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A B S T R A C T   

SGNH hydrolase-like fold proteins are serine proteases with the default Asp-His-Ser catalytic triad. Here, we 
show that these proteins share two unique conserved structural organizations around the active site: (1) the Nuc- 
Oxy Zone around the catalytic nucleophile and the oxyanion hole, and (2) the Acid-Base Zone around the cat-
alytic acid and base. The Nuc-Oxy Zone consists of 14 amino acids cross-linked with eight conserved intra- and 
inter-block hydrogen bonds. The Acid–Base Zone is constructed from a single fragment of the polypeptide chain, 
which incorporates both the catalytic acid and base, and whose N- and C-terminal residues are linked together by 
a conserved hydrogen bond. The Nuc-Oxy and Acid-Base Zones are connected by an SHLink, a two-bond 
conserved interaction from amino acids, adjacent to the catalytic nucleophile and base.   

1. Introduction 

Earlier, we described a unique structural organization, the “catalytic 
core”, in proteins with the alpha/beta Hydrolases (ABH) fold (Denesyuk 
et al., 2020a; Dimitriou et al., 2017a; Dimitriou et al., 2019). The 
“catalytic core” was a combination of three Zones, or characteristic 
areas, each around a respective residue of the catalytic triad: the cata-
lytic Nucleophile Zone, the catalytic Base Zone, and the catalytic Acid 
Zone. According to SCOP (SCOP2; https://scop.mrc-lmb.cam.ac.uk/), 
fold alpha/beta-Hydrolases (the ABH fold; SCOP ID: 2000076) contain 
one superfamily of alpha/beta-Hydrolases (the ABH superfamily; SCOP 
ID 3000102), which includes 44 families of 248 domains (https://scop. 
mrc-lmb.cam.ac.uk/term/3000102) (Andreeva et al., 2020). 15 of these 
44 families are various families of lipases and esterases, which all have a 
characteristic acid-base-nucleophile catalytic triad with serine as the 
nucleophile residue (Denesyuk et al., 2020a; Dimitriou et al., 2019). 
From the latest update of the SCOP database (released June 29, 2022), it 

can be shown that such esterases with serine as the catalytic nucleophile 
may belong not only to the ABH protein superfamily, but also to a one 
other superfamily of “SGNH hydrolase-like” proteins (14 protein fam-
ilies; SCOP ID: 3001315) with the Flavodoxin-like fold (SCOP ID: 
2000016). 

The hydrolases of these two superfamilies, ABH and SGNH, share 
structural and functional homology. Structurally, they both belong to 
the α/β protein class, and their folds share a 3-layer α/β/α core structure 
and only differ in the topology of the central β-sheet, with the mixed 
(seven parallel plus one anti-parallel) β-sheet in the alpha/beta- 
Hydrolases (the ABH fold) and the five-stranded parallel β-sheet in the 
SGNH hydrolase-like proteins (the Flavodoxin-like fold). Functionally, 
both the ABH and SGNH hydrolases are serine proteases mainly utilizing 
the Asp-His-Ser catalytic triad. 

Historically, the SGNH hydrolases were called GDSL esterases and 
lipases, because of the GDSL consensus sequence segment around the 
catalytic serine nucleophile in those enzymes (Dalrymple et al., 1997; 
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Upton and Buckley, 1995). Later, however, after the new structures of 
the same protein superfamily were identified, the name was changed to 
the SGNH hydrolase-like superfamily, where the first serine and the 
fourth histidine are the two residues of catalytic triad, and the glycine 
and asparagine between them are the invariant catalytic residues in all 
the enzymes of the superfamily (Lo et al., 2003; Molgaard et al., 2000). 
However, the four residues S, G, N, and H are not located within a 
consecutive sequence segment, but belong to four consensus sequence 
blocks, named Blocks I, II, III, and V, respectively, that constituted the 
catalytic center of SGNH hydrolases through a conserved 
hydrogen-bonding network connecting the catalytic triad, the residues 
of the catalytic center, and the surrounding water molecules (Akoh 
et al., 2004; Anderson et al., 2022; Lo et al., 2003). For reference, the 
historical GDSL consensus sequence is simply Block I, and thus the “S” 
residue in GDSL and SGNH is the same catalytic serine of the catalytic 
triad. Besides the catalytic histidine, consensus Block V also contains the 
catalytic acid of the catalytic triad, an aspartate in most enzymes of the 
SGNH hydrolase-like superfamily. 

Currently, the SGNH hydrolase-like superfamily consists of 14 fam-
ilies with more than 30 representative domains (Andreeva et al., 2020). 
Here, we aimed to carry out a comparative study of active sites of these 
representative domains to show how these proteins are similar or 
different with respect to the presence or absence of core catalytic ele-
ments, how conserved or varied are their structural surrounding of the 
catalytic amino acids, and what kind of grouping can be deduced based 
on the structural attributes of their active sites rather than the overall 
folds or sequences. 

2. Results and discussion 

2.1. Creating a dataset of the SGNH hydrolase-like superfamily fold 
proteins 

Renaming the GDSL superfamily to the SGNH hydrolase-like super-
family, described above, indicated a change in core amino acids of the 
structural motif, when new structures of the superfamily were identified 
and described. In the case of the GDSL/SGNH hydrolases, the transition 
went from the characteristic sequence segment to a set of specific amino 
acids forming the conserved hydrogen-bonding network connecting the 
catalytic triad, the residues of the catalytic center, and the surrounding 
water molecules. Therefore, as the first step of analyzing the structure of 
the active site of the SGNH hydrolase-like fold proteins, we assessed the 
conservation of the four key amino acids, S, G, N, and H, which gave the 
name to the SGNH superfamily. One family out of 14, the esterase 
domain of haemagglutinin-esterase-fusion glycoprotein HEF1 (SCOP ID: 
4003705), was removed from the analysis because its best representa-
tive structure, PDB ID: 1FLC, had a low resolution of 3.20 Å. That left for 
analysis the SGNH hydrolase-like superfamily with 13 protein families 
(Table 1). 

