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8 ABSTRACT: Paramyxoviruses share the essential RNA polymerase complex
9 components, namely, the polymerase (L), phosphoprotein (P), and nucleoprotein
10 (N). Human respiratory syncytial virus (RSV) P is the smallest polypeptide among
11 the family, sharing a coiled coil tetramerization domain, which disruption renders
12 the virus inactive. We show that unfolding of P displays a first transition with low
13 cooperativity but substantial loss of α-helix content and accessibility to hydrophobic
14 sites, indicative of loose chain packing and fluctuating tertiary structure, typical of
15 molten globules. The lack of unfolding baseline indicates a native state in
16 conformational exchange and metastable at 20 °C. The second transition starts from
17 a true intermediate state, with only the tetramerization domain remaining folded. The tetramerization domain undergoes a two-
18 state dissociation/unfolding reaction (37.3 kcal mol−1). The M2−1 transcription antiterminator, unique to RSV and
19 Metapneumovirus, forms a nonglobular P:M2−1 complex with a 1:1 stoichiometry and a KD of 8.1 nM determined by
20 fluorescence anisotropy, far from the strikingly coincident dissociation range of P and M2−1 tetramers (10

−28 M3). The M2−1
21 binding region has been previously mapped to the N-terminal module of P, strongly suggesting the latter as the metastable
22 molten globule domain. Folding, oligomerization, and assembly events between proteins and with RNA are coupled in the RNA
23 polymerase complex. Quantitative assessment of the hierarchy of these interactions and their mechanisms contribute to the
24 general understanding of RNA replication and transcription in Paramyxoviruses. In particular, the unique P−M2−1 interface
25 present in RSV provides a valuable antiviral target for this worldwide spread human pathogen.

26 The Paramyxoviridae family includes some of the
27 ubiquitous and disease-causing viral pathogens in humans
28 and animals and belongs to the order Mononegavirales (the
29 nonsegmented negative-strand RNA viruses). It comprises two
30 subfamilies: Paramyxovirinae, which includes the human
31 parainfluenza viruses type 1−4, measles, mumps, and others,
32 and Pneumovirinae, which is represented by the respiratory
33 syncytial virus (RSV).1 Human respiratory syncytial virus
34 (HRSV) infects almost everyone worldwide and can cause
35 severe respiratory illness in particular during infancy, early
36 childhood, elderly people, and immunosuppressed patients. It is
37 the leading cause of pediatric hospitalization for lower tract
38 respiratory disease.2 Over 125 000 hospitalizations related to
39 RSV and 1.5 million outpatient visits occur among infants in
40 the United States.3,4 A systematic review from 2005 indicated
41 34 million new episodes of severe low respiratory tract
42 infections worldwide, with over 20 000 fatal cases, where 99%
43 of them occur in developing countries.5

44 The RSV genome is composed of a single-stranded
45 nonsegmented negative-sense RNA of ∼15 kb in length
46 which is encapsidated by the nucleocapsid (N) protein. The
47 resulting ribonucleoprotein complex (N-RNA) is the template
48 for transcription and replication of the viral genome by the
49 RNA-dependent RNA polymerase complex which comprises
50 the large polymerase protein L, the phosphoprotein P, and the

51antiterminator factor M2−1.
2 The M2 gene of RSV encodes two

52different proteins: M2−1, which acts as a transcriptional
53antiterminator and processivity factor,6,7 and M2−2, which is
54involved in the regulation of viral RNA transcription and
55replication.8 Aside from the M2 gene and the nonstructural
56interferon antagonists, NS1 and NS2, unique to Pneumovirinae
57(Metapneumovirus and RSV), the rest of the proteins related to
58attachment, fusion, matrix, and polymerase complex are present
59throughout the Mononegavirales order, which include many
60health-threatening pathogens.9

61The P protein is an essential cofactor of the viral polymerase
62and plays a central role in viral transcription and replication
63through its multiple interaction partners within the polymerase
64complex. P protein was shown to interact with N-RNA,10−12

