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Glycoside hydrolase family 5 (GH5) harbors diverse substrate specificities and

modes of action, exhibiting notable molecular adaptations to cope with the

stereochemical complexity imposed by glycosides and carbohydrates such as

cellulose, xyloglucan, mixed-linkage �-glucan, laminarin, (hetero)xylan,

(hetero)mannan, galactan, chitosan, N-glycan, rutin and hesperidin. GH5 has

been divided into subfamilies, many with higher functional specificity, several of

which have not been characterized to date and some that have yet to be

discovered with the exploration of sequence/taxonomic diversity. In this work,

the current GH5 subfamily inventory is expanded with the discovery of the

GH5_57 subfamily by describing an endo-�-mannanase (CapGH5_57) from an

uncultured Bacteroidales bacterium recovered from the capybara gut micro-

biota. Biochemical characterization showed that CapGH5_57 is active on

glucomannan, releasing oligosaccharides with a degree of polymerization from 2

to 6, indicating it to be an endo-�-mannanase. The crystal structure, which was

solved using single-wavelength anomalous diffraction, revealed a massively

redesigned catalytic interface compared with GH5 mannanases. The typical

aromatic platforms and the characteristic �-helix-containing �6–�6 loop in the

positive-subsite region of GH5_7 mannanases are absent in CapGH5_57,

generating a large and open catalytic interface that might favor the binding of

branched substrates. Supporting this, CapGH5_57 contains a tryptophan residue

adjacent and perpendicular to the cleavage site, indicative of an anchoring site

for a substrate with a substitution at the �1 glycosyl moiety. Taken together,

these results suggest that despite presenting endo activity on glucomannan,

CapGH5_57 may have a new type of substituted heteromannan as its natural

substrate. This work demonstrates the still great potential for discoveries

regarding the mechanistic and functional diversity of this large and polyspecific

GH family by unveiling a novel catalytic interface sculpted to recognize complex

heteromannans, which led to the establishment of the GH5_57 subfamily.

1. Introduction

Family GH5 is one of the largest glycoside hydrolase families

in the CAZy database (Drula et al., 2022). This family is

widespread in a myriad of ecological niches and is found in the

genomes of archaea, bacteria, fungi, plants and viruses. GH5

members have been reported to exhibit dozens of activities

and distinct mechanisms of substrate recognition as well as
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cleavage modes (Aspeborg et al., 2012). This led to the crea-

tion of 51 subfamilies, based on sequence similarity, exhibiting

more restricted specificities (Aspeborg et al., 2012). GH5 is

currently divided into 54 subfamilies, and 29 activities have

been experimentally reported (http://www.cazy.org; September

2022). This indicates that distinct subfamilies might exert similar

biological functions, featuring the same substrate preference

and enzymatic activities, as demonstrated for the mannan-

specific members from subfamilies GH5_7 (Wang et al., 2014;

Kumagai et al., 2015), GH5_8 (Møller, 2022; Morrill et al., 2015),

GH5_17 (Sakka et al., 2010), GH5_36 (Fusco et al., 2018;

Oyama et al., 2013; Sadaqat et al., 2021), GH5_40 (Helbert et

al., 2019) and GH5_41 (Helbert et al., 2019). On the other

hand, distinct modes of action and substrate preferences have

been reported in closely related subfamilies or even within a

subfamily, such as the GH5_10 endo-�-mannanases and endo-

�-xylanases (Busch et al., 2017) and the GH5_13 �-d-galacto-

furanosidases (Shen et al., 2020) and �-l-arabinofuranosidases

(Helbert et al., 2019). This plethora of activities and modes of

action is underpinned by the different molecular topologies of

the catalytic interface found in the GH5 family, such as the

cleft typically found in endo-acting enzymes (Dos Santos et al.,

2015; Cutfield et al., 1999; Aspeborg et al., 2012), the pocket

commonly present in exo-acting enzymes (Cutfield et al., 1999;

Aspeborg et al., 2012) and the channel-like interface often

associated with processive enzymes (Caines et al., 2007).

Despite the wealth of biochemical and mechanistic data

that are available for this family, several subfamilies remain

poorly investigated or even totally uncharacterized, such as

GH5_32, GH5_39, GH5_42, GH5_49, GH5_50, GH5_51,

GH5_54 and GH5_56 (Drula et al., 2022). In addition, several

sequences are devoid of a subfamily classification, suggesting

that more subfamilies might be found as more sequences

become available. In this regard, we have identified a distantly

related GH5 member (CapGH5_57), not yet present in the

CAZy database, from the taxonomic novelty Bacteroidales

bacterium MAG42 that was recovered from a multi-omics

analysis of the capybara gut microbiome (Cabral et al., 2022).

This GH5 member shows only remote sequence similarity to

uncharacterized GH5 members not classified into any sub-

family and to subfamilies with unknown activities, such as

GH5_42 (unknown activity; E value < 1 � 10�3), precluding

the identification of its specific activity.

Here, we report the phylogenetic, biochemical and struc-

tural characterization of this distantly related GH5 member,

which led to the establishment of the novel GH5_57 subfamily.

Our results revealed a catalytic interface that is atypical

among all GH5 subfamilies and is adapted for the recognition

and processing of complex heteromannans, expanding the

molecular knowledge on this polyspecific GH family of great

biological and biotechnological relevance.

2. Methods

2.1. Bioinformatics and phylogenetic analyses

Samples from the capybara cecum and rectum were

collected and subjected to large-scale sequencing for diversity,

metagenomics and metatranscriptomics analyses. Meta-

genomics data were assembled de novo and used to recover

novel metagenome-assembled genomes (MAGs) as described

in our previous study (Cabral et al., 2022). A novel MAG,

named Bacteroidales bacterium MAG42, was analyzed using

CheckM version 1.0.6 (Parks et al., 2015) to evaluate its

completeness and contamination ratios, and the GTDB-tk tool

(Chaumeil et al., 2020) was used to assign its taxonomy

according to the GTDB database version 207. Gene prediction

and annotation were performed using Prokka version 1.11

with the meta parameter (Seemann, 2014). CAZymes were

annotated using the pipelines established by the CAZy data-

base team, based on hidden Markov model search profiles and

sequence similarity to characterized CAZymes, and validated

by human curation (Drula et al., 2022). Polysaccharide-utili-

zation loci (PULs) were predicted following PULDB pipe-

lines, relying on CAZyme curated annotation, Pfam domain

predictions (for non-CAZyme-encoding genes) and an inter-

genic distance of 108 bp (Terrapon et al., 2015).

