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Abstract

Cold-active enzymes support life at low temperatures due to their ability to maintain high activity in
the cold and can be useful in several biotechnological applications. Although information on the
mechanisms of enzyme cold adaptation is still too limited to devise general rules, it appears that very
diverse structural and functional changes are exploited in different protein families and within the
same family. In this context, we studied the cold adaptation mechanism and the functional
propertiesof a member of the glycoside hydrolase family 1 (GH1)fromthe Antarctic
bacterium Marinomonas sp. efl. This enzyme exhibits all typical functional hallmarks of cold
adaptation, including high catalytic activity at 5 °C, broad substrate specificity, low thermal
stability, and higher lability of the active site compared to the overall structure.

Analysis of the here-reported crystal structure (1.8 A resolution) and molecular
dynamics (MD) simulations suggest ~ that  cold activity and  thermolability may be due
to a flexible region around the active site (residues 298-331), whereas the dynamic behavior of loops
flanking the active site (residues 47-61 and 407—-413) may favor enzyme-substrate interactions at the
optimal temperature of catalysis (T..) byethering together protein regions lining the active
site. Stapling of the N-terminus onto the surface of the B-barrel is suggested to partly counterbalance
protein flexibility, thus providing a stabilizing effect. The tolerance of the enzyme to glucose and
galactose is accounted for by the presence of a “gatekeeping” hydrophobic residue (Leul78), located
at the entrance of the active site.



INTRODUCTION

Glycoside hydrolases (GH) build a large and heterogenous group of hydrolytic enzymes that
are highly diverse in substrate specificity, structure, catalytic mechanism, and biological function.
GH enzymes have been classified into 184 familiesto date, based onsequence and
structural similarities [1]. The GH1 family includes enzymes active on both B-galactosides and f-
glucosides (named B-galactosidases and B-glucosidases, respectively), which have a wide range
of biotechnological  applications. The GH1  enzymes sharea  structure  organized ina
single (a/B)s TIM barrel that contains the two active site glutamic acid residues [2]. B-galactosidases
(EC 3.2.1.23) catalyze the hydrolysis of lactose into glucose and galactose or
the reverse transglycosylation reaction [3-5]. The catalytic versatility of p-galactosidases makes
them widely employed in the food industry, including the production of lactose-free dairy products,
and the synthesis of prebiotic galacto-oligosaccharides [5-8]. B-glucosidases (E.C. 3.2.1.21) catalyze
the hydrolysis of cellobiose or cello-oligomers into glucose [10]. These enzymes
find broad applications, from cellulose degradation, where they act in combination with
endoglucanases and cellobiohydrolases, to wine flavor ripening and other reactions relevant in food
processing [10]. The use of enzymes in the food industry generally requires low or moderate
temperatures, to preserve thermolabile compounds and food quality [11]. To meet this constraint, a
useful tool can be the so called cold-active enzymes that may be sourced from psychrophilic
microorganisms that thrive in cold environments [3,12].

Although low temperatures decrease the rate of enzymatic reactions, cold-
active enzymes still maintain high catalytic activities under such conditions. Furthermore, most of
them display lower substrate affinities and thermal stabilities than their mesophilic and thermophilic
counterparts [12-14]. The structural basis of enzyme cold adaptation has been investigated by
comparing the 3D structures of cold-active enzymes withthose of mesophilic and
thermophilic homologues. It has emerged that cold-active enzymes display high
structural plasticity/flexibility, which can be restricted to specific areas such as the enzyme active

site or may regard the entire 3D structure [12,13]. Protein plasticity can be achieved by increasing



the number and extent of loop regions and cavities, modifying protein
topology, reducing the compactness of the protein coreand the number and strength of
intramolecular interactions (H-bonds, hydrophobic interactions, salt bridges, etc.), and by peculiar
amino acid compositions of the primary structure, including reduced overall number of proline and
arginine residues and a higher number of glycine residues [15-18]. These general features also hold
for the few psychrophilic GH1s of which the 3D structures have been solved so far. Interestingly, in
the three cold active GH1 of known structure, specific and different mechanisms of cold
adaptation have been exploited, ranging from the loss of a single salt bridge to changes in
the oligomerization state [19-21].

Here, we report the in-depth structural and functional analysis of a GH1 from the
Antarctic Marinomonas sp. efl (M-GH1). The structural determinants of M-GH1 cold adaptation and
glucose tolerance were investigated by combining structural analysis with molecular dynamics (MD)
and molecular docking simulations. Our results reveal that the active site and substrate binding region
are overall conserved except for two elements: i) a dynamic region around the active site, which is
likely involved in M-GH1 cold activity; ii) a hydrophobic residue located at the entrance of the active

site, which may govern glucose tolerance.

RESULTS
M-GH1 shows hallmarks typical of a cold-active enzyme

The gene coding for M-GH1 (NCBI: WP_100188174.1) was identified in the genome of the
Antarctic bacterium Marinomonas sp. efl and the corresponding protein was clasified in the GH1
family by sequence analysis. The M-GH1 construct used for activity measurements and structural
work includes the full amino acid residues (1 to 447),and a C-terminal Leu-Glu-6xHis-
tag (molecular ~ weight MW  51.7  kDa). M-GH1 was cloned in  pET-2la  vector,
recombinantly produced in Escherichia colicells and purifiedto homogeneity by affinity
chromatography with a final yield of 168 mg per L of culture.

Activity was assessed on a panel of five synthetic substrates. M-GH1 was found to be active on

allof  them (Fig. 1A), with highest  activities  detected  with orto-Nitrophenyl  B-D-



galactopyranoside (oNPGal: specific activity: 48.4 + 2.5 U/mg), para-Nitrophenyl B-D-
glucopyranoside (pNPGIlu:  specific  activity: 34.9 + 1.8 U/mg)  and para-Nitrophenyl  p-D-
cellobioside (pNPClb:  specific  activity: 31.5+ 1.3 Umg). Therefore, oNPGal was selected
as the substrate for further experiments.

M-GH1 displays the highest activity at pH 6.5 and retains ~ 80% of its activity over a pH range
of 6.0-7.5 (Fig.1B). The enzyme has an optimal temperature of catalysis (T,)of35 °C
and maintains ~ 30% of its maximal activity at 5 °C (15.1+ 1.3 U/mg) (Fig.1C). The loss
of the secondary structure triggered by heat (unfolding transition midpoint, T,: 40.1 £ 1.6 °C) is
found to occur at a temperature above the T, (Fig. 1D), suggesting that inactivation precedes
denaturation as already reported for several cold-active enzymes. Under optimal catalysis conditions,
M-GH1 follows Michaelis-Menten kinetics with both oNPGal and pNPGIlu substrates with
aK,of52+0.4mMand0.2 £0.1 mM, respectively (Table 1).

The long-term temperature stability of M-GH1 was investigated at three different temperatures
(5 °C, 25 °C and 35 °C), monitoring changes in residual catalytic activity and in structure over time.
At 5 °C, the enzyme is functionally stable for 21 days (Fig. 2A), whereas it is completely inactive at
25 °C and 35 °C after 56 h and 5 h, respectively (Fig. 2B, C). Changes in secondary structure in the
same samples were determined by circular dichroism (CD) spectroscopy by collecting spectra at the
beginning and the end of incubation (Figs. 2D-F): black and red lines, respectively). At time 0, M-
GH1 presents the typical CD spectrum of o/p structures with two minimum peaks at 222 nm and at
210 nm. After 21 days at 5 °C, the CD spectrum of M-GH1 is still superimposable to that measured
at time 0, indicating that this enzyme is structurally stable at low temperatures (Fig. 2D). At
25 °C, small changes are observed after 8 h incubation, when the enzyme is still almost fully active
(Fig. 2B) while after 56 h, when the enzyme activity is negligible (residual activity: 3.1 + 0.3%), the
flattening of CD signal and the formation of a visible precipitate (Fig. 2E) is evident. Taken together,
results suggest that at 25 °C the enzyme remains active for a long period of time and
its slow inactivation is due to protein aggregation. At 35 °C, after 8 h incubation, while enzyme
activity is almost zero, the secondary structure assessed by CD spectroscopy (blue line in Fig. 2F) is

not affected. The onset of aggregation is observed only after 24 h (red line in Fig. 2F). Overall, these



data suggest that inactivation is due to the instability of a local region, presumably the catalytic center,
and not to aggregation (Fig. 2F).