65the large polymerase L,13 and M2−1.
14,15 In RSV, the M2−1

66protein increases the processivity of the viral RNA polymerase
67by preventing premature termination during transcription and
68also by enhancing the ability of the polymerase to read through
69transcription termination signals.6,16 During viral genome
70transcription and replication, P is believed to position L onto
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71 the RNA−N template and assist the translocation of the
72 polymerase complex along the helical nucleocapsid, a common
73 mechanism shared by members of the Paramyxoviridae family.
74 Further, by analogy to members of the Paramyxovirinae and
75 Rhabdoviridae families, RSV P is also believed to act as a
76 chaperone for N maintaining the newly synthesized N
77 polypeptide in a soluble form (N0). The P−N0 complex is
78 the substrate for the encapsidation of nascent RNA.2

79 The RSV P protein (241 amino acids) is the smallest among
80 its Paramyxovirinae counterparts. However, RSV P seems to
81 have the minimal structural elements required for the
82 conserved P function. Paramyxovirus P proteins display a
83 modular structure with three essential domains: the N0 binding
84 the oligomerization domain that includes the L binding domain
85 and the N-RNA binding domain.17,18 There is no sequence
86 similarity between Ps of the Paramyxovirinae and Pneumovirinae
87 subfamilies, but the oligomerization domain, by either actual
88 structures or modeling, comprises mostly α-helices.17,19

89 Cellular casein kinase II phosphorylates RSV P at several
90 serine residues, mainly at the C-terminal Ser-232 with a low
91 phosphorylation turnover20,21 and also at other phosphoryla-
92 tion sites with intermediate turnover located at the tetrameriza-
93 tion domain, such as Ser-116, -117, and -119.22−24 The effect of
94 phosphorylation at the different sites remains to be clarified as
95 it is dispensable for genome replication.25 However, recent
96 evidence indicates that P phosphorylation is involved in several
97 key functions within the virus life cycle.24,26,27

98 RSV P was initially proposed to be homotetrameric by size
99 exclusion chromatography (SEC) and chemical cross-link-
100 ing28−30 and was later confirmed by sedimentation equili-
101 brium.31 P elutes from a SEC column with a much higher
102 apparent molecular weight (∼500 kDa) than that expected for a
103 globular homotetramer with the same molecular weight (∼109
104 kDa) as a consequence of its elongated shape.30,31 This
105 anomalous elution from SEC has been reported for other
106 Paramyxovirus Ps.32,33 The oligomerization domain of RSV P
107 has been mapped to the central part of the molecule (amino
108 acids 120−150) using deletion mutants,11 and an oligomeric
109 trypsin-resistant fragment (fragment X, residues 104−163) was
110 identified.30 A similar trypsin-resistant fragment from the C-
111 terminal half of Sendai virus (SeV) was shown to form
112 homotetramer in solution and adopted an elongated shape.32

113 The high-resolution atomic structure of SeV P oligomerization
114 domain revealed a homotetrameric coiled-coil with each
115 monomer composed of three short N-terminal helices and a
116 very long C-terminal helix. The tetramer consists of a four-helix
117 bundle stabilized by a cluster of hydrophobic residues.19 Thus,
118 RSV P is predicted to contain a coiled-coil domain spanning
119 residues 130−155,11,30 and the three-dimensional model of the
120 oligomerization domain was built based on the atomic structure
121 available from Sev.31 This coiled-coil structure overlaps with the
122 L polymerase-binding domain and is also present in the
123 oligomerization domain of rinderpest virus.33 Interestingly,
124 oligomeric α-helical-rich tetramers proteins with an elongated
125 shape are also present in distant viruses such as the protein
126 gp11, which is the scaffolding/procapsid assembly protein of
127 bacteriophage SPP1.34

128 Bioinformatic analysis of the P protein from Pneumovirus
129 predicted a coiled-coil region (residues 125−146) and the
130 existence of two intrinsically disordered regions (1−99 and
131 201−241) flanking a central structured coiled-coil tetrameriza-
132 tion domain (100−200). The disordered or flexible regions are
133 highly sensitive to proteolysis in vitro and alternate with

134structured domains or modules, a common feature in viruses
135from the Paramyxoviridae and Rhabdoviridae families. A
136modular organization of Ps consisting of long disordered
137regions alternating with structured domains has been
138proposed.17,35

139In this work, we investigated the unfolding of RSV P and its
140tetramerization domain, using a biochemical and biophysical
141approach. We characterized a metastable molten globule-like
142domain in the native protein, which unfolds to a stable
143tetrameric intermediate, which undergoes a concomitant
144unfolding and dissociation. In order to gain insight into the
145biochemical implications of P, we investigated its interaction
146with the transcription antiterminator RSV M2−1, unique to
147Pneumovirinae. We obtained quantitative data that are discussed
148in light of interaction hierarchy among tetramerization and
149binding and the relevance to the RNA polymerase complex.

