCs   ...................................................................................................................................................

NgaOs   ...................................................................................................................................................

NgaAt   ...................................................................................................................................................

NgaGm   ...................................................................................................................................................

NgaBl   ...................................................................................................................................................

NgaBf   ...................................................................................................................................................

NgaLy   ...................................................................................................................................................

NgaP2   ...................................................................................................................................................

NgaCp   ...................................................................................................................................................

NgaDssm ...................................................................................................................................................

NgaBa   ...................................................................................................................................................

CpNga123 .............................................                                                                                                      

BvGH123 .............................................                                                                                                      

NgaP       810 LSITAAHYGKTDQSPDWEMIKNADVNRDGKIDIVDLTEIAKKIIE                                                                                                      

NgaMg   .............................................                                                                                                      

NgaSc   .............................................                                                                                                      

NgaCa   .............................................                                                                                                      

NgaNp   .............................................                                                                                                      

NgaCs   .............................................                                                                                                      

NgaOs   .............................................                                                                                                      

NgaAt   .............................................                                                                                                      

NgaGm   .............................................                                                                                                      

NgaBl   .............................................                                                                                                      

NgaBf   .............................................                                                                                                      

NgaLy   .............................................                                                                                                      

NgaP2   .............................................                                                                                                      

NgaCp   .............................................                                                                                                      

NgaDssm .............................................                                                                                                      

NgaBa   .............................................                                                                                                      

 

1
1

181
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

43
80

314
67
69
42
72
68
93
78
84
59
36
35
54
61
64
38

143
189
414
188
190
162
194
190
190
175
181
176
139
132
160
163
168
142

245
287
515
238
240
212
244
240
312
296
303
291
242
233
263
254
253
223

354
390
618
308
312
292
314
312
428
412
419
416
347
337
369
365
363
343

458
482
718
421
415
402
426
424
549
533
540
509
439
430
462
463
460
440

CpNga123     1                                                                                              T   A                                            A  GD.........................................................................................MKKD TLG SIGSTDFHYLQK................DYDEIKKLNLNTWNEV WI  

BvGH123      1                                                                                         L    T   I                                          L A KGE...............................................MKKLLFLGALL...LSTVCMNAQTS.EYYQEAANPIATNPA WAKV APQ SWGSTDIRYKKEEPAPIH.................SAQKSMN T W   

NgaP         1                                                                                              Q  K                                             A KGDAVTGIEMEAGELTVEDGSITQLNAAVLPA...NASNQTIRWSTSDDQVAKIDAQGRLSAEAVGTVQVTATSEDGGFQAT.RKVVVAPA....S YL GAVGTTDMHYVKESPFDDYKRI.......DYMEIAQMNEKVWTGN W   

NgaMg        1                                                                                         V    S  RV                                          L AARGE......................................MSWLRRSRLLLVLLPAL........TGCPAM......SPLAAIDPSGPLR WAVS LE  ........MPETPPQEN..K...................PIE F     

NgaSc        1                                                                                         V    N  RI                                          L AARGE..........................MKIFSFF...TNFRWLTI.......IFLT........ILL..I......LVRTKNLSSNNPI WVTS ME  ........GLNEQPNSKFKN...................TIE Y     

NgaCa        1                                                                                         V    S  RV                                          L AARGE.............................................................................MANTQKTLSLS WTAS QE  ........RQDDPAGES..L...................NIE F     

NgaNp        1                                                                                         L    S  RI                                          I AAKGE..........................MQMIRFWKKLKFIRWVML.......IFIT........LICLNI......WQIPKASSAIGPV YMVP LK  ........GQTEKITNT..S...................LSK Y     

NgaCs        1                                                                                         I    S  RI                                          L AARGE............................MQGFKLTSQIIIWTVL.......ALAT........FSCA........LGVAKQSSSNGPA WVAQ LE  ........AQSQNPGSS..S...................SVK Y     

NgaOs        1                                                                                         V    S   V                                          L AAR E......MESGQPNSAAAADKTQNSSVPPVEGVAGGGTSYGWVDGGLQASS.............LGNG.A......IDPTKIHSADLLH WSMP TAN ........SQQEAPRPLEH.....................VN L   N 

NgaAt        1                                                                                         V    N   V                                          L AAR E..............MD..NNVSQEMTVPVEGVAGGGTAYGFNDAEP.................L.KQ.S......TDPSEVPTADLVN WCMP TVN ........GSQETPRALEP.....................IN L   N 

NgaGm        1                                                                                         V    N   V                                          L AAR E..............MDNSGNPQDVVVPPVEGVAGGGTAYGWNDGGTHGLN.............V.KG.P......IDPTEIPTKDLVH WCMP TAN ........GPQDMPRHLEP.....................IN L   N 

NgaBl        1                                                                                         V       KI                                          V  L GE.................................................................................MTVAIFT TPVSALE  ........FPTSRPTAAGPSAGGPSPAGPATANPLHVALIRE TG A  

NgaBf        1                                                                                              S  KV                                          A    GE......................................................................................MQTVLTD LE  ........LGESAPRPAAPIG..................GAH SGFL  

NgaLy        1                                                                                         I       KV                                            VL GE....................................................................................MDYQ DLVDPLT  ........FADEVPDAWV.....................VATQM  Q  

NgaP2        1                                                                                              S  KV                                            AM  E.............................................MIRWS.............QVDE.E......GDTIMLEELPDFETRCLS LS  ........FADAELHDLP.....................VNTGS  WK 

NgaCp        1                                                                                         A       KV                                          A VAKGE...................................MKAFFLLLLGVLPFG.............ILSA.Q.........ESNRKKGGAT MFVDPLV  ........FKYSNDLQEIK.....................PV D     

NgaDssm      1                                                                                         V       KV                                          A VARGE...............................MKETITLWGILCITSCFWG.............LVST.A..........IAKEDRILK WTVDPLV  ........FRDSEPVTTGQ.....................AL E     

NgaBa        1                                                                                         V    S  KV                                          L AVR E...................................................................................MSRFD WVQD LT  ........FRDSPKPEDAIK...................DVV D   N 

CpNga123    43                                                                                      D                                   W                           N  IVM               V     D               I        L                            FP  I                      L I       A I I IP     G         Y G EL SK   WTNSSPVN......N TLSSS FINENGDLISSNNIK S......W KETLAN.........IGR.SNPSAPLEP   I HNSG.................S N EKNKIAS   N K  RNAKP I........ N S

BvGH123     80                                                                                      D                                   W                           S QLVV                     D                        V                     A          I                      L L     Q   I V IP     G         Y G KI A    WTPKVLND......LTF.MVS LTSG.SATISKENIRTG......F RYVITDELNKDGLGACGYRNS DFDSTLVA V DHIT................PT T PANST GG  S N  QGTKA K........ T T

NgaP       133                                                                                      D                                   W                           S Q VL               V     D               V        V                             P  L                      V I     Q I V I VP     G         Y G RA A F  WTTNRKED......Q TLSIG LVGEHNQSIASSNLS H......F KTTKAA.........RGN.PSQGKPQELI  I GSAD.................P S DKFGV P   S D  KDAKA N........ S Q

NgaMg       67                                                                                      D                                   W                           S QVVV               V     D               L                                     YP  L                      I V     Q   I L VP     G         Y G YE F    FGPK.GLR......G NLQVS LSGPGGAVIAKDHLS YREHYLPVSTPSPHRG.......G....PNRPLGKGW   A IPFDSSTRPQYTPDAVVYGSVP D APGNT AF  D Y  REAPP L........ T Q

NgaSc       69                                                                                      D                                   W                             QIVV               V     D               L                              L      Y   L                        L     Q I V I VP     G         Y G YEAF    GAPTKNVT......N NVSIS LSSANEQIISNKNIT YREHYLYIDQPSTQEW.......T....NN TSRVGW A G IPFLNPETG.KDLTGANLDAVPFD KSGEN P   D F  RNTKA Q........ K T

NgaCa       42                                                                                      D                                   W                           S QVAL               V     D               L                              L      YP  L                        L     Q I V I VP     G         Y G YE F    KAPEGEHR......N HFVVS LKGTGDSFISKSNLT YREHYVYISESSPQRG............TV PEGPGW   A IPFIDPATN.EPPSGGELIAVPFA ENNSN V   D Q  RDAEA H........ S S

NgaNp       72                                                                                      D                                   W                           S QLVI               V     D               L                                     YP  L                        L     Q I V V VP     G         Y G YE V    KAPSSGLT......N NISVS LLGSNNQIIPKNNIT YREHYVYVSHSSPNMR.......DN...LNPPLGVGW   G IPFLDPVTQ.KPPLTGELKAVPFR QSQYN P   D F  RNAKS E........ T K

NgaCs       68                                                                                      D                                   W                           S QI I               V     D               L        V                            Y   L                        L     Q I V V VP     G         Y G YE F  G KSLQGGLT......N NVSVS LSGLNNQVIPKSNIT YREHYVRV NSSPKEN.......RS...SNPPLQPGW A G IPFVNPETK.AELSGAKLDAVPFK DAGSN P   D F  NNAKP L........ K T

NgaOs       93                                                                                      D                                   W                           S QIAL               V     D               A        V                     L       P  L                      I L     S I V L VP     G         Y G RE F    RPKVSWATSGIAG.S QVQCT LC...........SS GDRL...V GQSVTLRRVVP.........M .....GV  A VPIDPLNSQ............. N LPGET A   S N  CGQQP L........ E E

NgaAt       78                                                                                      D                                   W                           S QIAM               V     D               A        V                     L       P  L                      L L     S I V I VP     G         Y G RE F    RPKVSWAASSPSG.I QVQCS LC...........SS GDRL...V GQSLKLRRVVP.........V .....GV  A VPLDLPVSQ............. S FPGET V   S D  TGQPP Q........ E E

NgaGm       84                                                                                      D                                   W                           S QIAI               V     D                        V                     L       P  L                      I L     T L I I VP     G         Y G RE V    RPKVSWGGSSVAG.T QIQCS LC...........STSGDRL...I GQSLLLRRVVP.........I .....GV  A VPVDLPVSQ............. N FPGET A   S D  SSQPP Q........ E E

NgaBl       59                                                                                      D                                   W                           S QLA                L                     L        V                     L      YP  L                      V         L V V LP                   TV F   YRVEPETQDPNDAD.R RQTCVNQFVTHVT....VSGA ADRTRVRA RNVQVDFAAYPGTVDD...AY SDQPGQ   L QDTD..GW.............. AFMPGQWRS   D E  AMDEPQEIPN......ASD

NgaBf       36                                                                                      D                                   W                           S QVAL                     E               I        V                     L      YP  L                      V V       L I V                      VL V    RAEEGEAPDPR........SA HAALRVR....LGGE ADSARVHA RRVPVSSPAPA.EADE...HY ATAPGE   L EPLG..GEE............. R GRGLWEA   D IDAPPG.............EHT

NgaLy       35                                                                                      D                                   W                             QLA                      E                        I                     L      FP  L                      V A       L L I                  Y   PLVL   YQRLRDDDA..S........FS ...........LTLATSLSAQCFE NQVPSQLPTWP.HPDA...RY RTTPGL   L TPLT..GP.............. R YHGQVRA   K PTESLTPG.........S ELT

NgaP2       54                                                                                      D                                   W                           S QVA                      E                        V                     I      YP  L                      V A       V V V LP                   VF F   YRSPQLIKSLKI........SA ...........SELEPY..LAIRA GLSPSELPVFP.NPDE...GY RTAPGL   P YPLA..DG.............. H VPNQWRS   T S  SMSEFIPAADIGAESVSFP

NgaCp       61                                                                                      D                                   W                           S Q V                I                              V                     I      FP  L                      I V     Q I L V I                Y G YA F F YRSGTAIKSLSAKITG KGER.............G..GTISNSMVKF GYVKQGKYTD..KPAT...DI RSKDGT   P YEQQ....S............. A DAGDN A   T P TAGQQPDL........ H E

NgaDssm     64                                                                                      D                                   W                           T QIVI               L                     V        V                     L      FP  L                      I V     Q I V V VP     G         Y G RA L    RCAKPIQELHAKVGP ALGS.............NAKQ LESAPVRF GYVPVDRPIPR.P.PK...DQ RRPPAD   P LEEK....T............. A DENQV P   T A  TNTQP L........ Q S

NgaBa       38                                                                                      D                                   W                             QIVV               L                     A        V                     V      FP  L                      V V     Q V L V VP     G         Y G YEAA    HPLEDVERLEVRVTS RHES.............DE.Y ITRVYPRF GYVPVKRNTPD.TPPE...EL RKAPGM   P LEEE....T............. R KKGEN P   T Y  KDAPP T........ H E

CpNga123   143 I VT                  V     P                                                                 V                                                     E  ADELEK...SYTFDYSFE LNLVQ LPSETNTQIEFWQHPYTIAR..........YYKICKEDLFTEKHFKYLR..GNLKEYRNM.GGRG I...........AT........IVHEAWNHQSYDSDPSMIKW..........

BvGH123    189 V V                 L V    LP                                                                 I                                                     T KADGITL....SELKLN Q KNRT  PPSEWAFHLDLWQNPYAVSR..........YYNV...EPFSKKHFDLMR..PLMKLYADA.GGKV T...........AS........IMHKPWNGQTYDAFESMVTW..........

NgaP       233 L AS                L V    LP                                                                 I                                                     T  SASGEE....VSFTLQ E LDLT  DVKDWGFELDLWQNPYAVAR..........VNGITQDQLWTKAHFDAMK..PHYEMLAAA.GQKV T...........TT........VTYDPWNSQTYDVYDTMVKW..........

NgaMg      188   VS                L V    LP                                                                                                                      YT  AANGQAQG.....EIR R WNFE  V..................................................................................RPTLQSFAPLWFTHTTAAKLELLRN..........

NgaSc      190   VT                L V    LP                                                                                                                      YT  SDRGKFTG.....EIS T WNFE  L..................................................................................QPSLNSSFSFWEQTNQENYIELLQH..........

NgaCa      162   VS                L V    LP                                                                                                                      YI  SEHGEVTG.....QIS T WNFE  L..................................................................................KPSLKSTFLIWSSRKKSTVEELLKH..........

NgaNp      194   VT                L V    LP                                                                                                                      FI  SDQGKAES.....KIV K WNFE  L..................................................................................KPSLKSSFPFWYNKTKIANEEMLKH..........

NgaCs      190   V                 L V    LP                                                                                                                      FT GSNQGNFTG.....EIS K WNFE  L..................................................................................KPSLKSSFLVWEARSKSTFVELLKH..........

NgaOs      190 I IS                       L                                                                  V                                                     F  AVRAEAESRGESLTK...SERYQ YKELRNCIDITEPRDYSSSEEMVQRLTSASTTLRR...MLALPSFQDCQENNGLGDMMDED.IMNN AVRLKLSLTVWDFTLPLTPSLPAVFGISETVIED..................

NgaAt      175 I IS                       L                                                                  L                                                     I  AMKTDGGGS.SHLAK...HEKDQ CVELNTCLDIMEPIEGKPMDEVVERIKCASSSLRR...ILFSPSFSEFISTNGSTDMMEED.VVSN SLRIKLRLTVWEFIIPVTPSLPAVIGVSDTVIED..................

NgaGm      181 I IT                  V    L                                                                  L                                                     V  AIKSDAESPVQSISK... EKHQ YRDLKGCLDIVEPIDGKPLDEVVERVKSTTTSLRR...ILLSPSFSEFFSDNGPVDVMDED.AISS SLRMKLNLTVWEFVLPETPSLPAVFGISDTVIED..................

NgaBl      176 L  T                V      LP                                                                 L                                                     TF FTDRAG.TTVAATAVS HRISAQ  E.LT..IAHTEWLHADCLAQ..........WYGV...PVWSEEHWRIVE..RFVRLAAKR.GMTM ............YTPLFTPPLDTVVGGERLTTQLVGVTRIESSAAATGTADT

NgaBf      139 L L                 L V    LP                                                                 V                                                     T ALTDTTGEQVLAEHAVQ R HPHQ  P.LS..ITNTHWFHADSLST..........YYDV...EVLSPQHWELIE..AFLASAREM.DVTS ............LTPTWTPPLDTAEGHTRPFVQLIGIRE.............

NgaLy      132 I LT                L V    A                                                                  L                                                     T  .ETASG.QVVFSQTVP T AAAV QP.PR..LHHTEWFSVDCLAD..........YYHE...APYTPRLWAIIG..NFMVFAHDEALMDT ............LTPIFTPPLDTAVGATRTNVQLVQI..L............

NgaP2      160 I L                 L I    LP                                                                 L                                                     D CFEDGKG.NHLGAEKFA E IFQE  E.QT..LLHTEWFHSDCIAT..........QYKV...EVFSEAHWKLIE..SYVHNAVNH.GVNM ............LTPLFTPPLDTYVGGERPTVQLIDVEIT............

NgaCp      163 L VT                I V    V                                                                  V                                                     V  AVTANGEQQSVKKNFD K YPVS TK.QT..LWVSNWASFLSPSSVVMKN.....PQAS...KMYSDEYWTALK..AMADKMNDY.RQNV ............RIEMLK....VI...........TF...............

NgaDssm    168 V IS                I V    VG                                                                 V                                                     H  GRV.DGRQITTKVPVA K FDIE  Q.SR..LWVTNWFSMQSRHM..........KIAP...EPDSQQYWALLS..RYARNMSEH.RQNV ............LVSPLS....LA...........TF...............

NgaBa      142 V I                 L V    LP                                                                 I                                                     L RADG.DETRVKTC.... R HDVI  DERN..LKLSNFLSPHNISK..........FHGV...ELWSEDFWRLLK..AYARNMAEH.RQSS ............ITPILE....LT............R...............

CpNga123   245                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y  M            ..............RKNSYGTFEFDYSHFD  IQLNIDL ILDPEKGFGQ KCYSIVP NNRI.............Q.YFNEATN.KE...EAINPTPGSD..LWINIWTQF TSFMSH EE.KGW.FNIT IS .  R.SMDDLKA

BvGH123    287                                                                                                                                         DE                                       KW       G          I       W                                                     L      L              M            ..............LKKADGTWYFDYTVFD  VEFMMDL VK......KQ SCYSMVP RLSF.............Q.YFDQASN.SF...KFLDAKPGEV..AYEEFWMNM QDFSKH KA.KGW.FDITHIA .  R.PMKDMQE

NgaP       334                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y               ..............TKKADGTYTFDFEIFD  VQFMMDL ID......SQ DAYSMVS ASKI.............K.YYDEVQK.KD...VIETVQTNNP..KWAVMWRAF EAFVPH EA.KGW.LDKT MAN.  R.ALNDLLI

NgaMg      238                                                                                                                                         DE                                                G                                                                               L           Y  A            .RIQPGR.............VQPKQLQLLSPAGLNLVEL I.................GAGANYHNCQANP...............AP...............PPEVFRKA.....KEA NT.....DLPV DF F  V......DH

NgaSc      240                                                                                                                                         DE                                        W       P                  W                                                                        Y               .KIMPRN...........DLDTIKDPELISQ GLTSVSL F................. SGANYHNCRMKP...............AP...............SLEDIRAA.....AERNQS.....NLLK IYSV  V......DH

NgaCa      212                                                                                                                                         DE                                       KY       G                  W                                                                        Y               .KLMCQQW...NLSEEEKGAAPTSEGEWIE  GVNCSGL F................. SKADTFNGVMPP...............PP...............TVEEIQAA.....ASAHPS.....NLFL NYTA  I......GH

NgaNp      244                                                                                                                                         DE                                                G                  W                                                                        Y               .KLMPK............HINPQDQQGLV.QQGLASASL Y................. SGADISTCKMNS...............LP...............SFEEFRKT.....AASYQS.....DLFL NYTA  I......DR

NgaCs      240                                                                                                                                         DE                                       KW       P                  W                                                                        Y               .KIMPVG...........NINPADERELID  GLSSVRL F................. SGANNRTCRMNL...............AP...............SVEEIKAS.....AAKHQS.....DLFL VYSV  I......DN

NgaOs      312                                                                                                                                         DE                                       RW       P          I       W                                                     L      L           Y  L            ...........RFCLEHGTKGWYDALDHHF  LLQYRIS FFCRWGDSMR LA.YTCP PADH.......P...KAKEYYSDPRLAAYAVPYAPILSSTD...AAKN....S RREVEI KSEAHW.SK.S FY W  PLNMEQYDV

NgaAt      296                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFAVEHGSEDWYKKLDLHF  LLQYRIS YFCKWGESMR LT.YTSP PADH.......P...KSDEYLSDSRLAAYAVPYRQVIAGDD...SRES....Y RKEVEI RSKPHW.NK.A FY W  PLNMEHFDN

NgaGm      303                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFGVQQGTAEWYEALDQHF  LLQYRIS YFCKWADGMR LT.YTSP PADH.......P...KSDEYFSDPRLAAYAVPYKQVVSGNN...SAED....Y QKQVEI RTKNHW.RK.A FY W  PLNLEQYDS