Phylogenetic analysis of MAG42 was conducted using 150

representative genomes of the Bacteroidales UBA932 family

available at NCBI, selected based on the GTDB taxonomy

database (Parks et al., 2020) and Bacteroidales UBA932

MAGs recovered from the capybara gut microbiome. A set of

92 single-copy marker genes was used to perform the phylo-

genetic analysis using the UBCG pipeline (Na et al., 2018).

GH5 phylogenetic analysis was carried out using the family

catalytic domain aligned with the MAFFT software (Katoh &

Standley, 2013) and using maximum-likelihood methods

executed in the iqTree software (Nguyen et al., 2015) with 1000

rapid bootstrap inferences and LG+F+R9 as the substitution

model.

2.2. Gene synthesis, protein expression and purification

The sequence encoding CapGH5_57, cloned into pET-

28a(+) vector with an N-terminal 6�His tag, was purchased

from GenScript. The vector containing the target sequence

was transformed by heat shock into Escherichia coli BL21

(DE3) cells, which were grown in auto-induction medium (1%

tryptone and 0.5% yeast extract) containing 2 mM magnesium

sulfate and kanamycin (100 mg ml�1) and 2% of solutions B

(25 mM disodium hydrogen phosphate, 25 mM potassium

dihydrogen phosphate, 50 mM ammonium chloride, 5 mM

sodium sulfate) and C (0.5% glycerol, 0.05% glucose, 0.2%

lactose) at 37�C at 200 rev min�1 for 5 h. After this period,

incubation was continued at 18�C and 200 rev min�1 for 16 h.

The cells were centrifuged for 15 min at 13 260g at 4�C and

lysed with buffer A (20 mM sodium phosphate pH 7.4,

500 mM sodium chloride, 5 mM imidazole) containing 4 mM

phenylmethylsulfonyl fluoride (PMSF), 0.1 mg ml�1 lysozyme

and 0.05 mg ml�1 DNAse. The cells were then incubated at

4�C for 30 min and disrupted by sonication. The lysed cells

were clarified by centrifugation (30 000g at 4�C for 1 h). The

supernatant was loaded onto a 5 ml HiTrap Chelating HP

column (GE Healthcare) coupled to an ÄKTA system (GE

Healthcare) pre-equilibrated with buffer A. The protein
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elution was performed using a nonlinear gradient of buffer B

(20 mM sodium phosphate pH 7.4, 500 mM sodium chloride,

500 mM imidazole). The purified samples were analyzed by

SDS–PAGE (13%) under denaturing conditions (Laemmli,

1970). The selected samples were pooled, concentrated and

submitted to size-exclusion chromatography using a Superdex

200 16/60 column (GE Healthcare) previously equilibrated

with 20 mM sodium phosphate pH 7.4, 150 mM sodium

chloride at a flow rate of 1 ml min�1. The protein concentra-

tion was estimated by measuring the absorbance at 280 nm

using the specific molar extinction coefficient. To determine

the molecular weight, the purified samples were loaded onto a

Superdex 200 10/300 GL column (Cytiva) pre-equilibrated

with 20 mM sodium phosphate pH 7.4, 150 mM sodium

chloride at a flow rate of 0.5 ml min�1. Low- and high-

molecular-weight standards (Cytiva) were used to obtain the

calibration curve.

2.3. Enzyme assays

The activity of CapGH5_57 was screened against poly-

saccharides, synthetic substrates (p-nitrophenyl conjugates)

and mannan-oligosaccharides (65 substrates in total), and 14

oligosaccharides (Supplementary Tables S1 and S2). The

assays were performed with either 1.9 mg ml�1 polymeric

substrate, 5 mM synthetic substrate or 5 mM mannan-oligo-

saccharides (final concentrations in the reaction). Reactions

were carried out in 100 mM McIlvaine buffer (pH 5.0) with

0.2 mg ml�1 CapGH5_57 at 40�C for 16 h.

Enzyme assays with polysaccharides were determined by

the amount of reducing sugar released from a set of substrates

according to the dinitrosalicylic acid (DNS) method (Miller,

1959). The hydrolysis of conjugated synthetic p-nitrophenyl

substrates (Sigma–Aldrich) was determined by the release of

p-nitrophenolate ion (absorbance at 405 nm).

The hydrolysis of oligosaccharides was analyzed by capil-

lary zone electrophoresis. After the reaction, the samples were

heated to 95�C for 10 min, dried and labeled with 271 mM

sodium cyanoborohydride and 15.2 mM 8-aminopyrene-1,3,6-

trisulfonic acid trisodium salt (APTS) for 120 min at 80�C. The

samples were resuspended in running buffer (40 mM potas-

sium phosphate pH 2.5) and analyzed in a P/ACE MDQ

capillary electrophoresis system equipped with a laser-induced

fluorescence-detection module (Beckman Coulter). The elec-

trophoretic condition was 20 kV mA with reverse polarity. The

electrophoretic profile of each reaction was compared with

standards.

Quantitative enzyme assays of CapGH5_57 with hetero-

mannans including galactoglucomannan (extracted from

gabiroba fruit), galactomannan locust bean gum (Sigma–

Aldrich), 1,4-�-d-mannan (Megazyme), ivory nut mannan

(Megazyme), konjac glucomannan (KGM; low and high

viscosity; Megazyme), guar galactomannan (21 and 28%

galactose, low and high viscosity; Megazyme) and carob

galactomannan (low and high viscosity; Megazyme) were

performed using 3.3 mg ml�1 substrate, 2.2 mg ml�1

CapGH5_57 and 50 mM ammonium acetate buffer pH 6.0 at

40�C. After 16 h, the amount of reducing sugar released was

quantified using the DNS method (Miller, 1959). One unit of

enzyme was defined as the amount of enzyme required to

release 1 mmol of reducing sugar per minute under standard

reaction conditions. Values in U mg�1 were achieved by

normalizing the unit of enzymatic activity by the amount of

enzyme used in the reaction. All quantitative enzyme assays

were performed as three independent experiments (n = 3).

2.4. Polysaccharide analysis by carbohydrate gel
electrophoresis (PACE gel)

The polysaccharide KGM was first deacetylated using

alkaline treatment with potassium hydroxide. A solution

containing 20 mg KGM was incubated with 4 M potassium

hydroxide for 1 h at room temperature. 1 M hydrochloric acid

was then used to neutralize the solution, followed by addition

of the reaction buffer (100 mM ammonium acetate pH 6.0).

