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Abstract: Factors that give enzymes stability, activity, and substrate recognition result from the
combination of few weak molecular interactions, which can be difficult to study through rational
protein engineering approaches. We used irrational random mutagenesis and in vivo selection to test
if a β-glycosidase from the thermoacidophile Saccharolobus solfataricus (Ssβ-gly) could complement an
Escherichia coli strain unable to grow on lactose. The triple mutant of Ssβ-gly (S26L, P171L, and A235V)
was more active than the wild type at 85 ◦C, inactivated at this temperature almost 300-fold quicker,
and showed a 2-fold higher kcat on galactosides. The three mutations, which were far from the active
site, were analyzed to test their effect at the structural level. Improved activity on galactosides was
induced by the mutations. The S26L and P171L mutations destabilized the enzyme through the
removal of a hydrogen bond and increased flexibility of the peptide backbone, respectively. However,
the flexibility added by S26L mutation improved the activity at T > 60 ◦C. This study shows that
random mutagenesis and biological selection allowed the identification of residues that are critical in
determining thermal activity, stability, and substrate recognition.

Keywords: carbohydrate active enzymes; archaea; glycosidase; Sulfolobus solfataricus; Saccharolobus
solfataricus

1. Introduction

The ability of enzymes to recognize specific substrates and catalyzing reactions remaining stable
even at extreme conditions is driven by molecular factors that are only poorly understood. In this
regard, enzymes from thermophiles and hyperthermophiles, microorganisms growing at temperatures
up to 80 ◦C or above, respectively, have been of long standing research interest, because of their ability
to promote chemical reactions at temperatures close to the boiling point of water when the majority of
enzymes from mesophiles are denatured. Consequently, extensive biochemical and structural studies
on thermozymes (enzymes that function at high temperatures) have shown that their stability is not
governed by peculiar amino acids, covalent modifications, or structural motifs, but rather by subtle
redistributions of the same intramolecular interactions that are required to stabilize proteins from
mesophiles (for reviews, see the literature [1–5]).

In thermozymes, these interactions allow both a balance between molecular stability to avoid
unfolding at very high temperatures and the flexibility to promote catalysis at a metabolically
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appropriate rate. However, thermozymes persist for a long time during incubation at high temperatures
(thermal stability), and increase their catalytic rate with temperature (thermal activity or thermophilicity).
In particular, thermozymes need high temperatures to have specific activity comparable to that of
mesozymes at 37 ◦C. Comparisons of homologous enzymes from organisms spanning a wide range
of thermal habitats show that adaptive mutations maintain a balance between thermal stability and
activity, regardless of the temperature at which the enzyme operates [1].

Despite extensive studies, the identification of the molecular interactions that are responsible for
these properties remained elusive. Most studies aimed to increase the thermal stability of mesozymes
through rational design and enzyme engineering or random mutagenesis and appropriate selection
methods to obtain new catalysts for biotechnological applications [6–9]. Even fewer examples exist of
the laboratory evolution of thermozymes adapted to operational temperatures lower than their normal
range of physiological conditions [10,11].

The objective of this work was to analyze whether and how the substrate specificity, thermal
activity, and resistance to heat of a thermozyme are bound at the molecular level by combining
random mutagenesis and in vivo selection of mutants in a mesophilic host. Thus, the selective pressure
might mimic that encountered during natural evolution more closely. To this aim, we focused on a
glycoside hydrolase from an Archaeon, as these thermozymes are easy to assay and have interesting
biotechnological applications [12–15].

The model system in this study is the β-glycosidase from Saccharolobus solfataricus—previously
Sulfolobus solfataricus—(Ssβ-gly). This enzyme, belonging to family 1 (GH1) of carbohydrate active
enzymes (CAZy) classification (www.cazy.org [16]), which was firstly discovered by our group and
extensively characterized [17–20], is a well-known model system for studies of molecular stabilization
and catalysis engineering. In fact, studies on this enzyme allowed the identification of general structural
and functional elements that make thermozymes more stable than mesozymes [21,22]. In particular,
ion-pair networks between protein domains and subunits were identified as major players of the
molecular stabilization and resilience of thermozymes [23–28]. In addition, studies on Ssβ-gly allowed
us to demonstrate that the activity and stability of enzymes can be restored by small molecules that
bind to allosteric sites [29,30].