Table 1 lists 30 structures representing the SGNH hydrolase-like 
superfamily. The set of 30 analyzed structures listed in Table 1 was 
constructed as follows: (1) first, 25 out of the 30 structures (marked as 
SCOP) were direct members of the 13 SGNH families from SCOP (SCOP 
ID: 3001315) (Andreeva et al., 2020), where, if available, at least one 
ligand-bound and/or one non ligand-bound structures were taken for 
each of the 13 SGNH families; and (2) the remaining 5 out of 30 struc-
tures (marked as Additional members) are also members of the SGNH 
hydrolase-like superfamily; however, they were not present and 
analyzed in SCOP, but were independently found from the Protein Data 
Bank (PDB) (Berman et al., 2000). The choice of structures for the 
TAP-like family (SCOP ID: 4000470) is an exception. In Table 1, this 
family is represented by four structures, PDB IDs: 1IVN, 5TIC, 1YZF, and 
7C82. Structures 1IVN (row number 1) and 5TIC (row number 2) were 
included for historical reasons, representing well-studied reference 
protein, after which the entire SGNH hydrolase-like superfamily was 
defined. Structure 1YZF (row number 3) was the current representative 

Table 1 
Analyzed members of the SGNH hydrolase-like superfamily fold proteins.  

N PDB ID R 
(Å) 

Protein, Ligand, EC number Ref. 

Thirteen families 
Family: TAP-like 
1 1IVN_A 1.90 Thioesterase I, GOL301, EC: 3.1.2.2 Lo et al. (2003) 
2 5TIC_A 1.65 Acyl-CoA thioesterase I, EC: 

3.1.2.2 
Grisewood et al. 
(2017) 

3 1YZF_A 1.90 Lipase/acylhydrolase, N/A https://doi.org/ 
10.2210/pd 
b1YZF/pdb 

Family: Rhamnogalacturonan acetylesterase 
4 1K7C_A 1.12 Rhamnogalacturonan 

acetylesterase, SO4303, EC: 
3.1.1.86 

Molgaard and 
Larsen (2002) 

5 1DEX_A 1.90 Rhamnogalacturonan 
acetylesterase, EC: 3.1.1.86 

Molgaard et al. 
(2000) 

Family: Acetylhydrolase 
6 1ES9_A 1.30 Platelet-activating factor 

acetylhydrolase IB subunit alpha1, 
EC: 3.1.1.47 

McMullen et al. 
(2000) 

7 1WAB_A 1.70 Platelet-activating factor 
acetylhydrolase, ACT300, EC: 
3.1.1.47 

Ho et al. (1997) 

Family: YxiM C-terminal domain-like 
8 2O14_A 2.10 Hypothetical protein yxiM, EC: 

3.1.-.- 
https://doi.org/ 
10.2210/pd 
b2O14/pdb 

Family: BT2961-like 
9 3BZW_A 1.87 Bacteroides thetaiotaomicron 

putative lipase, ACT301, N/A 
https://doi.org/ 
10.2210/pd 
b3BZW/pdb 

10 3DC7_A 2.12 Putative uncharacterized protein 
lp_3323, SO4233, N/A 

https://doi.org/ 
10.2210/pd 
b3DC7/pdb 

Family: Esterase 
11 1ESC_A 2.10 Streptomyces scabies esterase, EC: 

3.1.1.- 
Wei et al. (1995) 

12 1ESD_A 2.30 Streptomyces scabies esterase, 
VXA400, 
EC: 3.1.1.- 

Wei et al. (1995) 

Family: BACUNI_00748-like 
13 4M8K_A 1.90 Hypothetical protein, GDSL-like 

lipase/acylhydrolase family 
protein, ACT301, N/A 

https://doi.org/ 
10.2210/pd 
b4M8K/pdb 

14 4NRD_A 2.10 GDSL-like lipase BACOVA_04955, 
N/A 

https://doi.org/ 
10.2210/pd 
b4NRD/pdb 

Family: Putative acetylxylan esterase-like 
15 2APJ_A 1.60 At4g34215 putative esterase, 

SEB31, 
EC: 3.1.-.- 

Bitto et al. (2005) 

16 1ZMB_A 2.61 Acetylxylan esterase related 
enzyme, N/A 

https://doi.org/ 
10.2210/pd 
b1ZMB/pdb 

Family: BACUNI_01406-like 
17 4I8I_A 1.50 Hypothetical protein 

BACUNI_01406, ACT300, N/A 
https://doi.org/ 
10.2210/pd 
b4I8I/pdb 

Family: DltD-like 
18 6PFX_A 1.50 D-alanyl transferase DltD, N/A https://doi.org/ 

10.2210/pd 
b6PFX/pdb 

19 6O93_A 2.18 D-alanyl transferase DltD, PO4505, 
NA510, N/A 

https://doi.org/ 
10.2210/pd 
b6O93/pdb 

Family: Hypothetical protein alr1529 
20 1VJG_A 2.01 Putative lipase from the G-D-S-L 

family, N/A 
https://doi.org/ 
10.2210/pd 
b1VJG/pdb 

21 1Z8H_A 2.02 Putative lipase from the G-D-S-L 
family, UNL301, N/A 

https://doi.org/ 
10.2210/pd 
b1Z8H/pdb 

Family: OSK domain-like 
22 5A4A_A 1.70 RNA-binding Oskar domain, 

SO41607, SO41608, SO41609, N/A 
Jeske et al. 
(2015) 

(continued on next page) 
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structure of the TAP-like family (SCOP ID: 4000470), while the 7C82 
structure (row number 25) stood alone as a dimer, and could be even 
considered as forming its own family, which we describe below. 

Using only references to SCOP was not an oversight for the purposes 
of this particular manuscript. We have processed the other protein da-
tabases, however, for the purpose of the current study, we decided to 
leave references only to SCOP for the following reasons: 

The ESTHER database incorporates proteins with the Alpha-Beta 
Hydrolase fold (the ABH fold). We have extensively gone through this 
database in our previous studies and publications. Despite the similarity 
in names, the ABH fold and the SGNH fold (the matter of this manu-
script) are not the same, and sets of proteins with these folds do not 
overlap. Actually, none of the 30 SGNH structures from Table 1 of this 
manuscript are listed in ESTHER (https://bioweb.supagro.inrae.fr/ 
ESTHER/allstructure (Lenfant et al., 2013);). We have started discus-
sion from the ABH fold, and consequently from the ESTHER database, 
because it was logical from the historical point of view, but we moved to 
discussing the SGNH fold here. A reference to ESTHER is only intro-
ductory for the purpose of this manuscript. 