NgaBl      291                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              V            DDIAPGVVGASGDSAATPTAAWQFDFSKLE  VRMAQAA ..IRWFEMSH FT....Q GAAH......CP..KIIA..AIDGEERRP...FGWRASATDPADGYPEFLAAF TALDRE HR.LGI.ADNTVFH S  P.TADQLGS

NgaBf      242                                                                                                                                         DE                                       RW       G          L       W                                                     I      L              I            .................EEGEYSFDLSALD  LEICGRL ..FTGIEIAH FT....Q GARS......TP..AIQV..ETGSGLEHR...FGWHVPATSP..EYRRLLEAL PVLRAH EE.HW..DGQVLWH S  P.HEDQLDS

NgaLy      233                                                                                                                                         DE                                       KW       G          L       W                                                     L      L           F  L            .................PGTPYRFDWSRLR  CQLAQQS ..FAYLEMPP FT....Q GAQA......TP..TITD.....TAGTAL...FGWHVPSTAP..AYRAFLQAL PQLLAV AE.EGYDRDHL FH A  P.NASTEDG

NgaP2      263                                                                                                                                         DE                                       RW       G          L       W                                                     L      I           F  V            .................GVNEYRFKFDRLE  VEMCQRL ..IQFIEFSH FT....Q GAKY......AP..KIIA..KKDGEEKRI...FGWDTEASGE..SYSLFLDQF PQLVHF RN.HHL.DDKV FH S  P.GMKHAES

NgaCp      254                                                                                                                                         DE                                       K        G          V       W                                                     L      L           F  V            ..............NKGNNGHYSFNFERLD MMGLFMQS ..IKRFEGDF AQ.KMTD AGPL..GFVMPADA........GDAV.SR...KLVTVNDADN..NARQFYKEY VALYNH KQ.KNW.DDIV LH S  P.TQQNPKA

NgaDssm    253                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              L            ..............QLDKSSRMEVDFSRFD  VRIFIAE V.IGRIEGGH GG.RSSD ESPF........VVRI.KELR.EG...NI...ITKSVAPTSE..EANQFYAQF PALVNH RD.RGW.LEKYAQH A  P.VRTNIES

NgaBa      223                                                                                                                                         DE                                       RW       G          L                                                             M      L              L            ..............IYKGDDRLEFDFRLLD  INLFKEE V.IGTVEGGY AG.RPPRTVEGW..WTVSEFLSRRYRVFNKDGSL.AY...VQEPVKVSSP..VFEEFISQF PALQAH DE.LGL.LDSYVQH A  P.IDANAES

CpNga123   354                                                                                                           Y                                     G     L   I              I  A            D                                                      A              C         PS               W         FLCVD IEN TNNSYE.....HFK SS MDYESGNDYSFL RI..........DDISIGL.............SHI.....N....HNSDDMKNM THRQELGLLTTI T T.G....DY  SFTISDPSEGAFT.I YSLYQNTN   

BvGH123    390                                                                                                           Y                                     G     V   A              V  A            D                                                      I              C         PN               W         YLTLK IRK DKD.........FK SL ...GTY.HKELL DL..........N.....D.............YCI.....T....IAEKFTPEE EARRKAGKVTTY T CTE....PR  TFTFSEPAEAEWL.A HSAKENLD   

NgaP       437                                                                                                           Y                                     G     L   V              IA A            D                                                                     C         PN  A            W         YLAAD IEE SGG........KLK  A MNVNSL.SDSRL RL..........HKISVGL.............YHV.....N....HENKQLTNTSEHRRQLGLITTI N V.G....HY  SF RSNPAEPVWV.I DTMRHQTD   

NgaMg      308                                                                                                           Y                                     G     L   L              IA V            D         V                                            L          W             PN  L       RI   F          LCD. SQA RDWGRSMHQAGVLQ  T S.....PTPELL DG..SGRPA DVFVLNAAM..........................YEKAKANGM DAARAKGARI Y SALVLSETPGA  WQ DVAPMNF  SSG FAQALGFS I 

NgaSc      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             PQ  I       RI   F          LCPQ YSA KEWGKNIQQAGVKH  V T.....PVPEID ........F DIWVVQPQW..........................YDTAT..NR KEAMNKGDQI F SGY.DAT..YS  WT DSQPIDF  GQG ISQSLGIK V 

NgaCa      292                                                                                                           Y                                     G     L   I              LI M            D         V                                            I          W   C         P   I       RI   F          LYTS YEP KAWARNLHEAGVAN  T A.....PVPELY DGSGSGRSA DIWVILPLQ..........................YDK....DR QEVLAKGDEV S N CVQDD..YS KWQ DFNPIEY  QPG INQSLGMT I 

NgaNp      314                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             P   I       RI   F          LCPS FQQ KQWSRNLHSAGVSN  T I.....PTPELY DGSGTGRSA DIWAILPKM..........................YEQAP..DR AKVLQKGDKV S NTLVQDE..YS KWQ DFQPINY  QPG ISQSLGLT I 

NgaCs      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            V          W             P   V       RI   F          LCQN NQA KQWLRNVKQAGVAN  V T.....PVSELY HNFFAGSPG DVWVVSPPM..........................YYQAG..SS SDVLKNKGKV F TALVPDD..YS KWQ DFEPINF  PHG INQSLGLT A 

NgaOs      428                                                                                                           Y                                     G     I   L              IL                        A                                            A          W   C         PN  L       RA   W         FLICS SNE RSYASD......VR  TTY.....YCGPS.GSE......L ..PSTFEAFVKVPNVLRPHTQIFCTSEWVLGTREDLVKD...IV ELRPDLGEEW T V MGPSD..PQ  WH GMRGTQH  V.M RVWKEGGT   

NgaAt      412                                                                                                           Y                                     G     M   I              VL              D         A                                                       W   C         PN  L       RA   W         FLVRK ASE YAYAPD......SR  TTY.....YCGPG. AP......L ..PTPFESFVKVPNLLRPYTQIYCTSEWVLGNREDLVKD...ILDELQTENGEEW T I LGPSD..PH  WH GMRGTQQ  V.M RVWKEGGT   

NgaGm      419                                                                                                           Y                                     G     M   I              IL              D         A                                            A          W   C         PN  L       RA   W         FLVRN ASE HAYAPD......AR  TTY.....YCGPN. AP......L ..PTPFDAFVKVPSFLRPHNQIYCTSEWVLGNQEDLVKD...II ELQPENGEEW T V MGPSD..PH  WH GMRGTQH  V.M RVWKEGGT   

NgaBl      416                                                                                                           Y                                     G     A   V              IM A            E                                                      V          W   C         PN  M       RV             FLYLK KAV APYLKD......YR  D L.....SHVEFY SG......AC..EHPIPAD..........................DAIE...PF ...QAHVPDL T Y CAQTT..NV  RF AMPSYRN  L.GLLLYTYDLA   

NgaBf      347                                                                                                           Y                                     G     A   V              VV A            E         V                                            L          W   C          N  I       RV             FLYRA KEQ ADLLEG......AQ  D L.....SSLAFA QG......V ..DTPIVAT..........................SHVG...PF ...EAGRRP. V Y VSQNR..DVA RF AQPSVRN  L.GRQLFAFDAP   

NgaLy      337                                                                                                           Y                                     G     A   V              VI A            E         V                                            L          W   C         PN          RV             FLYRA RAQ ADLLDG......LQ  D L.....SDVRFY NG......L ..PHPVVAD..........................DALA...PF ...AADAAPL T Y CAQTT..AV  RFFALRSYDN  L.GVLLYRHQIQ   

NgaP2      369                                                                                                           Y                                     G     A   L              IL A            E         V                                            I          W   C          N          RV             FLYRQ SDI NKHLAG......FS  D L.....SDYDFY KG......L ..QIPVPSN..........................DQIE...PF ...EHGVEPL T Y CGQDH..HVS RFFSLSSPRN  L.GAQLYKFGVQ   

NgaCp      365                                                                                                           Y                                     G     M   V              II A                      I                                                       W   C         PN  L       R    W         FMYKD LAF RSVVPD......MK  E I.....NQPV.PIDV......D ..QVPLLSY..........................LRYGALPKFEKQRAQNKGEL Y V VSPQY..NY  RF ENPLIKT FL.H TNYKYDLT   

NgaDssm    363                                                                                                           Y                                     G     I   V              II A                      V                                                       W   C          N  I       RL   W         YLYRA SKL RKYAPE......LK  E C.....HTKDLAGAI......D ..WVPQLNF..........................LHND..FEHYQKRQRAGDEV F T IYPQG..EYA RF EQPLLKT  L.H INYRYGMT   

NgaBa      343                                                                                                           Y                                     G     I   V              II A            D         V                                                       W   C         PN  I       RI   W         YLYKH AGL RKYAPK......IR  E S.....TCKRLV YI......D ..LVPLLDD..........................YDKN..MSFYEERKRRGNEV F T LAPTG..RY  RL DYSLVKV  L.H INFKYGLV   

CpNga123   458  W                                   Y               R                                                                                                   W                        GDP LI P            T     L  GI D   A  L             L             Y                  A  IK  I   A                  R SWDG VE..NPLENV.......SYKYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY MEKAPNLKNSIEN IYSLKRPNKGENA GSAVAASKEDRD.LTISE NR  NG NNF REFISLTMETL.......

BvGH123    482  W                                   Y               R                                                                                                   W                        GD  MI PG            I    L  GI   E V IL            I              F                  V  AK  I                      R ALNS VK..NPLQDS.......RFTAWAA  TY     ARSS........  LER TE  QFF K R  KEEFEEKGNKGA KN.....IDKTLKM DES....SMDKI.SPTTA NK  KV ....NRY...............

NgaP       537  W                                   Y               R                                                                                                   F                        GD   V PG            V    M  GI D E V  L            AA             Y                  V  LK  L   A                  R AFDS VK..DPYETT.......DFKTWES  SAQ    AVSS........  FER KE  R A K RY TEHNAEIGEEIA  AWQMQNVGYALDP NGV....KDPGIVNIPQE NR  AS DQA RKYLDLIREEMKDEIVLV

NgaMg      421  W                                   Y               R                                                                                                                             DG LV PG         V SM    L  GV D E V LL             V             W                  L   R  I   L                  D AADYVTKGQDPWQDV..SYLE..NKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  KKNPKLYAQYGWR E....RLVPGLES SPNPAE............ EAT RA GEA SQP...............

NgaSc      415  W                                   Y               R                                                                                                   W                        GEG LV  G         V SM    I  GV D E I IL            AL             W                  L  AR  L   I                  Y RIDD T..DEPWEKV..PVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  KQLGL....EKW  QV.ARDVGADWRN TKKPAE............ EL  KK GEK NQIYSQTKQT........

NgaCa      402  W                                   Y               R                                                                                                   W                        GEG LV PG         V SI    I  GI D E I IL            AL             W                  L  AR  L   I                  Y RVDF T..EDPWHDV..LTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  KNLGH....EQW  EI.SQSVGPDWHN TKDHHK............ EW  KQ GER NDLMTK............

NgaNp      426  W                                   Y               R                                                                                                   W                        GEG LV PG         I SM    L  GV D E M II            AL             W                  L  VR  L   I                  Y QVDL T..KDPWHDI..QTYSKNNGDNFP   M     KQVGLQG.V P   LKW RD  E Y Y E  KKLGS....GTW  NI.GRTVGKDWKN TRDTNV............ ES  SQ GAE DKLSFLKANAK.......

NgaCs      424  W                                   Y               R                                                                                                   W                        GEG LV PG         V SM    L  GV D E I IL            AL             W                  L  AR  M   I                  Y RVDF T..DDPWNNV..ETLF.QDGNHYP   M     QQVGIEG.V P   LKW RD  E Y Y Q  KELGR....GDW  EV.SRKVGRDWKD TRDPQA............ EL  RQ GEE ERISTQ............

NgaOs      549  W                                   Y               R                                                                                                   Y                        GDG L  PG         V S     I  GM D E L L             LL             Y                  I  MR  V                      Y GTNC EKA......MIPSAEICFRRGLPP   V F   EVFSSSHEP A T LER LS  Q I Y K YSSRYGREEG.LA  EK.T.GVYLGPDR ALDHGP............ DV  GE YRTCRS................

NgaAt      533  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    L  GL D E L L             LL             Y                  I  LR  V                      Y GANC EKA......TVPSAEVKFRRGLPP   V Y   EVFSSSSEP A   LER LS  Q Y Y K YESKYGREEA.MG  EK.T.GVYTGPER TLEHRP............ DV  GE YNTCRPS...............

NgaGm      540  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    I  GL D E L L             LL             Y                  I  MR  I                      Y GANC EKA......TVASAEIKFRHGLPP   V Y   EVFSTSHQP A   LER LN  Q T Y R YASRYGRDES.IA  ER.M.GVYFGPER TFEHMP............ DA  GQ FNACRS................

NgaBl      509  W                                   Y               R                                                                                                   Y                        GD  LV PG           SI    V   L D     LL            IV             Y                  L   R  I   I                  H GFNF NAQ.YSLRPINPYTEAGTPEGFAA  AF     P....GGAPEE   IMV EEA N LRACR  ESLIGRERT.LA  SE.GLGTPLTFAD PQSADW............ LGR DA NQA AQAIAARP..........

NgaBf      439  W                                   Y               R                                                                                                   W                        GD  AV PG           SL        M D   L  L            LV             F                     AR  V   I                  H GYNF WAQ.FSLRPIDPFEETCAGGPFFG  SF     P....EGTPWL   HRVFAQA A HRA TW AELTDRPSA.VA  DE.G..GTLTYSS SYDVHA............HLE  HA DER RAALAA............

NgaLy      430  W                                   Y               R                                                                                                   Y                        GDP LV PG         L SL       G  D   L  L            LI             Y                  L  LH  A   L                  H GFNF NAQ.LSTRPIDPFAVTDAGGAFPS   F     A....DGQP N   NEVQRL FG LAV QQ EALKGRPFV.ER  DV.TAGMVPQFDD PPDAGW............ TR  EK VAT AAAAPAHKKE........

NgaP2      462  W                                   Y               R                                                                                                   W                        GDP VV PG         L SI       GL D   L LL            LL             F                  L   R  I   I                  H GFNF YSQ.YSKKVIDPFKVTDADCAFPS   F     A....DG.P D   WEVFRE  Q LRA K  EALAGREKT.LA  EQ.NLREELTFKS PDDIEW............ LST EK NRA KDAYRADR..........

NgaCp      463  W                                   Y               R                                                                                                   W                        GD  IV P          I SV    M  GI D E L LL            IV                                    R  I   L                  H GYNI TG..YPFDFS..TSN......SVG  AW    KD....GK.I S   LEA RD  V Y L R  EKKNPALAQ..Q  NA....TILDFDKSNTDIGT............FRTN RK LTA SN................

NgaDssm    460  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    M  GI D E L ML            LV             Y                      R  L   L                  H GYNQ GKD.SPFTHT..TKQHTGQQYLPA   W     R....DG.P D   HEA CD  A Y L S  GERDPEAAK..R  NR....HVLDFDR NCNVEA............FRAT LE LEL SRQ...............

NgaBa      440  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    L  GV D E   LL            L              Y                  L  IR  L   L                  H GYNY TE..KPFEDV..ENEPSHPFPLPP   F     K....SG.P D   FEA RD  E Y LFK  AERKGLDEA.VG CSL....AVKTITD VRSSGE............ LS  LR INE ESLG..............

CpNga123 ...................................................................................................................................................

BvGH123 ...................................................................................................................................................

NgaP       663 GPDAVQSDESFAVKFGLNRLSKPVQALDITLRYSADRFEFIGAASADEHVQIVDTIKQGDGKLRLIVAALGSEHAIHADSLFLELSFRAKAADQSAQGIVEAAEVIVSGSDGVESSLSPVSIAIDVLPVDPFDRLDVNRDGKISIGD

NgaMg   ...................................................................................................................................................

NgaSc   ...................................................................................................................................................

NgaCa   ...................................................................................................................................................

NgaNp   ...................................................................................................................................................

NgaCs   ...................................................................................................................................................

NgaOs   ...................................................................................................................................................

NgaAt   ...................................................................................................................................................

NgaGm   ...................................................................................................................................................

NgaBl   ...................................................................................................................................................

NgaBf   ...................................................................................................................................................

NgaLy   ...................................................................................................................................................

NgaP2   ...................................................................................................................................................

NgaCp   ...................................................................................................................................................

NgaDssm ...................................................................................................................................................

NgaBa   ...................................................................................................................................................

CpNga123 .............................................                                                                                                      

BvGH123 .............................................                                                                                                      

NgaP       810 LSITAAHYGKTDQSPDWEMIKNADVNRDGKIDIVDLTEIAKKIIE                                                                                                      

NgaMg   .............................................                                                                                                      

NgaSc   .............................................                                                                                                      

NgaCa   .............................................                                                                                                      

NgaNp   .............................................                                                                                                      

NgaCs   .............................................                                                                                                      

NgaOs   .............................................                                                                                                      

NgaAt   .............................................                                                                                                      

NgaGm   .............................................                                                                                                      

NgaBl   .............................................                                                                                                      

NgaBf   .............................................                                                                                                      

NgaLy   .............................................                                                                                                      

NgaP2   .............................................                                                                                                      

NgaCp   .............................................                                                                                                      

NgaDssm .............................................                                                                                                      

NgaBa   .............................................                                                                                                      

 

1
1

181
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

43
80

314
67
69
42
72
68
93
78
84
59
36
35
54
61
64
38

143
189
414
188
190
162
194
190
190
175
181
176
139
132
160
163
168
142

245
287
515
238
240
212
244
240
312
296
303
291
242
233
263
254
253
223

354
390
618
308
312
292
314
312
428
412
419
416
347
337
369
365
363
343

458
482
718
421
415
402
426
424
549
533
540
509
439
430
462
463
460
440

CpNga123     1                                                                                              T   A                                            A  GD.........................................................................................MKKD TLG SIGSTDFHYLQK................DYDEIKKLNLNTWNEV WI  

BvGH123      1                                                                                         L    T   I                                          L A KGE...............................................MKKLLFLGALL...LSTVCMNAQTS.EYYQEAANPIATNPA WAKV APQ SWGSTDIRYKKEEPAPIH.................SAQKSMN T W   

NgaP         1                                                                                              Q  K                                             A KGDAVTGIEMEAGELTVEDGSITQLNAAVLPA...NASNQTIRWSTSDDQVAKIDAQGRLSAEAVGTVQVTATSEDGGFQAT.RKVVVAPA....S YL GAVGTTDMHYVKESPFDDYKRI.......DYMEIAQMNEKVWTGN W   

NgaMg        1                                                                                         V    S  RV                                          L AARGE......................................MSWLRRSRLLLVLLPAL........TGCPAM......SPLAAIDPSGPLR WAVS LE  ........MPETPPQEN..K...................PIE F     

NgaSc        1                                                                                         V    N  RI                                          L AARGE..........................MKIFSFF...TNFRWLTI.......IFLT........ILL..I......LVRTKNLSSNNPI WVTS ME  ........GLNEQPNSKFKN...................TIE Y     

NgaCa        1                                                                                         V    S  RV                                          L AARGE.............................................................................MANTQKTLSLS WTAS QE  ........RQDDPAGES..L...................NIE F     

NgaNp        1                                                                                         L    S  RI                                          I AAKGE..........................MQMIRFWKKLKFIRWVML.......IFIT........LICLNI......WQIPKASSAIGPV YMVP LK  ........GQTEKITNT..S...................LSK Y     

NgaCs        1                                                                                         I    S  RI                                          L AARGE............................MQGFKLTSQIIIWTVL.......ALAT........FSCA........LGVAKQSSSNGPA WVAQ LE  ........AQSQNPGSS..S...................SVK Y     

NgaOs        1                                                                                         V    S   V                                          L AAR E......MESGQPNSAAAADKTQNSSVPPVEGVAGGGTSYGWVDGGLQASS.............LGNG.A......IDPTKIHSADLLH WSMP TAN ........SQQEAPRPLEH.....................VN L   N 

NgaAt        1                                                                                         V    N   V                                          L AAR E..............MD..NNVSQEMTVPVEGVAGGGTAYGFNDAEP.................L.KQ.S......TDPSEVPTADLVN WCMP TVN ........GSQETPRALEP.....................IN L   N 

NgaGm        1                                                                                         V    N   V                                          L AAR E..............MDNSGNPQDVVVPPVEGVAGGGTAYGWNDGGTHGLN.............V.KG.P......IDPTEIPTKDLVH WCMP TAN ........GPQDMPRHLEP.....................IN L   N 

NgaBl        1                                                                                         V       KI                                          V  L GE.................................................................................MTVAIFT TPVSALE  ........FPTSRPTAAGPSAGGPSPAGPATANPLHVALIRE TG A  