Ssβ-Gly catalyzes a single-substrate reaction by promoting the hydrolysis of β-d-O-glycosides,
including disaccharides (laminaribiose, cellobiose, and lactose) and aryl-glycosides (substituted
nitrophenyl-β-d-gluco-, galacto-, fuco, and xylosides), thereby showing wide substrate specificity [31].
The simple retaining reaction mechanism followed by this enzyme and its versatility has allowed for
extensive protein engineering studies that have led to mutants with different substrate specificity [32,33].
The modification of Ssβ-gly active site residues changed the reaction mechanism [34] and allowed the
production of a novel class of enzymes, named glycosynthases, that promote the synthesis, rather than
then hydrolysis, of oligosaccharides [35–37]. These fundamental studies led to the development of
many other glycosynthases of technological interest [38–43].

The number of catalytic studies on Ssβ-gly, its well-known reaction mechanism, and the availability
of mutants and of several three-dimensional (3D) structures at a high resolution [22,23,34,44,45]
prompted us to study the relationship between substrate specificity, catalysis at a high temperature, and
structural stability. We addressed this issue by following a non-rational approach exploiting random
mutagenesis and in vivo selection of mutants. This was made possible because the lacS gene, encoding
for Ssβ-gly, cannot promote the growth on lactose minimal medium of an Escherichia coli strain lacking
the endogenous lacZ gene. We wanted to test whether random mutations on a thermozyme from a
hyperthermophilic Archaeon (Tgrowth = 80 ◦C), easily and quickly produced by a chemical mutagen,
could lead to novel functional β-galactosidase(s) able to promote growth of a bacterium at 37 ◦C on
lactose as a unique carbon source. The in vivo selection is expected to affect, simultaneously, the
substrate specificity and thermal activity of the enzyme, as lactose is a non-preferred substrate of
Ssβ-gly, the catalyze reaction of which occurs at T > 80 ◦C [20,31]. The remarkable Ssβ-gly stability,
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about 500 min half-life at 75 ◦C [20], should not be directly affected by the selection method, but may
be a side effect if thermal activity and stability are interconnected.

By following this approach, we report here that the selection of a Ssβ-gly mutant library led to a
triple mutant, named H7, able to complement a deficient strain of E. coli. The three mutations, S26L,
P171L, and A235V, were in regions of the enzyme far from the active site, which could not be planned
if one would rationally design an improved β-galactosidase activity. H7 catalyzed the hydrolysis of
lactose 1.8-fold faster than the wild type, and, surprisingly, at 85 ◦C, was 2-fold more active than the
wild type and less stable at 75 ◦C and 85 ◦C by 23-fold and 283-fold, respectively. The characterization
of single and double mutants and the inspection of Ssβ-gly 3D-structure models allowed hypothesizing
some explanations to rationalize the effect of the mutations. The results are also discussed in term of
the selective pressure produced by the molecular evolution method used.

2. Results and Discussion

2.1. Production of Ssβ-gly Complementing Growth on Lactose at 37 ◦C

The pGEX-K-Gly plasmid containing the Saccharolobus solfataricus β-glycosidase gene (lacS) was
subjected to a reaction of chemical mutagenesis with hydroxylamine. This mutagen is known to cause
transitions on the type C→T DNA [46]. The set of mutated genes was isolated from the plasmid
and inserted in an untreated plasmid to avoid any mutagenic affects to the other regions (promoter,
antibiotic resistance, replication origin, etc.).

This random library was used to transform the E. coli M5154 strain, which has a large deletion on
the lactose operon that, unlike the commercial E. coli strains, affects only the β-galactosidase gene (lacZ)
and not the sugar permease (lacY). This makes this strain unable to metabolize lactose as a sole carbon
source, even in the presence of the sugar in the cytoplasm. Thus, E. coli M5154 can grow in lactose
minimal medium, only if an active β-galactosidase is also expressed. The selection thus concerned
only the clones bearing Ssβ-gly mutants able to promote growth faster than the wild type enzyme that
complemented this E. coli strain after 10 days at 37 ◦C in a lactose minimal medium.

The cells transformed with the plasmid library were plated on rich solid medium containing
5-bromo-4-chloro-3-indolyl-β-d-glucopyranoside (X-Glc) chromogenic substrate to verify the efficiency
of the random mutagenesis. The presence of blue and white colonies ensured that the mutagen had an
effect resulting in inactive Ssβ-gly mutants. Then, the same cells transformed with the mutant library
were plated on minimal solid medium containing lactose as the sole carbon source and incubated at
37 ◦C. The colonies appearing before the wild type control were identified and chosen. The screening
of >6000 clones led to the selection of 39 colonies that were isolated and grown on rich liquid medium.
Cells were assayed for β-galactosidase activity on 2-nitrophenyl-β-d-galacto- and glucopyranoside
substrates (2Np-Gal and 2Np-Glc, respectively), and the calculated enzymatic units were compared to
those of the wild type enzyme in the same conditions (see Section 3). This analysis led to a further
selection of six clones from the starting 39, and one specific mutant, called Ssβ-gly-H7, hereinafter H7,
was characterized in detail.

