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Abstract:



Protein aggregation into insoluble amyloid fibrils is the hallmark of several neurodegenerative diseases, chief among them Alzheimer’s and Parkinson’s. Although caused by different proteins, these pathologies share some basic molecular mechanisms with familial amyloidotic polyneuropathy (FAP), a rare hereditary neuropathy caused by amyloid formation and deposition by transthyretin (TTR) in the peripheral and autonomic nervous systems. Among the amyloidogenic TTR mutations known, V30M-TTR is the most common in FAP. TTR amyloidogenesis (ATTR) is triggered by tetramer dissociation, followed by partial unfolding and aggregation of the low conformational stability monomers formed. Thus, tetramer dissociation kinetics, monomer conformational stability and competition between refolding and aggregation pathways do play a critical role in ATTR. Here, we propose a new model to analyze the refolding kinetics of WT-TTR and V30M-TTR, showing that at pH and protein concentrations close to physiological, a two-step mechanism with a unimolecular first step followed by a second-order second step adjusts well to the experimental data. Interestingly, although sharing the same kinetic mechanism, V30M-TTR refolds at a much slower rate than WT-TTR, a feature that may favor the formation of transient species leading to kinetic partition into amyloidogenic pathways and, thus, significantly increasing the probability of amyloid formation in vivo.
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1. Introduction


Amyloid formation has been associated with a wide range of pathologies [1,2], such as familial amyloidotic polyneuropathy (FAP) [3,4], Alzheimer’s disease (AD) [5], Parkinson’s disease (PD) [6], spongiform encephalopathies (SE) [7] and light-chain amyloidosis (AL) [8], the latter being the most common type of systemic amyloidosis. In amyloidosis, soluble proteins, which are innocuous in their native state, sample partially unfolded conformations and form cytotoxic soluble aggregates and, eventually, insoluble fibrils [1,2,9,10]. Transthyretin (TTR) is one of the more than forty different human peptides and proteins that have been identified in disease-related amyloid deposits [4,9,11] targeting different tissues and organs. To date, more than one hundred amyloidogenic TTR mutations have been identified leading to a variety of clinical manifestations ranging from peripheral and autonomic neuropathy, to cardiomyopathy, ophthalmopathy and vitreous opacities and carpal tunnel syndrome, among others [12,13,14,15,16,17,18,19,20,21]. One of the most common TTR mutations, V30M-TTR, is associated with peripheral and autonomic neuropathy at the early stages of the disease (FAP), a hereditary autosomal dominant lethal disease that may affect individuals from their twenties [14,18]. Although with higher incidence in Portugal, this TTR mutation is also prevalent in Sweden, Japan, Brazil and Majorca [19,20,21] and also found across many other countries and among different families without apparent genetic relation.



Human TTR is a homotetrameric protein, with a total molar mass of 55 kDa, found in the plasma, cerebrospinal fluid and eye [11,12,22,23]. It is mainly synthesized by the liver, but also by the choroid plexus and retinal pigment epithelium [11,12,22,23], and its main known functions are the transport of thyroxine (T4) and retinol, the latter in association with the retinol-binding protein (RBP). The concentration of TTR in the serum ranges from 3.1 to 7.6 μM, whereas in the cerebrospinal fluid varies between 0.09 and 0.36 μM [24]. The main structural element of each TTR subunit is a β-sandwich consisting of two β-sheets with four β-strands each. The association of the four subunits in the native tetramer forms a central channel with two thyroxine-binding sites [25], as seen in the crystal structures of WT- and V30M-TTR [26,27].



We have previously shown that amyloidogenic and non-amyloidogenic TTR variants dissociate to non-native monomers, in conditions close to physiological, with the amyloidogenic variants producing larger amounts of partially unfolded monomeric species, as a consequence of the marginal conformational stability of the non-native monomeric state, and able to sample conformations compatible with aggregation into amyloid. Moreover, the native tetrameric form of WT-TTR and its natural amyloidogenic variants V30M- and L55P-TTR, along with the non-amyloidogenic T119M-TTR are highly stable to thermal unfolding, with the tetrameric forms of the amyloidogenic variants having only slightly lower thermodynamic stabilities than the non-amyloidogenic T119M-TTR [11,28]. Thus, TTR tetramer dissociation kinetics, monomer conformational stability and the partitioning between refolding/reassembly of the tetramer versus aggregation pathways may play a critical role in amyloid formation in vivo [11,28,29,30,31,32,33,34,35,36].



In order to further investigate the kinetic partitioning of the TTR monomeric species between aggregation pathways leading to amyloid fibril formation and functional tetramer reassembling pathways, here we explore the refolding kinetics of WT-TTR and the amyloidogenic variant V30M-TTR. Previous refolding studies on WT-TTR, performed by Kelly and collaborators [37], were conducted over a relatively wide range of protein concentrations, and an unusual three-step refolding mechanism for tetramer assembly was proposed, based on the fluorescence variation of extrinsic probes. In the present work, low protein concentrations, close to physiological-like conditions, and monitoring of the intrinsic protein fluorescence were used to compare the refolding behavior of WT- and V30M-TTR and to determine the refolding kinetic constants of the two proteins.



It is commonly accepted that amyloid formation may result from unfolding-misfolding events in the extracellular milieu [1,2,9,10,11]. Therefore, longer refolding times can in fact favor the formation of non-native monomeric species in vivo and increase the probability of aggregate formation in the extracellular environment [2,10,11].




2. Results


In this work, we study the refolding process of WT-TTR and its amyloidogenic variant V30M-TTR from chemically-denatured monomers to native tetramers.



Preliminary refolding experiments from 2.0 M guanidinium thiocyanide (GdmSCN) showed that complete unfolding and refolding of TTR occurs in a very narrow GdmSCN concentration range (data not shown). Therefore, in order to study the refolding kinetics in a wider range of denaturant concentrations and at a larger range of apparent rate constants, protein unfolding was performed in two steps, as described in the Materials and Methods section. TTR was first incubated in 2.0 M GdmSCN for 12 h, followed by a 10,000-fold dialysis against 6.0 M urea during 10 h. Then, protein refolding experiments were performed by sample dilution to the desired final urea and protein concentrations. The refolding process of TTR was monitored by two methods: denaturant gradient gel electrophoresis (DGGE) and intrinsic fluorescence spectroscopy. While urea gradient gel electrophoresis experiments allowed us to qualitatively compare the kinetic profiles of WT- and V30M-TTR, the refolding experiments, followed by tryptophan emission, allowed the determination of apparent kinetic constants for the refolding process of WT- and V30M-TTR, at different urea concentrations.



2.1. The Presence of the V30M Mutation Influences the Refolding Profile of Transthyretin


Patterns generated in urea gradient gel electrophoresis experiments depend on the thermodynamics and kinetics of urea-induced unfolding/refolding transitions [38,39,40,41]. Within the electrophoresis time scale, rapid transitions are described by continuous protein bands, with a single S-shaped curve and a single inflexion point in the transition zone; whereas, slow conformational interconversions are described by discontinuous bands [38,39,40,41]. Figure 1 shows the DGGE refolding patterns of WT- and V30M-TTR, when previously unfolded TTR is applied to a 0.0 to 5.0 M urea gradient gel. Analysis of Figure 1 allows the identification of two main protein bands in each gel. In an electrophoretic migration, the mobility of the sample is dictated by the charge, hydrodynamic volume, shape and the characteristics of the separation medium [38,42]. In the case of TTR and under the conditions tested, the electrophoretic mobility of the unfolded protein species is lower than the electrophoretic mobility of the folded globular protein. Hence, while upper bands correspond to unfolded TTR monomers, lower bands have been identified as belonging to refolded tetrameric TTR, because they exhibit similar electrophoretic mobility to the bands observed when native WT-TTR is applied onto the gel (Figure 1A). Moreover, in these conditions, TTR tetramers do not fully unfold even at high urea concentrations (9.0 M), on the time scale of the electrophoresis (4 h).


