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A B S T R A C T   

Syntenin-1 is a multidomain protein containing a central tandem of two PDZ domains flanked by two unnamed 
domains. Previous structural and biophysical studies show that the two PDZ domains are functional both isolated 
and in tandem, occurring a gain in their respective binding affinities when joined through its natural short linker. 
To get insight into the molecular and energetic reasons of such a gain, here, the first thermodynamic charac
terization of the conformational equilibrium of Syntenin-1 is presented, with special focus on its PDZ domains. 
These studies include the thermal unfolding of the whole protein, the PDZ-tandem construct and the two isolated 
PDZ domains using circular dichroism, differential scanning fluorimetry and differential scanning calorimetry. 
The isolated PDZ domains show low stability (ΔG < 10 kJ⋅mol− 1) and poor cooperativity compared to the PDZ- 
tandem, which shows higher stability (20–30 kJ⋅mol− 1) and a fully cooperative behaviour, with energetics 
similar to that previously described for archetypical PDZ domains. The high-resolution structures suggest that 
this remarkable increase in cooperativity is associated to strong, water-mediated, interactions at the interface 
between the PDZ domains, associated to nine conserved hydration regions. The low Tm value (45 ◦C), the 
anomalously high unfolding enthalpy (>400 kJ⋅mol− 1), and native heat capacity values (above 40 
kJ⋅K− 1⋅mol− 1), indicate that these interfacial buried waters play a relevant role in Syntenin-1 folding energetics.   

1. Introduction 

Even though small compact globular proteins typically exhibit 
extreme cooperativity, integrating the whole sequence into a single 
structural unit, larger proteins usually are arranged into structures 
composed of discrete structural domains that behave as individual 
cooperative modules. This modular architecture appears as a universal 
principle recurrently used by nature to construct large proteins. It can be 
justified by evolutionary reasons, since nature will prefer to design 
proteins by adapting pre-existing well-folded domains than following a 
de novo design process for every functional protein. Thermodynamics 
may also justify this option, since a protein should have a well-defined 
structure, stable enough to get over the thermal motion, R⋅T (being R 
the universal gas constant and T the absolute temperature), but the 
difficulties in organizing properly all the amino acids from the sequence 

into a unique, well-ordered, energetically optimized and cooperative 
structure increase dramatically with the sequence length. Furthermore, 
proteins should achieve a rapid self-assembling into their 3D structures 
[1] and, as a rule, one might assume that the occurrence of relatively 
stable folding intermediates should be avoided by evolution in most of 
the cases, as they could lead to biologically unwanted self-aggregation 
processes. 

Hence, size is the key for modular disposition. Regardless of type and 
function, cooperative modular domains are generally limited in size, 
about 40 kDa, and in stability, with folding Gibbs energies typically 
below 60 kJ⋅mol− 1 at 25 ◦C [2–4]. This limited stability (80 kJ⋅mol− 1) 
had been already postulated in the 1960s by Charles Tanford, on the 
basis of solubilities of amino acids and related substances in a variety of 
solvents by using pure thermodynamic and physical-chemical reasoning 
[5]. This limitation in stability would be dictated by biological 
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requirements such as functioning, turnover, or flexibility. 
A very important advantage emerging from the modular arrange

ment is that the different domains constituting a given protein can 
cooperate to modify its functionality. It is well known, for instance, that 
tandems of PDZ domains achieve improved binding affinities with 
respect to the isolated domains. These features can enable regulatory 
mechanisms to control signalling events [6]. Moreover, alternative 
splicing is clearly favoured by multidomain organization, being highly 
beneficial, since it will increase multifunctionality at little cost [7]. The 
combination of energetic (folding/unfolding thermodynamics and ki
netics) and structural studies is a powerful approach to distinguish 
whether different domains within a modular protein interact coopera
tively or behave as independent units. Such studies, not only can inform 
on the degree of cooperativity gained upon covalent linkage of the do
mains, but also provide valuable information on the nature and 
magnitude of the contributions of the different types of interactions 
established at the interface [4]. Furthermore, the comparison of 
unfolding experiments between the tandem and its isolated structures 
will focus the energetic study at the domain interface, and/or at those 
regions responsible of the binding and unfolding cooperativity [8]. 

As mentioned above, a particularly interesting and frequent mode of 
multidomain organization in proteins is represented by tandem arrays of 
PDZ domains. In these cases, structurally homologous domains are 
presented in a contiguous assembly joined by a relatively short linker. 
Most of the PDZ domain-containing proteins are multimodular scaffold 
proteins comprising multiple PDZ domains, so that they can simulta
neously interact with several binding partners and, thus, assemble su
pramolecular signalling complexes. The few existing studies on the 
folding/unfolding of different PDZ domains naturally ordered in a tan
dem disposition have revealed a wide range of alternatives, ranging 
from situations in which PDZ domains unfold independently [9–12] to 
others in which the domains behave as a single cooperative unit [8]. 

Syntenin-1 (also known as SDCBP) is a 32 kDa protein which 
sequence is highly conserved from vertebrates to arthropods. It func
tions as a multifunctional adapter protein, interacting primarily with 
membrane-bound proteins and being involved in the sub-cellular traf
ficking of various proteins to organize functional complexes during 
exocytosis and endocytosis [13]. Consequently, Syntenin-1 is implicated 
in important cellular events, such as receptor trafficking, regulation of 
neuronal architecture, synapse formation, axonal elongation, and exo
some production. It also plays a role in the pathogenesis and metastasis 
of various cancers [14] and is a determining factor in the virulence of the 
SARS-CoV-2 infection [13,15]. 

From a structural point of view, Syntenin-1 contains a tandem of two 
PDZ domains in its central region flanked by two unnamed domains at 
the N- and C-termini [14]. The N-terminal domain has an autoinhibitory 
character, possibly regulated by Tyr phosphorylation [16], while the 
function of the C-terminal domain remains unknown, although it seems 
to be necessary for protein homo-dimerization [17]. PDZ domains are 
protein-protein interaction modules that normally contain six β strands 
and two α helices, and recognize C-terminal sequences in their targets, 
that fit in a binding groove conformed by the β2 strand and the α2 helix. 
Thus, the last four residues of the target C-terminal sequence bind as an 
additional β strand that interacts in an antiparallel orientation with 
respect to the β2 strand of the PDZ domain [18]. 

The PDZ domains mediate the interactions of human Syntenin with a 
variety of proteins [13]. They also bind the phospholipid phosphatidy
linositol 4,5-bisphosphate (PIP2) as the 20 % of PDZ domains do [19]. 
Most interestingly, Syntenin interacts with the Envelope (E) protein of 
coronaviruses through a highly conserved -DLLV C-terminal motif. 
[20–23]. SARS-CoV-E is an integral membrane protein of about 76 
amino acids, not constitutive of the virus, which accumulates in cells 
during infection. The elimination of SARS-CoV-E in animal models 
markedly reduces the massive expression of cytokines responsible for 
the acute respiratory process, increasing the possibility of survival 
[24–27]. In fact, a direct relationship between the SARS-CoV-E/ 

Syntenin interaction and the activation of the p38 MAPK protein, 
responsible for the disproportionate increase in the expression of in
flammatory cytokines during infection, has been established. Therefore, 
the SARS-CoV-E/Syntenin interaction plays a determining role in the 
severity and virulence of the infection and is a major target for broad- 
spectrum pharmacological intervention against coronaviruses, 
including SARS-CoV and SARS-CoV-2 variants [15,28]. 

