






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Multiple Folding States and Disorder of ... - Hugues Bedouelle

May 28, 2012 - protein, present in most cellular compartments. ... equilibrium. The monomeric intermediate was predominant at the body temperature of 37 Â°C. It also existed in the full-length ...... E. V., Karpova, G. G., and Loktev, V. B. (2009) C-terminal fragment of ... laminin-binding protein from muscle cell membranes. 

















 Télécharger le PDF 






 1MB taille
 1 téléchargements
 308 vues






 commentaire





 Report
























Article pubs.acs.org/biochemistry



Multiple Folding States and Disorder of Ribosomal Protein SA, a Membrane Receptor for Laminin, Anticarcinogens, and Pathogens Mohamed B. Ould-Abeih,†,‡,§ Isabelle Petit-Topin,†,‡ Nora Zidane,†,‡ Bruno Baron,∥,⊥ and Hugues Bedouelle*,†,‡ †



Institut Pasteur, Unit of Molecular Prevention and Therapy of Human Diseases, Department of Infection and Epidemiology, rue du Dr. Roux, F-75015 Paris, France ‡ CNRS, URA3012, rue du Dr. Roux, F-75015 Paris, France § Université Paris Diderot, Sorbonne Paris Cité, Cellule Pasteur, rue du Dr. Roux, F-75015 Paris, France ∥ Institut Pasteur, Plate-forme de Biophysique des Macromolécules et de leurs Interactions, Department of Structural Biology and Chemistry, rue du Dr. Roux, F-75015 Paris, France ⊥ CNRS, UMR3528, rue du Dr. Roux, 75015 Paris, France S Supporting Information *



ABSTRACT: The human ribosomal protein SA (RPSA) is a multilocus protein, present in most cellular compartments. It is a multifunctional protein, which belongs to the ribosome but is also a membrane receptor for laminin, growth factors, prion, pathogenic microorganisms, toxins, and the anticarcinogen epigallocatechin gallate. It contributes to the crossing of the blood− brain barrier by neurotropic viruses and bacteria and is used as a biomarker of metastasis. RPSA includes an N-terminal domain, which is homologous to the prokaryotic ribosomal proteins S2, and a C-terminal extension, which is conserved in vertebrates. The structure of its N-domain has been determined from crystals grown at 17 °C. The structure of its C-domain remains unknown. We produced in Escherichia coli and puriﬁed the full-length RPSA and its N- and C-domains. We characterized the folding states of these recombinant proteins mainly by methods of ﬂuorescence and circular dichroism spectrometry, in association with quantitative analyses of their unfolding equilibria, induced with heat or urea. The necessary equations were derived from ﬁrst principles. The results showed that the N-domain unfolded according to a three-state equilibrium. The monomeric intermediate was predominant at the body temperature of 37 °C. It also existed in the full-length RPSA and bound ANS, a small ﬂuorescent molecule. The C-domain was in an intrinsically disordered state. The recombinant Nand C-domains weakly interacted together. These results indicated a high plasticity of RPSA, which could be important for its multiple cellular localizations and functional interactions.



T



the function of the laminin receptor during evolution.3,4 The crystal structure of a recombinant N-domain of RPSA (residues 1−220) has been determined at 2.15 Å resolution and found to be similar indeed to those of prokaryotic RPS2.5 The folding state and structure of its C-domain, which is highly negatively charged and includes ﬁve repeated motifs of sequence, remains unknown despite several molecular modeling attempts.6,7 RPSA appears as polypeptides with apparent molecular masses (MMapp) of 37 and 67 kDa in immunoblots of cellular extracts. The 37 kDa form is a precursor of the 67 kDa form.8,9 RPSA is not glycosylated; it is acylated in position Ser2 by fatty acids, and this acylation is involved in its conversion to the 67 kDa form.10,11 Residue Tyr139 of RPSA is phosphorylated in vivo.12 RPSA is found associated with the cellular membrane,13−16 with the 40S subunit of ribosomes in the cytoplasm,17−20 with



he human 40S ribosomal protein SA (RPSA) is a multilocus and multifunctional protein. It has many alternative names, including laminin receptor 1 (LamR1). The cDNA of the RPSA gene is formed by the assembly of seven exons, six of which correspond to the coding sequence. This cDNA does not include any signal sequence for addressing its protein product in the nucleus or cell membrane.1,2 The amino acid sequence of RPSA, deduced from the sequence of its cDNA, includes 295 residues and corresponds to a theoretical molecular mass (MMth) of 32854 Da. RPSA can be subdivided into two main domains: an N-domain (residues 1−209), which corresponds to exons 2−5 of the gene, and a Cdomain (residues 210−295), which corresponds to exons 6 and 7. Sequence analyses have shown that the N-domain of RPSA is homologous to ribosomal protein S2 (RPS2) of prokaryotes. It contains a palindromic 173LMWWML178 sequence that is conserved in all metazoans. Its C-domain is highly conserved in vertebrates. The amino acid sequence of RPSA is 98% identical in all mammals. These phylogenetic analyses have suggested that RPSA is a ribosomal protein that has acquired © 2012 American Chemical Society
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DNA and some histones in the nucleus,20−22 and with the preribosome in the nucleolus.23 RPSA has numerous known functions. It interacts with the 18S rRNA and ribosomal protein S21 and plays a role in the maturation and assembly of the ribosome.7,17−20 RPSA is a component of the nuclear machinery.20−22 It is a membrane receptor for laminin and growth factors, e.g., Midkine.13,14,22,24,25 As such, it has a role in tumor invasion and aggressiveness.26 RPSA is also a membrane receptor for toxins, prion, neurotropic viruses, and bacteria, of which it could promote adherence to the blood−brain barrier.16,27−32 RPSA is involved in signal transduction within the cell, e.g., through TIMAP (TGF-β-inhibited, membrane-associated protein) and PP-1 (protein phosphatase-1).33 RPSA is a receptor for epigallocatechin gallate (EGCG), a major constituent of green tea, and mediates its anticarcinous activity via eEF1A (eukaryotic translation elongation factor 1A) and MYPT1 (myosin phosphatase targeting subunit 1).34 Several of these functions have been speciﬁcally associated with the C-domain of RPSA.6,7,32,35,36 A high proportion of eukaryotic proteins includes intrinsically disordered regions. These proteins are often multifunctional and interact with a large number of diﬀerent partners.37−39 They are mainly involved in the following categories of functions: molecular assembly, molecular recognition and signaling, protein modiﬁcation, and entropic chain activity.37 RPSA fulﬁlls at least three of these four categories of functions. Therefore, we asked the following questions. Given the multilocus and multifunction properties of RPSA, does this protein include disordered regions? Does the X-ray structure of its N-domain, which was determined from crystals grown at 17 °C, adequately represent its folding state in live mammals? What is the folding state of its C-domain, which is conserved in vertebrates and involved in several functions? To approach these questions, we produced in Escherichia coli and puriﬁed the full-length RPSA, its ribosomal domain (Ndomain), its vertebrate extension, and its acid domain (Cdomains) in recombinant and homogeneous forms, in suﬃcient quantities for biophysical studies. We explored the folding states of these RPSA derivatives by methods of ﬂuorescence and circular dichroism (CD) spectrometry, in association with quantitative analyses of their unfolding equilibria, induced by urea or heat. We also tested whether the N- and C-domains interact together by immunochemical methods. Our results have shown that the C-domain of RPSA had little or no regular secondary structure, included local clusters of structure involving aromatic residues, reacted noncooperatively to the action of denaturing agents, and was not in a molten globular state. The N-domain unfolded according to a threestate equilibrium, including a monomeric intermediate. This intermediate was highly populated under some conditions, in particular at the body temperature of 37 °C. It also existed in the full-length RPSA and bound ANS, a small amphipathic ﬂuorescent molecule. The N- and C-domains interacted weakly between them. These results have indicated a high plasticity of RPSA, which could be important for its localization in diﬀerent cellular compartments and its numerous functions.