NgaBf        1                                                                                              S  KV                                          A    GE......................................................................................MQTVLTD LE  ........LGESAPRPAAPIG..................GAH SGFL  

NgaLy        1                                                                                         I       KV                                            VL GE....................................................................................MDYQ DLVDPLT  ........FADEVPDAWV.....................VATQM  Q  

NgaP2        1                                                                                              S  KV                                            AM  E.............................................MIRWS.............QVDE.E......GDTIMLEELPDFETRCLS LS  ........FADAELHDLP.....................VNTGS  WK 

NgaCp        1                                                                                         A       KV                                          A VAKGE...................................MKAFFLLLLGVLPFG.............ILSA.Q.........ESNRKKGGAT MFVDPLV  ........FKYSNDLQEIK.....................PV D     

NgaDssm      1                                                                                         V       KV                                          A VARGE...............................MKETITLWGILCITSCFWG.............LVST.A..........IAKEDRILK WTVDPLV  ........FRDSEPVTTGQ.....................AL E     

NgaBa        1                                                                                         V    S  KV                                          L AVR E...................................................................................MSRFD WVQD LT  ........FRDSPKPEDAIK...................DVV D   N 

CpNga123    43                                                                                      D                                   W                           N  IVM               V     D               I        L                            FP  I                      L I       A I I IP     G         Y G EL SK   WTNSSPVN......N TLSSS FINENGDLISSNNIK S......W KETLAN.........IGR.SNPSAPLEP   I HNSG.................S N EKNKIAS   N K  RNAKP I........ N S

BvGH123     80                                                                                      D                                   W                           S QLVV                     D                        V                     A          I                      L L     Q   I V IP     G         Y G KI A    WTPKVLND......LTF.MVS LTSG.SATISKENIRTG......F RYVITDELNKDGLGACGYRNS DFDSTLVA V DHIT................PT T PANST GG  S N  QGTKA K........ T T

NgaP       133                                                                                      D                                   W                           S Q VL               V     D               V        V                             P  L                      V I     Q I V I VP     G         Y G RA A F  WTTNRKED......Q TLSIG LVGEHNQSIASSNLS H......F KTTKAA.........RGN.PSQGKPQELI  I GSAD.................P S DKFGV P   S D  KDAKA N........ S Q

NgaMg       67                                                                                      D                                   W                           S QVVV               V     D               L                                     YP  L                      I V     Q   I L VP     G         Y G YE F    FGPK.GLR......G NLQVS LSGPGGAVIAKDHLS YREHYLPVSTPSPHRG.......G....PNRPLGKGW   A IPFDSSTRPQYTPDAVVYGSVP D APGNT AF  D Y  REAPP L........ T Q

NgaSc       69                                                                                      D                                   W                             QIVV               V     D               L                              L      Y   L                        L     Q I V I VP     G         Y G YEAF    GAPTKNVT......N NVSIS LSSANEQIISNKNIT YREHYLYIDQPSTQEW.......T....NN TSRVGW A G IPFLNPETG.KDLTGANLDAVPFD KSGEN P   D F  RNTKA Q........ K T

NgaCa       42                                                                                      D                                   W                           S QVAL               V     D               L                              L      YP  L                        L     Q I V I VP     G         Y G YE F    KAPEGEHR......N HFVVS LKGTGDSFISKSNLT YREHYVYISESSPQRG............TV PEGPGW   A IPFIDPATN.EPPSGGELIAVPFA ENNSN V   D Q  RDAEA H........ S S

NgaNp       72                                                                                      D                                   W                           S QLVI               V     D               L                                     YP  L                        L     Q I V V VP     G         Y G YE V    KAPSSGLT......N NISVS LLGSNNQIIPKNNIT YREHYVYVSHSSPNMR.......DN...LNPPLGVGW   G IPFLDPVTQ.KPPLTGELKAVPFR QSQYN P   D F  RNAKS E........ T K

NgaCs       68                                                                                      D                                   W                           S QI I               V     D               L        V                            Y   L                        L     Q I V V VP     G         Y G YE F  G KSLQGGLT......N NVSVS LSGLNNQVIPKSNIT YREHYVRV NSSPKEN.......RS...SNPPLQPGW A G IPFVNPETK.AELSGAKLDAVPFK DAGSN P   D F  NNAKP L........ K T

NgaOs       93                                                                                      D                                   W                           S QIAL               V     D               A        V                     L       P  L                      I L     S I V L VP     G         Y G RE F    RPKVSWATSGIAG.S QVQCT LC...........SS GDRL...V GQSVTLRRVVP.........M .....GV  A VPIDPLNSQ............. N LPGET A   S N  CGQQP L........ E E

NgaAt       78                                                                                      D                                   W                           S QIAM               V     D               A        V                     L       P  L                      L L     S I V I VP     G         Y G RE F    RPKVSWAASSPSG.I QVQCS LC...........SS GDRL...V GQSLKLRRVVP.........V .....GV  A VPLDLPVSQ............. S FPGET V   S D  TGQPP Q........ E E

NgaGm       84                                                                                      D                                   W                           S QIAI               V     D                        V                     L       P  L                      I L     T L I I VP     G         Y G RE V    RPKVSWGGSSVAG.T QIQCS LC...........STSGDRL...I GQSLLLRRVVP.........I .....GV  A VPVDLPVSQ............. N FPGET A   S D  SSQPP Q........ E E

NgaBl       59                                                                                      D                                   W                           S QLA                L                     L        V                     L      YP  L                      V         L V V LP                   TV F   YRVEPETQDPNDAD.R RQTCVNQFVTHVT....VSGA ADRTRVRA RNVQVDFAAYPGTVDD...AY SDQPGQ   L QDTD..GW.............. AFMPGQWRS   D E  AMDEPQEIPN......ASD

NgaBf       36                                                                                      D                                   W                           S QVAL                     E               I        V                     L      YP  L                      V V       L I V                      VL V    RAEEGEAPDPR........SA HAALRVR....LGGE ADSARVHA RRVPVSSPAPA.EADE...HY ATAPGE   L EPLG..GEE............. R GRGLWEA   D IDAPPG.............EHT

NgaLy       35                                                                                      D                                   W                             QLA                      E                        I                     L      FP  L                      V A       L L I                  Y   PLVL   YQRLRDDDA..S........FS ...........LTLATSLSAQCFE NQVPSQLPTWP.HPDA...RY RTTPGL   L TPLT..GP.............. R YHGQVRA   K PTESLTPG.........S ELT

NgaP2       54                                                                                      D                                   W                           S QVA                      E                        V                     I      YP  L                      V A       V V V LP                   VF F   YRSPQLIKSLKI........SA ...........SELEPY..LAIRA GLSPSELPVFP.NPDE...GY RTAPGL   P YPLA..DG.............. H VPNQWRS   T S  SMSEFIPAADIGAESVSFP

NgaCp       61                                                                                      D                                   W                           S Q V                I                              V                     I      FP  L                      I V     Q I L V I                Y G YA F F YRSGTAIKSLSAKITG KGER.............G..GTISNSMVKF GYVKQGKYTD..KPAT...DI RSKDGT   P YEQQ....S............. A DAGDN A   T P TAGQQPDL........ H E

NgaDssm     64                                                                                      D                                   W                           T QIVI               L                     V        V                     L      FP  L                      I V     Q I V V VP     G         Y G RA L    RCAKPIQELHAKVGP ALGS.............NAKQ LESAPVRF GYVPVDRPIPR.P.PK...DQ RRPPAD   P LEEK....T............. A DENQV P   T A  TNTQP L........ Q S

NgaBa       38                                                                                      D                                   W                             QIVV               L                     A        V                     V      FP  L                      V V     Q V L V VP     G         Y G YEAA    HPLEDVERLEVRVTS RHES.............DE.Y ITRVYPRF GYVPVKRNTPD.TPPE...EL RKAPGM   P LEEE....T............. R KKGEN P   T Y  KDAPP T........ H E

CpNga123   143 I VT                  V     P                                                                 V                                                     E  ADELEK...SYTFDYSFE LNLVQ LPSETNTQIEFWQHPYTIAR..........YYKICKEDLFTEKHFKYLR..GNLKEYRNM.GGRG I...........AT........IVHEAWNHQSYDSDPSMIKW..........

BvGH123    189 V V                 L V    LP                                                                 I                                                     T KADGITL....SELKLN Q KNRT  PPSEWAFHLDLWQNPYAVSR..........YYNV...EPFSKKHFDLMR..PLMKLYADA.GGKV T...........AS........IMHKPWNGQTYDAFESMVTW..........

NgaP       233 L AS                L V    LP                                                                 I                                                     T  SASGEE....VSFTLQ E LDLT  DVKDWGFELDLWQNPYAVAR..........VNGITQDQLWTKAHFDAMK..PHYEMLAAA.GQKV T...........TT........VTYDPWNSQTYDVYDTMVKW..........

NgaMg      188   VS                L V    LP                                                                                                                      YT  AANGQAQG.....EIR R WNFE  V..................................................................................RPTLQSFAPLWFTHTTAAKLELLRN..........

NgaSc      190   VT                L V    LP                                                                                                                      YT  SDRGKFTG.....EIS T WNFE  L..................................................................................QPSLNSSFSFWEQTNQENYIELLQH..........

NgaCa      162   VS                L V    LP                                                                                                                      YI  SEHGEVTG.....QIS T WNFE  L..................................................................................KPSLKSTFLIWSSRKKSTVEELLKH..........

NgaNp      194   VT                L V    LP                                                                                                                      FI  SDQGKAES.....KIV K WNFE  L..................................................................................KPSLKSSFPFWYNKTKIANEEMLKH..........

NgaCs      190   V                 L V    LP                                                                                                                      FT GSNQGNFTG.....EIS K WNFE  L..................................................................................KPSLKSSFLVWEARSKSTFVELLKH..........

NgaOs      190 I IS                       L                                                                  V                                                     F  AVRAEAESRGESLTK...SERYQ YKELRNCIDITEPRDYSSSEEMVQRLTSASTTLRR...MLALPSFQDCQENNGLGDMMDED.IMNN AVRLKLSLTVWDFTLPLTPSLPAVFGISETVIED..................

NgaAt      175 I IS                       L                                                                  L                                                     I  AMKTDGGGS.SHLAK...HEKDQ CVELNTCLDIMEPIEGKPMDEVVERIKCASSSLRR...ILFSPSFSEFISTNGSTDMMEED.VVSN SLRIKLRLTVWEFIIPVTPSLPAVIGVSDTVIED..................

NgaGm      181 I IT                  V    L                                                                  L                                                     V  AIKSDAESPVQSISK... EKHQ YRDLKGCLDIVEPIDGKPLDEVVERVKSTTTSLRR...ILLSPSFSEFFSDNGPVDVMDED.AISS SLRMKLNLTVWEFVLPETPSLPAVFGISDTVIED..................

NgaBl      176 L  T                V      LP                                                                 L                                                     TF FTDRAG.TTVAATAVS HRISAQ  E.LT..IAHTEWLHADCLAQ..........WYGV...PVWSEEHWRIVE..RFVRLAAKR.GMTM ............YTPLFTPPLDTVVGGERLTTQLVGVTRIESSAAATGTADT

NgaBf      139 L L                 L V    LP                                                                 V                                                     T ALTDTTGEQVLAEHAVQ R HPHQ  P.LS..ITNTHWFHADSLST..........YYDV...EVLSPQHWELIE..AFLASAREM.DVTS ............LTPTWTPPLDTAEGHTRPFVQLIGIRE.............

NgaLy      132 I LT                L V    A                                                                  L                                                     T  .ETASG.QVVFSQTVP T AAAV QP.PR..LHHTEWFSVDCLAD..........YYHE...APYTPRLWAIIG..NFMVFAHDEALMDT ............LTPIFTPPLDTAVGATRTNVQLVQI..L............

NgaP2      160 I L                 L I    LP                                                                 L                                                     D CFEDGKG.NHLGAEKFA E IFQE  E.QT..LLHTEWFHSDCIAT..........QYKV...EVFSEAHWKLIE..SYVHNAVNH.GVNM ............LTPLFTPPLDTYVGGERPTVQLIDVEIT............

NgaCp      163 L VT                I V    V                                                                  V                                                     V  AVTANGEQQSVKKNFD K YPVS TK.QT..LWVSNWASFLSPSSVVMKN.....PQAS...KMYSDEYWTALK..AMADKMNDY.RQNV ............RIEMLK....VI...........TF...............

NgaDssm    168 V IS                I V    VG                                                                 V                                                     H  GRV.DGRQITTKVPVA K FDIE  Q.SR..LWVTNWFSMQSRHM..........KIAP...EPDSQQYWALLS..RYARNMSEH.RQNV ............LVSPLS....LA...........TF...............

NgaBa      142 V I                 L V    LP                                                                 I                                                     L RADG.DETRVKTC.... R HDVI  DERN..LKLSNFLSPHNISK..........FHGV...ELWSEDFWRLLK..AYARNMAEH.RQSS ............ITPILE....LT............R...............

CpNga123   245                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y  M            ..............RKNSYGTFEFDYSHFD  IQLNIDL ILDPEKGFGQ KCYSIVP NNRI.............Q.YFNEATN.KE...EAINPTPGSD..LWINIWTQF TSFMSH EE.KGW.FNIT IS .  R.SMDDLKA

BvGH123    287                                                                                                                                         DE                                       KW       G          I       W                                                     L      L              M            ..............LKKADGTWYFDYTVFD  VEFMMDL VK......KQ SCYSMVP RLSF.............Q.YFDQASN.SF...KFLDAKPGEV..AYEEFWMNM QDFSKH KA.KGW.FDITHIA .  R.PMKDMQE

NgaP       334                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y               ..............TKKADGTYTFDFEIFD  VQFMMDL ID......SQ DAYSMVS ASKI.............K.YYDEVQK.KD...VIETVQTNNP..KWAVMWRAF EAFVPH EA.KGW.LDKT MAN.  R.ALNDLLI

NgaMg      238                                                                                                                                         DE                                                G                                                                               L           Y  A            .RIQPGR.............VQPKQLQLLSPAGLNLVEL I.................GAGANYHNCQANP...............AP...............PPEVFRKA.....KEA NT.....DLPV DF F  V......DH

NgaSc      240                                                                                                                                         DE                                        W       P                  W                                                                        Y               .KIMPRN...........DLDTIKDPELISQ GLTSVSL F................. SGANYHNCRMKP...............AP...............SLEDIRAA.....AERNQS.....NLLK IYSV  V......DH

NgaCa      212                                                                                                                                         DE                                       KY       G                  W                                                                        Y               .KLMCQQW...NLSEEEKGAAPTSEGEWIE  GVNCSGL F................. SKADTFNGVMPP...............PP...............TVEEIQAA.....ASAHPS.....NLFL NYTA  I......GH

NgaNp      244                                                                                                                                         DE                                                G                  W                                                                        Y               .KLMPK............HINPQDQQGLV.QQGLASASL Y................. SGADISTCKMNS...............LP...............SFEEFRKT.....AASYQS.....DLFL NYTA  I......DR

NgaCs      240                                                                                                                                         DE                                       KW       P                  W                                                                        Y               .KIMPVG...........NINPADERELID  GLSSVRL F................. SGANNRTCRMNL...............AP...............SVEEIKAS.....AAKHQS.....DLFL VYSV  I......DN

NgaOs      312                                                                                                                                         DE                                       RW       P          I       W                                                     L      L           Y  L            ...........RFCLEHGTKGWYDALDHHF  LLQYRIS FFCRWGDSMR LA.YTCP PADH.......P...KAKEYYSDPRLAAYAVPYAPILSSTD...AAKN....S RREVEI KSEAHW.SK.S FY W  PLNMEQYDV

NgaAt      296                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFAVEHGSEDWYKKLDLHF  LLQYRIS YFCKWGESMR LT.YTSP PADH.......P...KSDEYLSDSRLAAYAVPYRQVIAGDD...SRES....Y RKEVEI RSKPHW.NK.A FY W  PLNMEHFDN

NgaGm      303                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFGVQQGTAEWYEALDQHF  LLQYRIS YFCKWADGMR LT.YTSP PADH.......P...KSDEYFSDPRLAAYAVPYKQVVSGNN...SAED....Y QKQVEI RTKNHW.RK.A FY W  PLNLEQYDS

NgaBl      291                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              V            DDIAPGVVGASGDSAATPTAAWQFDFSKLE  VRMAQAA ..IRWFEMSH FT....Q GAAH......CP..KIIA..AIDGEERRP...FGWRASATDPADGYPEFLAAF TALDRE HR.LGI.ADNTVFH S  P.TADQLGS

NgaBf      242                                                                                                                                         DE                                       RW       G          L       W                                                     I      L              I            .................EEGEYSFDLSALD  LEICGRL ..FTGIEIAH FT....Q GARS......TP..AIQV..ETGSGLEHR...FGWHVPATSP..EYRRLLEAL PVLRAH EE.HW..DGQVLWH S  P.HEDQLDS

NgaLy      233                                                                                                                                         DE                                       KW       G          L       W                                                     L      L           F  L            .................PGTPYRFDWSRLR  CQLAQQS ..FAYLEMPP FT....Q GAQA......TP..TITD.....TAGTAL...FGWHVPSTAP..AYRAFLQAL PQLLAV AE.EGYDRDHL FH A  P.NASTEDG

NgaP2      263                                                                                                                                         DE                                       RW       G          L       W                                                     L      I           F  V            .................GVNEYRFKFDRLE  VEMCQRL ..IQFIEFSH FT....Q GAKY......AP..KIIA..KKDGEEKRI...FGWDTEASGE..SYSLFLDQF PQLVHF RN.HHL.DDKV FH S  P.GMKHAES

NgaCp      254                                                                                                                                         DE                                       K        G          V       W                                                     L      L           F  V            ..............NKGNNGHYSFNFERLD MMGLFMQS ..IKRFEGDF AQ.KMTD AGPL..GFVMPADA........GDAV.SR...KLVTVNDADN..NARQFYKEY VALYNH KQ.KNW.DDIV LH S  P.TQQNPKA

NgaDssm    253                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              L            ..............QLDKSSRMEVDFSRFD  VRIFIAE V.IGRIEGGH GG.RSSD ESPF........VVRI.KELR.EG...NI...ITKSVAPTSE..EANQFYAQF PALVNH RD.RGW.LEKYAQH A  P.VRTNIES

NgaBa      223                                                                                                                                         DE                                       RW       G          L                                                             M      L              L            ..............IYKGDDRLEFDFRLLD  INLFKEE V.IGTVEGGY AG.RPPRTVEGW..WTVSEFLSRRYRVFNKDGSL.AY...VQEPVKVSSP..VFEEFISQF PALQAH DE.LGL.LDSYVQH A  P.IDANAES

CpNga123   354                                                                                                           Y                                     G     L   I              I  A            D                                                      A              C         PS               W         FLCVD IEN TNNSYE.....HFK SS MDYESGNDYSFL RI..........DDISIGL.............SHI.....N....HNSDDMKNM THRQELGLLTTI T T.G....DY  SFTISDPSEGAFT.I YSLYQNTN   

BvGH123    390                                                                                                           Y                                     G     V   A              V  A            D                                                      I              C         PN               W         YLTLK IRK DKD.........FK SL ...GTY.HKELL DL..........N.....D.............YCI.....T....IAEKFTPEE EARRKAGKVTTY T CTE....PR  TFTFSEPAEAEWL.A HSAKENLD   

NgaP       437                                                                                                           Y                                     G     L   V              IA A            D                                                                     C         PN  A            W         YLAAD IEE SGG........KLK  A MNVNSL.SDSRL RL..........HKISVGL.............YHV.....N....HENKQLTNTSEHRRQLGLITTI N V.G....HY  SF RSNPAEPVWV.I DTMRHQTD   

NgaMg      308                                                                                                           Y                                     G     L   L              IA V            D         V                                            L          W             PN  L       RI   F          LCD. SQA RDWGRSMHQAGVLQ  T S.....PTPELL DG..SGRPA DVFVLNAAM..........................YEKAKANGM DAARAKGARI Y SALVLSETPGA  WQ DVAPMNF  SSG FAQALGFS I 

NgaSc      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             PQ  I       RI   F          LCPQ YSA KEWGKNIQQAGVKH  V T.....PVPEID ........F DIWVVQPQW..........................YDTAT..NR KEAMNKGDQI F SGY.DAT..YS  WT DSQPIDF  GQG ISQSLGIK V 

NgaCa      292                                                                                                           Y                                     G     L   I              LI M            D         V                                            I          W   C         P   I       RI   F          LYTS YEP KAWARNLHEAGVAN  T A.....PVPELY DGSGSGRSA DIWVILPLQ..........................YDK....DR QEVLAKGDEV S N CVQDD..YS KWQ DFNPIEY  QPG INQSLGMT I 