Figure 1. Denaturant gradient gel electrophoresis (DGGE) patterns of TTR (0.5 magnification factor). (A) Pattern for WT-TTR when a native sample is loaded onto the gel. Refolding patterns of WT-TTR (B) and V30M-TTR (C) when previously urea-unfolded samples are applied to the gel; TTR samples at approximately 1.0 µM were applied across the top of the gels containing a continuous urea gradient from left to right and submitted to electrophoresis at 20 mA during 4 h (A–C).
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However, pre-incubation of WT- and V30M-TTR in 2.0 M GdmSCN followed by 6.0 M urea for a period of 22 h is enough to fully denature the TTR tetramers of WT- (Figure 1B) and V30M-TTR (Figure 1C), as judged by the single monomer band in the gels, at high molar urea concentrations. Furthermore, as shown in Figure 1B, refolding of WT-TTR occurs within the range of 1.5 to 3.0 M urea, with a transition with an apparent midpoint at approximately 2.2 M urea. The unfolded state predominates at high urea concentrations, and there is no indication of multiple unfolded states, as demonstrated by the constant mobility of the unique band of monomer across the gel. At urea concentrations around 3.0 M, the electrophoretic mobility of the WT-TTR band increases abruptly, forming a sigmoidal curve. This sharp transition indicates that the unfolded state is in rapid equilibrium with a more compact folded state. However, the electrophoretic mobility at the end of the S-shaped curve does not coincide with that of the refolded WT-TTR tetramer, observed at low urea concentrations (<2.0 M). At low urea concentrations, only a single band with a constant electrophoretic mobility is detected, which corresponds to the fully-refolded WT-TTR tetramer. These results show that the refolding pattern of WT-TTR is more complex than a simple two-state cooperative refolding transition and suggest the presence of an intermediate state. The refolding pattern of V30M-TTR (Figure 1C) is globally similar to that of WT-TTR. However, the apparent midpoint of the refolding transition occurs at lower urea concentrations than for WT-TTR. Likewise, the fully-refolded state of V30M-TTR presents similar electrophoretic mobility to that observed in the WT-TTR pattern, but it is only detected at urea concentrations lower than 1.2 M, reflecting the lower conformational stability of the amyloidogenic variant V30M-TTR [29].



DGGE experiments indicate that the refolding transitions occur within the range of 1.8 to 2.8 M urea for WT-TTR and of 0.4 to 1.2 M for V30M-TTR. Therefore, in order to perform a more detailed study of the refolding kinetics of TTR, we have studied the refolding behavior of the two proteins, WT- and V30M-TTR, in these ranges of urea concentrations, monitored by direct intrinsic protein fluorescence, at physiologically-relevant protein concentrations and experimental conditions.




2.2. Characterization of the Unfolded and Refolded Species


Analysis of the intrinsic tryptophan fluorescence spectra (Figure 2A,C) revealed that the native tetramers of WT- and V30M-TTR have very similar emission maxima, at approximately 340 nm, characteristic of partially-buried tryptophans. TTR has two tryptophan residues in each of its four identical subunits at positions 41 (Trp 41) and 79 (Trp 79). Trp 79 is located in the single α-helix of the protein positioned between β-strands E and F, while Trp 41 is located in the loop proximal to the beginning of β-strand C [25]. Previous studies showed that in the tetrameric form of the protein, while Trp 41 has a solvent exposure of 34.1%, Trp 79 is almost totally buried in the protein core and presents a solvent exposure of only 1.0% [34]. Moreover, it is known that the intrinsic fluorescence exhibited by TTR at pH 7.0 is mainly due to Trp 41 [33]. This agrees well with our results (Figure 2A,C).


Figure 2. Conformational changes of WT-TTR and V30M-TTR upon unfolding and refolding. Fluorescence spectra (A,C) and CD spectra (B,D) of WT-TTR (A,B) and V30M-TTR (C,D) under native conditions (solid lines) (20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0), after incubation with 2.0 M GdmSCN for 12 h (dashed lines), followed by dialysis against 6.0 M urea for 10 h (dashed dotted lines) and after refolding upon extensive dialysis against sodium phosphate buffer (20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0) (dotted lines). Protein concentrations were 1.0 µM in the final refolding mixture. Fluorescence spectra were recorded with an excitation wavelength of 290 nm.
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A large red-shift in the emission maximum (>355 nm) occurs upon TTR unfolding in 2.0 M GdmSCN (Figure 2A,C), due to an increase in solvent exposure of the tryptophans and consequently a less hydrophobic environment around the tryptophan residues in the denatured state. Moreover, the fluorescence spectra of both TTR variants incubated in 2.0 M GdmSCN virtually overlap the spectra taken after dialysis against 6.0 M urea, indicating that urea is able to maintain the GdmSCN-induced denatured state (Figure 2A,C). The fluorescence spectra also show that the refolded species of WT- and V30M-TTR have emission spectra very similar to those of the native tetramers, with emission maxima of approximately 340 nm, indicating that protein refolding was achieved upon urea dilution. These results suggest that, upon refolding, tryptophan residues completely recover the solvent exposure characteristic of the native state.



The changes in secondary structure exhibited by WT- and V30M-TTR upon unfolding and refolding from urea were monitored by far-UV circular dichroism (CD). As shown in Figure 2B,D, both native TTR variants present a CD profile typical of mainly β-sheet proteins, with a single negative band, at approximately 213 nm, and a positive band around 195 nm. On the other hand, under urea denaturing conditions, the CD spectra of WT- and V30M-TTR show a negative band of large magnitude around 200 nm accompanied by a significant decrease in intensity at 213 nm, due to the loss of β-sheet structure (Figure 2B,D). Conversely, upon dilution of the samples from 6.0 M urea, the far-UV CD spectra of the refolded WT- and V30M-TTR virtually overlap with the spectra of the native proteins, with a single negative band at 213 nm, indicating that after urea dilution, the residual concentration of urea has a negligible effect on the secondary structure of the proteins (Figure 2B,D). These results show that both WT- and V30M-TTR remain largely unfolded in 6.0 M urea, following GdmSCN-induced unfolding, but the native-like secondary structure of WT- and V30M-TTR is completely recovered upon refolding from urea, demonstrating the reversibility of the process.




2.3. Transthyretin Reassembled Tetramers Show Native-Like Properties


In addition to fluorescence and CD, refolded species of WT- and V30M-TTR were characterized by size-exclusion chromatography (SEC) (Figure 3A,C) and thyroxine binding assays (Figure 3B,D). SEC chromatograms show the presence of one major peak (>95%), with an elution volume of approximately 22 mL and an apparent molecular mass of 55 kDa, clearly demonstrating the tetrameric nature of the refolded species of WT- and V30M-TTR. The elution volume of these refolded species is exactly the same as the one observed for native tetrameric TTR (Figure S1). Furthermore, the absence in the chromatogram of other molecular species, in any significant amount, indicates that both TTR variants refold to the tetrameric form with a very high yield. Thyroxine binding assays were performed to assess if the refolded tetramers of WT- and V30M-TTR displayed native-like binding properties. Figure 3B,D shows the isothermal binding curves of thyroxine to WT- and V30M-TTR after the refolding reaction, obtained by plotting the variation of TTR intrinsic fluorescence intensity as a function of thyroxine concentration. The fluorescence spectra of the refolded tetramers of WT- and V30M-TTR (inset graphics in Figure 3B,D) show quenching in fluorescence upon thyroxine addition. This decrease in fluorescence intensity is most likely due to the deactivation of the TTR fluorophores’ excited state by the iodine atoms of thyroxine. Several synthetic TTR ligands lacking halogen atoms do not quench the TTR fluorescence upon binding, which evidences the role of the iodine atoms in the mechanism of fluorescence quenching [34]. Because no shifts in the fluorescence emission maxima are observed, no major conformational changes are expected to occur in TTR upon thyroxine binding, which is also evident from the analysis of the crystal structures of TTR in the absence and presence of thyroxine [43].


Figure 3. Characterization of the TTR refolded species. (A,C) Size-exclusion chromatograms of WT-TTR (A) and V30M-TTR (C) after complete protein refolding. The size-exclusion chromatography (SEC) experiments were run at a flow rate of 0.4 mL/min, in 20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0, at 25 °C; (B,D) Binding isotherm curves of thyroxine to refolded WT-TTR (B) and to refolded V30M-TTR (D) monitored by the variation of the intrinsic protein fluorescence emission at 350 nm. Protein concentrations were 1.0 μM in 20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0. Graph insets show the emission spectra of the protein samples in the presence of increasing concentrations of thyroxine.
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The apparent association constants (Ka) for thyroxine binding were determined by fitting Equation (1) to the experimental data. For native WT-TTR and its amyloidogenic variant V30M-TTR, the apparent Ka values obtained were (1.6 ± 0.2) × 106 M−1 and (1.5 ± 0.4) × 106 M−1, respectively, while for the refolded tetramers, the constants were (1.5 ± 0.3) × 106 M−1 and (1.3 ± 0.4) × 106 M−1, respectively. The similarity between the thyroxine association constants for native and refolded TTR indicates that both WT- and V30M-TTR refold to the active tetrameric form.




