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native counterpart remains a major problem in molecu-
lar biology [2–6]. The significance of shedding light 
onto such processes is further reinforced by noting that 
the characterization of folding mechanisms holds the 
potential to uncover fundamental insights into the links 
between protein folding and misfolding, a recurrent and 
devastating event in several human diseases.

The Holy Grail of biophysical studies would be to derive 
general principles through the analysis of simple systems. 
This quest is particularly challenging in the context of 
protein folding, as a critical complication lies in compar-
ing the data obtained from proteins displaying different 
structure and sequence. Indeed, the complexity arises 
not only from variations in protein sequences among 
different proteins but also from the structural diversity 
observed within both native and denatured states. A 
common strategy to circumvent this problem lies in com-
paring the folding mechanisms of homologous proteins, 
i.e. proteins sharing a similar structure whilst displaying 

Introduction
The classical description of the protein folding prob-
lem invoked two apparently inter-related challenges: the 
prediction of a protein structure from its amino acid 
sequence and the detailed characterization of the mecha-
nism whereby polypeptide chains achieve their native, 
functionally competent, conformations. Whilst the 
recent developments of AlphaFold artificial intelligence 
tools have contributed to remarkable breakthroughs in 
protein structure predictions [1], addressing the sequence 
of events which lead the denatured conformation into its 
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Abstract
Protein folding remains a fundamental challenge in molecular biology, particularly in understanding how 
polypeptide chains transition from denatured states to their functional conformations. Here we analyze the folding 
mechanisms of the engineered metamorphic proteins B4 and Sb3, which share highly similar sequences but adopt 
distinct topologies. Kinetic analyses revealed that B4 follows a two-state folding mechanism, whereas Sb3 involves 
the formation of an intermediate species. We further explore the role of topology in folding commitment using the 
metamorphic mutant Sb4, which can populate both conformations. By analyzing folding and unfolding behaviors 
under varying experimental conditions, our findings suggest that topology dictates folding mechanisms at an early 
stage. These results demonstrate that folding landscapes are primarily shaped by final native structures rather than 
sequence composition.
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different sequences [7–13]. These kinds of studies, which 
have been extensively discussed elsewhere, have contrib-
uted to building an invaluable framework which offers 
significant insights into the interplay between sequence 
and structure in protein folding, enhancing our under-
standing of this complex process.

A complementary perspective to the traditional com-
parative analysis of homologous proteins is provided by 
the study of metamorphic proteins [14–17]. These pro-
teins retain the highest possible sequence identity while 
exhibiting distinct changes in their protein topology, 
thereby allowing to expand the current understanding of 
structural versatility and functional adaptation in protein 
biology. Nevertheless, experimental works on the folding 
of metamorphic proteins are, to date, very limited.

Bryan, Orban and coworkers recently reported a highly 
ambitious experiment of protein design that successfully 
evolved different pairs of metamorphic proteins in vitro 
[18]. Such proteins were obtained by engineering the 
original sequence of the ribosomal protein S6 from Ther-
mus thermophilus (101 amino acids in length) into con-
verging high-identity sequences, which could populate 
three distinct folds: the very same fold of the ribosomal 
protein S6 - referred to as S-fold - or the folds adopted by 
two domains of streptococcal Protein G, the B-fold of the 
IgG-binding GB domain (56 amino acids in length), and 
the A-fold of the HSA-binding GA domain (56 amino 
acids in length). Among the engineered variants, the B4 
and Sb3 variants stand out as particularly intriguing for 
protein folding studies, as these two constructs display 
nearly identical sequences between residues 1 and 56, 
differing only at position 5, where B4 has a leucine, while 
Sb3 has a tyrosine, and present an overlapping αββ topol-
ogy between residues 23 and 56 (Fig. 1A). Despite these 
similarities, the presence of 31 additional amino acids on 
the C-terminal end of Sb3 leads to a markedly different 
structure compared to B4. Specifically, while B4 assumes 
the B-fold found in the GB domain of Protein G (Fig. 1B), 
Sb3 adopts the characteristic S-fold of the ribosomal 
protein S6 (Fig.  1C). This remarkable protein engineer-
ing achievement offers the relatively unique opportunity 
to perform a complementary study on protein folding 
mechanisms, allowing for two key inter-related questions 
to be directly addressed: first, can any common interme-
diates be encountered along the folding pathway of pro-
teins displaying long, highly identical stretches of amino 
acids? Secondly, at which stage does a protein commit to 
its native state?