The reaction containing deacetylated KGM (5 mg ml�1) was

incubated with 1 mg ml�1 CapGH5_57 and 100 mM ammo-

nium acetate pH 6.0 at 40�C for 16 h. Reactions were carried

out with KGM only (substrate control), CapGH5_57 only

(enzyme control) or KGM and CapGH5_57. The products

released from the reactions containing KGM were evaluated

using a PACE gel. The products were dried and derivatized

with 8-aminonapthalene-1,3,6-trisulfonic acid (ANTS; Thermo

Fisher), resuspended in 6 M urea and separated by electro-

phoresis as described previously (Goubet et al., 2002). The

reaction products were separated by acrylamide gel electro-

phoresis [20%(w/v)] in a 0.1 M Tris–borate pH 8.2 buffer

system at 10�C. Electrophoresis was conducted at 1000 V and

visualized with a G:BOX (Syngene) equipped with long-wave

UV tubes emitting at 365 nm and a short-pass detection filter

(500–600 nm).

2.5. Mass-spectrometric analysis

The products of the reaction of KGM with CapGH5_57

were also analyzed by liquid chromatography coupled to mass

spectrometry (LC-MS). The reactions were performed with

1 mg ml�1 CapGH5_57, 5 mg ml�1 deacetylated KGM and

100 mM ammonium acetate pH 6.0 buffer at 40�C for 16 h.

The reactions were performed in duplicate and a control with

no enzyme was used. Afterwards, reactions were quenched by

adding acetonitrile, the solvent was removed by rotatory

evaporation and the analytes were resuspended in 25 ml

75%(v/v) acetonitrile solution containing 1 mM xylohexaose

(X6; used as an internal standard to normalize sample injec-

tions).

The reactions were analyzed by LC-MS on an Ultimate

3000 HPLC coupled to an Orbitrap Q-Exactive Plus mass

spectrometer (ThermoFisher Scientific). Analytes were sepa-

rated using an Acquity UPLC Glycan BEH Amide column

(1.7 mm, 2.1 � 150 mm, 130 Å) from Waters at 60�C. Separa-

tion was achieved using a linear gradient of decreasing buffer

B (acetonitrile) and increasing buffer A (100 mM ammonium

formate pH 4.4). Buffer B was decreased from 78% B to 50%

B in 24.1 min at 400 ml min�1 followed by a quick ramp to 20%
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B in 1.2 min at 200 ml min�1, where it was held for 6.3 min,

before a ramp back to 78% B at 400 ml min�1 in 2.5 min, where

it was held and the column was re-equilibrated for 10.9 min.

The electrospray ionization source was used in the positive-

ion mode (ESI+) at +3.8 kV and the ionization source was

maintained at 350�C. The scan range was set to m/z = 150–

2100. The analytes were identified and relatively quantified by

integrating the respective peaks in the chromatogram using

Xcalibur Qual Browser and Xcalibur Quan Browser (version

4.1.50) supplied by ThermoFisher Scientific.

2.6. Biophysical characterization by circular dichroism (CD)
and differential scanning fluorimetry (DSF)

CD experiments were carried out at 20�C on a JASCO J-815

spectropolarimeter equipped with a Peltier temperature

controller (Jasco) to acquire measurements in the far UV

(190–260 nm) at a speed of 100 nm min�1 with a total of 20

accumulations. The CapGH5_57 sample was prepared at a

final concentration of 0.3 mg ml�1 in buffer solution (2.4 mM

sodium phosphate pH 7.4, 18 mM sodium chloride). Thermal

denaturation was performed with a heating rate of 1�C min�1

and was monitored at 222 nm.

DSF assays were used to evaluate the influence of pH and

ions on the thermal stability of CapGH5_57. The reactions

consisted of 2 mM CapGH5_57 in 60 mM McIlvaine buffer at

different pH values (pH 3.0–8.0). The same conditions were

retained using buffer at pH 6.0 and different salts at 5 mM

containing the ions Co2+, Ni2+, Cu2+, Mg2+, Ca2+, Mn2+, Zn2+

and Fe2+ or 5 mM EDTA for the analysis of a possible ion

influence. A total of 3 ml of the probe SYPRO Orange (Invi-

trogen) previously diluted 5000-fold was added to the reaction

and the 96-well plates were heated from 25 to 95�C with a

temperature increase of 1�C per cycle in a 7500 Real Time

PCR System equipment (Applied Biosystems), with excitation

at a wavelength of 470 nm and emission at 570 nm.

2.7. Crystallization and data collection

Native crystals were obtained using the vapor-diffusion

method in hanging drops consisting of 1 ml crystallization

condition [19%(w/v) PEG 600, 0.1 M sodium acetate

pH 5.0, 0.2 M magnesium chloride] and 1 ml CapGH5_57

(21.8 mg ml�1) at 18�C (Table 1). Selenomethionine-

derivatized (SeMet) crystals were also obtained using the

vapor-diffusion method in hanging drops consisting of 1 ml

crystallization condition [20%(w/v) PEG 600, 0.1 M sodium

acetate pH 5.0, 0.2 M magnesium chloride] and 1 ml SeMet

CapGH5_57 (21.85 mg ml�1) at 18�C. Before crystallization

assays, CapGH5_57 was incubated with trypsin at a ratio of

1:100 (trypsin:protein molarity) for in situ proteolysis.

X-ray diffraction data were collected from the SeMet

crystal at a wavelength of 0.976 Å on the W01B-MX2 beam-

line of the Brazilian Synchrotron Light Laboratory (LNLS),

Brazil using a PILATUS 2M detector (Dectris). X-ray

diffraction data were collected from the native crystal at a

wavelength of 1.458 Å on the MANACÁ beamline of Sirius,

LNLS, Brazil (Table 2). Data processing was performed using

the XDS package (Kabsch, 2010).

2.8. Phasing, model building and refinement

The CapGH5_57 structure was solved using the single-

wavelength anomalous diffraction (SAD) method. The posi-

tions of nine selenium sites with occupancies greater than 0.40
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Table 1
CapGH5_57 crystallization conditions.