The CATH database (https://www.cathdb.info (Sillitoe et al., 
2021);) is probably the closest to SCOP in terms of analysis of tertiary 
structures. Usually, we would incorporate references to CATH, and we 
did go through it entirely, but specifically for the SGNH fold proteins, 
CATH is incomplete and describes only a portion of what SCOP does. For 
example, CATH does not contain 4 proteins of two unique DHSGN and 
(SGND)AHB classes (Table 2, rows 23, 24, 29 and 25). In addition, for the 
(SGN)A(DH)B class (Table 2, row 30), CATH does not specify the SGNH 
superfamily, which means that CATH contains only tertiary structures of 
the SGNDH class in terms of this study. There are other issues as well. 
Thus, bringing CATH for the SGNH fold is not exactly overly beneficial. 
CATH is great for many other folds and families, though. 

The InterPro (Pfam and CDD; https://www.ebi.ac.uk/interpro 
(Paysan-Lafosse et al., 2023);) database serves somewhat a different 
purpose and lacks classification. It does list functional domains and 
motifs based mostly on the functional significance of protein sequence, 
but it does not classify structures into superfamilies, families and 
representative structures for each. Instead, in this manuscript we spelled 
out the presence of the well-known structural motifs, such as the 
Asx-turn motif and the ST-motif, where appropriate. 

All in all, using SCOP would be most logical for the purposes of the 
current study. Bringing other databases would require additional 
lengthy descriptions of how data is connected, and filling exceptions and 

Table 1 (continued ) 

N PDB ID R 
(Å) 

Protein, Ligand, EC number Ref. 

Family: AlgX acetyltransferase domain-like 
23 4O8V_A 1.81 Alginate biosynthesis protein AlgJ, 

EC: 2.3.1,- 
Baker et al. 
(2014) 

24 7ULA_A 2.46 Alginate biosynthesis protein 
AlgX, NI504, N/A 

Gheorghita et al. 
(2022) 

Family: TAP-like 
25 7C82_A, 

B 
1.18 SGNH-hydrolase family esterase 

AlinE4, ACT205, ACT206, CD203, 
N/A 

13 

Additional members 
26 3PT5_A 1.60 NANS (YJHS), A 9-O-acetyl N- 

acetylneuraminic acid esterase, N/ 
A 

Rangarajan et al. 
(2011) 

27 4H08_A 1.80 Bacteroides thetaiotaomicron 
putative hydrolase, UNL301, N/A 

https://doi.org/ 
10.2210/pd 
b4H08/pdb 

28 3SKV_A 2.49 Salicylyl-acyltransferase SsfX3, EC: 
2.3,-,- 

Pickens et al. 
(2011) 

29 5V8E_A 2.20 O-acetyltransferase PatB1, CIT401, 
CIT402, N/A 

Sychantha et al. 
(2018) 

30 4C1B_A, 
B 

2.50 ORF1-encoded protein esterase, 
EC: 3.1,-,- 

Schneider et al. 
(2013) 

N/A – Not Available. 

Table 2 
Sequence-structure alignment of amino acid sequence Blocks I, II, III and V in the 
SGNH hydrolase-like superfamily fold proteins.  

N PDB ID Block I Block II Block III Block V 

SGNDH class 
Thirteen families 
[+++++] group 
Family: TAP-like 
1 1IVN_A 8 GDSLS 12 42 ISGDTS 47 69 ELGGND 

74 
150 W[ 3]D[ 
1]IHPN 159 

2 5TIC_A 8 GDSLS 12 42 ISGDTS 47 69 ELGGND 
74 

150 W[ 3]D[ 
1]IHPN 159 

3 1YZF_A 8 GDSIT 12 47 MPGDTT 
52 

74 FFGAND 
79 

162 F[ 3]D[ 
1]LHFS 171 

Family: Rhamnogalacturonan acetylesterase 
4 1K7C_A 7 GDSTM 11 40 VAGRSA 45 70 EFGHND 

75 
188 Y[ 3]D[ 
1]THTS 197 

5 1DEX_A 7 GDSTM 11 40 VAGRSA 45 70 EFGHND 
75 

188 Y[ 3]D[ 
1]THTS 197 

Family: Acetylhydrolase 
6 1ES9_A 45 GDSLV 

49 
72 IGGDST 77 100 

WVGTNN 
105 

189 D[ 2]D[ 
1]LHLS 197 

7 1WAB_A 45 GDSLV 
49 

72 IGGDST 77 100 
WVGTNN 
105 

189 D[ 2]D[ 
1]LHLS 197 

Family: YxiM C-terminal domain-like 
8 2O14_A 169 GDSTV 

173 
207 SGGQIA 
212 

237 
QLGIND 
242 

334 L[ 4]D[ 
1]LHPN 344 

Family: BT2961-like 
9 3BZW_A 52 GDSIT 56 85 ISGRQW 90 114 

FMGTND 
119 

251 Y[ 6]D[ 
1]LHPD 263 

10 3DC7_A 28 GDSIT 32 60 ISGSTI 65 89 FGGVND 
94 

197 Y[ 2]D[ 
1]LHPN 205 

[+++-+] group 
Family: Esterase 
11 1ESC_A 12 GDSYT 

16 
64 CGGALI 69 102 

SLGGNT 
107 

261 G[18]W 
[ 1]AHPN 
285 

12 1ESD_A 12 GDSYT 
16 

64 CGGALI 69 102 
SLGGNT 
107 

261 G[18]W 
[ 1]AHPN 
285 

Family: BACUNI_00748-like 
13 4M8K_A 30 GDSYS 34 85 YSGSTV 90 121 

FGGTND 
126 

203 D[ 2]W 
….GHPS 210 

14 4NRD_A 30 GDSYS 34 84 FSGATI 89 120 
FGATND 
125 

202 D[ 2]S 
….GHPS 209 

[++-++] group 
Family: Putative acetylxylan esterase-like 
15 2APJ_A 29 GQSNM 

33 
120 SGGTAI 
125 

158 
YQGESD 
163 

231 P[ 3]D[ 
1]LHLT 240 

16 1ZMB_A 9 GQSNM 13 80 EGGSSI 85 117 
HQGESD 
122 

200 T[ 3]D[ 
1]IHID 209 

Family: BACUNI_01406-like 
17 4I8I_A 38 GNSFS 42 68 IGGCSL 73 121 

QQASPL 
126 

220 M[ 2]D[ 
1]YHLD 228 

Family: DltD-like 
18 6PFX_A 69 GSSEL 73 99 APGTQS 

104 
126 IISPQW 
131 

367 F[ 2]D[ 
1]IHLG 375 

19 6O93_A 71 GSSEL 75 101 EAGTQS 
106 

128 
ILSPQW 
133 

369 F[ 2]D[ 
1]IHLG 377 

[+-+++] group 
Family: Hypothetical protein alr1529 
20 1VJG_A 15 GDSFV 

19 
52 IRRDTS 57 83 SFGLND 

88 
174 E[ 4]D[ 
1]VHPQ 184 

21 1Z8H_A 15 GDSFV 
19 

52 IRRDTS 57 83 SFGLND 
88 

174 E[ 4]D[ 
1]VHPQ 184 

[- + —] group 
Family: OSK domain-like 

(continued on next page) 
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gaps. 

