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Abstract 

Famil y GH1 gl ycosyl hydr olases ar e ubiquitous in pr okar yotes and eukar yotes and ar e utilized in n umer ous industrial applications, 
including bioconversion of lignocelluloses. In this study, hyperacidophilic archaeon Cuniculiplasma divulgatum (S5 T = JCM 30642 T ) was 
explored as a source of novel carbohydrate-active enzymes. The genome of C. divulgatum encodes three GH1 enzyme candidates, 
from which CIB12 and CIB13 were heterolo gously e xpressed and c har acterized. Phylogenetic analysis of CIB12 and CIB13 clustered 

them with β-glucosidases from genuinely thermophilic ar c haea including Thermoplasma acidophilum , Picrophilus torridus , Sulfolobus 
solf ataricus , Pyr ococcus furiosus , and Thermococcus kodakarensis . Purified enzymes showed maximal activities at pH 4.5–6.0 (CIB12) and 

4.5–5.5 (CIB13) with optimal temperatures at 50 ◦C, suggesting a high-temperature origin of Cuniculiplasma spp. ancestors. Crystal 
structures of both enzymes revealed a classical ( α/ β) 8 TIM-barrel fold with the active site located inside the barrel close to the C-termini 
of β-strands including the catalytic residues Glu204 and Glu388 (CIB12), and Glu204 and Glu385 (CIB13). Both enzymes preferred 

cellobiose over lactose as substrates and were classified as cellobiohydrolases. Cellobiose addition increased the biomass yield of 
Cuniculiplasma cultur es gr owing on pe ptides by 50%, suggesting that the cellobiohydrolases expand the carbon substrate range and 

hence environmental fitness of Cuniculiplasma . 

Ke yw or ds: acidic environments; acidophilic ar c haea; β-glucosidase; cellobiohydr olase; Cuniculiplasma ; extr emozymes; GH1; Thermo- 
plasmatales 
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Introduction 

Extremophiles thriving in environments with physico–chemical 
conditions hostile to common micr oor ganisms, ar e widel y dis- 
tributed across the globe. Archaea often outcompete bacteria and 

eukaryotes in extreme en vironments , and flourish at high tem- 
per atur es, at low or high pH values and at ele v ated salinities (Shu 

and Huang 2022 ). They employ various and often unique physio- 
logical pr operties, whic h r esult in pr oducts of biotec hnological im- 
portance useful for applications in different industries (Elleuche 
et al. 2014 ). One of suc h or ganisms is Cuniculiplasma divilgatum ,
ubiquitous in moderate-to-low temperature acid mine drainage 
systems, with pH optimum at 1.0–1.2 (Golyshina et al. 2016a ,b ).
Cuniculiplasma spp. are also found in geothermal areas worldwide,
pointing at their global distribution in acidic environments of dif- 
ferent origin and at variety of temperature adaptations in these 
arc haea (Gol yshina et al. 2019 ). Taxonomicall y, the genus Cuniculi- 
plasma is included in the order Thermoplasmatales , which contains 
organisms with the lo w est pH values for growth ever recorded 

(Golyshina et al. 2019 ). Potentially, Cuniculiplasma spp. can serve as 
a source of extremozymes, enhancing our comprehension of these 
enzymes’ functions and their significance in the life strategies and 

ecology of extremophilic archaea, while also offering promise for 
potential biotechnological uses. 
Recei v ed 10 May 2024; revised 26 July 2024; accepted 9 August 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
Cuniculiplasma divulgatum S5 genome encodes 22 glycoside hy- 
rolases (GHs), according to CAZY records ( http://www.cazy.org/ 
7595.html ; Cantar el et al. 2009 ), thr ee of whic h belong to the
l ycosyl Hydr olases Famil y 1 (GH1) that encompasses a large
et of enzymes sharing a catalytic domain with a ( α/ β)8 TIM-
arrel fold and a retaining mechanism of catalysis with activi-
ies spread across 34 EC numbers (CAZY database; Cantarel et al.
009 ). These enzymes are ubiquitous across all domains of life
nd play fundamental r oles, suc h as in vivo degradation of ligno-
ellulosic materials for n utrient uptak e. Ad ditionally, the y have
 wide range of in vitro applications in food, medicine, and the
roduction of bio-based chemicals and renewable energy sources 

Cantarel et al. 2009 , Ketudat Cairn and Esen 2010 ). GH1 enzymes
re encoded in genomes of archaea, with 25 enzymes function-
ll y c har acterized, including fr om two taxonomic neighbours of C.
ivulgatum , Thermoplasma acidophilum DSM 1728 (Kim et al. 2009 ),
nd from Picrophilus torridus DSM 9790 (Murphy and Walsh 2019 ) .
uniculiplasma divulgatum encodes three such GH1 proteins, one 
f which was partially characterized, ho w ever, only with model,
 -nitr ophen yl ( p NP) glucoside substrate, with no activity deter-
ined against natural substrates (He et al. 2023 ). 
Cuniculiplasma spp. are known (Golyshina et al. 2016a ,b ),

ike their closest r elativ es fr om Thermoplasmatales (Huber and
 is an Open Access article distributed under the terms of the Cr eati v e 
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tetter 2006 ), to r el y on scav enging detritus/dead cell biomass of
icr oor ganisms, and corr espondingl y, their gr owth media contain

omplex organic peptide-containing ingredients, such as yeast,
eat, or beef extract, tryptone, or peptone . T hey occupy niches
ith other related Thermoplasmatales , but also, intriguingly, with
rimary producing, photosynthetic organisms, such as Chlamy-
omonas acidophila or Euglena mutabilis (Distaso et al. 2022 ) that
uppl y pol ysacc harides in the envir onment. It is known that
onomeric sugars did not enhance growth of C. divulgatum, how-

 v er, the ability of Cuniculiplasma spp. to make use of other prod-
cts/intermediates of pol ysacc haride hydr ol ysis, r emains to be as-
essed. 

The aim of present study was therefore to heterologously ex-
r ess, purify, and structur all y and functionall y c har acterize, the
H1 carbohydr ate-activ e enzymes fr om C. divulgatum. Mor eov er,

o assess the ecological importance of these enzymes for Cuni-
iliplasma spp. in their natural habitats, we examined the enzyme
ubstrates for their ability to support the growth of these microor-
anisms. 

In this w ork, w e report the results of our study on two β-
lucosidases CIB12 and CIB13 with respect to their phylogeny, bio-
 hemical pr operties, and substr ate specificities with model and
atur al substr ates, accompanied with the anal ysis of their r e-
olv ed crystal structur es . T hese intracellular enzymes ha ve high-
st activities to w ar ds cellobiose, amendment of which to the
edium significantl y incr eased the biomass yield of C. divulgatum,

ointing at physiological and ecological importance of these GH1
amil y cellobiohydr olases . 

aterials and methods 

trains, culture conditions, and plasmids 

uniculiplasma divulgatum (S5 T = JCM 30642 T ) fr om Cantar er as acid
ine dr aina ge site in Spain was formall y described earlier

Golyshina et al. 2016a ). The modified medium DSMZ 88 was
sed for cultivation of the str ain S5, whic h contained (g l −1 ):

NH 4 ) 2 SO 4 , 1.3; KH 2 PO 4 , 0.28; MgSO 4 
. 7H 2 O, 0.25; CaCl 2 . 2H 2 O, 0.07;

nd F eCl 3 . 6H 2 O, 0.02. T he medium was also supplemented with
he trace element solution SL-10 from DSMZ medium 320 in pro-
ortion 1:1000 (v/v), betaine at 0.06% (w/v), and vitamin solution
ao and Michayluk (Sigma-Aldrich, Gillingham, UK) at 1:100 (v/v).
s the primary carbon source, the beef extract (ThermoFisher Sci-
ntific, Paisle y, UK) was ad ded at final concentration 3 g l −1 . In ad-
ition, cellobiose and lactose (Sigma-Aldrich and Scientific Labo-
atory Supplies, Nottingham, UK, respectively) were tested as car-
on sources at concentration of 3 mM (0.1% w/v). The pH of the
edium was adjusted to 1.0 with concentrated H 2 SO 4 . Cultivation
as conducted at 37 ◦C in Erlenmeyer flasks in an orbitary shaker
t 100 r m 

−1 . The growth was followed by measuring the culture
ptical density at 600 nm using a BioPhotometer Plus (Eppen-
orf, Hambur g, German y). Consumption of added lactose and cel-

obiose during the growth of C. divulgatum was measured by HPLC
nal ysis of cultur e supernatants using a Shimadzu Pr ominence-I
C-2030c 3D Plus instrument. Samples of growth media were cen-
rifuged at r elativ e centrifugal force (rcf) of 10 000 for 10 min, fil-
er ed thr ough n ylon filters (0.22 μm), and 10 μl-aliquots of cleared
amples were used for HPLC analysis. Cellobiose was analysed us-
ng a Bio-Rad Aminex 87H columns at 50 ◦C (mobile phase 5 mN
 2 SO 4 , 0.6 ml min 

−1 ), whereas lactose was measured using an
minex 87P column at 80 ◦C (mobile phase H 2 O, 1 ml min 

−1 ). 
Esc heric hia coli str ains used in this study wer e cultiv ated on

uria–Bertani (LB) medium (per litre of deionised water, 10 g
ryptone, 5 g yeast extract, and 5 g NaCl) with 15 g l −1 agar
mended in solid media, at 37 ◦C. Strains harbouring the recom-
inant plasmids were grown in LB medium with ampicillin at the
nal concentration of 100 μg ml −1 (Li et al. 2021 ). 