In this work, the first thermodynamic characterization of the 
conformational equilibrium of Syntenin-1 is presented, with a special 
focus on its PDZ domains. Thermal unfolding experiments were carried 
out using circular dichroism (CD), differential scanning fluorimetry 
(DSF) and differential scanning calorimetry (DSC) of the full-length 
protein, the tandem of PDZ domains and the two isolated PDZ do
mains, under a variety of buffer conditions. The thermodynamic analysis 
of these experiments has revealed a cooperative interaction between 
both PDZ domains that might be well explained by a network of in
teractions, many of them mediated by occluded water molecules at the 
interface between the PDZ domains. 

2. Results 

2.1. Circular dichroism (CD) and differential scanning fluorimetry (DSF) 
analysis of the thermal unfolding of human Syntenin-1 and its fragments 

Thermal denaturation experiments in different buffers, ionic 
strengths and pH conditions were performed with full-length Syntenin-1 
in order to overcome its low solubility and identify the optimal condi
tions for its biophysical characterization (50 mM sodium phosphate, 
500 mM sodium chloride, pH 7.5, referred to as TP6 from now on). In 
Fig. 1 the far-UV CD spectrum and the thermal unfolding profile of full- 
length human Syntenin-1 are shown, being the latter characterized by a 
single structural transition with a Tm value of 56 ◦C. Interestingly, the 
far-UV CD spectrum of full-length Syntenin-1 retains a significant level 
of ellipticity at high temperatures, suggesting that some degree of re
sidual structure is preserved upon thermal unfolding. The irreversibility 
of the transition precluded a thorough thermodynamic analysis, 
although the sigmoidal shape of the thermal denaturation profile allows 
its fitting to a two-state model (see Materials and methods for details). 
The DSF thermal unfolding profiles of full-length Syntenin-1 show a 
similar behaviour, rendering comparable Tm values in PBS buffer 
(Fig. S1 and Table S1). 

To improve solubility and reversibility in order to facilitate the 
thermodynamic characterization, the thermal unfolding of the Syntenin- 
1 PDZ tandem (residues 113–273, in the absence of the N- and C-ter
minal domains) was studied. The far-UV CD spectrum and thermal 
unfolding transition of the PDZ tandem (Fig. 1) are characterized by 
lower ellipticities in the 210–220 nm region compared to the full-length 
protein, indicating a loss in secondary structure that is well accounted 
for the removal of the N- and C-terminal domains, predicted to adopt 
helical structure in the AlphaFold model for full-length Syntenin-1 (PDB 
code: AF_AFO00560F1). The PDZ tandem construct shows a much 
higher solubility and partial reversibility, allowing for the thermody
namic analysis of the thermal denaturation transitions. The CD and DSF 
thermal unfolding experiments (Figs. 1 and S1, respectively) reveal a 
10 ◦C decrease in the Tm value with respect to the full-length protein, 
with the unfolded state showing much less residual ellipticity. 

The thermal unfolding of the Syntenin-1 PDZ tandem was studied 
under several conditions using different buffered solutions, pH values 
and ionic strengths. The experiments, which were performed in dupli
cate, allowed us to identify the conditions for optimal stability (highest 
Tm values) and reversibility (over 50 %): pH 7.0–8.0 with moderate-to- 
high ionic strength (Fig. S2). Fitting of the experimental traces to a two- 
state model resulted in Tm values of 41 ◦C at TP1 conditions and around 
45-46 ◦C for TP2 to TP6. The van’t Hoff unfolding enthalpies, reporting 
on the relative cooperativity of the transitions, were obtained, ranging 
between 600 kJ⋅mol− 1 (under TP1 conditions) and 350 kJ⋅mol− 1 (TP6 
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buffer). DSF experiments carried out in PBS buffer show a single 
unfolding transition (Fig. S1) rendering Tm values similar to those 
derived from the CD experiments under TP2 to TP6 conditions 
(Table S1). 

Far-UV CD thermal unfolding experiments were also carried out with 
the two isolated PDZ domains (PDZ1 residues 113–193; PDZ2 residues 
197–273) (Fig. 1). The isolated PDZ domains showed poor solubility that 
was optimal at TP6 conditions. Despite their partial reversibility (higher 
than 50 %), the CD spectra and the unfolding transitions of the isolated 
domains are clearly smaller in size (Fig. 1), suggesting a poor stability of 
the isolated domains in solution. As observed for the full-length protein, 
the ionic strength is clearly stabilizing these domains, which are almost 
unfolded in 40 mM sodium phosphate pH 7.0. Unfolding transitions 
displaying the highest Tm values were obtained under TP6 conditions 
(50 mM sodium phosphate 500 mM sodium chloride pH 7.5). Surpris
ingly, these Tm values are higher than that of the PDZ tandem and closer 
to the full-length protein values. 

2.2. Differential scanning calorimetry (DSC) study of full-length human 
Syntenin-1 

To perform a complete thermodynamic characterization of the 
unfolding equilibrium, the thermal unfolding of Syntenin-1 and the 
different PDZ constructs were studied by DSC. The DSC unfolding 
transition of the full-length protein was completely irreversible under all 
conditions studied; even when the first heating scan was stopped at the 
beginning of the heat evolution, no transition was recovered in the 
reheating scan. This precludes any further thermodynamic analysis. A 
small pre-transition appears in the unfolding traces of the full-length 
Syntenin-1 (Fig. 2) that is not found in the denaturation profiles of the 
PDZ tandem or the isolated PDZ domains. This pre-transition could be 
assigned to the unfolding of the N- and C-terminal domains, but the 
corresponding CD and DSF unfolding profiles show a single and well- 
defined S-shaped transition that coincides in Tm (around 55 ◦C) with 
the main endotherm observed in the DSC experiments (Figs. 1 and 2), 
ruling out this interpretation. Rather, considering that Syntenin-1 C- 
terminal domain seems to be implicated in protein homo-dimerization 
[17], this small pre-transition peak can be explained by the dissocia
tion of oligomeric species into monomers, as previously described for 
other systems [29]. In any case, the poor solubility of full-length Syn
tenin-1 precluded a more thorough analysis of the protein concentration 
effects on thermal denaturation. 

The DSC study of the PDZ tandem (comprising residues 113–273) 
confirms the ten-degree drop in Tm with respect to the full-length pro
tein observed in the CD and DSF studies. Nonetheless, this loss in Tm is 

not accompanied by a parallel reduction in the unfolding enthalpy, 
which can be estimated from the area below the heat capacity transition. 
This strongly suggests that the N- and C-terminal domains do not 
contribute significantly to the main cooperative unit of Syntenin-1, 
which seems to be mostly constituted by the tandem of PDZ domains. 
In summary, the contextual effects provided by residues 1–112 (N-ter
minal domain) and 274–298 (C-terminal domain) are not relevant for 
the unfolding cooperativity of the full-length protein. 

The lack of X-ray structures for the full-length protein precludes a 
structural assessment of this point. The AlphaFold prediction for human 
Syntenin-1 (PDB code: AF_AFO00560F1) shows a high uncertainty for 
the structural prediction of these regions, but reflects some helical 
content at the N-terminal domain. In any case, the AlphaFold model 
does not reveal specific interactions between the N- and C-terminal re
gions and the central PDZ tandem. The C-terminal region comprises only 
25 amino acids, which might not be long enough to induce any struc
tural arrangement. The N-terminal region, containing 112 amino acids, 
has been described to play an auto-inhibitory role, possibly regulated by 
Tyr phosphorylation, but nothing is known on its possible structure 

Fig. 1. (A) Far-UV CD spectra under TP6 conditions at 10 ◦C for full-length Syntenin-1 (pink), the PDZ1–2 tandem construct (green), and the isolated PDZ1 (black) 
and PDZ2 (red) domains. (B) Far-UV CD-thermal unfolding transitions corresponding to the thermal evolution of the molar ellipticity at 222 nm. Symbols correspond 
to the experimental data and black lines show the best fitting to a two-state model. Protein concentration was 30 μM for PDZ1, PDZ2 and PDZ tandem, and 10 μM for 
full-length Syntenin-1. 