SeMet crystal Native crystal

Method Hanging-drop vapor diffusion Hanging-drop vapor diffusion
Plate type VDX48 plate with sealant VDX48 plate with sealant
Temperature (K) 291 291
Protein concentration (mg ml�1) 21.85 21.8
Buffer composition of protein solution 20 mM sodium phosphate pH 7.4, 150 mM NaCl 20 mM sodium phosphate pH 7.4, 150 mM NaCl
Composition of reservoir solution 20%(w/v) PEG 600, 0.1 M sodium acetate pH 5.0,

0.2 mM MgCl2

19%(w/v) PEG 600, 0.1 M sodium acetate pH 5.0,
0.2 mM MgCl2

Volume and ratio of drop 1 ml (1:1) 1 ml (1:1)
Volume of reservoir (ml) 200 200

Table 2
Data collection and processing of SeMet and native CapGH5_57 crystals.

Values in parentheses are for the outer shell. Data-resolution cutoff criteria
were hI/�(I)i > 1.2 and CC1/2 > 0.5.

SeMet crystal Native crystal

Diffraction source W01B-MX2, LNLS MANACÁ, Sirius,
LNLS

Wavelength (Å) 0.98 1.46
Temperature (K) 100 100
Detector Dectris PILATUS 2M Dectris PILATUS 2M
Crystal-to-detector distance

(mm)
203.98 85.01

Rotation range per image (�) 0.1 0.1
Total rotation range (�) 360 360
Exposure time per image (s) 1 0.1
Space group P21212 P21212
a, b, c (Å) 125.53, 58.95, 61.38 120.60, 58.86, 60.66
�, �, � (�) 90, 90, 90 90, 90, 90
Mosaicity (�) 0.45 0.19
Resolution range (Å) 43.80–1.65 (1.71–1.65) 42.77–1.60 (1.66–1.60)
Total No. of reflections 525364 (37532) 689664 (60806)
No. of unique reflections 51121 (4449) 54691 (5045)
Completeness (%) 91.90 (81.05) 94.67 (88.79)
Multiplicity 10.28 (8.44) 12.61 (12.05)
CC1/2 0.99 (0.74) 0.99 (0.51)
hI/�(I)i 12.2 (2.4) 10.1 (1.2)
Rr.i.m.† 0.15 (0.82) 0.18 (1.86)
Overall B factor from

Wilson plot (Å2)
13.08 18.55

† Estimated Rr.i.m. = Rmerge[N/(N � 1)]1/2, where N is the data multiplicity.



were obtained with SHELXD (Sheldrick, 2010) using the

anomalous differences. The phases were calculated using

SHELXE (Sheldrick, 2010) and the initial model was built

using Buccaneer (Cowtan, 2006).

Refinement cycles of the SeMet and native crystal data were

performed using Phenix (Liebschner et al., 2019) with manual

inspection using Coot (Emsley et al., 2010). The atomic coor-

dinates of the SeMet structure were used as a model for

molecular replacement of the native crystal data at higher

resolution using MOLREP (Vagin & Teplyakov, 2010). The

TLS groups used during refinement were generated by the

phenix.tls tool from Phenix (Adams et al., 2010). The final

model of the native crystal was validated using MolProbity

(Williams et al., 2018). Structure-refinement statistics are

shown in Table 3. The native CapGH5_57 structure was

deposited in the RCSB Protein Data Bank (PDB) with

accession code 8d89.

2.9. Small-angle X-ray scattering (SAXS)

SAXS measurements were collected on the SAXS1 beam-

line at LNLS, Brazil. The X-ray scattering was recorded using

a PILATUS 300K detector (Dectris) at a distance of 100 cm, in

a q-range from 0.01 to 0.45 Å�1, and the measurements were

performed using a monochromatic X-ray beam (� = 1.488 Å),

with the collection of ten successive images of 30 s.

The CapGH5_57 sample (at 10 mg ml�1) was prepared in

20 mM HEPES pH 7.4, 150 mM sodium chloride buffer. Ten

successive images of 30 s were recorded and used for calcu-

lations after subtracting the sample-buffer scattering. The

radius of gyration (Rg) was determined using the PRIMUS/qt

package (Konarev et al., 2003) and the distribution curve P(r)

was calculated using GNOM (Svergun, 1992). Molecular

envelopes were calculated using DAMMIN (Svergun, 1999)

and were averaged using the DAMAVER package (Volkov &

Svergun, 2003). The theoretical scattering curve of the

CapGH5_57 crystallographic structure was generated and

compared with the experimental SAXS curve using CRYSOL

(Svergun et al., 1995). The crystallographic structure of

CapGH5_57 was superimposed with the molecular envelope

generated by SAXS using SUPCOMB (Kozin & Svergun,

2001).

2.10. Molecular docking

Molecular docking of manno-oligosaccharides (retrieved

from PDB entry 4y7e; Kumagai et al., 2015) into the active site

of CapGH5_57 was performed using AutoDock Vina (Trott &

Olson, 2010). The box center was defined at an approximated

median point between CapGH5_57 residues Pro219 and

Trp270 to investigate the putative distal positive subsites for

substrate binding. The size of the box was set to 20 � 20 �

20 Å, the exhaustiveness to 50 and the energy range to

4.0 kcal mol�1.

3. Results

3.1. A novel Bacteroidales species recovered from the
capybara gut microbiome harbors a phylogenetically distant
GH5 member

A multi-omics analysis of the capybara gut allowed the

recovery of 79 unique metagenome-assembled genomes

(MAGs; Cabral et al., 2022). Among these MAGs, MAG42 was

thoroughly investigated with regard to its potential for

carbohydrate deconstruction. MAG42 comprises 1.80 Mb and

was considered of high quality, with 90.9% completeness and

2.2% contamination, according to the criteria proposed by

Bowers et al. (2017). Phylogenetic analysis indicates that

MAG42 represents a monophyletic clade within Bacteroidales

family UBA932 assigned to the recently proposed genus

RUG11257 (Fig. 1a). Although members of Bacteroidales

family UBA932 can be found in different microbiome sources,

it is commonly found in gut metagenomes (Supplementary

Table S3), suggesting a specialized role for these microbes in

the digestive system of vertebrates.

Sequence analysis of MAG42 revealed 78 putative carbo-

hydrate-active enzymes (CAZymes) distributed into four

classes including glycoside hydrolases, polysaccharide lyases,

glycosyl transferases and carbohydrate esterases (Supple-

mentary Table S4). The diversity of CAZymes found in the

Bacteroidales bacterium MAG42 reveals a genetic potential to

cope with mannan-derived carbohydrates, due to the presence

of several �-mannosidases assigned to GH2 and GH5 specific

subfamilies.

