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Abstract

Within the alpha/beta hydrolase fold superfamilypobteins, the COesterase group (carboxylesteygseR, block
C, cholinesterases...) diverged from the other grotippsugh simultaneous integration of an N-termirfakt
disulfide bond and a significant increase in thetgin mean size. This first disulfide bond tiesaegé Cys loop,
which in the cholinesterases is named the omegadod forms the upper part of the active centeggoessential
for the high catalytic activity of these enzymes.slome non-catalytic members of the family, theplooay be
necessary for heterologous partner recognitionh&ésg of this protein portion occurred at thengé of emergence
of the fungi/metazoan lineage. Homologous prote&iith this first disulfide bond are absent in plabtg they are
found in a limited number of bacterial genomespiokaryotes, the genes coding for such homologootgins may
have been acquired by horizontal transfer. Howetercysteines of the first disulfide bond are mfigst in bacteria.
Natural expression in bacteria of CO-esterases dsimg this disulfide bond may have required congatory

mutations or expression of new chaperones. Thiglfitle bond may also challenge expression of theaewte-



specific cholinesterases in prokaryotic cells. Yatently, catalytically active human cholinesteraagants with
enhanced thermostability were successfully expoesseE. coli. The key was the use of a peptidic sequence
optimized through the Protein Repair One Stop Siropess, an automated structure- and sequence-bliasetihm

for expression of properly folded, soluble and aukaryotic proteins. Surprisingly however, thgstal structures

of the optimized cholinesterase variants expressédcteria revealed co-existing formed and unfastates of the
first disulfide bond. Whether the bond never formed whether it properly formed then broke durirge t
production/analysis process, cannot be inferreohfiioe structural data. Yet, these features sugbasthe recently
acquired first disulfide bond is difficult to madih in E. coli-expressed cholinesterases. To explore the fatkeof
first disulfide bond throughout the cholinesterasktives, we reanalyzed the crystal structuresepfesentative
COesterases members from natural prokaryotic oargokic sources or produced as recombinant proteigscoli.

We found that in most cases this bond is absent.

Introduction
Overproduction and purification of a recombinandtpim from Escherichia coli can be faster, cheaper, and easier
than from other organisms. The engineering of batstrains and vectors along with improvementcafture,
extraction and solubilization protocols have sutisédly increased the number of eukaryotic protesmscessfully
produced in bacteria [1-3]. However, it is stiltei necessary to modify the sequence, such as iaptgrt by
substituting codons more frequently used in baaté&ecently a new bioinformatics tool was develop#t the aim
of designing specific mutations that can markedfptiove production of eukaryotic proteins in baagd]. Yet,
expression irE. coli of proteins with tridimensional folds only found eukaryotes can be challenging, because
bacteria lack specific pathways necessary for prégding and post-translational modifications b&se particular
proteins. Disulfide bond formation is a post-tratisinal modification that requires particular maehies, and
several laboratory cell strains have been engidderéulfill this task [3].

The alpha/beta hydrolase fold superfamily of prigeincompasses hydrolytic enzymes of widely differing
substrate specificities. The common core compi@seentral alpha/beta sheet, made of eight pa@lahtiparallel
beta strands connected by six alpha helices [S-ig¢ proteins are believed to have diverged fromommon

ancestor in retaining little obvious sequence sirty. The superfamily can be split into subfansligccording to



structurally unrelated additional domains that semply decorate the common core or bring a newtfand8]. For
example, members of the S9 protease family acqurbdlky beta propeller domain that covers thevactienter
cavity of the alpha/beta hydrolase subunit androtsithe enzyme specificity. The COesterase familyne of these
subfamilies that are well represented in eukaryggoomes. It is named Carboxylesterase_B IPR0O0201Be
InterPro database [9] and COesterase PF00135 iRRi#d database [10], and it corresponds to Block Ghe
ESTHER database [11, 12]. This COesterase famigrged from the shuffling of a genomic sequencerapfiir a
N-terminal sequence with a gene coding for a cépbadbeta hydrolase fold scaffold (figure 1). Tleistra N-
terminal sequence increased the length of the ppljge from ca. 300 to ca. 500 amino acid residameds
accordingly the size of the alpha/beta hydrolageisii. In most cases the additional sequence ieslto cysteines
separated by up to 65 residues yet spatially dossach other, and whose disulfide bonding tie€ys ‘loop’ that
serves as an important regulator of the varioustfans of the subfamilies. The second cysteinenefgdair belongs
to a conserved SEDCLYLN motif which is a signatofethe COesterase family (Prosite PS00941: [ED]-DR-C
[YT]-[LIV]-[DNS]-[LIV]-[LIVFYW]-x-[PQR]). The shuff ling is such an ancient event that the membershef t
family now fold as single domain subunits. For ep&@min enzymes of the family one can hardly sejgattae N-
terminus extension from the core and still retaimyenatic activity. As well, the making of activeigtera implies a
high level of homology between the two parentalyemzs [13, 14]. Attempts to identify an evolutionanygin of
the shuffled N-terminal part failed so far, as teac homology outside the family was found. ThenPfnd Interpro
databases sometimes annotate the second cystamefokt disulfide bond as belonging to a mofittee Ubiquitin-
conjugating enzyme family (Prosite PS50127: [FYWIL-SHPC]-[NHL]-[LIV]-X(3,4)-G-x-[LIVP]-C-[LIV]-
X(1,2)-[LIVR], where the cysteine is an active @mtesidue, not involved in disulfide bondingor example, the

cholinesterase-like protein from the King col®ghiophagus hannah (Uniprot: V8P7P1), is annotated that way, and
this annotation is propagated in few other chotierese entries. However, the serendipity of thisogation suggests
that it is a false positive association.