NgaNp      314                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             P   I       RI   F          LCPS FQQ KQWSRNLHSAGVSN  T I.....PTPELY DGSGTGRSA DIWAILPKM..........................YEQAP..DR AKVLQKGDKV S NTLVQDE..YS KWQ DFQPINY  QPG ISQSLGLT I 

NgaCs      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            V          W             P   V       RI   F          LCQN NQA KQWLRNVKQAGVAN  V T.....PVSELY HNFFAGSPG DVWVVSPPM..........................YYQAG..SS SDVLKNKGKV F TALVPDD..YS KWQ DFEPINF  PHG INQSLGLT A 

NgaOs      428                                                                                                           Y                                     G     I   L              IL                        A                                            A          W   C         PN  L       RA   W         FLICS SNE RSYASD......VR  TTY.....YCGPS.GSE......L ..PSTFEAFVKVPNVLRPHTQIFCTSEWVLGTREDLVKD...IV ELRPDLGEEW T V MGPSD..PQ  WH GMRGTQH  V.M RVWKEGGT   

NgaAt      412                                                                                                           Y                                     G     M   I              VL              D         A                                                       W   C         PN  L       RA   W         FLVRK ASE YAYAPD......SR  TTY.....YCGPG. AP......L ..PTPFESFVKVPNLLRPYTQIYCTSEWVLGNREDLVKD...ILDELQTENGEEW T I LGPSD..PH  WH GMRGTQQ  V.M RVWKEGGT   

NgaGm      419                                                                                                           Y                                     G     M   I              IL              D         A                                            A          W   C         PN  L       RA   W         FLVRN ASE HAYAPD......AR  TTY.....YCGPN. AP......L ..PTPFDAFVKVPSFLRPHNQIYCTSEWVLGNQEDLVKD...II ELQPENGEEW T V MGPSD..PH  WH GMRGTQH  V.M RVWKEGGT   

NgaBl      416                                                                                                           Y                                     G     A   V              IM A            E                                                      V          W   C         PN  M       RV             FLYLK KAV APYLKD......YR  D L.....SHVEFY SG......AC..EHPIPAD..........................DAIE...PF ...QAHVPDL T Y CAQTT..NV  RF AMPSYRN  L.GLLLYTYDLA   

NgaBf      347                                                                                                           Y                                     G     A   V              VV A            E         V                                            L          W   C          N  I       RV             FLYRA KEQ ADLLEG......AQ  D L.....SSLAFA QG......V ..DTPIVAT..........................SHVG...PF ...EAGRRP. V Y VSQNR..DVA RF AQPSVRN  L.GRQLFAFDAP   

NgaLy      337                                                                                                           Y                                     G     A   V              VI A            E         V                                            L          W   C         PN          RV             FLYRA RAQ ADLLDG......LQ  D L.....SDVRFY NG......L ..PHPVVAD..........................DALA...PF ...AADAAPL T Y CAQTT..AV  RFFALRSYDN  L.GVLLYRHQIQ   

NgaP2      369                                                                                                           Y                                     G     A   L              IL A            E         V                                            I          W   C          N          RV             FLYRQ SDI NKHLAG......FS  D L.....SDYDFY KG......L ..QIPVPSN..........................DQIE...PF ...EHGVEPL T Y CGQDH..HVS RFFSLSSPRN  L.GAQLYKFGVQ   

NgaCp      365                                                                                                           Y                                     G     M   V              II A                      I                                                       W   C         PN  L       R    W         FMYKD LAF RSVVPD......MK  E I.....NQPV.PIDV......D ..QVPLLSY..........................LRYGALPKFEKQRAQNKGEL Y V VSPQY..NY  RF ENPLIKT FL.H TNYKYDLT   

NgaDssm    363                                                                                                           Y                                     G     I   V              II A                      V                                                       W   C          N  I       RL   W         YLYRA SKL RKYAPE......LK  E C.....HTKDLAGAI......D ..WVPQLNF..........................LHND..FEHYQKRQRAGDEV F T IYPQG..EYA RF EQPLLKT  L.H INYRYGMT   

NgaBa      343                                                                                                           Y                                     G     I   V              II A            D         V                                                       W   C         PN  I       RI   W         YLYKH AGL RKYAPK......IR  E S.....TCKRLV YI......D ..LVPLLDD..........................YDKN..MSFYEERKRRGNEV F T LAPTG..RY  RL DYSLVKV  L.H INFKYGLV   

CpNga123   458  W                                   Y               R                                                                                                   W                        GDP LI P            T     L  GI D   A  L             L             Y                  A  IK  I   A                  R SWDG VE..NPLENV.......SYKYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY MEKAPNLKNSIEN IYSLKRPNKGENA GSAVAASKEDRD.LTISE NR  NG NNF REFISLTMETL.......

BvGH123    482  W                                   Y               R                                                                                                   W                        GD  MI PG            I    L  GI   E V IL            I              F                  V  AK  I                      R ALNS VK..NPLQDS.......RFTAWAA  TY     ARSS........  LER TE  QFF K R  KEEFEEKGNKGA KN.....IDKTLKM DES....SMDKI.SPTTA NK  KV ....NRY...............

NgaP       537  W                                   Y               R                                                                                                   F                        GD   V PG            V    M  GI D E V  L            AA             Y                  V  LK  L   A                  R AFDS VK..DPYETT.......DFKTWES  SAQ    AVSS........  FER KE  R A K RY TEHNAEIGEEIA  AWQMQNVGYALDP NGV....KDPGIVNIPQE NR  AS DQA RKYLDLIREEMKDEIVLV

NgaMg      421  W                                   Y               R                                                                                                                             DG LV PG         V SM    L  GV D E V LL             V             W                  L   R  I   L                  D AADYVTKGQDPWQDV..SYLE..NKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  KKNPKLYAQYGWR E....RLVPGLES SPNPAE............ EAT RA GEA SQP...............

NgaSc      415  W                                   Y               R                                                                                                   W                        GEG LV  G         V SM    I  GV D E I IL            AL             W                  L  AR  L   I                  Y RIDD T..DEPWEKV..PVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  KQLGL....EKW  QV.ARDVGADWRN TKKPAE............ EL  KK GEK NQIYSQTKQT........

NgaCa      402  W                                   Y               R                                                                                                   W                        GEG LV PG         V SI    I  GI D E I IL            AL             W                  L  AR  L   I                  Y RVDF T..EDPWHDV..LTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  KNLGH....EQW  EI.SQSVGPDWHN TKDHHK............ EW  KQ GER NDLMTK............
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NgaGm       84                                                                                      D                                   W                           S QIAI               V     D                        V                     L       P  L                      I L     T L I I VP     G         Y G RE V    RPKVSWGGSSVAG.T QIQCS LC...........STSGDRL...I GQSLLLRRVVP.........I .....GV  A VPVDLPVSQ............. N FPGET A   S D  SSQPP Q........ E E

NgaBl       59                                                                                      D                                   W                           S QLA                L                     L        V                     L      YP  L                      V         L V V LP                   TV F   YRVEPETQDPNDAD.R RQTCVNQFVTHVT....VSGA ADRTRVRA RNVQVDFAAYPGTVDD...AY SDQPGQ   L QDTD..GW.............. AFMPGQWRS   D E  AMDEPQEIPN......ASD

NgaBf       36                                                                                      D                                   W                           S QVAL                     E               I        V                     L      YP  L                      V V       L I V                      VL V    RAEEGEAPDPR........SA HAALRVR....LGGE ADSARVHA RRVPVSSPAPA.EADE...HY ATAPGE   L EPLG..GEE............. R GRGLWEA   D IDAPPG.............EHT

NgaLy       35                                                                                      D                                   W                             QLA                      E                        I                     L      FP  L                      V A       L L I                  Y   PLVL   YQRLRDDDA..S........FS ...........LTLATSLSAQCFE NQVPSQLPTWP.HPDA...RY RTTPGL   L TPLT..GP.............. R YHGQVRA   K PTESLTPG.........S ELT

NgaP2       54                                                                                      D                                   W                           S QVA                      E                        V                     I      YP  L                      V A       V V V LP                   VF F   YRSPQLIKSLKI........SA ...........SELEPY..LAIRA GLSPSELPVFP.NPDE...GY RTAPGL   P YPLA..DG.............. H VPNQWRS   T S  SMSEFIPAADIGAESVSFP

NgaCp       61                                                                                      D                                   W                           S Q V                I                              V                     I      FP  L                      I V     Q I L V I                Y G YA F F YRSGTAIKSLSAKITG KGER.............G..GTISNSMVKF GYVKQGKYTD..KPAT...DI RSKDGT   P YEQQ....S............. A DAGDN A   T P TAGQQPDL........ H E

NgaDssm     64                                                                                      D                                   W                           T QIVI               L                     V        V                     L      FP  L                      I V     Q I V V VP     G         Y G RA L    RCAKPIQELHAKVGP ALGS.............NAKQ LESAPVRF GYVPVDRPIPR.P.PK...DQ RRPPAD   P LEEK....T............. A DENQV P   T A  TNTQP L........ Q S

NgaBa       38                                                                                      D                                   W                             QIVV               L                     A        V                     V      FP  L                      V V     Q V L V VP     G         Y G YEAA    HPLEDVERLEVRVTS RHES.............DE.Y ITRVYPRF GYVPVKRNTPD.TPPE...EL RKAPGM   P LEEE....T............. R KKGEN P   T Y  KDAPP T........ H E

CpNga123   143 I VT                  V     P                                                                 V                                                     E  ADELEK...SYTFDYSFE LNLVQ LPSETNTQIEFWQHPYTIAR..........YYKICKEDLFTEKHFKYLR..GNLKEYRNM.GGRG I...........AT........IVHEAWNHQSYDSDPSMIKW..........

BvGH123    189 V V                 L V    LP                                                                 I                                                     T KADGITL....SELKLN Q KNRT  PPSEWAFHLDLWQNPYAVSR..........YYNV...EPFSKKHFDLMR..PLMKLYADA.GGKV T...........AS........IMHKPWNGQTYDAFESMVTW..........

NgaP       233 L AS                L V    LP                                                                 I                                                     T  SASGEE....VSFTLQ E LDLT  DVKDWGFELDLWQNPYAVAR..........VNGITQDQLWTKAHFDAMK..PHYEMLAAA.GQKV T...........TT........VTYDPWNSQTYDVYDTMVKW..........

NgaMg      188   VS                L V    LP                                                                                                                      YT  AANGQAQG.....EIR R WNFE  V..................................................................................RPTLQSFAPLWFTHTTAAKLELLRN..........

NgaSc      190   VT                L V    LP                                                                                                                      YT  SDRGKFTG.....EIS T WNFE  L..................................................................................QPSLNSSFSFWEQTNQENYIELLQH..........

NgaCa      162   VS                L V    LP                                                                                                                      YI  SEHGEVTG.....QIS T WNFE  L..................................................................................KPSLKSTFLIWSSRKKSTVEELLKH..........

NgaNp      194   VT                L V    LP                                                                                                                      FI  SDQGKAES.....KIV K WNFE  L..................................................................................KPSLKSSFPFWYNKTKIANEEMLKH..........

NgaCs      190   V                 L V    LP                                                                                                                      FT GSNQGNFTG.....EIS K WNFE  L..................................................................................KPSLKSSFLVWEARSKSTFVELLKH..........

NgaOs      190 I IS                       L                                                                  V                                                     F  AVRAEAESRGESLTK...SERYQ YKELRNCIDITEPRDYSSSEEMVQRLTSASTTLRR...MLALPSFQDCQENNGLGDMMDED.IMNN AVRLKLSLTVWDFTLPLTPSLPAVFGISETVIED..................

NgaAt      175 I IS                       L                                                                  L                                                     I  AMKTDGGGS.SHLAK...HEKDQ CVELNTCLDIMEPIEGKPMDEVVERIKCASSSLRR...ILFSPSFSEFISTNGSTDMMEED.VVSN SLRIKLRLTVWEFIIPVTPSLPAVIGVSDTVIED..................

NgaGm      181 I IT                  V    L                                                                  L                                                     V  AIKSDAESPVQSISK... EKHQ YRDLKGCLDIVEPIDGKPLDEVVERVKSTTTSLRR...ILLSPSFSEFFSDNGPVDVMDED.AISS SLRMKLNLTVWEFVLPETPSLPAVFGISDTVIED..................

NgaBl      176 L  T                V      LP                                                                 L                                                     TF FTDRAG.TTVAATAVS HRISAQ  E.LT..IAHTEWLHADCLAQ..........WYGV...PVWSEEHWRIVE..RFVRLAAKR.GMTM ............YTPLFTPPLDTVVGGERLTTQLVGVTRIESSAAATGTADT

NgaBf      139 L L                 L V    LP                                                                 V                                                     T ALTDTTGEQVLAEHAVQ R HPHQ  P.LS..ITNTHWFHADSLST..........YYDV...EVLSPQHWELIE..AFLASAREM.DVTS ............LTPTWTPPLDTAEGHTRPFVQLIGIRE.............

NgaLy      132 I LT                L V    A                                                                  L                                                     T  .ETASG.QVVFSQTVP T AAAV QP.PR..LHHTEWFSVDCLAD..........YYHE...APYTPRLWAIIG..NFMVFAHDEALMDT ............LTPIFTPPLDTAVGATRTNVQLVQI..L............

NgaP2      160 I L                 L I    LP                                                                 L                                                     D CFEDGKG.NHLGAEKFA E IFQE  E.QT..LLHTEWFHSDCIAT..........QYKV...EVFSEAHWKLIE..SYVHNAVNH.GVNM ............LTPLFTPPLDTYVGGERPTVQLIDVEIT............

NgaCp      163 L VT                I V    V                                                                  V                                                     V  AVTANGEQQSVKKNFD K YPVS TK.QT..LWVSNWASFLSPSSVVMKN.....PQAS...KMYSDEYWTALK..AMADKMNDY.RQNV ............RIEMLK....VI...........TF...............

NgaDssm    168 V IS                I V    VG                                                                 V                                                     H  GRV.DGRQITTKVPVA K FDIE  Q.SR..LWVTNWFSMQSRHM..........KIAP...EPDSQQYWALLS..RYARNMSEH.RQNV ............LVSPLS....LA...........TF...............

NgaBa      142 V I                 L V    LP                                                                 I                                                     L RADG.DETRVKTC.... R HDVI  DERN..LKLSNFLSPHNISK..........FHGV...ELWSEDFWRLLK..AYARNMAEH.RQSS ............ITPILE....LT............R...............

CpNga123   245                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y  M            ..............RKNSYGTFEFDYSHFD  IQLNIDL ILDPEKGFGQ KCYSIVP NNRI.............Q.YFNEATN.KE...EAINPTPGSD..LWINIWTQF TSFMSH EE.KGW.FNIT IS .  R.SMDDLKA

BvGH123    287                                                                                                                                         DE                                       KW       G          I       W                                                     L      L              M            ..............LKKADGTWYFDYTVFD  VEFMMDL VK......KQ SCYSMVP RLSF.............Q.YFDQASN.SF...KFLDAKPGEV..AYEEFWMNM QDFSKH KA.KGW.FDITHIA .  R.PMKDMQE

NgaP       334                                                                                                                                         DE                                       KW       G          I       W                                                     L      L           Y               ..............TKKADGTYTFDFEIFD  VQFMMDL ID......SQ DAYSMVS ASKI.............K.YYDEVQK.KD...VIETVQTNNP..KWAVMWRAF EAFVPH EA.KGW.LDKT MAN.  R.ALNDLLI

NgaMg      238                                                                                                                                         DE                                                G                                                                               L           Y  A            .RIQPGR.............VQPKQLQLLSPAGLNLVEL I.................GAGANYHNCQANP...............AP...............PPEVFRKA.....KEA NT.....DLPV DF F  V......DH

NgaSc      240                                                                                                                                         DE                                        W       P                  W                                                                        Y               .KIMPRN...........DLDTIKDPELISQ GLTSVSL F................. SGANYHNCRMKP...............AP...............SLEDIRAA.....AERNQS.....NLLK IYSV  V......DH

NgaCa      212                                                                                                                                         DE                                       KY       G                  W                                                                        Y               .KLMCQQW...NLSEEEKGAAPTSEGEWIE  GVNCSGL F................. SKADTFNGVMPP...............PP...............TVEEIQAA.....ASAHPS.....NLFL NYTA  I......GH

NgaNp      244                                                                                                                                         DE                                                G                  W                                                                        Y               .KLMPK............HINPQDQQGLV.QQGLASASL Y................. SGADISTCKMNS...............LP...............SFEEFRKT.....AASYQS.....DLFL NYTA  I......DR

NgaCs      240                                                                                                                                         DE                                       KW       P                  W                                                                        Y               .KIMPVG...........NINPADERELID  GLSSVRL F................. SGANNRTCRMNL...............AP...............SVEEIKAS.....AAKHQS.....DLFL VYSV  I......DN

NgaOs      312                                                                                                                                         DE                                       RW       P          I       W                                                     L      L           Y  L            ...........RFCLEHGTKGWYDALDHHF  LLQYRIS FFCRWGDSMR LA.YTCP PADH.......P...KAKEYYSDPRLAAYAVPYAPILSSTD...AAKN....S RREVEI KSEAHW.SK.S FY W  PLNMEQYDV

NgaAt      296                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFAVEHGSEDWYKKLDLHF  LLQYRIS YFCKWGESMR LT.YTSP PADH.......P...KSDEYLSDSRLAAYAVPYRQVIAGDD...SRES....Y RKEVEI RSKPHW.NK.A FY W  PLNMEHFDN

NgaGm      303                                                                                                                                         DE                                       KW       P          V       W                                                     L      L           Y  L            ...........RFGVQQGTAEWYEALDQHF  LLQYRIS YFCKWADGMR LT.YTSP PADH.......P...KSDEYFSDPRLAAYAVPYKQVVSGNN...SAED....Y QKQVEI RTKNHW.RK.A FY W  PLNLEQYDS

NgaBl      291                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              V            DDIAPGVVGASGDSAATPTAAWQFDFSKLE  VRMAQAA ..IRWFEMSH FT....Q GAAH......CP..KIIA..AIDGEERRP...FGWRASATDPADGYPEFLAAF TALDRE HR.LGI.ADNTVFH S  P.TADQLGS

NgaBf      242                                                                                                                                         DE                                       RW       G          L       W                                                     I      L              I            .................EEGEYSFDLSALD  LEICGRL ..FTGIEIAH FT....Q GARS......TP..AIQV..ETGSGLEHR...FGWHVPATSP..EYRRLLEAL PVLRAH EE.HW..DGQVLWH S  P.HEDQLDS

NgaLy      233                                                                                                                                         DE                                       KW       G          L       W                                                     L      L           F  L            .................PGTPYRFDWSRLR  CQLAQQS ..FAYLEMPP FT....Q GAQA......TP..TITD.....TAGTAL...FGWHVPSTAP..AYRAFLQAL PQLLAV AE.EGYDRDHL FH A  P.NASTEDG

NgaP2      263                                                                                                                                         DE                                       RW       G          L       W                                                     L      I           F  V            .................GVNEYRFKFDRLE  VEMCQRL ..IQFIEFSH FT....Q GAKY......AP..KIIA..KKDGEEKRI...FGWDTEASGE..SYSLFLDQF PQLVHF RN.HHL.DDKV FH S  P.GMKHAES

NgaCp      254                                                                                                                                         DE                                       K        G          V       W                                                     L      L           F  V            ..............NKGNNGHYSFNFERLD MMGLFMQS ..IKRFEGDF AQ.KMTD AGPL..GFVMPADA........GDAV.SR...KLVTVNDADN..NARQFYKEY VALYNH KQ.KNW.DDIV LH S  P.TQQNPKA

NgaDssm    253                                                                                                                                         DE                                       RW       G          L       W                                                     L      L              L            ..............QLDKSSRMEVDFSRFD  VRIFIAE V.IGRIEGGH GG.RSSD ESPF........VVRI.KELR.EG...NI...ITKSVAPTSE..EANQFYAQF PALVNH RD.RGW.LEKYAQH A  P.VRTNIES

NgaBa      223                                                                                                                                         DE                                       RW       G          L                                                             M      L              L            ..............IYKGDDRLEFDFRLLD  INLFKEE V.IGTVEGGY AG.RPPRTVEGW..WTVSEFLSRRYRVFNKDGSL.AY...VQEPVKVSSP..VFEEFISQF PALQAH DE.LGL.LDSYVQH A  P.IDANAES

CpNga123   354                                                                                                           Y                                     G     L   I              I  A            D                                                      A              C         PS               W         FLCVD IEN TNNSYE.....HFK SS MDYESGNDYSFL RI..........DDISIGL.............SHI.....N....HNSDDMKNM THRQELGLLTTI T T.G....DY  SFTISDPSEGAFT.I YSLYQNTN   