Here we provide a comparative analysis of the mecha-
nism of folding of B4 and Sb3. We show that, despite 
nearly identical sequences from position 1 to 56 and 
a partially overlapping secondary structure topology, 
these two constructs fold via different mechanisms, cor-
responding to a two-state scenario and a three-state 

scenario for B4 and Sb3, respectively. Analysis of folding 
and unfolding rate constants under varying experimental 
conditions indicates that the intermediate observed in 
Sb3 exhibits distinct stability characteristics compared to 
B4. This suggests that their folding pathways diverge early 
in the process and that the B4 fold does not resemble the 
intermediate species observed for Sb3. To further investi-
gate this divergence, we also characterized the folding of 
the Y5L mutant of Sb3 - referred to as Sb4 for simplicity 
- which was previously shown to populate simultaneously 
both the B4 and Sb3 conformations. Notably, the folding 
behavior of Sb4 mirrors the two distinct phases observed 
individually in B4 and Sb3, with each phase responding 
to experimental conditions in a manner consistent with 
its corresponding construct. As discussed below, these 
findings provide a strong validation of the notion that 
protein topology is committed very early along the fold-
ing pathway [19, 20] and, thus, that folding mechanisms 
are primarily dictated by topology rather than by amino 
acid sequence.

Results
The kinetics of folding of B4 and Sb3 reveal the presence of 
divergent folding mechanisms
The primary objective of the present study was to deliver 
a comprehensive comparative analysis of the folding 
mechanism of the B4 and Sb3 engineered proteins. Con-
sequently, both constructs were subjected to stopped-
flow (un)folding kinetics, by rapidly diluting the protein 
into solutions containing different guanidine hydrochlo-
ride (GdnHCl) concentrations. In all experiments, the 
time course of the emission fluorescence was satisfacto-
rily fitted to a single-exponential equation. The logarithm 
of the observed rate constants kobs plotted against dena-
turant concentration, commonly referred to as the chev-
ron plot, obtained for B4 and Sb3 are reported in Fig. 1D 
and E, respectively. In both cases, the chevron conformed 
to a simple V-shape, consistent with a two-state scenario 
[21].

It is of interest to compare the folding behavior of B4 
and Sb3 with those of their parent proteins, GB and 
S6 [22–24]. In fact, in both cases, the folding reaction 
seems marginally affected by the pronounced changes 
in aminoacidic composition, as evidenced by the nearly 
identical observed folding rate constant as well as by a 
very similar dependence on denaturant concentration, 
namely mF value (Fig.  1D and E). However, the engi-
neered constructs exhibited dramatically higher unfold-
ing rate constants, with an increase of 60-fold for B4 (ku = 
35.9 ± 1.4 s− 1) compared to GB1 (ku = 0.57 ± 0.02 s− 1) and 
of 40,000-fold for Sb3 (ku = 12.4 ± 1.2 s− 1) compared to S6 
(ku = 0.0003 ± 0.00004 s− 1). Such observation indicates a 
pronounced destabilization in both cases (Fig. 1D and E).
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In an effort to overcome the marginal stability of the 
engineered constructs, folding and unfolding experi-
ments were also performed in the presence of 0.3  M 
Na2SO4, a commonly used salt to stabilize protein. 

