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Network structural analysis, known as residue interaction networks or

graphs (RIN or RIG, respectively) or protein structural networks or graphs

(PSN or PSG, respectively), comprises a useful tool for detecting important

residues for protein function, stability, folding and allostery. In RIN, the

tertiary structure is represented by a network in which residues (nodes) are

connected by interactions (edges). Such structural networks have consis-

tently presented a few central residues that are important for shortening

the pathways linking any two residues in a protein structure. To experi-

mentally demonstrate that central residues effectively participate in protein

properties, mutations were directed to seven central residues of the b-
glucosidase Sfbgly (b-D-glucoside glucohydrolase; EC 3.2.1.21). These

mutations reduced the thermal stability of the enzyme, as evaluated by

changes in transition temperature (Tm) and the denaturation rate at 45 °C.
Moreover, mutations directed to the vicinity of a central residue also

caused significant decreases in the Tm of Sfbgly and clearly increased the

unfolding rate constant at 45 °C. However, mutations at noncentral resi-

dues or at surrounding residues did not affect the thermal stability of

Sfbgly. Therefore, the data reported in the present study suggest that the

perturbation of the central residues reduced the stability of the native

structure of Sfbgly. These results are in agreement with previous findings

showing that networks are robust, whereas attacks on central nodes cause

network failure. Finally, the present study demonstrates that central resi-

dues underlie the functional properties of proteins.

Introduction

The representation of a protein structure as a graph

has been used to express the general properties of the

protein based on the interactions among amino acid

residues [1–4]. These representations are known as resi-

due interaction networks or graphs (RIN or RIG) [5]

or protein structural networks or graphs (PSN or

PSG) [6]. The protein tertiary structure is expressed as

a network in which nodes correspond to residues and

edges represent either covalent or noncovalent interac-

tions [7–10]. Irrespective of the protein folding motif

or topology, protein networks have consistently shown

a high clustering coefficient (C) and a small path

length (L), indicating a high local connectivity.

Therefore, a small number of edges or contacts (usu-

ally approximately 4) is normally sufficient to connect

any pair of residues, even those distantly located in the

primary structure. These properties indicate that the

protein structure is a small-world network [7,11].

Notably, only a few residues are essential to form

short pathways that connect any pair of nodes in the
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network. These residues are termed ‘central’ because

they are important for the overall network. If central

residues are removed from the protein structural net-

work, a significantly higher number of connections is

necessary to establish a pathway between two different

residues. These properties are characteristic to pro-

teins, irrespective of their structural group [7,11].

Previous studies have reported that short-range

contacts involving residues local in the primary

sequence contribute to the small-world property of

RIN. Long-range contacts occurring between residues

that are close only in the tertiary structure con-

tribute to a scale-free behavior [7,12]. In a scale-free

network, central residues are more abundant than in

a randomly connected network. The scale-free

networks observed in many biological systems [13]

have also been demonstrated to be robust and

exhibit a high tolerance to random failures, although

they do not tolerate direct attacks on central residues

[7].

Central residues have been shown to be involved in

protein folding [14], to enrich protein dimerization

interfaces [11], to form active sites [5] and to be essen-

tial for allosteric pathways [15,16]. Consequently, algo-

rithms have been developed to predict the effects of

mutations on protein stability using RIN concepts

[17]. However, most of these RIN studies were based

on databases composed of previously characterized

mutant proteins. These mutants were not planned, nor

were they found to extensively cover the central resi-

dues in any studied protein.

In the present study, we report a systematic investiga-

tion of a set of planned mutants of the b-glycosidase

GH1 Sfbgly (b-D-glucoside glucohydrolase; EC 3.2.1.21)

from the fall armyworm Spodoptera frugiperda [18], an

(a/b)8-fold enzyme that contains replacements of

the main central residues and mutations of residues

surrounding a main central residue. The Sfbgly
mutants were characterized based on their thermal

denaturation, which is an appropriate parameter for

probing the participation of the central residues in

protein stability.

Results and Discussion

The average model structure of Sfbgly obtained from

a short molecular dynamics simulation was represented

as a network of residues (nodes) linked by interactions

(edges) in accordance with previously described proce-

dures [15] (Fig. 1). The network parameters L (average

shortest contact pathway) and C (clustering coefficient)

for the wild-type Sfbgly were 4.8 and 0.485, respec-

tively. Because L is higher than expected for a random

network (2.6) but C is much higher than

Crandom = 0.02, the Sfbgly network presumably exhi-

bits ‘small-world’ properties [7,19], indicating that a

small number of contacts (an average of 4.8 for

Sfbgly) is sufficient to link any pair of residues [11,20].

In the Sfbgly RIN, we identified only 11 central resi-

dues of 509 protein residues (Fig. 2 and Table 1).