150■ EXPERIMENTAL PROCEDURES
151Expression and Purification of the HRSV P Protein.
152The human RSV strain A P sequence was cloned into the
153BamH I/EcoR I sites of the pRSETA vector (Invitrogen) as an
154N-terminal 6X His-tagged fusion protein, and the resulting
155plasmid was sequenced and transformed in E. coli BL21
156(DE3)pLys for expression. A single colony was grown in 0.5 L
157of TB medium suplemented with 0.3% glucose at 37 °C
158containing 100 μg/mL of ampicillin and 35 μg/mL of
159chloramphenicol. Twelve hours after inoculation 0.3 mM
160IPTG was added to the culture for induction, and cells were
161harvested by centrifugation 3 h later. The cell pellet was
162resuspended in 20 mL of buffer 100 mM Tris-HCl (pH 8.0),
1630.6 M NaCl, 5 mM 2-mercaptoethanol, and 1 mM EDTA, lysed
164by sonication, and centrifuged at 15000g for 20 min at 4 °C.
165The resulting supernatant was precipitated adding solid
166ammonium sulfate to 40% saturation. The precipitated protein
167was collected by centrifugation, resuspended, and dialyzed
168against 50 mM Tris-HCl (pH 8.0), 0.2 M NaCl. After dialysis,
169the protein sample was incubated 15 min at 75 °C, placed on
170ice for 5 min, and centrifuged at 16000g for 20 min at 4 °C.
171The resulting soluble fraction was treated with 1 mg of
172Ribonuclease A (Sigma) and incubated for 4 h at 37 °C. The
173sample was concentrated using amicon centrifugal filter units
174(Millipore) and subjected to a size exclusion chromatography
175on a Superdex 200 gel filtration column (GE Healthcare) in 20
176mM Tris-HCl (pH 8.0), 0.2 M NaCl. Protein eluted from this
177column was >95% pure and was concentrated to 100−150 μM
178using centrifugal devices, dialyzed against 20 mM sodium
179phosphate (pH 7.4), 0.05 M NaCl, and stored at −80 °C. The
1806X His-tag of the purified P fusion protein was cleaved with
181thrombin 0.33% (w/w), 2.5 mM CaCl2 for 2 h at 37 °C, and
182the reaction was stopped by adding 2.0 mM of PMSF. The
183unfused P protein was purified by SEC (Superdex 200) and
184concentrated as previously described.
185Protein concentration was determined spectrophotometri-
186cally using a molar extinction coefficient of ε280 7450 M