Fig. 2. Comparison between the DSC profiles of full-length Syntenin-1 (pink 
symbols) and the PDZ tandem (green symbols) under TP6 conditions at 10 μM 
and 100 μM concentration, respectively. The best fitting to the four-state model 
described by Scheme 2 is shown as a black line. For a better comparison, the 
DSC profile of the full-length protein has been moved down in the Cp axis to the 
position of the tandem. 
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[16]. Previous NMR studies, comparing the 1H-15N HSQC NMR spectra 
of two tandem constructs including the N- and C-terminal regions of 
Syntenin-1 respectively, as well as that of complete Syntenin-1, revealed 
that the N-terminal region is most likely unstructured and does not seem 
to interfere with the PDZ tandem, while the C-terminal region provokes 
a broadening of a number of signals, indicating an increased propensity 
to aggregation. In any case, these studies are not conclusive and reveal 
that these regions, mainly the C-terminal region, might retain some 
structure and probably develop some defined interactions with the PDZ 
tandem [17]. Despite this evidence, the higher CD-ellipticity observed 
for full-length Syntenin-1 compared to the isolated PDZ tandem is not 
accompanied by additional negative ellipticity at the 222 nm region 
(Fig. 1), which strongly suggests that under all the experimental con
ditions in this work the N- and C-terminal flanking regions are 

essentially unstructured. 

2.3. Differential scanning calorimetry of the PDZ tandem of human 
Syntenin-1 

Focussing in the Syntenin-1 PDZ tandem, a more exhaustive DSC 
study under different buffer conditions (TP2 to TP6) was undertaken. 
The results are shown in Fig. 3, where the best experiments obtained at 
three different protein concentrations have been collected: 100 μM, 50 
μM and 25 μM. These experiments reveal interesting effects associated to 
the thermal unfolding of Syntenin-1 PDZ tandem. First, the unfolding 
main transition does not have the typical symmetrical shape of two-state 
behaviour, being clearly asymmetric. Second, noticeable protein con
centration effects are observed, so that higher protein concentrations 

Fig. 3. The DSC unfolding traces of the PDZ tandem of Syntenin-1 under several buffer conditions. The experiments were carried out at three different protein 
concentrations: 100 μM (brown symbols), 50 μM (orange symbols) and 25 μM (green symbols). The black solid lines represent the best fit to the four-state model 
described in the text (Scheme 2). The black dotted line represents the CpU(T) function estimated from the amino acid composition [30,31] and the red solid line is the 
CpN(T) function estimated from the protein molecular weight [37]. 
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give rise to lower Tm values. DSF experiments at different concentrations 
reproduce the same trend (Table S1). This concentration dependence 
indicates that the conformational state achieved after the transition has 
a higher oligomerization state than the native state. Finally, the theo
retical CpU(T) function estimated from the amino acid composition 
[30,31] and describing the behaviour of the unfolded state, strongly 
deviates from the experimentally measured values (see all panels of 
Fig. 3). This clearly indicates that the macrostate populated after the 
main thermal-unfolding transition is an unfolding intermediate, rather 
than the fully unfolded state. 

The simplest model that can account for these observations is a three- 
state scheme in which the intermediate state oligomerizes: 

N⇄1/n In⇄U (Scheme 1)  

where N is the native state, In corresponds to an oligomeric intermediate 
state with n stoichiometry, and U the unfolded state. This model was 
used to fit the experimental DSC traces (see Materials and methods for 
details). An example reflecting the quality of these fittings is shown in 
the upper panel of Fig. S3, where it can be observed that, although the 
model reproduces well the main transition, it does not describe properly 
the post-transition heat effects occurring at high temperatures. The 
fitting quality at high temperatures noticeably improves when a fourth 
monomeric intermediate, I-state, is introduced in the scheme: 

N⇄I⇄U
↑↓

1/nIn

(Scheme 2) 

Thus, this four-state model has been used to fit all the DSC traces 
obtained for the PDZ tandem construct (Fig. 3). Interestingly, the DSC 
profile obtained for full-length Syntenin-1 is also well reproduced by this 
four-state model (Fig. 2), but the resulting thermodynamic parameters 
are unreliable due to the irreversibility of the transition. 

The thermodynamic formulation of the four-state model (Scheme 2) 
requires the optimization of several parameters through non-linear 
fitting: eight to describe the linear heat-capacity functions of the four 
macrostates (CpN(T), CpI(T), CpIn(T) and CpU(T)), and six corresponding 
to the Tm values and the enthalpy changes of each of the three equi
libriums. These results have been summarized in Table 1. The stoichi
ometry of the oligomeric intermediate, n, can be estimated from the 
protein concentration behaviour of these DSC traces as an additional 
fitting parameter. The best fits of the experimental data rendered a value 
of n = 3 for the intermediate stoichiometry, in agreement with previous 
studies performed with other PDZ domains [32]. Thus, n = 3 was used in 
any subsequent fittings. 

In Fig. 4 the populations resulting from the thermodynamic analysis 
under TP2 conditions are shown. Similar distributions were obtained for 
the other conditions. The inspection of these results reveals that the 
monomeric intermediate may reach populations up to 30 % at temper
atures above 40 ◦C, which justifies its inclusion into the model. 

There exists a good consistency among the parameters derived from 

the fitting to the four-state model. Considering association/dissociation 
phenomena, the association processes should be exothermic and the 
dissociation ones endothermic. Accordingly, it can be observed (Table 1) 
that the enthalpy change, ΔHI-In, corresponding to the association of the 
intermediate is negative, whereas the other equilibriums give rise to 
positive enthalpy values. A further inspection of the unfolding equilib
rium (Table 1 and Figs. 3 and 4) shows that the main endotherm is 
mainly due to endothermic contributions whereas the post-transition 
heat-capacity effects result from a partial compensation of relatively 
high endothermic and exothermic contributions. 

In addition, the single transition obtained from CD and DSF experi
ments (Figs. S1 and S2) coincides with the main DSC endotherm (Fig. 3), 
mostly associated to the N ⇄ I heat contribution, which indicates that 
the structural transition corresponds to this equilibrium. The absence of 
any other structural evolution by CD and DSF upon temperature, 
together with the absence of residual ellipticity after the transition, 
indicate that the intermediates lack any defined secondary or tertiary 
structure, being thus structurally close to the unfolded state. Similar 
conclusions were obtained by our team from the unfolding analysis of 
other PDZ domains [32] and other proteins displaying this kind of 
oligomeric intermediates [4]. These results show that, although there is 
no true structural transition in the equilibriums I ⇄ In and I ⇄ U, they 
have associated a relevant heat exchange arising from the association/ 
dissociation of these macrostates. Our most recent mutagenesis studies 
on PDZ domains strongly suggest that these associations are mainly 

Table 1 
Thermodynamic parameters resulting from the fitting of the DSC traces of human Syntenin-1 PDZ tandem to a four-state unfolding model (Scheme 2)a.  