Genes encoding the selected GH1 candidates, CIB12 (GenBank
ccession number SIM59545.1, locus tag: CSP5_0942) and CIB13
SIM79973.1, pol CSP5_1651) were amplified by pol ymer ase c hain
 eaction (PCR) fr om C. divulgatum S5 genomic DNA and cloned into
he p15TvL protein expression plasmid (Novagen/Merck, Darm-
tadt, Germany) containing an N-terminal 6His-tag as described
r e viousl y; same genes wer e partiall y codon-optimized for E.
oli and synthesized at Twist Biosciences alongside their mutant
ariants, H148A, N203A, E204A, Y321A, Y341A, W362A, E388A,
nd W426A for CIB12 and W432A, N203A, E204A, Y320A, Y340A,
359A, N148A, and W426A. Recombinant plasmids were initially

ransformed into the nonexpression E. coli DH5 α host (Invitrogen,
arlsbad, CA, USA), fr om whic h, after ov ernight gr o wth they w ere
xtr acted and tr ansformed into E. coli BL21(DE3) Lobstr ® (K er afast,
SA) expression host used for recombinant protein production
nd purification. 

rotein expression and purification 

0-ml starter cultures of E. coli BL21(DE3) Lobstr ® harbouring re-
ombinant plasmids were grown on a shaker at 37 ◦C for 18 h in LB
edium supplemented with 100 μg ml −1 ampicillin, tr ansferr ed

nto 1 l of 0.5x Terrific Broth medium (Sambrook et al. 1989 ) con-
aining 0.4% (v/v) gl ycer ol and ampicillin (100 μg ml −1 ), and cul-
ured at 37 ◦C in baffled flasks in a shaking incubator (250 r m 

−1 ).
hen the optical density (600 nm) r eac hed 0.6–0.8 units, 0.4 mM

soprop yl- β- d -thiogalactop yranoside w as added and incubation
ontinued overnight at 16 ◦C with shaking at 250 r m 

−1 . Cells were
arvested by centrifugation at 4000 × g (15 min at 20 ◦C) and re-
uspended in 20 ml of binding buffer (50 mM 4-(2-h ydroxyeth yl)-
-piperazineethanesulfonic acid (HEPES), pH 7.5, 500 mM NaCl,
 mM imidazole, 5% gl ycer ol). Cells wer e disrupted by sonication
300 W, 3 s strokes, and 4 s intervals, for 10 min) in an ice bath,
nd clear l ysates wer e obtained after centrifugation at 40 000 × g
30 min at 4 ◦C). Recombinant proteins were purified from lysates
y metal-affinity c hr omatogr a phy using Ni-NTA His-Bind Resin
Merc k). The l ysates wer e loaded on gravity columns equilibrated
ith 10 ml of binding buffer (50 mM HEPES, pH 7.5, 500 mM NaCl,
 mM imidazole, 5% gl ycer ol) and washed with 10 ml of wash-
ng buffer (50 mM HEPES, pH 7.5, 500 mM NaCl, 20 mM imidazole,
% gl ycer ol) to r emov e nonspecificall y bound pr oteins. Bound r e-
ombinant pr oteins wer e eluted with an elution buffer (50 mM
EPES, pH 7.5, 500 mM NaCl, 200 mM imidazole, 5% gl ycer ol). Pr o-

ein concentration was determined using a Bradford reagent at
95 nm in a 96-well plate with BSA as a standard. Purified proteins
er e fr ozen in dr oplets in liquid nitr ogen and stor ed at −80 ◦C (Li

t al. 2021 ). The purity and a ppar ent size of purified pr oteins wer e
nalysed by denaturing polyacrylamide gel electrophoresis (SDS-
AGE) using the precast RunBlue 10% gels (Expedeon, Harston,
K). The standard protein markers (10–250 kDa, Thermo Scien-

ific) were used to estimate the a ppar ent molecular weight of ex-
r essed pr oteins. 

H assays with chromogenic and na tur al 
ubstr a tes 

H activity of purified GH1 proteins w as assay ed using tw o pan-
ls of c hr omogenic (model) and natural GH substrates ( Tables S1
nd S2 ). The r eaction mixtur es contained 20 mM MES buffer (pH
.0), 1 mM p NP-gl ycosyl substr ate, and 3 μg of enzyme in the

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
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final volume of 200 μl (incubation at 37 ◦C for 120 min). The ab- 
sorbance of the released p -nitrophenol was measured at 410 nm.
One unit (U) of enzyme activity was defined as the amount of 
enzyme needed to liberate 1 μmol of p NP per minute under the 
assa y conditions . T he specific activity of enzyme r eferr ed to the 
number of units of enzyme activity per mg of protein. Reaction 

mixtures for assays with natural substrates (0.2 ml) contained 

20 mM MES buffer (pH 6.0), 1 mM substrate, and 3 μg of purified 

enzyme . After o vernight incubation at 30 ◦C, 10- μl aliquots of re- 
action mixtures were used to determine the concentration of re- 
leased reducing sugars using a modified bicinchoninic acid (BCA) 
assa y (Millipore , Gillingham, UK) by adding 10 μl of 2 M NaOH and 

200 μl of fresh BCA reagent mix. After 30 min incubation at 60 ◦C 

in a shaker (500 r m 

−1 ), the solution absorbance was measured 

at 562 nm. A standard curve was pr epar ed by plotting the aver- 
a ge blank–measur ement for eac h r educing sugar monomer con- 
centration used to calculate the released monomer concentration 

in reactions (Li et al. 2021 ). GH activity of purified wild-type and 

mutant enzymes was determined under indicated reaction con- 
ditions using 2 mM p NP- β- d -glucopyranoside or 25 mM cellobiose 
as substrates. All assays were performed in triplicate, and the re- 
sults are presented as means ± SD (standard deviations) from at 
least two independent experiments. One unit (U) of enzyme ac- 
tivity was defined as the amount of enzyme r equir ed to pr oduce 
1 μmol of p NP per minute under the assay conditions. 

Kinetic parameters 

Michaelis–Menten constant ( K M 

) and maximum reaction velocity 
( V max ) of purified CIB12 and CIB13 were determined by assaying 
enzymes activity in the presence of increasing concentrations of 
substr ates: p NP- β- d -glucopyr anoside (0–10 mM), cellobiose or lac- 
tose (0–150 mM) in 50 mM MES buffer (pH 5.0) using 3 μg or 5 μg 
of enzyme, r espectiv el y, per 0.2 ml reaction. For assays with p NP- 
β- d -glucopyr anoside as substr ate (30 min incubation at 30 ◦C), the 
absorbance of released p NP was measured at 410 nm after adding 
10 μl of 1 M Tris–Cl buffer (pH 9.0) for complete colour de v elop- 
ment. For assays with natural substrates, the reaction mixtures 
were incubated at 30 ◦C for 4 h and then filtered using centrifu- 
gal filters (PES, 10 kDa cut-off, VWR, 10 000 × g ). 10 μl aliquots of 
filtr ate wer e used for the HPLC anal ysis of r eleased glucose using 
an Aminex 87H column (60 ◦C, mobile phase 5 mN H 2 SO 4 , isocratic 
flow at 0.6 ml min 

−1 , RI detector). The standard curve was used to 
determine glucose concentrations in samples and then calculate 
enzyme activity ( μmol min 

−1 mg −1 ). The obtained values were fit- 
ted to the classical Michaelis–Menten equation, and the values 
for V max , k cat , K M 

, and catalytic efficiency ( k cat / K M 

) were calculated 

using a Gr a phP ad Prism software (Swift 1997 , Li et al. 2021 ). 