2.4. Monomer to Tetramer Refolding Kinetics


TTR refolding from urea denaturing conditions is associated with a significant change in the tryptophan residues environment, as revealed by a large blue-shift in the emission maximum of approximately 15 nm (Figure 2A,C), from 355 nm (emission maximum characteristic of unfolded monomers) to about 340 nm (emission maximum characteristic of native tetramers). Thus, fluorescence spectra taken at intermediate urea concentrations were also collected in order to better characterize the spectroscopic nature of the protein species involved in the refolding mechanism and to better identify transition regions (as shown in Figure S2). Since tryptophan residues are located at the inter-monomer and inter-dimer interface of TTR, monitoring intrinsic tryptophan fluorescence changes seems to be an appropriate methodology to measure the folding and assembly kinetics of the native TTR tetramer. Refolding kinetics of WT- and V30M-TTR was followed by changes in intrinsic fluorescence at 380 nm upon tryptophan excitation at 290 nm.



TTR refolding was initiated by the dilution of solutions of unfolded TTR, containing 6.0 M urea, to the desired final urea and protein concentrations. Figure 4 shows two examples of fluorescence intensity decays obtained for WT- and V30M-TTR refolding. In order to fit the data, several kinetic models were tested, among them kinetic models based on a single-step (U → T) and on two-step (U → I → T) refolding mechanisms. Data were initially fit to kinetic models based on a single-step mechanism (simulating first-order and second-order reactions), but the fits were of poor quality and were discarded (Figure S3). Consequently, more complex mechanisms, based on a two-step model (U → I → T), were attempted with more success. Good fits to the data were obtained with a two-step mechanism with two consecutive first-order reactions, but the rate constants obtained showed dependence on protein concentration (Figure S4A), indicating that higher order reactions have to be considered. Additionally, although previous fluorescence experiments have led us to propose a two-step mechanism of two consecutive bimolecular second-order steps [44], taking into account the monomeric nature of the intermediate species identified by SEC and DGGE (see below), a two-step model (U → I → T) involving a first-order reaction followed by a second-order reaction was tried. Fits of the experimental data were very good, with reduced weighted residuals and with no protein concentration dependencies of the rate constants (Figure S4B).


Figure 4. Refolding kinetics of WT-TTR and V30M-TTR monitored by intrinsic fluorescence emission. Fluorescence intensity decays (upper panels) for WT- and V30M-TTR monitored at different urea concentrations, pH 7.0 and 25 °C. The best fitting curves (red lines) to the experimental data points were obtained using Equations (3) to (6). Refolding assays were performed at constant protein concentrations (1.0 µM). Intrinsic fluorescence was monitored at 380 nm with an excitation wavelength of 290 nm. Lower panels show weighted residuals.
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In order to investigate the nature of the intermediate species involved in the refolding process of TTR, we conducted SEC experiments, as shown in Figure 5. These experiments were run at a relatively low concentration of denaturant, favoring the occurrence and accumulation of intermediate species in solution upon partial refolding. SEC chromatograms (Figure 5) show only two main populations of protein species in solution at low denaturant concentration. Peaks at earlier elution times are attributed to the refolded forms of tetrameric WT- and V30M-TTR (apparent molecular weights of 50 to 60 kDa), whereas peaks with later elution times are consistent with apparent molecular weights of TTR monomers (11 to 16 kDa). Understandably, while the elution volume registered for tetrameric V30M-TTR remains unchanged (approximately 22 mL) and is equal to the volume observed when a sample of tetrameric WT-TTR is loaded onto the column (Figure S5), the elution volume for WT-TTR in the presence of 1.0 M urea is slightly larger (approximately 27 mL) due to the considerable increase in viscosity of the mobile phase, caused by the presence of urea in the equilibrating buffer (20 mM sodium phosphate buffer, 150 mM sodium chloride, 1.0 M urea, pH 7.0). Likewise, the elution volumes detected for the monomeric species are also slightly different in the two chromatograms, namely 32 mL for V30M-TTR (Figure 5B) and 35 mL for WT-TTR (Figure 5A). Additionally, the broader peaks observed for the monomeric species, in particular for V30M-TTR, may reflect the less compact nature of these molecular species and exchange between multiple monomeric conformations.


Figure 5. Characterization of the TTR intermediate species. Size-exclusion chromatograms of WT-TTR (A) and V30M-TTR (B) after dilution-induced protein refolding, in the presence of low concentrations of urea. SEC experiments were run at a flow rate of 0.4 mL/min, in 20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0, at 25 °C, in the presence of 1.0 M and of 0.4 M urea, for WT- and V30M-TTR, respectively. Prior to SEC, protein samples were submitted to 2.0 M GdmSCN for 12 h and then dialyzed against the chromatography buffer. In both chromatograms, the two main peaks can be assigned to tetramers and monomers with apparent molecular weights differing by about four-fold.
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Thus, as suggested by the DGGE experiments (Figure 1), these results not only point towards the existence of a refolding intermediate, but also suggest that the intermediate species exhibit a monomeric nature.



In order to obtain kinetic constants independent of protein concentration, a two-step kinetic mechanism based on a first-order reaction followed by a second-order reaction had to be postulated (Figure S4B). As shown in Figure 4, the weighted residuals of the fits, using equations representing such a mechanism, exhibit small dispersion, which indicates that the chosen kinetic model is appropriate to describe the refolding mechanism of the TTR variants under analysis. The apparent refolding rate constants for WT- and V30M-TTR, at different final urea concentrations, are shown in Table 1. The extrapolation of the experimentally-determined apparent rate constants (kapp) to conditions of absence of urea, allows the direct comparison of the folding rates of WT- and V30M-TTR. Plots of the apparent rate constants kapp1 and kapp2 as a function of urea concentration are shown in Figure 6. Each data point is an average of at least three independent measurements, and a linear least-square fit of Equation (7) to the data yields kinetic constants in the absence of urea (Table 1). Rate constants for V30M-TTR refolding in the absence of urea are lower than those for WT-TTR: k1 is four-fold lower, and k2 is five-fold smaller. In addition, there is no experimental evidence to suggest that the TTR refolding pathway may include rate-limiting processes, such as isomerization [45], because in general, these kinetic steps present weak or even no denaturant concentration dependence.


Figure 6. Urea dependence of the WT-TTR and V30M-TTR apparent refolding rate constants, measured by intrinsic fluorescence at 380 nm. Plots of the apparent refolding rate constants (kapp) of WT- and V30M-TTR against urea concentration, obtained at 1.0 µM protein concentration, pH 7.0 and 25 °C. The plotted rate constants and standard deviation (SD) error bars are an average of at least three independent experiments. Symbols (●) and (■) represent the values of kapp1 and kapp2 at each urea concentration, respectively. Dashed lines are the linear least-squares fits for k1 and k2 using Equation (7). * Although values for kapp1 at 0.4 M urea for V30M-TTR and 1.8 M urea for WT-TTR have also been determined, they were not taken into account for the extrapolation of k1, since at these concentrations of urea, the initial phase of the exponential decays was too fast to be measured accurately.
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Table 1. Refolding rate constants of WT-TTR and of its amyloidogenic variant V30M-TTR. Refolding assays were performed at constant protein concentrations (1.0 µM).







	
Dependence of the Refolding Rate Constants on Urea Concentration a

	
Rate Constants Extrapolation to the Absence of Denaturant b




	
Urea Concentration (M) c






	
WT-TTR

	

	
1.8

	
2.0

	
2.2

	
2.4

	
2.6

	




	
kapp1d (min−1)

	
*

	
(1.79 ± 0.81) × 10−1

	
(1.03 ± 0.03) × 10−1

	
(1.01 ± 0.09) × 10−1

	
(0.99 ± 0.09) × 10−1

	
(9.23 ± 3.23) × 10−1




	
kapp2e (M−1·min−1)

	
(4.11 ± 3.69) × 103

	
(3.53 ± 2.07) × 103

	
(1.96 ± 0.68) × 103

	
(1.57 ± 0.28) × 103

	
(1.19 ± 0.22) × 103

	
(8.22 ± 0.28) × 104




	
V30M-TTR

	

	
0.4

	
0.6

	
0.8

	
1.0

	
1.2

	




	
kapp1d (min−1)

	
*

	
(1.32 ± 0.59) × 10−1

	
(0.95 ± 0.31) × 10−1

	
(0.77 ± 0.30) × 10−1

	
(0.67 ± 0.43) × 10−1

	
(2.56 ± 0.03) × 10−1




	
kapp2e (M−1·min−1)

	
(5.84 ± 0.91) × 103

	
(2.96 ± 1.42) × 103

	
(1.64 ± 0.46) × 103

	
(1.01 ± 0.26) × 103

	
(0.70 ± 0.74) × 103

	
(1.84 ± 0.01) × 104








a Refolding rate constants were obtained by fitting Equations (3) to (6) to the experimental data, at different urea concentrations; b refolding rate constants (k) of both TTR variants in the absence of denaturant were obtained by extrapolation of the refolding rates at different urea concentrations using Equation (7) (see Figure 6); c final urea concentration in the refolding mixture; dkapp1, apparent first-order rate constant for the initial step of the two-step refolding mechanism, corresponding to the formation of a refolding intermediate; ekapp2, apparent second-order rate constant for the slower step of the refolding mechanism, corresponding to the formation of the native TTR homotetramer; * although values for kapp1 at 0.4 M urea for V30M-TTR and 1.8 M urea for WT-TTR have also been determined, they were not taken into account for the extrapolation of k1, since at these concentrations of urea, the initial phase of the exponential decays was too fast to be measured accurately.