Remarkably, despite successfully improving the stability 
of both proteins, the addition of 0.3 M Na2SO4 produced 
markedly different effects on the B4 and Sb3 constructs. 
Specifically, while the chevron plot of B4 retained its 

Fig. 1  Comparative analysis of (un)folding kinetics for B4, Sb3, and their parent proteins GB and S6. (A) Sequence and topology alignment of the B4 and 
Sb3 constructs, differing by a single residue within the first 56 amino acids (adapted from Ruan et al., 2023). (B) Structural alignment of the B4 construct 
(green) with the parent IgG-binding GB domain (pink) from Streptococcal Protein G (PDB: 1PGA). (C) Structural alignment of the Sb3 construct (blue) with 
its parent ribosomal protein S6 (orange) from T. thermophilus (PDB: 1FKA). (D) Comparison of the chevron plots obtained for the B4 construct (green) and 
the GB domain (pink). Both exhibit classical V-shaped two-state folding behavior, with similar kinetic parameters except for a significantly higher unfolding 
rate constant in B4. (E) Comparison of the chevron plots obtained for the Sb3 construct (blue) and the S6 protein (orange). Both display classical V-shaped 
two-state folding behavior, with similar kinetic parameters except for a significantly higher unfolding rate constant in Sb3. The (un)folding kinetic data for 
the GB domain and the S6 protein were taken from Morrone et al., 2011, and Otzen and Oliveberg, 1999, respectively
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characteristic V-shaped profile (Fig.  2A), indicative of a 
two-state folding mechanism, the chevron plot of Sb3 
revealed a clear deviation from linearity in its refolding 
arm (i.e., at low denaturant concentrations), convention-
ally denoted as roll-over effect [25, 26]. This suggests the 
existence of a three-state folding scenario, determined 
by the accumulation of an intermediate species in rapid 
pre-equilibrium with the unfolded state, which was not 
detectable in the absence of Na2SO4 (Fig.  2B). We note 
that these findings parallel what had been previously 
observed on the S6 protein [24], further confirming that 
the engineered constructs strictly mirror the folding 
pathways of their respective wild-type counterparts.

Investigation of the (un)folding kinetics and 
thermodynamic properties of B4 and Sb3 under varying 
experimental conditions reveals early divergence in their 
respective folding pathways
A powerful strategy for uncovering the structural and 
stability characteristics of rapid pre-equilibrium inter-
mediates and transition state ensembles (TSE) involved 
in folding mechanisms lies in measuring the folding and 
unfolding reactions, while changing the experimental 
conditions. To this end, time-resolved fluorescence mon-
itored (un)folding experiments were performed at differ-
ent pH conditions for both B4 and Sb3, in the presence of 
stabilizing salt (Fig. 3). Under all investigated conditions, 
the chevron plots of B4 were accurately fitted with a two-
state model. On the other hand, the chevron plots of Sb3 
required a kinetic three-state model to account for the 
persistent “roll-over effect” observed at all pHs. Table  1 
summarizes the kinetic and thermodynamic parameters 

obtained from the global fits of B4 and Sb3 across all 
experimental conditions.

Inspection of Fig.  3 reveals that, whilst the refolding 
arm of B4 shows minimal sensitivity to changes in pH, its 
unfolding is significantly affected outside of the pH range 
4.5-7.0 (Fig. 3A). This results in a pH dependence of the 
(un)folding equilibrium rate constant displaying two dis-
tinct sigmoidal, monotonic transitions at both acidic and 
alkaline pH values (Fig.  3B). This behavior is consistent 
with the protonation of at least two groups in the native 
state, with apparent pKa values of approximately 4 and 8. 
It is particularly noteworthy to note that the GB domain 
of Protein G, the parent protein of B4, was previously 
shown to display a very similar dependence of protein 
stability with changing pH [22].

Contrary to the behavior observed for B4, the chevron 
plots of Sb3 showed minimal sensitivity to changes in pH, 
with the profiles remaining largely unaltered (Fig.  3C). 
It is evident that both the unfolding and refolding arms 
do not display significant fluctuations. Figure  3D high-
lights the negligible change of the stability of the fold-
ing intermediate as a function of pH. On the basis of this 
observation, we can unambiguously conclude that the 
intermediate species of Sb3 does not resemble the B4 
native fold.