Analysis of optimal reaction conditions (pH, 
temper a ture, NaCl, and Tween-20) 
The pH dependency of GH activities of CIB12 and CIB13 was inves- 
tigated by incubating the purified enzymes (3 μg per 0.2 ml reac- 
tion mixture) in 20 mM Britton–Robinson pH buffer (pH 3.0–12.0) 
at 30 ◦C for 120 min with 2 mM p NP- β- d -glucopyranoside as sub- 
strate. After incubation, 10- μl aliquots of 1 M Tris–HCl buffer (pH 

9.0) were added to each assay for complete colour de v elopment 
and pr oduced p -nitr ophenol ( p NP) was determined spectr ophoto- 
metrically at 410 nm. Temperature profiles of GH activity of pu- 
rified CIB12 and CIB13 with 2 mM p NP- β- d -glucopyranoside as 
substr ate wer e measur ed at temper atur es 25 ◦C–90 ◦C using 3 μg 
of protein per reaction in 50 mM MES buffer (pH 5.0). Reaction 

mixtur es wer e incubated at indicated temper atur es for 120 min,
nd the absorbance of the released p NP was measured at 410 nm.
he effect of NaCl concentrations (0–4.0 M) on enzymatic activ-

ty of CIB12 and CIB13 (3 μg of protein per reaction) was deter-
ined using 25 mM cellobiose as substrate (due to high back-

r ound observ ed with p NP- β- d -glucopyr anoside in the pr esence of
igh NaCl concentrations). Reaction mixtures (0.2 ml) contained 

0 mM MES buffer (pH 5.0), 25 mM cellobiose, and 3 μg of protein
incubation for 240 min at 30 ◦C). The effect of Tween-20 (a deter-
ent) on enzymatic activity of CIB12 and CIB13 was investigated
sing r eaction mixtur es (0.2 ml) containing 50 mM MES buffer (pH
.0), 1 mM p NP- β- d -glucopyranoside, and 3 μg of protein (incuba-
ion for 120 min at 30 ◦C). 

nalysis of enzyme thermostability and 

ena tur a tion temper a ture 

urified pr oteins wer e incubated at differ ent temper atur es r ang-
ng from 30 ◦C to 80 ◦C for 1–5 h, and the residual enzyme activ-
ty was measured at 30 ◦C using p NP- β- d -glucopyranoside as sub-
trate (8.9 mM for CIB12 and 1.8 mM for CIB13) in 20 mM HEPES
uffer (pH 7.0) for CIB12 or in 20 mM MES buffer (pH 6.0) for
IB13, 3 μg of enzyme in 200 μl r eaction mixtur es. Pr otein melt-

ng temper atur es of purified enzymes wer e determined using dif-
erential scanning fluorimetry (DSF) with Sypro Orange ® (Invit- 
ogen, T hermo Fisher Scientific , USA) as a re porter d ye (Elgert
t al. 2020 ). Samples w ere loaded into 96-w ell opticall y tr anspar-
nt plates (Bio-Rad, USA), and the heating rate was 1.0 ◦C min 

−1 

ith fluor escence r eadings (excitation at 530 ± 30 nm, emission
t 575 ± 20 nm) taken after each 1 ◦ increase . T he reaction mix-
ures containing 10 μg of enzyme, 25 X Sypro Orange ® dye and
0 mM buffer (for CIB12: HEPES buffer, pH 7.0; CIB13: MES buffer,
H 6.0) were mixed and heated from 25 ◦C–95 ◦C in increments of
 

◦C min 

−1 on a CFX96 Real-Time System-C1000 thermal cycler
Bio-Rad). All measur ements wer e done in triplicate. SYPRO Or-
nge dye interacts with a protein undergoing thermal unfolding,
ith its fluorescence increasing upon exposure to the protein’s hy-
r ophobic cor e . T he T m 

for CIB12 and CIB13 were determined as
he melting temper atur e that correlates with half of the maximal
uor escence signal fr om data plotted using Boltzmann equation

n Gr a ph P ad Prizm 6.0. 

rotein crystallization and crystal structure 

etermination 

urified CIB12 and CIB13 (pr otein concentr ations 10 mg ml −1 )
ere crystallized at room temperature using the sitting-drop 

 a pour diffusion method. The reservoir solutions used were 
5% PEG 3350, 0.2 M sodium tartrate, 0.1 M Tris (pH 8.5),
.3 M NDSB 201 (nondetergent sulfobetaines), and 1% 1-butyl- 
,3-dimethylimidazolium tetr afluor obor ate for CIB12, and 25% 

EG3350, 0.2 M KCl, and 0.1 M Tris (pH 9.0) for CIB13. Crystals were
ry oprotected b y tr ansferring into par atone oil and flash fr ozen in
iquid nitrogen. 

Diffraction data was collected at 100 K on a Rigaku home source
icromax-007 with R-AXIS IV ++ detector and processed using 
KL3000 (Minor et al. 2006 ). Both CIB12 and CIB13 structures
er e solv ed by molecular replacement using Phenix.phaser (Lieb-

chner et al. 2019 ), and models were generated by the Phyre2
erv er (K elley et al. 2015 ) onto the structur e of a β-glucosidase
rom Pyrococcus furiosus (PDB code 3APG). Model building and re-
nement were performed using Phenix.refine and Coot (Emsley 
nd Cowtan 2004 ). Tr anslation/Libr ation/Scr e w (TLS) par ameter-
zation was utilized for refinement and B -factors wer e r efined
s isotr opic. Structur e geometry and v alidation wer e performed
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Figure 1. A Neighbour-joining phylogenetic tree of CIB12 and CIB13 with their functionally and/or structurally characterized GH1 family homologues. 
Sequences were aligned using Muscle (Edgar 2004 ), bootstrap values were calculated with 1000 pseudoreplicate trees , P oisson substitution model was 
used. Evolutionary analyses were conducted in MEGAX (Kumar et al. 2018 ). Scale bar, 0.2 substitutions per position. 
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sing Phenix Molprobity tools. Data collection and refinement
tatistics for both structur es ar e summarized in Table S3 . The
tructur es wer e deposited to the Protein Data Bank with PDB ac-
ession codes 8U7F (CIB12) and 8U7G (CIB13). 

ioinforma tic anal yses 

ultiple amino acid sequence alignments wer e pr oduced using
uscle MAFFT online, phylogenetic trees were constructed in
eneious Prime (Biomatters Ltd., New Zealand) and visualized in

tolT ree ( www .itol.embl.de ). 
The phylogenetic tree was built using neighbour-joining

ethod (Saitou and Nei 1987 ), evolutionary distances were com-
uted using the Poisson correction method (Zuckerkandl and
 auling 1965 ), for bootstr a p anal ysis, 1000 tr ee pseudor eplicates
ere used (Felsenstein 1985 ), all of which are a part of MEGA X
ac ka ge (Kumar et al. 2018 ). 3D protein structures were analysed
sing Chimera X v.1.4 and PyMOL (the PyMOL Molecular Gr a phics
ystem, version 3.0 Schrodinger, LLC). 

esults and discussion 

IB12 and CIB13 cocluster with homologues 

rom Thermoplasmatota and Thermococcota 

urr entl y, 186 families of glycosyl hydrolases are classified, and
hey ar e gr ouped into 16 differ ent superfamilies and added clans
Shriv astav a 2020 ). To classify the CIB12 and CIB13, they were
cr eened a gainst InterPr o database and identified as GH1 famil y
f enzymes. Both enzymes belong to IPR017853 superfamily of gly-
osyl hydr olases, mor e specificall y to GH1 famil y, r epr esented in
nterPro database with IPR001360 family. In Pfam database these
nzymes belong to PF00232 domain proteins, with protein finger-
rints PR00131 in PRINTS database. Glycosyl hydrolases in the
H1 family are ubiquitously distributed across the tree of life, ap-
earing in both eukaryotic and prokaryotic organisms due to their
iv erse substr ate specificities. In IPR001360 family, total number
f species are 16 034, where bacteria account for 13 216 r epr esen-
atives, eukaryotic species for 2544 and archaeal species for 250
 https:// www.ebi.ac.uk/ inter pr o/ entry/ InterPro/ IPR001360 ). To es-
ablish the phylogenetic affiliation of CIB12 and CIB13 with char-
cterized gl ycosyl hydr olases, initiall y, 260 sequences r efer enced
s “r e vie wed” in the UniPr ot database wer e used (UniPr ot Con-
ortium 2019 ). The majority of br anc hes within the tree encom-
ass sequences of eukaryotic glycosyl hydrolases sourced from
omo sapiens as well as model plants Arabidopsis thaliana and Oryza

ativa ( Fig. S1 A). Interestingly, two distinct branches have only
rokaryotic sequences of GH1 family, in contrast to five branches
aving solely eukaryotic sequences, though as pr e viousl y men-
ioned, eukaryotic enzymes are less presented, but more stud-
ed. Figure 1 provides a more detailed view of phylogenetic place-

ent of CIB12 and CIB13 and their closest homologues. CIB12 and
IB13 share 55% amino acid sequence identity between them-
elves, their further functionally and/or structurally character-
zed top homologues were Thermoplasmatales -derived BgaS from T.
cidophilum DSM 1728 (61/54% sequence identity) (Kim et al. 2009 ),
nd β-galactosidase (BgaS) from P. torridus DSM 9790 (46/46%)
Murphy and Walsh 2019 ). Further homologues from the same

onophyletic cluster were derived from other truly thermophilic
rc haea, β-galactosidases fr om Acidilobus sacc harovorans (44% and
7%) (Trofimov et al. 2013 ), Saccharolobus solfataricus P2 (44% and

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
http://www.itol.embl.de
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR001360
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
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Figure 2. GH activity assays of CIB12 (A) and CIB13 (B) for against 21 chromogenic GH substrates. CIB12 and CIB13 (3 μg for each) were incubated with 
indicated p NP-substrates (1 mM each) at 37 ◦C for 2 h, and the released reaction product p -nitrophenol was measured at 410 nm. 
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47%) (Cubellis et al. 1990 ), and β-glucosidase CelB from P. furio- 
sus (44% and 46%) (Li et al. 2013 ), β-glucosidase BglB from Ther- 
mosphaera aggregans (46% and 46%) (Chi et al. 1999 ) and Thermo- 
coccus kodakarensis KOD1 (38% and 40%) (Hwa et al. 2015 ). Amino 
acid sequence alignment suggested that Glu204 and Glu388 rep- 
resent the catalytic glutamate residues of CIB12, whereas Glu204 
and Glu385 are present in CIB13. As expected, these amino acid 

r esidues ar e highl y conserv ed in all GH1 members. 