The acquisition of disulfide bonds is correlatedhvthe organism complexity [15, 16], and the slingflof
the first disulfide bond of COesterase members gishboccurred after the split of the Archeplastitiaeage from
other eukaryotic lineages. The COesterase famihotsepresented in plants or red algae (figurfL2). This ‘first
bond’ signature is found in a limited number of tesi@l genomes and could have been acquired bydusl

transfer from eukaryotes [18]. In particular italssent irE. coli. The family was very successfully populated in the



fungi-metazoa lineage (>30,000 representativesnterlPro and >10,000 in ESTHER, which excludes some
redundancy). No such proteins are foun&dancharomyces cerevisiae but they are highly represented in pathogenic
and multicellular fungi, where protein enlargempatmitted the emergence of a mobile lid essentiatte lipid-
water interfacial function of the extracellulardiges (see below). Not all protozoans produce ergypithis family.
For example, members of the family are preseManosiga brevicolis, Trichomonas vaginalis andCryptosporidum
hominis but they are absent Paramecium tetraurelia andPlasmodium falciparum. Proteins of the family are well
represented in early multicellular organisms sustDigtyostelium discoideum and Trichoplax adhaerens [19]. In
triploblastic animals the family is even more p@tald. Numerous carboxylesterases are present linopods,
nematodes and chordates where the genes are of@nized in clusters. Among these, carboxylesterbgdrolyze
both endogenous substrates and substrates or w#insbiound in the environment. In insects, somettafse
enzymes evolved to hydrolyze or scavenge organgpladass used as insecticides, a process that kbe election

of resistant strains [20]. Numerous lipases oflabfastic animals belong to the family and alsosess the lid
necessary for their lipolytic function. In the cbslerol esterase lipases the Cys loop is a mobiface lid whose
opening upon association/interaction with the lipigter interface exposes the active center cavityraakes it fully
accessible to the lipid substrate. In the cholerestes the corresponding ‘omega loop’ (so-calledime shaped as
the capital Greek letter omegd?’) contributes to form the active center gorge,eesisl for the high catalytic
activity, and the peripheral anionic site, whetesikric regulators of catalysis bind [21, 22].

Expression of animal COesterases in bacteria has aechallenge in particular for cholinesterasedschv
had to be produced from eukaryotic cell lines. Régethe Protein Repair One Stop Shop (PROSS) pmcan
automated structure- and sequence-based algorithrexpression of properly folded, soluble eukarygtioteins
with an enhanced stability [23], was applied to bhamacetylcholinesterase (AChE) and butyrylcholieeste
(BChE) and the modified, yet functional enzyme amats were successfully expressedEncoli, purified and
crystallized [4, 24]. However, despite the remat&atetention of the genuine tridimensional struetuby the
variants, the first disulfide bond was found to het always formed, a feature that prompted us talyae

comparatively the structurally related proteinsresged in bacteria.

Materials and methods



Sequences were retrieved from GenBank (http://wwii.nim.nih.gov/), UniProt (http://www.uniprot.oig/the
current assembly of the genomes using the BLASVesgrdedicated to species from DOE Joint Genomiutes
(http://genome.jgi-psf.org/) or ENSEMBL (http://wwensembl.org/) or NCBI
(http://www.ncbi.nlm.nih.gov/sutils/genom_tree.cdgihe sequences used along with individual refegm@nd links
to GenBank and UniProt can be retrieved from ESTHERJnments were performed with Clustalw. Crystal
structures and their electron density maps weragaliged with the graphics program Coot [25]. Fig@revas

generated with PyMOL (The PyMOL Molecular Graphsystem, Version 2.2.0, Schrodinger, LLC).

Results and discussion

At present 383 crystal structures of members ofdB@eesterase subfamily, corresponding to 33 dispnateins, are
available from the RCSB Protein Data Bank. Theifigant redundancy results from structures of a egrotein
with distinct mutations or ligands (e.g., there &18 structures oforpedo californica AChE). Out of the 33 distinct
proteins, there are seven AChEs and seven neursligpm various animal species, and three andlbaaterial and
fungi carboxylesterases, respectively. We seletitede 10 proteins whose crystal structure was migted after
recombinant protein expressionkncoli. Ten other coordinate files of the same enzymeemed from eukaryotic
expression systems were also analyzed. The chasticteof the analyzed proteins and structuressamemarized in
Table 1. Compared to the disparity observed infdineation of the first disulfide bonds, the othewtbonds were
found to display higher stability as reflectedlieit continuous electron density patterns.