In the Bacteroidetes phylum, most genes encoding

CAZymes for polysaccharide breakdown are organized into

polysaccharide-utilization loci (PULs), which are known to be

key enzymatic systems to cope with complex polysaccharides

(Grondin et al., 2017). Such loci organizations also commonly

comprise genes that encode the extracellular lipoprotein SusD

and the TonB-dependent SusC, which are involved in sugar

binding and its transport across the outer membrane to the

cell interior (Martens et al., 2009; Zhu et al., 2015). One of the

identified PULs from MAG42 contains two predicted GH2
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Table 3
CapGH5_57 structure solution and refinement.

Values in parentheses are for the outer shell.

Resolution range (Å) 42.77–1.60 (1.66–1.60)
Completeness (%) 94.67 (88.79)
No. of reflections, working set 54691 (5045)
No. of reflections, test set 2735 (252)
Final Rcryst 0.1708 (0.3175)
Final Rfree 0.1940 (0.3414)
No. of non-H atoms

Protein 3109
Ligand 23
Water 415
Total 3547

R.m.s. deviations
Bond lengths (Å) 0.007
Angles (�) 1.18

Average B factors (Å2)
Protein 22.03
Ligand 38.83
Water 31.89

Ramachandran plot
Most favored (%) 97.63
Allowed (%) 2.37



enzymes with low sequence similarity to characterized

�-mannosidases (30–45% sequence identity), one predicted

member of the monospecific GH78 family (�-l-rhamno-

sidase), the recently characterized and founding member of

the GH173 family with �-galactosidase activity (Cabral et al.,

2022) and one distantly related GH5 member (CapGH5_57;

Fig. 1b; Supplementary Table S5). Such a PUL organization

has only been reported in two genomes in the PULDB (http://

www.cazy.org/PULDB; Terrapon et al., 2015): Porphyro-

monadaceae bacterium KH3CP3RA and Proteiniphilum

acetatigenes DSM 18083 (both from the Bacteroidales order),

which additionally exhibit a carbohydrate esterase family 20

(CE20; Vieira et al., 2021) member, two GH36 members, a

major facilitator superfamily (MFS) transporter and a repressor,

open reading frame, kinase (ROK)-containing protein.

Analysis of NCBI metagenomic assembled genomes reveals

a more frequent and similar PUL composition in several other

Bacteroidales bacteria assembled from gut metagenomes of

different herbivores and one from the human gut (Supple-

mentary Fig. S1). The low number of complete genome

sequences from these gut bacteria (two from �1800 Bacter-

oidetes genomes analyzed in PULDB; >600 Bacteroidales

bacteria) underlines the need to pursue the sampling and

isolation of diversity in this clade, especially given such an

unconventional CAZyme repertoire and PUL architecture.

Therefore, the lack of sequence similarity of CapGH5_57 to

other GH5 members and its presence in

an uncharacterized PUL motivated us

to further interrogate the functional and

structural properties of this distantly

related GH5 protein.

3.2. CapGH5_57 is the founding
member of the GH5_57 subfamily and
exhibits activity on glucomannan

CapGH5_57 defines a small

subfamily including fewer than 30

sequences from complete genomes

analyzed by CAZy, but that is present

in several bacterial phyla beyond

the Bacteroidetes: Betaproteobacteria,

Firmicutes and Planctomycetes. These

proteins mainly consist of a sole

GH5_57 domain, with one exception

fused with a CE20 carbohydrate

esterase.

CapGH5_57 and its orthologues

recovered from metagenomic data

(Supplementary Table S6) are phylo-

genetically related to GH5 subfamilies

GH5_10, GH5_13, GH5_17, GH5_18

and GH5_19 (Fig. 2). Except for the

GH5_13 subfamily, these subfamilies

are either endo-�-mannanases, �-manno-

sidases or exo-�-mannanases that act on

diverse mannose-containing carbo-

hydrates such as high-mannose

N-glycans (GH5_18; Cordeiro et al.,

2019) and plant heteromannans

[GH5_10 (Song et al., 2008), GH5_17

(Perret et al., 2004) and GH5_19

(Strazzulli et al., 2020)]. Despite the low

sequence similarity, this indicates that

CapGH5_57 and related sequences

might also be active on mannose-

containing substrates.

In order to biochemically demon-

strate the activity of CapGH5_57, the

enzyme was recombinantly produced
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Figure 1
Bacteroidales bacterium MAG42 phylogeny and the putative heteromannan PUL. (a) Maximum-
likelihood phylogenetic tree including 156 related representative genomes recovered from
Bacteroidales family UBA932 according to the GTDB database. A set of 92 single-copy genes
were used for phylogenetic reconstruction according to the UBCG method (Na et al., 2018). The
colored and labeled groups represent the taxonomy at the genus level. Bacteroidales bacterium
MAG42 is represented with an asterisk within the RUG11257 genus. MAG44* represents a
taxonomic novelty at the genus level also recovered from the capybara gut microbiome (Cabral et
al., 2022). (b) Schematic representation of the putative heteromannan PUL from MAG42. The
pink-colored genes were annotated according to the CAZy pipeline and the gray-colored gene
corresponds to a hypothetical protein.



and purified to homogeneity (Supplementary Fig. S2).

Biophysical assessment by circular-dichroism spectroscopy

(Supplementary Figs. S3a and S3b) and differential scanning

fluorimetry (Supplementary Figs. S3c and S3d) showed

thermal stability around 50�C and no metal dependence for

structural stability. CapGH5_57 was screened for hydrolytic

activity against diverse polysaccharides, synthetic substrates

and manno-oligosaccharides (Supplementary Tables S1 and

S2). The enzyme displayed activity against mannans, gluco-

mannans, galactomannans and galactoglucomannans, with

higher activities on konjac glucomannan (KGM) and galac-

toglucomannan (Fig. 3a). Mass spectrometry and PACE-gel

analyses showed that CapGH5_57 releases glucomanno-

oligosaccharides with a degree of polymerization (DP)

between 2 and 6 from the reaction with deacetylated KGM

(Figs. 3b and 3c). Based on the activity found on KGM and the

cleavage pattern, CapGH5_57 can be assigned as an endo-�-

mannanase. It is noteworthy that the enzyme showed low

catalytic rates on KGM (<2 � 10�5 U mg�1; Fig. 3a) and

saturation was not achieved even at high substrate concen-

trations. This fact suggests that CapGH5_57 might have

another type of heteromannan as a preferential substrate

which is not commercially available or even not yet char-

acterized.