−1 cm−1

187for 6X His-tagged P and ε280 5960 M−1 cm−1 for unfused P,
188calculated using the Expasy ProtParam tool. The protein
189concentration is expressed as monomer concentration.
190Trypsin Digestion of P and Purification of Protease-
191Resistant Fragment Y. Purified 6X His-tagged P was digested
192with trypsin from bovine pancreas (Sigma-Aldrich) in 100 mM
193Tris-HCl (pH 7.5), 50 mM NaCl for 2 h at 37 °C at a ratio
194100:1 (protein:trypsin w/w). The reaction was stopped adding
1951 mM phenylmethylsulfonyl fluoride (PMSF). The digestion
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196 products were separated in an SEC column (Superdex 75) in
197 20 mM Tris-HCl (pH 8.0), 0.2 M NaCl. The elution peaks
198 were analyzed by SDS-PAGE stained with Coomassie Blue.
199 The trypsin used contains some contaminating chymotripsin;
200 thus, the peptide obtained was fragment Y as previously
201 described,31 and the molecular weight was determined by mass
202 spectrometry. The peptide was concentrated with centrifugal
203 devices to ∼500−600 μM, and the concentration was measured
204 spectrophotometrically using a molar extinction coefficient of
205 ε280 1490 M−1 cm−1 calculated using the Expasy ProtParam
206 tool.
207 Size Exclusion Chromatography. Size exclusion chroma-
208 tographies were carried out on a Superdex 75 HR 10/30 (24
209 mL), a Superdex 200 HR 10/30 (24 mL), or a Superose 6 HR
210 10/30 (24 mL) columns (GE Healthcare). The S200 column
211 was calibrated with the following standard globular proteins:
212 ferritin (440 kDa), catalase (232 kDa), BSA (67 kDa),
213 ovalbumin (43 kDa), chymotrypsinogen A (25 kDa). The
214 Superose 6 column was calibrated with Thyroglobulin (669
215 kDa), ferritin, BSA, and chymotrypsinogen A. The S75 column
216 was calibrated with BSA, chymotrypsinogen A, and ribonu-
217 clease A (13.7 kDa) from a gel calibration kit (Pharmacia
218 Biotech, Uppsala, Sweden). The void volume (V0) and total
219 volume (Vt) were determined by loading Blue Dextran and
220 acetone, respectively. The buffers used in the runs are indicated
221 in each case.
222 Light Scattering. The average molecular weight of the
223 proteins were determined by static light scattering (SLS) using
224 a Precision Detector PD2010 light scattering instrument
225 connected in tandem to a high-performance liquid chromatog-
226 raphy system and an LKB 2142 differential refractometer. The
227 90° light scattering and refractive index signals of the eluting
228 material were recorded on a PC computer and analyzed with
229 the Discovery32 software supplied by Precision Detectors. The
230 protein concentration used in each SEC run to determine the
231 average molecular weight were 40 μM of M2−1, 30 μM of P, and
232 40 μM:30 μM of the M2−1:P complex (excess of M2−1 to ensure
233 that the complex was composed only by P and M2−1).
234 The determination of the hydrodynamic size distribution of
235 P by dinamic light scattering (DLS) was performed on a
236 Zetasizer Nano S DLS device from Malvern Instruments
237 (Malvern). The solutions were centrifuged at 14000g for 10
238 min at 4 °C and filtered with Ultrafree-MC microcentrifuge
239 filters (0.22 μm, Millipore) before measurements were taken.
240 Chemical Denaturation Experiments. The stock sol-
241 utions used contained either 7.5 M Gdm.Cl or 10 M urea. The
242 buffer used for unfolding experiments was 20 mM sodium
243 phosphate (pH 7.4), 0.1 M NaCl, and the corresponding
244 Gdm.Cl or urea concentration. The protein samples (P or
245 fragment Y) were incubated with the chemical denaturant for a
246 minimum of 16 h prior to measurement. The protein
247 concentration used in each case is indicated in the figure
248 legend.
249 Circular Dichroism (CD) and Fluorescence Spectros-
250 copy. Far-UV CD measurements were conducted on a Jasco J-
251 810 spectropolarimeter using a Peltier temperature-controlled
252 sample. Spectra between 200 and 260 nm were recorded at a
253 rate of 200 nm/min, a response time of 2 s, and a bandwidth of
254 2 nm. All spectra were an average of at least four scans. Spectra
255 of P at 10 and 1 μM were taken on 0.1 and 0.5 cm path length
256 cells, respectively. The path length used for obtaining spectra of
257 fragment Y were 0.1 cm (25 μM of Y), 0.2 cm (12 μM of Y),
258 and 0.5 cm (5.0 and 2.5 μM of Y). The ellipticity at 260 nm was