(1)



N⇔I⇔U



Under physiological conditions, the protein is almost entirely in its native form (N) and the concentrations of states I and U cannot be detected. To be studied, the equilibria of unfolding are generally shifted with a denaturing agent, like urea or temperature. New equilibria form for each value x of denaturant. An unfolding proﬁle is obtained by measuring a signal of the protein, sensitive to its conformational state, as a function of x. The equations derived in this and the following paragraphs allow one to determine the concentrations of N, I, and U for each value of x. The laws of mass action and conservation give the following equations, where K1 and K2 are equilibrium constants and C (molar) is the total concentration of the protein: [I]/[N] = K1; [U]/[I] = K 2



(2)



[N] + [I] + [U] = C



(3)



Generally, it is more convenient to reason with molar fractions: fn = [N]/C ; fi = [I]/C ; fu = [U]/C



(4)



Equation 3 can be rewritten as fn + fi + fu = 1



(5)



From eqs 2 and 4, one deduces fi = K1fn and fu = K1K 2fn



(6)



From eqs 5 and 6, one deduces fn = 1/(1 + K1 + K1K 2)



(7)



Law of the Signal: Fluorescence Intensity. Let us assume that the intensity of ﬂuorescence, for a set light of excitation, is used to monitor the unfolding equilibria of eq 1. If Yt(x) is the global signal of the unfolding mixture, the law of additivity of the signals applies to the ﬂuorescence intensities: Yt(x) = [N]Yn(x) + [I]Yi(x) + [U]Yu(x) + Yd(x)



(8)



where Yn, Yi, and Yu are the molar signals of state N, state I, and state U, respectively, and Yd is the signal of the solvent. The signal of the solvent alone is generally measured in a separate experiment, and only the protein signal Y(x) is considered: Y = Yt − Yd(x) = [N]Yn + [I]Yi + [U]Yu Y = C(fn Yn + fi Yi + fu Yu)



(9) (10)



Experimentally, one observes that Y(x) is a linear function of x for the low and high values of denaturant,40 and therefore, one writes for every x Yn(x) = yn (1 + xhn);



Yi = n iyn = constant;



Yu(x) = n uyn (1 + xhu)



(11)



where hn, ni, nu, and hu are intrinsic parameters of the protein. Yi is taken to be a constant because the intermediate is usually present only in a narrow interval of x values. In some instances (see Results), the variation of Y(x) for the low and high values of x may be better approximated by an exponential function. One therefore writes
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THEORY Three-State Equilibrium of Unfolding. Let P be a monomeric protein, N its native folded state, I an intermediate state, and U its unfolded state. Let us assume that this protein unfolds according to the equilibria



Yn(x) = yn exp[hn(x0 − x)];



Yi = n iyn = constant;



Yu(x) = n uyn exp[hu(x0 − x)] 4808



(12)
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Table 1. Plasmids for the Expression of RPSA and Its Derivatives in E. colia plasmid



protein



exons



sequence



pAP1 pMOA5 pMOA1 pMOA2 pMOA3 pMOA4 pIT1



RPSA(2−295) RPSA(2−295) RPSA(2−209) RPSA(2−220) RPSA(210−295) RPSA(225−295) Flag-RPSA(225−295)



2−7 2−7 2−5 ⊂2−6 6−7 ⊂6−7 ⊂6−7



mrgshhhhhhgSGAL--------TTEWS mrgshhhhhhgSGAL--------TTEWSasawshpqfek mrgshhhhhhgSGAL--------DPEEA mrgshhhhhhgSGAL--------AAEKa mrgshhhhhhgsIEKE--------TTEWS mrgshhhhhhgsEEFQ-------TTEWS mrgshhhhhhgsdykddddkgsEEFQ-------TTEWS



a In column 2, the numbers in parentheses give the positions of the ﬁrst and last residues of the RPSA fragment in the recombinant polypeptide. In column 3, ⊂ stands for included in; only the 3′-part of exon 2 and the 5′-part of exon 7 include coding sequences. In column 4, the N- and C-terminal residues of the RPSA fragment are uppercase whereas the residues of the tags are lowercase.



where x0 is ﬁxed and chosen in the transition region of the unfolding proﬁle. Analysis of the Unfolding Proﬁles. The combination of eqs 6, 7, 10, and 11 gives