Of the bacterial proteins, the one fradeobacillus stearothermophilus (PDB code, 20GS) has no cysteine
at all [26]. The other two, fronBacillus subtilis and Clostridium hathewayi (1QE3, 5A2G), have cysteines well
conserved in other COesterases, yet their stricghew that these cysteines are too far apart @vrto form a
disulfide bond [27, 28]. All four fungal proteinsugfied from the organism of origin or expressedamother yeast
strain have the first disulfide bond well formedsagn in their crystal structures (PDB: 1CRL, 17THGKC, 4BE4)
[29-33] None of the fungal esterases or lipaseslyred inE. coli have been crystallized or analyzed for disulfide
bond formation.

Both human AChE and BChE expressed from mammaliansect cell lines and crystallized have their

first disulfide bond fully formed (4PQE, 4AQD, 1R(B4, 35]. However, their variants generated tiglouhe



PROSS process and expressed in a bacterial sptimized for disulfide bond formation [2] show pidde wobble
in the connectivity of the two cysteines, otherwigal positioned relative to each other, and indreilfide bonding
state (5HQ3, 6EMI) [4, 24]. Indeed, the crystalisture of the optimized BChE variant revealed cistexce of
formed and unformed states of the first disulfided [4]. A similar situation was found upon reexaation of the
structure of the AChE variant expressed the same laboth cases the electron density map of eabhrst in the
dimer present in the asymmetric unit clearly rafieg significant proportion of molecules whosetfisulfide bond
is not formed. Whether the unformed bond involwes tysteines (i.e., the bond never formed) or tati-tystines
(i.e., the bond properly formed, then broke at s@uiat of protein production or x-ray data collectj cannot be
inferred from the structural data. A recent revigwthe occurrence of allosteric disulfides in pirdeand how they
are cleaved to alter protein structure and funcpoimts out a non-favorable conformation of eachthw three
disulfide bridges in AChE and close homologs, thukng out the occurrence of allosteric disulfidesthese
proteins [36].

However, chemical and structural damages encouhteyecrystallineT. californica AChE subjected to
extreme doses and duration of synchrotron radidtien much greater than those used for ‘regudata collection)
were reported previously [37, 38]. In particulaegk studies focused on the fate of the three @isubonds of
AChE. Throughout the nine temporal states analyfrathes A to I), the second disulfide bond, whiigs the base
of a short loop located at the surface of the sitblmop 254-265 inT. californica AChE), encountered critical
damage as soon as frame B and was identified ag bie¢ most susceptible in californica, while the third bond,
which stabilizes the C-terminal third of the sultpubiegan to elongate from frame C but did not bi@&ak 38]. In
contrast, the first disulfide bond was found todudstantially more stable over the same periodnoé with no
alteration in the inter-sulfur distance [37, 38lr@xamination of the electron density maps ardhedirst disulfide
bond pointed to partial loss from frame E only,igating that this first bond was more resistantatdiation damage
than the second bond. Ih californica the most susceptible second disulfide bond displtag largest solvent
accessible surface area, while the first disulfided is buried inside the protein core, althougk oan find two
small internal cavities on each side of this basmigeen in 1EAS).

Hence in the structures of the human AChE and BGiants expressed in bacteria, presence of a fully
intact second disulfide bond rules out breakinghaf first bond because of radiation damage durimgyxdata

collection. Despite the substantial proportion itpins lacking the first bond, the unaltered hyygtio activities of



the two variants, relative to their representathieCh and BTCh substrates, point to an overall @malt alpha/beta
hydrolase fold and a fully functional active cenfEhis suggests that the enhanced stability o¥/#reants generated
through the PROSS procedure by introducing a seubstitutions (including a slightly greater preito-glycine
ratio) may compensate the partial weakness ofitsiedisulfide bond [4, 23].

In the Vertebrates, the closest relatives to thaicbsterases are the neuroligins, of which thelable
structures, all solved from soluble forms expredsenh eukaryotic cell lines, display a fully formdidst disulfide
bond [39]. One step further are the carboxylestexashere a properly formed first disulfide bondoignd not only
in human CES1 produced in eukaryotic cell linesB4A1MX1) [40, 41], but also in pig liver estera@éniprot:
a9gvwe) produced ik. coli (5FV4) [42]. Human bile salt activated lipase (&sterol esterase), which has only the
first two disulfide bonds, was produced bothEncoli and from eukaryotic cells. In the first case, fhetein was
found in inclusion bodies and refolded in vitrodahe crystal structure revealed that the firstifide bond was
only partly formed (LF6W) [43]. In the second cabe, protein displayed full disulfide bonding (6HJ#4].