Results indicate that the refolding mechanism that better fits our experimental data, as concerns WT- and V30M-TTR, involves two steps and the presence of an intermediate. The data also show that the amyloidogenic variant V30M-TTR refolds about five-times slower than WT-TTR (Table 1). Thus, the refolding process from unfolded monomers to the corresponding native homotetramer is kinetically more favorable for WT-TTR than for V30M-TTR. The rate constants emerging from the best fits were used to simulate the molar fractions of all protein species (U, I and T) over time, extrapolated to a 0.0 M urea concentration, for WT- and V30M-TTR (Figure 7). Analysis of Figure 7 shows that the refolding process of WT-TTR occurs within a 2 h period, whereas for the amyloidogenic variant V30M-TTR (Figure 7), the refolding process is only complete after more than 10 h. More importantly, the time the intermediate species persist in solution is significantly longer for V30M-TTR. While for WT-TTR, the intermediate appears and is reduced to less than 10% in less than 30 min, for V30M-TTR after 2 h, the intermediate is still above 10% (Figure 7).


Figure 7. Simulation of molar fractions of TTR protein species. The three protein species (U, unfolded monomer (dashed lines); I, intermediate (solid lines); T, tetramer (dotted lines)) participate in the two-step refolding process (U → I → T) of TTR over time, as predicted by the rate constants (k1 and k2) obtained by extrapolation to 0.0 M urea (Equation (7); Table 1). Although the initial rate of conversion of urea-denatured TTR monomers into the corresponding intermediate is fast for both proteins, while unfolded monomers of WT-TTR are completely consumed within less than 5 min, the same process takes longer than 15 min for V30M-TTR. Additionally, whereas in the case of WT-TTR, the intermediate is the major species between 45 s and 4.6 min of reaction time, in the case of V30M-TTR, this occurs between 2.7 and 19.6 min.
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3. Discussion


Most amyloid diseases are caused by the accumulation of extracellular cytotoxic protein aggregates produced by non-native protein conformations [1,2,9,10]. Therefore, issues like protein conformational stability and protein unfolding and refolding kinetics, which determine the ensemble of non-native partial unfolded conformations accessible to a protein, may be crucial for amyloidogenesis [11]. In the case of TTR, a tetrameric protein, additional factors like tetramer dissociation kinetics [30] and subunit conformational stability [29] have been shown to play a role.



Herein, we compare the refolding kinetics of the tetrameric protein transthyretin (WT-TTR) with the refolding kinetics of one of its most common amyloidogenic variants, V30M-TTR. Experiments were carried out at relatively low protein concentrations, within the observed physiological levels, which range between 3.6 μM in the plasma and 0.31 μM in the cerebral spinal fluid [24]. Moreover, we have also conducted our experiments at physiological-like ionic strengths and pH values, and we directly monitored the intrinsic fluorescence properties of the protein species in solution, i.e., protein species involved in the refolding mechanism. Since TTR has two tryptophan residues per subunit, located at the interfaces monomer-monomer and dimer-dimer, changes in intrinsic fluorescence may report not only the folding, but also the reassembly of the TTR tetramer. Thus, we have monitored protein refolding from urea-unfolded WT- and V30M-TTR, by following intrinsic fluorescence changes, in order to compare both proteins and find out how the presence of the V30M mutation influences the folding kinetics of these two TTR variants, with different amyloidogenic potentials in vivo. Denaturant gradient gel electrophoresis experiments were also performed to provide complementary information about the refolding transition from urea-induced unfolded TTR. This technique is particularly sensitive to sample heterogeneity, because molecules that differ in their electrophoretic mobilities, either in the native or unfolded states, can be easily identified. DGGE experiments showed that mutations interfere with the refolding behavior of TTR, with the reassembly of the tetramer of the amyloidogenic variant V30M-TTR observed at lower urea concentrations. Furthermore, although V30M-TTR refolds at a slower rate than WT-TTR, both TTR variants share the same refolding kinetic mechanism as demonstrated by the best fits obtained for a two-step/three-state mechanism for folding and assembly of WT- and V30M-TTR (Figure 4).



The folding mechanisms of a number of other homotetrameric proteins have already been studied by other authors, and in many cases, folding and assembly were postulated to occur via an unfolded monomer (U), monomeric intermediate (I), tetramer (T) pathway (UIT mechanism). Among these are peanut agglutinin [46], pyrrolidone carboxyl peptidase [47] and potassium channel KcsA [48], just to give some examples. Additionally, the two-step refolding mechanisms exhibited by these proteins [46,47,48] also occur through a first fast step, associated with conformational rearrangement of monomers, followed by a second slower step, associated with the final assembly of the tetrameric units.



Kelly and collaborators have previously studied the refolding kinetics of WT-TTR by following tetramer assembly indirectly, via the binding of an extrinsic fluorescent compound and using a wide range of TTR concentrations (0.72 to 36 μM in monomer) [37]. To fit the data over such a wide protein concentration range, the authors postulated a more complex and unusual folding mechanism involving a monomer (M), dimer (D), trimer (R), tetramer (T) pathway (MDRT mechanism). However, the authors have also suggested that at low protein concentrations, simpler mechanisms could occur [37]. Furthermore, it has been pointed out that while for the UIT mechanism, the tetramer is inevitably the end product, this is not necessarily true for the MDRT mechanism, since the protein may be trapped in intermediate oligomeric states [49]. Our kinetic data fit very well (with very low weighted residuals) the conventional UIT mechanism, in accordance with what has been postulated for other homotetrameric proteins [46,47,48]. Thus, the refolding mechanisms of WT- and V30M-TTR, at physiologically-relevant protein concentrations, comprise a single intermediate, most likely monomeric in nature, stable enough to accumulate under the experimental conditions tested. The formation of this intermediate correspond to an initial fast step represented by the first kinetic constant k1, while the second slower step, represented by the kinetic constant k2, corresponds to the final assembly of the homotetramer. If any additional steps exist, such as the formation of dimers or conformational rearrangements before the native state is reached, they should be either very rapid, and hence, appear coupled to the reassembly process, or spectroscopically silent and not observed by changes in protein intrinsic fluorescence, DGGE or SEC.



In sum, despite the common refolding mechanism that WT- and V30M-TTR seem to share, refolding of the WT protein is significantly faster. Extrapolation of the refolding constants to 0.0 M urea (Table 1) shows that the first step in the refolding mechanism is approximately four-times faster for WT-TTR, whereas the second step is almost five-times faster. These differences in the refolding constants are translated into differences in global refolding times with WT-TTR t90% of 30 min, four-times faster than V30M-TTR with a t90% of 120 min (with t90% = time to reach a 0.9 molar fraction of tetramers). Hence, for WT-TTR, the intermediate monomer is the major species between 45 s and 4.6 min of reaction time, while in the case of V30M-TTR, this occurs between 2.7 and 19.6 min (Figure 7). On a qualitative basis, the results of urea gradient gel electrophoresis experiments also support this conclusion, since the refolding transition of V30M-TTR observed in our study appears to be slower than WT-TTR, on the time scale of the electrophoresis, given that such differences in the kinetics of transition can be inferred from the lack of continuity of the protein electrophoretic bands. In fact, several studies have shown that a sharp continuous band generated through the transition zone is typical of a rapid folding equilibrium, whereas a smeared or discontinuous band indicates a slow transition, within the time of electrophoresis [38,39,40,41].



Studies conducted with other amyloidogenic proteins have also shown that even small differences in the magnitude of the kinetic constants for protein refolding between amyloidogenic variants and their wild-type counterparts can justify different tendencies for aggregation [50,51,52]. Knowing that in most amyloidoses, amyloid deposition occurs extracellularly and might be a consequence of unfolding-misfolding events, the much slower refolding times presented by the amyloidogenic variant V30M-TTR may be of critical importance for amyloid formation in vivo. The slower rate at which tetramer assembly occurs for the amyloidogenic variant may facilitate the accumulation of monomers in the extracellular environment, which may in turn result in a preferential kinetic partition into aggregation pathways instead of the native refolding pathway [32].




4. Materials and Methods


4.1. Materials


Guanidinium thiocyanide (GdmSCN), urea, acrylamide, thyroxine (T4) and all other chemicals were of the highest purity commercially available and were purchased from Sigma-Aldrich Co (St. Louis, MO, USA).