BvGH123    390                                                                                                           Y                                     G     V   A              V  A            D                                                      I              C         PN               W         YLTLK IRK DKD.........FK SL ...GTY.HKELL DL..........N.....D.............YCI.....T....IAEKFTPEE EARRKAGKVTTY T CTE....PR  TFTFSEPAEAEWL.A HSAKENLD   

NgaP       437                                                                                                           Y                                     G     L   V              IA A            D                                                                     C         PN  A            W         YLAAD IEE SGG........KLK  A MNVNSL.SDSRL RL..........HKISVGL.............YHV.....N....HENKQLTNTSEHRRQLGLITTI N V.G....HY  SF RSNPAEPVWV.I DTMRHQTD   

NgaMg      308                                                                                                           Y                                     G     L   L              IA V            D         V                                            L          W             PN  L       RI   F          LCD. SQA RDWGRSMHQAGVLQ  T S.....PTPELL DG..SGRPA DVFVLNAAM..........................YEKAKANGM DAARAKGARI Y SALVLSETPGA  WQ DVAPMNF  SSG FAQALGFS I 

NgaSc      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             PQ  I       RI   F          LCPQ YSA KEWGKNIQQAGVKH  V T.....PVPEID ........F DIWVVQPQW..........................YDTAT..NR KEAMNKGDQI F SGY.DAT..YS  WT DSQPIDF  GQG ISQSLGIK V 

NgaCa      292                                                                                                           Y                                     G     L   I              LI M            D         V                                            I          W   C         P   I       RI   F          LYTS YEP KAWARNLHEAGVAN  T A.....PVPELY DGSGSGRSA DIWVILPLQ..........................YDK....DR QEVLAKGDEV S N CVQDD..YS KWQ DFNPIEY  QPG INQSLGMT I 

NgaNp      314                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             P   I       RI   F          LCPS FQQ KQWSRNLHSAGVSN  T I.....PTPELY DGSGTGRSA DIWAILPKM..........................YEQAP..DR AKVLQKGDKV S NTLVQDE..YS KWQ DFQPINY  QPG ISQSLGLT I 

NgaCs      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            V          W             P   V       RI   F          LCQN NQA KQWLRNVKQAGVAN  V T.....PVSELY HNFFAGSPG DVWVVSPPM..........................YYQAG..SS SDVLKNKGKV F TALVPDD..YS KWQ DFEPINF  PHG INQSLGLT A 

NgaOs      428                                                                                                           Y                                     G     I   L              IL                        A                                            A          W   C         PN  L       RA   W         FLICS SNE RSYASD......VR  TTY.....YCGPS.GSE......L ..PSTFEAFVKVPNVLRPHTQIFCTSEWVLGTREDLVKD...IV ELRPDLGEEW T V MGPSD..PQ  WH GMRGTQH  V.M RVWKEGGT   

NgaAt      412                                                                                                           Y                                     G     M   I              VL              D         A                                                       W   C         PN  L       RA   W         FLVRK ASE YAYAPD......SR  TTY.....YCGPG. AP......L ..PTPFESFVKVPNLLRPYTQIYCTSEWVLGNREDLVKD...ILDELQTENGEEW T I LGPSD..PH  WH GMRGTQQ  V.M RVWKEGGT   

NgaGm      419                                                                                                           Y                                     G     M   I              IL              D         A                                            A          W   C         PN  L       RA   W         FLVRN ASE HAYAPD......AR  TTY.....YCGPN. AP......L ..PTPFDAFVKVPSFLRPHNQIYCTSEWVLGNQEDLVKD...II ELQPENGEEW T V MGPSD..PH  WH GMRGTQH  V.M RVWKEGGT   

NgaBl      416                                                                                                           Y                                     G     A   V              IM A            E                                                      V          W   C         PN  M       RV             FLYLK KAV APYLKD......YR  D L.....SHVEFY SG......AC..EHPIPAD..........................DAIE...PF ...QAHVPDL T Y CAQTT..NV  RF AMPSYRN  L.GLLLYTYDLA   

NgaBf      347                                                                                                           Y                                     G     A   V              VV A            E         V                                            L          W   C          N  I       RV             FLYRA KEQ ADLLEG......AQ  D L.....SSLAFA QG......V ..DTPIVAT..........................SHVG...PF ...EAGRRP. V Y VSQNR..DVA RF AQPSVRN  L.GRQLFAFDAP   

NgaLy      337                                                                                                           Y                                     G     A   V              VI A            E         V                                            L          W   C         PN          RV             FLYRA RAQ ADLLDG......LQ  D L.....SDVRFY NG......L ..PHPVVAD..........................DALA...PF ...AADAAPL T Y CAQTT..AV  RFFALRSYDN  L.GVLLYRHQIQ   

NgaP2      369                                                                                                           Y                                     G     A   L              IL A            E         V                                            I          W   C          N          RV             FLYRQ SDI NKHLAG......FS  D L.....SDYDFY KG......L ..QIPVPSN..........................DQIE...PF ...EHGVEPL T Y CGQDH..HVS RFFSLSSPRN  L.GAQLYKFGVQ   

NgaCp      365                                                                                                           Y                                     G     M   V              II A                      I                                                       W   C         PN  L       R    W         FMYKD LAF RSVVPD......MK  E I.....NQPV.PIDV......D ..QVPLLSY..........................LRYGALPKFEKQRAQNKGEL Y V VSPQY..NY  RF ENPLIKT FL.H TNYKYDLT   

NgaDssm    363                                                                                                           Y                                     G     I   V              II A                      V                                                       W   C          N  I       RL   W         YLYRA SKL RKYAPE......LK  E C.....HTKDLAGAI......D ..WVPQLNF..........................LHND..FEHYQKRQRAGDEV F T IYPQG..EYA RF EQPLLKT  L.H INYRYGMT   

NgaBa      343                                                                                                           Y                                     G     I   V              II A            D         V                                                       W   C         PN  I       RI   W         YLYKH AGL RKYAPK......IR  E S.....TCKRLV YI......D ..LVPLLDD..........................YDKN..MSFYEERKRRGNEV F T LAPTG..RY  RL DYSLVKV  L.H INFKYGLV   

CpNga123   458  W                                   Y               R                                                                                                   W                        GDP LI P            T     L  GI D   A  L             L             Y                  A  IK  I   A                  R SWDG VE..NPLENV.......SYKYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY MEKAPNLKNSIEN IYSLKRPNKGENA GSAVAASKEDRD.LTISE NR  NG NNF REFISLTMETL.......

BvGH123    482  W                                   Y               R                                                                                                   W                        GD  MI PG            I    L  GI   E V IL            I              F                  V  AK  I                      R ALNS VK..NPLQDS.......RFTAWAA  TY     ARSS........  LER TE  QFF K R  KEEFEEKGNKGA KN.....IDKTLKM DES....SMDKI.SPTTA NK  KV ....NRY...............

NgaP       537  W                                   Y               R                                                                                                   F                        GD   V PG            V    M  GI D E V  L            AA             Y                  V  LK  L   A                  R AFDS VK..DPYETT.......DFKTWES  SAQ    AVSS........  FER KE  R A K RY TEHNAEIGEEIA  AWQMQNVGYALDP NGV....KDPGIVNIPQE NR  AS DQA RKYLDLIREEMKDEIVLV

NgaMg      421  W                                   Y               R                                                                                                                             DG LV PG         V SM    L  GV D E V LL             V             W                  L   R  I   L                  D AADYVTKGQDPWQDV..SYLE..NKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  KKNPKLYAQYGWR E....RLVPGLES SPNPAE............ EAT RA GEA SQP...............

NgaSc      415  W                                   Y               R                                                                                                   W                        GEG LV  G         V SM    I  GV D E I IL            AL             W                  L  AR  L   I                  Y RIDD T..DEPWEKV..PVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  KQLGL....EKW  QV.ARDVGADWRN TKKPAE............ EL  KK GEK NQIYSQTKQT........

NgaCa      402  W                                   Y               R                                                                                                   W                        GEG LV PG         V SI    I  GI D E I IL            AL             W                  L  AR  L   I                  Y RVDF T..EDPWHDV..LTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  KNLGH....EQW  EI.SQSVGPDWHN TKDHHK............ EW  KQ GER NDLMTK............

NgaNp      426  W                                   Y               R                                                                                                   W                        GEG LV PG         I SM    L  GV D E M II            AL             W                  L  VR  L   I                  Y QVDL T..KDPWHDI..QTYSKNNGDNFP   M     KQVGLQG.V P   LKW RD  E Y Y E  KKLGS....GTW  NI.GRTVGKDWKN TRDTNV............ ES  SQ GAE DKLSFLKANAK.......

NgaCs      424  W                                   Y               R                                                                                                   W                        GEG LV PG         V SM    L  GV D E I IL            AL             W                  L  AR  M   I                  Y RVDF T..DDPWNNV..ETLF.QDGNHYP   M     QQVGIEG.V P   LKW RD  E Y Y Q  KELGR....GDW  EV.SRKVGRDWKD TRDPQA............ EL  RQ GEE ERISTQ............

NgaOs      549  W                                   Y               R                                                                                                   Y                        GDG L  PG         V S     I  GM D E L L             LL             Y                  I  MR  V                      Y GTNC EKA......MIPSAEICFRRGLPP   V F   EVFSSSHEP A T LER LS  Q I Y K YSSRYGREEG.LA  EK.T.GVYLGPDR ALDHGP............ DV  GE YRTCRS................

NgaAt      533  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    L  GL D E L L             LL             Y                  I  LR  V                      Y GANC EKA......TVPSAEVKFRRGLPP   V Y   EVFSSSSEP A   LER LS  Q Y Y K YESKYGREEA.MG  EK.T.GVYTGPER TLEHRP............ DV  GE YNTCRPS...............

NgaGm      540  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    I  GL D E L L             LL             Y                  I  MR  I                      Y GANC EKA......TVASAEIKFRHGLPP   V Y   EVFSTSHQP A   LER LN  Q T Y R YASRYGRDES.IA  ER.M.GVYFGPER TFEHMP............ DA  GQ FNACRS................

NgaBl      509  W                                   Y               R                                                                                                   Y                        GD  LV PG           SI    V   L D     LL            IV             Y                  L   R  I   I                  H GFNF NAQ.YSLRPINPYTEAGTPEGFAA  AF     P....GGAPEE   IMV EEA N LRACR  ESLIGRERT.LA  SE.GLGTPLTFAD PQSADW............ LGR DA NQA AQAIAARP..........

NgaBf      439  W                                   Y               R                                                                                                   W                        GD  AV PG           SL        M D   L  L            LV             F                     AR  V   I                  H GYNF WAQ.FSLRPIDPFEETCAGGPFFG  SF     P....EGTPWL   HRVFAQA A HRA TW AELTDRPSA.VA  DE.G..GTLTYSS SYDVHA............HLE  HA DER RAALAA............

NgaLy      430  W                                   Y               R                                                                                                   Y                        GDP LV PG         L SL       G  D   L  L            LI             Y                  L  LH  A   L                  H GFNF NAQ.LSTRPIDPFAVTDAGGAFPS   F     A....DGQP N   NEVQRL FG LAV QQ EALKGRPFV.ER  DV.TAGMVPQFDD PPDAGW............ TR  EK VAT AAAAPAHKKE........

NgaP2      462  W                                   Y               R                                                                                                   W                        GDP VV PG         L SI       GL D   L LL            LL             F                  L   R  I   I                  H GFNF YSQ.YSKKVIDPFKVTDADCAFPS   F     A....DG.P D   WEVFRE  Q LRA K  EALAGREKT.LA  EQ.NLREELTFKS PDDIEW............ LST EK NRA KDAYRADR..........

NgaCp      463  W                                   Y               R                                                                                                   W                        GD  IV P          I SV    M  GI D E L LL            IV                                    R  I   L                  H GYNI TG..YPFDFS..TSN......SVG  AW    KD....GK.I S   LEA RD  V Y L R  EKKNPALAQ..Q  NA....TILDFDKSNTDIGT............FRTN RK LTA SN................
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NgaSc      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             PQ  I       RI   F          LCPQ YSA KEWGKNIQQAGVKH  V T.....PVPEID ........F DIWVVQPQW..........................YDTAT..NR KEAMNKGDQI F SGY.DAT..YS  WT DSQPIDF  GQG ISQSLGIK V 

NgaCa      292                                                                                                           Y                                     G     L   I              LI M            D         V                                            I          W   C         P   I       RI   F          LYTS YEP KAWARNLHEAGVAN  T A.....PVPELY DGSGSGRSA DIWVILPLQ..........................YDK....DR QEVLAKGDEV S N CVQDD..YS KWQ DFNPIEY  QPG INQSLGMT I 

NgaNp      314                                                                                                           Y                                     G     L   I              LV M            D         V                                            I          W             P   I       RI   F          LCPS FQQ KQWSRNLHSAGVSN  T I.....PTPELY DGSGTGRSA DIWAILPKM..........................YEQAP..DR AKVLQKGDKV S NTLVQDE..YS KWQ DFQPINY  QPG ISQSLGLT I 

NgaCs      312                                                                                                           Y                                     G     L   I              LV M            D         V                                            V          W             P   V       RI   F          LCQN NQA KQWLRNVKQAGVAN  V T.....PVSELY HNFFAGSPG DVWVVSPPM..........................YYQAG..SS SDVLKNKGKV F TALVPDD..YS KWQ DFEPINF  PHG INQSLGLT A 

NgaOs      428                                                                                                           Y                                     G     I   L              IL                        A                                            A          W   C         PN  L       RA   W         FLICS SNE RSYASD......VR  TTY.....YCGPS.GSE......L ..PSTFEAFVKVPNVLRPHTQIFCTSEWVLGTREDLVKD...IV ELRPDLGEEW T V MGPSD..PQ  WH GMRGTQH  V.M RVWKEGGT   

NgaAt      412                                                                                                           Y                                     G     M   I              VL              D         A                                                       W   C         PN  L       RA   W         FLVRK ASE YAYAPD......SR  TTY.....YCGPG. AP......L ..PTPFESFVKVPNLLRPYTQIYCTSEWVLGNREDLVKD...ILDELQTENGEEW T I LGPSD..PH  WH GMRGTQQ  V.M RVWKEGGT   

NgaGm      419                                                                                                           Y                                     G     M   I              IL              D         A                                            A          W   C         PN  L       RA   W         FLVRN ASE HAYAPD......AR  TTY.....YCGPN. AP......L ..PTPFDAFVKVPSFLRPHNQIYCTSEWVLGNQEDLVKD...II ELQPENGEEW T V MGPSD..PH  WH GMRGTQH  V.M RVWKEGGT   

NgaBl      416                                                                                                           Y                                     G     A   V              IM A            E                                                      V          W   C         PN  M       RV             FLYLK KAV APYLKD......YR  D L.....SHVEFY SG......AC..EHPIPAD..........................DAIE...PF ...QAHVPDL T Y CAQTT..NV  RF AMPSYRN  L.GLLLYTYDLA   

NgaBf      347                                                                                                           Y                                     G     A   V              VV A            E         V                                            L          W   C          N  I       RV             FLYRA KEQ ADLLEG......AQ  D L.....SSLAFA QG......V ..DTPIVAT..........................SHVG...PF ...EAGRRP. V Y VSQNR..DVA RF AQPSVRN  L.GRQLFAFDAP   

NgaLy      337                                                                                                           Y                                     G     A   V              VI A            E         V                                            L          W   C         PN          RV             FLYRA RAQ ADLLDG......LQ  D L.....SDVRFY NG......L ..PHPVVAD..........................DALA...PF ...AADAAPL T Y CAQTT..AV  RFFALRSYDN  L.GVLLYRHQIQ   

NgaP2      369                                                                                                           Y                                     G     A   L              IL A            E         V                                            I          W   C          N          RV             FLYRQ SDI NKHLAG......FS  D L.....SDYDFY KG......L ..QIPVPSN..........................DQIE...PF ...EHGVEPL T Y CGQDH..HVS RFFSLSSPRN  L.GAQLYKFGVQ   

NgaCp      365                                                                                                           Y                                     G     M   V              II A                      I                                                       W   C         PN  L       R    W         FMYKD LAF RSVVPD......MK  E I.....NQPV.PIDV......D ..QVPLLSY..........................LRYGALPKFEKQRAQNKGEL Y V VSPQY..NY  RF ENPLIKT FL.H TNYKYDLT   

NgaDssm    363                                                                                                           Y                                     G     I   V              II A                      V                                                       W   C          N  I       RL   W         YLYRA SKL RKYAPE......LK  E C.....HTKDLAGAI......D ..WVPQLNF..........................LHND..FEHYQKRQRAGDEV F T IYPQG..EYA RF EQPLLKT  L.H INYRYGMT   

NgaBa      343                                                                                                           Y                                     G     I   V              II A            D         V                                                       W   C         PN  I       RI   W         YLYKH AGL RKYAPK......IR  E S.....TCKRLV YI......D ..LVPLLDD..........................YDKN..MSFYEERKRRGNEV F T LAPTG..RY  RL DYSLVKV  L.H INFKYGLV   

CpNga123   458  W                                   Y               R                                                                                                   W                        GDP LI P            T     L  GI D   A  L             L             Y                  A  IK  I   A                  R SWDG VE..NPLENV.......SYKYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY MEKAPNLKNSIEN IYSLKRPNKGENA GSAVAASKEDRD.LTISE NR  NG NNF REFISLTMETL.......

BvGH123    482  W                                   Y               R                                                                                                   W                        GD  MI PG            I    L  GI   E V IL            I              F                  V  AK  I                      R ALNS VK..NPLQDS.......RFTAWAA  TY     ARSS........  LER TE  QFF K R  KEEFEEKGNKGA KN.....IDKTLKM DES....SMDKI.SPTTA NK  KV ....NRY...............

NgaP       537  W                                   Y               R                                                                                                   F                        GD   V PG            V    M  GI D E V  L            AA             Y                  V  LK  L   A                  R AFDS VK..DPYETT.......DFKTWES  SAQ    AVSS........  FER KE  R A K RY TEHNAEIGEEIA  AWQMQNVGYALDP NGV....KDPGIVNIPQE NR  AS DQA RKYLDLIREEMKDEIVLV

NgaMg      421  W                                   Y               R                                                                                                                             DG LV PG         V SM    L  GV D E V LL             V             W                  L   R  I   L                  D AADYVTKGQDPWQDV..SYLE..NKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  KKNPKLYAQYGWR E....RLVPGLES SPNPAE............ EAT RA GEA SQP...............

NgaSc      415  W                                   Y               R                                                                                                   W                        GEG LV  G         V SM    I  GV D E I IL            AL             W                  L  AR  L   I                  Y RIDD T..DEPWEKV..PVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  KQLGL....EKW  QV.ARDVGADWRN TKKPAE............ EL  KK GEK NQIYSQTKQT........

NgaCa      402  W                                   Y               R                                                                                                   W                        GEG LV PG         V SI    I  GI D E I IL            AL             W                  L  AR  L   I                  Y RVDF T..EDPWHDV..LTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  KNLGH....EQW  EI.SQSVGPDWHN TKDHHK............ EW  KQ GER NDLMTK............

NgaNp      426  W                                   Y               R                                                                                                   W                        GEG LV PG         I SM    L  GV D E M II            AL             W                  L  VR  L   I                  Y QVDL T..KDPWHDI..QTYSKNNGDNFP   M     KQVGLQG.V P   LKW RD  E Y Y E  KKLGS....GTW  NI.GRTVGKDWKN TRDTNV............ ES  SQ GAE DKLSFLKANAK.......

NgaCs      424  W                                   Y               R                                                                                                   W                        GEG LV PG         V SM    L  GV D E I IL            AL             W                  L  AR  M   I                  Y RVDF T..DDPWNNV..ETLF.QDGNHYP   M     QQVGIEG.V P   LKW RD  E Y Y Q  KELGR....GDW  EV.SRKVGRDWKD TRDPQA............ EL  RQ GEE ERISTQ............

NgaOs      549  W                                   Y               R                                                                                                   Y                        GDG L  PG         V S     I  GM D E L L             LL             Y                  I  MR  V                      Y GTNC EKA......MIPSAEICFRRGLPP   V F   EVFSSSHEP A T LER LS  Q I Y K YSSRYGREEG.LA  EK.T.GVYLGPDR ALDHGP............ DV  GE YRTCRS................

NgaAt      533  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    L  GL D E L L             LL             Y                  I  LR  V                      Y GANC EKA......TVPSAEVKFRRGLPP   V Y   EVFSSSSEP A   LER LS  Q Y Y K YESKYGREEA.MG  EK.T.GVYTGPER TLEHRP............ DV  GE YNTCRPS...............

NgaGm      540  W                                   Y               R                                                                                                   Y                        GDG L  PG         V SL    I  GL D E L L             LL             Y                  I  MR  I                      Y GANC EKA......TVASAEIKFRHGLPP   V Y   EVFSTSHQP A   LER LN  Q T Y R YASRYGRDES.IA  ER.M.GVYFGPER TFEHMP............ DA  GQ FNACRS................