In conclusion, M-GH1 is a cold-active enzyme exhibiting all hallmarks of cold adaptation, namely
high catalytic activity at 5 °C, broad substrate specificity, low thermal stability and high lability of

its active site compared to the overall structure [13].

M-GH1 adopts the typical fold of GH1s

To correlate M-GH1 function to its structural architecture, we solved its crystal
structure at 1.8 A resolution (Fig. 3). Crystals belonged to the orthorhombic P2,2,2 space group, with
two molecules in the asymmetric unit and a Matthews coefficient of 2.4 As/Da (estimated solvent
content of 48.8%). Analysis of protein-protein interface made with PISA [22], combined with size-
exclusion chromatography (SEC), revealed that M-GHL1 is a monomer (Fig. 3A,B; estimated MW:
495 + 2.2 kDa). The M-GH1 structure was refined at 1.8 A resolution, to final R and R,.. values
of 0.17 and 0.19, respectively, with ideal stereochemical parameters (Table 2). Overall, the electron
density map was well-defined and covered residues 2 to 446 (chain A) or 445 (chain B) out of 447
residues, with no gaps. The electron density map did not show the C-terminal Leu-Glu-6xHis-tag.

The M-GH1 3D structure displays the canonical TIM barrel (/a.)sfold, consisting of a central
eight-stranded p-barrel (B1-5, B7, p10, p11) flanked by several a-helices (a1-15) and additional 3-
strands (p6, 8-9, p12-13) (Fig. 3B, Fig. 4). Additional 3, helices (n1-5) are present in connecting
loops. Structural alignment carried out with DAL retrieves three enzyme discovered in metagenomic
studies, BgIM-G1 (PDB: 5NS6, sequence identity: 45.5% [19]), MeBglD2 (PDB: 5XGZ, sequence
identity: 47.7% [22]), and Td2F2 (PDB: 3WHS5, sequence identity: 43.4% [23]), as the top structural
homologs [24]. The overall conservation among these enzymes is demonstrated by a root-mean-
square deviation (RMSD) within 1.1 A (Fig. 3C). The most conserved region corresponds
to the protein core, while  the main differences concern the N-terminal region, the solvent-
exposed loop region 298-331 strands B8 and 9, and some other flexible regions (in
particular, residues 92-96, 266-281 and 317-322) (Fig. 3D). To note, M-GHL1 is the only structure in
which the N-terminal region folds back onto the surface of the B-barrel, inserting itself between

helices ald4and ol5 (“stapling”  effect), thanks toabackbone  kink introduced by



Pro6 (Fig. 3E,F). This conformation is stabilized by H-bonds between Thr4 and Asp379, Thr4
and Asn383, and by hydrophobic interactions between lle3 and Leu5 with residues of the following
loop Metll, Leul2, Phel8, of helix «l2 Val375, Leu378, 11e382, and of helix al3 Ala437,
Leud41 (Fig. 3F). Concerning loop 298-331, which is located at the entrance to the active site cavity,
the main structural ~ divergence isin ashort, Pro-rich regionin  the = homologs identified
with DALI (corresponding to M-GH1 residues 307-312). Notably, in M-GHL1 this region is devoid of

Pro residues, and therefore it is less rigid than in the reference proteins (Fig. 4).

The architecture of the active site is conserved among M-GH1 homologs

GH1s display the typical retaining mechanism of catalysis and their active site pocket can be
divided into three subsites: the -1 glycone subsite, and the +1 and +2 aglycone subsites [25]. The M-
GHL1 active site is located at the entrance of the central B-barrel, creating a solvent-accessible pocket
with a molecular surface area of 541 Az and a volume of 356 A:(Fig. 5A,B), as calculated with CAST-
P [26]. The pocket is lined by atoms belonging to 50 residues; the catalytic residues of M-GHL1 are
located deep inside the active site pocket, including Glu171 (loop 168-172) and Glu355 (310), which
act as the acid/base and nucleophile, respectively (Fig. 5A,B and Fig. 4). The active site of M-
GHL1 contains a Tris molecule, used as the buffer in the crystallization solution. The side chains of
catalytic residues Glul71 and Glu355 form hydrogen bonds with the amino group of Tris. Glul71
forms an additional hydrogen bond with a hydroxyl group of Tris via its carboxyl group. The other
two hydroxyl groups of Tris are hydrogen-bonded by the carboxyl group of Glu408. Two water
molecules further contribute to the protein-Tris interaction in the active site. In other GH1 family
members, Tris has been described as a good substrate mimetic because itis rich in hydroxyl
groups [27,28]. In addition, in M-GH1 Tris perfectly matches the position of ligands bound in the
active site (-1 subsite) of the highly structurally similar Td2F2 (glycerol, PDB: 3WH5; D-glucose,
PDB: 3WH6; isofagomine, PDB: 3WH7; D-fucose, PDB: 3WHS8) [23]) (Fig.5C). All
residues involved in  sugar recognition at  subsite-1in  Td2F2are conserved in M-
GH1, except for Arg325 which is substituted with Trp328 in M-GH1 (Fig. 4).

To investigate the structural basis of M-GH1 substrate specificity, for comparison with

our biochemical experimental data, we performed in silico docking experiments that simulate M-



GH1 binding to all tested substrates (i.e., ONPGal pNPGlu, pNPClb, para-Nitrophenyl B-D-
xylopyranoside - pNPXyl -, and para-Nitrophenyl B-D-mannopyranoside - pNPMan). For the
two best substrates ONPGal and pNPGIu, the substrate  binding  residues  were identified
as Ala23, GIn26, His126, Trp127, Asn170, Glul71, Leul?8, His185,
Cysl74, Asn227, Asn229, Asn297, Tyr299, Trp328, Glu355, Trp401, Glu408, Trp409, and Phe417.
In particular, M-GH1 residues Glu408, Trp409, GIn26 and Asn170 contribute to the correct
positioning of the sugar moieties of the chromogenic substrates through a network of hydrogen bond
interactions (Fig. 6A,B). Differences in the binding modes between the two best substrates appear to
be mainly due to the positioning of the nitro-phenyl moiety, which points towards the pocket
entrance in pNPGlu, whereas it forms hydrogen bonds with pocket residues Asn227 and
Asn229 in oNPGal. T-shape stacking of the nitro-phenyl moiety is established with the side chain
of Trp328 for both ligands. The binding free energies for oONPGal and pNPGIlu were predicted to
be -8.7 £ 0.1 kcal/mol and -8.1 + 0.1 kcal/mol, respectively (Table 3). As for the other substrates
(i.e., pNPClb, pNPXyl, pNPMan) a slightly different position of the sugar moieties, compared to that
observed for oNPGal and pNPGIu, involve hydrogen bond interactions with residues Glu408,
GIn26, Asn170, and His126 instead of Trp409. Since pNPCIb is more extended than the other
ligands, the nitrophenyl group, besides establishing a T-shaped stacking interaction with the side
chain of Trp328, can also reach the charged guanidinium group of Arg247 (Fig. 6C,D,E). The
binding free energies for pNPCIb, pNPXyl, pNPMan were predicted to be -8 + 1 kcal/mol, -7.4 £
0.3 kcal/mol and -6.4 + 0.2 kcal/mol, respectively (Table 3). The different binding modes towards

different substrates reflect the substrate specificity reported in Fig. 1A.