259subtracted from the other ellipticities as a baseline value. The
260results are expressed as degrees per square centimeter per dmol.
261Fluorescence emission spectra were recorded on a Jasco FP-
2626500 spectrofluorometer.
263The fluorescence emission spectra for ANS binding were
264carried out with an excitation wavelength at 370 nm and 5 nm
265band-pass, and the ANS concentration used was 100 μM. All
266data shown are an average of at least five spectra and were
267corrected subtracting the buffer background at the appropriate
268Gdm.Cl or urea concentration.
269Glutaraldehyde Cross-Linking. The P protein solutions
270at 10 or 1 μM were incubated for 16 h at a given Gdm.Cl
271concentration in 20 mM sodium phosphate (pH 7.4), 0.1 M
272NaCl. The samples were then treated with 0.1% glutaraldehyde
273and incubated for 2 min at room temperature, and the reactions
274were stopped by adding 100 mM Tris-HCl (pH 7.5) and 50
275mM NaBH4. The samples were diluted 10 times with 50 mM
276sodium phosphate (pH 7.4), 0.1 M NaCl, and precipitated on
277ice with 10% TCA (trichloroacetic acid) for 30 min. The
278samples were then centrifuged at 14000g for 10 min at 4 °C,
279and the pellet was washed twice with ice-cold acetone and
280resuspended in 20 μL of SDS sample buffer. Finally, the
281samples were boiled and loaded onto a 12.5% SDS−
282polyacrylamide gel and stained with Coomassie Blue.
283FITC Labeling of P and Fluorescence Anisotropy
284Titrations. In the labeling reaction 3−4 mg/mL of P was
285labeled with 0.4−0.6 mg/mL of FITC (∼10-fold molar excess
286of FITC) in 100 mM sodium carbonate buffer (pH 9.0) for 2 h
287at room temperature in the dark. The reaction was stopped by
288adding 100 mM Tris-HCl pH 8.0 and was incubated for 1 h at
289room temperature. The labeling reagents were separated by a
290desalting column (PD-10; GE Healthcare, Uppsala, Sweden),
291followed by a Superdex 200 SEC. The purity of all preparations
292was evaluated using MALDI-TOF spectroscopy, and the
293labeled P protein was quantified by a Bradford colorimetric
294assay using bovine serum albumin (BSA) as standard. The
295FITC concentration was determined at pH 7.4 by measuring
296the absorbance at 494 nm using a molar extinction coefficient
297of 75 000 M−1 cm−1.36 Fluorescence anisotropy titration
298measurements were conducted using an Aminco-Bowman
299Series 2 spectrofluorimeter. The fluorescein-labeled protein
300was diluted to the desired concentration. The assay buffer
301consisted of 20 mM sodium phosphate (pH 7.4), 0.3 M NaCl,
3021 mM DTT, and 10 μM SO4Mg2. The M2−1 protein was
303obtained and quantified as previously described37 and was
304diluted appropriately in stepwise dilutions. Increasing amounts
305of M2−1 were added to a cuvette containing a fixed amount of
306FITC labeled P and were incubated at least for 2 min to ensure
307that measurements were taken at steady state at 20 °C. The
308total volume reached less than 10% in each assay, and thus, the
309concentration of FITC-P protein can be assumed to have
310remained constant. Parallel and perpendicular emission
311components were measured in L-format by excitation at 495
312nm and emission at 520 nm. Anisotropy was measured five
313times at each titration point with an integration time of 2 s, and
314the resulting anisotropy values were averaged.
315The dissociation constant (KD) of the complex was
316calculated by fitting the plot of observed fluorescence
317anisotropy (r) change of FITC labeled P versus added M2−1
318to the following equation assuming a 1:1 stoichiometry.38
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320 where χ is the variable total concentration of M2−1, [P] is the
321 total concentration of FITC-P which is held constant, Δrint is
322 the difference in intrinsic fluorescence anisotropy between the
323 free and complexed protein, and rfree is the fluorescence
324 anisotropy of P. Data fitting was performed using PROFIT
325 (Quantumsoft, Zurich, Switzerland).
326 Modeling of Fragment Y Unfolding. We considered a
327 two-state unfolding model in order to estimate the thermody-
328 namic parameters for the transition, a simple tetramer-unfolded
329 monomer equilibrium:
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337 where Pt is the total protein concentration. By considering that
338 the sum of the fractional populations f N and f U equals 1, the
339 fraction of unfolded monomer ( f U) can be calculated by
340 solving the following quartic equation, as previously shown by
341 Mateu and Fersht.39
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343 The relevant real root of this equation gives the solution for f U,
344 and the fraction of native tetramer ( fN) is

= −f f1N U345 (5)

346 The molar ellipticity at 222 nm signal was fit to the linear
347 function

= +y f y f yN N U U348 (6)

349 where yN and yU represent the spectroscopic signal of the
350 tetrameric and monomeric unfolded species. The free energy of
351 unfolding was considered to depend linearly on Gdm.Cl
352 concentration and was related to the equilibrium constants KU.

= − Δ −K e G m RT
U

( [GdmCl])/H2O

353 (7)

354 We performed nonlinear global fitting of the far-UV CD data,
355 obtained from equilibrium unfolding experiments performed at
356 2.5, 5.0, 12.0, and 25.0 μM fragment Y concentration in order
357 to obtain estimates for the relevant thermodynamic parameters
358 ΔGH2O, KU, and m.