Solventb TN-I 

(K) 
ΔHN-I 

(kJ⋅mol− 1) 
TI-U 

(K) 
ΔHI-U 

(kJ⋅mol− 1) 
TI-In 

(K) 
ΔHI-In 

(kJ⋅mol− 1) 

TP2 318.3 ± 0.3 265 ± 4 334.0 ± 1.1 205 ± 9 361.5 ± 2.6 − 216 ± 9 
TP3 320.3 ± 0.5 276 ± 13 332.7 ± 0.8 175 ± 4 357.7 ± 0.8 − 260 ± 10 
TP4 321.9 ± 0.5 253 ± 8 322.1 ± 1.6 10 ± 10 383,1 ± 4.0 − 316 ± 7 
TP5 319.8 ± 0.5 206 ± 5 332.1 ± 0.3 190 ± 6 360.6 ± 0.6 − 181 ± 26 
TP6 321.8 ± 1.0 173 ± 17 321.0 ± 3.3 72 ± 32 364.5 ± 4.4 − 194 ± 39 
Erbin-PDZc 336.8 ± 0.2 382.0 ± 1.6 390 ± 5 165 ± 6 399.0 ± 3.4 − 60 ± 8 
PSD95-PDZ2c 334.4 ± 0.2 351.0 ± 0.3 312 ± 2 157 ± 2 408.5 ± 0.4 − 153 ± 2  

a The values represent the average of the six experiments. The intervals reflect the standard error of the average. 
b TP2 (50 mM Tris, 150 mM sodium chloride, pH 7.5); TP3 (50 mM sodium phosphate, 300 mM sodium chloride, pH 8.0); TP4 (50 mM sodium phosphate, 300 mM 

sodium chloride, pH 7.0); TP5 (50 mM PIPES, 300 mM sodium chloride, pH 8.0); TP6 (50 mM sodium phosphate, 500 mM sodium chloride, pH 7.5). 
c Extracted from [36]. 

Fig. 4. Population analysis of the Syntenin-1 PDZ tandem in TP2 conditions, 
showing the temperature dependence of the population of the N-state (dark 
blue), the I-state (magenta), the In-state (grey), and the U-state (cyan). 
Continuous lines correspond to the populations at 100 μM protein concentra
tion, long-dashed lines at 50 μM, and short-dashed lines at 25 μM. 
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based on hydrophobic interactions [33–35]. 
It is interesting to point out that PDZ domains seem to follow a 

similar unfolding mechanism involving the association of partially 
unfolded intermediates. In this way, the same model used to fit the DSC 
traces of the Syntenin-1 PDZ tandem (Fig. 3) describes well the 
unfolding equilibrium of other isolated PDZ domains from several pro
teins, including Erbin-PDZ and PSD95-PDZ2 [36]. The experimental 
DSC endotherms measured of the isolated Erbin and PSD95 PDZ do
mains are comparable to those of the Syntenin-1 tandem (Fig. 5), with 
the later showing unfolding enthalpies slightly smaller than those of the 
isolated PDZ domains from Erbin and PSD95 proteins (Table 1). The DSC 
analysis renders a stability for the Syntenin-1 PDZ tandem in the range 
of 20 to 30 kJ⋅mol− 1, a value that is small for a 21 kDa protein. 

Comparison of the theoretical native and unfolded heat capacity 
functions (derived from well-ordered globular proteins and calculated 
from the molecular weight [37] and the amino acid composition [30,31] 
of the protein respectively) and the experimental values (Fig. 3F) in
forms on the degree of structuring of the N and U states of the protein. 
The experimental post-transition heat effects preclude the comparison 
between the experimental and theoretical CpU(T) functions. Neverthe
less, there is a remarkable divergence between the experimental and 
theoretical native state heat capacity functions, CpN(T), so that the 
measured native state heat capacity is well above the estimated func
tion. Since these constructs do not have long N- or C-terminal tails nor 
large loops that may be unstructured, this is indicative of a higher than 
expected flexibility of the native protein as a whole ([4,38] and refer
ences therein), and is in agreement with the low unfolding enthalpy and 
stability found for the tandem construct. 

2.4. Differential scanning calorimetry of the PDZ1 and PDZ2 isolated 
domains 

To gain further insight into the conformational behaviour of the 
tandem construct and to understand the origin of its low structural 
stability, the thermal unfolding equilibrium of the two isolated PDZ 
domains was studied. DSC experiments at different domain concentra
tions under TP6 conditions were performed (Fig. 6). These results show 
that, even under conditions of maximum stability, the unfolding 

cooperativity of the two isolated domains is poor: the height of the DSC 
traces is 10–15 kJ⋅K− 1⋅mol− 1, much smaller than the 40 kJ⋅K− 1⋅mol− 1 

usually found for other PDZ domains (Erbin-PDZ and PSD95-PDZ2) and 
also for the Syntenin-1-PDZ tandem (Fig. 5). 

The DSC profiles for the isolated Syntenin-1 PDZ domains could be 
fitted to the four-state model (Scheme 2). However, using such a com
plex model is not justified in this case, since the fitting quality was not 
significantly improved with respect to three-state model (Scheme 1). 
The thermodynamic parameters derived from the simpler three-state 
model have been summarized in Table 2. The unfolding parameters 
for the isolated PDZ domains are small compared to those typically 
found for standard proteins of similar size. In this way, the unfolding 
enthalpies are much smaller than those of Erbin-PDZ and PSD95-PDZ2 
(Table 1), and comparable to those of SH3 domains, which are much 
smaller in size (7 kDa; [39]). A similar situation is found for the changes 
in Gibbs energy (stability). In addition, the association heats for the 
Syntenin-1-PDZ2 domain are smaller than those obtained for the Erbin- 
PDZ and PSD95-PDZ2 domains, being almost negligible for Syntenin-1- 
PDZ1. Finally, while the different techniques (DSC, CD and DSF) 
rendered very similar Tm values for the tandem construct, a divergence 
of approximately 5 ◦C was found between the different techniques for 
the isolated PDZ domains. 

In summary, the poor cooperativity displayed by the unfolding 
transitions of the isolated PDZ domains is reflected in a low reproduc
ibility of the traces, which introduces a great uncertainty in the deter
mination of the thermodynamic parameters. Thus, although the quality 
of the fitting is good (Fig. 6), the numerical results may not have suffi
cient reliability. Supporting these conclusions, the temperature de
pendency of the population of the three states for each isolated Syntenin- 
1 PDZ domain, shown in Fig. S4, reveals a great and not usual scattering 
in the population distributions at high temperatures, confirming the 
poor quality of these DSC experiments. 

These results indicate that, in the tandem configuration, the two PDZ 
domains establish interactions leading to a notable increase in cooper
ativity, as illustrated in Fig. 7, where the relative magnitudes of the DSC 
unfolding transitions for the isolated PDZ domains and the tandem are 
compared. The experimental trace for the PDZ tandem reveals an in
crease in cooperativity with respect to the sum of the individual domain 

Fig. 5. Comparison between the DSC traces at different protein concentrations of Erbin-PDZ (purple symbols) and PSD95-PDZ3 (cyan symbols) isolated domains, and 
the PDZ tandem of human Syntenin-1 (green symbols). The experiments with the isolated PDZ domains have been published previously [36]. 
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contributions, accompanied by a decrease of the Tm value, indicating 
strong interactions between the two PDZ domains. These results, 
together with previous NMR-titration experiments that discard the 
direct interaction between the individual domains in solution, suggest 
that the linker sequence plays an important role facilitating the in
teractions between the two PDZ domains in the tandem configuration 
[17]. 

2.5. Structural analysis of the Syntenin-1 PDZ tandem interface 

To gain additional insight into the origin of the cooperativity be
tween Syntenin-1 PDZ domains, the ten high resolution structures of the 
Syntenin-1 PDZ tandem deposited at the Protein Data Bank were 
analyzed. The unbound structure (PDB entry: 1n99) and all the complex 
structures available up to date (PDB entries: 1obz, 1v1t, 1w9e, 1w9o, 
1w9q, 1ybo, 4z33, 6r9h, 6rlc) [40–42], which include different ligands 
bound to the PDZ1 or PDZ2 domain, were considered for the analysis. 
All tandem structures were obtained with the same construct (sequence 
and length) used in this study (residues 113–273, corresponding to the 
PDZ1 domain: Arg113-Arg193, and the PDZ2 domain: Arg197-Phe273, 
joined by a short Pro194-Phe195-Glu196 linker). Even though PDZ1 and 
PDZ2 domains have <30 % identity in their amino acid sequence, the 
superposition of the backbone atoms results in a low rmsd value (1.1 Å), 
which points to a very conserved structural fold. Besides the C-terminus 
whose four-five last residues are unstructured, the most significant dif
ferences are located at the β2-β3 loop, which is shorter in PDZ2, and in 
the binding site cleft, which is narrower in PDZ1 compared to PDZ2 and 
other PDZ domains. The structural difference in the binding site region 
has been proposed to account for the lower binding affinity shown by 
Syntenin-1-PDZ1 for its ligands [40]. 