CIB12 and CIB13 are GH1 GHs with a preference 

towards cellobiose 

In this study, CIB12 and CIB13 were recombinantly expressed 

and purified to homogeneity by Ni-affinity c hr omatogr a phy as 
described in the section “Materials and methods”. SDS-PAGE 
nalysis of purified protein samples revealed the presence of one
ajor band corresponding to CIB12 and CIB13 ( Fig. S2 ). The ap-

arent molecular masses of purified recombinant proteins were 
stimated to be ∼56 kDa, whic h ar e close to the expected protein
izes. 

According to the CAZy and BRENDA databases, bioc hemicall y
 har acterized GH1 GHs were active against a broad range of nat-
ral and chromogenic ( para -nitrophenyl, p NP) substrates, such as
 NP- β- d -glucopyranoside and p NP- β- d -galactopyranoside . T here-
ore, purified CIB12 and CIB13 were first screened for hy-
r ol ytic activity against a panel of 21 c hr omogenic p NP-
ubstrates (Fig. 2 ). Both CIB12 and CIB13 sho w ed significant
ctivity with five model substr ates: p NP- β- d -glucopyr anoside,
 NP- β- d -lactopyranoside, p NP- β- d -cellobiopyranoside, and p NP-
- d -galactopyr anoside, wher eas CIB13 was also active against

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
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Figure 3. Hydr ol ytic activity of CIB12 (A) and CIB13 (B) against natural GH substrates. Purified CIB12 and CIB13 (3 μg each) were incubated with 1 mM 

substr ates ov ernight at 30 ◦C, and 10 μl aliquots of r eaction mixtur e wer e used for the anal ysis of pr oduced r educing sugars using a modified BCA 

assa y. T he results are means ± SD from at least two independent experiments. 
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 NP- α- d -ar abinopyr anoside and p NP- α- d -maltopyranoside, p NP-
- d -ar abinofur anoside, and p NP- α- d -galactopyr anoside tetr a-
cetate (Fig. 2 ). CIB12 in contrast with CIB13 sho w ed pr efer ence
o w ar ds longer chain, p NP- α- d -maltohexaoside versus p NP- α- d -

altopyr anoside pr eferr ed by CIB13. For both proteins, the highest
ctivity was observed with p NP- β- d -glucopyranoside, and most
f their positive substrates were in the β- d form, validating that
IB12 and CIB13 are β-glucosidases. When screened against a
anel of 19 natur al GH substr ates, both CIB12 and CIB13 were
ound to be active with two disaccharide substrates, cellobiose
nd lactose (Fig. 3 ). Hydr ol ytic activities of these pr oteins a gainst
ellobiose and lactose are aligned with their substrate prefer-
nce to p NP- β- d -glucopyranoside, p NP- β- d -lactopyranoside, and
 NP- α- d -cellobiopyranoside (Fig. 2 ). Most of the biochemically
 har acterized GH1 GHs from archaea and bacteria were re-
orted to be active against p NP- β- d -glucopyranoside and p NP-
- d -galactopyr anoside, wher eas hydr ol ytic activity to w ar ds cel-

obiose and lactose was demonstrated primarily for enzymes
rom bacteria [e.g. Exiguobacterium antarcticum , Bacillus subtilis
Liu et al. 2023 ), Humicola grisea var. thermoidea (Nascimento et al.
010 ), fungi ( Sporotrichum pulverulentum ; Deshpande and Eriksson
988 ), and Thermochaetoides thermophila (Lusis and Becker 1973 )], as
ell as for archaea [e.g. S. solfataricus (D’Auria et al. 1996 ), P. furiosus

Kim and Ishikawa 2010 ), T. kodakaraensis (Ezaki et al. 1999 ), P. tor-
idus (Murphy and Walsh 2019 ), and Thermofilum pendens (Chen et
l. 2021 )]. Since both CIB12 and CIB13 exhibited the highest activ-
ty with p NP- β- d -glucopyranoside and cellobiose, these substrates
ere used for the biochemical characterization of these enzymes
nd reaction conditions. 

ptimal pH for GH activity of CIB12 and CIB13 is 

 eakl y acidic 

H-dependency of CIB12 activity was investigated in the range
f pH from 3.0 to 12.0. CIB12 was found to be activ e ov er a
r oad pH r ange fr om 4.0 to 8.5 (Fig. 4 A). The enzyme activity was
aximal between pH 4.5 and 6 and was > 50% at pH 4.0 and

.5. pH-dependency of CIB13 was also investigated in the same
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Figure 4. GH activity of purified CIB12 and CIB13 as a function of pH (A and B), temper atur e (C and D), NaCl concentration (E and F), and Tween-20 
concentration (G and H). GH activity of proteins was determined using 2 mM p NP-ß- d -glucopyranoside (A, B, C, D, G, H: 3 μg of protein/reaction, 2 h 
incubations) or 25 mM cellobiose (E, F: 5 μg of pr otein/r eaction, 4 h incubations) as substrates in 50 mM MES buffer (pH 5.0) at 30 ◦C (or as indicated on 
gr a phs). 
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pH r ange, 3.0–12.0. CIB13 was activ e in a narr o w er pH range. As 
shown in Fig. 4 (B), the optimal pH (pH opt ) of CIB13 was at 5.0, and 

it retained at least 75% activity at pH 4.5 and 5.5, which is con- 
sistent with other c har acterized β-glucosidases exhibiting their 
highest activities within the acidic pH r ange, typicall y between 

pH 4 and 6.5 and having lo w er activity and may become unsta- 
ble when exposed to mildly alkaline conditions. CIB12 and CIB13 
exhibited pH opt for activities within the same range as their char- 
acterized counter parts fr om v arious thermoacidophilic arc haea: 
. furiosus (Voorhorst et al. 1995 ) with a pHopt of 5.5, P. torridus
ith a pH opt of 5.0–5.5 (Murphy and Walsh 2019 ), S. solfataricus
2 with a pH opt of 5.5, and T. acidophilum with a pH opt of 6.0 (Kim
t al. 2009 ). CIB12 and CIB13 ar e deriv ed fr om the hyper acidophilic
rganism C. divulgatum S5, which optimally grows at pH 1.0–1.2
Golyshina et al. 2016b ). Ho w ever, both enzymes have a low proba-
ility of containing signal peptides, suggesting that they are likely

ntr acellular (nonsecr eted) pr oteins. In that context, note worthy
r e earlier r ecords on r educed cytoplasmic pH v alues (4.6) in
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Figur e 5. T hermostability of CIB12 and CIB13: activity-based (A and B) and fluorescence (C and D) analyses. (A and B) Purified proteins were incubated 
at indicated temper atur es (30 ◦C–80 ◦C) for differ ent time (1–5 h), and the r emaining enzyme activity was measur ed at 30 ◦C using 2 mM 

p NP- β- d -glucopyranoside as substrate. (C and D), Determination of protein melting point ( T m) of enzymes by differential scanning fluorescence (DSF) 
using SYPRO Orange dye. Temper atur e-induced pr otein unfolding was monitor ed in r eal-time using 10 μg of pr otein/sample (0.2 ml). 
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hermoplasmatales members, such as Picrophilus spp. (Van De
ossenber g et al. 1998 ), whic h may explain lo w er pH optima of

ntracellular enzymes. 