The study of the (un)folding of the metamorphic variant 
Sb4 helps in addressing the role of sequence and/or 
topology in the early commitment of a protein folding 
pathway
As briefly recalled above, B4 and Sb3 display identical 
sequence composition between position 1 and 56, with 
the sole exception of one residue at position 5 (Fig.  1). 

Fig. 2  Supplementation of 0.3 M Na2SO4 to the 50 mM Hepes pH 7.5 experimental Buffer highlights the distinct folding pathways pursued by the B4 and 
Sb3 Constructs. (A) Chevron plot of the (un)folding kinetics of the B4 construct in 50 mM Hepes pH 7.5 buffer supplemented with 0.3 M Na2SO4, showing 
a two-state folding scenario. (B) Chevron plot of the (un)folding kinetics of Sb3 in 50 mM Hepes pH 7.5 buffer supplemented with 0.3 M Na2SO4 reveals 
a three-state folding mechanism, characterized by the appearance of a previously undetected intermediate species in rapid pre-equilibrium with the 
unfolded state
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Table 1  Kinetic parameters of the folding of B4 and Sb3 measured at different pH conditions
pH B4 Sb3

kf (s
− 1) ku (s− 1) KEq (10− 2) kf (s

− 1) ku (s− 1) KI (10− 2)
9.0 1270 ± 62 66 ± 3 5.0 ± 0.3 34 ± 2 2.4 ± 0.1 1.5 ± 0.1
8.5 900 ± 48 52 ± 2 6.0 ± 0.3 34 ± 2 1.7 ± 0.1 1.0 ± 0.2
8.0 871 ± 37 34 ± 2 4.0 ± 0.2 35 ± 2 1.9 ± 0.1 1.0 ± 0.1
7.5 910 ± 43 13.0 ± 0.8 1.0 ± 0.1 27 ± 1 1.8 ± 0.1 0.80 ± 0.05
6.5 1085 ± 45 4.0 ± 0.2 0.40 ± 0.02 41 ± 2 3.0 ± 0.1 2.0 ± 0.1
5.5 1048 ± 43 5 ± 0.3 0.50 ± 0.02 45 ± 3 3.1 ± 0.2 2.0 ± 0.1
4.5 1221 ± 50 5 ± 0.3 0.40 ± 0.02 50 ± 2 2.7 ± 0.1 1.6 ± 0.1
3.5 975 ± 43 14.0 ± 0.8 1.00 ± 0.07 48 ± 3 3.2 ± 0.2 1.7 ± 0.2
2.5 844 ± 41 16.0 ± 0.9 2.00 ± 0.01 53 ± 3 3.4 ± 0.2 2.0 ± 0.1
As reported above the folding parameters obtained for B4 and Sb3 were calculated from a two-state and three-state model, respectively. All data were recorded at 
25 °C. To reduce errors, the chevron plots of each protein were globally fitted with shared m-values

Fig. 3  Comparative analysis on the pH-dependent folding behavior of B4 and Sb3. (A) Chevron plots of B4 measured from pH 2.5 to pH 9.0. Lines are the 
best global fit to a two-state equation with shared m-values. (B) Logarithm of the unfolding equilibrium constants between the native and denatured 
state of B4 versus pH. The fit clearly reveals the presence of two monotonic sigmoidal transitions over pH 7 and below pH 4.5, respectively. (C) Chevron 
plots of Sb3 measured from pH 2.5 to pH 9.0. Lines are the best global fit to a three-state equation with shared m-values. (D) Logarithm of the partition 
factor KI of Sb3, proportional to the difference between the activation barriers for the pre-equilibrium intermediate state to revert to the denatured state 
rather than proceeding to the native state, versus pH
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Mutation of tyrosine 5 to leucine in Sb3, explicitly 
referred to as the Sb4 variant, results in a partial shift in 
the native population from the S-fold towards the B-fold 
[18]. In fact, the HSQC NMR spectrum for this variant 
revealed roughly twice the number of amide cross-peaks 
compared to B4 and Sb3, while closely matching the 
amide signals produced by each protein construct in their 
respective NMR spectra. This finding strongly indicates 
that the Sb4 variant is a metamorphic protein capable of 
populating both the B- and S-folds simultaneously [18].