It has been described elsewhere that both PDZ domains have 
different specificity profiles; in addition, some studies indicate that the 
two domains can work cooperatively, giving rise to higher affinities for 
the protein targets when the two domains are in tandem [41]. The su
perposition of the backbone atoms of the complex structures of the PDZ 
tandem, using the unbound structure coordinates as a reference (chain A 
of the PDB entry 1n99), gives low rmsd values (Table S2). This strongly 
suggests that both domains interact to keep their mutual arrangement. 
Supporting this assumption, NMR residual dipolar couplings measure
ments reveal that the disposition of the PDZ domains in X-ray structures 
is retained in solution [17]. 

Inspection of the unbound structure of the PDZ tandem reveals a 
cluster of salt-bridged residues composed of Arg153 and Arg193 from 
PDZ1, Glu196 from the linker, and Glu240 from the PDZ2 (Fig. 8A). This 
cluster is also present in the complex structures, which, in some cases, 
show alternate conformations of these side chains and the presence of 
some water molecules mediating these interactions (Fig. 8B). In addition 
to these electrostatic interactions some hydrophobic contacts are 
observed. In this way, Phe154 from PDZ1 is packed between the 
aliphatic chains of Ile247 and Met270 from PDZ2 (Fig. 8C). Also, 
Pro194, the first residue of the short linker, is expected to restrict the 
conformational space of both domains. This proline residue is located 
next to Arg193, which appears in an unfavourable region of the 

Fig. 6. DSC unfolding profiles for the isolated PDZ1 (A) and PDZ2 (B) domains of Syntenin-1 under TP6 buffer conditions. The experiments were carried out at three 
different protein concentrations: 100 μM (brown symbols), 50 μM (orange symbols) and 25 μM (green symbols). The black solid lines represent the best fit to the 
three-state model described in the text (Scheme 1). The black dotted line represents the CpU(T) function estimated from the amino acid composition [30,31] and the 
red solid line the CpN(T) function estimated from the protein molecular weight [37]. 

Table 2 
Unfolding thermodynamic parameters derived from the fitting to a three-state 
denaturation model (Scheme 1) of the DSC profiles of isolated Syntenin-1 
PDZ1 and PDZ2 domainsa.  

Domain TN-U 

(K) 
ΔHN-U 

(kJ⋅mol− 1) 
TI-In 

(K) 
ΔHI-In 

(kJ⋅mol− 1) 
ΔGN-U(298) 
(kJ⋅mol− 1) 

PDZ1 324 ± 2 165 ± 15 365 ± 15 − 25 ± 25 8 ± 3 
PDZ2 326 ± 2 130 ± 10 380 ± 5 − 35 ± 5 9 ± 2  

a The values represent the average of the three experiments performed at 
different protein concentrations under TP6 solvent condition. The intervals 
reflect the standard error of the average. 

Fig. 7. Comparison of the DSC profiles of the two isolated PDZ domains of 
human Syntenin-1, PDZ1 (black line) and PDZ2 (red line), and the PDZ tandem 
(green line). The blue line is the sum of the transitions corresponding to the 
isolated PDZ1 and PDZ2 domains. In all cases, protein concentration was 
100 μM. 
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Ramachandran in most of the tandem structures (i.e. 1n99 and 1w9e). 
The high energy of the conformation adopted by the linker seems to be 
offset by the interactions established at the interface of the PDZ 
domains. 

Occluded water molecules were consistently found at the PDZ1/ 
PDZ2 interface in the different tandem structures, mediating the in
teractions between the two domains. Up to nine conserved hydration 
sites organized in two main clusters (Fig. 9) were systematically 

observed in the different crystal structures. The first hydration cluster 
(positions W1 to W3) is coordinated by residues from the PDZ1 domain. 
Waters at W1 are fully buried and hydrogen bonded to the backbone 
atoms of residues Gly155 and Phe195. The second hydration cluster 
(sites W4 to W9) is located next to Arg193 and Glu240, and close to 
Phe154, Ile247 and Met270 participating in hydrophobic interactions 
between both domains (Fig. 8C). Water molecules around the hydro
phobic residues (W1–W2 and W4–W6) are fully buried (ASA values <15 

Fig. 8. (A) Electrostatic interactions at the PDZ1/PDZ2 interface of free Syntenin-1 PDZ tandem structure (PDB entry 1n99) and of its complex with the TNEFYF 
peptide (PDB entry 1w9e) structures. The residues implicated in salt bridge formation are shown as sticks. For sake of clarity only the chain-A structure of the 
unbound tandem (PDB entry 1n99) is shown, where the PDZ1 (yellow), the linker (cyan) and the PDZ2 (green) are shown in cartoon representation, and the relevant 
side chains as sticks. (B) Superposition of the chains A (orange) and B (salmon) of the bound structure (PDB entry 1w9e). Electrostatic interactions are mediated by a 
water molecule (red sphere) in chain A. Chain B shows the interaction pattern observed for the unbound structure. (C) Hydrophobic interactions in the PDZ1/PDZ2 
interface of the unbound Syntenin-1 PDZ tandem (PDB entry 1n99, chain A cyan and chain B yellow) and of its complex with the TNEFYF peptide (PDB entry 1w9e, 
chain A orange and chain B salmon). Residues Phe154, Met270 and Ile247 are shown as sticks. Distances between these residues are shown as dash green lines. For 
the sake of clarity only the side chains of the unbound chain A are shown as sticks. 

Fig. 9. Hydration spots at the PDZ1/PDZ2 interface of the Syntenin-1 PDZ tandem. Conserved water molecules are shown as spheres, those from the unbound 
structure are coloured in cyan and those from the peptide bound structure are coloured in red. The numbers used to identify the waters in the figure are those shown 
in Table 3. The interface between PDZ1 and PDZ2 domains in the tandem construct of the unbound (PDB entry 1n99, chain A cyan and chain B yellow) and of the 
bound with TNEFYF peptide (PDB entry 1w9e, chain A orange and chain B salmon) structures are shown in a cartoon representation. 

J.C. Martinez et al.                                                                                                                                                                                                                             



International Journal of Biological Macromolecules 242 (2023) 124662

9

Å2) and characterized by B-factor values similar to the surrounding 
protein residues (Table 3). 

3. Discussion 

The initial goal of this work was the energetic and structural analysis 
of Syntenin-1 unfolding, a multi-modular protein containing a tandem of 
two PDZ domains in its central region flanked by two different domains 
at the N- and C-terminus. The poor solubility of the protein, the irre
versibility of the unfolding transition, and, possibly the coupling of a 
homo-oligomerization equilibrium mediated by the C-terminal domain, 
have precluded a thorough thermodynamic analysis of the unfolding 
equilibrium for full-length Syntenin-1. Nonetheless, our experiments 
reveal that the flanking N- and C-terminal domains do not seem to 
contribute significantly to the cooperative unit of this protein, since the 
tandem of PDZ domains (residues 113–273) accounts for >90 % of the 
unfolding enthalpy (which can be easily estimated from the area under 
the heat capacity curve in the DSC experiments) (Fig. 2). This tandem 
displays a much higher solubility, a partly reversible unfolding transi
tion (>50 %), and is monomeric under the experimental conditions used 
in this work. 