Cold activity of M-GHL1 is achieved by high flexibility of residues 298-331

MD simulations, performed at 5 °C and 35 °C, show that at both temperatures M-GH1 is
overall stable over the simulated time, undergoing limited conformational changes, as indicated by
all-atom RMSD (1.2-1.8 Aat 5 °C and 1.3-2.1 A at 35 °C, Fig. 7A) and by the analysis of the solvent-
accessible surface area of the overall structure, including the active site residues (SASA: 18600 +
200 Acat 5 °C and SASA: 18700 + 200 A-at 35 °C). The most flexible residues were identified by

root-mean-square fluctuation (RMSF) analyses. Overall, RMSF profiles are qualitatively similar at



both simulated temperatures, with residues 298-331 constituting the most flexible protein region
(maximum RMSF value of 2.2 and 2.1 A at 5 °C and 35 °C, respectively) (Fig. 7B).

Covariance analysis on the C-carbons of the enzymeat 5 °C indicates thatthe first
eigenvector is associated to the motion of the residues 298-331 (Fig. 7C), whose dynamic
behaviour seems to be correlated to the enhanced flexibility of the adjacent helix a10 (residues 240-
250) (Fig. 7C). Residues 298-331 form a loop (including B-strands 8 and 9) located at the entrance
of the active site (Fig. 7D). Its high flexibility suggests a role in cold-activity, in keeping with the
notion that some cold-active enzymes display high structural plasticity near the catalytic site to
support enzymatic activity at low temperature [5]. Interestingly, in GH1 from the Antarctic
bacterium Micrococcus antarcticus (BglU, PDB: 3W53, sequence identity: 42.4%) (Fig. 4), a cold-
adaptation mechanism based on the plasticity of the loop topologically equivalent to M-GH1 298-
331 (called L3 in BglU) has been proposed [21]. Although the two proteins share 42.4% sequence
identity and high overall structural similarity (RMSD ~1.1 A), the two equivalent loops differ in
sequence, length, and conformation (due to high number of prolines in L3), indicating differences in
the molecular mechanism of cold adaptation (Fig. 8).

Covariance analysis on the C-carbons of the enzymeat 35 °C indicates thatthe first
eigenvector is mainly associated with the motions of loop 47-61, a region hosting helix a8 (residues:
170-184), helix11 (residue 266-275), loop 298-331, and loop 407-413 (Fig. 7C). Remarkably, loop
47-61 is the most flexible region at 35 °C (RMSF 2.2 A), and its dynamics seems to affect
the mobility of residues Glu408 and Trp409, located in an adjacent protein region (Fig. 7D), which
play a key role in positioning the sugar moieties of oONPGal and pNPGlc substrates (Fig. 6A,B). Thus,
the substrate promiscuity of M-GH1 may result from the higher flexibility of this region. The mobility
of region 298-331 together with helix a10 (residues 240-250) is also confirmed at 35 °C, being
associated to the second eigenvector, although with lesser extent relative to 5 °C (Fig. 7C).

In conclusion, MD simulations suggest that the high flexibility of region 298-331 at5 °C
might confer cold activity, while the dynamic behavior of loops 47-61 and 407-413 may optimize
enzyme-substrate interactions at 35 °C (T,.), tethering together a region that includes helix a8

(residues: 170-184), residues 298-331 and 409-413 (Fig. 7C,D).

M-GH1 glucose-tolerance is due to a “gatekeeping” hydrophobic residue.



GH1s can be divided into four classes based on their tolerance to glucose: 1) low tolerant -
glucosidase (inhibitory constant K, < 0.1 M glucose), Il) tolerant B-glucosidase (K; > 0.1 M glucose),
I11) B-glucosidase stimulated by low glucose concentrations and inhibited by high concentrations; and
IV) extremely tolerant B-glucosidase (K> 1 M glucose) [29]. We, therefore, investigated the effects
of glucose and galactose (the hydrolytic products obtained from p-glucosidase and (-galactosidase
activities) on M-GH1 activity. In the presence of pNPGlu as a substrate, glucose and galactose act as
competitive inhibitors of M-GH1 with aK of 161+ 32mM and 251+ 27 mM, respectively
(Fig. 9A,B and Table 1). Similar behavior was observed in the presence of oNPGal as a substrate
with aK;0f351+49 mM and aK of 563 + 58 mM with glucose and galactose, respectively
(Fig. 9C,D and Table 1). On the other hand, no sugar-induced activation was observed (Fig. 9),
suggesting that M-GH1 can be classified as a glucose-tolerant B-glucosidase (class II).

Although the mechanism of glucose stimulation/inhibition remains elusive, structural analyses
and literature data on glucose-tolerant GH1s allowed us to identify the residues likely involved in M-
GH1 glucose tolerance [30]. In particular, we focused on the comparison of M-GH1 with the glucose-
stimulated B-glucosidase from H. insolens (HIiBG, PDB: 4MDP [31]), which share 39.9% of
sequence identity and reasonable structural homology (RMSD ~1.7 Aover 419 aligned
residues, Fig. 10A). In HIiBG, glucose tolerance has been ascribed tothe presence of large
hydrophobic residues at the subsite +2 (Fig. 10 A, green sticks) which act by narrowing the tunnel
that leads to the catalytic acidic residues and, consequently, limit product inhibition due to hindering
of glucose entry to subsite -1. In particular, HIBG Trp168 and Leul73 act as the “gatekeepers” of the
narrow tunnel at the aglycne-binding site (Fig. 10B, left panel) [32]. In M-GH1, the aglycone-binding
site region superimposes well with that of HiBG (Fig. 10A), apart from the loop between (38 and 39
which is shorter in M-GH1 (Fig. 4). The gatekeeping residues that narrow the tunnel between the
aglycone-binding site and the active site are conserved as Phel73 (instead of Trp) and Leul78 (Fig.
4 and Fig. 10B, middle panel), although the tunnel is about 1 A larger in M-GH1 relative to HiBG at
its narrowest point, measured in the crystal structures (Fig. 10B, left and middle
panels). Considering proteins as dynamic entities where the crystal structure represents only one
possible static conformation, we analyzed the protein's dynamics to investigate whether other

accessible M-GH1 conformations align with the hypothesis presented for HiBG [32]. In particular,



the gatekeeping role of M-GH1 Phel73 and Leul78 in glucose tolerance was analyzed by monitoring
their interactions with adjacent residues during MD simulations at 35 °C. Such analysis allows the
identification of a network of hydrophobic interactions involving Leul78, 11e326, Trp328, Trp409
and Ala410, tethering together a region that includes helix a8 (residues: 170-184), residues 298-331
and 409-413, thus narrowing the tunnel towards the active site (Fig. 10B, right panel). It is important
to point out that this analysis concerns the dynamics of these interactions, meaning that not all
observed interactions are present simultaneously in every protein conformation sampled during the
dynamics. Instead, they continuously form and break. More specifically, the lifetime analysis
of these hydrophobic interactions, which were not observed in the static crystal structure, indicates
that they are persistent for 57%, 28.3%, and 17% of the simulation time for Ile326-
Trp409/Ala410, Leul78-Trp328, and Leul78-Trp409/Ala410, respectively. In contrast, the position
of Phel73 during the simulations does not change and its interaction network with adjacent
hydrophobic side-chains was found unaltered. Overall, our structural and MD  results suggest
that the tunnel that leads from the aglycone-binding site to the catalytic acidic residues is narrowed
in M-GH1 as in HiBG and that only Leul78 acts as adynamic gatekeeping residue regulating

substrate access to active site, while Phel73 has a more static role.