The H7 gene was completely sequenced: as expected, using the hydroxylamine mutagenic agent,
three C→T transitions were found, leading to three aminoacid substitutions; namely, S26L, P171L,
and A235V. From the analysis of the three-dimensional structure of Ssβ-gly, all of them were located
far from the active site at 23 Å (S26), 25 Å (P171), and 18 Å (A235), respectively (Figure 1). S26L
and P171L were on the surface of the protein, while A235V was completely buried. Wild type lacS
and H7 genes were expressed in E. coli strain BL21(DE3)RIL, fused to glutathione S-transferase, as
described in Materials and Methods, and the purified enzymes were characterized in detail. Similarly,
S26L, P171L, and A235V single mutants, as well as S26L/P171L, S26L/A235V, and P171L/A235V double
mutants, were prepared by subcloning procedures. The corresponding genes were expressed and the
recombinant enzymes purified to determine the single contribution of each identified mutation (see
Materials and Methods).
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monomeric 3D structures of Ssβ-Gly, represented in ribbon format. Catalytic residues in the active 
site are highlighted in ball and stick format, and all atoms are colored by the CPK convention. 
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efficiency (kcat/KM) is also observed. The turnover number values of the mutant on 4Np-Glc and 
cellobiose were similar to the wild type. However, the kcat/KM on 4Np-Glc substrate was 3.5-fold 
higher than the wild type. By contrast, the increased catalytic efficiency observed on 4Np-Glc is 
mainly attributable to the KM, which is 4-fold lower than that of the wild type. The H7 mutant shows 
an almost 2-fold decreased affinity toward lactose; consequently, kcat/KM values are unchanged. 
Therefore, H7 offered to E. coli M5154 strain the ability of growing faster on lactose thanks to an 
enhanced turnover number rather than catalytic efficiency. Similar results have been obtained with 
an evolved indoleglycerol phosphate synthase (IGPS), also from Sulfolobus solfataricus, yielding 
mutants that complemented E. coli growth thanks to an improved turnover number [10]. 
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Figure 1. The aminoacid residues mutated in the Saccharolobus solfataricus (Ssβ-Gly) H7 enzyme. The position
of S26, P171, and A235 residues (in spherical format) are shown on the tetrameric and monomeric 3D
structures of Ssβ-Gly, represented in ribbon format. Catalytic residues in the active site are highlighted
in ball and stick format, and all atoms are colored by the CPK convention.

2.2. Steady State Kinetic Constants of the H7 and Relative Single and Double Mutants

The kinetic parameters at 65 ◦C reported in Table 1 show an increase of activity (kcat) by about
2-fold toward the galactose-derived substrates for the H7 mutant. With 4Np-Gal, the KM values are
moderately affected with respect to the wild type; consequently, a relative increase in the catalytic
efficiency (kcat/KM) is also observed. The turnover number values of the mutant on 4Np-Glc and
cellobiose were similar to the wild type. However, the kcat/KM on 4Np-Glc substrate was 3.5-fold
higher than the wild type. By contrast, the increased catalytic efficiency observed on 4Np-Glc is
mainly attributable to the KM, which is 4-fold lower than that of the wild type. The H7 mutant
shows an almost 2-fold decreased affinity toward lactose; consequently, kcat/KM values are unchanged.
Therefore, H7 offered to E. coli M5154 strain the ability of growing faster on lactose thanks to an
enhanced turnover number rather than catalytic efficiency. Similar results have been obtained with an
evolved indoleglycerol phosphate synthase (IGPS), also from Sulfolobus solfataricus, yielding mutants
that complemented E. coli growth thanks to an improved turnover number [10].

As shown in Table 1, only the S26L mutant showed properties comparable to the H7 triple mutant,
with both kcat and kcat/KM values for 4Np-Gal being 2-fold higher than the wild type and specificity
constants for 4Np-Glc, and cellobiose improved by 2.5-fold and 1.6-fold, respectively. The other single
mutants showed catalytic constant values on all substrates tested similar to or lower than the wild type.
Among the single mutants, S26L showed the highest catalytic efficiency on disaccharides, although the
kcat/KM value on lactose is comparable to that of the wild type.