The thermodynamic behaviour of the PDZ-tandem unfolding is 
characterized by relatively low cooperativity, comparable to that of 
archetypical PDZ domains (Fig. 5 and Table 1), but still unusually high 
when compared to the expected contribution of the isolated domains 
(Fig. 7). This gain in cooperativity of the tandem translates into a high 
value for the unfolding enthalpy. Nevertheless, the stability values, ΔGN- 

U(298), are in the range 20–30 kJ⋅mol− 1, small for a 21 kDa protein and 
compatible with the relatively low cooperativity displayed upon 
unfolding. 

Analysis of the interface between the PDZ domains in the crystallo
graphic structures available for the tandem construct reveals a set of 
conserved interactions, some of which are mediated by water molecules. 
These waters are buried from the solvent and display B-factors compa
rable with those of the surrounding protein residues (Table 3), which 
guarantees a high occupancy of the hydration spots in solution [43–45]. 
Two main hydration clusters have been identified, interconnecting polar 
side chains at the interface between the two PDZ domains (Fig. 9). The 

hydrophobic environment provided by Phe154, Ile247 and Met270 side 
chains increases the energy of these electrostatic interactions. 

The immediate thermodynamic consequence of embedded waters 
upon protein unfolding would be a strong enthalpy− entropy compen
sation. These effects have been revealed by us in previous unfolding 
studies with the CD2BP2-GYF domain [46]. This small protein domain 
unfolds as a two-state protein, showing a stability according to its size 
but a higher than usual unfolding enthalpy. The structural analysis of its 
single cooperative unit revealed several cavities and pockets into the 
hydrophobic nucleus of this domain, able to be occupied by water 
molecules. These occluded waters may thus explain the large unfolding 
enthalpy found in CD2BP2-GYF because the extra-amount of hydrogen 
bonds that can be established in the N-state, up to four by each water 
molecule, as well as the extra-entropic contribution by desolvation upon 
unfolding [47]. 

Overall, hydration increases the flexibility of the protein ([47,48] 
and references therein). This feature can be easily evaluated from DSC 
experiments as it is reflected in the increase of the experimental CpN(T) 
function with respect to the standard values estimated from the protein 
molecular weight [4,37,38,49]. In the case of Syntenin-1 PDZ tandem, 
there is a difference of 7 kJ⋅K− 1⋅mol− 1 between the CpN(T) function 
corresponding to the experimental DSC trace of the tandem and the 
values obtained by the sum of the isolated PDZ1 and PDZ2 DSC profiles 
(Fig. 7). Such a difference may well be attributed to the waters at the 
interface. In this context, a part of the whole entropy change would 
result in an increase in conformational freedom because the hydrogen 
bonds between protein atoms at the interface get longer by the inter
calated waters, which might contribute to the increase in flexibility. The 
effect could be as if water acts as a lubricant into protein packing [47]. 
Oppositely, there exists an entropic loss coming from the immobilization 
of the water molecules at the interface but, from an energetic point of 
view, these bound waters increase the vibrational entropy of the protein 
[50]. Molecular dynamics studies have revealed that these fluctuations 
arise when water molecules get away or go in the protein interface. 
These features have been seen both inside the proteins [51] and upon 
ligand binding [44]. 

An interesting energetic effect of waters is that the dynamics of water 
inside the protein core will also affect protein thermostability. Water 
content has been established as a relevant criterion to distinguish be
tween mesophilic and psychrophilic (cold-adapted) protein homo
logues, the latter containing a larger number of water molecules 
occluded within the structure [48]. In fact, in the case of CD2BP2-GYF 
the Tm values are lower (among 40 − 55 ◦C; Table 1) than the aver
aged 60 ◦C obtained by Robertson and Murphy from a big data set built 
with the unfolding data of globular proteins [52], or even than the ones 
of other proline-binding domains [38,39,49]. The low thermostability 
was closely related in the CD2BP2-GYF domain to the high ΔCpN− U 
value (8.4 kJ⋅K− 1⋅mol− 1), responsible for the strong curvature of the 
Gibbs energy function that narrows the stability interval of the domain 
[46]. In the case of the Syntenin-1 PDZ tandem a Tm value of 45 ◦C is 
observed, lower than the obtained for the isolated PDZ domains, as well 
as the acquired from the addition of the DSC traces of both PDZ domains 
(Fig. 7). 

It can be hypothesized that the inclusion of these hydration regions 
between the domains may well have a similar effect to the previously 
observed for CD2BP2-GYF. In this way, the four-state model used to fit 
the DSC traces of the tandem (Fig. 3) has been previously used to 
describe the unfolding of isolated PDZ domains, such as Erbin-PDZ and 
PSD95-PDZ2 [36]. These observations strongly support the idea that the 
electrostatic and hydrophobic interactions, together with the observed 
structural water molecules found at the interface of Syntenin-1 PDZ 
tandem, contribute to generate a full cooperative unit between both PDZ 
domains, and that this unit retains the more salient features displayed by 
PDZ domains upon unfolding. Supporting these conclusions, the 
unfolding enthalpies of the tandem are smaller than those of Erbin-PDZ 
and PSD95-PDZ2 isolated domains (ΔHN-I and ΔHI-U values in Table 1) 

Table 3 
B-factors and ASA values for the occluded water molecules at the PDZ1/PDZ2 
interface in human Syntenin-1 tandem structures.  

PDB 1n99 1w9e 

Resolution (Å) 1,94 1,56 
Chaina A B A B 
B-factor average 

(Å2) 
27 26 23 24 

Water number Residue number/B-factor (Å2)/ASA (Å2) 
W1 312/33.6/0 401/50.0/0 2067/19.2/ 

1.90 
2044/21.41/ 
0.00 

W2 396/41.1/ 
2.90 

388/35.7/ 
3.70 

2066/44.1/ 
7.50 

2025/45.08/ 
4.00 

W3 316/42.54/ 
4.80 

– 215/37.7/ 
46.20 

2173/30.3/ 
3.40 

W4 287/29.29/ 
6.60 

307/35.46/ 
4.40 

2166/58.13/ 
2.80 

2152/29.1/ 
3.20 

W5 291/23.78/ 
9.60 

297/32.5/ 
10.10 

2124/32.1/ 
13.30 

2042/24.8/ 
8.10 

W6 294/26.80/ 
3.80 

311/33.7/ 
3.20 

2065/25.4/ 
18.60 

2030/31.5/ 
4.00 

W7 354/42.06/ 
28.60 

315/52.8/ 
26.10 

2061/37.1/ 
36.30 

2041/37.3/ 
24.10 

W8 327/44.48/ 
29.80 

361/46.9/ 
28.50 

2052/37.0/ 
45.80 

2028/44.0/ 
29.20 

W9 310/47.06/ 
31.60 

372/41.1/ 
29.30 

– 2029/42.5/ 
25.30  

a The structures of the unbound PDZ tandem (1n99) and the complex structure 
(1w9e) have two chains in the asymmetric unit. The analysis of both chains is 
shown. 
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and, therefore, they are smaller than the expected enthalpy changes for a 
tandem of two PDZ domains, despite the positive contribution of the 
interfacial water molecules. This fact is a consequence of the scarce 
contribution of both PDZ domains due to their poor unfolding cooper
ativity. Nevertheless, the association enthalpy of the tandem interme
diate (ΔHI-In) is higher, almost double, than the respective of the 
archetypical Erbin-PDZ and PSD95-PDZ2 domains, because each tan
dem molecule possess two unfolded domains associating more or less 
independently. 