For insect proteins, the COesterases members hese dassified in three main phylogenetic classes
broadly distinguished by dietary/detoxification, rimmne/semiochemical processing, and neuro/develofaine
functions [45]. The classes are further subdividectlades. The proteins that have been crystallzgldng to
different classes and clades. Insecticide-metabglizarboxylesterase b&7 from the blowflyLucilia cuprina and
insecticide-sequestering carboxylesterase @gefsbm Culex quinquefasciatus both fall in clade B (alpha esterases
generally microsomal), esterase 6 fr@mosophila melanogaster falls in clade E (secreted esterases), the juzenil
hormone esterase Manduca sexta belongs to clade G (lepidopteran-type JHES), in8&hEs belong to clade J.
Although sequence similarity networks analysis udahg sequences from more divergent groups poimted
variation in clustering in some clades, it did obange the repartition of the sequences analyzed he

In both Cgeqgi2 and LaE7 the cysteines present in the N-terminal parthef sequences are too distant
from each other to form a disulfide bond (>4p[46, 47]. Also, in Cqe$2 the consensus SEDCLYL sequence
motif is replaced by the homologous sequence CEDIta shifts the Cys residue four positions backlwadhese
two enzymes probably evolved from the original C@esse structure so that the folding of the loops wa
thermodynamically determined without the need disulfide bond to rigidify it. Whether this evolati was
accompanied with an increase of expression of theseymes for better hydrolysis or scavenging of

organophosphates, or even a better affinity foedtisides, remains to be documented.



TheD. melanogaster esterase 6 producedHncoli crystallized with half of the molecules being arguely
devoid of the first disulfide bond (5THM) [48]. THé. sexta juvenile hormone esterase and AChEs from liath
melanogaster and Anopheles gambiae were all crystalized after production from eukdiyocells and all three

structures display a properly formed first bond-p19.

Conclusion
All these observations suggest that the first dideilbond can properly form i&. coli, but that depending on the
nature and sequence of the enzyme, the use (oohatjused chaperone protein, and the bactergihsselected for

production, the capacity of the produced polypeptacorrectly fold varies.

Acknowledgment

This work was supported by BioMedef NBC-5-C-4218rdrto XB.



Table 1 Summary of the characteristics of the aealyproteins and structure. Note thaltiuprina insecticide-
metabolizing carboxylesterase (LcaE7) &hdjuinquefasciatus insecticide-sequestering carboxylesterase (Cgestb2
four cysteines are found close to the expectedatjpatsitions of the two cysteines of the firstuligle bond in other

analyzed sequences.
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Fig 1

Disulfide bond pattern of a canonical COesteras@egce, based on the AChE structure. The cysteisgigns are
indicated with C letters. The first disulfide boisddisplayed as a dashed line and the other twoan solid lines.
The first bond is the one described in this stutg second bond is the most conserved within thba#beta
hydrolase fold superfamily of proteins, and thedHiond is the most facultative throughout the sigpeily. The
secondary structure elements are indicated wittor alpha helices anf for beta strands. The position of the
conserved SEDCLYLN sequence motif that surroundsstiacond cysteine involved in the first disulfidend is
highlighted. The positions of the active centeicess serine (S), glutamate (E) and histidine (té)iadicated with

grey lozenges.
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(Oomycetes, Diatoms...)

SAR Excavates
- (Kinetoplastids,
Euglenids...)
Alveolates

(Dinoflagellates,
Apicomplexa...)

v Fungi
Rhizaria _
(Foraminifera...) OplSthOkontS

Animals

Amoebozoa

(Acanthamoeba, Dictyostelium...)

Fig 2
Simplified phylogeny of eukaryotes according to kg et al. [17]. Phyla where COesterases are foarel
represented by grey polygons. In the Archaeplasgilglum, which includes green plants and red algee,

COesterases are found.
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Fig 3

Structural comparison of the first disulfide bonmpalogy in COesterases. (A) Close-up views of thgstal
structures of six representative COesterases égbllaom the genuine source (TCAChE, accession d&a&b) or
produced recombinantly if. coli (pNB esterase, 1QE3; hAChE, 5HQ3; hBChE, 6EMInEE, 51VH; hBAL,
1F6W; Cgegi2, 5W1U) or from eukaryotic cells (hBChE, 1P0OI; BS BTHM) showing the first disulfide bond
(green sulfur atoms) along with the 2fo-fc electdmmsity maps contoured at -0The Cys loop of variable length
that is tightened by the first disulfide bond isgold. For structures hAChE/5HQ3, hBChE/6EMI andT&STHM

the alternate formed and unformed states of thal lzoa overlaid. (B) Close-up views of the crystalictures of
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three representative insect COesterases devoidiisfufide bond at the base of the long loop. (Amtions are:
TcAChE,T. californica AChE; hBChE/hAChE, human BChE/AChE; hBAL, humale lsialt activated lipase; ESTS,
D. melanogaster esterase 6; pNB esterad®, subtilis para-nitrobenzyl esterase; LcaBZ7, cuprina insecticide-

metabolizing carboxylesterase; CqestB2quinquefasciatus insecticide-sequestering carboxylesterase.)