Interestingly, these central residues are concentrated in

the C-terminal half of the Sfbgly structure (10 of 11).

Moreover, three of these residues (R97, Y331 and

E399) are part of the active site, in accordance with

the previous observation that active-site residues tend

to be the central nodes of RIN [5].

Fig. 1. Residue interaction network of Sfbgly. (A) Homology structure of Sfbgly represented as a network. Interactions presenting a

distance ≤ 5 �A indicated by green lines are mapped on the structure. Residues are presented as spheres placed at the Ca coordinates. (B)

Circular diagram representation of the Sfbgly residues interaction network. Residues are represented as black dots evenly distributed around

the circle in a clockwise order starting from the black bar, which indicates residue 1. Interactions between residues are represented by

green lines.
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To experimentally demonstrate that the central resi-

dues affect the functional properties of proteins, seven

residues in Sfbgly exhibiting high centrality were

replaced to produce Sfbgly mutants (Fig. 2). Replace-

ment with alanine removes most of the side chain con-

tacts, which impairs the participation of the mutated

residue as a central residue. The central residues R97,

Y331 and E399 were not included in this analysis

because they are located at the active site [18,21].

Mutant T245A was produced, although it was not

soluble and was retained in inclusion bodies during

bacterial expression. For comparison purposes, five

non-central residues, L100, L350, L389, Y390 and

N391, were also mutated (Fig. 2).

In addition to testing the participation of central

residues in the propagation of mutational effects

through the protein structure, two sets of residues

(D260 to E265 and L335 to S337) close to the central

residue F251 (Fig. 2) were also replaced with alanine

or phenylalanine. These mutations introduce voids or

additional volume in the vicinity of F251, respectively,

which perturbs its spatial positioning and contacts.

The F251 residue was selected because of its high cen-

trality (Table 1) and because it is part of a group of

interacting central residues (T245, S247, N249 and

F251). The side chains of this group are positioned on

the same face of a b-strand that runs from the periph-

ery of Sfbgly toward its core (Fig. 2). This spatial

organization and these connections are suggestive of a

set of residues that could propagate conformational

modifications through the Sfbgly structural network.

Mutant enzymes were produced as recombinant pro-

tein in bacteria, which were then purified. Their fold-

ing was then assessed on the basis of CD, tryptophan

fluorescence spectra and fluorescence suppression by

acrylamide, and these tests produced similar results for

the wild-type and mutant Sfbgly. (Figs 3–9 and

A B

C D

Fig. 2. Spatial distribution of mutation

sites on the Sfbgly crystallographic

structure (5CG0; this structure will be

described elsewhere). (A) Central residues

of the Sfbgly structure are presented as

red spheres, whereas non-central residues

are presented as blue spheres. (B) Set of

central residues running from the

periphery of Sfbgly to the protein core.

(C) Surrounding area of the central residue

F251 highlighting the a-helix that contains

D260 to E265 and the b-strand that

contains L335 to S337. (D) A view parallel

to the axis of the a-helix showing that

D260, E261 and A264 are located on the

a-helix face pointing toward F251.

Table 1. Centrality score for residues of the Sfbgly structure

network. Z-score = (DLk � DLk average)/r [15]. Only residues in

which deletion significantly increased L (> 2.9 r) are presented.

Residue Z-score

R97 6.42

F251 6.07

S358 5.11

E399 4.21

T245 4.20

K366 4.08

F334 3.65

S247 3.63

N249 3.58

Y420 3.39

Y331 2.92
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Table 2). The results obtained suggest that the folding

of wild-type and mutant Sfbgly is similar.

The thermal stability of the mutant Sfbgly was then

evaluated by determining the Tm and the unfolding

rate constant (kunfold) at 45 °C. These parameters

reflect the properties of the noncovalent interactions

that maintain the protein structure. Thus, they are

appropriate for probing the overall behavior of the

protein network perturbed by mutations at central

residues and their surrounding residues.

The CD spectra and differential scanning fluorime-

try (DSF) yielded concordant Tm values (Fig. 10 and

Table 3) and revealed a significant decrease in the

transition temperature (Tm) for the central residue

Fig. 3. SDS/PAGE of the purified wild-type

and mutant Sfbgly. Gels were 10%

polyacrylamide and stained with

Coomassie Blue R250.