2.2. Classes and groups of the SGNH hydrolase-like superfamily fold 
proteins 

As described in the Introduction section above, the SGNH super-
family is named after the four amino acids, S, G, N, and H, which lie in 
four consensus sequence blocks, named Blocks I, II, III, and V (Table 2). 
The columns 3–6 in Table 2 show the sequence-structure alignment of 
these four blocks in the 30 SGNH hydrolase-like superfamily fold pro-
teins. Thus, Table 2 details the consensus block structure for these 30 
representative structures. As mentioned above, based on the relation-
ship between the overall tertiary protein structure and function, the 
SCOP database further separates the SGNH superfamily into 15 struc-
tural families, which incorporate most, but not all SGNH proteins 
(Table 1). Because our aim is to study the catalytic site of the SGNH 
hydrolase-like fold proteins and arrangement of the catalytic triad and 
the surrounding scaffold zones, we will introduce two more classifica-
tion parameters that lie in between the SCOP “superfamily” and SCOP 
“family” classifications. 

One parameter is the relative arrangement of the catalytic residues 
with respect to each other, and specifically the location of the catalytic 
acid and the catalytic base with respect to the catalytic nucleophile in 
the amino acid sequence. The second parameter is the actual 

conservation of the key amino acids, S, G, N, and H, and the catalytic 
acid (D). As the result, we will bring “substance” and “form” of the 
catalytic triad to the study of the active sites of the SGNH hydrolase-like 
fold proteins. Based on the location of the catalytic acid and base with 
respect to the catalytic nucleophile in the amino acid sequence, the 30 
structures from Table 1 can be divided into four classes: SGNDH, 
DHSGN, (SGND)AHB, and (SGN)A(DH)B (Table 2). Based on the con-
servation of five functionally important amino acids, the catalytic S 
(nucleophile)-G-N-H(base) and the catalytic acid (D), the same 30 
structures from Table 1 can be also divided into groups from “þþþþþ” 
to “¡þ¡¡¡” depending on whether the catalytic residues are 
conserved (+) or not (− ). In this study, the spatial structure of thio-
esterase I (Table 2, row number 1, PDB ID: 1IVN) was used as the 
reference structure for making pairwise superpositions with the other 29 
structures using the Dali server (Holm, 2022). 

The SGNDH class represents the canonical positioning of the cata-
lytic residues, S(catalytic nucleophile)/G/N/D(catalytic acid)/H(cata-
lytic base), within one chain. The DHSGN class proteins show the amino 
acid rearrangement within the same chain, where the D (catalytic acid) 
and H (catalytic base) come before the S/G/N segment in sequence. The 
(SGND)AHB class (example: the AlinE4 dimer structure; PDB ID: 7C82 in 
Table 2 (Li et al., 2020);) and the (SGN)A(DH)B class (example: the 
esterase domain of the ZfL2-1 ORF1 protein from the zebrafish ZfL2-1 
retrotransposon; PDB ID: 4C1B in Table 2 (Schneider et al., 2013);) 
create their “chimeric” catalytic triads from chains A and B. These 
“chimeric triads” by definition were not classified by the domain 
fold-based SCOP database. The four classes, SGNDH, DHSGN, 
(SGND)AHB, and (SGN)A(DH)B, included structures of eight, two, one, 
and one different “þþþþþ/¡þ¡¡¡” groups, respectively, totaling 
12 different class/group combinations (Table 2). This classification in-
cludes all known SGNH hydrolase-like fold proteins, where about half 
(16 out of 30) of the representative structures strictly followed the SGNH 
naming, and the rest exhibited varying degree of variability, with the 
highest variability observed with the RNA-binding OSK domain (PDB ID: 
5A4A), in which the catalytic triad was completely absent (the SGNDH 
class; [¡þ¡¡¡] group) (Table 2). Still, the overall fold/function 
properties allowed SCOP to classify 5A4A as the SGNH hydrolase-like 
superfamily protein, even though it had no respective conserved cata-
lytic amino acids in the active site at all. 

2.3. Structural core around catalytic residues in SGNH hydrolases, the 
catalytic zones 

Earlier, we have described catalytic cores in many catalytic triad- 
based proteins with the ABH, (chymo)trypsin-like, and papain-like 
folds, and showed the presence of unique structure/functional envi-
ronments, or “zones”, around the catalytic sites in these proteins 
(Denessiouk et al., 2020a; Denesyuk et al., 2020a; Denesyuk et al., 
2020b). Each zone incorporated a segment of the catalytic core, con-
nected to their respective element of protein functional machinery. The 
“nucleophile zone”, for example, would incorporate structural envi-
ronment around the catalytic nucleophile, and connected to it through a 
network of conserved hydrogen bonds and other interactions. Here, we 
will use a similar approach to describe the catalytic core in the SGNH 
hydrolase-like fold proteins, and define the catalytic zones specific to 
these proteins. As shown above, the four residues, S, G, N, and H belong 
to four consensus sequence blocks, named Blocks I, II, III, and V, 
respectively (Akoh et al., 2004; Anderson et al., 2022; Lo et al., 2003). 
These four blocks are not equal to the catalytic cores, but historically 
include amino acids that are connected to the catalytic triad and the 
surrounding structural environment through a conserved 
hydrogen-bonding network. Fig. 1 illustrates the five “central” func-
tionally important residues of the SGNH hydrolase-like proteins, “S” 
(Catalytic Nucleophile and Oxy I; Block I), “G” (OxyII; Block II), “N” 
(OxyIII; Block III), “H” (Catalytic Base; Block V) and “D” (Catalytic Acid; 
Block V), and functional connections among them with the example of 

Table 2 (continued ) 