The unique structural features of Sb4 provide an invalu-
able opportunity to explore the impact of native state 
topology on protein folding pathways, in the context of 
the very same protein. Hence, we resorted to investigate 
the kinetic (un)folding reactions of Sb4 under varying pH 
conditions and in the presence of stabilizing salt, follow-
ing the same approach that we applied to the B4 and Sb3 
variants.

Contrary to what was observed in the case of both 
B4 and Sb3, when subjecting the Sb4 protein to time-
resolved folding experiments, we could clearly observe 
double-exponential behavior (Fig.  4, Supplementary 
Fig.  1). Such distinct phases could be detected both in 
folding and unfolding experiments. The dependence of 
the fast and slow kinetic phases is reported in Fig. 5. Of 
interest, it is evident that the overall behavior of Sb4 cap-
tures both the chevron plots of B4 and Sb3. Along with 
previously reported NMR data, this finding is a signature 
of the coexistence of two slow-interconverting confor-
mational populations: (i) the Sb4_B-fold, exhibiting the 
characteristic two-state profile of B4; (ii) the Sb4_S-fold, 

displaying the three-state mechanism of Sb3. Indeed, 
comparison of the chevron plots obtained from each of 
the three engineered constructs under different pH con-
ditions revealed that the folding behavior of Sb4_B-fold 
and Sb4_S-fold is affected in the same way as that of B4 
and Sb3, respectively. Table 2 summarizes the kinetic and 
thermodynamic parameters obtained from the global 
fits of Sb4_B-fold and Sb4_S-fold across all experimental 
conditions.

Specifically, as with the B4 construct, the unfolding 
arms of Sb4_B-fold are strongly influenced by alkaline pH 
values above 7.5 (Fig. 5A). On the other hand, the acidic 
conditions that impact B4 have no effect on Sb4_B-fold, 
resulting in the logarithmic plots of equilibrium con-
stants over pH showing one single, monotonic transition 
at alkaline pH values exceeding 7.5 (Fig. 5B). In contrast, 
in Sb4_S-fold, the tested pH conditions have no signifi-
cant effect on the kinetic constants of (un)folding and the 
intermediate (Fig. 5C and D), just like observed in Sb3.

Discussion
The classical studies on protein folding are generally lim-
ited by the selection of a specific protein system, which 
inherently limits the possibility to extract general rules. A 
common strategy to overcome these complications lies in 
comparing the folding of (i) protein homologues, sharing 
the same topology while displaying a different sequence 
[7–10, 12, 13, 27], or (ii) proteins with different structure 
but with the highest possible sequence identity [17, 20]. 
In this context, the peculiar sequence identity between 

Fig. 4  Chevron plots of the two distinct phases observed for the Sb4 variant in 50 mM Bis-Tris pH 6.5 buffer supplemented with 0.3 M Na2SO4. The two 
phases correspond to the Sb4_B-fold and Sb4_S-fold populations, whose profiles strongly mirror the behavior of B4 and Sb3, respectively
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Table 2  Kinetic parameters of the two distinct phases of Sb4 variant, representing the B-fold and S-fold, measured at different pH 
condition
pH Sb4 _ B-fold Sb4 _ S-fold