An approximation ΔCp,th of the global ΔCp value between the N and U states can be calculated from the protein sequence.42 Therefore, ΔCp2 = ΔCp,th − ΔCp1. Equation 13 or 14, where K1 and K2 are developed as in eqs 19 and 20 and which relates the intensity of ﬂuorescence to the temperature x = T, was ﬁt to the unfolding data with Cyn, hn, ni, nu, hu, ΔHm1, ΔHm2, Tm1, Tm2, and ΔCp1 as ﬂoating parameters. Two-State Equilibrium of Unfolding. In this welldocumented case, one assumes that the protein unfolds according to the equilibrium N ⇔ U with [U]/[N] = K and [N] + [U] = C. The derivation of the equations is similar to that given above but simpler:43



Y = Cyn [1 + xhn + K1n i + K1K 2n u(1 + xhu)] /(1 + K1 + K1K 2)



(13)



Likewise, the combination of eqs 6, 7, 10, and 12 gives Y = Cyn {exp[hn(x0 − x)] + K1n i + K1K 2n u exp[hu(x0 − x)]}/(1 + K1 + K1K 2)



(14)



Y = Cyn {n u(1 + xhu) + [1 + xhn − n u(1 + xhu)]



When the denaturant is a chemical molecule, e.g., urea, one generally assumes that the variation of free energy between two conformational states is a linear function of its concentration x, for example:41,42 ΔG = − RT ln(K ) = ΔG(H 2O) − mx



■



and therefore (16)



K 2 = exp{[m2x − ΔG2(H 2O)]/RT }



(17)



Equation 13, where K1 and K2 are developed as in eqs 16 and 17 and which relates the intensity of ﬂuorescence to the concentration x of denaturant, was ﬁt to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ΔG1(H2O), and ΔG2(H2O) as ﬂoating parameters. When the denaturant is heat, the variation of free energy between two states is given by the Gibbs−Helmholtz equation. ΔG(T ) = − RT ln(K ) = ΔHm(1 − T /Tm) − ΔCp[(Tm − T ) + T ln(T /Tm)]



(18)



where Tm is the temperature at which ΔG(T) = 0, ΔHm is the variation of enthalpy between the two considered states at Tm, and ΔCp is the variation of caloric capacity between the two states. Therefore K1 = exp({ΔCp1[(Tm1 − T ) + T ln(T /Tm1)] − ΔHm1(1 − T /Tm1)}/RT )



(19)



K 2 = exp({ΔCp2[(Tm2 − T ) + T ln(T /Tm2)] − ΔHm2(1 − T /Tm2)}/RT )



(21)



MATERIALS AND METHODS Strains, Reagents, and Buﬀers. E. coli strain XL1-Blue (F′::Tn10 lacIq/recA1, hsdR17) was obtained from Stratagene and NEB Express Iq (miniF-lacIq/lon, ompT) from New England Biolabs. Plasmid pQE30 was obtained from Qiagen and plasmid IRAKp961G21194Q2, which carries the Mus musculus RPSA gene, from RZPD (Deutsches Ressourcenzentrum für Genomforschung GmbH). All the plasmids carry the bla gene (AmpR) except miniF-lacIq, which carries the cat gene (CamR). The culture media LB and 2-YT, NuPAGE Novex Bis-Tris 4 to 12% gradient gels, MES-SDS running buﬀer, sample buﬀer, and See Blue Plus 2 Prestained Standards were purchased from Invitrogen. IPTG was from Euromedex. PBS (phosphatebuﬀered saline), Tween 20, 4-nitrophenyl phosphate (pNPP), desthiobiotin, 1,8-ANS, and the conjugate between alkaline phosphatase and monoclonal antibody M2 to the Flag tag were from Sigma-Aldrich. Bovine serum albumin (BSA) was from Roche. Maxisorp ELISA plates were from Nunc. The fast-ﬂow NiNTA and superﬂow Strep-Tactin resins were from Qiagen. Ultrapure urea was from MP Biochemicals. Ampicillin was used at 200 μg/mL, tetracycline at 15 μg/mL, and chloramphenicol at 25 μg/mL. The solutions of 10 M urea were prepared daily and their pH values adjusted as described previously.41 The concentrations of urea were measured with a refractometer and a precision of 0.01 M. Buﬀer A contained 50 mM Tris-HCl, 500 mM NaCl, and imidazole (pH 8.2 at 4 °C). Buﬀer B contained 50 mM TrisHCl, 300 mM NaCl, and 2.5 mM desthiobiotin (pH 8.0). Buﬀer C contained 10 mM potassium phosphate (pH 8.0). Buﬀer D contained 50 mM Tris-HCl and 150 mM NaCl (pH 8.2 at 20 °C). Buﬀer E contained 50 μg/mL ANS in buﬀer D.



(15)