DISCUSSION

M-GH1 is a bona fide cold-active enzyme characterized by high activity at low temperatures,
low thermal stability, and a heat labile active site [12]. Although knowledge of cold adaptation
mechanisms of GH1s is still limited, three different strategies have been described so
far: i) presence of a long and flexible loop involved in substrate binding, as observed in BglU [21]; ii)
loss of a salt bridge, in BgIM-G1 [19]; iii) tetramerization, as observed in B7 B-glucosidase
form Exiguobacterium antarcticum [20]. Compared to these enzymes, M-GH1 displays two specific
structural features: an overall high flexibility, particularly at the active site region residues 298-331
and the stapling of the N-terminal region, which contribute to the stabilization of the monomeric
structure of the enzyme. Sequence analysis reveals the topological similarity of this flexible M-GH1
region with loop L3 in BglU, suggesting a similar mechanism of cold adaptation but achieved by two

different evolutionary routes: the absence of “rigid” Pro residues in the M-GH1 loop, and loop



elongation to counteract the Pro richness in BglU (Fig. 8). On the other hand, the N-terminal stapling
found in M-GH1 can provide additional intra-molecular interactions resulting in a fine-tuned trade-
off between flexibility and stability (Fig. 3E,F). This is relevant in M-GHL1 that is monomeric,
whereas often in psychrophilic enzymes stabilization is achieved through inter-molecular
interactions, resulting in oligomerization [16,20,32]. Overall, these pieces of evidence support the
idea that cold adaptation is driven by the thermodynamic requirements of cold activity but can be
achieved by different structural signatures, depending on the specific protein [14,33].

M-GH1 has broad substrate specificity with B-galactosidase activity being the prominent one.
This behavior is uncommon in other GH1 members, in which usually the B-glucosidase activity is
higher than the -galactosidase one [34-38]. We hypothesize that this property is due to the plasticity
of a region close to the active site involved in the recognition of sugar moieties (i.e. loop 47-61, loop
298-331 and loop 407-413), as shown by MD simulations. The higher affinity of M-GHL1 to glucose
than to galactose leads to a more stable enzyme-substrate complex, which is reflected in a
lower k.. towards glucose compared with galactose.

In addition to its cold-activity, tolerance to glucose and galactose make M-GH1 attractive for
biotechnology exploitation. The activity from low to medium temperatures implies that M-GH1 can
be used in the transformation of thermolabile compounds [11,14,39], while glucose tolerance allows
its use in reactions that generate high glucose concentration, such as the conversion of cellobiose [29].
Although the molecular mechanisms of glucose tolerance in GH1 enzymes are still elusive, it is
plausible that this feature depends on the shape and the electrostatic properties of active site
entrance [29]. In glucose-stimulated HiBG, two hydrophobic residues (Trpl68, Leul73) act as
gatekeeping residues for the active site and reduce the size of subsite +2, thus limiting glucose entry
to subsite -1 [31]. Sequence analysis indicates that the main difference between M-GH1 and HiBG is
the conservative substitution of the gatekeeping Trp with a Phe (Phel73), while the Leu residue
(Leul78) is conserved in M-GH1. Accordingly, oth residues contribute- to narrow the tunnel between
subsite +2 and the active site in M-GH1, and the MD simulations indicate that the Leul78 residue
plays a major dynamic role in regulating substrate access to active site, thus increasing
glucose tolerance. This observation aligns with the hypothesis proposed for HiBG [32] which

correlates glucose tolerance with a restricted access to the active site.



In conclusion, M-GH1 combines cold activity with glucose tolerance, making it exploitable
in various biotechnological applications. Furthermore, our work points out that the same mechanism
of cold adaptation can be pursued through alternative structural solution, which are likely related to

specific evolutionary history of each enzyme.

Materials and Methods

Recombinant production of M-GH1

The sequence (NCBI:WP_100188174.1), encoding for a putative p-galactosidase (M-GH1),
was identified from the genome of Marinomonas sp. efl using Prokka 1.12 [40]. Sequence analyses
were performed using Interpro software [41,42]. The full-length sequence of M-GH1, encoding for
residues 1-447, was codon-optimized for the expression in E. coli cells, synthetized and cloned in
frame with a C-terminal 6xHis tag in the pET-21a vector (Novagen), using Ndel and Xhol restriction
sites (Genscript, Piscataway, NJ, USA). The C-terminal Leu-Glu-6xHis-tag contains the residues
encoded by the Xhol restriction site (Leu, Glu) and 6xHis tag.

Recombinant M-GH1 was produced in Zym-5052 medium [43] supplemented with 100 mg/L
ampicillin. Cells were harvested by centrifugation at 4 °C for 10 min at 5000 g, resuspended in lysis
buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl and 10 mM imidazole) and lysed using a
cell disruptor (Constant Systems Ltd, Daventry, UK) at 172.4 MPa. Recombinant M-GH1 was
purified from clarified crude extract (20 min at 6000 g at 4 °C) by metal ion affinity chromatography
on a nickel-nitrilotriacetic acid agarose resin (Avantor, Radnor, Pennsylvania, US). Elution was
carried out with an elution buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl and 10 mM
imidazole). Fractions containing the highest protein concentration were pooled and buffer-exchanged
using a PD10 Desalting column (GE healthcare, Little Chalfont, UK), pre-equilibrated with 10 mM
sodium phosphate buffer (PB) pH 7.0 (assays) or 10 mM Tris-HCI pH 7.0 (crystallization).
The protein concentration was determined using the Bradford protein assay (Bio-Rad, California,

USA), using bovine serum albumin as a standard, according to the manufacturer’s protocols.

SEC analysis
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The quaternary structure of M-GH1 was determined by SEC using the NGC Quest 10 Plus
Chromatography System (Bio-Rad, California, USA), equipped with a Superdex 75 10/30 column
(GE Healthcare, Little Chalfont, UK) with a MW cutoff of 3-75 kDa, following a protocol
described earlier [44]. The calibration curve for MW determination was made with the following
standard: bovine serum albumin (MW 66.5 kDa), ovalboumin (MW 43 kDa), lipase B of Candida
antarctica (MW 34.7 kDa), green fluorescence protein (MW 27.5 kDa) and cytochrome C (horse
heart, MW 12.4 kDa). For each standard protein the distribution coefficient (K.) was calculated using

the following equation:

where V. is the elution volume, V, the void volume (8.2 mL), which is determined with blue dextran
(MW 2000 kDa) and V; the total volume, determined with Uracil (MW 0.112 kDa). The calibration
curve Log(MW) vs. K,was built and the interpolated linear equation used to calculate M-

GH1 molecular weight from their K, values.

M-GH1 activity assays

M-GH1 substrate specificity was assessed for several synthetic substrates purchased from
Merck (Merck, Darmstadt, Germany): oNPGal, pNPGlu, pNPCIb, pNPXyl and pNPMan. Assays
were performed at 25 °C in 10 mM PB. After 3 min, the reaction was stopped by adding an equal
volume of 1 M sodium carbonate buffer, pH 11.0, and the absorbance was measured at a wavelength
of 420 nm for oNPGal (molar extinction coefficient: 4.6 mM--cm~) or 405 nm for the other substrates
(molar extinction coefficient: 18.6 mM--cm) using a Jasco V-770 UV/NIR spectrophotometer
(JASCO Europe, Lecco, Italy). All the reactions described in this section were initiated upon addition
of 0.1 ug of enzyme to 1 mL of reaction. One unit of enzyme activity was defined as the amount of
enzyme required to catalyze the formation of 1 umol per min of o- or p-Nitrophenol. Experiments
were performed in quadruplicate.

The optimum pH and temperatures for M-GH1 activity were determined using oNPGal as a
substrate, spanning a pH range of 4-10 at 35 °C and a temperature range of 5 °C to 85 °C, at pH 7,

respectively. The maximum activity was expressed as 100% for normalization.



Long-term thermal stability of M-GH1 was explored by measuring its residual activity
towards oNPGal, at 35 °C after incubating the enzyme (0.25 mg/mL) in 10 mM PB, pH 7.0 at 5 °C
for 21 days, 25 °C for 56 h and 35 °C for 8 h. Initial activity was given as 100% for normalization.

The kinetic parameters of M-GH1 were determined using different concentrations of oNPGal
and pNPGlu in PB at optimum pH and temperature, in the absence and in the presence of 0.5 M, 1 M
or 2 M of glucose or galactose. Kinetics parameters were calculated using the OriginLab software

(OriginLab Corporation, Northampton, USA) and nonlinear fitting of the Michaelis-Menten equation.