Fig. 4. CD spectra of the wild-type and

mutant Sfbgly. Mutations S247A, N249A,

F251A, F334A, S358A, K366A and Y420A

are replacements of central residues. Blue

lines represent mutant Sfbgly; the red line

corresponds to wild-type Sfbgly. Spectra

were collected at 20 °C in a Jasco 815

spectropolarimeter. Protein samples

(0.2 mg�mL�1) were prepared in 10 mM

potassium phosphate buffer at pH 6.0.
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mutant enzymes N249A, F251A, F334A, S358A,

K366A and Y420A. Mutant S247A was an exception,

which may be explained by the fact that replacement

of serine with alanine is conservative and does not sig-

nificantly change the network contacts. Notably, muta-

tions of non-central residues (i.e. L100A, L350A,

L389A, Y390A and N391A) did not significantly

decrease the Tm (Fig. 10 and Table 3). In addition, the

kunfold corroborates these observations. Indeed,

mutants N249A, F251A, F334A, S358A, K366A and

Y420A mutants, in which central residues were

replaced, also showed significant increases in the

kunfold (Fig. 11 and Table 4). Again, mutant S247A

was an exception, as discussed above.

Therefore, in the absence of the contacts provided

by central residues, the distribution of conformations

visited by Sfbgly has shifted in favor of the less stable

conformations, which increased kunfold and decreased

Tm. These results are consistent with the observation

that thermophilic proteins have more central residues

than their mesophilic homologues [22].

An analysis of the mutants designed to probe the

participation of the central residue F251 in the propa-

gation of mutational perturbations showed that muta-

tions D260A and A263F caused significant reductions

in the Tm (Fig. 10 and Table 3) and effectively

increased the kunfold (Fig. 11 and Table 4). The effect

of mutation A264F was even more pronounced; it

Fig. 5. CD spectra of the wild-type and

mutant Sfbgly. Mutations L100A, L350A,

L389A, Y390A and N391A are

replacements of noncentral residues. Blue

lines represent mutant Sfbgly; the red line

corresponds to wild-type Sfbgly. Spectra

were collected at 20 °C in a Jasco 815

spectropolarimeter. Protein samples

(0.2 mg�mL�1) were prepared in 10 mM

potassium phosphate buffer at pH 6.0.

Fig. 6. CD spectra of the wild-type and

mutant Sfbgly. Mutations D260A, E261A,

M262A, A263F, A264F, E265A, L335A,

V336F and S337F are replacements of

residues in the vicinity of the central

residue F251. Blue lines represent mutant

Sfbgly; the red line corresponds to wild-

type Sfbgly. Spectra were collected at

20 °C in a Jasco 815 spectropolarimeter.

Protein samples (0.2 mg�mL�1) were

prepared in 10 mM potassium phosphate

buffer at pH 6.0.
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abolished the two-state thermal denaturation process

despite this mutant being folded, as indicated by the

CD spectrum (Figs 6 and 12). Conversely, mutations

E261A, M262A and E265A, which are also near F251

but located at different positions, did not significantly

affect Tm and kunfold (Figs 10 and 11 and Tables 3 and

4). Remarkably, residues 260 to 265 are located in the

same a-helix. Therefore, the side chains of D260, A263

and A264 are projected toward F251, whereas those of

E261, M262 and E265 are on the opposite face of the

helix (Fig. 2). Accordingly, the replacement of A264,

in which the side chain points directly toward F251

(contact distance of 3.0 �A) (Fig. 2), caused the most

drastic effect.

Because the lack of coupling between domains or

discrete structural regions in a protein affects the

cooperativity of unfolding [23], the A264F mutant

data corroborate the proposal that the perturbation of

central residues may disrupt the contacts between dis-

crete clusters of residues over the protein structure [22]

and decrease the cooperativity of unfolding. Con-

versely, the mutation of E265, which is also close to

F251 (contact distance of 3.2 �A from the NH group)

but has a side chain that points in the opposite direc-

tion, did not affect Tm and kunfold. Therefore, despite

being restricted to the same a-helix, only changes in

side chains pointing toward the central residue F251

significantly affected the thermal stability.

Fig. 7. Tryptophan fluorescence spectra of

the wild-type and mutant Sfbgly.

Mutations S247A, N249A, F251A, F334A,

S358A, K366A and Y420A are

replacements of central residues. Blue

lines represent mutant Sfbgly; the red line

corresponds to wild-type Sfbgly. Spectra

were collected at 25 °C in an F-4500

Hitachi spectrofluorimeter. Protein

samples were prepared in 10 mM

potassium phosphate buffer at pH 6.0.

Fig. 8. Tryptophan fluorescence spectra of

the wild-type and mutant Sfbgly.