359 ■ RESULTS
360 Conformational Properties and Stability of P. Since
361 RSV P is at the center of RNA replication and transcription, our
362 initial goal was to investigate its conformational stability and
363 dissociation reaction, using it as a model for Ps from other
364 viruses, in addition to the relevance of its specific interactions in
365 connection with the life cycle of RSV. For this, we expressed
366 and purified human RSV P from bacteria, obtained the

367proteolysis limit fragment Y (tetramerization domain), and
368characterized them in detail. The tetrameric nature and
369elongated shape of P and fragment Y were evaluated by static
370light scattering (SLS) coupled to size exclusion chromatog-
371 f1raphy (SEC) (Figure 1A). Fragment Y (4.6 kDa) was
372previously reported to elute as a species that corresponds to
373a molecular mass of ∼129 kDa and behaved as a ∼9 kDa
374polypeptide in SDS-PAGE.31 With the protein digestion

Figure 1. Hydrodynamic properties and secondary structure of RSV-P
and fragment Y. (A) Size exclusion chromatographies of purified P and
fragment Y in a Superdex 200 column. The upper arrows above the
graph denote the positions of void volume (V0), molecular size
standards in kDa, and total volume (V0 + Vi). According to the column
calibration, the P and fragment Y peaks correspond to spherical ∼500
and 62 kDa species, respectively (indicated as Ve ∼ elution volume).
The average molecular weight of the peaks, determined by static light
scattering, is also indicated (SLS: P 150 kDa and fragment Y 25 kDa).
The buffer used was 20 mM sodium phosphate pH 7.4, 0.3 M NaCl.
(B) Far-UV CD spectra of purified P (solid line) and fragment Y
(dashed line), in 20 mM sodium phosphate pH 7.4, 0.05 M NaCl.
Inset: purified recombinant His-tagged P and fragment Y. 18% SDS-
PAGE stained with Coomassie Blue. Lane 1, molecular weight marker
in kDa. Lane 2, purified His-tagged P. Lane 3, purified fragment Y. (C)
Hydrodynamic diameter and secondary structure of P at different pHs.
Particle size distribution of 20 μM P at pH 7.0 measured by DLS.
Inset: 20 μM of P was incubated in broad range buffer at different pHs
(100 mM Tris-HCl, 50 mM MES, 50 mM sodium acetate and 0.1 M
NaCl; buffer pHs 6, 7, 8, and 9) for 4 h. The hydrodynamic diameter
(●) measured by DLS (left Y-axis) and the molar ellipticity at 222 nm
(○) measured by CD (right Y-axis) as a function of pH is represented.
The measurements were taken at 20 °C.
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375 protocol we used (see Experimental Procedures), we obtained a
376 major species of fragment Y of 4959.6 Da determined by mass
377 spectrometry, which fits well with a peptide containing three
378 additional residues (Ser-Ala-Arg) in the carboxy terminal region
379 (peptide starting at Ser 119 and ending at Arg 163 with a
380 theoretical mass of 4958.4 Da). We observed that its
381 hydrodynamic behavior corresponds to a globular ∼62 kDa
382 species in a Superdex 200 column (Figure 1A) and ∼56 kDa
383 species in a Superdex 75 column (not shown). In both cases, an
384 apparent average molecular weight of 25 kDa (20 kDa from
385 sequence) was determined by SLS. In our hands, the Y
386 fragment behaves as a ∼12 kDa species in SDS-PAGE (Figure
387 1B, inset), which is rather anomalous, given its molecular
388 weight of 4.9 kDa from mass spectra. The average molecular
389 weight of His-tagged P from SLS was determined to be 150
390 kDa (124.4 kDa from sequence), and there appears to be a
391 slight overestimation in both cases, suggesting an artifact caused
392 by its anomalous behavior. The His-tagged P protein eluted in a
393 Superdex 200 column at a position that corresponds to a
394 molecular mass between 450 and 500 kDa (Figure 1A), which
395 is in agreement with a previous report.30