N PDB ID Block I Block II Block III Block V 

22 5A4A_A 427 GDDFM 
431 

456 VSGLTI 
461 

482 
NIGSVD 
487 

570 C[ 3]S 
[11]LFWN 
589 

SGNDH class 
Additional members 
[++–+] group 
26 3PT5_A 17 GQSNA 

21 
120 RGGSAF 
125 

178 
MQGEFD 
183 

267 L[30]R[ 
1]SHFS 303 

[+–++] group 
27 4H08_A 50 GNSIT 54 76 N.SKSV 80 104 

NNGLHG 
109 

192 Y[ 4]D[ 
1]THPI 202 

[+—+] group 
28 3SKV_A 172 

GDSICH177 
204SFAADGS 
210 

231 
RVGTSN 
236 

327 L[ 2]E[ 
6]THPN 340 

DHSGN class 
Thirteen families 
[++++-] group 
Family: AlgX acetyltransferase domain-like 
23 4O8V_A 286 GTSYS 

290 
314 EDGHGP 
319 

343 
EFPERY 
348 

185 V[ 4]D 
….THWT 
194 

24 7ULA_A 269 GTSHS 
273 

296 FPGGGL 
301 

325 EFSPLY 
330 

171 F[ 4]D 
….QHWT 
180 

Additional members 
[+++–] group 
29 5V8E_A 335 KDSFA 

339 
357 DLRH.. 
360 

381 
VYSDSN 
386 

195 M[ 4]D 
….HHWN 
204 

(SGND)AHB class 
Thirteen families 
[+++++] group 
Family: TAP-like 
25 7C82_ 

A, B 
11 GDSLF 15 48 VSGDTT 53 77 ELGGND 

82 
158 L[ 3]D[ 
1]VHPT 167 
A: 158–162 
B: 164-167 

(SGN)A(DH)B class 
Additional members 
[+++++] group 
30 4C1B_ 

A, B 
141 GDSIV 
145 

163 FPGARV 
168 

191 
HVGTND 
196 

275 L[ 3]D[ 
1]LHPS 284 
B chain  
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structure of Thioesterase I. Fig. 1 should be taken together with the 
chemical drawing showing the general SGNH hydrolase reaction scheme 
from the recent review on the SGNH hydrolase family (Fig. 2 in 
(Anderson et al., 2022)). Here, we will use Blocks I, II, III, and V and the 
“central” functionally important residues of the SGNH hydrolase-like 
proteins from each block (Fig. 1) as a starting point for investigating 
the catalytic core in the SGNH hydrolases. 

2.3.1. Structural core around the catalytic nucleophile in SGNH hydrolases. 
The Nuc-Oxy zone in thioesterase I 

Let us consider thioesterase I (PDB ID: 1IVN; row number 1 in 
Table 2), which belongs to the TAP-like family (SCOP ID: 4000470), and 
whose conserved hydrogen bonding network around the catalytic core 
was well identified and shown in (Lo et al., 2003). The catalytic triad in 
thioesterase I is Ser10 – Asp154 – His157, and Blocks I, II, and III form the 
basis of the active site around the Ser10 nucleophile (Table 2; Fig. 2). 
Two main-chain nitrogen atoms, N/Ser10 (OxyI) and N/Gly44 (OxyII), 
and the side-chain nitrogen ND2/Asn73 (OxyIII) form the oxyanion hole 
in this enzyme. Taken together, in thioesterase I in the area surrounding 
the catalytic nucleophile, there are 14 amino acids that are connected by 
a network of conserved interactions and contain the oxyanion hole. This 
14 amino acid structure is the “Nucleophile-Oxyanion (Nuc-Oxy) Zone” 
in thioesterase I, and it consists of segments Gly8-Asp9 from Block I, 
Ile42-Ser47 (Block II) and Glu69-Asp74 (Block III) (Fig. 2; row number 1 in 
Table 2). The three blocks of the Nuc-Oxy Zone in thioesterase I are 
connected by a network of five interactions: (1, 2, and 3) one canonical 
N–H⋯O hydrogen bond and two weak C–H⋯O hydrogen bonds (Man-
ikandan and Ramakumar, 2004) between Gly8-Asp9 (Block I), Ile42 
(Block II), and Glu69 (Block III); and (4 and 5) two canonical hydrogen 
bonds between Ser47 and Asp74 (Fig. 3A, Table 3). Geometrical data for 
hydrogen bond OG/Ser47 … OD1/Asp74 = 2.4 Å is not included in 
Table 3. 

In addition to these five inter-block contacts, there are also four 
functionally important intra-block hydrogen bond contacts: 1–2) O/ 
Asp9 … N/Ser12 and OD1/Asp9 … N/Leu11 in Block I coordinate the 
catalytic nucleophile Ser10 in general, N/Ser10 atom (aka the OxyI atom 
of the oxyanion hole) in particular, and amino acid Leu11; 3) O/Ile42 … 
N/Asp45 in Block II coordinates the N/Gly44 atom (aka OxyII); and 4) O/ 
Gly71 … N/Asp74 in block III coordinates the ND2/Asn73 atom (aka 
OxyIII) (Fig. 3B, Table 3). As mentioned above, atoms N/Ser10 (OxyI), 
N/Gly44 (OxyII), and ND2/Asn73 (OxyIII) together constitute the oxy-
anion hole in thioesterase I (Fig. 2 

) (Lo et al., 2003), and the contacts O/Asp9 … N/Ser12 and OD1/Asp9 
… N/Leu11 in Block I form the well-known Asx-motif (Wan and 
Milner-White, 1999a). 

2.3.2. Nuc-Oxy Zones of the SGNH hydrolase-like superfamily fold proteins 
Using the extensive structural data known for thioesterase I, we have 

described the nucleophile-oxyanion (Nuc-Oxy) zone, which binds and 
coordinates the catalytic nucleophile and the oxyanion hole in this 
enzyme. The Nuc-Oxy Zone structure is present in all SGNH hydrolase- 
like superfamily fold proteins. Table S1 shows structural comparison of 
the Nuc-Oxy Zones in 30 representative SGNH hydrolase-like super-
family fold proteins. The proteins exhibit a high degree of similarity in 
contacts between Blocks II and III, with two Block I amino acids as a 
structural mediator at their N-terminal ends. Only one protein out of 30 
(salicylyl-acyltransferase SsfX3; PDB ID: 3SKV) has some modification in 
the contacts between Block I and Block II at their N-terminal ends 
(“Blocks I and II, N-ends” in Table S1; columns 4 and 5). Different atom 
types in contacts in this structure can also be artificial, and due to the 
fact that the 3SKV structure has resolution of 2.49 Å with three amino 
acid differences of catalytically important residues. 