K1 = exp{[m1x − ΔG1(H 2O)]/RT }



/(1 + K )}
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Buﬀer F contained 100 μg/mL ANS in buﬀer D. Buﬀer G contained 0.05% Tween 20 in PBS. Buﬀer H contained 3% BSA in buﬀer G. Buﬀer J contained 1% BSA in buﬀer G. Buﬀer K contained 0.1 M diethanolamine and 10 mM MgCl2 (pH 9.8). Genetic Constructions. The RPSA gene was ampliﬁed from plasmid IRAKp961G21194Q2 by polymerase chain reaction with two oligonucleotide primers that introduced a BamHI restriction site at the 5′-end and a HindIII site at the 3′end of the ampliﬁed DNA segment. The ampliﬁcation product was inserted between the corresponding sites of plasmid pQE30. The recombinant plasmids were cloned by transformation into strain XL1-Blue and the recombinant strains grown at 30 °C. The expression plasmid thus obtained, pAP1, encoded residues 2−295 of the RPSA protein, under control of the promoter for the polymerase of phage T5 and lacO operator. To obtain 5′- or 3′-terminal segments of the RPSA gene encoding the N- or C-domains of RPSA, we introduced a second HindIII or BamHI site into the gene by oligonucleotide site-directed mutagenesis of pAP1. The mutant derivatives of pAP1 were digested with the BamHI or HindIII enzyme, circularized by ligation, and introduced into XL1-Blue as described above (Table 1). Plasmid pMOA5 was obtained by inserting a synthetic double-stranded DNA fragment 5′gCCGGCGACC...GAAAAATGAtaagctt-3′, encoding a hybrid polypeptide between residues 271−295 of RPSA and the Strep tag,44 between the unique NgoIV and HindIII sites of pAP1 (Table 1). Plasmid pIT1 was obtained by inserting a doublestranded DNA cassette, formed by hybridization of the two following oligonucleotides and encoding the Flag tag,44 into the BamHI site of plasmid pMOA4: 5′-GA TCT GAC TAC AAA GAC GAT GAC GAC AAA G-3′ and 5′-GA TCC TTT GTC GTC ATC GTC TTT GTA GTC A-3′. All the genetic constructs were veriﬁed by DNA sequencing. Production and Puriﬁcation of the Recombinant Proteins. The RPSA derivatives were produced in the cytoplasm of strain NEB Express Iq from the plasmids listed in Table 1. A preculture of the producing strain was performed in LB medium, supplemented with ampicillin and chloramphenicol, overnight at 30 °C from a fresh and isolated colony. The preculture was diluted in 2-YT medium, supplemented with ampicillin, to obtain a starting absorbance A600 of 0.07−0.09. The culture was conducted at 30 °C until A600 reached 0.7−0.8, and then the expression of the recombinant gene was induced with 1.0 mM IPTG. The temperature and length of the induction phase were equal to 20 °C and overnight, respectively, for the bacteria harboring pMOA1 and pMOA2 and 30 °C and 4 h, respectively, for those harboring the other plasmids. The RPSA derivatives were puriﬁed at 4 °C through their hexahistidine tag via aﬃnity chromatography on a column of NiNTA resin and elution with imidazole in buﬀer A. A second puriﬁcation was performed for RPSA(2−295) through its Strep tag via aﬃnity chromatography on a column of StrepTactin and elution with buﬀer B. The puriﬁcation fractions were analyzed by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) under reducing conditions, and those that were pure (>95% homogeneous) were pooled, ﬂashfrozen, and kept at −80 °C. The protein concentrations were measured by absorbance spectrometry. Aliquots of RPSA(210− 295) and RPSA(225−295) were analyzed by mass spectrometry after extensive dialysis against 65 mM ammonium bicarbonate and lyophilization, as described previously.45 Circular Dichroism Spectra. The proteins were dialyzed against buﬀer C prior to the circular dichroism (CD)



spectroscopy experiments. These experiments were performed with an Aviv model 215 CD spectrometer equipped with a thermoelectric cuvette holder. The CD spectra were recorded at 20 °C between 190 and 260 nm with a quartz cell with a path length of 0.02 cm in the far-UV region and between 250 and 350 nm with a quartz cell with a path length of 1 cm in the near-UV region. The signal was acquired for 1 s at each wavelength; the wavelength increment was equal to 1 nm and the scan rate to 1 nm/s. Each spectrum represents the average of three scans. The signal for the solvent alone was subtracted from the raw signal. The measurements are reported as molar circular dichroism per residue Δε (millidegrees per molar per centimeter). Fluorescence Measurements. The ﬂuorescence spectra were recorded with a FP-6300 spectroﬂuorometer (Jasco) in a quartz cuvette (10 mm × 2 mm) at 20 °C. The spectra of intrinsic ﬂuorescence were recorded between 310 and 370 nm with excitation at 278 nm in buﬀer D. The spectra of ANS ﬂuorescence were recorded between 440 and 540 nm with excitation at 372 nm in buﬀer E. The slit width was equal to 2.5 nm for the excitation light and 5 nm for the emission. The wavelength increment was equal to 0.5 nm. The ﬂuorescence signal for the protein was obtained by subtraction of the signal for the solvent alone. Unfolding with Urea. Unfolding with urea was performed as described previously.41 Each reaction mixture (1 mL) contained puriﬁed protein (10 μg/mL) and varying concentrations of urea (0−8 M) in buﬀer D or E. Control reaction mixtures were prepared by replacing the protein with buﬀer. The mixtures were incubated for 16 h at 20 °C to permit the unfolding reactions to reach equilibrium. To test the reversibility of the unfolding reaction, a protein sample was denatured in 8 M urea and buﬀer D for 4 h. The denatured protein was diluted with buﬀer D to reach a ﬁnal urea concentration between 8 and 1 M. The diluted mixture was then incubated for 16 h at 20 °C to allow the reaction to reach equilibrium as described above. The concentration of urea was measured in each reaction mixture after completion of the experiments. The equilibria of unfolding were monitored with the intrinsic ﬂuorescence of proteins or the extrinsic ﬂuorescence of ANS as described in the previous paragraph. Thermal Unfolding. Heat-induced denaturations were performed either with a Quantamaster spectroﬂuorometer (Photon Technology International) or with an Aviv model 215 CD spectrometer, both equipped with a computer-operated thermoelectric cuvette holder. In both cases, the signal for the protein was obtained by subtraction of the signal for the solvent alone, recorded in a separate experiment. In the ﬁrst case, the puriﬁed proteins (20 μg/mL in buﬀer D or F) were melted in a quartz cuvette (10 mm × 10 mm) with a constant heating rate of 0.25 °C/min between 4 and 85 °C. The intrinsic ﬂuorescence was excited at 278 nm, and the emission was recorded at 330 and 350 nm. The ANS ﬂuorescence was excited at 372 nm, and the emission was recorded at 475 and 530 nm. The excitation and emission slit widths were equal to 1 and 10 nm, respectively. In the second case, the puriﬁed proteins (100 μg/mL in buﬀer C) were melted in a quartz cuvette (path lengths of 2 mm) with a constant heating rate of 0.2 °C/min between 10 and 95 °C in 1 °C steps. The time to heat the reaction and the time to acquire the far-UV CD spectrum were equal to 5 min each at each step of temperature. A renaturation step of the 4810
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proteins was performed at 25 °C for 30 min after each full cycle of denaturation. Indirect Enzyme-Linked Immunosorbent Assays (ELISAs). ELISAs were performed in 96-well microtiter plates with a volume of 100 μL/well. For the sensitization of the plates, a solution of RPSA(2−209) (2 μg/mL) in PBS or PBS alone as a control was loaded in the wells and the plate was incubated overnight at 4 °C so adsorption could occur. The wells were washed with buﬀer G (ﬁve times), blocked with buﬀer H, and then washed as described above. For the capture of the Cdomain by the immobilized N-domains, the puriﬁed preparation of Flag-RPSA(225−295) was diluted in buﬀer J, the wells were loaded with the diluted protein or buﬀer J alone as a blank sample, and the plate was incubated for 1 h at 25 °C. The wells were washed as described above, and the bound FlagRPSA(225−295) was detected with a conjugate between alkaline phosphatase and an antibody to the Flag tag. More precisely, a 3300-fold dilution of the conjugate in buﬀer J was added to the wells, and the plate was incubated for 1 h at room temperature for the capture of the conjugate. The wells were washed as described above, and the bound conjugate was detected by addition of 5 mM pNPP in buﬀer K and measurement of A405. Analysis of the Sequence, Structure, and Experimental Data. The sequences of the Homo sapiens and M. musculus RPSA genes and their transcripts, exons, and encoded proteins were retrieved with the Ensembl genome browser (http:// www.ensembl.org). The sequences of the RPSA proteins from H. sapiens (UniProt entry P08865) and M. musculus (Uniprot entry P14206) were also retrieved from the UniProtKB database (http://www.uniprot.org). They diﬀer by only one amino acid residue, Asp293 in humans and Glu293 in mice. We used the murine cDNA and protein in our study for regulatory reasons. The sequences of RPSA and ribosomal proteins S2 from E. coli (UniProt entry P0ATV0), Thermus thermophilus (UniProt entry P80371), and Aeroglobus f ulgidus (UniProt entry O29132) were aligned with ClustalW.46 The disordered regions of RPSA were predicted with MeDor, a metaserver for predicting protein disorder.47 MMth, pI, and molar extinction coeﬃcient values were computed from the amino acid sequences with subprogram PepStat of the EMBOSS software suite.48 We used the CDSSTR method and reference Set 7, as implemented in DICHROWEB, to deconvolute the CD spectra and estimate the secondary structure contents of the proteins.49,50 The atomic coordinates of the RPSA ribosomal domain [Protein Data Bank (PDB) entry 3BCH], E. coli ribosome (PDB entry 2AVY), and T. thermophilus ribosome (PDB entry 1J5E) were retrieved from the PDB (http://www. rcsb.org). The solvent accessible surface areas (ASA) were computed with the access routine of What If and a probe radius of 1.4 Å.51 The structures were drawn with RasMol version 2.7.3 (http://www.rasmol.org). We performed the curve ﬁts with either Kaleidagraph (Synergy Software) or pro Fit version 6.0.6 (Quantum Soft) for the more demanding cases and used a Levenberg− Marquardt algorithm in both cases. Kaleidagraph gives Pearson’s coeﬃcient of correlation, RP. The values of the molar fractions, f n, f i, and f u, and of their roots were calculated with pro Fit. The standard error (SE) on a sum of two terms A and B was calculated from the equation of error propagation: SE(A + B)2 = SE(A)2 + SE(B)2.
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RESULTS