4.2. Protein Sample Preparation


Recombinant WT- and V30M-transthyretin were produced in an Escherichia coli expression system [53] and purified as described previously [54]. Protein concentrations were determined spectrophotometrically at 280 nm, using an extinction coefficient of ε280 (1%) = 14.1 mg−1·mL·cm−1, based on a molecular mass of 55 kDa for TTR [55]. Protein samples were prepared in 20 mM sodium phosphate buffer, 150 mM sodium chloride, at pH 7.0.




4.3. Transthyretin Denaturation Procedure


Tetrameric TTR is highly stable and difficult to denature even at high urea concentrations [56]. Therefore, in order to avoid long exposure times (24 to 72 h) to high urea concentrations required for TTR unfolding that may lead to chemical modification of the protein [57,58], chemically-induced unfolding of TTR was accomplished in two steps. Firstly, native protein samples were incubated in 2.0 M GdmSCN for 12 h, followed by dialysis against 6.0 M urea during 10 h. Once tetramer dissociation and unfolding were achieved by the action of GdmSCN, urea was used, as a second chaotropic denaturant, in order to maintain the fully-denatured state (only with the presence of monomers in solution). Denaturant solutions were prepared in 20 mM sodium phosphate buffer, 150 mM sodium chloride, at pH 7.0. Stock solutions of GdmSCN were prepared at an approximate concentration of 5.8 M. Freshly-prepared 6.0 M urea stock solutions were employed in all experiments. The concentration of stock solutions of urea were verified by their refractive index [59], with measurements performed on an Automatic Refractometer (Rudolph Research Analytical, Flanders, NJ, USA). Once the full denaturation of the TTR tetramers into monomers was accomplished, as described above, the protein samples were refolded by dilution into 20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0, to the desired urea and protein concentrations, at 25 °C. The protein refolding process was followed by urea gradient gel electrophoresis and intrinsic fluorescence.




4.4. Refolding Experiments


4.4.1. Denaturant Gradient Gel Electrophoresis


Transverse urea gradient gels were prepared as described previously, with minor modifications [38]. Urea gradient polyacrylamide gels were prepared in Tris-acetate buffer (50 mM, pH 7.5), with a horizontal linear gradient of urea concentration and a constant acrylamide concentration of 9% (acrylamide-bisacrylamide ratio 49:1). Polymerized gels were stored at 4 °C and used within 48 h. The 8.2 cm × 10.1 cm gel plates with spacers 1 mm thick were turned 90° degrees for electrophoresis. Before applying the protein samples, the gels were pre-electrophoresed for 30 min to remove any reactive compounds that could originate artefacts. Either native or previously denatured TTR samples (WT- and V30M-TTR), at approximately 1.0 μM as tetramer, were applied across the top of the gel. Electrophoresis was typically performed at a constant current of 20 mA for 4 h. Protein bands in the gel were visualized by silver staining [60]. The experiments performed by denaturant gradient gel electrophoresis (DGGE) were repeated at least for three independent times.




4.4.2. Intrinsic Tryptophan Fluorescence


The refolding process, from fully-denatured monomers into native tetramers, was also monitored by intrinsic tryptophan fluorescence, since the TTR variants under study present two tryptophan residues per monomer (located at positions 41 and 79). The refolding reaction was allowed to proceed for 720 min (12 h). Protein refolding experiments were carried out at several urea concentrations. To determine the apparent refolding rate constants of WT-TTR and the amyloidogenic variant V30M-TTR, final concentrations of urea varied between 1.8 and 2.6 M (for WT-TTR) and 0.4 to 1.2 M (for V30M-TTR) and were performed using final protein concentrations raging between 0.1 μM and 1.0 μM (as tetramer). Fluorescence measurements were performed on a Varian Eclipse spectrofluorometer (Varian Ltd., Surrey, UK) equipped with a thermostated cell compartment at 25 °C, with continuous stirring. Spectra of intrinsic fluorescence of TTR were recorded in the wavelength range of 300 to 420 nm, upon excitation at 290 nm. The kinetic traces were collected at 380 nm with excitation at 290 nm, using 10- and 5-nm slit widths for emission and excitation, respectively. A 1.0 cm × 1.0 cm path length rectangular quartz cell was used for these studies. The refolding experiments were repeated at least three independent times and found to be reproducible within experimental errors.





4.5. Far-UV Circular Dichroism


Circular dichroism (CD) experiments were performed to monitor the structural transitions that occur during the unfolding and refolding of WT- and V30M-TTR. Far-UV CD spectra were recorded on an OLIS DSM 20 CD spectrophotometer (OLIS, Inc., Bogart, GA, USA) in the wavelength range of 190 to 260 nm and using a 0.2 mm path length cell. CD spectra of WT- and V30M-TTR were run with a step resolution of 1 nm, an integration time of 6 s and using a bandwidth of 0.6 nm. The spectra were averaged over two scans and corrected by subtraction of the corresponding buffer signal. Since solutions containing a high concentration of GdmSCN absorb too strongly in the far-UV region, the CD spectra of TTR samples incubated in this denaturant were not recorded. The absorption of urea in the far-UV also restricts the wavelength range of the CD measurements, and consequently, reliable CD spectra were only collected at wavelengths above 205 nm.



The results are expressed as the mean residue ellipticity [Θ]MRW, defined as [Θ]MRW = Θobs (0.1MRW)/(lc), where Θobs is the observed ellipticity in millidegrees, MRW is the mean residue weight, c is the concentration in milligrams per milliliter and l is the light path length in centimeters. Final spectra were smoothed using a Savitzky—Golay filter (OriginPro7 software, OriginLab Corporation, Northampton, MA, USA).




4.6. Size-Exclusion Chromatography


TTR samples at approximately 1.0 μM protein concentration were submitted to SEC either under physiological-like conditions (20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0) or under partially denaturing conditions (in the presence of 0.4 M urea for V30M-TTR and of 1.0 M urea for WT-TTR), in order to characterize the nature of the refolded species and the intermediate species, respectively.



SEC experiments were performed on an Amersham Pharmacia Biotech FPLC Superdex-75 HR column, coupled to a Pharmacia P-500 pump (Pharmacia Biotech AB, Uppsala, Sweden) and a Gilson UV detector (Gilson, Inc., Middleton, WI, USA). The column was always allowed to equilibrate with at least 5 column volumes of the chromatography buffer, prior to sample injection. Final chromatography runs were performed at a flow rate of 0.4 mL/min. Apparent molecular masses were calculated by interpolation on an elution volume versus log(molecular mass) calibration curve of four protein standards: bovine serum albumin (66.0 kDa), carbonic anhydrase (29.0 kDa), cytochrome C (12.4 kDa) and aprotinin (6.5 kDa).




4.7. Thyroxine Binding Assays


The native-like behavior of the refolded TTR samples was evaluated by the ability to bind the natural ligand thyroxine. Thyroxine binding assays were performed taking advantage of the quenching of the intrinsic protein fluorescence upon thyroxine binding. Stock solutions of thyroxine (T4) were prepared in 20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0. Concentrations of T4 solutions were determined spectrophotometrically at 325 nm, using an extinction coefficient of 6.18 × 103 M−1·cm−1 [61]. Refolded protein samples were dialyzed against 20 mM sodium phosphate buffer, 150 mM sodium chloride, pH 7.0, before the binding assay.



Binding assays were performed by adding aliquots of freshly-prepared stock solutions of T4 to the refolded tetramer of TTR, at approximately 1.0 μM concentration. The final concentrations of T4 varied between 0.19 and 4.0 μM.



Fluorescence measurements were performed on a Varian Eclipse spectrofluorometer, at 25 °C, with continuous stirring. Intrinsic fluorescence of TTR was recorded in the wavelength range of 300 to 400 nm, upon excitation at 290 nm, using 5- and 10-nm slit widths for excitation and emission, respectively. A 0.5 cm × 0.5 cm path length rectangular quartz cell was used for these studies. The emission fluorescence data at 350 nm were analyzed by nonlinear least-squares fitting, using the software package OriginPro7 (OriginLab Corporation, Northampton, MA, USA). Experimental binding curves were fit using Equation (1):
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(1)




where ΔFi is the variation of fluorescence intensity at each point of the titration, ΔFmax is the maximum variation in fluorescence intensity, n is the number of equivalent binding sites, Ka is the association constant and [C]0 and [L]0 are the total protein concentration and the total ligand concentration after each ligand addition, respectively [62,63].