3.3. The structural similarities of CapGH5_57 to other GH5
subfamilies

To understand the structural basis for the activity of the

GH5_57 subfamily and to obtain insights into the substrate

preference, we crystallized CapGH5_57 (Table 1) and solved

its structure at 1.65 Å resolution using the single-wavelength
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Figure 2
Maximum-likelihood phylogenetic tree of GH5 members. The tree was generated based on 482 GH5 sequences. Each GH5 subfamily is described with
the same color as the respective clade, and the subfamilies with mannan-related activities are highlighted with circles. Light blue circles indicate nodes
with support values >80.



anomalous diffraction (SAD) method with SeMet protein

(Table 2). The structure of CapGH5_57 features the typical

(�/�)8 fold of the GH5 family and contains an N-terminal

antiparallel �-sheet motif, as found in other GH5 subfamilies

(Sabini et al., 2000; Figs. 4a and 4b). The asymmetric unit

contains one monomer, and interface analysis with PDBe-

PISA (Krissinel & Henrick, 2007) indicated no energetically

stable interactions in any oligomeric configuration, as also

suggested by analytical size-exclusion chromatography

(Supplementary Fig. S2e). Despite the fact that GH5 members

involved in the degradation of mannose-containing carbo-

hydrates are found as either monomers or dimers in solution

(Supplementary Table S7), small-angle X-ray scattering

(SAXS) analysis of CapGH5_57 resulted in a radius of gyra-

tion (Rg) of 2.32 � 0.02 nm, which is compatible with the

crystallographic monomer. In addition, the atomic coordinates

of the monomer resulted in a low spatial discrepancy when

fitted into the calculated ab initio envelope, corroborating the

monomeric configuration of CapGH5_57 in solution (Figs. 4c,

4d and 4e).

According to DALI analysis (Holm, 2022), the most similar

structurally characterized GH5 members to CapGH5_57 are

from the GH5_7 subfamily, including Lycopersicon escu-

lentum endo-�-mannanase (LeMAN4a; PDB entry 1rh9;

Bourgault et al., 2005), Podospora anserina endo-�-mannan-

ase (PaMan5A; PDB entry 3ziz; Couturier et al., 2013) and

Trichoderma reesei endo-�-mannanase (TrMan5A; PDB entry

1qno; Sabini et al., 2000). All of them present very low

sequence identity (15%) and r.m.s.d. values of �2.8 Å when

compared with CapGH5_57 (Supplementary Table S8).

Structural comparisons indicated the acidic residues Glu211

and Glu334 to be the acid/base and nucleophile, respectively,

which are involved in the classical retaining catalytic reaction

mechanism that is conserved in the GH-A clan (Davies &

Henrissat, 1995). In addition, the residues interacting with the

inferred catalytic residues, Arg114, Asn210, His296 and

Tyr298, and the tryptophan at the �1 subsite (Trp366 in

CapGH5_57), are strictly conserved (Fig. 5a and Supplemen-

tary Fig. S4). Notably, the conserved nucleophile-activating

tyrosine residue (Tyr298) adopts two rotameric conformations

in CapGH5_57, as verified in the solved crystal structure

(Fig. 5a), being able to interact either with the nucleophile or

the acid/base. However, the alternative conformation was not

observed in other data sets for the protein collected at lower

research papers

Acta Cryst. (2022). D78, 1358–1372 Marcele P. Martins et al. � Subfamily GH5_57 1365

Figure 3
Determination of the activity of CapGH_57. (a) Activity of CapGH5_57 obtained by the DNS method against different types of substrates including
mannans, glucomannans, galactomannans and galactoglucomannans. LBG, HV, MV and LV correspond to locust bean gum, high viscosity, medium
viscosity and low viscosity, respectively. (b) Reaction of CapGH5_57 with deacetylated konjac glucomannan (KGM) evaluated by mass spectrometry. DP
corresponds to the degree of polymerization of the detected oligosaccharide and ranges from 2 to 6. The chromatographic method allowed the
discriminatation of different isomers of DP2. However, the obtained chromatographic resolution at the retention times corresponding to DP3, DP4, DP5
and DP6 did not resolve isomers within the same degree of polymerization. (c) 20% PACE gel of CapGH5_57 reaction products on deacetylated KGM.
The arrows indicate the products generated by CapGH5_57 on deacetylated KGM. The background bands from KGM and CapGH5_57 support the new
bands obtained in ‘CapGH5_57 + KGM’ as products of the enzymatic reaction.



resolution (data not shown) and it is likely to be an artifact

from the crystallization conditions. Supporting this, the

stabilizing effect of Tyr298 when interacting with the nucleo-

phile has been reported to be critical for the catalytic activity

of GH5 enzymes (Ducros et al., 1995; Gonçalves et al.,

2012).
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Figure 4
Overall structure and SAXS analysis of CapGH5_57. (a) TIM-barrel �-strands and helices are described and numbered. (b) Side view of CapGH5_57
with the N-terminal antiparallel �-sheet motif highlighted. Helices are represented in orange, �-strands in yellow and loops in white. (c) Experimental
scattering curve obtained by SAXS (black circles) and theoretical scattering curve calculated from the crystallographic structure of CapGH5_57 with
CRYSOL (Svergun et al., 1995; orange line). (d) The distance distribution curve [P(r)] generated with GNOM (Svergun, 1992), which exhibits a Dmax of
5.5 nm. (e) CapGH5_57 envelope calculated from SAXS superposed onto the CapGH5_57 crystallographic structure (orange cartoon) in two distinct
orientations.



3.4. The structural dissimilarity of CapGH5_57 to other GH5
subfamilies

Compared with GH5_7 members, the most pronounced

structural differences reside in the positive-subsite region of

the catalytic interface. CapGH5_57 lacks helix �6a within the

�6–�6 loop (Glu299–Gly311; Supplementary Fig. S5) and the

sequence divergence and the open conformation adopted by

the �6–�6 loop (Fig. 5b and Supplementary Fig. S5) largely

widen the CapGH5_57 catalytic interface. In other GH5 endo-

�-mannanases the �6–�6 loop is conserved within members of

the same subfamily; however, all of them display a distinct

conformation compared with CapGH5_57 (Supplementary

Fig. S6). This open conformation, which is singular to the �6–

�6 loop in CapGH5_57, is stabilized by several aliphatic

interactions with an aromatic cluster (Supplementary Fig. S7a)

and is likely to favor the accommodation of substituted

substrates.