Production and Puriﬁcation of RPSA and Its Domains. We constructed recombinant plasmids for the expression of RPSA and its main domains in E. coli, and their puriﬁcation to homogeneity (Table 1). For their design, we used the observation that the sites of introns in eukaryotic genes often correspond to the limits of functional domains or modules in the encoded proteins.52,53 RPSA(2−295) corresponded to the full-length protein, RPSA(2−209) exactly to exons 2−5 of the RPSA gene, RPSA(2−220) to the protein domain that has been crystallized,5 RPSA(210−295) exactly to exons 6 and 7, and RPSA(225−295) to the C-terminal acid domain of the protein. RPSA(2−209) also corresponded to the ribosomal domain of RPSA and included all the residues that are visible in the crystal structure of RPSA(2−220), i.e., residues 9−205. RPSA(210− 295) also corresponded to the domain of RPSA that is conserved in vertebrates.3 RPSA(225−295) included all ﬁve repetitions of the E/D-W-S/T motif, 13 negative charges, and no positive charge. All the constructions included an N-terminal hexahistidine His tag. RPSA(2−295) included a C-terminal Strep tag in addition. We constructed two versions of RPSA(225−295), one with an N-terminal His tag and the other, named FlagRPSA(225−295), with two N-terminal tags, a His tag and a Flag tag (Materials and Methods).44 An analysis by SDS−PAGE under reducing conditions showed that the RPSA derivatives described above could be puriﬁed to homogeneity through their His tag, except RPSA(2−295). We observed discrete polypeptide species that had mobilities intermediate between those of RPSA(2−295) and RPSA(2−209) and suggested a partial proteolysis of RPSA(2−295) within its C-domain. RPSA(2−295) was puriﬁed to homogeneity in two steps, ﬁrst through its Nterminal His tag and then through its C-terminal Strep tag (Figure S1 of the Supporting Information). We deduced the following values of the ratio MMapp/MMth between the apparent and theoretical molecular masses from these SDS− PAGE analyses (Figure S1 of the Supporting Information): 1.17 for RPSA(2−295), 0.85 for RPSA(2−209), 0.92 for RPSA(2−220), 2.28 for RPSA(210−295), and 2.17 for RPSA(225−295). These values were consistent with a weak binding of SDS to the acid domain of RPSA and explained the diﬀerence between the values for RPSA (MMapp = 37000 Da, and MMth = 32854 Da) that have been reported previously.9,54 The experimental molecular masses of the recombinant Cdomains, measured by mass spectrometry, corresponded exactly to their MMth values: 10789.47 and 10789.56 Da for RPSA(210−295) and 9162.66 and 9162.74 Da for RPSA(225− 295), respectively. RPSA(210−295) and RPSA(225−295) have predicted pI values of 4.24 and 4.15, respectively. Therefore, they are negatively charged, and their molecules should repulse each other at pH 8.2. Consistent with this prediction, we found that RPSA(210−295) at a concentration of 0.27 mM (2.9 mg/ mL) gave a protein peak that was unique, sharp, and symmetrical when submitted to size exclusion chromatography in buﬀer D (Figure S2 of the Supporting Information). Previous studies have shown that RPSA(2−220) and a recombinant full-length RPSA are monomeric in solution.5,55 We conﬁrmed that full-length RPSA(2−295) and its isolated N-domains, RPSA(2−209) and RPSA(2−220), bound laminin in an indirect ELISA, as previously reported (data not shown).5,25 4811
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Structure of RPSA As Analyzed by CD. We recorded the CD spectra of the RPSA derivatives in the far-UV region at 20 °C to gain information about their contents in secondary structures (Figure 1). Spectra of α-helices generally include two



Figure 2. Near-UV CD spectrum of RPSA(210−295). Δε is the molar circular dichroism.