ptimal temper a tures for GH1 activities of CIB12 

nd CIB13 are higher than those in situ 

ased on the results with the pr eferr ed model substr ate p NP- β-
 -glucopyranoside CIB12 exhibited high activities in the tempera-
ur e r ange 30 ◦C–60 ◦C, whic h wer e all within 75% of its maxim um
ctivity at 50 ◦C (Fig. 4 C). The activity shar pl y decr eased abov e
0 ◦C, and no enzyme activity was observed at temperatures above
5 ◦C. Compared to CIB12, CIB13 was active in a narro w er tempera-
ur e r ange (25 ◦C–60 ◦C) with the maximal activity observed at 50 ◦C
Fig. 4 D). Activity was not measurable at 70 ◦C and abo ve . Both en-
ymes sho w ed a good thermostability at 40 ◦C e v en after 5 h of in-
ubation and retained 71.3% and 96.0% of activity for CIB12 and
IB13, r espectiv el y, after 1 h incubation at 50 ◦C, but were not very
table at 50 ◦C for longer > 2 h incubations (Fig. 5 A and B). Corre-
pondingl y, enzymes wer e denatur ed upon temper atur e incr ease
s indicated by DSF, with melting points at 61 ◦C and 64 ◦C for CIB12
nd CIB13, r espectiv el y (Fig. 5 C and D), which is consistent with
heir optimal and maximal temper atur es for activity. Ob viousl y,
H1 enzymes from Cuniculiplasma did not exhibit optimal tem-
er atur es as high as their closest homologues from T. acidophilum

90 ◦C) (Kim et al. 2009 ) and Picrophilus oshimae (70 ◦C) (Murphy and
alsh 2019 ), but it should be noted that optimal temper atur es of

nzymes w ere w ell above the optimal temper atur es for gr owth
f C. divulgatum S5 (37 ◦C–40 ◦C) and m uc h higher than av er a ge
emper atur es in the isolation site (Golyshina et al. 2016a ). As re-
orted earlier, the close relatedness of Cuniculiplasma spp . to ther-
ophilic members of Thermoplasmatales , including Thermoplasma

pp. and Thermogymnomonas spp. that are coclustering close to
he Last Thermoplasmatales Common Ancestor root may point at a
ossible retention of some high-temperature-active enzymes in-
erited from their thermophilic ancestors (Bargiela et al. 2023 ),
hich could explain the discrepancies in temperature optima for

nzyme activities and for growth. 

alt and solvent tolerance 

IB12 and CIB13 activities were tested in the presence of NaCl
oncentr ations v arying fr om 0 to 4 M. T he assa ys sho w ed high
aCl tolerance of CIB12 activity with cellobiose: the activity re-
ained high (80%–100%) at 0–1.5 M NaCl and gr aduall y decr eased

o 50% at 4 M (Fig. 4 E). CIB13 exhibited a steeper activity loss and
ho w ed ca 30% activity at 2.5 M and no activity at 4 M (Fig. 4 F).
eports on salt tolerance are rare with some evidence where en-
yme from GH1 shows salt tolerance such as enzyme from marine
acterium Alteromonas sp. L82 being active at 2 M NaCl (Sun et al.
018 ) and enzyme from hyperthermophilic archaeon Thermococcus
p. retaining 100% activity across all NaCl concentrations (1–5 M)
Sinha and Datta 2016 ). Tween-20, a widely used nonionic deter-
ent often emplo y ed for em ulsion pr epar ation, was tested at con-
entrations 0%–7%. For CIB12 (Fig. 4 G), it was observed that en-
yme activity was high between 0% and 1% Tween-20 after which
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Table 1. Kinetic parameters of purified CIB12 and CIB13 with various substrates at 30 ◦C and optimal pH. 

Protein Substr a tes V max (U mg −1 ) K M (mM) k cat (s −1 ) k cat /K M 

(mM 

−1 s −1 ) 

CIB12 p NP-ß- d -glucopyranoside 0.61 ± 0.02 0.5 ± 0.1 0.57 ± 0.02 1.12 × 10 3 

Cellobiose 1.60 ± 0.11 26.2 ± 4.1 1.50 ± 0.10 0.6 × 10 2 

Lactose 1.70 ± 0.15 50.7 ± 9.4 1.60 ± 0.14 0.3 × 10 2 

CIB13 p NP-ß- d -glucopyranoside 0.93 ± 0.01 0.9 ± 0.1 0.87 ± 0.003 1.0 × 10 3 

Cellobiose 0.49 ± 0.05 13.6 ± 4.5 0.46 ± 0.05 0.3 × 10 2 

Lactose 0.14 ± 0.02 100.5 ± 26.6 0.13 ± 0.02 0.1 × 10 

Figure 6. Crystal structures of CIB12 and CIB13: ov er all fold of protomers related by 90 ◦ rotations . T he proteins are shown as ribbon diagrams with the 
active site glutamates shown as sticks. 
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it gr aduall y decr eased upon incr ease in Tween-20 concentr ation,
and halved at 5% of Tween-20, and dropped to < 2.5% at 6% of 
Tween. In contrast to that, CIB13 (Fig. 4 H) enzyme activity was 
str ongl y pr omoted at 0.01%–1% of Tween-20 and then gr aduall y 
decreased as the Tween-20 percentage in the reaction mixture in- 
cr eased. At maximal concentr ation tested, 7% of Tween-20, CIB13 

retained > 80% of its activity. 
The kinetic parameters of purified CIB12 and CIB13 were in- 

vestigated using the optimal reaction conditions and p NP- β- d - 
glucopyranoside , cellobiose , and lactose as variable substrates 
(Table 1 ). With p NP- β- d -glucopyranoside as substrate, CIB12 

sho w ed the V max at 0.61 U mg −1 with K M 

value of 0.5 mM, whereas 
CIB13 exhibited a slightly higher activity (0.93 U mg −1 ) but lo w er 
substrate affinity ( K M 

0.9 mM). Both enzymes also revealed sim- 
ilar catalytic efficiencies ( k cat / K M 

) with p NP-ß- d -glucopyranoside,
whic h wer e 1.1 mM 

−1 s −1 for CIB12 and 1.0 mM 

−1 s −1 for CIB13 
(Table 1 ). With natural substrates (cellobiose and lactose), both 

enzymes r e v ealed a higher affinity to cellobiose ( K M 

26.2 mM and 

13.6 mM) compared to lactose ( K M 

50.7 mM and 100.5 mM) for 
CIB12 and CIB13, r espectiv el y. CIB12 demonstr ated higher activity 
with natur al substr ates ( V max 1.6–1.7 U mg −1 ) compar ed to CIB13 
( V max 0.14–0.49 U mg −1 ), but the latter r e v ealed a higher affinity to 
cellobiose ( K M 

13.6 mM) (Table 1 ). Most of the curr entl y known ar- 

chaeal GH1 β-glucosidases were characterized using chromogenic 
( p NP) substrates and usually preferred p NP-ß- d -glucopyranoside 
and p NP- β- d -galactopyranoside as substrates (Grogan 1991 , Hei 
and Clark 1994 , Ezaki et al. 1999 , Sriv astav a et al. 2019 ), while 
k βgl y fr om T. kodakarensis KOD1 had the highest catalytic effi-
iency ( k cat / K M 

) with p NP-ß- d -fucopyranoside (Hwa et al. 2015 ).
ith natur al substr ates, the arc haeal β-glucosidase Bgl1 from a

hermophilic metagenome was found to be active with cellobiose 
nd lactose (Schröder et al. 2014 ), PTO1453 from P. torridus hydrol-
sed lactose (Murphy and Walsh 2019 ), and cellobiose hydr ol ysis
as demonstrated for GH1 β-glucosidases from S. solfataricus and 

yrococcus kodakaraensis (D’Auria et al. 1996 , Ezaki et al. 1999 ). 

rystal structures of CIB12 and CIB13 reveal their 
cti v e sites 

urified CIB12 and CIB13 were crystallized using the sitting-drop 

 a por diffusion method, and their crystal structur es wer e deter-
ined to 2.55 Å and 2.22 Å r esolution, r espectiv el y, by molecular

eplacement ( Table S3 , see the section “Materials and methods”
or details). Both structures revealed a classical ( β/ α) 8 TIM-barrel
old with a spherical sha pe, whic h is typical for GH1 enzymes and
s one of the most common protein folds (Fig. 6 ) (Nagano et al.
002 ). The inner wall of the TIM barrel includes the eight parallel
-str ands, whic h ar e surr ounded by eight α-helices (Fig. 6 ). In addi-
ion, the CIB12 structure contains two small antiparallel and one
arallel β-sheets and six short α-helices, whereas CIB13 has four
ntiparallel β-sheets with two β-strands each and four α-helices 
utside the barrel structure (Fig. 6 ). Both CIB12 and CIB13 struc-
ur es r e v ealed the pr esence of two protomers per asymmetric unit
orming a dimer with interacting residues located primarily on 

wo C-terminal α-helices, one side β-strand, and connecting loops 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data


10 | FEMS Microbiology Ecology , 2024, Vol. 100, No. 9 

Figure 7. Crystal structures of CIB12 and CIB13: close-up view of the active sites. (A) CIB12 and (B) CIB13. The proteins are shown as ribbon diagrams 
with the side chains of active site residues shown as sticks including catalytic glutamates (E204 and E388 for CIB12 and E204 and E385 for CIB13). The 
bound ligand molecules are shown as sticks and labelled as GOL (glycerol) and TRIS (tris(h ydroxymeth yl)aminomethane). 
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 Figs S4 and S5 ). Accordingl y, the r esults of size-exclusion c hr o-
atogr a phy of purified CIB12 and CIB13 are suggesting that both

roteins exist as a dimer in solution (75.9 kDa and 78.3 kDa with
redicted monomeric masses 56.8 kDa and 56.1 kDa, r espectiv el y).
he formation of protein dimers for CIB12 and CIB13 was also ver-

fied using the quaternary structure prediction server PDBePISA
buried areas 1117 Å 

2 and 1440 Å 

2 , r espectiv el y). A Dali searc h
or structur all y homologous pr oteins in the PDB identified thr ee
H1 structures with the β-glucosidase TsBGL from Thermofilum sp.
x4484_79 (PDB code 7F1N; Chen et al. 2021 ) as the best match for
oth CIB12 and CIB13 (Z-score 51.3 and 51.5, root mean square
eviation 1.6 Å and 1.8 Å , sequence identity 40% and 41%, re-
pectiv el y). The other top hits include two GH1 β-glucosidases:
he thermostable Bgl1317 from a soil metagenome (PDB code 6IER,
8% sequence identity to CIB12 and CIB13) and aku BGL from a sea
lug (PDB code 8IN1, 24%–25% sequence identity) (Liu et al. 2019 ).