CD spectroscopy

The unfolding temperature of M-GH1 was determined by measuring the variation of circular
dichroism (CD) signal at 208 nm as a function of temperature, ranging from 5 °C to 90 °C, with a
JASCO J-815 spectropolarimeter (JASCO Europe, Lecco, lItaly), equipped with a Peltier
thermoregulation system, using a 0.1-cm pathlength quartz cuvette. Measurements were performed
in triplicate with a data pitch of 1 °C and a temperature slope of 0.5 °C/min. The fraction of folded

protein was calculated using the following equation:

where 6 is the molar ellipticity at 208 nm recorded at a given temperature, 0. is the molar ellipticity
at 208 nm recorded at 90 °C and ... is the molar ellipticity at 208 nm recorded at 5 °C. Experiments
were performed in triplicate.

Long-term thermostability was assessed by measuring the CD signal at 208 nm after incubating
the enzyme in PB, pH 6.0 at 4 °C for 23 days, 25 °C for 3 days and 35 °C for 8 h. CD spectra were
collected in the 190 - 260 nm range at the beginning and at the end of the experiments. Measurements
were carried out with 0.2-nm data pitch and 20-nm/min scanning speed. All spectra were corrected
for buffer contribution, averaged from two independent acquisitions, and smoothed using a third

order, least squares polynomial fit.

Crystallization of M-GH1



Purified M-GH1 was crystallized using an Oryx4 crystallization robot (Douglas Instruments).
Crystallization screens were performed at 20 °C, mixing 12.4 mg/mL M-GH1 with crystallization
solution, with protein volumes of 30%, 50% and 70% in the final drop volume of 400 nL. Drops were
deposited in 96-well flat-bottomed CrystalQuick™ sitting drop plates (Greiner Bio-One) containing
100 pL of each of the 96 PACT Premier screen conditions (Molecular Dimensions, Ltd). M-
GH1 crystals grew over 2-4 days in 50% protein drop in an optimized condition of PACT condition
G1, containing 22% (w/v) PEG 3500, 0.1 M sodium fluoride (NaF) and 0.1 M Tris-HCI pH 8.5.
Crystals were briefly soaked in cryoprotectant solution (30% (v/v) ethylene glycol,
30% (w/v) PEG3350, 0.1 M NaF, 0.1 M 0.1 M Tris-HCI pH 8.5 before cryo-cooling in liquid nitrogen

for data collection.

X-ray data collection and M-GH1 structure determination
X-ray diffraction data were collected on a single orthorhombic M-GH1 crystal at 100K on the
ID30A-3 beamline at the European Synchrotron Radiation Facility (ESRF, France). Reflections were
reduced using XDS [45] and scaled with Aimless [46] from the CCP4 suite [47]. The structure was
solved by molecular replacement using PHASER [46] and a lower resolution, unpublished M-GH1
crystal structure as a search model. The low-resolution M-GHL1 structure was in turn obtained by
molecular replacement using the ancestral glycosidase (family 1) as a search model (PDB-code
6Z1H [48]), after trimming non-identical residues to Ala. The initial molecular replacement solution
was subjected to subsequent cycles of manual building in Coot [49] and refinement with
phenix.refine [50].
The geometry of the final model was checked and validated using Molprobity [51]. Structure
solution and refinement statistics are reported in Table 2. Structure factors and atomic coordinates

have been deposited in the PDB (www.rcsb.org) under entry code 8PUO.

MD simulations
MD simulations were carried out using the AMBER software package (version 18) [52,53];
with the ff14SB force field [54], using its GPU-accelerated pmemd.cuda utility during equilibration

and production, and sander otherwise [55]. Simulations employed the experimental crystal structure
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of M-GH1; residues were modeled in their standard protonation states at physiological pH, as
predicted by PROPKA, version 3.2 [56]: this resulted in Glul71 side chain being protonated
and His residues 8, 126, 132, 185, 200, 206, 303, 343, 435 being protonated on Ne&2, and His 64,65,
201, 381 being protonated on Nol. Hydrogen atoms were added using the tleap utility
in AmberTools (version 19) [52].

The solute was explicitly solvated in a triclinic box with 44871 TIP3P water molecules [56,57],
keeping a minimum distance of 1.1 nm between the solute and the edges of the solvent box, and then
rendered electroneutral by the addition of sodium counterions. 100 mM NaCl was added.
Crystallographic waters were taken from the crystal strcture of M-GH1. The global system consisted
of 141706 atoms.

To remove any bad contacts between solute and solvent, the system was minimized with

position restraints on the solute coordinates except for hydrogen atoms, with 150 steps of steepest
descent followed by 150 steps of conjugate gradient. A cutoff of 10 A was used for Coulomb and van
der Waals interactions. The whole system was then minimized with 150 steps of steepest descent
followed by 150 steps of conjugate gradient without restraints.
The temperature of the system was then increased to 278 K or 308 K in the NVT (constant number
of particles, constant-volume, constant-temperature) ensemble running 20 ps of MD with weak
positional restraints on the on C+atoms of the protein with the Langevin thermostat [57] (harmonic
restraints on C- atoms: k = 5.0 kcal mol+ A, collision frequency 0.75 ps+, 2 fs time-step).

The systems were then equilibrated at 278 K and 308 K for 5 ns with a 2 fs time step in
periodic boundary conditions in the NPT (constant number of particles, constant-pressure, constant-
temperature) ensemble to set the pressure of the system to 10s Pa. The electrostatic interactions were
treated using the particle mesh Ewald method with a cutoff of 10 A [58]. The same cutoff was used
even for short-range Lennard-Jones interactions. Bonds involving hydrogen atoms were constrained
with the SHAKE algorithm [59].

Three independent MD replicas (different random seeds) were carried out for M-GHL1 at
278 K and 308 K. Long-range electrostatic interactions were treated by particle mesh Ewald
method [58] with a cutoff distance for the Van der Waals and Coulomb interactions of 10 A. Each

replica’s production stage was 500 ns in length, with a 2 fs time-step with SHAKE algorithm [59] in



the NVT ensemble (with a temperature of 278 K and 308 K enforced via Langevin’s thermostat [57];
collision frequency 1 ps+, and a 1 atm pressure).
Analyses of MD trajectories were carried out with the cpptraj program distributed within

the AmberTools suite (version 19) [52] or with code written in-house.

Docking calculations

oNPGal and pNPGIu, pNPCIb, pNPXyl, pNPMan were docked with the Glide docking
program (Schrddinger Release 2022-3: Glide, Schrodinger, LLC, New York, NY, 2021) on the crystal
structure of M-GH1 [60].
The Protein Preparation Workflow in Maestro (Schrddinger Release 2022-3: Maestro, Schrodinger,
LLC, New York, NY, 2021) was used to prepare the receptor protein for docking calculations. The
hydrogen bonding network was optimized with default settings. An all-atom restrained minimization
was performed on the structure with a termination criterion, based on the RMSD of 0.3 A on the
heavy atoms relative to their initial location, with the OPLS_2005 force field [61].

Ligand preparation was carried out by processing the 3D structures of all ligands with the
LigPrep module of Schrodinger (Schrodinger Release 2022-3: LigPrep, Schrodinger, LLC, New
York, NY, 2021). The minimization step was performed using the OPLS_2005 force field [61].

The grid which represents the active site of the receptor protein for Glide ligand docking
calculations was generated on the prepared M-GHL1 structure. The position of the grid
was determined via pairwise structure alignment with the hydrolase SghA (PDB: 6RJO [62]) with
which M-GH1 shares 47% sequence identity (backbone atom RMSD of 1.6 A). SghA was crystalized
in complex with 2-(hydroxymethyl)phenyl B-D-glucopyranoside, therefore the position of the ligand
resulting from structure alignment was used to center the grid on the M-GHL1 binding site. No
modifications were applied to default settings.

Rigid receptor protein and flexible ligand docking calculations were performed in standard
precision mode with the OPLS_2005 force field [61]; adjustment of the receptor protein to the
presence of the ligand was explored with the Induced Fit Docking protocol (standard
mode) (Schrodinger Release 2022-3: Induced Fit Docking protocol; Glide, Schrédinger, LLC, New
York, NY, 2021; Prime, Schrodinger, LLC, New York, NY, 2021); nonplanar conformations of



amide bonds were penalized, van der Waals radii were scaled by 0.80, and the partial charge cutoff

was fixed to 0.15. No further modifications were applied to default settings.