and seven Tyr residues. RPSA(210−295) and RPSA(225−295) included six Trp residues. The Strep tag, which was present in RPSA(2−295), included one additional Trp residue. The four Trp residues of the N-domain are buried in the core of the protein, according to the crystal structure.5 We recorded the ﬂuorescence spectra of the RPSA derivatives in 0 and 8 M urea at 20 °C (Figures S4−S7 of the Supporting Information). For RPSA(2−209) and RPSA(2−220), wavelength λmax of the maximal intensity of ﬂuorescence was equal to 330 nm in the absence of urea and consistent with Trp residues in a hydrophobic environment. For RPSA(210−295) and RPSA(225−295), the value of λmax was equal to 351 nm and consistent with Trp residues in a polar environment. For RPSA(2−295), λmax had an intermediate value, 340 nm. The value of λmax was equal to 350 nm in the presence of 8 M urea for all the RPSA derivatives. The ﬂuorescence intensities of fulllength RPSA and its N-domains were lower in 8 M urea than in 0 M urea below 357 nm, whereas those of the C-domains were higher. The unfolding proﬁles of the N-domains, RPSA(2−209) and RPSA(2−220), showed two cooperative transitions (Figure 3 and Figure S8 of the Supporting Information). We checked that the refolding proﬁle of RPSA(2−209), reached from its unfolded state in 8 M urea, was similar to its unfolding proﬁle (data not shown). We modeled the unfolding equilibria with a three-state system, composed of native state N, intermediate state I, and unfolded state U (eqs 13, 16, and 17 in Theory). The ﬁtting of this model to the experimental data allowed us to determine four characteristic thermodynamic parameters: the diﬀerences in free energy between N and I in the absence of urea [ΔG1(H2O)] and between I and U [ΔG2(H2O)] and their coeﬃcients of dependence toward the concentration of urea



Figure 1. Far-UV CD spectra of RPSA derivatives. Δε is the molar circular dichroism per residue: (●) RPSA(2−209), (○) RPSA(2− 295), and (■) RPSA(210−295).



characteristic local minima at wavelengths of 208 and 222 nm. The latter minimum was shifted from 222 to 228 nm for RPSA and its N-domains. This shift could be due to a contribution of their aromatic residues.56 Deconvolutions showed that the spectra of RPSA and its N-domains were characteristic of proteins that include both α-helices and β-sheets. The secondary structure content of RPSA(2−209), deduced from its spectra, was consistent with the crystal structure of the Ndomain.5 In contrast, the spectra of RPSA(210−295) and RPSA(225−295) were characteristic of proteins that include a majority of random coil residues (Table 2). We also recorded the spectra of RPSA(210−295) and RPSA(225−295) in the near-UV region (Figure 2 and Figure S3 of the Supporting Information). The spectra show two peaks at 262 and 268 nm, characteristic of Phe residues, and a positive signal between 280 and 295 nm, which we attributed to Trp residues because the C-domains did not include any Tyr residue. These results showed the existence of interactions between the aromatic residues Phe and Trp of the C-domains and their electronic and structural environments.57 Unfolding with Urea and Monitoring via Intrinsic Fluorescence. We characterized the unfolding equilibria of the RPSA derivatives, induced with urea, to explore their folding states. These equilibria were monitored through the intrinsic ﬂuorescence of the proteins upon excitation at 278 nm. RPSA(2−209) and RPSA(2−220) included four Trp residues



Table 2. Secondary Structure Contents of RPSA Derivatives, As Deduced from Their Far-UV CD Spectraa



RPSA(2−295) RPSA(2−220) RPSA(2−209) RPSA(210−295) weighted sum RPSA(225−295)



helix 1



helix 2



strand 1



strand 2



turns



unordered



total



0.34 0.21 0.29 0.01 0.20 0.01



0.19 0.16 0.19 0.04 0.14 0.04



0.10 0.09 0.09 0.06 0.08 0.06



0.07 0.07 0.05 0.03 0.04 0.03



0.14 0.19 0.15 0.07 0.13 0.06



0.16 0.28 0.23 0.80 0.41 0.81



1.00 1.00 1.00 1.01 1.00 1.01



a



Row 5 lists the secondary structure contents for the union of the isolated RPSA(2−209) and RPSA(210−295) domains, calculated as the sum of their individual contents, weighted by the number of residues (220 and 98, respectively). 4812
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Figure 4. Molar fractions f n, f i, and f u of native N, intermediate I, and unfolded U states of RPSA(2−209) at 20 °C in buﬀer D as a function of urea concentration. These fractions were calculated from the values of m1, ΔG1(H2O), m2, and ΔG2(H2O) in Table 3 through eqs 6 and 7.



Figure 3. Unfolding equilibria of RPSA(2−209), induced with urea at 20 °C in buﬀer D and monitored through its intrinsic ﬂuorescence. The protein was excited at 278 nm and its ﬂuorescence intensity Y recorded at 330 nm in arbitrary units (AU). The solid line corresponds to the ﬁtting of eqs 13, 16, and 17 to the experimental data (RP = 0.9968).



correlation coeﬃcient). Such a linear variation has already been reported for the Trp amino acid with a similar value for h of 0.050 ± 0.001 M−1 even though the experimental conditions were slightly diﬀerent (λex = 290 nm, and λem = 354 nm).43 Therefore, the six Trp residues of RPSA(210−295) emitted ﬂuorescence much like the free Trp amino acid in solution. The unfolding proﬁle of RPSA(2−295) showed a single cooperative transition (Figure S10 of the Supporting Information). We modeled its unfolding equilibria with a two-state system, native state N and unfolded state U (eq 21). The values of m and ΔG(H2O) thus obtained for RPSA(2− 295) were much lower than those for the N-domains (Table 3). Moreover, the m value was much lower than the expected value for a protein of its length.42 These results indicated that RPSA(2−295) unfolded according to a mechanism with more than two states despite the observation of a single transition. Unfolding with Heat and Monitoring through Intrinsic Fluorescence. We observed intermediate state I in the unfolding with urea (previous paragraph). To test whether such an intermediate existed under physiological conditions, we induced the unfolding equilibria of the RPSA derivatives with heat. These equilibria were monitored through the intrinsic ﬂuorescence intensity upon excitation at 278 nm, as described above. We used a slow linear gradient of temperature, 0.25 K min−1 between 277 and 358 K (4 and 85 °C, respectively), so that the experiments were performed under quasi-equilibrium conditions. The unfolding proﬁles of RPSA(2−209) and RPSA(2−220), induced with heat, showed two cooperative transitions (Figure 5 and Figure S11 of the Supporting Information). We modeled the unfolding equilibria again with a three-state system, N, I, and U (eqs 13, 19, and 20). The model depended on six thermodynamic parameters: temperatures Tm1 and Tm2 at which the variations of free energy ΔG1(T) between states N and I and ΔG2(T) between states I and U, respectively, were nil; the variations of enthalpy ΔHm1 between states N and I at temperature Tm1 and ΔHm2 between states I and U at temperature Tm2; and the variations of heat capacity ΔCp1 between states N and I and ΔCp2 between states I and U. We reduced this number to ﬁve characteristic parameters by empirically predicting the total heat capacity of the proteins (ΔCp,th = ΔCp1 + ΔCp2), as described previously (Table 4).42 We then calculated the molar fractions f n, f i, and f u of the three