13



References

[1] G. Ren, N. Ke, M. Berkmen, Use of the SHuffle Strains in Production of Proteins, Curr. Protoc.
Protein Sci. 85 (2016) 5 26 21-25 26 21.

[2] J. Lobstein, C.A. Emrich, C. Jeans, M. Faulkner, P. Riggs, M. Berkmen, SHuffle, a novel Escherichia
coli protein expression strain capable of correctly folding disulfide bonded proteins in its cytoplasm,
Microb. Cell Fact. 11 (2012) 56.

[3] N. Ke, M. Berkmen, Production of Disulfide-Bonded Proteins in Escherichia coli, Curr. Protoc.
Mol. Biol. 108 (2014) 16 11B 11-21.

[4] A. Goldenzweig, M. Goldsmith, S.E. Hill, O. Gertman, P. Laurino, Y. Ashani, O. Dym, T. Unger, S.
Albeck, J. Prilusky, R.L. Lieberman, A. Aharoni, I. Silman, J.L. Sussman, D.S. Tawfik, S.J. Fleishman,
Automated Structure- and Sequence-Based Design of Proteins for High Bacterial Expression and Stability,
Mol. Cell. 63 (2016) 337-346.

[5] D.L. Ollis, E. Cheah, M. Cygler, B. Dijkstra, F. Frolow, S.M. Franken, M. Harel, S.J. Remington, I.
Silman, J. Schrag, et al., The alpha/beta hydrolase fold, Protein Eng. 5 (1992) 197-211.

[6] M. Nardini, B.W. Dijkstra, Alpha/beta hydrolase fold enzymes: the family keeps growing, Curr.
Opin. Struct. Biol. 9 (1999) 732-737.

[7] M. Holmquist, Alpha/Beta-hydrolase fold enzymes: structures, functions and mechanisms, Curr.
Protein Pept. Sci. 1 (2000) 209-235.
[8] P. Marchot, A. Chatonnet, Enzymatic activity and protein interactions in alpha/beta hydrolase

fold proteins: moonlighting versus promiscuity, Protein Pept. Lett. 19 (2012) 132-143.

[9] R.D. Finn, T.K. Attwood, P.C. Babbitt, A. Bateman, P. Bork, A.J. Bridge, H.Y. Chang, Z. Dosztanyi, S.
El-Gebali, M. Fraser, J. Gough, D. Haft, G.L. Holliday, H. Huang, X. Huang, I. Letunic, R. Lopez, S. Lu, A.
Marchler-Bauer, H. Mi, J. Mistry, D.A. Natale, M. Necci, G. Nuka, C.A. Orengo, Y. Park, S. Pesseat, D.
Piovesan, S.C. Potter, N.D. Rawlings, N. Redaschi, L. Richardson, C. Rivoire, A. Sangrador-Vegas, C. Sigrist,
. Sillitoe, B. Smithers, S. Squizzato, G. Sutton, N. Thanki, P.D. Thomas, S.C. Tosatto, C.H. Wu, |. Xenarios,
L.S. Yeh, S.Y. Young, A.L. Mitchell, InterPro in 2017-beyond protein family and domain annotations,
Nucleic Acids Res. 45 (2017) D190-D199.

[10] R.D. Finn, P. Coggill, R.Y. Eberhardt, S.R. Eddy, J. Mistry, A.L. Mitchell, S.C. Potter, M. Punta, M.
Qureshi, A. Sangrador-Vegas, G.A. Salazar, J. Tate, A. Bateman, The Pfam protein families database:
towards a more sustainable future, Nucleic Acids Res. 44 (2016) D279-285.

[11] N. Lenfant, T. Hotelier, E. Velluet, Y. Bourne, P. Marchot, A. Chatonnet, ESTHER, the database of
the alpha/beta-hydrolase fold superfamily of proteins: tools to explore diversity of functions, Nucleic
Acids Res. 41 (2013) D423-D429.

[12] N. Lenfant, Y. Bourne, P. Marchot, A. Chatonnet, Relationships of human alpha/beta hydrolase
fold proteins and other organophosphate-interacting proteins, Chem. Biol. Interact. 259 (2016) 343-351.
[13] Z. Radic, N.A. Pickering, D.C. Vellom, S. Camp, P. Taylor, Three distinct domains in the
cholinesterase molecule confer selectivity for acetyl- and butyrylcholinesterase inhibitors, Biochemistry
32 (1993) 12074-12084.

[14] D.C. Vellom, Z. Radic, Y. Li, N.A. Pickering, S. Camp, P. Taylor, Amino acid residues controlling
acetylcholinesterase and butyrylcholinesterase specificity, Biochemistry 32 (1993) 12-17.

[15]  J.W.Wong, S.Y. Ho, P.J. Hogg, Disulfide bond acquisition through eukaryotic protein evolution,
Mol Biol Evol 28 (2011) 327-334.

[16] R.R. Thangudu, M. Manoharan, N. Srinivasan, F. Cadet, R. Sowdhamini, B. Offmann, Analysis on
conservation of disulphide bonds and their structural features in homologous protein domain families,
BMC Struct Biol 8 (2008) 55.