Interactions between the C-terminal ends of Blocks II and III in 30 
SGNH hydrolase-like proteins are less conserved compared to their N- 
terminal ends (last column “Blocks II and III, C-ends” in Table S1). Only 
18 out of 30 representative structures have C-terminal contacts between 

Fig. 1. Functional connection among the five “central” functionally important 
residues of the SGNH hydrolase-like proteins that give the hydrolases their 
name, “S” (Catalytic Nucleophile and Oxy I; Block I), “G” (OxyII; Block II), “N” 
(OxyIII; Block III), “H” (Catalytic Base; Block V) and “D” (Catalytic Acid; Block 
V). Amino acid numbers are taken from the complex of Thioesterase I with the 
inhibitor (PDB ID: 1J00). The chemical drawing showing the general SGNH 
hydrolase reaction scheme among these residues is shown in the recent review 
on the SGNH hydrolase family (Fig. 2 in (Anderson et al., 2022)). 

Fig. 2. Three-dimensional structure of the active site in SGNH hydrolase-like 
superfamily fold proteins. Amino acid numbers are taken as in thioesterase I 
(PDB ID: 1IVN). The catalytic triad includes Ser10 (the catalytic nucleophile), 
Asp154 (the catalytic acid) and His157 (the catalytic base). Two main-chain ni-
trogen atoms, N/Ser10 (OxyI) and N/Gly44 (OxyII), and side-chain nitrogen 
ND2/Asn73 (OxyIII) form the oxyanion hole. Blocks (I (orange), II (red), III 
(green) and V (gray)) are a conserved amino acid sequence blocks in the SGNH 
hydrolase-like superfamily. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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Blocks II and III identical to thioesterase I (Table S1). Where two pro-
teins did not have any C-terminal hydrogen bonds between Blocks II and 
III, we tabulated the two following parameters for the non-polar and van 
der Waals forces: 1) the distance (in Å) between nearest atoms, and 2) 
the contact surface area (in Å2) between two respective residues 
(Sobolev et al., 1999). One protein, O-acetyltransferase PatB1 (PDB ID: 
5V8E) did not have any type of C-terminal contacts between Blocks II 
and III. The absence of any contact between the C-terminal amino acids 
of Blocks II and III in this protein is caused by the specific shortened 
structure of Block II (row number 29 in Table 2). 

2.3.3. Structural organization of the Nuc-Oxy Zone in the SGNH hydrolase- 
like proteins 

In the SGNH hydrolase-like proteins, Block I contains serine as the 
catalytic nucleophile with the exception of only the RNA-binding Oskar 
domain (PDB ID: 5A4A), which contains aspartic acid instead of serine at 
the same position (Table 2). The proper spatial geometry of the catalytic 
nucleophile is usually governed by the preceding residue, Asp, Asn, or 
Gln, which is the central amino acid of the well-known structural Asx- 
motif (Wan and Milner-White, 1999a). Alternatively, the position pre-
ceding the catalytic serine may contain threonine. In this case, the 
Asx-motif is changed into the ST-motif (Wan and Milner-White, 1999b), 
as in the alginate biosynthesis proteins AlgJ and AlgX (PDB IDs: 4O8V 
and 7ULA). Block II in the SGNH hydrolase-like proteins also has a 
conserved secondary structure, which is observed for 27 of the 30 
representative structures listed in Table S2. Block III amino acids show 
conservation in all 30 representative structures. Thus, only 2 out of 30 

Fig. 3. Contact schemes of the Nuc-Oxy Zone with the inter-block hydrogen 
bonds shown in 3 A and intra-block hydrogen bonds shown in 3 B; and contact 
scheme of the Acid-Base Zone shown in 3C in the SGNH hydrolase-like super-
family fold proteins. For the image of the schemes, the tertiary structure of the 
thioesterase I is taken as an example. Dashed lines represent hydrogen bonds as 
well as weak hydrogen bonds. 

Table 3 
The hydrogen bonds in the active site of the Thioesterase I.  

Inter-block hydrogen bonds in Nuc-Oxy Zone 
PDB ID 

Ligand 
Blocks I and II, N-ends Blocks I and III, 

N-ends 
Blocks II 
and III, C- 
ends 

1IVN_A 
GOL301 

O/Gly8-N/ 
Ile42 

3.2 Å 

CA/Asp9-O/ 
Ile42 

3.2 Å (2.2 Å) 
144O 

CA/Gly8-O/ 
Glu69 

3.0 Å (2.2 Å) 
131O 

N/Ser47- 
OD2/Asp74 

3.0 Å 

5TIC_A O/Gly8-N/ 
Ile42 

3.1 Å 

CA/Asp9-O/ 
Ile42 

3.3 Å (2.3 Å) 
146O 

CA/Gly8-O/ 
Glu69 

3.1 Å (2.1 Å) 
157O 

N/Ser47- 
OD2/Asp74 

2.9 Å 

Intra-block hydrogen bonds in Nuc-Oxy Zone 
PDB ID 

Ligand 
Block I Block II Block III 

1IVN_A 
GOL301 

O/Asp9-N/ 
Ser12 

3.0 Å 

OD1/Asp9-N/ 
Leu11 

3.0 Å 

O/Ile42-N/ 
Asp45 

3.3 Å 

O/Gly71-N/ 
Asp74 

2.8 Å 
5TIC_A O/Asp9-N/ 

Ser12 

3.0 Å 

OD1/Asp9-N/ 
Leu11 

3.1 Å 

O/Ile42-N/ 
Asp45 

3.2 Å 

O/Gly71-N/ 
Asp74 

3.1 Å 
Intra-block hydrogen bonds in Acid-Base Zone and a contacts (SHLink) between Acid- 

Base and Nuc-Oxy Zones 
PDB ID 

Ligand 
First-last 
residues 
contact 

Functional 
Acid-Base 
contact 

Additional 
Acid-Base 
contact 

SHLink 

1IVN_A 
GOL301 

O/Trp150-N/ 
Asn159 

2.9 Å 

OD2/Asp154- 
ND1/His157 

2.6 Å 

OD1/Asp154-N/ 
Ile156 

2.7 Å 
OD1/Asp154-N/ 
His157 

3.0 Å 

CD2/Leu11- 
O/Ile156 

4.3 Å (3.5 
Å) 133O 

Leu11- 
Pro158 

3.7 Å, 34.3 
Å2 

5TIC_A O/Trp150-N/ 
Asn159 

2.9 Å 

OD2/Asp154- 
CD2/His157 

2.7 Å (1.7 Å) 
163O 

OD1/Asp154-N/ 
Ile156 

2.9 Å 
OD1/Asp154-N/ 
His157 

3.1 

CD2/Leu11- 
O/Ile156 

4.3 Å (3.5 
Å) 130O 

Leu11- 
Pro158 

3.6 Å, 35.1 
Å2  
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representative proteins, salicylyl-acyltransferase SsfX3 and O-acetyl-
transferase PatB1, show some structural variation of the Nuc-Oxy Zone. 
Because 16 out of 30 analyzed structures contained a small ligand in the 
region of the active site, it can be concluded that small ligands do not 
cause any noticeable structural distortion of the Nuc-Oxy Zone. 