4.8. Refolding Data Analysis


Refolding kinetics curves were constructed using the variation in intrinsic protein fluorescence emission at 380 nm. Several refolding kinetic schemes were tested for compatibility with the experimental data. Among the various models tested, the simplest best-fitting and more likely kinetic model for the refolding and assembly of the TTR tetramer was found to be a simple two-step mechanism:
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(2)




where U, I and T correspond to unfolded monomeric, intermediate and tetrameric species, respectively, and with the first step being first-order and the second step second-order. The system of differential equations associated with this mechanism is:
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(3)
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(4)
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(5)




where the brackets indicate the molar concentration of the enclosed species and t is the time in s. Conservation of mass dictates that C = [T] + [I] + [U], where C is the total concentration of protein subunits and [T], [I] and [U] the concentration of subunits in tetrameric, the intermediate or the unfolded form, respectively. Since we are concerned with homotetramer assembly starting from a pool of unfolded monomers, the initial conditions are [U]t=0 = C and [I]t=0 = [T]t=0 = 0. Assuming these considerations, the differential equations were numerically integrated in order to obtain the concentrations of U, I and T over time, which were used in Equation (6). This equation describes the time course of fluorescence change, where If(t) is the observed fluorescence intensity at time t, and fT, fI and fU are the specific fluorescence intensities of T, I and U, respectively:
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(6)







The apparent rate constants kapp1 and kapp2 were obtained by fitting Equations (3) to (6) to the data, using nonlinear least-squares analysis.



The dependence on urea concentration of the refolding apparent rate constants kapp1 and kapp2 was fit to Equation (7):
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(7)




where kapp is the apparent rate constant for refolding obtained at different urea concentrations, k is the refolding rate constant in the absence of denaturant and m is the refolding rate dependence on urea concentration.





5. Conclusions


In conclusion, here we show that, at physiologically-relevant protein concentrations, the refolding pathways of WT-TTR and one of the most frequent amyloidogenic variants V30M-TTR follow a common mechanism observed among other tetrameric proteins, i.e., a two-step mechanism with an intermediate species: unfolded monomer → intermediate → tetramer. We also show that the assembly of the native homotetramer is kinetically much more favorable for the WT protein than for the amyloidogenic variant, despite their high 3D structural similarity [26,27]. Since, in vivo, amyloidogenesis might be viewed as a question of protein stability and protein unfolding followed by kinetic partition between refolding and aggregation, the longer refolding times observed for V30M-TTR might increase the probability of the formation of non-native intermediate monomeric species prone to aggregation, which in turn would decrease the extent of native refolding. Thus, the different refolding times together with different protein concentrations in distinct physiological states may therefore be important factors to explain the selective formation of TTR amyloid fibrils, in different tissues by different TTR variants.
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	transthyretin



	ATTR
	TTR-related amyloidosis



	FAP
	familial amyloidotic polyneuropathy



	WT
	wild-type



	V30M-TTR
	transthyretin with Val at position 30 replaced by Met



	GdmSCN
	guanidinium thiocyanide



	T4
	thyroxine



	DGGE
	denaturant gradient gel electrophoresis



	CD
	circular dichroism
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	size-exclusion chromatography



	U
	unfolded monomer



	I
	intermediate



	T
	tetramer







References


	1. 
Chiti, F.; Dobson, C.M. Protein misfolding, functional amyloid, and human disease. Annu. Rev. Biochem. 2006, 75, 333–366. [Google Scholar] [CrossRef] [PubMed]

	2. 
Knowles, T.P.J.; Vendruscolo, M.; Dobson, C.M. The amyloid state and its association with protein misfolding diseases. Nat. Rev. Mol. Cell Biol. 2014, 15, 384–396. [Google Scholar] [CrossRef] [PubMed]

	3. 
Nagasaka, T. Protein Aggregation and Fibrillogenesis in Cerebral and Systemic Amyloid Disease; Harris, J.R., Ed.; Subcellular Biochemistry; Springer Netherlands: Dordrecht, The Netherlands, 2012; Volume 65. [Google Scholar]

	4. 
Ueda, M.; Ando, Y. Recent advances in transthyretin amyloidosis therapy. Transl. Neurodegener. 2014, 3, 19. [Google Scholar] [CrossRef] [PubMed]

	5. 
Cerasoli, E.; Ryadnov, M.G.; Austen, B.M. The elusive nature and diagnostics of misfolded Aβ oligomers. Front. Chem. 2015, 3, 17. [Google Scholar] [CrossRef] [PubMed]

	6. 
Wördehoff, M.M.; Bannach, O.; Shaykhalishahi, H.; Kulawik, A.; Schiefer, S.; Willbold, D.; Hoyer, W.; Birkmann, E. Single fibril growth kinetics of α-synuclein. J. Mol. Biol. 2015, 427, 1428–1435. [Google Scholar] [CrossRef] [PubMed]

	7. 
Halliday, M.; Radford, H.; Mallucci, G.R. Prions: Generation and spread versus neurotoxicity. J. Biol. Chem. 2014, 289, 19862–19868. [Google Scholar] [CrossRef] [PubMed]

	8. 
Mulligan, V.K.; Chakrabartty, A. Protein misfolding in the late-onset neurodegenerative diseases: Common themes and the unique case of amyotrophic lateral sclerosis. Proteins 2013, 81, 1285–1303. [Google Scholar] [CrossRef] [PubMed]

	9. 
Eichner, T.; Radford, S.E. A diversity of assembly mechanisms of a generic amyloid fold. Mol. Cell 2011, 43, 8–18. [Google Scholar] [CrossRef] [PubMed]

	10. 
Jahn, T.R.; Radford, S.E. Folding versus aggregation: Polypeptide conformations on competing pathways. Arch. Biochem. Biophys. 2008, 469, 100–117. [Google Scholar] [CrossRef] [PubMed]

	11. 
Brito, R.; Damas, A.; Saraiva, M. Amyloid formation by transthyretin: From protein stability to protein aggregation. Curr. Med. Chem. Immunol. Endocr. Metab. Agents 2003, 3, 349–360. [Google Scholar] [CrossRef]

	12. 
Soprano, D.R.; Herbert, J.; Soprano, K.J.; Schon, E.A.; Goodman, D.S. Demonstration of transthyretin mRNA in the brain and other extrahepatic tissues in the rat. J. Biol. Chem. 1985, 260, 11793–11798. [Google Scholar] [PubMed]

	13. 
Ando, Y.; Coelho, T.; Berk, J.L.; Cruz, M.W.; Ericzon, B.-G.; Ikeda, S.; Lewis, W.D.; Obici, L.; Planté-Bordeneuve, V.; Rapezzi, C.; et al. Guideline of transthyretin-related hereditary amyloidosis for clinicians. Orphanet J. Rare Dis. 2013, 8, 31. [Google Scholar] [CrossRef] [PubMed]

	14. 
Saraiva, M.J.; Birken, S.; Costa, P.P.; Goodman, D.S. Amyloid fibril protein in familial amyloidotic polyneuropathy, Portuguese type. Definition of molecular abnormality in transthyretin (prealbumin). J. Clin. Investig. 1984, 74, 104–119. [Google Scholar] [CrossRef] [PubMed]

	15. 
Saraiva, M.J. Molecular genetics of familial amyloidotic polyneuropathy. J. Peripheral Nerv. Syst. 1996, 1, 179–188. [Google Scholar]

	16. 
Benson, M.D.; Kincaid, J.C. The molecular biology and clinical features of amyloid neuropathy. Muscle Nerve 2007, 36, 411–423. [Google Scholar] [CrossRef] [PubMed]

	17. 
Mutations in Hereditary Amyloidosis—Mutations in Transthyretin Gene (TTR). Available online: http://amyloidosismutations.com/mut-attr.php (accessed on 3 June 2016).

	18. 
Planté-Bordeneuve, V.; Said, G. Familial amyloid polyneuropathy. Lancet Neurol. 2011, 10, 1086–1097. [Google Scholar] [CrossRef]

	19. 
Ohmori, H.; Ando, Y.; Makita, Y.; Onouchi, Y.; Nakajima, T.; Saraiva, M.J.M.; Terazaki, H.; Suhr, O.; Sobue, G.; Nakamura, M.; et al. Common origin of the Val30Met mutation responsible for the amyloidogenic transthyretin type of familial amyloidotic polyneuropathy. J. Med. Genet. 2004, 41, e51. [Google Scholar] [CrossRef] [PubMed]

	20. 
Soares, M.L.; Coelho, T.; Sousa, A.; Holmgren, G.; Saraiva, M.J.; Kastner, D.L.; Buxbaum, J.N. Haplotypes and DNA sequence variation within and surrounding the transthyretin gene: Genotype-phenotype correlations in familial amyloid polyneuropathy (V30M) in Portugal and Sweden. Eur. J. Hum. Genet. 2004, 12, 225–237. [Google Scholar] [CrossRef] [PubMed]

	21. 
Zaros, C.; Genin, E.; Hellman, U.; Saporta, M.A.; Languille, L.; Wadington-Cruz, M.; Suhr, O.; Misrahi, M.; Planté-Bordeneuve, V. On the origin of the transthyretin Val30Met familial amyloid polyneuropathy. Ann. Hum. Genet. 2008, 72, 478–484. [Google Scholar] [CrossRef] [PubMed]