kf (s
− 1) ku (s− 1) KEq (10− 2) kf (s

− 1) ku (s− 1) KI (10− 2)
9.0 994 ± 95 60 ± 7 6.0 ± 0.6 53 ± 13 0.45 ± 0.06 5.0 ± 0.3
8.0 962 ± 100 46 ± 6 5.0 ± 0.6 49 ± 12 0.44 ± 0.05 6.0 ± 0.4
7.5 1116 ± 94 6.0 ± 0.8 0.50 ± 0.05 54 ± 15 0.52 ± 0.06 8.0 ± 0.3
6.5 863 ± 70 4.0 ± 0.5 0.50 ± 0.04 40 ± 11 0.79 ± 0.10 3.00 ± 0.06
5.5 1024 ± 81 4.6 ± 0.6 0.4 ± 0.04 45 ± 11 0.5 ± 0.06 5.0 ± 0.2
4.5 1004 ± 87 3.9 ± 0.5 0.4 ± 0.04 53 ± 14 1.08 ± 0.10 7.0 ± 0.4
3.5 1012 ± 86 3.8 ± 0.5 0.4 ± 0.04 48 ± 12 1.05 ± 0.10 5.0 ± 0.1
2.5 733 ± 60 5.4 ± 0.7 0.7 ± 0.07 51 ± 15 1.08 ± 0.10 6.0 ± 0.4
As reported above the folding parameters obtained for Sb4_B-fold and S-fold were calculated from a two-state and three-state model, respectively. All data were 
recorded at 25 °C. To reduce errors, the chevron plots of each condition were globally fitted with shared m-values

Fig. 5  Analysis of the pH-dependent folding behavior of the Sb4 variant. (A) Chevron plots of the Sb4_B-fold population measured from pH 2.5 to pH 9.0. 
Lines are the best global fit to a two-state equation with shared m-values. (B) Logarithm of the unfolding equilibrium constants between the native and 
denatured state of Sb4_B-fold versus pH. The fit clearly reveals the presence of a single, monotonic sigmoidal transition over pH 7.5 (C) Chevron plots of 
the Sb4_S-fold population measured from pH 2.5 to pH 9.0. Lines are the best global fit to a three-state equation with shared m-values. (D) Logarithm of 
the partition factor KI of Sb4_S-fold, proportional to the difference between the activation barriers for the pre-equilibrium intermediate state to revert to 
the denatured state rather than proceeding to the native state, versus pH
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B4 and Sb3 (Fig. 1) offers the unique opportunity to pro-
vide a complementary experimental perspective.

The experimental characterization reported above 
demonstrates that, whilst B4 folds via a robust two-state 
kinetic mechanism, stabilization of Sb3 allows for the 
detection of a meta-stable folding intermediate. Such 
behavior parallels what observed earlier for their wild-
type counterparts, namely GB1 for B4 and S6 for Sb3 
[22–24]. Given that the first 56 amino acids of Sb3 are 
essentially identical to the sequence of B4,with the sole 
exception of one residue at position 5, a question of inter-
est is whether the folding intermediate of Sb3 displays 
similar structural features as those of B4. This insight is 
valuable as it may reveal the point at which folding path-
ways diverge and become committed to the native topol-
ogy, thereby offering a glimpse of the width of the free 
energy landscape at the early stages of folding. In this 
perspective, it is particularly instructive to discuss the 
changes on stability as probed by different pH conditions. 
In fact, whilst the folding of B4 is highly sensitive to pH, 
the intermediate of Sb3 appears extremely robust, with 
nearly identical chevron plots from pH 2.5 to 9.0. This 
finding allows to conclude unequivocally that the inter-
mediate of Sb3 has distinct structural properties as com-
pared to B4 and, therefore, that the folding pathways of 
such proteins diverge very early. We note that this find-
ing supports the notion that folding pathways commit 
very early to native topologies, which might be already 
imprinted as early as in the denatured state [20].