2.4. Structural core around catalytic acid and base in SGNH hydrolases. 
The Acid-Base Zone 

The Nuc-Oxy Zone includes the structural core around catalytic 
nucleophile and the oxyanion hole in sequence Blocks I, II, and III that 
are defined by the S, G, and N in the SGNH hydrolase name (Table 2). 
Both the catalytic acid and catalytic base reside in Block V, which is 
designated by H in the SGNH hydrolase name (Table 2). In this section, 
we will describe the structural surrounding around the catalytic acid and 
base, the Acid-Base Zone, for the SGNH hydrolase-like superfamily fold 
proteins. Similar to the approach above, we will take as the template the 
well-described structure of thioesterase I (PDB ID: 1IVN). 

2.4.1. Acid-Base Zone in thioesterase I 
The Block V amino acid sequence fragment Trp150-Asn159 of the 

thioesterase I (Lo et al., 2003) contains both the catalytic acid Asp154 
and the catalytic base His157 (Table 2). The N-terminal Trp150 and 
C-terminal Asn159 amino acids of Block V are linked by a conventional 
hydrogen bond O/Trp150 … N/Asn159, forming a closed structure of the 
Acid-Base Zone as the result (Fig. 3C; see the “First-last residues contact” 
column in the Acid-Base Zone section in Table 3). The mutual spatial 
arrangement of the catalytic acid and the catalytic base is coordinated 
by three hydrogen bonds: (1) the first-last residues contact, (2) the 
functional acid-base contact, and (3) the additional acid-base contact 
(Table 3). The “Additional Acid-Base contact” in the Acid-Base Zone 
section in Table 3 represents the Asx-turn motif (Duddy et al., 2004). 

2.4.2. Acid-Base Zones of the SGNH hydrolase-like superfamily fold 
proteins 

The last column in Table 2 shows the structural alignment of Block V 
in the 30 SGNH hydrolase-like superfamily fold proteins. Among all the 
superfamily members, only the SGNH-hydrolase family esterase AlinE4 
(PDB ID: 7C82) and ORF1-encoded esterase (PDB ID: 4C1B) differ from 
other proteins in structural organization of Block V by including amino 
acids from two chains and not one. The crystal structures of these two 
proteins show the presence of a symmetric dimer through the swapped 
C-terminal domains that contain Block V residues (Li et al., 2020; 
Schneider et al., 2013). As a result, in the SGNH-hydrolase family 
esterase AlinE4, Block V consists of residues Leu158-Asp162 from the 
A-chain and residues Val164-Thr167 of the B-chain (Table 2). Residues 
His163 (A chain) and His163 (B chain) are in close contact with each other 
through π-π stacking interactions (Clementel et al., 2022), which pro-
vides a structural transition from fragment A:Leu158-Asp162 to fragment 
B:Val164-Thr167. In the ORF1-encoded esterase both the catalytic acid 
Asp279 and catalytic base His282 belong to the B chain, while the cata-
lytic nucleophile Ser143 resides in the A chain. 

2.4.3. Structural organization of the Acid-Base Zone in the SGNH 
hydrolase-like proteins 

Table S3 shows structural comparison of Acid-Base Zones in 30 
SGNH hydrolase-like superfamily fold proteins. The lengths of the Block 
V fragments in the SGNH hydrolase-like superfamily fold proteins vary 
from 8 to 37 amino acids (Table S3, column L1). The hydrogen bond 
located between the first and last amino acids in Block V can be found in 
all 30 analyzed structures (Table S3). As seen with the Nuc-Oxy Zone, 
binding of small ligands does not cause noticeable structural distortion 
of around the catalytic acid and the catalytic base. Aspartate is found as 
the catalytic acid in 23 out of the 30 structures (Table 2). All 23 struc-
tures have an identical functional spatial arrangement of the catalytic 
acid and the catalytic base (see “Functional Acid-Base contact” column 

in Table S3). The number of residues between the functional acid and 
the catalytic base varies from 1 to 12 amino acids (Table S3, column L2). 
In 22 structures out of 30, the contact between the catalytic aspartate 
and the catalytic base forms an Asx-turn (Duddy et al., 2004) (see 
“Additional Acid-Base contact” column in Table S3). Esterase AlinE4 has 
no such Acid-Base contact because the catalytic acid and the catalytic 
base are within different amino acid chains (Table 2). 
Salicylyl-acyltransferase SsfX3 (PDB ID: 3SKV) has glutamate as the 
catalytic acid. In the remaining structures (PDB IDs: 1ESC, 1ESD, 4M8K, 
4NRD, and 3PT5), the main-chain oxygen atom of the catalytic residue, 
which acts as the catalytic acid, forms a hydrogen bond with the 
side-chain ND1 atom of the catalytic base (see “Functional Acid-Base 
contact” column in Table S3). Finally, the RNA-binding Oskar domain 
is not an enzyme, as it lacks a catalytic triad and most of the key 
contacts. 

2.5. Interactions between Nuc-Oxy and Acid-base zones: the SHLink 

We described two conserved structural arrangements, the Nuc-Oxy 
Zone and the Acid-Base Zone, in the SGNH hydrolase-like superfamily 
fold proteins. The two conserved zones provide a framework for the 
(catalytic nucleophile)/(oxyanion hole) and the (catalytic acid)/(cata-
lytic base) structural pairs, respectively. Structural analysis of thio-
esterase I shows that in this protein, in addition to the commonly known 
functional hydrogen bond between the catalytic nucleophile and base, 
OG/Ser10 … NE2/His157, there are also other contacts joining their 
surroundings. One such interaction is conserved throughout the entire 
SGNH hydrolase-like superfamily fold. It is the contact between the 
residue following the catalytic nucleophile (Leu11 in thioesterase I) and 
the two residues surrounding the catalytic base (Ile156 and Pro158 in 
thioesterase I) (Fig. 4, Table 3). The interaction between the Nuc-Oxy 
and Acid-Base Zones described above are found in all 30 representa-
tive structures with the SGNH hydrolase-like superfamily fold and can 
be logically named as the SHLink (see last column in Table S3). Where 
non-polar amino acids are present in interacting segments of Nuc-Oxy 
and Acid-Base Zones, we calculated: 1) the distance (in Å) between 
two nearest atoms, and 2) the contact surface area (in Å2) between the 
two residues (Sobolev et al., 1999). 