Mutations L100A, L350A, L389A, Y390A

and N391A are replacements of non-

central residues. Blue lines represent

mutant Sfbgly; the red line corresponds to

wild-type Sfbgly. Spectra were collected at

25 °C in an F-4500 Hitachi

spectrofluorimeter. Protein samples were

prepared in 10 mM potassium phosphate

buffer at pH 6.0.
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Similarly, the second set of mutations near the F251

central residue (i.e. L335A, V366F and S337F) caused

significant changes in the Tm and kunfold (Figs 10 and

11 and Tables 3 and 4). Specifically, mutation V336F

caused the largest decrease in Tm (approximately

10 °C) and increase in kunfold (by 30-fold). Because

residues L335, V336 and S337 are part of the same

b-strand, whereas the V336 side chain is projected

toward the central residue F251, the side chains of

residues L335 and S337 are on the opposite face of the

strand (Fig. 2). Accordingly, the relative spatial

positioning of the mutated residues to F251 is again

decisive with respect to the effects of mutation on

thermostability.

The relevance of the central residue F251 in the

propagation of mutational perturbation was strength-

ened by analyzing the thermal stability of a Sfbgly
mutant in which residues L389, Y390 and N391 were

replaced. In addition to being noncentral, these resi-

dues are also located in the immediate area of the

non-central residue F280. Specifically, the side chain of

Y390 points toward F280, as observed above for pairs

A264-F251 and V336-F251. Hence, the L389-N391

residue arrangement is analogous to the L335-S337 set

described above, a contiguous group of three residues

around a phenylalanine residue. However, all partici-

pants here are noncentral. Mutations of L389, Y390

and N391 did not significantly affect Tm and kunfold
(Figs 10 and 11 and Tables 3 and 4), confirming that

contacts with a central residue are key to the effective

propagation of the mutational perturbation through

the protein structure.

In conclusion, modifications of the side chains that

point toward the central residue F251 were more

Fig. 9. Tryptophan fluorescence spectra of

the wild-type and mutant Sfbgly.

Mutations D260A, E261A, M262A, A263F,

A264F, E265A, L335A, V336F and S337F

are replacements of residues in the

vicinity of the central residue F251. Blue

lines represent mutant Sfbgly; the red line

corresponds to wild-type Sfbgly. Spectra

were collected at 25 °C in an F-4500

Hitachi spectrofluorimeter. Protein

samples were prepared in 10 mM

potassium phosphate buffer at pH 6.0.

Table 2. Stern–Volmer constants (Ksv) for acrylamide quenching of

the intrinsic fluorescence of the mutant and wild-type Sfbgly. KSV

was determined using acrylamide quenching at 25 °C. SDs for the

wild-type enzyme were determined based on three different

experiments. Central residues are shown in bold. The residues

surrounding F251 are in italics; noncentral residues are shown in

regular font.

Enzyme KSV

Wild-type 3.4 � 0.8

L100A 3.0

L350A 3.4

L389A 3.5

Y390A 2.9

S247A 3.2

N249A 4

F251A 3.6

F334A 3.6

S358A 3.5

K366A 3.3

Y420A 4

D260A 3.0

E261A 3.4

M262A 3.4

A263F 2.8

A264F 3.3

E265A 3.4

L335A 3.4

V336F 3.2

S337F 2.9
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effectively propagated, altering the set of noncovalent

interactions that support the entire Sfbgly structure.

Moreover, contacts of F251 with the other central

residues, such as N249, S247 and T245, may spread

perturbations from the mutated external region to the

Sfbgly core. This proposition is in agreement with pre-

vious studies showing that the allosteric modulation of

protein function is mediated by the propagation of

‘perturbation waves’ through pre-existing pathways

interconnected by central residues [15,16,20,24–27].
Similarly, RIN are relevant for structural changes

involved in enzyme function [28].

Eyring plots were used to search for details of the

mechanism by which the perturbation of central resi-

dues change the thermal denaturation of Sfbgly
(Figs 13–15). The DG‡ values for the denaturation at

45 °C were based on the DH‡ and DS‡ derived from

these plots (Table 5). As expected, the relative

sequence of kunfold at 45 °C agrees with the relative

ordering of DG‡ (Figs 11 and 16). Moreover, the rela-

tive sequence of the DG‡ also agrees with the ranking

of Tm, which was unexpected (Figs 10 and 16). Tm is

linked to DG0, which represents the free energy differ-

ence between denatured and native Sfbgly, whereas

DG‡ corresponds to the free energy difference between

the transition state of the denaturation process and the

native structure. Therefore, the correlation between Tm

and DG‡ suggests that mutations primarily affect the

stability of the native structure of Sfbgly, which is a

common determinant of both DG‡ and DG0. Thus, the

effects of mutations on Tm and kunfold are connected

Fig. 10. Tm of the mutant and wild-type

Sfbgly. (A) Mutation of central residues

(indicated in red) and noncentral residues

(indicated in blue). (B) Mutation of

residues in the vicinity of F251. Residues

D260 to E265, located in an a-helix, are

marked with a rectangle, whereas

residues L335 to S337, located in a b-

sheet, are marked with an arrow. Mutant

A264F did not follow a two-state thermal

denaturation process, and consequently

Tm was not calculated. Plain bars

represent data obtained from CD spectra,

whereas hatched bars are data obtained

from DSF experiments. SEs were

calculated based on three independent CD

experiments. For DSF, SEs were

determined in the fitting processes.