Inspection of the few existing PDZ-tandem structures available at the 
PDB reveals different scenarios in which PDZ domains cooperate within 
a tandem configuration, modifying its binding properties with respect to 
the isolated domains. Some examples demonstrate that the tandem is 
stabilized by interactions established between the C-terminus of the 
second PDZ domain and any region of the first one. This is the case of 
GRIP1-PDZ45 [53,54] and INAD-PDZ45 [55] arrays. Recent biophysical 
studies on the X11-PDZ12 tandem [8] showed that the binding of its 
PDZ2 C-terminal tail to the PDZ1 binding site is critical to ensure the 
cooperative folding of the tandem [56]. Thus, in these cases, long-range 
interactions seem to justify cooperativity, with the interfaces not being 
energetically relevant. The low resolution of the X-ray structures and the 
lack of this information in the NMR ensembles preclude a thorough 
revision of the buried waters molecules at the interfaces in these PDZ 
repeats. The only tandem structure at enough resolution to reliably 
evaluate the presence of interfacial waters is the one of the PDZ tandem 
of GRASP domain (PDB code: 3rle; resolution at 1.65 Å), where an in
ternal sequence of PDZ2 packs against the PDZ1 binding pocket [57]. 
Partially buried water molecules (ASA values <10 Å2) were found at the 
PDZ1/PDZ2 interface (Fig. S5) resembling the hydration pattern found 
for the Syntenin-1 tandem. 

In the case of GRIP1-PDZ12 tandem the binding pocket of PDZ2 is 
occluded when it interacts with the PDZ1 domain, but there are no in
teractions outside the interface [58]. This scaffolding behaviour of one 
of the PDZ domains on the other would not be the case of the Syntenin-1 
tandem, where both domains have been described as functional. Inter
estingly, the GRIP1-PDZ12 X-ray structure (PDB code: 2qt5) confirms 
the presence of some water molecules fully buried at the interface (ASA 
= 0 Å2) which may have a similar energetic role to those described in the 
Syntenin-1 tandem (Fig. S5), since the disposition of these waters is 
roughly well reproduced in the two chains of the structure. A similar 
“front-to-back” arrangement to Syntenin-1 has been observed in the 
supramodule established by the Scribble-PDZ45 tandem. The unbound 
(PDB code: 4wyt) and the bound (PDB code: 4wyu) structures do not 
reveal the presence of water molecules at the interface, due to the low 
resolution of the structures (2.5 Å) [59]. 

Other examples reporting non-cooperative tandem arrangements can 
be found in the literature. Among them, the PDZ12 tandem of PSD95 
protein has been studied deeply. It is characterized by a mutual dispo
sition between the PDZ domains that allow both active sites to be 
operative, being the isolated domains stable and equally functional in 
solution [60,61]. The different structures (PDB codes: 2KA9, 3GSL, 
3ZRT) show no relevant interfaces between the structural models. Mo
lecular dynamics simulations confirm that the relative orientation of the 
two domains covers a large conformational space, where ligand binding 
will restrict this conformational space to a more defined arrangement 
[62–64]. 

Extensive folding/unfolding studies with non-cooperative tandem 
repeats have been carried out with the Whirlin-PDZ12 tandem, where it 
has been described that a transient misfolding intermediate can interact 
with its physiological ligand. The net difference in stability between the 
two PDZ domains and the lack of additional cooperativity in the tandem 
arrangement makes this example ideal for studying the effect of 
contiguous domains on the folding of a tandem array. From the kinetic 
analysis of exhaustive mutational work on PDZ1 in the context of the 
tandem and in isolation, it could be concluded that the late events of 
folding of this tandem construct are robust. In contrast, the early events 

are much more diffuse and undergo clear conformational changes that 
compare well with the frustration patterns of the domain, suggesting 
that alternative pathways and protein misfolding may arise in multi- 
domain folding proteins from locally non-optimized regions [9–11]. 
The same authors have described a very similar behaviour for the 
PDZD2-PDZ56 tandem. In this case, the misfolding intermediate dis
plays even better binding affinity than the native state [12]. 

An interesting point that comes from these unfolding studies is the 
potential formation of swapped species in the folding/unfolding process 
of a PDZ-tandem. Thus, the competence between the functional 
unfolding intermediate and productive folding suggests that such a 
functional intermediate would have the PDZ domains in an intertwined 
fashion [9]. Since the equilibrium unfolding studies with Syntenin-1 
constructs and with other isolated PDZ domains reveal an obligatory 
self-associating intermediate that populates at mid-temperatures upon 
unfolding, the question would be if these equilibrium and kinetic in
termediates are conformationally related or not. The answer comes from 
previous extensive studies carried out with the isolated PSD95-PDZ3 
domain, where structural information about the low-energy equilib
rium intermediates has been obtained by NMR spectroscopy [36] and 
Φ-value analysis provided it for the high-energy folding transition state 
[65]. The comparison revealed compatible results, being the regions of 
α2 and β5 relatively well structured, whereas the central β-strands 
appear as mostly unstructured. This scenario is fully compatible with 
domain swapping, since the known examples in PDZ domains use to 
share the β2-β3 hairpin, which is included within the most unstructured 
region in these unfolding intermediates of PSD95-PDZ3. As we already 
stated in the Results, the most recent mutagenesis studies on PSD95- 
PDZ3 domain strongly suggest that self-assembling of these equilib
rium intermediates is mainly due to hydrophobic interactions between 
specific residues located in such unstructured regions [33–35]. 

In summary, the few examples described to date on energetic and 
structural studies on PDZ-tandem arrangements expose a variety of 
possible situations. In this context, the fully cooperative behaviour of 
Syntenin-1-PDZ12 constitutes a new approach where both PDZ domains, 
already functional although unstable when isolated, can cooperate 
through a front-to-back attachment. This arrangement is favoured by 
some electrostatic and hydrophobic interactions, where several buried 
water molecules at the interface provide additional interactions between 
both domains. Similar interactions have been found in the structures of 
GRIP1-PDZ12 and GRASP-PDZ12. On the other side, a few examples 
where a fully cooperative arrangement has also been described have 
revealed long-range interactions between their C-terminus and any 
defined region at the first PDZ domain. The folding studies with trun
cated constructs of X11-PDZ12 have demonstrated that such in
teractions would be the main responsible of cooperativity in these cases. 
Thus, more PDZ-tandem arrays must be explored to discern whether the 
mechanism described here for Syntenin1-PDZ12 to achieve unfolding 
cooperativity might also be applied to other PDZ tandems. 

4. Conclusions 

The energetic analysis of the Syntenin-1 PDZ tandem presented here 
reveals that the interactions at the interface between the two PDZ do
mains are strong enough to generate a fully-cooperative structure with 
energetic features similar to those previously described for other iso
lated PDZ domains. The relatively low Tm values (45 ◦C), as well as the 
high heat capacity of the native state (above 40 kJ⋅K− 1⋅mol− 1) and 
unfolding enthalpy (higher than 400 kJ⋅mol− 1 under some of the studied 
conditions) of the Syntenin-1 PDZ tandem are consistent with the 
presence of a set of conserved interfacial water molecules bridging in
teractions at the interface between its two PDZ domains in the crystal 
structures. Thus, the energetic relevance of these interfacial water 
molecules on these PDZ tandem constructs can be hypothesized and is 
something worth studying, which makes necessary to extend this type of 
studies to other cooperative PDZ tandem arrays. 