The crystal structures of CIB12 and CIB13 also r e v ealed their
ctive sites with two catalytic glutamates located inside of the
IM barrel near its C-terminal side (Fig. 7 ). In the retaining cat-
l ytic mec hanism of GH1 hydr olases, one of the two glutamates
cts as an acid/base catalyst (Glu204 in CIB12 and CIB13) and
he other acts as a nucleophile (Glu388 in CIB12 and Glu385
n CIB13) (Ketudat Cairns and Esen 2010 ). T he clea v a ge of the
lycosidic bond involves the formation of a covalent glucosyl-
nzyme intermediate, which is then deglycosylated in a hydrol-
sis reaction via the attack of a water molecule producing the
ree enzyme and glucose. Both active sites show the presence
f an additional area of electron density in each protomer lo-
ated near the catalytic glutamates: Glu204 (3.9 Å ) and Glu388
2.8 Å ) in CIB12 and Glu204 (3.5 Å ) and Glu385 (2.8 Å ) in CIB13
Fig. 7 , Fig. S5 ). In CIB12, this density was inter pr eted as gl yc-
rol (two molecules in the CIB12 dimer), whereas the CIB13 dimer
ontained one molecule of gl ycer ol in one protomer and one
olecule of tris(h ydroxymeth yl)aminomethane (Tris) in the sec-

nd protomer (Fig. 7 ). The glycerol molecule in the CIB12 ac-
ive site was also positioned close to the side chains of con-
erved His148 (3.1 Å ), Trp149 (4.5 Å ), Tyr321 (3.9 Å ), Trp426 (4.1 Å ),
lu433 (2.9 Å ), and Trp434 (3.4 Å ). Similarly, the Tris molecule

n CIB13 was located near His148 (3.2 Å ), Trp149 (3.7 Å ), Tyr320
2.6 Å ), Trp423 (3.2 Å ), Glu430 (3.4 Å ), and Trp431 (3.2 Å ). Addi-
ionall y, both activ e sites contained se v er al ar omatic and c har ged
 esidues, whic h might contribute to substrate binding includ-
ng Gln16, Trp30, Asn203, Glu207, Tyr341, Trp362, and Phe442
n CIB12 and Gln16, Trp30, Asn203, Phe340, Met357, and Trp359
n CIB13. The crystal structure of CIB12 also r e v ealed the pr es-
nce of the disulfide bond Cys172–Cys212 located near the ac-
iv e site, whic h is not conserv ed in CIB13 and might contribute
o a higher thermotolerance of CIB12 activity compared to CIB13
Fig. 4 ). Surface c har ge anal ysis of both pr oteins r e v ealed the
resence of several positively or negatively charged patches with

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data
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F igure 8. Gro wth of C. divulgatum cultures with beef extract and consumption of added disaccharides. (A and B), Growth of C. divulgatum cultures (OD, 
600 nm) in DSMZ medium 88 (see the section “Materials and methods”) with/without addition of beef extract (0.3% w/v), cellobiose (0.1% (w/v), and/or 
lactose (0.1%). (C and D), Residual concentrations of cellobiose and lactose during growth of C. divulgatum cultures, as revealed by HPLC analysis of 
culture supernatants. 
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primaril y negativ el y c har ged surfaces near the substr ate-binding 
pocket ( Fig. S6 ). Furthermore, analysis of surface hydrophobic- 
ity demonstrated the predominance of polar residues in both 

proteins with a few hydrophobic patches including the active 
site opening (e.g. T rp30/T rp30, T yr321/T yr320, T yr341/Phe340, and 

T rp434/T rp431), which might be involved in cellulose binding 
( Fig. S6 ). Site-directed mutagenesis (alanine replacement) of CIB12 
and CIB13 confirmed the important role of both catalytic gluta- 
mates (Glu204/Glu388 and Glu204/Glu385, r espectiv el y) and sev- 
eral other active site residues (His148 and Trp426 in CIB12, Tyr320 
and Trp431 in CIB13) for enzymatic activity of both proteins,
whereas the Asn203Ala and Phe340Ala mutant proteins retained 

detectable activity ( Fig. S7 ). 

Physiological and ecological roles of 
β-glucosidases: growth of C. divulgatum S5 is 

enhanced by cellobiose 

Our work on c har acterization of GH1 enzymes, and their abil- 
ity to hydr ol yse cellobiose and lactose pointed at their poten- 
tial function in vivo , namely utilization of these compounds for 
gr owth. Cultiv ation of C. divulgatum S5 with 3 mM (or 0.1%) cel- 
lobiose and lactose in the presence of beef extract (0.3%) re- 
vealed significant, up to 50%, increase in biomass yields with 

cellobiose (Fig. 8 ), but not lactose. Cellobiose was indeed con- 
sumed during the growth, with its residual concentration in the 
medium being ∼25% at the end of the experiment. No growth of 
the strain was observed with either disaccharide alone , i.e . with- 
out beef extract, while concentrations of these disaccharides re- 
mained at the initial le v els. Sim ultaneousl y, no measur able le v- 
els of glucose were detected in HPLC chromatograms of super- 
natants of cellobiose-spiked cultures, suggesting its hydr ol ysis a p- 
pears inside the cells, consistently with the predicted intracel- 
lular localization of tested glycosidases and with our pr e vious 
tudy that sho w ed no gro wth stimulation b y glucose (Golyshina
t al. 2016b ). In the C. divulgatum S5 genome, both CIB12 and
IB13 do not appear to be associated with any operon and are
ncoded by single genes without signal peptides suggesting that 
hey are intracellular proteins (Golyshina et al. 2016b ). From the
roteomic data obtained earlier (Bargiela et al. 2020 ), both pro-
eins were detectable, albeit at low basal le v els, corr espondingl y,
.017% and 0.014% of the total proteome under standard cultiva-
ion conditions , i.e . without addition of gl ycosidic substr ates. In a
roader context, all Thermoplasmatales cultured so far, do rely on
e ptide-, or oligope ptide substr ates-based diets. Yeast extr act,
ryptone, and/or beef extract are hence essential ingredients in 

heir media, ho w e v er some thermophilic members of this order
roduce higher biomass yields in presence of mono-, or disac-
harides (Huber and Stetter 2006 ). The apparent ability to utilize
ntermediates of the breakdown of cellulosic compounds, previ- 
usly not reported in Cuniculiplasma spp., points at their extended
otential to colonize niches where they are neighbouring the pri-
ary (pol ysacc haride) pr oducing or ganisms , e .g. Dunaliella sp., C.

cidophila , E. mutabilis , and Bryopsida sp. (Distaso et al. 2022 ). In pho-
oheter otr ophs, the ability to degrade cellulose by secreted endo-
-1,4-glucanases to cellobiose, with its consequent transport and 

ssimilation was earlier demonstrated for Chlamydomonas spp.
Blifernez-Klassen et al. 2012 ). The ability to hydr ol yse cellu-
ose is also known for heter otr ophic acidophilic/acidotoler ant
acteria, for example, in Acidisoma spp. from Rhodospirillales 
Mieszkin et al. 2021 ), Alicyclobacillus spp . (K usube et al. 2014 ), Aci-
othermus spp. (Mohagheghi et al. 1986 ), and acidobacteria (Kielak
t al. 2016 , Gonzàlez et al. 2020 ), to name just a few examples . T his
oints at the intrinsic microbial enzymatic potential to degrade 
ellulosic polymers in acidic systems to provide oligosaccharides,
ncluding cellobiose, to noncellulolytic organisms . T hus , Cuni-
uliplasma spp., and likely, other Thermoplasmatales as well, may 
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ecome a part of a wider cellulose-degrading community and sig-
ificantly contribute to the carbon cycling thanks to their intra-
ellular cellobiohydrolases. 