	22. 
Stauder, A.J.; Dickson, P.W.; Aldred, A.R.; Schreiber, G.; Mendelsohn, F.A.; Hudson, P. Synthesis of transthyretin (pre-albumin) mRNA in choroid plexus epithelial cells, localized by in situ hybridization in rat brain. J. Histochem. Cytochem. 1986, 34, 949–952. [Google Scholar] [CrossRef] [PubMed]

	23. 
Cavallaro, T.; Martone, R.L.; Dwork, A.J.; Schon, E.A.; Herbert, J. The retinal pigment epithelium is the unique site of transthyretin synthesis in the rat eye. Investig. Ophthalmol. Vis. Sci. 1990, 31, 497–501. [Google Scholar]

	24. 
Vatassery, G.T.; Quach, H.T.; Smith, W.E.; Benson, B.A.; Eckfeldt, J.H. A sensitive assay of transthyretin (prealbumin) in human cerebrospinal fluid in nanogram amounts by ELISA. Clin. Chim. Acta Int. J. Clin. Chem. 1991, 197, 19–25. [Google Scholar] [CrossRef]

	25. 
Blake, C.C.; Geisow, M.J.; Oatley, S.J.; Rérat, B.; Rérat, C. Structure of prealbumin: Secondary, tertiary and quaternary interactions determined by Fourier refinement at 1.8 A. J. Mol. Biol. 1978, 121, 339–356. [Google Scholar] [CrossRef] [PubMed]

	26. 
Hamilton, J.A.; Steinrauf, L.K.; Braden, B.C.; Liepnieks, J.; Benson, M.D.; Holmgren, G.; Sandgren, O.; Steen, L. The X-ray crystal structure refinements of normal human transthyretin and the amyloidogenic Val-30-->Met variant to 1.7-A resolution. J. Biol. Chem. 1993, 268, 2416–2424. [Google Scholar] [PubMed]

	27. 
Terry, C.J.; Damas, A.M.; Oliveira, P.; Saraiva, M.J.; Alves, I.L.; Costa, P.P.; Matias, P.M.; Sakaki, Y.; Blake, C.C. Structure of Met30 variant of transthyretin and its amyloidogenic implications. EMBO J. 1993, 12, 735–741. [Google Scholar] [PubMed]

	28. 
Shnyrov, V.L.; Villar, E.; Zhadan, G.G.; Sanchez-Ruiz, J.M.; Quintas, A.; Saraiva, M.J.; Brito, R.M. Comparative calorimetric study of non-amyloidogenic and amyloidogenic variants of the homotetrameric protein transthyretin. Biophys. Chem. 2000, 88, 61–7. [Google Scholar] [CrossRef]

	29. 
Quintas, A.; Vaz, D.C.; Cardoso, I.; Saraiva, M.J.; Brito, R.M. Tetramer dissociation and monomer partial unfolding precedes protofibril formation in amyloidogenic transthyretin variants. J. Biol. Chem. 2001, 276, 27207–27213. [Google Scholar] [CrossRef] [PubMed]

	30. 
Hammarström, P.; Jiang, X.; Hurshman, A.R.; Powers, E.T.; Kelly, J.W. Sequence-dependent denaturation energetics: A major determinant in amyloid disease diversity. Proc. Natl. Acad. Sci. USA 2002, 99, 16427–16432. [Google Scholar] [CrossRef] [PubMed]

	31. 
Hurshman Babbes, A.R.; Powers, E.T.; Kelly, J.W. Quantification of the thermodynamically linked quaternary and tertiary structural stabilities of transthyretin and its disease-associated variants: The relationship between stability and amyloidosis. Biochemistry 2008, 47, 6969–6984. [Google Scholar] [CrossRef] [PubMed]

	32. 
Faria, T.Q.; Almeida, Z.L.; Cruz, P.F.; Jesus, C.S. H.; Castanheira, P.; Brito, R.M. M. A look into amyloid formation by transthyretin: Aggregation pathway and a novel kinetic model. Phys. Chem. Chem. Phys. 2015, 17, 7255–7263. [Google Scholar] [CrossRef] [PubMed]

	33. 
Lai, Z.; Colón, W.; Kelly, J.W. The acid-mediated denaturation pathway of transthyretin yields a conformational intermediate that can self-assemble into amyloid. Biochemistry 1996, 35, 6470–6482. [Google Scholar] [CrossRef] [PubMed]

	34. 
Quintas, A.; Saraiva, M.J.; Brito, R.M. The tetrameric protein transthyretin dissociates to a non-native monomer in solution. A novel model for amyloidogenesis. J. Biol. Chem. 1999, 274, 32943–32949. [Google Scholar] [CrossRef] [PubMed]

	35. 
Jiang, X.; Smith, C.S.; Petrassi, H.M.; Hammarström, P.; White, J.T.; Sacchettini, J.C.; Kelly, J.W. An engineered transthyretin monomer that is nonamyloidogenic, unless it is partially denatured. Biochemistry 2001, 40, 11442–11452. [Google Scholar] [CrossRef] [PubMed]

	36. 
Quintas, A.; Saraiva, M.J.; Brito, R.M. The amyloidogenic potential of transthyretin variants correlates with their tendency to aggregate in solution. FEBS Lett. 1997, 418, 297–300. [Google Scholar] [CrossRef]

	37. 
Wiseman, R.L.; Powers, E.T.; Kelly, J.W. Partitioning conformational intermediates between competing refolding and aggregation pathways: Insights into transthyretin amyloid disease. Biochemistry 2005, 44, 16612–16623. [Google Scholar] [CrossRef] [PubMed]

	38. 
Goldenberg, D.P. Analysis of protein conformation by gel electrophoresis. In Protein Structure: A Practical Approach; Oxford University Press: Oxford, UK, 1997. [Google Scholar]

	39. 
Goldenberg, D.P.; Creighton, T.E. Gel electrophoresis in studies of protein conformation and folding. Anal. Biochem. 1984, 138, 1–18. [Google Scholar] [CrossRef] [PubMed]

	40. 
Creighton, T.E. Detection of folding intermediates using urea-gradient electrophoresis. Methods Enzymol. 1986, 131, 156–172. [Google Scholar] [PubMed]

	41. 
Siddiqui, K.S.; Francisci, D.; Thomas, T. Analysis of unfolding-refolding patterns and stabilities of proteins by transverse urea gradient gel electrophoresis (TUG-GE). In Methods in Protein Structure and Stability Analysis: Conformational Stability, Size, Shape, and Surface of Protein Molecules; Nova Science Publishers: New York, NY, USA, 2007. [Google Scholar]

	42. 
Gianazza, E.; Eberini, I.; Santi, O.; Vignati, M. Denaturant-gradient gel electrophoresis: Technical aspects and practical applications. Anal. Chim. Acta 1998, 372, 99–120. [Google Scholar] [CrossRef]

	43. 
Wojtczak, A.; Cody, V.; Luft, J.R.; Pangborn, W. Structures of human transthyretin complexed with thyroxine at 2.0 A resolution and 3′,5′-dinitro-N-acetyl-l-thyronine at 2.2 Å resolution. Acta Crystallogr. Sect. D Biol. Crystallogr. 1996, 52, 758–765. [Google Scholar] [CrossRef] [PubMed]

	44. 
Jesus, C.S.H.; Vaz, D.C.; Saraiva, M.J.M.; Brito, R.M. The V30M Amyloidogenic mutation decreases the rate of refolding kinetics of the tetrameric protein transthyretin—Open access library. Spectrosc. Int. J. 2012, 27, 343–348. [Google Scholar]

	45. 
Bodenreider, C.; Kellershohn, N.; Goldberg, M.E.; Méjean, A. Kinetic analysis of R67 dihydrofolate reductase folding: From the unfolded monomer to the native tetramer. Biochemistry 2002, 41, 14988–14999. [Google Scholar] [CrossRef] [PubMed]

	46. 
Dev, S.; Nirmala, D.K.; Sinha, S.; Surolia, A. Thermodynamic analysis of three state denaturation of Peanut Agglutinin. IUBMB Life 2006, 58, 549–555. [Google Scholar] [CrossRef] [PubMed]

	47. 
Iimura, S.; Yagi, H.; Ogasahara, K.; Akutsu, H.; Noda, Y.; Segawa, S.; Yutani, K. Unusually slow denaturation and refolding processes of pyrrolidone carboxyl peptidase from a hyperthermophile are highly cooperative: Real-time NMR studies. Biochemistry 2004, 43, 11906–11915. [Google Scholar] [CrossRef] [PubMed]