NgaBl      509  W                                   Y               R                                                                                                   Y                        GD  LV PG           SI    V   L D     LL            IV             Y                  L   R  I   I                  H GFNF NAQ.YSLRPINPYTEAGTPEGFAA  AF     P....GGAPEE   IMV EEA N LRACR  ESLIGRERT.LA  SE.GLGTPLTFAD PQSADW............ LGR DA NQA AQAIAARP..........

NgaBf      439  W                                   Y               R                                                                                                   W                        GD  AV PG           SL        M D   L  L            LV             F                     AR  V   I                  H GYNF WAQ.FSLRPIDPFEETCAGGPFFG  SF     P....EGTPWL   HRVFAQA A HRA TW AELTDRPSA.VA  DE.G..GTLTYSS SYDVHA............HLE  HA DER RAALAA............

NgaLy      430  W                                   Y               R                                                                                                   Y                        GDP LV PG         L SL       G  D   L  L            LI             Y                  L  LH  A   L                  H GFNF NAQ.LSTRPIDPFAVTDAGGAFPS   F     A....DGQP N   NEVQRL FG LAV QQ EALKGRPFV.ER  DV.TAGMVPQFDD PPDAGW............ TR  EK VAT AAAAPAHKKE........
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NgaCp      463  W                                   Y               R                                                                                                   W                        GD  IV P          I SV    M  GI D E L LL            IV                                    R  I   L                  H GYNI TG..YPFDFS..TSN......SVG  AW    KD....GK.I S   LEA RD  V Y L R  EKKNPALAQ..Q  NA....TILDFDKSNTDIGT............FRTN RK LTA SN................

NgaDssm    460  W                                   Y               R                                                                                                   W                        GDP IV PG         L SI    M  GI D E L ML            LV             Y                      R  L   L                  H GYNQ GKD.SPFTHT..TKQHTGQQYLPA   W     R....DG.P D   HEA CD  A Y L S  GERDPEAAK..R  NR....HVLDFDR NCNVEA............FRAT LE LEL SRQ...............
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a, Overall structures of β-NGA candidates retrieved from deep-sea sediment metagenomes. 735 
The structures were predicted using AlphaFold2. b, The structure of BvGH123. DUF4091 is 736 
colored in green. c, Phylogenetic tree of β-NGA candidates retrieved from deep-sea sediment 737 
metagenomes and the Pfam database. d, Alignment of the β-NGA gene sequences. Residues 738 
conserved between all the analyzed proteins are shown (red background). The conserved DE 739 
residues (green asterisk, *) are indicated by a green box. The DUF4091 region is underlined.  740 
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 741 
Fig. 2. Overall structures and superposition of β-NGAs. 742 
a, Structures of β-NGAs. The DE motif is shown in stick format. b, The structures of NgaLy. 743 
β-Sandwich domain at the N-terminus, (β/α)8-barrel domain, DUF4091 and C-terminal 744 
domain are shown in green, cyan, purple, and orange, respectively. The conserved amino 745 
acids are shown as magenta sticks. Ligands are placed at the substrate-binding site and shown 746 
as yellow sticks. c, Superposition of the Group 1, Group 2, Group 3 and GH123 structures. 747 
Conserved amino acids are plotted on the structures as sticks.  748 
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 749 
Fig. 3. Substrate-binding area of β-NGAs. 750 
The overall structure of β-NGAs is shown as a cartoon (left) and the molecular surface of the 751 
substrate-binding site of β-NGA complexed with the ligand (right). The core structure (Group 752 
1) is shown in gray (a), while additional regions characteristic of the other groups are shown 753 
in (b) orange (Group 2), (c) purple (Group 3-1), (d) blue (Group 3-2), and (e) magenta 754 
(GH123). The DE motif and ligand are indicated by green and yellow sticks, respectively.  755 Fig. 3 Substrate binding area of β-NGAs.

Overall structure of β-NGA is shown as a cartoon in left and molecular surface of substrate binding area of β-NGA 
complexed with the ligand is shown in right. The core structure (Group1) is shown in grey (A) and additional domains 
characteristic of the other groups are shown in orange (Group2) (B), purple (Group3-1) (C), blue (Group3-2) (D), and 
magenta (GH123) (E). The DE motif and ligand are shown as green and yellow sticks, respectively.
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 756 
Fig. 4. Substrate recognition and catalytic mechanism. 757 
a–e, Active-site structure of each enzyme. a, Docking model of NgaCa with GalNAc-758 
thiazoline. b–e, Crystal structure of each enzyme complexed with GalNAc-thiazoline. 759 
Hydrogen bonds are indicated by dotted lines. f, Superimposition of active sites in Groups 1, 760 
Group 2, Group 3 and GH123. g, Inhibition of β-NGA activity by GalNAc-thiazoline and 761 
GlcNAc-thiazoline. h, Point mutation analysis of the DE motif. The amounts of enzyme used 762 
in the assay are shown in the top-right table.   763 
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Fig. 4 Substrate recognition and catalytic mechanism.
(A–E) The active site structures of each enzyme. (A) A docking model of NgaCa with GalNAc-thiazoline. (B–E) Crystal
structures of each enzyme complexed with GalNAc-thiazoline. Hydrogen bonds are shown as dotted lines. (F)
Superposition of the active site of Group1–3 and GH123. (G) Inhibition of β-NGA activity by GalNAc-thiazoline and
GlcNAc-thiazoline. Values are means of triplicate determinations. (H) Point mutation analysis of the DE motif. The
amount of enzyme used in the assay is shown in the top right table.
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 764 
Fig. 5. Phylogenetic tree and structural features of β-NGAs. 765 
The overall structure of β-NGAs is illustrated as a surface model with an accompanying 766 
schematic representation. The ligand is indicated by a yellow stick. The Group 1 structure is 767 
depicted in gray as the basic structure. Additional regions characteristic of other groups are 768 
highlighted in orange (Group 2), purple (Group 3-1), blue (Group 3-2), and magenta (GH123).  769 
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Table 1 Substrate specificities and general properties of β-NGAs 770 
 771 

 NgaDssm NgaCa NgaMg NgaAt NgaBa NgaBf NgaBl NgaLy NgaP2 

 Group 3-1 Group 1 Group 1 Group 2 Group 3-1 Group 3-2 Group 3-2 Group 3-2 Group 3-2 

 Substrate specificity 

Substrate Relative activity 

GalNAc-β-pNP 100 - - 100 100 100 100 100 100 

Galβ1-3GalNAc-β-pNP 70.3 100 - - 7.3 - - - - 

Gal-β-pNP - - - - - - - - - 

GlcNAc-β-pNP - - - 13.6 - - - - 4.7 

GalNAc-α-pNP - - - - - - - - - 

GalNAc-β-4MU 54.0 - - 100 100 100 100 100 100 

GalNAc4S-β-4MU 100 - - 47.9 1,5 1.9 2.0 1.3 29.0 

GalNAc6S-β-4MU - - - - - - - - - 

 General property 

Enzyme activity Endo/exo-β-NGA Endo-β-NGA unknown Endo/exo-β-HEX Endo/exo-β-NGA Exo-β-NGA 

Optimal pH 5.0 5.0 - 5.0 6.5 6.5 5.0 7.0 5.5 

Optimal buffer Citrate Citrate - Citrate Citrate Citrate Citrate HEPES Citrate 

Optimal temperature (℃) 45 25 - 40 70 35 45 40 40 

Tm (℃) 63.9 43.1 70.6 52.9 93.1 44.3 57.2 59.7 56/8 

Km (mM) 3.8±0.42 10.5±2.7 - 12.4±4.6 3.9±0.54 0.98±0.069 2.8±0.44 0.98±0.052 0.36±0.025 

kcat (s-1) 42.7±3.4 1.2±0.26 - 8.0±2.6 512.1±51.3 166.5±5.5 388.5±41.6 477.5±12.0 28.3±0.61 

kcat/Km (s-1 mM-1) 11.2 0.11 - 0.64 130.3 170.1 139.7 489.2 78.5 

- activity<0.5%. Values represent the means of technical triplicate experiments. General 772 
properties of each β-NGA are listed based on the results in Extended Data Fig. 3.   773 
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 774 

Extended Data Fig. 1. Candidate β-NGA sequences retrieved from deep-sea sediment 775 
metagenomes. 776 
a, Sequence identities within β-NGA candidates retrieved from deep-sea sediment 777 
metagenomes and the known GH123 genes. b, Alignment of gene sequence. Residues 778 
conserved in all the proteins are shown on a red background. A conserved DE motif (green 779 
asterisk, *) is indicated by a green box. The DUF4091 is underlined.  780 
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BvGH123    433                   Y                                                    F             W           L  W                                                    R   A G       T C                                                                 S       G         W                                       . . . . . I E A  R K   K V T T Y    C T E P R P N T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T F S E P A E A E W L A  H  A K E N L D  Y  R  A L N S  V K N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NgaP       669                   Y                                                    F             W           L  W                                                    R   L G       N C                                                                 T       G         F                                       . . . . . S E H  R Q   L I T T I    V . G H Y P N S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A R S N P A E P V W V I  D  M R H Q T D  Y  R  A F D S  V K D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

dssm_1     838                                              D                            R  E     G                                                                                P                        P     V                       L       D        M              M                      M   Y              N Q Y N V R D G F V N S A N L Y L E H F  Y I N R . L W F G E Y F . . . . . . D Y N G A   F W L  E V S . . . . . . . . . . . . . . G I C F G   G  M R Q   G N R W R G  I Y G M T . G R L P R E D  P A R L W K L W D K F . . . . G M Q D A R  L G  W A L S C P V R A D N K D

dssm_3     479                                              D                            R  E     G                                                                                                        G     V Y P                     I     M  D  I      L   L           L                      V   F              . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H T G Q Q Y L P A   P W I    G R D . . . . . . . . . . . . G P L D S   H  A  C    A D Y E L  S M  G E R D P E A A K R  V N R H V L D F D R . . . . . . . Y N C N  E A  R A T . . . . . . . . . .

dssm_2     478                                              D                            R  E     G                                                                                P                        G     I Y P                     I     L  D  I      L   L           L                      M   F              N . . . . . . . . . . . . . . . . . . .  Y Q D P M G W R S S Y S T P K G A K K P W G N   G R F    P E A A A D A H P A E P V L D G P V E S   W  M  R    E D Y E Y  A I  S R L L K A K K D K  T T Q Q R K K Y A A L L E V P E S I T T D  T T  T K D P A P I E . A R R D

CpNga123   468                                              D                            R  E     G                                                                                P                        G     I Y P                          L  E  I      A   L           I                         Y              . . . . . . . . . . . . . . . . . . . .  L E N . . . . . . . . . . . . V S Y K Y W E P   P F L    A E K D S I G K . . . . . . . T F Y S T P  L  K  K    R D I N K  K Y  M E K A P N L K N S  E N L I Y S . . . . L . . . . K R P N K G E N A  G S A . . V A A . S K E D

BvGH123    492                                              D                            R  E     G                                                                                P                        G     I Y P                     I     L  E  I      V   L                                 L   F              . . . . . . . . . . . . . . . . . . . .  L Q D . . . . . . . . . . . . S R F T A W A A   T Y M    G A R S S . . . . . . . . . . . . . . .   L  R  T    Q F F E K  R I  K E E F E E K G N K G A I K N . . . . . . . . . . . . . I D K T  K M  D E S . . . . . . . S M D

NgaP       727                                              D                            R  E     G                                                                                P                        G     V Y P                     V     M  E  I      V   L           I                      L   Y              . . . . . . . . . . . . . . . . . . . .  Y E T . . . . . . . . . . . . T D F K T W E S   S A Q    G A V S S . . . . . . . . . . . . . . .   F  R  K    R D A E K  R Y  T E H N A E I G E E  A A A A W Q . . . . M . . . . Q N V G Y A  D P  N G V . . . . . . . K D P

dssm_1     952  L       A  R A                                                                                                                                 V  V T V Y A K  D   L L S V A S W A P E T V S C R . . . . . . . . . . . . . . . . . . . . . . . L K I D . . . . . . . F D A L G I S R E G A Q L A A P F I K G F Q D S A T F A V T D Q I P V A P G K G W L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

dssm_3     555  L       L S R                                                                                                                                  R  . E L L E L    Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

dssm_2     598  I       L N  L                                                                                                                                 R  A R V I A K   S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CpNga123   558         A N R I                                                                                                                                 R D . L T I S E     K N G I N N F A R E F I S L T M E T L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BvGH123    565  I       V N K A                                                                                                                                 K  . S P T T A     K K V I . . . . N R Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NgaP       805  I       V N R L                                                                                                                                 G  V N I P Q E     K A S L D Q A A R K Y L D L I R E E M K D E I V L V G P D A V Q S D E S F A V K F G L N R L S K P V Q A L D I T L R Y S A D R F E F I G A A S A D E H V Q I V D T I K Q G D G K L R L I V A A L G S E H A I H A D S L F L E L S F R A K A A D Q S A Q G I V E A

dssm_1    1025 . . . . . . . . . . . . L V L S P S S A T S Q K N P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   
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dssm_2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

CpNga123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

BvGH123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

NgaP       945 A E V I V S G S D G V E S S L S P V S I A I D V L P V D P F D R L D V N R D G K I S I G D L S I T A A H Y G K T D Q S P D W E M I K N A D V N R D G K I D I V D L T E I A K K I I E                                                   

 

IOB_1 100.0 17.4 16.1 15.4 14.8 17.7
IOB_3 17.4 100.0 24.0 17.5 19.2 21.5
IOB_2 16.1 24.0 100.0 19.3 26.3 20.6

CpNga123 15.4 17.5 19.3 100.0 32.7 35.3
BvGH123 14.8 19.2 26.3 32.7 100.0 35.6

NgaP 17.7 21.5 20.6 35.3 35.6 100.0

IOB_1        1 . . . . . . . . M S L E Y L R C I V L S A V L P A A T F A L P P S G . V T P E . . . Q F N . A D S P M . . . . . . . . . . . . . . . . E T Q A A I L A R H D S W D A N S L G N H R V V I D V S R A T G A V A V H I P W R R R D L D P Q K K K V I L I D A K T S R R I D N V Y P V E . . .

IOB_3   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IOB_2   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CpNga123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BvGH123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NgaP         1 M V N R K Q K T I S F Q L L V W S M M M . I L I L Q P L C M P T S V G A A E E E T Q T F I I N D A D I G G G I N K F Q Y F G T W G T S T N I A G L Y N G D E H W S N S A N W T D P S . . . . . . . . . S I Y F T V R F E G E R L . . . . . . . E L Y A I K D P . . R H G I Y A V S V D G

IOB_1      109                                                                                                                             L                . . . . . . . . . . V N R E F G D F I F E P I T V P G E Y Y M Y Y M P Y E M T G R H Y P K V R Y L K P E R T S . . . . . . . . . . . . . D A A W L E R C G Y T . . . . . . . N G . . . . . . . . . . . . . . R L P K E R W S . . . . . . . . . . . . . I  P K . . . . . A K V V E M Q S

IOB_3        1                                                                                                                             L                . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M K E T I T L W G I  C . . . . I T S C F W . . . .

IOB_2        1                                                                                                                             L                . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M L R T I L C L A L  . . . . L S S Q S V L A Q T S

CpNga123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BvGH123      1                                                                                                                             L                . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M K K L L F L G A  L . . . L S T V C M N A Q T S

NgaP       122                                                                                                                             L                G P E V E V D A Y A S V R T F D Q L I Y D S G K L . . . . . . . . . . . . A S G E H L V K V R A T G K K T G G A P D M Q I D Y A K V T K K I I A V T G I E M E A G E L T V E D G S I T Q L N A A V L P A N A S N Q T I R W S T S D D Q V A K I D A Q G R  S A E A V G T V Q V T A T S E

IOB_1      187                        L  A            E                        S     A  R G E     Q I  V            V     M        I     L     I                           I D E F N S F Y P M E V I A T A E . . E T R E  L  K V P R A S Y V L F P  D R R Y P I R M T E D L P L R W I E K G P Q D  F E G D  L    F Y A F   G  Y A A R K G I S D I D  G F S D  Q G P G D S L  D A S A  R C F N  G G V D . . . . . . . . . . . . . . . . . . . W Q G

IOB_3       19                        L  V        K    D                        Q     V  R G E     Q I V I            A     L            S A     V                           . . . . . . . . G L . . V S T A I A K E D R I  K  W T V D P L V  V F R  . S E P . . V . . . . . . . . . . . . . T T G  A L A E  A    R A T L     R C A K . P I Q E L H  K V G P  A L G S N A K Q V L E   P V R F  G Y V P V D R P I P R P P K . . . . . D Q L R R P P

IOB_2       23                        V  L        K    D                        T     A  R  E     Q L V V            V     L        I    N A     V                           . D Y F N A P Y G E L L T A S . . . . . T E R  G  W W A S S G W  I S P  . K A P . . P E T K . . . . . . . . . . . G R  I V I R  A  N  A E A A     R . P T V S L R S F T  R I G A  T G P G G A T  P A K   E V L K  R Y V N V T H P . . . . . . . . . . . T D K S S A A

CpNga123     1                        L  A        H                            T     A   G D      I V M            L             I    N I     L                           . . . . . . . . . . . . . . . . . M K K D T T  G  S I G S T D F  Y L Q K . . . . . . . . . . . . D Y D E I K K L N L N  W N E V  W I   E L N S K    W T N S S P V N N V T  S S S D F I N E N G D L  S S N   K I S W  K E T L A N . . . . . . . . . I G R . S N P S A P L

BvGH123     23                          I        R    E                        S     A  K G E     Q L V V                 L        I    N I     V                           . E Y Y Q E A A N P I A T N P A L W A K V T A P Q  S W G S T D I  Y K K  . E P A . . P I H . . . . . . . . . . S A Q K  M N L T  W    K I S A     W T P K V L N D L T F . M V S D  T S G . S A T  S K E   R T G F  R Y V I T D E L N K D G L G A C G Y R N S A D F D S

NgaP       250                        L          H    E                             A  K G D     Q  V L            L     L        I    N L     V                           D G G F Q A T . R K V V V A P A . . . . S Q Y  K G A V G T T D M  Y V K  . S P F . . D D Y K R I D Y M E I A Q M N E K V W T G N  W    R A S A  F   W T T N R K E D Q V T  S I G D  V G E H N Q S  A S S   S V H F  K T T K A A . . . . . . . . . R G N . P S Q G K P Q

IOB_1      306                         W      P      G  Y  G                                                                                                                   V E           I  V          N   I  I                 L  I     M    G                        I                                          F  R K F E K I F F Q I H S G E C   K G K V R A L  F G  D   E N V A A  R    R  T  T P T G A E S N M . . . I R F I  N  K D E L  A D A  D S Q P W R H S R L R W L D S . . . . . . . K  A L D D G I V E P F T P L V V R G N T I D C L G R S V T I G K A G L P Q R I R S R  A

IOB_3      127                         W      P      G  Y  G                                                                                                        D  L       I  V D         V  V  V          Q  S V  I                 I  V     V    G                    R    I                                          Y  A D F P  P  L E E K . T  A   E N Q V Q P I   T  A   T N T Q P  L      H  S G R V D G R Q I T T K V P V A  K  F D I E  . . .  Q S R L W V T N W F S M . . . . . Q S  H M K  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . P E P D S Q Q  .

IOB_2      131                         W      P      G  Y  G                                                                                                        D  L       I  L E         I  V  V          T  S V  L                 V  V     L    P                    R    L                                          Y  G L W P  P  P P L K G A  S   A G K N Q P F   R  K   R R V P A  I      H  A A Q N Y S A . . . . D V K L R  K  Y D F V  . . .  D R M T C T T A F G F S . . T S N V F  Y Q K  S D S K . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . R R Q V L D K  .

CpNga123   102                         W      P      G  Y  G                                                                                                        D  I       L  I E         I  I  I          N  S I  V                   V         P                    R    I                                          Y  E P F P  I  H N S G . S  N   K N K I A S A   N  K   R N A K P  I      E  T A D E L E K S Y . . T F D Y S F E  L N L V Q . . .  L P S E T N T Q I E F W Q H P Y T I A  Y Y K  C K E D . . . . L F T E K H . . . . . F K . . . . . . . . . . . . Y L R G N L K E  .

BvGH123    147                         W      P      G  Y  G                                                                                                        D  I       L  L          I  V  I          T  T V  V                 L  V     L    P                    R    V                                          Y  T L V A  V  D H I T P T  T  P A N S T Q G G   S  N   Q G T K A  K      T  K A D G I T L . S . . E L K L N  Q  K N R T  . . .  P P S E W A F H L D L W Q N P Y A V S  Y Y N  . . . E . . . . P F S K K H . . . . . F D . . . . . . . . . . . . L M R P L M K L  .