onclusion 

n this w ork, tw o r epr esentativ es of gl ycosidases of GH1 famil y
rom C. divulgatum were characterized. Both CIB12 and CIB13 were
ctiv e a gainst cellobiose and lactose but sho w ed substr ate pr efer-
nce to cellobiose, and ther efor e wer e identified as cellobiohydro-
ases, EC 3.2.1.21. Both enzymes exhibited activities at broad pH
 anges with slightl y acidic optima and at temper atur es as high as
0 ◦C, with the optimum at 50 ◦C. We suggest the robust glycosyl
ydrolase activities of these enzymes at elevated temperatures
a y ha v e been inherited fr om their thermophilic ancestors, and

ave been retained even after the colonization of colder environ-
ents . Furthermore , their ability to hydrolyse the cellobiose, the

ntermediate product of degradation of cellulosic materials is a
ov el tr ait identified in C. divulgatum and in acidophilic arc haea in-
abiting acid mine dr aina ge sites . T his trait expands the range of
ubstrates used by C. divulgatum , which was assumed to be limited
o oligo- and polypeptides . T his also implies an increased scale of
heir involvement into the carbon cycling, suggesting greater eco-
ogical significance of these archaea in acidic en vironments . 

uthor contributions 

nna N. Khusnutdinova (Data curation, Formal analysis , In ves-
igation, Methodology, Visualization, Writing – r e vie w & editing),
ai Tran (Data curation, Investigation, Methodology, Visualiza-

ion, Writing – r e vie w & editing), Saloni Devlekar (Investigation,
ethodology, Visualization, Writing – r e vie w & editing), Marco
. Distaso (Formal analysis , In vestigation, Methodology, Writing
r e vie w & editing), Il ya V. Kublanov (Conceptualization, Formal

nalysis , In vestigation, Methodology, Writing – review & editing),
atiana Skarina (Data curation, Formal analysis , In vestigation,
ethodology, Validation, Visualization, Writing – r e vie w & edit-

ng), Peter Stogios (Data curation, Formal analysis , In vestigation,
ethodology, Visualization), Alexei Savc henk o (Data cur ation, In-

estigation, Methodology, Visualization), Manuel Ferrer (Formal
nalysis, Funding acquisition, Methodology, Resources, Validation,
riting – r e vie w & editing), Olga V. Gol yshina (Conceptualization,

ormal analysis , In vestigation, Methodology, Visualization, Writ-
ng – r e vie w & editing), Alexander F. Yakunin (Conceptualization,
ormal analysis , In vestigation, Methodology, Resources , Supervi-
ion, Visualization, Writing – original draft), and Peter N. Golyshin
Conceptualization, Formal analysis, Investigation, Methodology,
esources, Supervision, Visualization, Writing – original draft) 

upplementary data 

upplementary data is available at FEMSEC Journal online. 

onflict of interest : Authors declare no conflicts of interests. 

unding 

his study was conducted under the auspices of the FuturEn-
yme Project funded by the European Union’s Horizon 2020
esearch and Innovation Program under grant agreement
01000327. M.F. acknowledges financial support under grants
ID2020-112758RB-I00, PDC2021-121534-I00, and TED2021- 
30544B-I00 from the Ministerio de Ciencia e Innovación,
gencia Estatal de Investigación (AEI) (Digital Object Identifier
CIN/AEI/10.13039/501100011033), Fondo Europeo de Desarrollo
egional (ERDF) a way of making Europe and the European
nion NextGenerationEU/PRTR). M.A.D., A.N.K., O.V.G., A.F.Y.,
nd P.N.G. are thankful for support from the European Regional
e v elopment Fund (ERDF) thr ough the Welsh Gov ernment to

he Centre for Environmental Biotechnology, project number
1280. T .H., M.A.D ., and P.N.G. are indebted to the support of the
r oject ERA-IB-14–030 (MetaCat), thr ough the UK Biotec hnology
nd Biological Sciences Research Council (BBSRC), grant number
B/M029085/1. 

eferences 

ar giela R , Korzhenk ov AA, McIntosh OA et al. Evolutionary patterns
of arc haea pr edominant in acidic envir onment. Environ Micro-
biome 2023; 18 :61.

argiela R , Lanthaler K, Potter CM et al. Pr oteome cold-shoc k r e-
sponse in the extr emel y acidophilic arc haeon, Cuniculiplasma di-
vulgatum . Microorganisms 2020; 8 :759.

lifernez-Klassen O , Klassen V, Doebbe A et al. Cellulose degrada-
tion and assimilation by the unicellular phototrophic eukaryote
Chlamydomonas reinhardtii Nat Commun 2012; 3 :1214.

antarel BL , Coutinho PM, Rancurel C et al. The Carbohydr ate-Activ e
EnZymes database (CAZy): an expert resource for glycogenomics.
Nucleic Acids Res 2009; 37 :D233–8.

hen A , Wang D, Ji R et al. Structur al and catal ytic c har acterization
of TsBGL, a β-glucosidase from Thermofilum sp. ex4484_79. Front
Microbiol 2021; 12 :723678.

hi YI , Martinez-Cruz LA, Jancarik J et al. Crystal structure of the
beta-gl ycosidase fr om the hyperthermophile Thermosphaera ag-
gregans : insights into its activity and thermostability. FEBS Lett
1999; 445 :375–83.

ubellis MV , Rozzo C, Montecucchi P et al. Isolation and sequencing
of a new beta-galactosidase-encoding archaebacterial gene. Gene
1990; 94 :89–94.

’Auria S , Morana A, Febbraio F et al. Functional and structural prop-
erties of the homogeneous beta-glycosidase from the extreme
thermoacidophilic archaeon Sulfolobus solfataricus expressed in
Sacc harom yces cerevisiae . Protein Express Purif 1996; 7 :299–308.

eshpande V , Eriksson KE. 1,4- β-glucosidases of Sporotrichum pul-
verulentum . Meth Enzymol 1988; 160 :415–24.

istaso MA , Bargiela R, Johnson B et al. Microbial diversity of a dis-
used copper mine site (Parys Mountain, UK), Dominated by in-
tensive eukaryotic filamentous growth. Microorganisms 2022; 10 :
1694.

dgar RC . MUSCLE: a multiple sequence alignment method with re-
duced time and space complexity. BMC Bioinformatics 2004; 5 :113.

lgert C , Rühle A, Sandner P et al. Thermal shift assay: strengths and
weaknesses of the method to investigate the ligand-induced ther-
mostabilization of soluble guan yl yl cyclase. J Pharm Biomed Anal
2020; 181 :113065.

lleuc he S , Sc hröder C, Sahm K et al. Extr emozymes-biocatal ysts
with unique properties from extremophilic microorganisms. Curr
Opin Biotechnol 2014; 29 :116–23.

msley P , Cowtan K. Coot: model-building tools for molecular gr a ph-
ics. Acta Crystallogr D Biol Crystallogr 2004; 60 :2126–32.

zaki S , Miyaoku K, Nishi K et al. Gene analysis and enzymatic proper-
ties of thermostable beta-gl ycosidase fr om Pyrococcus kodakaraen-
sis KOD1. J Biosci Bioeng 1999; 88 :130–5.

elsenstein J. Confidence limits on phylogenies: an a ppr oac h using
the bootstr a p. Evolution 1985; 39 :783–91.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae114#supplementary-data


Khusnutdinova et al. | 13 

 

 

 

 

 

L  

L  

L  

 

M  

 

M  

 

M  

 

 

M  

N  

 

N  

 

S  

S  

S  

 

S

S  

S  

 

S  

 

S  

 

S  

T  

 

U  
Gol yshina OV , Bar giela R, Gol yshin PN. Cuniculiplasmataceae, their 
ecogenomic and metabolic patterns, and interactions with ‘AR- 
MAN’. Extremophiles 2019; 23 :1–7.

Golyshina O V , K ublanov IV, Tran H et al. Biology of arc haea fr om a 
nov el famil y Cuniculiplasmataceae ( Thermoplasmata ) ubiquitous in 

hyper acidic envir onments. Sci Rep 2016a; 6 :39034.
Golyshina OV , Lünsdorf H, Kublanov IV et al. The novel extremely aci- 

dophilic, cell-w all-deficient ar chaeon Cuniculiplasma divulgatum 

gen. no v., sp. no v. r epr esents a ne w famil y, Cuniculiplasmataceae 
fam. nov., of the order Thermoplasmatales . Int J Syst Evol Microbiol 
2016b; 66 :332–40.

González D , Huber KJ, Tindall B et al. Acidiferrimicrobium australe 
gen. no v., sp. no v., an acidophilic and obligatel y heter otr ophic,
member of the Actinobacteria that catalyses dissimilatory oxido- 
r eduction of ir on isolated fr om metal-ric h acidic water in Chile.
Int J Syst Evol Microbiol 2020; 70 :3348–54.