(m1 and m2, respectively), which characterize the cooperativity of the unfolding transitions.42 It also allowed us to determine the relative ﬂuorescences ni and nu of states I and U, respectively, in the absence of urea. We then calculated the molar fractions f n, f i, and f u of the three states as a function of urea concentration, using eqs 6 and 7 (Table 3 and Figure 4). Table 3. Characteristic Parameters of Unfolding Equilibria, Induced with Urea at 20 °C and Monitored through the Intrinsic Fluorescence Intensitya RPSA(2−209) m1 (kcal mol−1 M−1) ΔG1(H2O) (kcal mol−1) m2 (kcal mol−1 M−1) ΔG2(H2O) (kcal mol−1) ni = Yi/Yn(0) nu = Yu(0)/Yn(0) m (kcal mol−1 M−1) ΔG(H2O) (kcal mol−1) maxf i f n−1(0.5) (M) f i−1(maxf i) (M) f u−1(0.5) (M)



2.49 ± 0.75 4.44 ± 1.42 1.78 ± 0.51 7.11 ± 1.99 0.67 ± 0.02 0.32 ± 0.09 4.28 ± 0.90 11.55 ± 2.44 0.96 1.78 2.74 3.98



RPSA(2− 220) 1.71 3.54 1.61 6.30 0.70 0.31 3.33 9.84 0.87 2.06 2.97 3.91



± ± ± ± ± ± ± ±



0.47 0.96 0.47 1.97 0.07 0.07 0.67 2.19



RPSA(2− 295) 0.79 2.13 nab nab nab 0.42 0.79 2.13 nab 2.69 nab 2.69



± 0.04 ± 0.19



± 0.01 ± 0.04 ± 0.19



a The ﬂuorescence intensity Y was measured at 330 nm for RPSA(2− 209), 327 nm for RPSA(2−220), and 325 nm for RPSA(2−295). The values of the parameters and associated standard errors in rows 1−6 were obtained by ﬁtting the equations of the equilibrium to the ﬂuorescence data as described in Theory. The values of ΔG(H2O) = ΔG1(H2O) + ΔG2(H2O), m = m1 + m2, and their associated errors were calculated from the values for the constituent parameters. ni and nu are the relative ﬂuorescence intensities of states I and U, respectively, in 0 M urea; f n, f i, and f u are the molar fractions of states N, I, and U, respectively. bNot applicable.



The unfolding proﬁle of the C-domain, RPSA(210−295), was noncooperative (Figure S9 of the Supporting Information). Its ﬂuorescence intensity Y(x), measured at a λem of 351 nm, increased with the concentration x of urea according to the linear law Y(x)/Y(0) = 1 + hx, where h = 0.077 ± 0.002 M−1 (mean ± SE in the curve ﬁt) and RP = 0.9975 (Pearson 4813
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The unfolding proﬁle of RPSA(210−295) was noncooperative (Figure S13 of the Supporting Information). Its ﬂuorescence intensity Y(T), measured at a λem of 330 nm, decreased with temperature according to the exponential law Y(T)/Y(310.15) = exp[h(310.15 − T)], where h = (2642.6 ± 2.5) × 10−5 (RP = 0.9982). As a control, we monitored the ﬂuorescence intensity Y(T) of N-acetyl-L-tryptophanamide, a close analogue of a Trp residue (Figure S13 of the Supporting Information). It decreased with temperature according to the same exponential law, where h = (2174.1 ± 4.5) × 10−5 (RP = 0.9899). This comparison conﬁrmed that the six Trp residues of RPSA(210−295) emitted ﬂuorescence much like a free Trp residue in solution. We also monitored the thermal unfolding of RPSA(210− 295) through its far-UV CD at 207 nm (Figure S14 of the Supporting Information). We observed a noncooperative reversible transition that could be modeled by a linear function:



Figure 5. Unfolding equilibria of RPSA(2−209), induced with heat in buﬀer D and monitored through its intrinsic ﬂuorescence. The protein was excited at 278 nm and its ﬂuorescence intensity Y recorded at 330 nm. Equations 13, 19, and 20 were ﬁt to the 5361 experimental data points with a ΔCp,th of 3.70 kcal mol−1 K−1. The ﬁtted curve and ﬂuorescence trace are fully superposed within the experimental temperature range.



Δε(T )/Δε(310.15) = 1 + [(234.2 ± 2.8) × 10−5] (310.15 − T );