J.C. Martinez et al.                                                                                                                                                                                                                             



International Journal of Biological Macromolecules 242 (2023) 124662

11

5. Materials and methods 

5.1. Protein expression and purification 

The original sequences of human Syntenin-1, also known as SDCBP 
protein (residues 1–298; UniProtKB code O00560⋅SDCB1_HUMAN), the 
PDZ tandem (residues 113–273), and the isolated PDZ1 (residues 
113–193) and PDZ2 (residues 197–273) domains, were optimized for 
expression into Escherichia coli BL21/DE3 (Novagen) and cloned into 
pETM11 plasmid (EMBL Core Purification Facility, Heidelberg, Ger
many) using NcoI and HindIII restriction sites. This work was carried out 
by the company Geneart (ThermoFisher Scientific). The different con
structs, containing a 6xHis-tag at the N-terminus, were expressed in 
bacterial cultures, LB-Kanamycin medium, at 37 ◦C up to an optical 
density at 600 nm of approximately 0.6, when the temperature was 
lowered to 25 ◦C. Then, the cultures were induced with 0.5 mM IPTG 
and allowed to grow at 25 ◦C overnight. Bacterial pellets were resus
pended in binding buffer (50 mM sodium phosphate, 500 mM NaCl at 
pH 7.5), and lysed by French press. The clarified lysate was bound in a 5 
mL prepacked Ni-Sepharose column (Cytiva™). The column was washed 
twice with washing buffer (50 mM sodium phosphate, 500 mM NaCl, 20 
mM imidazole at pH 7.5), and then the protein was eluted with elution 
buffer (50 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole at 
pH 7.5). The ratio of highly pure protein per liter of LB culture obtained 
was: 20 mg for human Syntenin-1, 30 mg for its PDZ tandem, and 30 mg 
and 50 mg for the isolated PDZ1 and PDZ2 domains respectively. The 
purified proteins were frozen in liquid nitrogen and stored at -80 ◦C. The 
extinction coefficients were theoretically calculated in ProtPar
amExPASy server; the values at 280 nm were 15,930 cm− 1⋅M− 1 for 
human Syntenin-1, and 8480 cm− 1⋅M− 1 for the PDZ tandem and the 
PDZ1 domain. The extinction coefficient for the PDZ2 domain was 2800 
cm− 1⋅M− 1 determined in this case at 274 nm. Molecular masses of 
35,571 Da (human Syntenin-1), 20,839 (PDZ tandem), 12,255 Da (PDZ1 
domain) and 11,543 (PDZ2 domain) were obtained by MALDI-TOF ex
periments carried out at the Scientific Instrumentation Services (CIC) of 
the University of Granada. Experimental samples were always prepared 
by extensive dialysis against the corresponding buffer at 4 ◦C. 

5.2. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) experiments were carried 
out in an automated MicroCal VP-DSC instrument from Malvern Pan
alytical. DSC traces were generated at 1.5 K⋅min− 1. The samples were 
routinely heated twice from 5 ◦C to 110 ◦C to check the reversibility of 
the unfolding process. Each experimental DSC thermogram was 
routinely corrected from the time response of the calorimeter and from 
the instrumental baseline. After normalization by protein concentration, 
the partial molar heat capacity curves were calculated from the resulting 
thermograms assuming 0.73 mL⋅g− 1 for the partial specific volume and 
the respective molecular weight obtained from mass spectrometry. 
These calculations were made using ORIGIN software. Thus the base
lines extracted from the analyses represent the net values for molar heat 
capacities and can be used as an additional criterion to justify the quality 
of our fitting analyses. 

For the analysis of the DSC traces obtained at different protein 
concentrations it is assumed that a single set of thermodynamic mag
nitudes should be compatible with all the experimental traces, as it is 
considered by the model. Therefore, any differences in such thermody
namic magnitudes are consequence of the changes in equilibrium, solely 
induced by variations in protein concentration. The thermodynamic 
equations describing the three-state model shown in Scheme 1 have 
been described in detail in a previous work [32]. A total of 10 param
eters can be optimized upon fitting, being CpN(T), CpIn(T) and CpU(T) 
linear functions for each experiment independently, as well as the TN-U 
and TI-In, and ΔHN-U(TN-U) and ΔHI-In(TI-In) parameters related to the 
two equilibriums shown in Scheme 1. Otherwise, the four-state model 

described by Scheme 2 has been described elsewhere [66], displaying 14 
fitting parameters. In this case, it was undertaken an overall analysis to 
obtain the heat-capacity CpN(T), CpIn(T), CpI(T) and CpU(T) linear func
tions for each experiment independently, as well as the TN-I, TI-In and TI- 

U, and ΔHN-I(TN-I), ΔHI-In(TI-In) and ΔHI-U(TI-U) parameters related to the 
three equilibriums shown in Scheme 2. All fitting parameters were ob
tained individually for each experiment in an attempt to assess the 
realistic error associated to these values. Calculations were made using 
Sigma Plot 2000 (Systat Software Inc.). 

5.3. Circular dichroism (CD) 

CD measurements were taken in a Jasco J-715 spectropolarimeter 
equipped with a temperature-controlled cell holder. Far-UV CD spectra 
were recorded from 260 to 200–210 nm in 1 or 2 mm path length cu
vettes. Each CD spectrum was obtained by averaging 4 accumulations 
collected at a scan rate of 50 nm⋅min− 1. All spectra were corrected by 
buffer contributions and then normalized as mean residue molar 
ellipticity. 

Temperature scans were conducted at a heating rate of 1.5 K⋅min− 1 

after equilibration of the measuring cell within the cell holder at 10 ◦C 
for 5 min. When the final temperature of 90 ◦C was reached, the samples 
were incubated for 5 min to record the spectrum of the unfolded state 
and then cooled down to 10 ◦C, at which point another spectrum was 
taken to check the reversibility of unfolding. 

According to the two-state model (N ⇄ U) thermal denaturation 
experiments followed by CD were fitted individually to the following 
equation: 

Θ222(T) =
Θ222,N +

(
KN− U⋅Θ222,U

)

1 + KN− U
(1)  

where KN-U is the equilibrium constant and Θ222,N and Θ222,U correspond 
to the baselines for the native and unfolded states, which have been 
approximated by the linear functions: 

Θ222,N = a+ b⋅T (2)  

Θ222,U = c+ d⋅T (3) 

The thermodynamic enthalpy (ΔHN-U) and entropy (ΔSN-U) functions 
for the denaturation process are 

ΔHN− U = ΔHvH +ΔCpN− U ⋅(T − Tm) (4)  

ΔSN− U = ΔSm +ΔCpN− U ⋅ln
(

T
Tm

)

(5)  

where the entropy change upon denaturation at Tm is ΔSm = ΔHvH/Tm 
and the heat capacity change upon denaturation (ΔCpN-U) was taken to 
be independent of temperature. 

Individual fittings of the experimental traces to the two-state model 
were performed taking Tm (the denaturation temperature, where the N 
and U populations are equal to 50 %), ΔHvH (the denaturation enthalpy 
value, referenced at Tm), and the linear functions defining the ellipticity 
of the N and U states, to be floating parameters. In the initial stages of 
the analysis, ΔCpN-U was taken to be zero. 

5.4. Differential scanning fluorimetry (DSF) 

DSF measurements were followed in a in a CFX384 Touch Real-Time 
PCR Detection System (Bio-Rad, Hercules, CA), using a 384-well format. 
Syntenin-1, the tandem of PDZ domains, PDZ1 and PDZ2 thermal 
denaturation profiles were obtained recording the fluorescence intensity 
of SYPRO Orange using the HEX predefined filter (Ex/Em: 515–535/ 
560–580 nm). DSF traces were generated at 1 K⋅min− 1 ranging from 15 
to 95 ◦C. 

The assay was performed in 384-well format using Sarstedt PCR full 
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skirt, 384 well plates (Reference: 72.1984.202; Sarstedt, Nümbrecht, 
Germany). 10 μL reaction mixtures were set up in PBS pH 7.4, containing 
the Syntenin-1 protein or domains at 5, 20 or 50 μM and 5× concen
tration of SYPRO Orange (dilution from the 5000× commercial stock, 
Invitrogen, Waltham, MA). 

Individual fittings of the unfolding traces to the two-state model 
were performed using the same protocol and equations than for the CD 
far-UV unfolding transitions. 
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