Catalysts 2019, 9, 440 5 of 15

Table 1. Steady state kinetic constants at 65 ◦C of Saccharolobus solfataricus (Ssβ-gly) wild type
and mutants.

4Np-Gal 4Np-Glc

KM (mM) kcat (s−1) kcat/KM (s−1

mM−1)
KM (mM) kcat (s−1) kcat/KM (s−1

mM−1)

Wild type (S26/P171/A235) 1.17 ± 0.15 389.8 ± 13.25 333.16 0.94 ± 0.22 437.2 ± 23.4 465.1
H7 (S26L/P171L/A235V) 1.71 ± 0.32 908.7 ± 43.3 530.0 0.23 ± 0.03 376.8 ± 13.9 1629.0
S26L 1.56 ± 0.23 938.9 ± 33.9 601.8 0.36 ± 0.09 423.8 ± 20.1 1177.2
P171L 1.39 ± 0.25 444.5 ± 18.8 319.8 0.44 ± 0.11 221.6 ± 10.8 503.6
A235V 1.00 ± 0.11 310.1 ± 7.9 310.0 0.41 ± 0.08 168.5 ± 6.1 414.9
S26L/P171L 2.85 ± 0.23 93.2 ± 2.2 32.8 0.31 ± 0.10 34.3 ± 2.0 109.0
S26L/A235V 1.20 ± 0.18 795.7 ± 27.2 662.0 0.44 ± 0.11 393.1 ± 19.2 885.7
P171L/V235V 1.46 ± 0.13 150.5 ± 3.2 102.9 0.47 ± 0.11 75.7 ± 3.6 159.0

Lactose Cellobiose

KM (mM) kcat (s−1) kcat/KM (s−1

mM−1)
KM (mM) kcat (s−1) kcat/KM (s−1

mM−1)

Wild type (S26/P171/A235) 137.7 ± 6.2 710.8 ± 9.6 5.2 33.2 ± 5.12 274.7 ± 12.9 8.3
H7 (S26L/P171L/A235V) 245.5 ± 20.4 1270.8 ± 40.7 5.2 33.6 ± 6.7 372.5 ± 22.1 11.1
S26L 118.2 ± 5.1 505.0 ± 7.2 4.3 18.3 ± 3.2 252.2 ± 11.0 13.8
P171L 140.4 ± 20.4 308.6 ± 15.7 2.2 20.6 ± 2.7 122.2 ± 4.0 5.9
A235V 149.6 ± 10,3 226.6 ± 5,5 1.5 18.3 ± 1.0 95.1 ± 1.4 5.2
S26L/P171L 144.8 ± 7.6 84.2 ± 1.5 0.6 30.7 ± 4.2 36.5 ± 1.4 1.2
S26L/A235V 120.0 ± 12.6 510.2 ± 17.6 4.3 80.4 ± 21.4 374.8 ± 36.5 4.7
P171L/V235V 161.9 ± 8.7 119.0 ± 2.3 0.7 55.6 ± 10.0 68.0 ± 4.4 1.2

The β-glycosidase from the hyperthermophilic archaeon Pyrococcus furiosus (CelB), also belonging
to family GH1, once evolved on 4Np-Glc at room temperature, showed a three-fold improved rates of
hydrolysis by single mutations in the active site [11]. In the Ssβ-gly H7 mutant, instead, S26L, P171L,
and A235V mutations were all far from the active site. The superimposition of the 3D-structure of
Ssβ-gly and the derived model of the triple mutant did not show any difference in the residues of the
active site (not shown). The distance from the active site did not allow us to find easy explanations
on the molecular reasons of the ability of H7 to promote lactose hydrolysis faster than the wild
type. Potentially, increasing the flexibility of the structure in the mutation sites led to conformational
changes that were transferred to the active site and improved the conversion of galactose-derived
substrates. Mutations influencing enzyme function even at a distance from the catalytic residues
may be not uncommon, as proteins often undergo conformational changes during the reaction [47]
and long distance effects play important roles in enzyme function, as recently reviewed in the work
of [48]. Rational protein engineering experiments on the amino acids located in the active site region
broadened the substrate specificity of Ssβ-gly [32,33], suggesting that active site modifications would
be needed to change the substrate specificity of the enzyme. Therefore, it would be easy to predict
that further mutations for improved activity could be found in the same area. Instead, we showed
here that substitutions not restricted to the active site had also some influence, allowing in vivo
complementation and significantly enhancing the turnover number and the catalytic efficiency of the
enzyme on galactose-derived substrates and 4-Np-Glc, respectively. The different effect observed for
Ssβ-gly and CelB could be the result of the different approaches used: in vivo selection instead of
in vitro screening, respectively. In the former approach, biology exerts a combination of forces not
determined only by kinetic and chemical recognition. Our study demonstrates that, at the in vivo
selection conditions used, enzyme catalysis of Ssβ-gly was determined by the enzyme as a whole.