One of the most fascinating theories to describe the 
folding of proteins implies the native state to be mini-
mally frustrated [28–30]. A consequence of the principle 
of minimal frustration is that the energy landscape is 
typically funneled towards the native state and alterna-
tive structures are highly unstable. Furthermore, in the 
case of minimally frustrated sequences, a small set of col-
lective parameters that measure proximity to the native 
state can effectively indicate the energy of a given con-
figuration [31–33]. Consequently, the final structure of a 
protein is expected to play a crucial role in shaping the 
topology of the folding landscape, as frequently observed 
in the comparison of homologous proteins. The analysis 
of the folding pathway of Sb4 variant provides an exqui-
site validation of this prediction. In fact, since this vari-
ant assumes two alternative native conformations in a 
slow equilibrium, it offers the opportunity to test the 
robustness of the links between folding pathway and 
native topology on the very same protein. A comparison 
between the folding behavior of Sb4, B4 and Sb3 high-
lights an unambiguous robustness in the folding path-
ways leading to the S- and B-folds. Hence, alternative 
topologies demand specific folding routes, even in the 
presence of the same amino acidic sequence.

Conclusions
The comparative analysis of B4, Sb3, and Sb4 proteins 
provides compelling evidence that protein topology 
plays a decisive role in dictating folding mechanisms. 
Despite nearly identical sequences, the divergent fold-
ing pathways of B4 and Sb3, along with the dual folding 
behavior of Sb4, demonstrate that the commitment to a 
specific native state occurs early in the folding process. 
The observed kinetic differences and stability variations 
suggest that structural constraints imposed by the final 
topology significantly influence the folding landscape. By 
offering a unique perspective on metamorphic proteins, 
this study emphasizes the importance of native-state 
topology in guiding folding pathways.

Materials and methods
Plasmid construction
The cDNA sequences encoding for the Sb4 protein [18] 
was subcloned between the NdeI and BamHI restriction 
sites of pET28b(+) plasmid, a vector bearing a kanamy-
cin resistance marker which is commonly used for the 
expression of N-terminally 6xHis-tagged constructs. The 
eXact tag pH0720 expression vectors encoding the B4 
and Sb3 proteins [18] were a kind gift from Prof. Philip N. 
Bryan. This vector closely resembles the pPal8 expression 
vector (Biorad), bearing an ampicillin resistance marker, 
with the only key difference being that the original Pro-
finity eXact tag found in the pPal18 vector is replaced in 
pH0720 by the optimized N-terminal fusion subtilisin 
prodomain sequence:

MEAVDANSLA QAKEAAIKEL KQYGIGDKYI KLIN-
NAKTVE GVESLKNEIL KALPTEGSGN TIRVIVS-
VDKAKFNPHEVLG IGGHIVYQFK LIPAVVVDVP 
ANAVGKLKKM PGVEKVEFDH QYRGL which gives 
much better soluble expression compared to the origi-
nal version [18]. The transformations for DNA extraction 
were performed in E. Coli XL10-Gold Ultracompetent 
Cells (Agilent) and all constructs were verified by DNA 
sequencing (Eurofins Genomics).