3. Conclusions 

We analyzed structural conservation and domain organization of the 

Fig. 4. Contact scheme of the SHLink connection between the Nuc-Oxy and 
Acid-Base Zones in the SGNH hydrolase-like superfamily fold proteins. The 
figure shows the contacts between the dipeptide Ser10-Leu11 near the catalytic 
nucleophile Ser10 and a tripeptide Ile156-His157-Pro158 near the catalytic base 
His157 in thioesterase I. 
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catalytic triad active sites in all SGNH hydrolase-like superfamily fold 
proteins that were both classified by SCOP database as the SGNH 
hydrolase-like proteins (SCOP ID: 3001315) and those that were found 
elsewhere, totaling to 30 representative structures. The SGNH 
hydrolase-like proteins share the same fold, and have similar set of 
single key functional amino acids, which gave the name to the protein 
superfamily. These key amino acids are spread differently along protein 
sequences and chains in relative order and distance, forming four clas-
ses, SGNDH, DHSGN, (SGND)AHB, and (SGN)A(DH)B, and twelve groups, 
and yet in protein structure they all come together in a similar way to 
ensure protein function. It would be logical to assume that such similar 
local functional assemblies should be organized and maintained by 
larger conserved or similar sub-structures, which extend from the key 
amino acids and interact with them by networks of similar interactions. 
We call such unique conserved sub-structures around key catalytic 
amino acids as Zones. 

As the result of our study, we describe two such structurally 
conserved assemblies, the “nucleophile - oxyanion” (Nuc - Oxy) Zone, 
which governs structural arrangement of the substrate handling cata-
lytic nucleophile/oxyanion hole unit, and the “catalytic acid – base” 
(Acid - Base) Zone, which governs structural arrangement of the charge 
modulating catalytic acid/base unit. The two zones are connected by a 
structurally conserved link, the SHLink. As a result, the conformation of 
the active site of SGNH hydrolase-like superfamily fold proteins is uni-
formly formed to accommodate the catalytic triad in all the proteins of 
this study. 

Comparative analysis of small ligand-bound and ligand-free struc-
tures of the same proteins show that the conformation of all zones stay 
intact upon ligand binding. Connected to that, we observed small 
structural motifs inside zones, such as the well-known Asx-turn motif 
and ST-motif (Wan and Milner-White, 1999a, 1999b), which would 
ensure zone rigidity. 

Besides the SHLink, the Nuc-Oxy Zone and the Acid-Base Zone are 
stitched by a network of conserved intra-zone interactions, including 
hydrophobic and polar interactions and hydrogen bonds. Thus, it is not 
surprising that in a handful of SGNH hydrolase-like proteins one or 
several functionally important amino acids, S(nucleophile)-G-N-H(base) 
or the catalytic acid (D), may be absent or modified giving rise to several 
groups ranging from “þþþþþ” to “¡þ¡¡¡” depending on whether 
the important residue is conserved (þ) or not (¡), while at the same 
time keeping the fold and “membership” in the structural family intact. 

Describing the zones provides basis for comparison, grouping, and 
choosing proteins based on the relevant local structural similarities, and 
making right choices whether the structure is incomplete, mutated or 
otherwise modified. We can also conclude that evolution modulates 
catalytic activity not only by changes in chemistry of catalytic groups, 
but also by construction, conservation or variation of specific features of 
the fold. We earlier observed similar structure/functional approach in 
ABH (Dimitriou et al., 2017b) and cysteine proteinase (Denessiouk et al., 
2020b) fold enzymes, whose proteins do also rely on catalytic triads to 
carry out their function. 

4. Materials and methods 

The SCOP classification database (Andreeva et al., 2020) and Protein 
Data Bank (PDB, http://www.rcsb.org/(Berman et al., 2000)) were used 
to identify and retrieve all representative structures of proteins with the 
SGNH hydrolase-like fold (SCOP ID: 3001315). According to SCOP, the 
SGNH hydrolase-like superfamily consisted of 14 families with 30 
representative domains. One family out of 14, the esterase domain of 
haemagglutinin-esterase-fusion glycoprotein HEF1 (SCOP ID: 
4003705), had been removed from analysis because of poor resolution 
(3.20 Å) of its best representative structure (PDB ID: 1FLC). Out of the 30 
domains, the first 25 were direct members of the 13 SGNH families from 
SCOP. The remaining domains were also members of the SGNH 
hydrolase-like superfamily, but were identified separately. If a 

representative structure had a bound ligand in the region of the active 
site, then we tried to locate another structure without a bound ligand to 
remove possible structural disturbance. The TAP-like family (SCOP ID: 
4000470) was represented by four structures: PDB IDs: 1IVN, 5TIC, 
1YZF (monomers), and 7C82 (dimer) to cover all possible variations. 

Structure visualization and structural analysis of interactions be-
tween amino acids in proteins (hydrogen bonds, hydrophobic, other 
types of weak interactions) was carried out using the Discovery Studio 
Modeling Environment (Discovery Studio Modeling Environment (Das-
sault Systèmes BIOVIA, Discovery Studio Modeling Environment, 
Release, 2017, San Diego: Dassault Systèmes, 2016)) (https://www.3ds. 
com/products/biovia/discovery-studio), Maestro (Schrödinger Release, 
2023–1: Schrödinger, LLC, New York, NY, 2021) (https://www.schrod 
inger.com/user-announcement/announcing-schrodinger-software-re 
lease-2023-4) and the Ligand-Protein Contacts (LPC) software (Sobolev 
et al., 1999). 

The spatial structure of the thioesterase I (PDB ID: 1IVN) was used as 
the reference structure when performing a pairwise superposition with 
29 other representative structures using the Dali server (http://ekhidna 
2.biocenter.helsinki.fi/dali/) (Holm, 2022). The π-π stacking and similar 
contacts were analyzed using the Residue Interaction Network Gener-
ator (RING, https://ring.biocomputingup.it/submit) (Clementel et al., 
2022). The dimers were built using the “Protein interfaces, surfaces and 
assemblies” service PISA at the European Bioinformatics Institute 
(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (Krissinel and Hen-
rick, 2007). Figures were drawn with MOLSCRIPT (Kraulis, 1991). 
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