where Δε (millidegrees per molar per centimeter) is the molar circular dichroism per residue. The unfolding proﬁle of RPSA(2−295) showed a single cooperative transition that we modeled with a two-state system (Tables 4 and 5). We noticed a small deviation between the 6496 experimental data points and the ﬁtted curve above 42 °C (Figure S15 of the Supporting Information). We therefore analyzed these data points with a phase diagram.58 For a twostate system, the laws of signal and mass conservation imply that the ﬂuorescence intensities at two diﬀerent wavelengths, e.g., Y330 at 330 nm and Y350 at 350 nm, should be related by a linear function whose coeﬃcients are independent of the molar fractions and therefore denaturant value. If one plots Y350 as a function of Y330, a deviation from linearity in the resulting phase diagram indicates that the system involves more than two states. We observed that the 2243 couples (Y330, Y350) of data points below 32 °C were linearly related, as well as the 3451 couples of data points above 42 °C. The diﬀerence between the slopes of the two straight lines, 0.1663 ± 0.0008, was signiﬁcantly diﬀerent from zero. The 802 couples of data points between 32 and 42 °C drew a smooth curve joining the two diﬀerent straight lines (Figure 6). This very sensitive analysis showed the existence of three-state equilibria between 32 and 42 °C, and in particular at 37 °C, for RPSA(2−295). We also analyzed the unfolding proﬁle of RPSA(2−209) with a similar phase diagram and thus conﬁrmed the existence of three-state equilibria (Figure S16 of the Supporting Information). Unfolding with Urea and Monitoring through ANS Fluorescence. We observed that the N-domain of RPSA unfolded according to a three-state system, including an intermediate state I, in urea, monitored through the intrinsic ﬂuorescence intensity. However, these experimental conditions did not allow us to observe an intermediate for full-length RPSA. To gain information about this intermediate and attempt to detect it for full-length RPSA, we monitored the unfolding equilibria of RPSA(2−209), RPSA(2−220), and RPSA(2− 295), induced with urea, through the extrinsic ﬂuorescence of ANS or, more precisely, through its variation of intensity between experiments performed in the presence and absence of protein (Figure 7 and Figure S17 of the Supporting Information). The ANS quantum yield of ﬂuorescence



states as a function of temperature with eqs 6 and 7 (Table 5 and Figure S12 of the Supporting Information). Table 4. Thermodynamic Parameters of Unfolding Equilibria, Induced with Heat and Monitored through the Intrinsic Fluorescence Intensitya Tm1 (K) ΔHm1 (kcal mol−1) Tm2 (K) ΔHm2 (kcal mol−1) ΔCp1 (kcal mol−1 K−1) ΔCp,th (kcal mol−1 K−1) maxf i f i−1(maxf i) (K)



RPSA(2−209)



RPSA(2−220)



RPSA(2−295)



308.08 ± 0.07 55.07 ± 0.71 328.42 ± 0.07 43.82 ± 0.46 2.09 ± 0.06



307.94 ± 0.04 59.47 ± 0.24 331.28 ± 0.19 32.81 ± 0.47 2.92 ± 0.06



312.27 ± 0.01 114.62 ± 0.14 nab nab nab



3.70



3.90



5.40



0.83 317.03



0.83 316.79



nab nab



The ﬂuorescence intensity Y was measured at 330 nm. The values of the parameters and associated standard errors in rows 1−5 were obtained by ﬁtting the equations of equilibrium to the ﬂuorescence data as described in Theory. f i is the molar fraction of state I. bNot applicable. a



Table 5. Characteristic Parameters of Unfolding Equilibria, Monitored through the Intrinsic Fluorescence Intensity, at Several Temperaturesa fn fn Yi/Yn Yu/Yn fn fn fi fu



T (°C)



RPSA(2−209)



RPSA(2−220)



RPSA(2−295)



17 20 20 20 25 37 37 37



0.97 0.96 0.59 0.29 0.91 0.33 0.62 0.05



0.96 0.95 0.58 0.10 0.91 0.30 0.63 0.06



1.00 1.00 nab 0.35 1.00 0.77 nab 0.23



RP = 0.9935



a



f n, f i, and f u are the molar fractions of states N, I, and U, respectively. Yn, Yi, and Yu are the molar intensities of ﬂuorescence. These parameters complement those listed in Table 4; see Theory for their calculations. bNot applicable.



4814



dx.doi.org/10.1021/bi300335r | Biochemistry 2012, 51, 4807−4821



Biochemistry



Article



same model and the same equations that were used above, when the equilibria were monitored through the intrinsic ﬂuorescence of proteins (eqs 13, 16, and 17; Table 6). We thus showed the existence of an intermediate of unfolding for fulllength RPSA. Table 6. Characteristic Parameters of Unfolding Equilibria, Induced with Urea at 20 °C and Monitored through the Fluorescence Intensity of ANSa RPSA(2− 209) m1 (kcal mol−1 M−1) ΔG1(H2O) (kcal mol−1) m2 (kcal mol−1 M−1) Δ2G(H2O) (kcal mol−1) maxf i f n−1(0.5) (M) f i−1(maxf i) (M) f u−1(0.5) (M)



Figure 6. Phase diagram for the unfolding of RPSA(2−295), induced with heat in buﬀer D and monitored through its intrinsic ﬂuorescence. The protein was excited at 278 nm, and its ﬂuorescence intensities, Y330 and Y350, were recorded at 330 and 350 nm, respectively, in arbitrary units (AU). The theory predicts that the phase diagram is linear for a two-state system. The empty circles correspond to temperatures of 32, 37, and 42 °C. The diagram was drawn from 6496 experimental data points. These data points were recorded in the same experiment as those of Figure S15 of the Supporting Information. The top straight line was obtained by ﬁtting to the 3451 data points above 42 °C and the bottom straight line by ﬁtting to the 2243 data points below 32 °C. The slopes of the straight lines were equal to 1.1357 ± 0.0005 (RP = 0.9997) and 1.3020 ± 0.0006 (RP = 0.9996), respectively, where the numbers correspond to the value of the slope and its strandard error in the curve ﬁt. The diﬀerence between the two slopes, 0.1663 ± 0.0008, was highly signiﬁcant. The curved part of the diagram corresponds to a range of temperatures over which three states, N, I, and U, were simultaneously in equilibrium.



0.81 1.97 1.34 4.40 0.51 2.36 2.82 3.38



± ± ± ±



0.30 0.40 0.13 0.79



RPSA(2− 220) 2.31 5.14 1.72 5.88 0.79 2.22 2.78 3.43



± ± ± ±



0.16 0.31 0.12 0.48



RPSA(2− 295) 1.56 4.14 0.82 2.26 0.37 2.46 2.84 2.99



± ± ± ±



0.52 0.77 0.26 1.66



a



The values of the parameters and associated standard errors in rows 1−4 were obtained by ﬁtting the equations of equilibrium to the ﬂuorescence data as described in Theory. f n, f i, and f u are the molar fractions of states N, I, and U, respectively.



We found that the ﬂuorescence spectra of ANS were not signiﬁcantly diﬀerent in the presence and absence of RPSA(210−295), with a variation of 
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