Protein expression and purification
Plasmids were transformed in E. Coli BL21(DE3) Com-
petent Cells (Thermo Scientific) by heat shock procedure. 
Bacterial cells containing the recombinant pET28b(+) 
or eXact tag pH0720 vectors were grown in Miller LB 
Broth (Sigma Aldrich) supplemented with either 30  µg/
ml of kanamycin or 100 µg/ml of ampicillin, respectively, 
at 37  °C and 180  rpm. When bacterial cultures reached 
an OD600 of 0.6–0.8, protein expression was induced by 
adding 1 mM isopropyl β-d-1-thio-galactopyranoside 
(IPTG) and was allowed to proceed overnight at 25  °C 
and 180 rpm. Cells were harvested by centrifugation for 
10 min at 7000 g and 4 °C. Bacterial pellets deriving from 
expression of the Sb4 protein encoded in the pET28b(+) 
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vector were resuspended in 50 mM TrisHCl buffer at pH 
7.5, 300 mM NaCl, 10 mM imidazole (Buffer A), whereas 
bacterial pellets deriving from expression of the eXact 
tag pH0720 vector were resuspended in 100 mM sodium 
phosphate buffer at pH 7.2 (Buffer P), supplemented in 
both cases with cOmplete™ EDTA-free Protease Inhibitor 
Cocktail (Roche). Cell lysis was performed by sonication 
and cellular debris were removed by ultracentrifugation 
for 45 min at 18,600 g and 6  °C. The soluble fraction of 
bacterial lysate containing Sb4 protein was loaded onto a 
5 ml nickel charged HiTrap chelating HP column (Cytiva) 
equilibrated with Buffer A. The column was washed with 
10 column volumes of 50 mM TrisHCl buffer at pH 7.5, 
1  M NaCl to remove any unspecific binding and pro-
teins were successively eluted by performing a 0  M to 
1 M imidazole gradient through an ÄKTA-start (Cytiva) 
HPLC system. Fractions containing the protein of inter-
est were collected and the buffer was exchanged to 50 
mM TrisHCl at pH 7.5, 300 mM NaCl, using a HiTrap 
Desalting column (Cytiva) according to the manufactur-
er’s instructions. The soluble fraction of bacterial lysate 
containing either prodomain fusion proteins B4 or Sb3 
was loaded on a 5  ml EconoFit Profinity eXact column 
(Bio-Rad) equilibrated with Buffer P. The column was 
washed with 10 column volumes of Buffer P to remove 
any unspecific binding and was successively equilibrated 
with 2 column volumes of 100 mM sodium phosphate 
buffer at pH 7.2, 100 mM NaF, (Buffer E) and incubated 
for 30 min at 25 °C to allow for the catalytic activation of 
the immobilized protease within the matrix. The cleaved 
target proteins were eluted using Buffer E. The purity of 
all protein samples was verified through SDS-PAGE.

Kinetic (un)folding experiments
Rapid mixing (un)folding experiments were performed 
using a SX-18 single mixing stopped-flow device (Applied 
Photophysics). All experiments were performed at 25 °C, 
with a final protein concentration of 1 µM and GdnHCl 
as the denaturing agent. Fluorescence emissions were 
measured with a 360 nm cut-off glass filter, using an exci-
tation wavelength of 280 nm. When possible, at least five 
individual traces were acquired and then averaged for 
each experiment. Buffers used for salt-dependence of B4 
and Sb3 were 50 mM Hepes pH 7.5, supplemented with 
either 0 mM or 300 mM Na2SO4. Buffers used for pH-
dependence of B4, Sb3 and Sb4 were 50 mM Phosphate 
pH 2.5, 50mM Formate pH 3.5, 50mM Acetate pH 4.5–
5.5, 50 mM Bis-Tris pH 6.5, 50mM Hepes pH 7.0, 50mM 
TrisHCl pH 8.0-8.5-9.0 all supplemented with 300 mM 
Na2SO4. All chevron plots of the B4 protein were fitted 
with a standard two-state equation:

	 logkobs = log
(

kue(mu[GdnHCl]/RT ) + kf e(−mf [GdnHCl]/RT )
)

Chevron plots of the Sb3 protein were fitted to a three-
state equation implying the accumulation of an interme-
diate in rapid pre-equilibrium with the denatured state:

	
logkobs = log

(
kue(mu[GdnHCl]/RT ) + kf e(−mf [GdnHCl]/RT )

1 + KIe(mI [GdnHCl]/RT )

)

with the exception of the experiment performed in 
50 mM Hepes pH 7.5, without salt, which was fitted to 
a standard two-state equation. The chevron plots of 
the two distinct phases which could be recorded in the 
experiments involving the Sb4 protein were fitted either 
with a two-state or three-state equation, depending on 
the presence of a clear roll-over effect in the refolding 
arm. By following a standard procedure in protein fold-
ing studies, to minimize statistical errors all the chevron 
plots were analyzed with shared kinetic m-values.
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