Table 3. Tm of the mutant and wild-type Sfbgly. Central residues

are shown in bold. The residues surrounding F251 are in italics;

noncentral residues are in regular font. SDs were based on three

different experiments. MI indicates that A264F denaturation

involves multiple intermediates; hence, there is not a single Tm.

Enzyme Tm (°C)a Tm (°C)b

Wild-type 46.0 � 0.2 45.0 � 0.7

L100A 46.4 � 0.9 47.6 � 0.9

L350A 43.5 � 0.6 43.8 � 0.9

L389A 46.4 � 0.3 46.6 � 0.7

Y390A 43 � 2 45.1 � 0.6

N391A 44.4 � 0.3 46.0 � 0.9

S247A 45.7 � 0.4 45.3 � 0.4

N249A 38.5 � 0.5 39 � 1c

F251A 42.2 � 0.6 42.4 � 0.3c

F334A 42.9 � 0.5 42.5 � 0.7c

S358A 42.7 � 0.8 42 � 1c

K366A 41.5 � 0.7 41 � 1c

Y420A 37.0 � 0.6 37.2 � 0.3c

D260A 39.6 � 0.3 40.8 � 0.6c

E261A 45.2 � 0.3 46.2 � 0.9

M262F 45.7 � 0.2 45 � 1

A263F 39.6 � 0.4 40.6 � 0.4c

A264F MI MI

E265A 44.9 � 0.4 44.9 � 0.3

L335A 38.5 � 0.2 40 � 1c

V336F 30 � 2 34 � 2c

S337F 39.1 � 0.4 40.42 � 0.01c

a Tm was determined by monitoring CD readings at different

temperatures. SDs were determined in the fitting process.
b Tm were determined by DSF.
c Tm that is significantly different from the wild-type enzyme

(P ≤ 0.01).
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and have a common cause in the destabilization of the

native structure of Sfbgly. In addition, the effects on

DH‡ and DS‡ are notably concerted (Table 5), as

observed in other weak interaction systems [29]. For

example, both DDH‡ and DDS‡ were < 0 for Sfbgly
mutants that exhibited a clear increase in kunfold, such

as V336F and Y420F, and these parameters result in a

DDG‡ < 0 as a result of a compensatory effect. Hence,

the DDH‡ values agree with the proposition that the

deletion or perturbation of central residues reduced

the stability of the set of interactions supporting the

structure of Sfbgly. Moreover, the entropy increase of

the native Sfbgly structure might arise from an initial

fragmentation of the structural network in more

mobile residues subsets. This mechanism agrees with

previous analyses showing that hub deletion causes

network failure as a result of fragmentation in par-

tially isolated subsets [30].

In short, mutations of central residues probably

altered the set of noncovalent interactions that support

the native structure of Sfbgly, likely favoring the less

stable conformations of this protein. In addition,

mutations of the residues surrounding central residues

were more effective in reducing the thermal stability of

Sfbgly. Finally, the present study potentially adds to

computational analysis and shows that central residues

indeed underlie the functional properties of proteins

and thus are presumably important for protein

thermostability.

Materials and methods

Materials

The vector pCAL-b was constructed as described previ-

ously [31]. The PCR reagents were purchased from Thermo

Fisher Scientific Inc. (Waltham, MA, USA). The oligos

were acquired from IDT (Integrated DNA Technologies

Inc., San Jose, CA, USA). The pET-46 Ek-LIC kit was

acquired from Merck Millipore (Billerica, MA, USA). The

QuikChange Site-Directed Mutagenesis kit and BL21 Gold

(DE3) were purchased from Agilent Technologies Inc.

(Santa Clara, CA, USA). Sequencing was performed using

the BigDye kit from Thermo Fisher Scientific, Inc. Broad

range SDS/PAGE standards were purchased from Bio-Rad

(Hercules, CA, USA). Sypro Orange dye and other

reagents were acquired from Sigma-Aldrich (St Louis, MO,

USA).

Sfbgly structural network analysis

The tertiary structure of the b-glycosidase Sfbgly was ini-

tially based on the homology modeling in the Swiss Model

server [32,33] (depository entry: O61594) taking as template

the chain A from the myrosinase of Brevicoryne brassicae

(1WCG). The homology model was then submitted to a

short molecular dynamics simulation (30 ns with the

OPLS-AA force field) [34]. Finally, the average model of

the tertiary structure of Sfbgly (Dataset S1) determined

over the complete simulation was then represented by an

Fig. 11. Rate constants for thermal

denaturation at 45 °C (kunfold) of the

mutant and wild-type Sfbgly. Data were

obtained based on the Sypro Orange

binding to the denatured proteins. For the

wild-type Sfbgly, the SE was calculated

based on seven independent experiments.