Extended aromatic positive subsites have been observed in

the active-site cleft of GH5_8 endo-�-mannanases (Kumagai

et al., 2015) and an opened distal positive-subsite region was

recently observed in a GH5_8 enzyme with a preference for

galactomannan (Møller, 2022). In contrast, the only aromatic

platform in the positive-subsite region (Trp270) in

CapGH5_57 is remote and is at least four glycosyl units from

the cleavage site (Supplementary Figs. S7b and S7c). Arg258 is

also near to Trp270 and together these residues could contri-

bute to substrate recognition (Supplementary Fig. S7c).

Docking analysis indicates that Trp270 could interact with the

carbohydrate backbone; however, the very open positive-

subsite region along with the lack of other aromatic residues in

this region does not allow the possibility that these residues

have ramifications to be discarded.
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Figure 5
Conserved active-site residues and the divergent �6–�6 loop in
CapGH5_57 in comparison to GH5_7 endo-�-mannanases. (a) Structure
superimposition of CapGH5_57 (orange), LeMan4a (PDB entry 1rh9;
Bourgault et al., 2005; green), PaMan5A (PDB entry 3ziz; Couturier et al.,
2013; purple) and TrMan5A (PDB entry 1qno; Sabini et al., 2000; light
blue), highlighting conserved residues at the active site. (b) The same
structures as represented in (a), highlighting the opened conformation of
the �6–�6 loop (residues 299–311) in CapGH5_57, which modifies the
active-site topology. The depicted manno-oligosaccharide ranging from
the �2 to +3 subsites was extracted from the Streptomyces thermo-
lilacinus endo-�-mannanase StE273Adc (PDB entry 4y7e; Kumagai et al.,
2015).

Figure 6
Loop shortening and displacement of Trp159 in CapGH5_57. (a)
Sequence alignment of CapGH5_57, other identified GH5_57 sequences
and the GH5_7 members LeMan4a, PaMan5A and TrMan5A. The loop
region encompassing Trp159 in CapGH5_57 is highlighted in orange. (b)
Structure superimposition of CapGH5_57 (orange), LeMan4a (PDB
entry 1rh9; Bourgault et al., 2005; green), PaMan5A (PDB entry 3ziz;
Couturier et al., 2013; purple) and TrMan5A (PDB entry 1qno; Sabini et
al., 2000; light blue). The displacement of Trp159 in CapGH5_57 is due to
the shortening of the Trp159-containing loop along with the presence of a
serine at position 116 instead of the aromatic residue found in GH5_7
members (Trp56 according to TrMan5A). The manno-oligosaccharide
represented in the �1 and +1 subsites was extracted from the S.
thermolilacinus endo-�-mannanase StE273Adc (PDB entry 4y7e;
Kumagai et al., 2015).



Besides the distal positive subsites found in CapGH5_57,

the +1 subsite also differs from GH5_7 enzymes. The loop

containing the conserved Trp residue (Trp159) is shortened in

CapGH5_57, which is a characteristic feature of the GH5_57

subfamily (Fig. 6a and Supplementary Fig. S8) and results in a

displacement of this residue by approximately 7 Å towards the

negative-subsite region (Fig. 6b). This loop is sequentially and

structurally divergent between the GH5 subfamilies harboring

endo-�-mannanase activity (Supplementary Figs. S9a–S9d).

Interestingly, GH5_25 members also display a shortened loop

as in CapGH5_57 (Supplementary Fig. S9c); however, a

hydrophobic residue from another motif compensates for

the displacement of the residue corresponding to Trp159

(Supplementary Figs. S9e–S9g).
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Figure 7
Substrate binding in the GH5_57 subfamily. (a) Representation of the CapGH5_57 structure and its putative negative and positive subsites based on
structural comparisons. (b) Representation of residues from the putative CapGH5_57 subsites (from �4 to +3). (c) Representation of Tyr80 and Tyr120
from CapGH5_57 and structural superimposition on the GH5_7 structures LeMan4a (PDB entry 1rh9; Bourgault et al., 2005; green), PaMan5A (PDB
entry 3ziz; Couturier et al., 2013; purple) and TrMan5A (PDB entry 1qno; Sabini et al., 2000; light blue). CapGH5_57 electron-density maps (2Fo � Fc)
for Tyr80 and Tyr120 are represented at a 2.0� contour level. (d) Sequence alignment of CapGH5_57, GH5_7 members (LeMan4A, PaMan5A and
TrMan5A) and other identified GH5_57 sequences. The residue corresponding to Trp376 in CapGH5_57 is highlighted in orange. (e) View of
CapGH5_57 residues in the vicinity of the PEG fragment bound to the putative negative subsites of CapGH5_57. The electron-density map (2Fo � Fc)
around the PEG fragment is represented at a 1.0� contour level. The manno-oligosaccharide represented as yellow spheres or sticks in (a), (b), (c) and
(e) was obtained from the S. thermolilacinus endo-�-mannanase (StE273Adc; PDB entry 4y7e; Kumagai et al., 2015).



The distinct conformation adopted by Trp159 in

CapGH5_57 implicates in its strategic positioning in the �1

subsite, which occurs due to the absence of an aromatic

residue that is typically conserved in the GH5_7 subfamily

(Trp56 in TrMan5A; PDB entry 1qno; Sabini et al., 2000; Fig. 6b

and Supplementary Fig. S10). An aromatic residue in the �1

subsite has also been reported in other GH5 subfamilies such

as Trp in GH5_10 members and His in subfamilies GH5_8,

GH5_25 and GH5_36 (Supplementary Fig. S9a–S9d), occu-

pying the same relative position as Trp159 in CapGH5_57.

Oyama and coworkers verified that mutations of the corre-

sponding His residue in the GH5_36 subfamily resulted in a

complete loss of activity (Oyama et al., 2013). This suggests

that the presence of Trp159 in the �1 subsite of CapGH5_57

could be the result of convergent evolution in the GH5_57

subfamily for mannan cleavage.

In the negative-subsite region, two structurally conserved

aromatic residues in the GH5_7 subfamily, Tyr27 and Tyr117

(numbering based on the sequence of the TrMan5A enzyme;

PDB entry 1qno), are also present in CapGH5_57 (corre-

sponding to Tyr80 and Tyr120, respectively; Figs. 7a and 7b).