Grogan DW. Evidence that beta-galactosidase of Sulfolobus solfatar- 
icus is only one of se v er al activities of a thermostable beta-D- 
gl ycosidase. A ppl Environ Microbiol 1991; 57 :1644–9.

He J , Shen F, Liu X et al. [Expression and characterization of 
mesophilic GH1 β-glucosidase CdBglA from acidophilic Cuni- 
culiplasma divulgatum ] Sheng Wu Gong Cheng Xue Bao 2023; 39 : 
4694–707.

Hei DJ , Clark DS. Pr essur e stabilization of proteins from extreme ther- 
mophiles. Appl Environ Microbiol 1994; 60 :932–9.

Huber H , Stetter KO. Thermoplasmatales. In: Dworkin M, Falkow S,
Rosenber g E, Sc hleifer KH, Stac kebr andt E (eds.), The Prokaryotes .
New York: Springer, 2006.

Hwa KY , Subramani B, Shen ST et al. Exchange of active site 
residues alters substrate specificity in extremely thermostable 
beta-gl ycosidase fr om Thermococcus kodakarensis KOD1. Enzyme 
Microb Technol 2015; 77 :14–20.

Kelley LA , Mezulis S, Yates CM et al. The Phyre2 web portal for protein 

modeling, prediction and analysis. Nat Protoc 2015; 10 :845–58.
Ketudat Cairns JR , Esen A. β-glucosidases. Cell Mol Life Sci 

2010; 67 :3389–405.
Kielak AM , Barreto CC, Ko w alchuk GA et al. The ecology of aci- 

dobacteria: moving beyond genes and genomes. Front Microbiol 
2016; 7 :744.

Kim HJ , Park AR, Lee JK et al. Characterization of an acid-labile,
thermostable beta-glycosidase from Thermoplasma acidophilum . 
Biotechnol Lett 2009; 31 :1457–62.

Kim HW , Ishikawa K. Complete saccharification of cellulose at high 

temper atur e using endocellulase and beta-glucosidase from Py- 
rococcus sp. J Microbiol Biotechnol 2010; 20 :889–92.

Kumar S , Stecher G, Li M et al. MEGA X: molecular evolution- 
ary genetics analysis across computing platforms. Mol Biol Evol 
2018; 35 :1547–9.

Kusube M , Sugihara A, Moriwaki Y et al. Alicyclobacillus cellulosilyti- 
cus sp. nov., a thermophilic, cellulolytic bacterium isolated from 

steamed Japanese cedar chips from a lumbermill. Int J Syst Evol 
Microbiol 2014; 64 :2257–63.

Li B , Wang Z, Li S et al. Pr epar ation of lactose-fr ee pasteurized milk 
with a recombinant thermostable beta-glucosidase from Pyrococ- 
cus furiosus . BMC Biotechnol 2013; 13 :73.

Li N , Liu Y, Wang C et al. Ov er expr ession and c har acterization of a 
novel GH4 galactosidase with β-galactosidase activity from Bacil- 
lus velezensis SW5. J Dairy Sci 2021; 104 :9465–77.

Liebschner D , Afonine PV, Baker ML et al. Macromolecular struc- 
ture determination using X-ra ys , neutrons and electrons: recent 
de v elopments in Phenix. Acta Crystallogr D Struct Biol 2019; 75 : 

861–77.
iu S , Zhang M, Hong D et al. Improving the cellobiose hydrolysis ac-
tivity of glucose-stimulating β-glucosidase Bgl2A. Enzyme Microb 
Technol 2023; 169 :110289.

iu X , Cao L, Zeng J et al. Improving the cellobiose-hydr ol ysis activity
and glucose-tolerance of a thermostable β-glucosidase through 

rational design. Int J Biol Macromol 2019; 136 :1052–9.
usis AJ , Becker RR. The β-glucosidase system of the thermophilic

fungus Chaetomium thermophile var. Coprophile n. v ar. Bioc him Bio-
phys Acta Gen Sub 1973; 329 :5–16.

ieszkin S , Pouder E, Uroz S et al. Acidisoma sylvae sp. nov. and
Acidisoma cellulosilytica sp. nov., two acidophilic bacteria isolated 
fr om decaying wood, hydr ol yzing cellulose and pr oducing pol y-
3-hydr oxybutyr ate. Microorganisms 2021; 9 :2053.

inor W , Cymborowski M, Otwinowski Z et al. HKL-3000: the inte-
gration of data reduction and structure solution–from diffraction 

images to an initial model in minutes. Acta Crystallogr D Biol Crys-
tallogr 2006; 62 :859–66.

oha gheghi A , Gr ohmann K, Himmel M et al. Isolation and c har ac-
terization of Acidothermus cellulolyticus gen. no v., sp. no v., a new
genus of thermophilic , acidophilic , cellulolytic bacteria. Int J Syst
Bacteriol 1986; 36 :435–43.

urphy J , Walsh G. Purification and c har acterization of a novel ther-
mophilic β-galactosidase from Picrophilus torridus of potential in- 
dustrial application. Extremophiles 2019; 23 :783–92.

a gano N , Or engo C A, T hornton JM. One fold with many func-
tions: the evolutionary relationships between TIM barrel fami- 
lies based on their sequences, structures and functions. J Mol Biol
2002; 321 :741–65.

ascimento CV , Souza FHM, Masui DC et al. Purification and bio-
c hemical pr operties of a glucose-stim ulated β-D-glucosidase pr o-
duced by Humicola grisea var. Thermoidea grown on sugarcane 
bagasse. J Microbiol 2010; 48 :53–62.

aitou N , Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 1987; 4 :406–25.

ambr ook J , Fritsc h EF, Maniatis T. Molecular Cloning: A Laboratory
Manual . New York: Cold Spring Harbor Laboratory Press, 1989.

c hröder C , Elleuc he S, Blank S et al. Characterization of a
heat-activ e arc haeal β-glucosidase fr om a hydr othermal spring
metagenome. Enzyme Microb Technol 2014; 57 :48–54.

hriv astav a S. Introduction to Glycoside Hydrolases: Classification, Identi- 
fication and Occurrence. Industrial Applications of Glycoside Hydrolases 
by Sriv astav a S . Berlin: Springer, 2020, 3–84.

hu WS , Huang LN. Micr obial div ersity in extreme environments. Nat
Rev Microbiol 2022; 20 :219–35.

inha SK , Datta S. β-glucosidase from the hyperthermophilic ar-
chaeon Thermococcus sp. is a salt-tolerant enzyme that is sta-
bilized by its reaction product glucose. Appl Microbiol Biotechnol 
2016; 100 :8399–409.

riv astav a N , Rathour R, Jha S et al. Microbial beta glucosidase en-
zymes: r ecent adv ances in biomass conv ersation for biofuels a p-
plication. Biomolecules 2019; 9 :220.

un J , Wang W, Yao C et al. Ov er expr ession and c har acterization of
a novel cold-adapted and salt-tolerant GH1 β-glucosidase from 

the marine bacterium Alteromonas sp. L82. J Microbiol 2018; 56 :
656–64.

wift ML. Gr a phP ad prism, data anal ysis, and scientific gr a phing. J
Chem Inf Comput Sci 1997; 37 :411–2.

rofimo v AA , P olyako v KM, Tikhono v AV et al. Structures of β-
gl ycosidase fr om Acidilobus sacc harovorans in complexes with tris
and gl ycer ol. Dokl Bioc hem Biophys 2013; 449 :99–101.

niPr ot Consortium . UniPr ot: a worldwide hub of protein knowledge.
Nucleic Acids Res 2019; 47 :D506–15.



14 | FEMS Microbiology Ecology , 2024, Vol. 100, No. 9 

v an de Vossenber g J , Driessen A, Zillig W et al. Bioenergetics and cy- 
 

V  

 

chaeon Pyrococcus furiosus and its expression and site-directed 

Z  

 

R
©
A

w

toplasmic membrane stability of the extr emel y acidophilic, ther-
mophilic archaeon Picrophilus oshimae . Extremophiles 1998; 2 :67–74.

oorhorst WG , Eggen RI, Luesink EJ et al. Characterization of the celB
gene coding for beta-glucosidase from the hyperthermophilic ar-
ecei v ed 10 May 2024; revised 26 July 2024; accepted 9 August 2024 
The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O

ttribution License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrest

ork is pr operl y cited.
mutation in Escherichia coli J Bacteriol 1995; 177 :7105–11.
uc kerkandl E , P aulin L. Evolutionary div er gence and conv er gence in

proteins. In: Bryson V, Vogel HJ (eds.), Evolving Genes and Proteins .
New York: Academic Press, 1965, 97–166.
pen Access article distributed under the terms of the Cr eati v e Commons 
ricted reuse, distribution, and reproduction in any medium, provided the original 

https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results and discussion
	Conclusion
	Author contributions
	Supplementary data
	Funding
	References