(A) Mutation of central residues (indicated

in red) and noncentral residues (indicated

in blue). (B) Mutation of residues in the

vicinity of F251. Residues D260 to E265,

located in an a-helix, are marked with a

rectangle, whereas residues L335 to S337,

located in a b-sheet, are marked with an

arrow. Mutant A264F did not follow a two-

state thermal denaturation process, and

consequently kunfold was not calculated.

1132 The FEBS Journal 283 (2016) 1124–1138 ª 2016 Federation of European Biochemical Societies

Hub residues are key to protein thermostability V. P. Souza et al.



undirected contact network, in which amino acid residues

corresponded to nodes, and links are contacts between two

residues. A pair of residues was considered in contact if the

distance between at least one atom on each residue was

smaller than 5 �A, as adopted previously [7]. Residue cen-

trality was computed based on the change of the average

shortest pathway length, L, under removal of the residue

(node) in accordance with a previous study [15]. Briefly, L

was calculated as:

L ¼ 1

Np

X

j[ i

dði; jÞ

where Np is the total number of residue pairs (contact dis-

tance < 5 �A) and d(i, j) is the shortest network distance

between nodes i and j. Contact maps and pathways were cal-

culated with an in-house code, and the shortest network path

was found with the Floyd–Warshall algorithm [35]. The

average length, L, was recalculated after removal of each

residue (Lrem.k), and the change in the pathway length was

determined as: DLk = L – Lrem.k. The average DLk,average

and its SD (r) were calculated for the overall residues.

Finally, DLk was normalized based on the SD, resulting in

the score zk = (DLk � DLk,average)/r. Residues in which dele-

tion increased L by at least 2.9r were considered central

residues. The clustering coefficient (C) of the network was

calculated using AMINONET, version 2.0 [36].

Expression and purification of the mutant and

wild-type Sfbgly

The insert encoding to Sfbgly was amplified by PCR, with

pCAL-b as a template and primers 50-GACGACGAC

AAGATCCAGCAGCGCCGCTTCCCCGATGAC-30 and

50-GAGGAGAAGCCCGGTTCAATGTCCCTCATCTAT

AGTC-30. pET46Sfbgly was constructed by ligase-independent

cloning combining the pET46 Ek/LIC vector and Sfbgly
insert in accordance with the manufacturer’s instructions.

Site-directed mutagenesis was performed with the Quik-

Change Site-Directed Mutagenesis kit using pET46Sfbgly
as template. Site-directed mutations were performed with

Fig. 12. Thermal unfolding of the wild-type

and A264F mutant Sfbgly monitored by

CD and DSF. (A) Melting curve of the

wild-type Sfbgly based on the CD at 222

nm. (B) Melting curve of the wild-type

Sfbgly determined using DSF. (C) CD

spectra of the wild-type Sfbgly at 20 °C

(blue) and 90 °C (green). (D) Melting curve

of the A264F mutant based on the CD at

222 nm. (E) Melting curve of the A264F

mutant determined using DSF. (F) CD

spectra of the A264F mutant at 20 °C

(blue) and 90 °C (green).

Table 4. Rate constants for thermal denaturation at 45 °C of the

mutant and wild-type Sfbgly. Central residues are shown in bold.

The residues surrounding F251 are in italics; noncentral residues

are in regular font. kunfold was determined by monitoring the Sypro

Orange binding to unfolded Sfbgly after incubation at 45 °C for

different times. The average kunfold value and SD for wild-type

enzyme were determined based on seven different experiments.

ND, not determined as aresult of native and denatured mutant

A264F binding the fluorescent probe similarly.

Enzyme kunfold (min�1)

Wild-type 0.07 � 0.02

L100A 0.022

L350A 0.22

L389A 0.023

Y390A 0.039

N391A 0.034

S247A 0.10

N249A 0.4a

F251A 0.15a

F334A 0.29a

S358A 0.18a

K366A 0.35a

Y420A 0.6a

D260A 0.18a

E261A 0.033

M262A 0.035

A263F 0.20a

A264F ND

E265A 0.05

L335A 0.5a

V336F 2.1a

S337F 0.34a

a kunfold values that differed from the wild-type enzyme at the 4r

level.
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the primers reported in Table S1. Mutations were checked

by DNA sequencing. BL21 Gold (DE3) competent cells

were transformed with wild-type or mutant pET46Sfbgly
and plated onto Luria-agar broth containing 100 lg�lL�1

carbenicillin. The cells were grown on 500 mL of Luria-

broth containing 100 lg�lL�1 carbenicillin and induced

with 1 mM IPTG for 20 h at 20 °C. Subsequently, the cells

were harvested by centrifugation and stored at –80 °C.
Purification was carried out by suspending a pellet from