	48. 
Barrera, F.N.; Renart, M.L.; Molina, M.L.; Poveda, J.A.; Encinar, J.A.; Fernández, A.M.; Neira, J.L.; González-Ros, J.M. Unfolding and refolding in vitro of a tetrameric, α-helical membrane protein: The prokaryotic potassium channel KcsA. Biochemistry 2005, 44, 14344–14352. [Google Scholar] [CrossRef] [PubMed]

	49. 
Powers, E.T.; Powers, D.L. A perspective on mechanisms of protein tetramer formation. Biophys. J. 2003, 85, 3587–3599. [Google Scholar] [CrossRef]

	50. 
Chiti, F.; Mangione, P.; Andreola, A.; Giorgetti, S.; Stefani, M.; Dobson, C.M.; Bellotti, V.; Taddei, N. Detection of two partially structured species in the folding process of the amyloidogenic protein β 2-microglobulin. J. Mol. Biol. 2001, 307, 379–391. [Google Scholar] [CrossRef] [PubMed]

	51. 
Galani, D.; Fersht, A.R.; Perrett, S. Folding of the yeast prion protein Ure2: Kinetic evidence for folding and unfolding intermediates. J. Mol. Biol. 2002, 315, 213–227. [Google Scholar] [CrossRef] [PubMed]

	52. 
Wain, R.; Smith, L.J.; Dobson, C.M. Oxidative refolding of amyloidogenic variants of human lysozyme. J. Mol. Biol. 2005, 351, 662–671. [Google Scholar] [CrossRef] [PubMed]

	53. 
Furuya, H.; Saraiva, M.J.; Gawinowicz, M.A.; Alves, I.L.; Costa, P.P.; Sasaki, H.; Goto, I.; Sakaki, Y. Production of recombinant human transthyretin with biological activities toward the understanding of the molecular basis of familial amyloidotic polyneuropathy (FAP). Biochemistry 1991, 30, 2415–2421. [Google Scholar] [CrossRef] [PubMed]

	54. 
Almeida, M.R.; Damas, A.M.; Lans, M.C.; Brouwer, A.; Saraiva, M.J. Thyroxine binding to transthyretin Met 119. Comparative studies of different heterozygotic carriers and structural analysis. Endocrine 1997, 6, 309–315. [Google Scholar] [CrossRef] [PubMed]

	55. 
Raz, A.; Goodman, D.S. The interaction of thyroxine with human plasma prealbumin and with the prealbumin-retinol-binding protein complex. J. Biol. Chem. 1969, 244, 3230–3237. [Google Scholar] [PubMed]

	56. 
Hammarström, P.; Jiang, X.; Deechongkit, S.; Kelly, J.W. Anion shielding of electrostatic repulsions in transthyretin modulates stability and amyloidosis: Insight into the chaotrope unfolding dichotomy. Biochemistry 2001, 40, 11453–11459. [Google Scholar] [CrossRef] [PubMed]

	57. 
Stark, G.R.; Stein, W.H.; Moore, S. Reactions of the Cyanate Present in Aqueous Urea with Amino Acids and Proteins. J. Biol. Chem. 1960, 235, 3177–3181. [Google Scholar]

	58. 
Lin, M.-F.; Williams, C.; Murray, M.V.; Conn, G.; Ropp, P.A. Ion chromatographic quantification of cyanate in urea solutions: Estimation of the efficiency of cyanate scavengers for use in recombinant protein manufacturing. J. Chromatogr. B 2004, 803, 353–362. [Google Scholar] [CrossRef] [PubMed]

	59. 
Pace, C.N.; Scholtz, J.M. Measuring the conformational stability of a protein. In Protein Structure: A Practical Approach; Oxford University Press: Oxford, UK, 1997. [Google Scholar]

	60. 
O’Connell, K.L.; Stults, J.T. Identification of mouse liver proteins on two-dimensional electrophoresis gels by matrix-assisted laser desorption/ionization mass spectrometry of in situ enzymatic digests. Electrophoresis 1997, 18, 349–359. [Google Scholar] [CrossRef] [PubMed]

	61. 
Edelhoch, H. The properties of thyroglobulin. VIII. the iodination of thyroglobulin. J. Biol. Chem. 1962, 237, 2778–2787. [Google Scholar]

	62. 
Wyman, J.; Gill, S.J. Binding and Linkage: Functional Chemistry of Biological Macromolecules; University Science Books: Sausalito, CA, USA, 1990. [Google Scholar]

	63. 
Klotz, I.M. Ligand-Receptor Energetics: A Guide for the Perplexed—Irwing M. Klotz; John Wiley & Sons: New York, NY, USA, 1997. [Google Scholar]























© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-17-01428


  
    		
      ijms-17-01428
    


  




  





media/file8.jpg
Absorbance at280nm

'V30M-TTR

WT-TTR
= g [ B
I H
]
.
£ ol
H
S






media/file11.png
AY)

12 |-
10 |
sk } ...... i ............ E ............ WL, --...
6 -
4L app2
-1k
R S
| @ TTitrees. [ L N
-3 appl
-4
1 L I | '
1.8 2.0 2.2 2.4 2.6
[Urea] (M)

V3IOM-TTR

[Urea] (M)






media/file6.jpg





media/file1.png
Electrophoretic
Mobility

<

AIMqoN
apadoydoayda g

[Urea] ——— s5M

—— 5M O0M

[Urea]

[Urea] ——— 9M oM

oM





media/file13.png
Molar Fraction

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Unfolded —oieeaseeeeeeeee e
monomer _,.-*""’

Intermediate

S are e T T

Time (min)

Molar Fraction

1.0
0.9

0.8 [
0.7 [
0.6 [
0.5 [
0.4 [
0.3 [
0.2 [
0.1 [
0.0 [

VIOM-TTR

B UGS U UGG G G

Tetramer

Intermediate

Time (min)






media/file10.jpg
V30M-TT!

R

sped . & | - s - .
ol AT }
PR e I U S S

[Ureal (W)






media/file7.png
Fluorescence Intensity at 380 nm

Weighted Residuals

~1

=2

=
T

~1

Ny

=
T

~1

[\

=
T

~1

=

=
T

D

R

=
|

WT-TTR

oL

S

=
T

R

[ 3

=
|

R

=

=
)

~1

oL

=
T

[Urea]=2.0M

s CD

ek
o _r

e
3

0 60 120 180 240 300 360 420 480 540 600 660 720

Time (min)

O N T S N
T T 1 T T ¥ 1T ¥ 71

Fluorescence Intensity at 380 nm

Weighted Residuals

3

=)

<
|

~1

TN

<o
I

~J

[

=
)

~1

o

=
|

=)

e

<o
|

£ =N
T

Ih I .IQ I o I N n
T T T

V3I0M-TTR

[Urea]=0.8 M

0 60 120 180 240 300 360 420 480 540 600 660 720

Time (min)






media/file12.jpg
Molar Fraction
crczzsa

WT-TTR V30M-TTR
M e
A i

Tieme i)

kel





media/file9.png
Absorbance at 280 nm

WT-TTR

10 15 20 25 30 35 10
Elution Volume (mL)

Absorbanceat280nm

0.025

0.020

0.015

0.010

0.005

0.000

V3I0OM-TTR

. [Urea]=0.4M
- Tetramer
Monomer
0 10 15 20 25 30 35
Elution Volume (mL.)






media/file5.png
Absorbance at 280 nm

|AFi| 350 nm

0.02

100

WIT-TTR

Elution Volume (mL)

e
=
=

Fluorescence Intensity

0 . . . )
300 320 340 360 380 400
Wavelength (nm)

1 i |

1 2 3 4
[T,] (uM)

350 nm

i

| AF

Absorbance at 280 nm
[
[
[ ]

80

60

40

20

V3IOM-TTR

15 20

25

Elution Volume (mL)

£

P

5

s

5

=

=, . . . .

300 320 340 360 380 400
Wavelength (nm)
! ] ) ] ] . ]
0 1 2 3 4
[T,] (VD





media/file3.png
Relative Fluorescence Intensity

[@IMRW X 10'3 (deg.cmz.dmol'l)

340 360 380 400 420
Wavelength (nm)

200

210 220 230 240 250 260

Wavelength (nm)

Relative Fluorescence Intensity

[OIMRW X 10'3 (deg.cmz.dmol'l)

V3IOM-TTR

320 340 360 380 400 420
Wavelength (nm)

15 F

190

200 210 220 230 240 250 260

Wavelength (nm)





media/file14.png





media/file4.jpg
WT-TTR V30M-TTR

Absorbance a1 280 o

Tomoas w0 s W
Elation Volame (m) Elution Volume (mt)






media/file0.jpg





media/file2.jpg
V30M-TTR

Relaiv Flaorescence lntesity
3 s

Ol 3 10° descn.dmor’

T T T TR T

ECE TR T TR Ty
Werelength (1) ‘Wavelength (am)