Statistical analyses
Unless otherwise indicated, experiments were performed in triplicate. Statistical analyses were
performed using OriginLab software (OriginLab Corporation, Northampton, USA). p-values were

determined using an unpaired two-tailed t-test.
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Table 1. Kinetic parameters of M-GH1 measured in the absence (K. and k.) and in the

presence (K)) of glucose and galactose.
Ku Kot K
(mM) (s9) (mM)
Glucose Galactose

oNPGal 52+04 17.9+0.3 351 +49 563 + 58
pNPGIlu 0.2+0.1 13.2+04 161 + 32 251 + 27




Table 2. X-ray data collection and refinement statistics.

M-GH1
(PDB: 8PUQ)

Crystal
Space group P2.2.2
Unit cell dimensions 103.2, 201.1, 47.8
a,b,c(A); o B y() 90.0, 90.0, 90.0
Data collection
Beamline ESRF ID30A-3
Wavelength (A) 0.9677

Resolution (A)
Total reflections
Unique reflections

67-1.8 (1.8-1.9)*
976400 (117976)
91533 (12892)

Rierge 0.083 (0.986)
Riness 0.087 (1.038)
l/o(l) 16.2 (2.3)
*CCu 0.999 (0.805)
Completeness (%) 98.3 (96.0)
Average redundancy 10.7 (9.2)
Wilson B-factor (A?) 20.5
Refinement
Resolution (A) 45.9-1.8
No. reflections 91394
R/ R 0.165/0.189
No. molecules
(non-H atoms) in
the asymmetric unit
Protein 2 (7129)
Water 625
Tris 2 (16)
Ethylene glycol 24 (96)
Average B factors (A7)
Protein 27.15
Water 35.8
Tris 36.9
Ethylene glycol 37.2
RMSD from ideal values
Bond lengths (A) 0.018
Bond angles (°) 1.27
Clashscore 2.8
Ramachandran
Favored (%) 99.1
Allowed (%) 100

* Values in parenthesis correspond to the high-resolution shell. For cross-validation, 5% experimental reflections were randomly
selected to calculate the Ry.. value.

Y Riege = Zn 2 |<|n> — i Vzn 2 s

# Ruess = Zn [NW/(Ni — D)]»2 Zf<1v> - 1 |/Z, Zi i, where N, is the data multiplicity.

+ CC.. is the correlation coefficient of the mean intensities between two random half-sets of data.



Table 3. Free energies of binding for M-GH1 substrates.

Ligand Predicted binding free energy
(kcal/mol)

oNPGal -8.7+0.1

pPNPGIu -8.1+0.1

pNPClb -8+1

pNPXyl -74+0.3

pNPMan -6.4+0.2
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Fig. 1. Biochemical characterization of M-GH1. (A) Marinomonas sp. efl B-glucosidase (M-
GHL1) substrate specificity. Reactions were carried out on orto-Nitrophenyl p-D-galactopyranoside
(oNPGal), para-Nitrophenyl B-D-glucopyranoside (pNPGlu), para-Nitrophenyl B-D-cellobioside
(pNPCIb), para-Nitrophenyl  B-D-xylopyranoside  (pNPXyl), and para-Nitrophenyl  B-D-
mannopyranoside (pNPMan), at 25 °C in 10mM sodium phosphate buffer (PB), pH 6.5; specific
activity towards oNPGal was taken as 100%. Error bars indicate standard deviations of four
independent experiments (n=4). (B) Effects of pH on M-GH1 activity at 35 °C and (C) effects of
temperature on M-GH1 activity in 10 mM PB at pH 7.0. Activity was measured using oNPGal as a
substrate. (D) Thermal stability of M-GH1. Ellipticity values were recorded at 208 nm over an
increasing temperature gradient from 5 to 90 °C. The fraction of folded protein was calculated as
described in the Material and Methods section. All experiments were performed in triplicate after
incubating the enzyme in 10 mM PB, pH 6.0. The shadowed area refers to the standard deviation of
the data (n=3).
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Fig. 2. Long-term M-GH1 thermal stability. Residual activity towards orto-Nitrophenyl B-D-

galactopyranoside (0ONPGal) was monitored after incubating the enzyme at 5 °C (A), 25 °C (B) and
35 °C (C). The activity measurements at time O were normalized as 100%. Far UV circular
dichroism (CD) spectra were collected at 5 °C (D), 25 °C (E) and 35 °C (F) at the beginning (black
line), after 8 h (blue line) and at the end (red line) of each kinetics. All experiments were performed
in triplicate and the shadowed area refers to the standard data deviation (n=3).
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Fig. 3. Oligomerization state and 3D structure of M-GHL1. (A) Size-exclusion
chromatography (SEC) analysis of Marinomonas sp. efl B-glucosidase (M-GH1). The gel filtration
profile revealed a single peak at the elution volume of 12.2 mL, indicating that M-GH1 is in a
monomeric state in solution (molecular weight of 49.5 + 2.2 kDa). Experiments were performed in
triplicate (n=3). (B) Overall secondary structure organization of M-GH1 shown in ribbons, with
secondary structure labels. (C) Secondary structure ribbon representation of chain A of M-
GH1 (orange) superimposed with BgIM-G1 (47% sequence identity and a RMSD of 1.6 A; grey;
PDB: 5NS6 [19]), MeBgID2 (48% identity and 1.1 A RMSD; light blue; PDB: 5XGZ [22]) and
glucose-tolerant compost genome GH1 B-glucosidase Td2F2 (44% identity and 1.2 A RMSD; green;
PDB: 3WH5 [22]). M-GHL1 structural homologs were identified using the DALI server [24]. The N-
and C-termini of M-GHL1 are indicated, and the catalytic Glu171 and Glu355 are shown in green
and yellow sticks, respectively. (D) Superposition of M-GH1 with BgIM-G1, (grey, PDB:
5NS6 [19]). The most evident structural deviations are highlighted in grey shading and the residue
numbers are shown. The catalytic Glu171 and Glu355 residues are shown in green and yellow sticks,
respectively. The N-terminus of M-GH1 is shown, whereas the C-terminus is not indicated
because it hidden by the structure. (E) Electrostatic surface representation (red and blue coloring
indicate negative and positive regions, respectively) of the M-GH1 monomer, illustrating the
“stapling” of the first six N-terminal residues (yellow sticks) that fold back towards the core of the
protein. The N and C termini are labeled and the first five N-terminal residues are labeled in single
letter code. The Coulombic electrostatic potential color coding is shown. (F) Stapling interactions.
For simplicity only M-GH1 secondary structure elements are shown in orange ribbons. Residues that
form stabilizing interactions with N-terminal residues (yellow sticks) are indicated as cyan sticks and
labeled using a one-letter code. H-bonds between Thr4 and Asp379 (3.1 A) and Asn383 (2.9 A) are
indicated as dashes. Panels B-F were prepared using UCSF Chimera [63].