100 mL of cultured cells in 2 mL of lysis buffer (50 mM

sodium phosphate buffer, pH 8.0, containing 300 mM NaCl

and 20 mM imidazole) and sonicating the suspension on ice

using five pulses of 10 s at output 3 in a Branson Sonifier

250 (Branson Instruments, Co., Stamford, CT, USA)

adapted with a microtip. The lysate was then centrifuged at

11 000 g for 30 min at 4 °C (5415R centrifuge; Eppendorf;

Hamburg, Germany) and the supernatant was collected

and then incubated with 400 lL of nickel-nitrilotriacetic

acid resin (Qiagen, Valencia, CA, USA) for 14 h with gen-

tle agitation. Subsequently, the resin was washed 10 times

with 1.5 mL of lysis buffer, and specifically bound proteins

were then eluted with 1.0 mL of 50 mM sodium phosphate

buffer at pH 7.0 containing 300 mM NaCl and 300 mM imi-

dazole. Finally, the buffer of the protein sample was chan-

ged to 10 mM potassium phosphate at pH 6.0 with a

HiTrap Desalting Column (GE HealthCare, Little Chal-

font, UK).

Determination of the CD spectra

CD was carried out in a Jasco J-815 CD spectropolarimeter

(Halifax, NS, Canada) attached to a Peltier system. Data

were collected using a rectangular quartz cuvette (NSG

Precision Cells Inc., Farmingdale, NY, USA) with a path

length of 0.1 cm in continuous scanning mode at a speed

Fig. 13. Eyring plots for the thermal denaturation of the wild-type

and mutant Sfbgly Mutations L100A, L350A and L389A are

replacements of noncentral residues. kunfold was determined at

different temperatures using the same procedure presented in

Fig. 11. Three independent experiments were performed for the

wild-type Sfbgly (data are presented in different colors).

Fig. 14. Eyring plots for the thermal

denaturation of the wild-type and mutant

Sfbgly Mutations S247A, N249A, F251A,

F334A, S358A, K366A and Y420A are

replacements of central residues. kunfold

was determined at different temperatures

using the same procedure presented in

Fig. 11.
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of 20 nm�min�1, an integration time of 1 s, a bandwidth of

1 nm and standard sensibility. The samples were diluted to

0.2 mg�mL�1 (3.5 lM) in 10 mM potassium phosphate

buffer at pH 6.0. Eight spectra were collected from 190 to

260 nm and from 20 to 90 °C and averaged. Molar elliptic-

ity was calculated as described previously [37].

Determination of the tryptophan fluorescence

spectra

The tryptophan fluorescence spectra of the Sfbgly mutants

were collected in a F-4500 Hitachi spectrofluorimeter

(Chiyoda, Tokyo, Japan) with a cell holder attached to a

circulating water bath. The samples were excited at

295 nm, and three emission spectra were collected from 305

to 450 nm and averaged. The excitation and emission slits

were set to 2.5 and 10 nm, respectively. The spectra were

measured using a scan speed of 240 nm�min�1 at 25 °C.

Tryptophan fluorescence quenching

Quenching was performed by adding aliquots of 10 M

acrylamide prepared in 10 mM potassium phosphate buffer

at pH 6.0 to the protein solution. The fluorescence intensi-

ties were determined at 341 nm with excitation at 295 nm.

The dilution of the protein sample was taken into account

in the data analysis. Experiments were carried out on a

F-4500 Hitachi spectrofluorimeter at 25 °C. The Stern–
Volmer constant was calculated using the equation [38]:

Fig. 15. Eyring plots for the thermal

denaturation of the wild-type and mutant

Sfbgly Mutations D260A, E261A, M262A,

A263F, E265A, L335A, V336F and S337F

are replacements of residues in the

vicinity of the central residue F251. kunfold

was determined at different temperatures

using the same procedure presented in

Fig. 11.

Table 5. Thermodynamic parameters for thermal denaturation at

45 °C of the mutant and wild-type Sfbgly. Central residues are

shown in bold. The residues surrounding F251 are in italics;

noncentral residues are shown in regular font. ND, not determined

as a result of the A264F mutant showing no transition from the

native to the denatured state. T was set to 45 °C in the

calculations.