396 Far-UV CD spectra indicated a higher proportion of α-helix
397 in Y (Figure 1B), as expected from sequence homology and
398 structure modeling and from the fact that large disordered
399 regions are absent.31 A shift of the minimum to 208 nm is
400 indeed an indication of the elimination of disordered nonhelical
401 regions.30 The secondary structure of P remained unchanged
402 from pH 9.0 to pH 6.0 (Figure 1C, inset), and the protein
403 precipitated below pH 5.8. The hydrodynamic diameter of P
404 was determined to be 14.9 ± 2.6 nm at pH 7.0 by DLS (Figure
405 1C), corresponding to a 560 kDa globular species,40 and this
406 value remains unchanged within the same pH range where it
407 remains stable in solution (Figure 1C, inset).
408 An essential feature to be investigated in a complex/
409 multidomain protein is its conformational stability and the
410 possible equilibria involved, which in turn will dictate
411 interaction with viral and host proteins or RNA. We perturbed
412 its conformational equilibrium using chemical denaturation
413 with Gdm.Cl and urea at 10 μM RSV P concentration and
414 analyzed secondary structure changes by monitoring ellipticity

f2 415 at 222 nm (Figure 2A). The first observation was that the
416 highest concentration of urea was not enough to denature the
417 protein completely, with an almost noncooperative transition
418 and no unfolded state baseline, which made us discard this
419 denaturant as a method of choice. The Gdm.Cl denaturation
420 transition showed at least three states, with a first weak
421 transition with low cooperativity which is over around 2 M
422 denaturant, where the overall cooperative unfolding process is
423 completed after 6 M denaturant (Figure 2A).
424 The modular mixed globular and putative disordered nature
425 of P calls for additional probes to further investigate these
426 transitions. The ANS fluorescent dye binds to hydrophobic
427 surfaces or environments with different degrees of polarity,
428 reflected in its maximum wavelength upon binding to the
429 protein, and the concurrent increase in fluorescence intensity,
430 which makes it a very sensitive complementary probe.41 The
431 position of the ANS fluorescence maximum depends in part on
432 the polarity of the binding site; therefore, a more apolar binding
433 site results in a more blue-shifted maximum wavelength. The
434 native state of P bound ANS to a large extent, and this binding
435 was displaced by the addition of denaturants (Figure 2B and
436 inset). The ANS binding capacity was decreased to its baseline
437 at 2.0 M of either denaturant, and the large fluorescence

438intensity decrease was accompanied by a ∼ 50 nm red-shift in
439its maximum wavelength (Figure 2C). The analysis of ANS
440fluorescence intensity in parallel to the wavelength maximum
441changes showed a clear uncoupling, which is indicative of at
442least two binding sites of different polarity (Figure 2C). From 0
443to 0.8 M Gdm.Cl the maximum wavelength remained
444unchanged at a value of 475 nm, corresponding to a rather
445apolar environment in the native state. At that same
446concentration of denaturant, the ANS fluorescence intensity
447is already decreased by ∼70% (represented as inverse in the
448plot). This is indicative of the presence of two types of binding
449events: a first, weaker and polar site with only fluorescence
450intensity change; a second event corresponds to the displace-
451ment of an apolar site, which approaches the maximum
452wavelength value of aqueous solvent exposed ANS (∼520 nm).
453As shown in Figure 2A, there are two evident secondary
454structure transitions: the first matching the weak/polar

Figure 2. Conformational stability and ANS binding of P. (A) Urea
(○) and Gdm.Cl (●) induced denaturation of 10 μM P monitored by
changes in molar ellipticity at 222 nm. (B) Urea (○) and Gdm.Cl (●)
induced denaturation of 10 μM P monitored by changes in ANS
fluorescence intensity at 475 nm. The obtained fluorescence intensities
were corrected for the fluorescence of free ANS in each Gdm.Cl
condition. Inset: fluorescense emission spectra of 100 μM ANS and 10
μM P in increasing Gdm.Cl concentrations. The arrow indicates the
decrease in fluorescence intensity at 475 nm upon the addition of
increasing amounts of Gdm.Cl. (C) Uncoupling of ANS fluorescence
intensity and wavelength maximum changes. Gdm.Cl induced
denaturation of 10 μM P monitored by changes in molar ellipticity
at 222 nm (●), inverse plot of the changes in ANS fluorescence at 475
nm (○), and changes in ANS emission maximum wavelength (▲).
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455 transition of ANS binding and the second corresponding to the
456 complete unfolding.
457 Since P is a tetramer, the unfolding process must involve a
458 dissociation event. To address this, we carried out an Gdm.Cl
459 denaturation experiment at a lower protein concentration (1
460 μM), which showed a displacement of the second transition to