2.3. Temperature Dependence of the H7 and Relative Single and Double Mutants

The effect of temperature on the specific activity on 4Np-Gal by all the mutants followed the
same trend of the wild type, increasing continuously up to the maximum of 85 ◦C, with S26L and
the H7 mutants showing the highest U mg−1 at all temperatures (Figure 2a,b). The specific activity
of the S26L mutant, as single or in combination with A235V, was maximal at 85 ◦C, as observed in
the triple mutant. Instead, at this temperature, the specific activity values were similar or lower than
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those of the wild type, for the single mutants A235V and P171L and the double mutants P171L/A235V
and P26L/P171L, respectively (Figure 2a,b). This is someway surprising. For the known rule ‘you
get what you screen for [49], and based on previous studies on CelB [11], it might be expected that
the selection at 37 ◦C could result in increasing specific activity at mesophilic temperatures, possibly
reducing the activity at 85 ◦C. Instead, selective pressure increased the specific activity of the mutant
at temperatures >50 ◦C, where the upward shift of the curve was not constant, but increased with
temperature (Figure 2a). This resembles the behaviour of the mutants of a thermophilic esterase after
several directed evolution generations [50].Catalysts 2019, 9, x FOR PEER REVIEW 7 of 16 
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Figure 2. Thermal activity and stability of Ssβ-Gly H7 and relative single and double mutants.
The dependence on temperature of the wild type is compared with the H7 mutant; single (a) and
double mutants (b). Similarly, the residual activity at 75 ◦C and 85 ◦C of the wild type, in comparison
with H7 mutant, single (c,e) and double mutants (d,f), is reported. Ssβ-Gly (closed circles on dotted
line); Ssβ-Gly H7 (closed squares); L26 (open triangles); L171 (open squares); V235 (open diamonds);
L26/L171 (open triangles); L26/V235 (open squares); L171/V235 (open diamonds).



Catalysts 2019, 9, 440 7 of 15

The effect of the mutations on Ssβ-gly was detrimental on the thermal stability. The H7 mutant
was as stable as the wild type at T ≤ 65 ◦C (data not shown), but 23-fold and 283-fold less stable at
75 ◦C and 85 ◦C, respectively (Figure 2c–f, Table 2). The half-lives measured at 75 ◦C showed that all
single mutations did not significantly alter the enzyme stability with the exception of S26L, which
was inactivated 1.5-fold faster than the wild type (Table 2). This is even clearer in the S26L/P171L
double mutant, showing the same low stability of H7 (Figure 2c,d). Instead, the same analysis at 85 ◦C
revealed that only the A235V mutant was as stable as the wild type (Figure 2e). All the other mutants
showed a t 1

2
from 5.5-fold to 284-fold lower than the wild type Ssβ-gly under these conditions (Table 2).

Again, the S26L/P171L double mutant is similar to H7 (Figure 2f).

Table 2. Half-life of Ssβ-gly wild type and mutants at 75 ◦C and 85 ◦C.

Mutants
t 1

2
(min)

Symbols Used in Figure 2
75 ◦C 85 ◦C

Wild type
(S26/P171/A235) 461.3 ± 78.0 170.4 ± 10.7
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The inspection of the H7 mutant 3D-model (Figure 3) allowed the explanation of these results.
The mutations increased the entire hydrophobicity of the protein and removed specific stabilizing
interactions. Residues with low hydrophobicity index (Ser = −0.8; Pro = −1.8; Ala = 1.8) were
substituted with amino acids that are highly hydrophobic (Leu = 3.8; Val = 4.2) [51]. The substitution
of Ser26 with a leucine increased the hydrophobicity in the loop region encompassing Met21 and Gly22
(Figure 3a,b) and removed a hydrogen-bond with the peptide nitrogen of Gly22 and the carbonyl
oxygen of Thr23. In addition, the replacement of the polar S26 residue exposed to the solvent with a
non-polar leucine led to a local destabilization of the protein structure, observable at temperatures
>80 ◦C. However, interestingly, this increased flexibility explains the high thermophilicity of the S26L
mutant (Figure 2a).
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Figure 3. Ssβ-Gly 3D structure in comparison with the H7 mutant model. Close-up of Ssβ-Gly wild
type structure (PDB ID: 1GOW) (a,c,e) and Ssβ-Gly single mutations in the H7 mutant, S26L, P171L,
and A235V in (b,d,f), respectively. The hydrophobic residues are indicated in red. The mutant residues
are highlighted in yellow.