Enzyme

DGǂ

(kJ�mol�1)

DHǂ

(kJ�mol�1)

DDSǂ

(kJ�mol�1)

DDHǂ

(kJ�mol�1)

TDDSǂ

(kJ�mol�1)

Wild-type 96.7 355 258 – –

L100A 100.1 221 121 134 –137

L350A 93.8 256 162 �99 �96

L389A 99.5 338 239 �17 �20

Y390A 95.3 302 207 �53 �52

S247A 96.5 281 184 �74 �74

N249A 92.8 201 108 �154 �150

F251A 93.9 218 124 �137 �134

F334A 92.1 302 210 �53 �48

S358A 94.1 215 121 �140 �137

K366A 91.5 311 219 �44 �39

Y420A 90.8 199 108 �156 �150

D260A 93.9 183 89 �172 �169

E261A 98.9 242 143 �113 �115

M262A 98.9 382 283 27 25

A263F 94.9 184 89 �171 �169

A264F ND ND ND ND ND

E265A 98.5 213 114 �142 �144

L335A 93.2 230 137 �125 �121

V336F 87.8 215 127 �140 �131

S337F 93.6 224 130 �131 �128
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F0

F
¼ 1þ K

SV
½Q�

where F0 is the fluorescence intensity in absence of acry-

lamide, F is the fluorescence intensity in the concentration

[Q] of acrylamide and Ksv is the Stern–Volmer constant.

Determination of the Tm using DSF

DSF [39] was performed on a Real Time PCR 7500 Life

Technologies (Carlsbad, CA, USA) instrument. One

microgram of wild-type or mutant Sfbgly was mixed with

5000-fold diluted Sypro Orange dye to a total volume of

25 lL in 0.2 mL optical 8 Cap Tube Strips (Life Tech-

nologies). Fluorescence data were collected using filter 2

(~ 550 nm) in melting temperature mode at the same time

as increasing the temperature from 25 to 95 °C at a rate

of 0.1% (~ 2 h of collection). The Tm and SD were deter-

mined based on the maximum point of the first derivative

of the fluorescence versus T curve in three different

experiments.

Determination of the Tm using CD spectra

CD data were collected using a Jasco J-815 spectropo-

larimeter with a Peltier system. The temperature was

increased from 20 to 90 °C at a rate of 0.5 °C�min�1, and

each temperature was maintained for 5 s. The samples were

diluted to 0.2 mg�mL�1 (3.5 lM) in 10 mM potassium phos-

phate buffer at pH 6.0. The data were collected at three

different wavelengths: 222 nm and 208 nm to access the a-
helix content and 215 nm to access the b-sheet content, in

according with a previous study [37]. To determine the Tm,

the data were fitted to the equation:

hkðTÞ ¼ hkUðTÞ þ
ðhkFðTÞ � hkUðTÞÞ
1þ Exp T�Tm

a

� �

where hkU (T) is the unfolded protein reading at wavelength

k and temperature T, hkF (T) is the folded protein reading

also at wavelength k and temperature T, and a is the curva-

ture parameter. hkU (T) and hkF (T) correspond to linear

equations determined based on experimental data. As a

result of sample limitation, Tm for the wild-type and

mutant enzymes was determined in a single experiment.

The reported SD values are those from the fitting process.

Determination of the rate constant of thermal

denaturation

The wild-type and mutant Sfbgly were mixed with 5000-

fold diluted Sypro Orange dye in a quartz fluorescence cuv-

ette. The fluorescence data were collected using an F-4500

Hitachi spectrofluorimeter in continuous mode during the

incubation at constant temperature. The data were fitted to

a first-order kinetics equation to evaluate the rate constant

(kunfold):

Ft ¼ F0:e
�kunfold:t

where Ft is the fluorescence at time t and F0 is the initial

fluorescence. Seven different experiments were performed

for the wild-type enzyme, whereas a single experiment was

performed for mutant enzymes. The kunfold values were

subsequently plotted and fitted to the Eyring equation:

lnðkunfoldÞ ¼ DHz þ DSz:1=T

where kunfold is the rate constant for the protein denatura-

tion at temperature T, and DH‡ and DS‡ are the transition

Fig. 16. Free energy of activation (DG‡) for

the denaturation process at 45 °C of the

mutant and wild-type Sfbgly. Data were

obtained from the Eyring plots presented

in Fig. 11. SEs were determined in three

independent experiments performed with

the wild-type Sfbgly. (A) Mutation of

central residues (indicated in red) and

noncentral residues (indicated in blue).

(B) Mutation of residues at the vicinity of

F251. Residues D260 to E265, located in

an a-helix, are marked with a rectangle,

whereas residues L335 to S337, located in

a b-sheet, are marked with an arrow.
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enthalpy and entropy, respectively. DG‡
T was calculated

assuming that DH‡ and DS‡ are constant over the tempera-

ture range considered in the present study.
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