[17] P.J. Keeling, G. Burger, D.G. Durnford, B.F. Lang, R.W. Lee, R.E. Pearlman, A.J. Roger, M.W.
Gray,The tree of eukaryotes, Trends Ecol Evol 20 (2005) 670-676.

14



[18] L. Pezzementi, A. Chatonnet, Evolution of cholinesterases in the animal kingdom, Chem. Biol.
Interact. 187 (2010) 27-33.

[19] A. Chatonnet, X. Cousin, T. Hotelier, Evolution of the carboxylesterase_B (COesterase) family: the
closest relatives of cholinesterases among alpha/beta hydrolase fold family. Hypothesis of horizontal
transfer from eucaryotes to bacteria, N.C. Inestrosa, E.O. Campos (Eds.), Cholinesterases in the second
millennium: biomolecular and pathological aspects,, FONDAP- Biomedicina, Pontificia Universidad
Catolica de Chile, Santiago, Chile (2004) 75-80.

[20] T. Hotelier, V. Negre, P. Marchot, A. Chatonnet, Insecticide resistance through mutations in
cholinesterases or carboxylesterases: data mining in the ESTHER database, J. Pestic. Sci. 35 (2010) 315-
320.

[21] O. Lockridge, S. Adkins, B.N. La Du, Location of disulfide bonds within the sequence of human
serum cholinesterase, J Biol Chem 262 (1987) 12945-12952.

[22] K. MacPhee-Quigley, T.S. Vedvick, P. Taylor, S.S. Taylor, Profile of the disulfide bonds in
acetylcholinesterase, J Biol Chem 261 (1986) 13565-13570.

[23] A. Goldenzweig, M. Goldsmith, S.E. Hill, O. Gertman, P. Laurino, Y. Ashani, O. Dym, T. Unger, S.
Albeck, J. Prilusky, R.L. Lieberman, A. Aharoni, I. Silman, J.L. Sussman, D.S. Tawfik, S.J. Fleishman,
Automated Structure- and Sequence-Based Design of Proteins for High Bacterial Expression and Stability,
Mol. Cell 70 (2018) 380.

[24] X. Brazzolotto, A. Igert, V. Guillon, G. Santoni, F. Nachon, Bacterial Expression of Human
Butyrylcholinesterase as a Tool for Nerve Agent Bioscavengers Development, Molecules 22 (2017) 1828.
[25] P. Emsley, B. Lohkamp, W.G. Scott, K. Cowtan, Features and development of Coot, Acta
Crystallogr D Biol Crystallogr 66 (2010) 486-501.

[26] P. Liu, H.E. Ewis, P.C. Tai, C.D. Lu, I.T. Weber, Crystal structure of the Geobacillus
stearothermophilus carboxylesterase Est55 and its activation of prodrug CPT-11, J. Mol. Biol. 367 (2007)
212-223.

[27] B. Spiller, A. Gershenson, F.H. Arnold, R.C. Stevens, A structural view of evolutionary divergence,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 12305-12310.

[28] V. Perz, A. Baumschlager, K. Bleymaier, S. Zitzenbacher, A. Hromic, G. Steinkellner, A. Pairitsch,
A. Lyskowski, K. Gruber, C. Sinkel, U. Kuper, D. Ribitsch, G.M. Guebitz, Hydrolysis of synthetic polyesters
by Clostridium botulinum esterases, Biotechnol. Bioeng. 113 (2016) 1024-1034.

[29] J. Gutierrez-Fernandez, M.E. Vaquero, A. Prieto, J. Barriuso, M.J. Martinez, J.A. Hermoso, Crystal
structures of Ophiostoma piceae sterol esterase: Structural insights into activation mechanism and
product release, J. Struct. Biol. 187 (2014) 215-222.

[30] Y. Bourne, A.A. Hasper, H. Chahinian, M. Juin, L.H. De Graaff, P. Marchot, Aspergillus niger
protein EstA defines a new class of fungal esterases within the alpha/beta hydrolase fold superfamily of
proteins, Structure 12 (2004) 677-687.

[31]  1.D. Schrag, M. Cygler, 1.8 A refined structure of the lipase from Geotrichum candidum, J. Mol.
Biol. 230 (1993) 575-591.

[32] P. Grochulski, Y. Li, J.D. Schrag, F. Bouthillier, P. Smith, D. Harrison, B. Rubin, M. Cygler, Insights
into interfacial activation from an open structure of Candida rugosa lipase, J. Biol. Chem. 268 (1993)
12843-12847.

[33] J. Gutierrez-Fernandez, M.E. Vaquero, A. Prieto, J. Barriuso, M.J. Martinez, J.A. Hermoso, Crystal
structures of Ophiostoma piceae sterol esterase: structural insights into activation mechanism and
product release, J Struct Biol 187 (2014) 215-222.

[34] Y. Nicolet, O. Lockridge, P. Masson, J.C. Fontecilla-Camps, F. Nachon, Crystal structure of human
butyrylcholinesterase and of its complexes with substrate and products, J. Biol. Chem. 278 (2003) 41141-
41147.