M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-Gl1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

M-GH1
BglM-G1
MeBglD2
Td2F2
HiBG
BglU

ni L >—iol —WG2N —
_____________ MSITLPSHSKMLTSDFIFGVATASFQIEGATTADNRLPSIWDTFCAT
_____________________ MKKWGDMFTWGVSTSSYQIEGAANQGGRGPSIWDTFSKI
--------------- VSTQONEPHRFPPDFQWGVATSSYQIEGAVEADGRSPSIWDTFCAR
___________________ MAGERFPADFVWGAATAAYQIEGAVREDGRGVSIWDTFSHT
______________________ MSLPPDFKWGFATAAYQIEGSVNEDGRGPSIWDTFCAI

—————————————— MMNHLSQKFAWPKEFLWGSATAAAQIEGAGHSYGKEDSVWDAFARK
*oak aksa kkkk. Lr Kakkax
a3

B2 —d ———— g5
PGKVKGMDNGEVACDHYHLWEQDIQLIKDLGVDAYRLSIAWPRVMD-KKG--EANQAGLD
PGAVANGDNGDVACDHYHRYNEDLDLMKWLGVGAYHFSIAWPRVIPSGYG--ALNKEGMD
PGAIADGSTGAIANDHYHRYREDIAIMKQLGVNAYRFSIAWPRILPDGRG--RVNQAGVD
PGKIADGTTGDVACDSYHRYGEDIGLLNALGMNAYRFSIAWPRIVPLGAG--PINQAGLD
PGKIADGSSGAVACDSYKRTKEDIALLKELGANSYRFSISWSRIIPLGGRNDPINQKGID

EGAIAGGENLEVAVDHYHRYREDVQLMRELGLDSYRFSTSWARVVP-GGR--TVNPEGLD
* H " 2 :* * *: :*: S8 o * % ':*--* * * . L33 * *:*
as B3 a6 —n2— a7

FYRNLLKKLKAEGLTVFATLYHWDLPQHLEDKGG-WLN-RETAYQFKNYADLVTKELSEW
FYDRLIDGALERGITPWPTLYHWDLPQSLQODKGG-WNN-RDCAYWFAEYSQKMAEAFSDR
FYERLVDSLLEQGIEPYATLYHWDMPQVQHDRTP-WYD-RGVVDAFVEYTDVITRRLSDR

HYSRMVDALLGAGLQPFVTLYHWDLPQPLEDRLG-WGS-RATATVFAEYADIVVRQLGDR
HYVKFVDDLIEAGITPFITLFHWDLPDALDKRYGGFLNKEEFAADFENYARIMFKAI-PK
FYSRLVDELLENGILPWLTLYE'DLPQALEERGG WIN-RETSYKFLEYAETVHEKLGDR
s ** *** * o] . P @ * :*: -

— B4 a8 — a9

VDSWATFN'PFCAAILGYEEGEHAPGLSKPEFG —————————— RQAAHHILLAHGLALPV
LKNWITIN'PFCSAWLGHLYGVMAPGIKDLKTG —————————— INASHHLLLGHGLATKA
VKYWMTLH'PWVISFLGYGAGEHAPGLRDKELY —————————— LRAAHHVLLAHGKAMPV
VTHWATLN'PWCSAMLGYYLGVHAPGHTDLKRG ---------- LEASHNLLLGHGLAVQA
CKHWITFN'PWCSAILGYNIG!FAPGHTSDRSKSPVGDSAREPWIVGHNILIAHARAVKA
VKHWTTFNIPLCSSLIGYAAGEHAPGRQEPQAA —————————— LAAVHHQHLAHGLATAR

* *:*** H :*: * * Kk k 5 & = *: :.*. *

a9 —— B5 —P6 al0 —all

IRKNA--P-KSQVGIVLNMNRSYAAS-EKAEDQFACLMRETLDNQFFIEPLMKGQYPQLL
IREVS---SELKVGITLNFTPAITLG-ESSEDKLAVELADGFDNRWFGDPVFKAKYPEDI
IRANG--NAQTKAGIVLNLNWVNAAS-DSPEDQAAARRYDQFFNRWFAEPLYNGRYPEEL
MRAAA--PQPLQIGIVLNLTPTYPAS-DSPEDVAAARRFDGFVNRWFLDPLAGRGYPQDM

YREDFKPTQGGEIGITLNGDATLPWDPEDPADIEACDRKIEFAISWFADPIYFGKYPDSM
LRELG----AEHIGITLNLTNAVPNNPGDPVDLEAARRVDALWNRMYLDPVLRGSYPEDL
* 5 **_** 3 3 * * . H :*: **:

all—n3 al2 B7 B8

KTVAPQY--LPTVLPGDMDIISQPIDFLGMNFYTCNHNAYDA-DD=—==m= === mm————
VKAFGKE---VPIHPGDMEIISTPLDYLGLNYYFRQTVEYDA-TAKPL-—-————————=—
LEWYGRD--LVPVQPGDFDIITTPTDFLAVNYY¥ARTTVKAGS-TDPML--—-—————————
LDYYGAA--APQANPEDLTQIAAPLDWLGVNYYERMRAVDAPDA-SLP--——————————
RKQLGDR--LPEFTPEEVALVKGSNDFYGMNH¥TANY IKHKTGVPPEDD-—————————~—