The substitution of the Pro171 with a leucine residue (P171L) in the extended loop Arg165-Thr177
exposed to the solvent (Figure 3c,d) explained the destabilizing effect in the nearby hydrophobic
environment involving the α4-helix (Ser228-Lys255), the small α-helix (Pro207-Val206), and the loop
Asn147-Pro160 (Figure 3e,f). When we modelled in the structure the substituting leucine, the proline
cis configuration was removed (Figure 3d) and the local flexibility increased, thus destabilizing the
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structure at 85 ◦C (Figure 2e). Interestingly, the destabilizing effect of the S26L and P171L mutations is
additive, indicating that they are responsible for the instability of the triple mutant H7 (Figure 2f).

According to the Ssβ-gly 3D structure, A235 is located inside of the α4-helix and is very close
to the small α-helix Pro207-Val216 [23]. The lack of destabilization by the A235V mutation could be
explained by the similarity between these two residues, which does not affect the formation of the
α-helix despite the greater steric hindrance of a valine residue. On the other hand, V235, showing
a longer side chain when compared with the wild type alanine, might affect the optimal packing by
protruding on the side of the helix. However, the increased local hydrophobicity could, in part, balance
this negative effect, explaining why A235V showed the same thermostability at 85 ◦C as the wild type
(Figure 3e).

The instability of the A235V-containing double mutants is clearly attributable to the detrimental
contribution of the other mutations (Table 2; Figure 2d,f). The presence of the three mutations on the
surface of Ssβ-gly, and the fact that they do not seem to interact with each other, may indicate that the
mutations act independently on different regions of the protein promoting the unfolding at T > 75 ◦C,
thereby affecting the overall stability. In the case of P171L mutation, possibly, an increased flexibility
may have made the H7 triple mutant more active than the wild type at all temperatures tested.

It is worth noting that the triple mutant is more active than its wild-type progenitor at all
temperatures, but rapidly became inactivated at 85 ◦C. Directed evolution studies in which enzymes
were adapted to different temperatures often led to the conclusion that there is a trade-off between
catalytic activity at low temperatures and thermostability, explained as the balance to maintain
the rigidity necessary for stability and the flexibility required for enzyme activity. However, this
is not always the case; indeed, the evolved CelB with optimized substrate specificity and gained
catalytic activity at 20 ◦C showed reduced activity at T > 80 ◦C and destabilization [11], and an
evolved glucokinase from a thermophilic fungus showed both improved stability under heat and
thermophilicity when compared with the wild type [52]. Laboratory evolution experiments can
identify different adaptive mechanisms, but these can be achieved by exploring a limited number
of protein fitness pathways often dependent on the selection method used [49,53]. In this study,
we applied an in vivo selection, in which mutants complementing an E. coli mutant were isolated.
The same approach on IGPS from S. solfataricus yielded mutants that improved growth appreciably,
with activity increasing with temperature and accelerated thermal denaturation as observed here for
evolved Ssβ-gly [10]. Selecting enzyme properties through survival and growth of the host organism,
unlike in vitro screenings, exerts a biological function that could be dictated not only by physical and
chemical laws, but also by biological natural selection [53]. Possibly, the reduced stability observed for
evolved Ssβ-gly may allow its quicker protein turnover within the E. coli mesophilic cell that could
be required to complement the lacking β-galactosidase activity. Conversely, the improved activity
of the H7 mutant at temperatures where S. solfataricus grows optimally (85 ◦C) could merely be the
consequence of E. coli being more active at 37 ◦C and might not fit in archaeal cells by interfering with
the normal physiology of this organism.

3. Materials and Methods

3.1. Reagents

All commercially available substrates were purchased from Sigma. Restriction endonucleases and
T4 DNA ligase were from New England BioLabs, USA. Synthetic oligonucleotides were from PRIMM
(Milan, Italy). Escherichia coli M5154 strain was from the Coli Genetic Stock Center (Yale University, USA).