15



[35] X. Brazzolotto, M. Wandhammer, C. Ronco, M. Trovaslet, L. Jean, O. Lockridge, P.Y. Renard, F.
Nachon, Human butyrylcholinesterase produced in insect cells: huprine-based affinity purification and
crystal structure, FEBS. J. 279 (2012) 2905-2916.

[36]  J. Chiu, P.J. Hogg, Allosteric disulfides: Sophisticated molecular structures enabling flexible
protein regulation, J Biol Chem 294 (2019) 2949-2960.

[37] M. Weik, R.B. Ravelli, G. Kryger, S. McSweeney, M.L. Raves, M. Harel, P. Gros, I. Silman, J. Kroon,
J.L. Sussman, Specific chemical and structural damage to proteins produced by synchrotron radiation,
Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 623-628.

[38] M. Weik, J. Berges, M.L. Raves, P. Gros, S. McSweeney, |. Silman, J.L. Sussman, C. Houee-Levin,
R.B. Ravelli, Evidence for the formation of disulfide radicals in protein crystals upon X-ray irradiation, J.
Synchrotron Radiat. 9 (2002) 342-346.

[39] I.P. Fabrichny, P. Leone, G. Sulzenbacher, D. Comoletti, M.T. Miller, P. Taylor, Y. Bourne, P.
Marchot, Structural analysis of the synaptic protein neuroligin and its beta-neurexin complex:
determinants for folding and cell adhesion, Neuron 56 (2007) 979-991.

[40] S. Bencharit, C.L. Morton, J.L. Hyatt, P. Kuhn, M.K. Danks, P.M. Potter, M.R. Redinbo, Crystal
structure of human carboxylesterase 1 complexed with the Alzheimer's drug tacrine: from binding
promiscuity to selective inhibition, Chem. Biol. 10 (2003) 341-349.

[41] H.M. Greenblatt, T.C. Otto, M.G. Kirkpatrick, E. Kovaleva, S. Brown, G. Buchman, D.M. Cerasoli,
J.L. Sussman, Structure of recombinant human carboxylesterase 1 isolated from whole cabbage looper
larvae, Acta Crystallogr. Sec.t F Struct. Biol. Cryst. Commun. 68 (2012) 269-272.

[42] A. Hummel, E. Brusehaber, D. Bottcher, H. Trauthwein, K. Doderer, U.T. Bornscheuer,
Isoenzymes of pig-liver esterase reveal striking differences in enantioselectivities, Angew. Chem. Int. Ed.
Engl. 46 (2007) 8492-8494.

[43] S. Terzyan, C.S. Wang, D. Downs, B. Hunter, X.C. Zhang, Crystal structure of the catalytic domain
of human bile salt activated lipase, Protein Sci. 9 (2000) 1783-1790.

[44] C. Touvrey, C. Courageux, V. Guillon, R. Terreux, F. Nachon, X. Brazzolotto, X-ray structures of
human bile-salt activated lipase conjugated to nerve agents surrogates, Toxicology 411 (2018) 15-23.
[45] J.G. Oakeshott, R.M. Johnson, M.R. Berenbaum, H. Ranson, A.S. Cristino, C. Claudianos,
Metabolic enzymes associated with xenobiotic and chemosensory responses in Nasonia vitripennis,
Insect Mol Biol 19 Suppl 1 (2010) 147-163.

[46] C.J. Jackson, J.W. Liu, P.D. Carr, F. Younus, C. Coppin, T. Meirelles, M. Lethier, G. Pandey, D.L.
Ollis, R.J. Russell, M. Weik, J.G. Oakeshott, Structure and function of an insect alpha-carboxylesterase
(alphaEsterase?7) associated with insecticide resistance, Proc. Natl. Acad. Sci. U. S. A. 18 (2013) 10177-
10182.

[47] D.H. Hopkins, N.J. Fraser, P.D. Mabbitt, P.D. Carr, J.G. Oakeshott, C.J. Jackson, The structure of an
insecticide sequestering carboxylesterase from the disease vector Culex quinquefasciatus: what makes
an enzyme a good insecticide sponge?, Biochemistry 56 (2017) 5512-5525.

[48] F. Younus, N.J. Fraser, C.W. Coppin, J.W. Liu, G.J. Correy, T. Chertemps, G. Pandey, M. Maibeche,
C.J. Jackson, J.G. Oakeshott, Molecular basis for the behavioral effects of the odorant degrading enzyme
Esterase 6 in Drosophila, Sci. Rep. 7 (2017) 46188.

[49] M. Wogulis, C.E. Wheelock, S.G. Kamita, A.C. Hinton, P.A. Whetstone, B.D. Hammock, D.K.
Wilson, Structural studies of a potent insect maturation inhibitor bound to the juvenile hormone
esterase of Manduca sexta, Biochemistry 45 (2006) 4045-4057.