LEDVQGLGLAEVIEAGDLEIISQPIDFLGVNH!HDDNVSGHPLPAGQPQPVVPTDSPKSS
- *» * *

B9 al3 B10 —

----- MFKNVKNS----QTV-EYTDIG'EIAPQAFTELLVNLHKQYT LPPIYITENGAA

~~~~~ PYKQVTAP~~———NV-ERTGMG’EVHAQSFTELLERVSKEYK PKEIFITENGSA

————— QVDFVRP~======PG~ EYTAMD!EVYPQGLYNILNWLHTDYA PPALYVTENGAA

————— QAQRLDD------PDLPHTAD-REVYPEGLYDILLRLHNDYP-FRPLYITENGCA

-FLG-NLETLFYNKYGDCIGPETQSFWLRPHAQGFRDLLNWLSKRYG-YPKIYVTENGTS
PFVGSEYVTFPAR————DL——PRTAMG!EVNPEGLRVLLNRLNQDYANLPSLYITENGAS

> S s $igig Fedodkk
ald 511 n4
CADQI--I-DGEINDEQRVRYLDGHINAVNHAI-ESGVDIRGYFAWSLMDNFEWAEGYSK
WDDEV~--V-DGKVDDPNRVSYLERHLDAMFAAK-NKGVPISGYFAWNSLIDNFEWAYGYAK
YDDQV--SAAGEVDDPQRLAYLEGHFEAAYRAI-QAGIPLKGYFVWSLMDNFEWGRGFEK
LHDEI--AEDGGIHDGQRQAFFEAHLAQLQRAL-AAGVPLKGYFAWSLLDNFEWAMGLSM

LKGENDMPLEQVLEDDFRVKYFNDYVRAMAAAVAEDGCNVRGY LANSLLDNFEWAEGYET
YTDTV--TEAGTVEDPEREEYILNHLDAVVRAI-ADGVDVRGYFVWNSLLDNFEWAWGYAK
* ok .. s * k. kka kkkakkkkk ok

—BlZ — Bl3 — G5
REGLTYVDYQTQE-RTIKRSGHAYRTLLNNRK-—-—————~— 446
RFEGIIYVDYQTQK-RIPKSSAYYYQKRIKESG---—--—-~— 440
REGIVFVDYATQQ-RIIKRSGKWFSQVTRANGLPAPQTTLE 457
RYGICYTNFETLE-RRIKDSGYWLRDFIAGQRGKLAA--—--— 449
REGVTYVDYANDQKRY PKKSAKSLKPLFDSLIRKE--—--- 476
REGITIHVDYQTQV-RTIKNSGKAYAGLIAANRT —-——-———- 470

KIHS wwdd S

47
39
45
41
38
46

104
97
103
99
98
103

162
155
161
157
157
161

212
205
211
207
217
211!

268
261
268
264
277
267

31.0
305
313
309
324
327

359
353
360
356
381
381

415
409
417
413
441
438



Fig. 4. Structure-based sequence alignment of M-GH1 with protein homologs. Schematic
representation of the secondary structure organization of Marinomonas sp. efl -glucosidase (M-
GHL1) in relation to amino acid sequences (taken from the PDB structures), and multiple alignment
(carried out using Clustal Omega [64]) with the top three closest structural homologs (black
font): BgIM-G1 (PDB: 5NS6 [19]) MeBgID2 (PDB: 5XGZ [22]) and Td2F2 (PDB: 3WHS5 [23]).
Additionally, cold-active GH1 from the Antarctic bacterium Micrococcus
antarcticus (BglU, PDB: 3W53 [21]) and glucose-tolerant Humicola insolens (-
glucosidase (HiBG, PDB: 4MDP [31]) were also aligned, both shown in blue font. The sequence
alignment was manually corrected based on 3D structure comparison. Catalytic Glu171 is shaded in
green and Glu355 in yellow. Active site residues (glycone subsite) and Trp328 are highlighted in grey
and cyan, respectively. Residues belonging to the aglycone subsite of HiBG and the corresponding
residues in M-GH1 are underlined. Putative “gatekeeping” residues F173 and L178, at the entrance
of the substrate binding pocket, are highlighted in pink. Identical and similar residues are indicated
by asterisks and dots, respectively.
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Fig. 5. The GH1 active site and comparison with ligand-bound structures of compost genome
GH1 B-glucosidase Td2F2. (A) Surface representation of the Marinomonas sp. efl p-
glucosidase (M-GH1) monomer. The active site pocket is highlighted in red. Green and
yellow coloring refer to the location of Glul71 and Glu355, respectively. (B) Detailed view of the
active site with conserved residues (blue sticks), surrounding the catalytic Glu171 (green sticks) and
Glu355 (yellow sticks). Residues are labeled using the one-letter code. The structure is oriented as
in panel A. (C). Secondary structure ribbon representation of Chain B of M-GH1 (orange) with a Tris
molecule (derived from the crystallization buffer; cyan sticks) present in the active site, superposed
with Td2F2 bound to glycerol (green; PDB: 3WH5), D-glucose (blue; PDB: 3WHS6), isofagomine
(yellow; PDB: 3WH7) and D-fucose (grey; PDB: 3WHS8) [23]. Superpositions were made using
SuperPose [65]. Ligands of M-GH1 homologs are shown as sticks and colored in line with the color
of their corresponding receptor protein structure. Oxygen and nitrogen atoms are colored red and
blue, respectively. The catalytic residues Glul71 and Glu355 are indicated as a reference. The upper
inset highlights the H-bonds (bond length range 2.5-3.3 A; black dashes) made between the Tris
molecule and M-GH1 active site residues that are labeled accordingly. Water molecules that
participate in stabilizing H-bonds are also shown as red spheres. The lower inset underlines the
superimposable ligand positions between all structures. This figure was prepared using UCSF
Chimera [63]).



'\

3 M’ 1

L /f
. eao
£

\ E
-
1
'}
T
\
/8 -~
N
£ o«

\ “(' ) T F ) ! %"‘ j
N229 PN iy [ Fa17, ) Fa17 — (=
Y299 N - w328 A\

QB ~0) AN
= pNPMan

Fig.6. Binding of the tested substrates substrates to M-GH1. In silico docking of tested substrates
was carried out on the Marinomonas sp. efl B-glucosidase (M-GHL1) crystal structure: (A) orto-
Nitrophenyl -D-galactopyranoside (oNPGal), (B) para-Nitrophenyl B-D-
glucopyranoside (pNPGlu), (C) para-Nitrophenyl p-D-mannopyranoside (pNPMan), (D) para-
Nitrophenyl B-D-xylopyranoside (pNPXyl), and (E) para-Nitrophenyl [-D-cellobioside
(pPNPCIb) bound at the active site. Residues lining the active site are shown in sticks and labeled using
a one-letter code. Hydrogen bond interactions are marked by black dashed lines (distance between
donor and acceptor atoms within 2.5-3.3 A). T-shaped = stacking interaction of the nitro-phenyl
moiety of the substrates with the side chain of Trp328 is marked by a red dashed line. Figures were
prepared using UCSF Chimera [63].
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Fig. 7. MD simulations and covariance analysis of M-GH1. (A) Distributions of all-atom root-
mean-square deviation (RMSD) values for MD simulations carried out at 5 °C (black line) and 35 °C
(red line), using the Marinomonas sp. efl B-glucosidase (M-GH1) crystal structure as reference.
(B) Per-residue root-mean-square fluctuations (RMSF) (A) for MD simulations at 5 °C (black line)
and 35 °C (red line). Arrows and labels highlight protein regions with high RMSF. (C) Covariance
analysis of the C- carbons of M-GHL1. Projection of the RMSFs of C- carbons of each residue on the
first eigenvector for the simulation at 5 °C (upper panel) and on the first and second eigenvectors for
the simulation at 35 °C (lower panel).

Three independent MD replicas (different random seeds) were carried out for each
temperature (n=3). (D) Mapping RMSF fluctuations of all atoms onto the M-GHL1 crystal structure.
Regions that display fluctuations exceeding 0.7 A, as observed in the RMSF profile, are highlighted
in orange with corresponding residue numbers specified. Catalytic residues Glul71 and Glu355 are
represented by green and yellow sticks, respectively. Residues E408 and W409 are shown in gray
sticks. The inset displays interacting residues of loops 47-61 and 407-413. Black dashed lines mark
hydrogen bond interactions (distance between donor and acceptor atoms within 2.5-3.3 A). Figures
were prepared using UCSF Chimera [63].
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Fig. 8. Sequence and structure comparisons of GH1 and BglU. (Upper panel) Sequence alignment
of region 298-336 of Marinomonas sp. efl B-glucosidase (M-GH1) with that of GH1 from the
Antarctic bacterium Micrococcus antarcticus (BglU: residues 294 to 357) performed with Clustal
Omega [64]. Secondary structure elements were extracted from the 3D structure of M-GH1, and Pro
residues are highlighted in yellow. (Lower panel) Secondary structure ribbon representation of Chain
B of M-GH1 (orange) superposed with BlgU (blue) (PDB: 3W53 [21]). The N-terminus of M-GH1
and B-strands 7, 8 and 9 are labeled. The C-terminus is not indicated because hidden by the
structure. The BlgU Pro-rich loop is shown in green. Proline residues are labeled using the one-letter
code. This figure was prepared using Chimera UCSF [63]).
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Fig. 9. Inhibitory effects of glucose and galactose on M-GH1 activity. Steady-state Kinetics
of Marinomonas sp. efl B-glucosidase (M-GH1) were carried out in the absence and in the presence
of different concentrations of glucose (A, C) and galactose (B, D), as reported in the figure legend.
Michaelis-Menten kinetics were recorded using increasing concentrations of para-Nitrophenyl B-D-
glucopyranoside (pNPGIu) (A, B) or orto-Nitrophenyl B-D-galactopyranoside (oNPGal) (C, D) as
substrates. Error bars indicate standard deviations on three independent experiments (n=3).
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Fig. 10. Superposition of M-GH1 with glucose bound H. insolens B-glucosidase and the gate-
keeping role of L178. (A) Secondary structure ribbon representation of Chain A of Marinomonas sp.
efl B-glucosidase (M-GH1; PDB: 8PUO, brown) superposed with glucose-bound H. insolens 3-
glucosidase (HiBG; PDB: 4MDP, blue [31]). HiBG-bound glucose (orange sticks), and the Tris
molecule bound in the active site of M-GH1 (cyan sticks) are shown. Residues of the glycone and
aglycone subsites of HIBG are shown in orange and green sticks, respectively, and labeled with the
one-letter code. HiBG gate-keeping residues Trpl68 and Leul73 (magenta sticks and magenta
labeling), and Phel73 and Leul78 of M-GHL1 (yellow sticks) are also shown. Nitrogen and oxygen
atoms are shown for ligands in blue and red, respectively. (B) Surface representation (transparent
gray surface) and structural comparison of the active-site entrances of HiBG (PDB: 4MDP), and M-
GH1 (PDB: 8PUO and a representative protein conformation from MD simulations). Residues that
delineate the respective active-site entrances are shown in green sticks with the “gatekeeping”
residues in magenta and yellow sticks for of HiBG and M-GH1, respectively. The active site
cavity in HiBG and M-GH1 is identified by the position of the bound-Tris molecule, shown in cyan
sticks. Distances indicating the minimal width of the tunnel connecting the aglycone-binding site and
the active site are shown as dashed lines. Additionally, the closest distances between the C atoms of
the side chains of 11e326-Ala410, and Leul78-Trp409 are also shown in the right panel. The protein
orientation shown in panel B is similar to that of panel A. This figure was prepared using UCSF
Chimera [63].
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