However, the distinct conformation of the loops containing

these residues led to a spatial shift of the Tyr80 and Tyr120

side chains towards the cleavage site in CapGH5_57 (Fig. 7c),

which is likely to play a critical role in productive substrate

binding. The electron density surrounding Tyr80 and Tyr120 is

well defined in the CapGH5_57 crystal structure (Fig. 7c) and

the interactions stabilizing the orientation of these residues

indicate that conformational changes upon substrate binding

are unlikely to restore the corresponding positions in the

GH5_7 subfamily. Therefore, one might expect that the rela-

tive orientation of the glycosyl chain that is adopted upon

binding would differ on comparing these two subfamilies.

Interestingly, adjacent to the �1 subsite, an aromatic

residue (Trp376) is positioned perpendicular to the �1

glycosyl moiety (Fig. 7b). An aromatic residue is conserved at

this position in several members of this subfamily (Fig. 7d) and

might play a role in substrate recognition by establishing an

anchoring point for substitutions, analogously to that observed

for endo-�-xyloglucanases from the GH74 family (Matsuzawa

& Yaoi, 2016). In support of this, in the crystal structure of

CapGH5_57 a PEG fragment was observed in the negative

subsites (delimited by Tyr80 and Tyr120), also interacting with

Trp376, which is an indication that this residue may indeed

play a relevant role in the binding of substituted hetero-

mannans (Fig. 7e).

Co-crystallization and soaking experiments were carried

out with several manno-oligosaccharides, glucose and

mannose, including at high concentrations; however, none of

these were detected in the active site. This could be due to the

high concentration of PEG in the crystallization condition

and/or to weak affinity of the tested oligosaccharides and

monosaccharides, which is in agreement with both biochem-

ical data and the topology of the unconventional catalytic site.

The low level of sequence conservation and high structural

divergence are reflected in a catalytic interface that is exten-

sively remodeled in the novel GH5_57 subfamily, in which

most of the loops and motifs comprising the carbohydrate-

binding sites (subsites) are distinct from those observed in

typical endo-�-mannanases (Fig. 8 and Supplementary Fig.

S11). Overall, our results suggest that the GH5_57 subfamily

may act on a highly substituted type of heteromannan.

4. Discussion

In addition to its biological and industrial relevance, the GH5

family demonstrates the notable versatility of the (�/�)8 fold

for carbohydrate processing. The multiple characterized GH5

members have shown that unpredictable changes from subtle

to massive redesign of the catalytic interface can be related to
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Figure 8
Active-site topology of CapGH5_57 in comparison with GH5_7 endo-�-
mannanases. Overall view of the active-site topology of CapGH5_57
(orange surface), LeMan4a (PDB entry 1rh9; Bourgault et al., 2005; green
surface), PaMan5A (PDB entry 3ziz; Couturier et al., 2013; purple
surface) and TrMan5A (PDB entry 1qno; Sabini et al., 2000; light blue
surface). The depicted manno-oligosaccharide (yellow sticks) was
obtained from the S. thermolilacinus endo-�-mannanase (StE273Adc;
PDB entry 4y7e; Kumagai et al., 2015).



a myriad of specificities and modes of action in this family. For

instance, our group recently unveiled the intricate mechanism

of Man-�-1,4-GlcNAc recognition by the GH5_18 subfamily,

involving the swapping of a tryptophan between dimeric

subunits for proper accommodation of the GlcNAc moiety

and conformational changes of the C-terminal extension upon

substrate binding for high specificity (Cordeiro et al., 2019;

Higgins et al., 2021). On the other hand, there are 13 GH5

subfamilies with an activity that has yet to be determined, and

several sequences that are non-classified into a subfamily, just

as CapGH5_57 was, that await further sampling of the

sequence/taxonomic diversity. Together, these factors clearly

indicate that although hundreds of GH5 members have been

characterized, we are probably far from saturating our mole-

cular and mechanistic understanding of this intriguing CAZy

family.

The functional and structural investigation of CapGH5_57

revealed a completely redesigned catalytic interface featuring

a positive-subsite region that is devoid of most aromatic

residues and a nonconserved configuration of the negative-

subsite region. These properties result in an open and large

catalytic interface that seems to be sculpted for the recogni-

tion of complex substituted heteromannans and is unlike that

from any other GH5 subfamily associated with mannan

breakdown. Based on sequence and homology modeling

analyses, the remarkable differences noticed in CapGH5_57

compared with classical endo-�-mannanases are mostly

conserved within the GH5_57 subfamily, indicating that this

novel established subfamily is probably monospecific.

Interestingly, the gene encoding CapGH5_57 was found to

be clustered with genes encoding the recently discovered

GH173 family (Cabral et al., 2022) and other CAZymes (GH2

and GH78), constituting a novel PUL organization (Supple-

mentary Fig. S1). According to the biochemical characteriza-

tion of CapGH5_57 and CapGH173, and the predicted

activities of GH2 and GH78 members, it is likely that this PUL

targets a novel type of substituted hetero-�-mannan. A recent

study by Yu and coworkers reported the characterization of a

new complex heteromannan (Yu et al., 2022) with both �- and

�-galactosyl substitutions, indicating that other types of

hetero-�-mannans have yet to be discovered. The fact that the

MAG42 PUL was identified from the gut microbiota of wild

capybaras suggests that uncharacterized hetero-�-mannans

could be present in the gramineous species typically found in

their diet.
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& Penttilä, M. (2000). Acta Cryst. D56, 3–13.

Sadaqat, B., Sha, C., Rupani, P. F., Wang, H., Zuo, W. & Shao, W.
(2021). Front. Bioeng. Biotechnol. 9, 637649.

Sakka, M., Goto, M., Fujino, T., Fujino, E., Karita, S., Kimura, T. &
Sakka, K. (2010). Biosci. Biotechnol. Biochem. 74, 2077–2082.

Santos, C. R. dos, Cordeiro, R. L., Wong, D. W. S. & Murakami, M. T.
(2015). Biochemistry, 54, 1930–1942.

Santos, C. R. dos, Paiva, J. H., Meza, A. N., Cota, J., Alvarez, T. M.,
Ruller, R., Prade, R. A., Squina, F. M. & Murakami, M. T. (2012). J.
Struct. Biol. 177, 469–476.

Scott, W., Lowrance, B., Anderson, A. C. & Weadge, J. T. (2020).
PLoS One, 15, e0242686.

Seemann, T. (2014). Bioinformatics, 30, 2068–2069.
Sheldrick, G. M. (2010). Acta Cryst. D66, 479–485.
Shen, L., Viljoen, A., Villaume, S., Joe, M., Halloum, I., Chêne, L.,
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