3.2. Random Mutagenesis

The pGEX-2TK-derivative (GE Healthcare, USA) plasmid (pGEX-K-Gly) containing the wild
type S. solfataricus β-glycosidase gene (lacS) was described previously [54]. Random mutagenesis
was performed by chemical treatment of the pGEX-K-Gly plasmid with hydroxylamine. In particular,
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~15.0 µg of the plasmid was denatured with NaOH 0.2 M at room temperature for 5 min, followed
by a fast neutralization step with ammonium acetate at pH 7.5. Finally, the plasmid was exposed to
hydroxylamine (H3NO) 0.5 M at 37 ◦C for 8.0 h in phosphate buffer 50.0 mM pH 6.5. The ~1500 bp
DNA fragment relative to the lacS gene was purified by gel extraction, after digestion of the treated
pGEX-K-Gly plasmid using the Bam HI and Sma I restriction enzymes. A library of random mutants
was obtained by a ligation of the lacS gene with a Bam HI-Sma I linearized pGEX-2TK plasmid.

3.3. Selection of Ssβ-gly Mutants for Enhanced Lactose Hydrolysis

A ligation mixture was utilized for the transformation of the E. coli M5154 strain, which harbours
a deletion of almost one-third of the lacZ gene (∆lacZ39 deletion), making this strain completely
inactive for the hydrolysis of galactose-derived β-substrates. For the screening, we exploited the
β-glucosidase activity of the product of the lacS gene. E. coli M5154 cells transformed with the library
of random mutants were first plated on 50 µg/mL ampicillin (Amp) LB Agar medium containing the
5-bromo-4-chloro-3-indolyl-β-d-glucopyranoside (X-Glc) chromogenic substrate, and the mutagenic
impact of the hydroxylamine treatment was thus determined by calculating the blue/white colony
ratio. Afterwards, transformed cells were plated on M9 Amp Trp minimal medium, containing lactose
as the sole carbon source, and incubated at 37 ◦C. Wild type lacS expressing clones led to colonies after
about 10 days of incubation because of the basal β-galactosidase activity of the enzyme. All colonies
appearing before, namely after six to seven days of incubation, were identified and picked. Selected
colonies were grown in rich medium and analyzed for their β-galacto- and β-glucosidase activity, by
using a colorimetric enzymatic assay and 2Np-Gal and 2Np-Glc, respectively, as substrates [55].

3.4. Production of H7-Derived Single and Double Mutants

The in vivo selected H7 clone was sequenced and three mutations were identified (S26L, P171L,
and A235V). The opportunity that unique restriction sites in the lacS gene separate these mutations
allowed for the preparation of specific DNA fragments containing single and/or double mutations.
These were combined and ligated with the opportunely digested pGEX-K-Gly plasmids to finally
achieve the Ssβ-gly single and double mutants.

3.5. Enzyme Expression and Purification

Wild-type Ssβ-gly and relative mutants were expressed and purified as fusions of glutathione
S-transferase (GST), as previously reported [36,54,56]. Briefly, transformed E. coli BL21(DE3)RIL,
carrying extra copies of the argU, ileY, and leuW tRNA genes cells, were grown in SB medium at 37 ◦C
and induced by the addition of 1.0 mM IPTG, when cultures reached an OD600 of 1.0. After 16 h of
incubation, cells were harvested by centrifugation at 5000× g and stored at −20 ◦C. Then, the pellet
was thawed and resuspended in 2.0 mL/g cells of PBS buffer (50.0 mM sodium phosphate buffer,
150.0 mM NaCl; pH 7.4). After French press cell disruption and centrifugation at 4 ◦C for 30 min at
30,000× g to discard cell debris, free cell crude extract containing the fusion protein was subjected to an
affinity chromatography on a glutathione-Sepharose 4B™ resin (GE Healthcare, USA), followed by an
incubation with thrombin protease in order to separate GST and Ssβ-gly.

Aliquots of pure proteins (>95.0%, as judged by SDS-PAGE analysis) were stored at −20 ◦C in PSB
1X containing 20.0% glycerol. The samples stored in these conditions are stable for several months.
The protein concentration was determined with the method of Bradford, using bovine serum albumin
as the standard [57].