[50] M. Harel, G. Kryger, T.L. Rosenberry, W.D. Mallender, T. Lewis, R.J. Fletcher, J.M. Guss, . Silman,
J.L. Sussman, Three-dimensional structures of Drosophila melanogaster acetylcholinesterase and of its
complexes with two potent inhibitors, Protein Sci 9 (2000) 1063-1072.

16



[51] J. Cheung, A. Mahmood, R. Kalathur, L. Liu, P.R. Carlier, Structure of the G119S Mutant
Acetylcholinesterase of the Malaria Vector Anopheles gambiae Reveals Basis of Insecticide Resistance,
Structure 26 (2018) 130-136.

17



Protein Species of origin :’izlf‘:?:n/ Expression strain Compartment fcg: f?r::isz:; First disulfide bond g:,sst;z:!s Reference Comments
Bacteria Carboxylesterases
bacsu-pnbae Bacillus subtilis 1QE3/1.50 A E. coli BL21 Total lysis, soluble fraction 61, 81 100% no 41A Spiller et al. 1989 [27] -
geost-est50 Geobacillus stearothermophilus | 20GS /2.00 A E. coli Top 10 Total lysis, soluble fraction no Cys 100% no Liu et al. 2007 [26] Thermostable enzyme
9clot-r5t6k9 Clostridium hathewayi 5A2G/1.90 A E. coliBL21 Not reported 64, 89 100% no 41-43A Perz et al. 2015 [28] -
Fungi Carboxylesterases-lipases
9pezi-q2tfwl Ophiostoma piceae 4BE4/2.60 A Komagataella pastoris | Secreted 72,108 yes ;Szt;t]ierrez-Fernandez etal. 2014 -
aspni-EstA Aspergillus niger 1UKC/2.10 A Aspergillus niger Secreted 85, 101 yes Bourne et al. 2004 [30] -
geoca-2lipa Geotrichum candidum 1THG / 1.80 A Geotrichum candidum | Secreted 61, 105 yes Schrag and Cygler 1993 [31] -
canru-1lipa Candida rugosa 1CRL/2.06 A Diutina rugosa Secreted 60, 97 yes Grochulski et al. 1993 [32] -
Mammalian Cholinesterases
human-AChE Homo sapiens 4PQE/2.90 A HEK Secreted 69, 96 ves j )
5HQ3/2.60A E. coli SHuffle Total lysis, soluble fraction 100/90% no (subunit A/B) Goldenzweig et al. 2016 [4] PROSS, 51 substitutions from WT sequence
1POI / 2.00 A CHO Secreted yes Nicolet et al. 2003 [33] -
human-BChE Homo sapiens 4AQD/2.50 A D. melanogaster S2 Secreted 65,92 yes Brazzolotto et al. 2012 [34] -
6EMI/2.47 A E. coli SHuffle Total lysis, soluble fraction 50/90% no (subunit A/B) Brazzolotto et al. 2017 [24] PROSS, 47 substitutions from WT sequence
Mammalian Neuroligin
human-NLGNX4 | Homo sapiens 2WwQz/3.90 A HEK Secreted yes Fabrichny et al. 2007 [38] -
Mammalian Carboxylesterases
human-CES1 Homo sapiens 4AB1/ 2.125: Baculow:rus Secreted 87,116 yes Greenblz'att et al. 2012 [40] -
1IMX1/2.40A Baculovirus Secreted 1087, 1116 yes Bencharit et al. 2003 [39] -
pig-a9gyw6 Sus scrofa 5FV4 /2.40 A E. coli BL21 Not reported 70,99 yes Hummel et al. 2007 [41] -
Mammalian Bile salt activated lipase (Cholesterol esterase)
human-CEL Homo sapiens 1F6W /2.30 A E. coli BL21 Inclusion bodies / refolding 64, 80 90% no Terzyan et al. 2000 [42] -
Insect Carboxylesterases Juvenile hormone esterase
luccu-E3aest7 . i o i . . o L
(LaaE?) Lucilia cuprina 5IVH/1.70 A E. coliBL21 Total lysis, soluble fraction 88-89, 106,111 | 100% no >10A Jackson et al. 2013 [45] No substitutions
drome-este6 Drosophila melanogaster 5THM /2.15A E. coli Origami Total lysis, soluble fraction 65, 84 50% no Younus et al. 2017 [47] 16 substitutions to increase thermostability
;:(lijéqel;éitb Culex quinquefasciatus 5W1U/2.50 A E. coli BL21 Total lysis, soluble fraction 61, 65, 68, 81 100% no >10A Hopkins et al. 2017 [46] CEDSLYN instead of SEDCLYN
manse-jhest Manduca sexta 2FI0/2.70A Baculovirus Secreted 92,112 yes Wogulis et al. 2006 [48] -




Thefirst C-C bond in cholinesterases and carboxylesterases is eukaryote-specific.
Formation of this bond may challenge bacterial expression of mammal cholinesterases.
We explored the bond density maps in structures of eukaryotic or prokaryotic enzymes.
Formed / unformed states of the bond coexist in cholinesterases expressed in bacteria.

Only the unformed state of the bond is observed in bacterial carboxylesterases.