NgaP       372                         W      P      G  Y  G                                                                                                        D  L       V  I D         V  I  V          S  Q L  A                 L  V     L    P                    R    I                                            E L I P  I  G S A D . P  S   K F G V Q P I   S  D   K D A K A  N      T  S S A S G E E . V . . S F T L Q  E  L D L T  . . .  D V K D W G F E L D L W Q N P Y A V A  V N G  T Q D Q . . . . L W T K A H . . . . . F D . . . . . . . . . . . . A M K P H Y E M L .

IOB_1      436                                                                       D                                                                                   L                    W               V  W                   F                                A    M   G L                    W           P E V T H I V G S E R D V  S G S V R L V V E T . . G T G Q H V Q  E I V G P K I V K K S A G A  A  E S Q S T S G A L S L N C R G Q M E   G F L G Y A I T L S A S E R T V L K D V R L E I P V S R D V  K Y I  G M   K G G L R R G E . . . . . . . . . H R  K W D R K K N Q D S

IOB_3      224                                                                       D                                                                                   L                     S                                     F                          F D R  V    I   G V                    F           . . . . . . . . . . W A L  S R Y A R N M S E H R Q N V V L V S P L  . . . L A T F Q L . . . . . . . . . . . . . . . . . . D K S S R M E V   . . . . . . . . . . . . . . . . . . . . . . . S R    W  R I F  A E   I G R I E G G H L G G R S S D W E S P  V V R I K E L R E G

IOB_2      232                                                                       D                                                                                                       Y N              V  W                   F  W                          W D K  M                            F           . . . . . . . . . . W A S F S A . . . . . . . . . . . . H H I S P   . . . P A P L D . . R L K  T  P K V S K S I . . . K P E Q L K P V    . . . . . . . . . . . . . . . . . . . . . . . T T    A  E R . . . . . . . . . . . . . . . . G I D Y Y H F N S  R L S I P G L G G G

CpNga123   214                                                                       D                                                                                   M                    W N              I  W                   F  Y                          F D K  I    I   G I                    W           . . . . . . . . . . . R N  G G R G V I . . . . . . A T I V H E A   . . . H Q S Y D S D P S M  K  R K N S Y . . . . . . . . . G T F E    . . . . . . . . . . . . . . . . . . . . . . . S H    W  Q L N  D L   L D P E K G . . F G Q I K C Y S I V P  N N R I Q Y F N E A

BvGH123    256                                                                       D                                                                                   A                    W N              V  W                   F  Y                          F D K  V    M   G V                    W           . . . . . . . . . . . A D  G G K V I T . . . . . . A S I M H K P   . . . G Q T Y D A F E S M  T  L K K A D . . . . . . . . . G T W Y    . . . . . . . . . . . . . . . . . . . . . . . T V    W  E F M  D L   K . . . . . . . . K Q I S C Y S M V P  R L S F Q Y F D Q A

NgaP       483                                                                       D                                                                                   A                    W N              V  W                   F  F                          F D K  V    M   G I                    W           . . . . . . . . . . . A A  G Q K V I T . . . . . . T T V T Y D P   . . . S Q T Y D V Y D T M  K  T K K A D . . . . . . . . . G T Y T    . . . . . . . . . . . . . . . . . . . . . . . E I    W  Q F M  D L   D . . . . . . . . S Q I D A Y S M V S  A S K I K Y Y D E V

IOB_1      565                                        W                                                                                                                        Y                                    E           A   I                      V                D  I     A         N                 V W I G D T . N A G L Q V A L R A E N  S R P L N T N F Y L L K P L N M P P S  W N E G K G G C D I . R Q T D  N T V S I S A Y S G  R T  Q A G R K L H F D F N L L L T P F K T L D  Q G Q W A T R F Y H S Y K P I  E  A K T G  N T I N N H H A  D A N P Y I N Y P F I H T Q Q M

IOB_3      310                                        W                                                                                                                            Y          H L   R G           D E                I   L                     K I                       A         Q                 N I I . . . . . . T K S V A P T S E E A N Q F  A Q F L P A L V N   R D    L E K Y A Q H L A   P V R T N I E . . . S . Y R A  S K  V R K Y A P E . . . . . . . . . . . . L   I E A C H T . . . . . . . . . . . . . K D L  G A I D V W V P  . . L N F L H N D F E H . . . .

IOB_2      303                                        W                                                                                                                        Y    F          H L   K G           D E     D                                   K                 E  V     I         S                 T F H S R R E P E L L G F S E D T P H  K A A  N A Y C G E V Q E   R E    L D E A F V Y W F   P A P K  Y E . . . F V M N G F . . . . . . . . A K . . . . . . . . . . . . L  D A A G . D I N . . . . R M L T  Q  E P K L  G G P N I W C .  V S N N H K H . . . E P . . . .

CpNga123   300                                        W                                                                                                                        W    W          H L   K G           D E     D           I   I                     K I                D  I     I         N                 . . . . T N K E E A I N P T P G S D L  I N I  T Q F L T S F M S   E E    F N I T Y I S M .   R S M D  L K . . . A C V D L  E N  T N N S Y E H . . . . . . . . . . . . F   S S A M D Y E S G N D Y S F L  R  D D I S  G . . . L S H I  H N S D D M K . . . N M . . . .

BvGH123    336                                        W                                                                                                                        Y    W          H L   K G           D E     D           I   A                     K V                D  L              T                 . . . . S N S F K F L D A K P G E V A  E E F  M N M L Q D F S K   K A    F D I T H I A M .   R P M K  M Q . . . E T L K V  R K  D K D . . . . . . . . . . . . . . . . F   S L A . . . G T Y . H K E L L  D  N . . . . . . . . D Y C I  I A E K F T P . . . E E . . . .

NgaP       563                                        W                                                                                                                        W    W          H L   K G           D E     D           I   V                     K I                D  L     V         N                 . . . . Q K K D V I E T V Q T N N P K  A V M  R A F L E A F V P   E A    L D K T Y M A N .   R A L N  L L . . . I A A D L  E E  S G G . . . K . . . . . . . . . . . . L   A A A M N V N S L . S D S R L  R  H K I S  G . . . L Y H V  H E N K Q L T . . . N T . . . .

IOB_1      703                   Y                                                    F             W           L  W                                                       M        T                                                                  N                                                       K D Y V D A A H A N K  K . V K I Y   V R . E L S N R C P E I F A L R S L D D E I L A Y G P G G G H S W L Q E H L G S N Y I A G W F V P R  K D A A V I N S G V S R  H  Y Y L E G . . .  N  L V E N I G I D G L Y I D D V A F D R T V M K R V R K I L D R K R P G A L I D L H S A

IOB_3      409                   Y                                                    F             W           L  W                                                    R   A G       T C                                                                 N       G         W                                       . . . . . Y Q K  Q R   D E V W F    I Y P Q G E Y A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N R  I E Q P L L K T R L L H  I  Y R Y G M T  Y  H  G Y N Q  G K D S P F T H T T K Q . . . . . . . . . . . . . . . . . . . . . . . . . .

IOB_2      407                   Y                                                    F             W           L  W                                                    R    G        C                                                                 S       G         W                                       . . . . . A E Q  R K Y  E K F W W  V  T G P K T P Y C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T L  I D H P G T E L R V W L  Q  W K R K I D  I  V  Q T N Y  T S S A A Y P D R E H P . . . . . . . . . . . . . . . . . . . . . . . . . Q

CpNga123   410                   Y                                                    F             W           L  W                                                    R   L G       T C                                                                 S       G         W                                       . . . . . A T H  Q E   L L T T I    T . G D Y P S S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T I S D P S E G A F T I  Y  L Y Q N T N  F  R  S W D G  V E N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BvGH123    433                   Y                                                    F             W           L  W                                                    R   A G       T C                                                                 S       G         W                                       . . . . . I E A  R K   K V T T Y    C T E P R P N T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T F S E P A E A E W L A  H  A K E N L D  Y  R  A L N S  V K N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NgaP       669                   Y                                                    F             W           L  W                                                    R   L G       N C                                                                 T       G         F                                       . . . . . S E H  R Q   L I T T I    V . G H Y P N S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A R S N P A E P V W V I  D  M R H Q T D  Y  R  A F D S  V K D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IOB_1      838                                              D                            R  E     G                                                                                P                        P     V                       L       D        M              M                      M   Y              N Q Y N V R D G F V N S A N L Y L E H F  Y I N R . L W F G E Y F . . . . . . D Y N G A   F W L  E V S . . . . . . . . . . . . . . G I C F G   G  M R Q   G N R W R G  I Y G M T . G R L P R E D  P A R L W K L W D K F . . . . G M Q D A R  L G  W A L S C P V R A D N K D

IOB_3      479                                              D                            R  E     G                                                                                                        G     V Y P                     I     M  D  I      L   L           L                      V   F              . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H T G Q Q Y L P A   P W I    G R D . . . . . . . . . . . . G P L D S   H  A  C    A D Y E L  S M  G E R D P E A A K R  V N R H V L D F D R . . . . . . . Y N C N  E A  R A T . . . . . . . . . .

IOB_2      478                                              D                            R  E     G                                                                                P                        G     I Y P                     I     L  D  I      L   L           L                      M   F              N . . . . . . . . . . . . . . . . . . .  Y Q D P M G W R S S Y S T P K G A K K P W G N   G R F    P E A A A D A H P A E P V L D G P V E S   W  M  R    E D Y E Y  A I  S R L L K A K K D K  T T Q Q R K K Y A A L L E V P E S I T T D  T T  T K D P A P I E . A R R D

CpNga123   468                                              D                            R  E     G                                                                                P                        G     I Y P                          L  E  I      A   L           I                         Y              . . . . . . . . . . . . . . . . . . . .  L E N . . . . . . . . . . . . V S Y K Y W E P   P F L    A E K D S I G K . . . . . . . T F Y S T P  L  K  K    R D I N K  K Y  M E K A P N L K N S  E N L I Y S . . . . L . . . . K R P N K G E N A  G S A . . V A A . S K E D

BvGH123    492                                              D                            R  E     G                                                                                P                        G     I Y P                     I     L  E  I      V   L                                 L   F              . . . . . . . . . . . . . . . . . . . .  L Q D . . . . . . . . . . . . S R F T A W A A   T Y M    G A R S S . . . . . . . . . . . . . . .   L  R  T    Q F F E K  R I  K E E F E E K G N K G A I K N . . . . . . . . . . . . . I D K T  K M  D E S . . . . . . . S M D

NgaP       727                                              D                            R  E     G                                                                                P                        G     V Y P                     V     M  E  I      V   L           I                      L   Y              . . . . . . . . . . . . . . . . . . . .  Y E T . . . . . . . . . . . . T D F K T W E S   S A Q    G A V S S . . . . . . . . . . . . . . .   F  R  K    R D A E K  R Y  T E H N A E I G E E  A A A A W Q . . . . M . . . . Q N V G Y A  D P  N G V . . . . . . . K D P

IOB_1      952  L       A  R A                                                                                                                                 V  V T V Y A K  D   L L S V A S W A P E T V S C R . . . . . . . . . . . . . . . . . . . . . . . L K I D . . . . . . . F D A L G I S R E G A Q L A A P F I K G F Q D S A T F A V T D Q I P V A P G K G W L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IOB_3      555  L       L S R                                                                                                                                  R  . E L L E L    Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IOB_2      598  I       L N  L                                                                                                                                 R  A R V I A K   S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CpNga123   558         A N R I                                                                                                                                 R D . L T I S E     K N G I N N F A R E F I S L T M E T L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BvGH123    565  I       V N K A                                                                                                                                 K  . S P T T A     K K V I . . . . N R Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NgaP       805  I       V N R L                                                                                                                                 G  V N I P Q E     K A S L D Q A A R K Y L D L I R E E M K D E I V L V G P D A V Q S D E S F A V K F G L N R L S K P V Q A L D I T L R Y S A D R F E F I G A A S A D E H V Q I V D T I K Q G D G K L R L I V A A L G S E H A I H A D S L F L E L S F R A K A A D Q S A Q G I V E A

IOB_1     1025 . . . . . . . . . . . . L V L S P S S A T S Q K N P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

IOB_3   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

IOB_2   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

CpNga123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

BvGH123 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   

NgaP       945 A E V I V S G S D G V E S S L S P V S I A I D V L P V D P F D R L D V N R D G K I S I G D L S I T A A H Y G K T D Q S P D W E M I K N A D V N R D G K I D I V D L T E I A K K I I E                                                   

 

Sequence Identity (%)a

Extended Data Fig. 1 Candidate β-NGA sequences retrieved from deep-sea sediment metagenomes.
(A) Sequence identities within β-NGA candidates retrieved from dee-sea sediment metagenomes and the known
GH123 genes. (B) Alignment of the genes sequences. Residues conserved in all of the proteins are shown on a red
background. The conserved DE motif (*) are indicated by green box. The DUF4091 are underlined.
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 781 
Extended Data Fig. 2. Candidate β-NGA sequences containing DUF4091. 782 
a, Sequence identities within β-NGA genes. Names in red represent the enzymes whose 783 
activities were experimentally confirmed in this study. b, Alignment of the gene sequences 784 
corresponding to DUF4091. c, Sequence identities corresponding to DUF4091 with known 785 
GH123 and β-NGA candidates.   786 

b

CpNga123    1    G   W                                  Y               R                      FL      W                       GDP LI P            T     L  GI D   A  L NTN   R SWDG VENP...LENVSY.....KYWEP   F    AEKDSIGKTFYS P LEK KE  R INK KY M

BvGH123     1    G   W                                  Y               R                      YL      W                       GD  MI PG            I    L  GI   E V IL NLD   R ALNS VKNP...LQDSRF.....TAWAA  TY     ARSS........  LER TE  QFF K R  K

NgaP        1    G   W                                  Y               R                      YL      F                       GD   V PG            V    M  GI D E V  L QTD   R AFDS VKDP...YETTDF.....KTWES  SAQ    AVSS........  FER KE  R A K RY T

NgaMg       1    G   W                                  Y               R                       L                               DG LV PG         V SM    L  GV D E V LL GFS I D AADYVTKGQDP.WQDVSYL..ENKTVYQA  L     DKVGLPGTV P   LKW RD  E Y Y E  K

NgaSc       1    G   W                                  Y               R                       L      W                       GEG LV  G         V SM    I  GV D E I IL GIK V Y RIDD T..DEP.WEKVPVYV.HGEKNFP   M   R TEVGLKT.I P   LKW RE  E Y Y E  K

NgaNp       1    G   W                                  Y               R                       L      W                       GEG LV PG         I SM    L  GV D E M II GLT I Y QVDL T..KDP.WHDIQTYSKNNGDNFP   M     KQVGLQG.V P   LKW RD  E Y Y E  K

NgaCs       1    G   W                                  Y               R                       L      W                       GEG LV PG         V SM    L  GV D E I IL GLT A Y RVDF T..DDP.WNNVETLF.QDGNHYP   M     QQVGIEG.V P   LKW RD  E Y Y Q  K

NgaCa       1    G   W                                  Y               R                       L      W                       GEG LV PG         V SI    I  GI D E I IL GMT I Y RVDF T..EDP.WHDVLTLR.ADGMEFN   M     EQVGIDG.V P   LKA RK  E Y Y E  K

NgaOs       1    G   W                                  Y               R                      FL      Y                       GDG L  PG         V S     I  GM D E L L  GGT   Y GTNC EKAM.....IPSAEICFRRGLPP   V F   EVFSSSHEP A T LER LS  Q I Y K YS

NgaAt       1    G   W                                  Y               R                      FL      Y                       GDG L  PG         V SL    L  GL D E L L  GGT   Y GANC EKAT.....VPSAEVKFRRGLPP   V Y   EVFSSSSEP A   LER LS  Q Y Y K YE

NgaGm       1    G   W                                  Y               R                      FL      Y                       GDG L  PG         V SL    I  GL D E L L  GGT   Y GANC EKAT.....VASAEIKFRHGLPP   V Y   EVFSTSHQP A   LER LN  Q T Y R YA

NgaBl       1    G   W                                  Y               R                      FL      Y                       GD  LV PG           SI    V   L D     LL DLA   H GFNF NAQYSLRPINPYTEAGTPEGFAA  AF     P....GGAPEE   IMV EEA N LRACR  E

NgaBf       1    G   W                                  Y               R                      FL      W                       GD  AV PG           SL        M D   L  L DAP   H GYNF WAQFSLRPIDPFEETCAGGPFFG  SF     P....EGTPWL   HRVFAQA A HRA TW A

NgaLy       1    G   W                                  Y               R                      FL      Y                       GDP LV PG         L SL       G  D   L  L QIQ   H GFNF NAQLSTRPIDPFAVTDAGGAFPS   F     A....DGQP N   NEVQRL FG LAV QQ E

NgaP2       1    G   W                                  Y               R                      FL      W                       GDP VV PG         L SI       GL D   L LL GVQ   H GFNF YSQYSKKVIDPFKVTDADCAFPS   F     A....DG.P D   WEVFRE  Q LRA K  E

NgaCp       1    G   W                                  Y               R                      FM      W                       GD  IV P          I SV    M  GI D E L LL DLT   H GYNI TGYP...FDFSTSN......SVG  AW    KD....GK.I S   LEA RD  V Y L R  E

NgaDssm     1    G   W                                  Y               R                      YL      W                       GDP IV PG         L SI    M  GI D E L ML GMT   H GYNQ GKDS...PFTHTTKQHGQQYLPA   W     R....DG.P D   HEA CD  A Y L S  G

NgaBa       1    G   W                                  Y               R                      YL      W                       GDP IV PG         L SI    L  GV D E   LL GLV   H GYNY TEKP...FEDVENEPSHPFPLPP   F     K....SG.P D   FEA RD  E Y LFK  A

 

c Sequence Identity (%) corresponding to DUF4091

Extended Data Fig. 2 Candidate β-NGA sequences containing DUF4091
(A) Sequence identities within β-NGA genes. Names colored in red represent enzymes whose activities were 
experimentally confirmed in this study. (B) Alignment of the genes sequences corresponding to DUF4091. (C) Sequence 
identities corresponding to DUF4091 within the known GH123 genes and β-NGA candidates. 