3.6. Enzyme Characterization

All kinetic studies were performed by following spectrophotometrically the hydrolytic activity
with a Cary 100 Scan spectrophotometer (Varian, Australia), coupled with a thermally controlled Peltier
system. A total of 1.0 mL of reaction solution was preheated for 2.0 min, keeping the temperature
constant during all measurements. β-glycosidase activity performed at 65 ◦C in 50 mM sodium
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phosphate buffer at pH 6.5 was conventionally defined as the standard reaction. Kinetic parameters
at standard conditions were determined using artificial and natural substrates, whose concentration
ranged from 0.1 to 30.0 and from 1.25 to 750.0 mM, respectively. In order to correct the spontaneous
hydrolysis of the substrates, mixtures containing all the reactants except enzymes were prepared and
referred to as blank reactions. Steady-state kinetic constants were obtained by plotting initial velocity
values versus 15 different substrate concentrations for each substrate. In each assay, amounts ranging
from 0.5 to 20.0 µg of wild type Ssβ-gly and mutants were used. Measuring the hydrolytic activity
on 4-nitrophenol based substrates at standard conditions, a molar extinction coefficient (εM) value of
9340 M−1 cm−1 at 405 nm was used, whereas the activity on lactose and cellobiose was determined
by measuring the released glucose with the glucose oxidase–peroxidase enzymatic assay GOPOD
(Megazyme, Chicago, Illinois, USA), taking into account that one molecule of cellobiose leads to the
release of two glucose units. One unit of enzyme activity was conventionally defined as the amount of
the enzyme that hydrolyses 1.0 µmol of substrate in 1.0 min under standard conditions. All data were
plotted and refined using the program GraFit 5.0 (Erithacus Software Ltd., Horley, U.K.), in order to
determine the steady-state kinetic parameters.

3.7. Thermal Stability and Temperature Dependence

The thermal stability was analyzed by incubating all the enzymes at the concentration of 0.01µg/mL
in 50.0 mM phosphate buffer pH 6.5, at the indicated temperatures and times. The hydrolytic activity
of each sample was determined at 405 nm in standard conditions, using a molar extinction coefficient
(εM) value of 9340 M−1 cm−1 for the release of 4-nitrophenol. The activity of the sample measured
without any incubation was taken as 100%.

Enzymes were assayed in standard conditions from 30 to 85 ◦C, in order to evaluate their
temperature dependence. Enzymatic units were measured using different molar extinction coefficient
values, as follows: 6130 M−1 cm−1 (30 ◦C); 6570 M−1 cm−1 (35 ◦C); 6910 M−1 cm−1 (40 ◦C); 7530 M−1 cm−1

(45 ◦C); 7970 M−1 cm−1 (50 ◦C); 8420 M−1 cm−1 (55 ◦C); 8890 M−1 cm−1 (60 ◦C); 9340 M−1 cm−1 (65 ◦C);
9700 M−1 cm−1 (70 ◦C); 10120 M−1 cm−1 (75 ◦C); 10610 M−1 cm−1 (80 ◦C); 10900 M−1 cm−1 (85 ◦C).

3.8. 3D-Model of Ssβ-gly H7 Mutant

Homology modeling of Ssβ-gly H7 mutant structure was performed by SWISS-MODEL server [58]
using the Ssβ-gly wild type structure (PDB entry 1gow) as a template. Stereochemical quality of the
model was analyzed by the PROCHECK program and PyMol 1.0 was used to analyze and visualize
the structure [59].

4. Conclusions

In this study, we identified residues that are critical in determining the thermostability, thermal
activity, and substrate specificity of the studied thermozyme Ssβ-gly. In previous rationally designed
protein engineering studies on Ssβ-gly, mutants in the active site showed broadened substrate specificity.
Here, three mutations far from the active site obtained randomly after an in vivo selection produced
a more than two-fold enhancement of the specific activity at 85 ◦C and of the kcat on galactoside
substrates. Interestingly, the activity of the enzyme on cellobiose remained the same as the wild type
or was even enhanced on 4-Np-Glc. This remarkable result was paid off with a 283-fold reduced
thermal stability, when compared with the wild type. The change of Ser26 into Leu enhanced the
thermophilicity because of the disruption of stabilizing interactions that, by increasing the flexibility
of the enzyme, facilitated catalysis at a high temperature, but also weakened its resistance to heat.
Our study shows that it is not always successful to improve the enzyme activity following a “rational”
approach based on the known and understood physicochemical laws that determine the conformations
and interactions of the amino acids and enzyme catalysis. When possible, “irrational” approaches,
which exploit in vivo selection, can produce enzyme mutants of interest.
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