Sequence Identity (%)
CpNga123 100 33 35 16 19 17 17 18 15 16 16 12 14 13 14 16 18 17
BvGH123 33 100 36 21 20 19 21 21 17 17 16 17 15 15 16 19 19 21

NgaP 35 36 100 20 19 21 19 18 18 15 17 16 14 16 16 19 21 21
NgaMg 16 21 20 100 39 41 40 40 24 23 24 18 18 18 17 20 19 26
NgaSc 19 20 19 39 100 48 48 54 20 23 22 15 14 16 15 15 16 22
NgaCa 17 19 21 41 48 100 55 53 22 23 23 18 19 18 21 18 21 24
NgaNp 17 21 19 40 48 55 100 56 20 20 20 16 16 15 17 18 18 23
NgaCs 18 21 18 40 54 53 56 100 22 22 21 17 17 16 18 19 19 25
NgaOs 15 17 18 24 20 22 20 22 100 66 66 20 18 19 20 18 21 22
NgaAt 16 17 15 23 23 23 20 22 66 100 74 19 17 20 21 17 20 23

NgaGm 16 16 17 24 22 23 20 21 66 74 100 20 18 20 19 18 20 23
NgaBl 12 17 16 18 15 18 16 17 20 19 20 100 39 38 42 21 22 23
NgaBf 14 15 14 18 14 19 16 17 18 17 18 39 100 40 39 20 25 23
NgaLy 13 15 16 18 16 18 15 16 19 20 20 38 40 100 40 22 24 23
NgaP2 14 16 16 17 15 21 17 18 20 21 19 42 39 40 100 21 26 26
NgaCp 16 19 19 20 15 18 18 19 18 17 18 21 20 22 21 100 36 29

NgaDssm 18 19 21 19 16 21 18 19 21 20 20 22 25 24 26 36 100 41
NgaBa 17 21 21 26 22 24 23 25 22 23 23 23 23 23 26 29 41 100

a

CpNga123 100 43 46 29 26 23 29 27 30 30 27 25 22 25 28 31 25 34
BvGH123 43 100 52 31 25 29 29 31 31 32 32 29 22 28 34 34 34 36

NgaP 46 52 100 31 25 22 24 25 29 29 31 26 22 31 31 32 36 33
NgaMg 29 31 31 100 51 59 59 55 30 34 31 21 21 24 26 30 28 40
NgaSc 26 25 25 51 100 60 61 58 29 31 29 21 21 24 24 28 24 36
NgaNp 23 29 22 59 60 100 69 67 29 33 30 22 23 25 25 33 30 40
NgaCs 29 29 24 59 61 69 100 72 31 34 31 26 25 28 28 33 32 42
NgaCa 27 31 25 55 58 67 72 100 32 32 32 25 28 31 34 33 38 38
NgaOs 30 31 29 30 29 29 31 32 100 83 79 31 29 34 36 31 34 37
NgaAt 30 32 29 34 31 33 34 32 83 100 85 34 28 37 39 34 36 40

NgaGm 27 32 31 31 29 30 31 32 79 85 100 32 28 35 34 33 34 37
NgaBl 25 29 26 21 21 22 26 25 31 34 32 100 51 49 51 35 32 35
NgaBf 22 22 22 21 21 23 25 28 29 28 28 51 100 52 50 32 35 36
NgaLy 25 28 31 24 24 25 28 31 34 37 35 49 52 100 67 32 38 38
NgaP2 28 34 31 26 24 25 28 34 36 39 34 51 50 67 100 35 42 46
NgaCp 31 34 32 30 28 33 33 33 31 34 33 35 32 32 35 100 48 48

NgaDssm 25 34 36 28 24 30 32 38 34 36 34 32 35 38 42 48 100 52
NgaBa 34 36 33 40 36 40 42 38 37 40 37 35 36 38 46 48 52 100

GH123

Group 1

Group 2

Group 3 
-2

Group 3
-1

GH123

Group 1

Group 2

Group 3 
-2

Group 3
-1

GH123

Group 1

Group 2

Group 3 
-2

Group 3
-1
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 787 
Extended Data Fig. 3. General properties of recombinant β-NGAs. 788 
a, SDS-PAGE analysis of recombinant β-NGAs, stained with Coomassie brilliant blue. Effect 789 
of b, pH and c, metal ions on enzymatic activity of recombinant β-NGAs at optimal 790 
temperature. d, Effect of temperature on enzymatic activity of recombinant β-NGAs. e, 791 
Protein thermal shift data of recombinant β-NGAs. f, s-v plots of recombinant β-NGAs. All 792 
values represent the mean of triplicate measurements. 793 
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Extended Data Fig. 3 General properties of the recombinant β-NGAs.
(A) SDS-PAGE analysis of the recombinant β-NGAs. Proteins were stained with Coomassie brilliant blue. Lane M, marker 
proteins. lane 1–9, purified enzymes. (B) Effects of pH. pNP-substrates (50 nmol) were incubated with the enzymes at 
optimal temperature for 30 min in 100 μL of 0.1 M GTA buffer, pH 3.0–10.5. (C) Effect of metal ions. pNP-substrates (50 
nmol) were incubated with the enzymes at optimal temperature for 30 min in 100 μL of 0.1 M each buffer, containing 5 
mM of the metal ions. (D) Effect of temperature. pNP-substrates (50 nmol) were incubated with the enzymes at various 
temperature for 30 min in 100 μL of 0.1 M each buffer. (E) Protein thermal shift (PTS) data of β-NGAs. The PTS assay was 
conducted in the StepOnePlusTM Real Time PCR System using Applied Biosystems’ Protein Thermal ShiftTM Dye. Tm of 
the proteins were calculated by the Protein Thermal ShiftTM software v1.4. (F) s-v plot of β-NGAs. The reaction mixture 
containing different amounts of pNP-substrates (12.5–200 nmol) was incubated with the enzyme optimal temperature for 30 
min in 100 μL of 0.1 M each buffer. Values are the means of triplicate determinations. The hydrolysis of pNP-substrates 
was examined as described in Materials and Methods.
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 794 

Extended Data Fig. 4. Comparison between NgaAt and HEXO1–3. 795 
a, Sequence identities within the NgaAt and HEXO1–3 genes. b, Alignment of gene 796 
sequences. Residues conserved in all the proteins are displayed in a red background. The DE 797 
motifs (green asterisk, *) of NgaAt and HEXO1–3 are indicated by green boxes. c, Specificity 798 
of NgaAt against different pNP-substrates. Values represent the mean of technical triplicate 799 
measurements.  800 

Sequence Identity (%)a

Extended Data Fig. 4 Comparison of NgaAt and HEXO1–3 and substrate specificity of NgaAt.
(A) Sequence identities within NgaAt and HEXO1–3 genes. (B) Alignment of the gene sequences. Residues conserved in
all of the proteins are shown on a red background. The DE motif (*) of NgaAt and HEXO1–3 are indicated by green and
yellow, respectively. The DE motif of NgaAt were not shared in the HEXO1–3 sequence. (C) Substrate specificity. pNP-
substrates (100 nmol) were incubated with the enzymes for 30 min in 100 μL of 0.1 M sodium citrate buffer, pH 5.0.
Values are means of triplicate determinations.
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 801 
Extended Data Fig. 5. Hydrolysis of oligosaccharides by recombinant β-NGAs. 802 
a, TLC analysis of the standard oligosaccharides and sugars (left), together with the structures 803 
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Extended Data Fig. 5 Hydrolysis of oligosaccharide by recombinant β-NGAs.
(A) TLC of standard oligosaccharides and sugar (left). Structures of the oligosaccharides used TLC assay (right).
(B-E) TLC shows the hydrolysis of oligosaccharides of GM1a, asialo GM1 (GA1), GM2, asialo GM2 (GA2), Gb5, Gb4, Globo
H and Forssmann antigen. Aliquots of 10 nmol of oligosaccharide were incubated with β-NGAs for 16 h in 20 μL of 0.1 M
each buffer. The oligosaccharides in each lane were arranged in the same order as the standards TLC. The hydrolysis of
oligosaccharides was described in the Materials and Methods.
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of the oligosaccharides used in the TLC assay (right). b–e, TLC demonstrates the hydrolysis 804 
of oligosaccharides of GM1a, asialo GM1 (GA1), GM2, asialo GM2 (GA2), Gb5, Gb4, 805 
Globo H, and Forssmann antigens. Oligosaccharides in each lane were arranged in the same 806 
order as in the standard TLC.  807 
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 808 
Extended Data Fig. 6. Comparison of overall structure and effect of the mutation on 809 
amino acids conserved throughout all β-NGA groups. 810 
a, Structural similarity between β-NGA groups compared using the root mean square distance 811 
(RMSD). b, Amino acids conserved between β-NGA groups. Point mutation experiments 812 
were performed on the amino acids of NgaLy as specified in the red box. c, d, Detailed views 813 
of interactions between conserved residues (c, D95, W115, Y466, R478, d, G427). The β-814 
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Extended Data Fig. 6 Comparison of overall structure and effect of the mutation on conserved amino acids through the
all β-NGA groups.
(A) Structural similarity was compared using root-mean-square distance (rmsd) values. (B) List of conserved amino acids. Point
mutant experiments were performed for the amino acids of NgaLy as specified in the red box. (C, D) Detailed views of the
interactions of conserved residues [(C), D95, W115, Y466 and R478, (D), G427]. β-sandwich domain at the N-terminus, (β/α)8
barrel domain, DUF4091 and C-terminal domain are shown in green, cyan, purple and orange, respectively. The conserved
amino acids are shown as magenta sticks. Ligands are shown as yellow sticks. (E) SDS-PAGE analysis of the point mutants.
One mL of cultured medium was harvested, sonication, and centrifugation. The supernatant was subjected to affinity
purification using 50 μL of Ni-NTA resin. W; whole cell lysate, S; supernatant protein after sonication and centrifugation, E;
elute protein of affinity purification. The amino acids likely contributed to the structure stability are colored in blue, whereas
those involved in substrate recognition are red. (F) Relative activity of Y392A and W431A mutants with wild-type enzyme.
Values are the means of triplicate determinations.
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sandwich domain at the N-terminus, the (β/α)8-barrel domain, DUF4091, and the C-terminal 815 
domain are depicted in green, cyan, purple, and orange, respectively. Magenta sticks 816 
represent the conserved amino acids. The ligands are indicated by yellow sticks. e, SDS-817 
PAGE analysis of point mutants (W: whole-cell lysate; S: supernatant protein after sonication 818 
and centrifugation; E: eluted protein after affinity purification). The amino acids that likely 819 
contribute to structural stability and those involved in substrate recognition are demarcated 820 
with blue and red colors, respectively. f, Relative activity of the NgaLy Y392A and W431A 821 
mutants compared to that of the wild-type (WT) enzyme. Values represent the mean of 822 
technical triplicate measurements.  823 
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 824 
Extended Data Fig. 7. The structures of NgaCa, NgaAt, NgaDssm, and NgaP2. 825 
a, Comparison between the apo1 crystal structure (green) and AlphaFold2 predicted structure 826 
(cyan) of NgaCa. The position of the loop behind the second β-sheet in the (β/α)8-barrel 827 
domain is demarcated with a red circle. The DE motif is indicated by a stick. b, Distinction 828 
between apo 1 (green) and apo 2 (yellow) in NgaCa. The apo 2 structure is derived from 829 
crystals to which 5 mM Galβ1-3GalNAc was incorporated during crystallization, but Galβ1-830 
3GalNAc is not visible. However, the loops surrounding the active site are different from 831 
those surrounding apo 1, and the loops move as the active site cleft expands (magenta circle). 832 
These two distinct states were designated as closed (apo 1) and open (apo 2), respectively. 833 

Extended Data Fig. 7 The structure of NgaCa, NgaAt, NgaDssm, and NgaP2.
(A) Comparison of apo1 crystal structure (green) and AF2 predicted structure (cyan) of NgaCa. The position of the loop behind
the second β-sheet in the (β/α)8 barrel domain is different (red circle). The DE motif is shown as stick. (B) Difference between
apo1 (green) and apo2 (yellow) of NgaCa. Apo2 structure is derived from crystals to which 5 mM Galβ1-3GalNAc was added
during crystallization, but Galβ1-3GalNAc is not visible. However, the loops around the active site were different from apo1,
and the loops moved as the active site cleft expanded (magenta circles). These two distinct states are designated as the closed
(apo1) and open states (apo2), respectively. The DE motif is shown as stick. (C) Superposition of GalNAc-thiazoline-bond form
and GlcNAc-thiazoline-bond form of NgaAt. The positions of amino acids involved in substrate recognition were exactly the
same. GalNAc-thiazoline and GlcNAc-thiazoline are shown as yellow and orange sticks. Polder map of GalNAc-thiazoline and
GlcNAc-thiazoline (4σ) are shown as blue mesh. (D) Superposition of the apo form with the GalNAc-thiazoline-bound form of
NgaDssm. In the apo form, His479 is far away from the active site. In the GalNAc-thiazoline-bond form, His 479 is located
within hydrogen-bonding distance from the 4-OH of GalNAc-thiazoline. These two distinct states are designated as the closed
and open states, respectively. GalNAc-thiazoline is shown as yellow sticks. Polder map of GalNAc-thiazoline (4σ) is shown as
blue mesh. (E) Superposition of the apo form with the GalNAc-thiazoline-bound form of NgaP2. The residues that move upon
GalNAc-thiazoline binding, Trp298 and Glu360, are shown as stick. The displacements of these residues are depicted by arrows.
GalNAc-thiazoline is shown as yellow sticks. Polder map of GalNAc-thiazoline (4σ) is shown as blue mesh.
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The DE motif is indicated by a stick. c, Superimposition of the GalNAc- and GlcNAc-834 
thiazoline bond forms of NgaAt (yellow and orange, respectively). The positions of the amino 835 
acids involved in substrate recognition are identical. GalNAc- and GlcNAc-thiazoline are 836 
represented by yellow and orange sticks, respectively. Polder maps of GalNAc- and GlcNAc-837 
thiazoline (4σ) are illustrated as blue meshes. d, Superimposition of the apo (pink) and the 838 
GalNAc-thiazoline-bound forms (purple) of NgaDssm. In the apo form, His479 is distant 839 
from the active site. In the GalNAc-thiazoline bond, His 479 was located within hydrogen-840 
bonding distance from the 4-OH of GalNAc-thiazoline. These two distinct forms are 841 
designated as closed and open states, respectively. GalNAc-thiazoline is depicted by a yellow 842 
stick. A polder map of GalNAc-thiazoline (4σ) is displayed as a blue mesh. e, 843 
Superimposition of the apo form (cyan) of NgaP2 onto its GalNAc-thiazoline-bound form 844 
(blue). The residues that shifted upon GalNAc-thiazoline binding, Trp298 and Glu360, are 845 
depicted as sticks. The displacements of these residues are indicated by arrows. GalNAc-846 
thiazoline is represented by a yellow stick. A polder map of GalNAc-thiazoline (4σ) is 847 
illustrated as a blue mesh.   848 
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 849 
Extended Data Fig. 8. NgaDssm and NgaCa are anomer-retaining enzymes. 850 
a, 1H NMR spectrum monitoring the activity of NgaDssm toward Galβ1-3GalNAc-β-pNP in 851 
D2O/H2O (32:1, 100 mM citrate buffer, pH(D) 5.0) at 37℃. 1: Substrate at 21℃; 2: Substrate 852 
at 37℃ at pH(D) 5.0 before addition of enzyme solution; 3: Reaction after 1 min; 4: Reaction 853 
after 10 min; 5: Reaction after attaining equilibrium. The enzyme was dissolved in 20 mM 854 
HEPES-Na (pH 7.5), 150 mM NaCl, and 1 mM DTT in H2O and premixed with D2O 855 
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Figure 4. The enzyme from Cohnella is an anomer-retaining enzyme. 1H NMR spectrum monitoring the activity toward b-Gal-(1à3)-b-GalNAc-pNP in D2O/H2O
(11:1, 100 mM citrarte buffer, pH(D) 5.0) at 37 °C. 1: Substrate at 21 °C and 2: at 37 ° D2O/H2O (11:1, 100 mM citrarte buffer, pH(D) 5.0); 3: Reaction after 10 minutes,
4: after 30 minutes, and 5: after equiliblium. Enzyme disolved in 20 mM Hepes-Na pH 7.5, 150 mM NaCl and 1 mM DTT in H2O (32.5 mg/mL) was premixed with D2O
(D2O/H2O = 2:1) before treatment with the substrate. a) Measured at 21 °C with presaturation at 4.800 ppm. b) Measured at 37 °C with presaturation at 4.632 ppm.
Gray dots indicated the peaks of reagents in the solution (DTT, HEPES). Gray bars indicated the area affected by presaturation to reduce HOD peak.
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Figure 3. The enzyme (ID = 668) is an anomer-retaining enzyme. 1H NMR spectrum monitoring the activity toward b-Gal-(1à3)-b-GalNAc-pNP in D2O/H2O (32:1,
100 mM citrarte buffer, pH(D) 5.0) at 37 °C. 1: Substrate at 21 °C and 2: at 37 °C at pH(D) 5.0 before addition of enzyme solution; 3: Reaction after 1 minutes, 4: after
10 minutes, and 5: after equiliblium. Enzyme disolved in 20 mM Hepes-Na pH 7.5, 150 mM NaCl and 1 mM DTT in H2O was premixed with D2O (D2O/H2O = 6:1)

before treatment with the substrate. a) Measured at 21 °C with presaturation at 4.800 ppm. b) Measured at 37 °C with presaturation at 4.632 ppm. Gray dots
indicated the peaks of reagents in the solution (DTT, HEPES). Gray bars indicated the area affected by presaturation to reduce HOD peak.

1.a)

2.b)

3.b)

4.b)

5.a)

O
HO OH

HO
OH

O
HO OH

O
NHAc

O

NO2

O
HO OH

HO
OH

O
HO OH

O
NHAc

O

NO2

O
HO OH

HO
OH

O
HO OH

O
NHAc

OH

GalNAcbGalb(b)

O
HO OH

HO
OH

O
HO OH

O
AcHNOH

GalNAcaGalb(a)

EXP2

Extended Data Fig. 8 NgaDssm and NgaCa is an anomer-retaining enzyme.
(A), NgaDssm, 1H NMR spectrum monitoring the activity toward Galβ1-3GalNAc-β-pNP in D2O/H2O (32:1, 100 mM citrarte
buffer, pH(D) 5.0) at 37℃. 1: Substrate at 21℃ and 2: at 37℃ at pH(D) 5.0 before addition of enzyme solution; 3: Reaction
after 1 minutes, 4: after 10 minutes, and 5: after equilibrium. Enzyme dissolved in 20 mM Hepes-Na pH 7.5, 150 mM NaCl and
1 mM DTT in H2O was premixed with D2O (D2O/H2O = 6:1) before treatment with the substrate.
(B), NgaCa, 1H NMR spectrum monitoring the activity toward Galβ1-3GalNAc-β-pNP in D2O/H2O (11:1, 100 mM citrarte
buffer, pH(D) 5.0) at 37℃. 1: Substrate at 21 degrees and 2: at 37℃ D2O/H2O (11:1, 100 mM citrarte buffer, pH(D) 5.0); 3:
Reaction after 10 minutes, 4: after 30 minutes, and 5: after equilibrium. Enzyme dissolved in 20 mM Hepes-Na pH 7.5, 150 mM
NaCl and 1 mM DTT in H2O (32.5 mg/mL) was premixed with D2O (D2O/H2O = 2:1) before treatment with the substrate. a)
Measured at 21℃ with presaturation at 4.800 ppm. b) Measured at 37℃ with presaturation at 4.632 ppm. Gray dots indicated
the peaks of reagents in the solution (DTT, HEPES). Gray bars indicated the area affected by presaturation to reduce HOD peak.

b NgaCa
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(D2O/H2O = 6:1) before treatment with the substrate. b, 1H NMR spectrum monitoring the 856 
activity of NgaCa toward Galβ1-3GalNAc-β-pNP in D2O/H2O (11:1, 100 mM citrate buffer, 857 
pH(D) 5.0) at 37℃. 1: Substrate at 21℃; 2: Substrate at 37℃ D2O/H2O (11:1, 100 mM citrate 858 
buffer, pH(D) 5.0); 3: Reaction after 10 min; 4: Reaction after 30 min; 5: Reaction after 859 
attaining equilibrium. The enzyme was dissolved in 20 mM HEPES-Na (pH 7.5), 150 mM 860 
NaCl, and 1 mM DTT in H2O (32.5 mg/mL) and premixed with D2O (D2O/H2O = 2:1) before 861 
treatment with the substrate. a) Measured at 21℃ with presaturation at 4.80 ppm. b) 862 
Measured at 37℃ with presaturation at 4.63 ppm. The gray dots symbolize the peaks of the 863 
reagents in solution (DTT and HEPES). The gray bars indicate the areas affected by 864 
presaturation to reduce the HOD peak.  865 
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 866 
Extended Data Fig. 9 H-H COSY and 1H NMR spectra of Galβ1-3GalNAcα/β and 867 
Galβ1-3GalNAc-β-pNP. 868 
a, 2D H-H COSY and 1D 1H NMR spectra of the reaction mixtures at equilibrium after 869 
hydrolysis. The mixture comprises Galβ1-3GalNAcα/β (~1.5:1). Assignments were carried 870 
out by 1D 1H NMR and 2D H-H COSY as the chemical shift of 1H at 1 of β-GalNAc (4.58 871 

a

Extended Data Fig. 9 H-H COSY and 1H NMR spectra of Galβ1-3GalNAcα/β and Galβ1-3GalNAc-β-pNP.
(A), 2D H-H COSY and 1D 1H NMR spectra of reaction mixture under equilibrium after hydrolysis followed by mutarotation.
The mixture contains about 1.5:1 mixture Galβ1-3GalNAcα/β. Assignments were carried out by 1D 1H NMR and 2D H-H
COSY. Since the chemical shift of 1H at 1 of β-GalNAc (4.58 ppm) is overlapped under large HOD peak (4.4–4.8). (B), H-H
COSY and 1D 1H NMR spectra of Galβ1-3GalNAc-β-pNP in D2O. Assignments were carried out by 1D 1H and 13C, and 2D H-
H COSY, TOCSY HMQC, HMQC-TOCSY and HMBC.

Galβ1-3GalNAcα/β

b Galβ1-3GalNAc-β-pNP
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ppm) is overlapped under the large HOD peak (4.4–4.8). α and β in parentheses indicate the 872 
stereochemistry of the reducing GalNAc residue of the corresponding disaccharides. b, H-H 873 
COSY and 1D 1H NMR spectra of Galβ1-3GalNAc-β-pNP in D2O. Assignments were 874 
performed using 1D 1H and 13C, 2D H-H COSY, TOCSY, HMQC, HMQC-TOCSY, and 875 
HMBC.  876 
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 877 
Extended Data Fig. 10. Neighborhood genes and potential protein interaction networks 878 
of β-NGAs. 879 
a, Neighborhood genes around the β-NGA. Functional annotations were obtained from the 880 

a

Extended Data Fig. 10 Neighborhood genes and potential protein interaction of β-NGAs.
(A) Neighborhood genes around the β-NGA. Functional annotations were obtained from NCBI GenBank database as listed in
Supplementary Data S4. β-NGAs and hypothetical proteins are presented in orange and grey, respectively. (B) Interaction
networks of β-NGA using STRING v11.5. The predicted functional partners proteins were listed in Supplementary Data S5.
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NCBI GenBank database, as listed in Supplementary Data S4. The β-NGAs and hypothetical 881 
proteins are depicted in orange and gray, respectively. b, Interaction networks of β-NGA 882 
retrieved from the STRING database (v11.5). Predicted functional partner proteins are listed 883 
in Supplementary Data S5. 884 
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