f3 461 lower denaturant concentration midpoint (Figure 3A). This

462 indicates that the first transition corresponds to an unfolding
463 event with low cooperativity and the second steeper transition
464 corresponds to the cooperative dissociation of the tetramer
465 with concomitant unfolding as judged by the ellipticity change
466 (Figure 3A). In agreement with this, the species at 2 M Gdm.Cl
467 remained largely folded (Figure 3A, inset), and SEC experi-
468 ments in 2 M Gdm.Cl at different protein concentrations
469 indicated that it was an even more extended tetrameric species
470 (not shown).

471In order to confirm this by a different approach, we carried
472out chemical cross-linking along the Gdm.Cl concentration
473range. Each denaturant concentration point was treated with
474glutaraldehyde and subjected to SDS-PAGE at two different P
475concentrations, where only tetramers or monomers are
476populated (Figure 3B). As for the ellipticity monitored
477denaturation, there was a shift to lower denaturation midpoint
478at lower protein concentration, and this result allowed us to
479confirm the nature of the two transitions.
480We produced the ∼4.6 kDa Y fragment by proteolytic
481cleavage31 and subjected it to chemical denaturation in order to
482analyze its stability and dissociation. A single transition was
483observed, which required less denaturant to unfold as the
484protein concentration was decreased, indicative of a dissocia-
485 f4tion event (Figure 4). When P and Y denaturation curves were

486superimposed (Figure 4, inset), it became clear that the second
487unfolding transition of P corresponded to the tetramer
488dissociation/unfolding. The data of four denaturation curves
489at different peptide concentrations ranging from 2.5 to 25.0 μM
490were globally fitted to a tetramer−monomer unfolding
491equilibrium model (see Experimental Procedures). The process
492was characterized by a free energy of −37.26 ± 0.91 kcal mol−1

493and m value of 4.07 ± 0.22 kcal mol−1 M−1. This corresponds
494to a dissociation/unfolding constant (KU) of 10

−28 M3.
495Characterization of the P:M2−1 Interaction. As men-
496tioned in the introduction, previous pull-down experiments
497suggested an interaction between RSV P and the antiterminator
498M2−1, both main players in the transcription/replication
499machinery. We wanted to address the characterization of this
500interaction in solution from the pure components and obtain
501quantitative data. We started by evaluating the physical
502interaction of P and M2−1 by SEC experiments. As shown in
503Figure 1A, P eluted as a ∼500 kDa spherical protein, whereas
504 f5M2−1 eluted as a ∼100 kDa tetramer (Figure 5A). We reasoned
505that the disappearance of the peak corresponding to M2−1 with
506the addition of increasing amounts of P would inform us of the
507stoichiometry of the interaction. Figure 5B shows that the
508gradual addition of P causes the decrease in the M2−1 peak and
509a concomitant increase of the peak corresponding to the

Figure 3. Concentration dependence and quaternary structure of P
Gdm.Cl induced denaturation. (A) Gdm.Cl induced denaturation was
followed by the molar ellipticity at 222 nm at10 μM (●) and 1 μM
(○) protein concentration at 20 °C. Inset: far-UV CD spectra of
native P in 20 mM sodium phosphate pH 7.4, NaCl 0.1 M (solid line)
and in 2.0 and 6.0 M Gdm.Cl (indicated in the graph). (B) Quaternary
structure of P as a function of Gdm.Cl concentration analyzed with
glutaraldehyde cross-linking: SDS-PAGE gels showing the quaternary
structure of P at two different protein concentrations (10 μM above
and 1 μM below) as a function of Gdm.Cl concentration (after cross-
linking with glutaraldehyde). Lane 1 displays purified P without cross-
linking, lane 2 MW markers in kDa. The dashed line indicates the
tetramer (T) to monomer (M) transition region, which is shifted to
lower Gdm.Cl concentrations as the protein concentration decreases.
In the lanes corresponding to the Gdm.Cl range 5.0−6.0 M (1 μM
SDS-PAGE gel), the proteins were lost during TCA precipitation due
to Gdm.Cl crystallization at high concentrations.

Figure 4. Concentration dependence of fragment Y Gdm.Cl induced
denaturation. Gdm.Cl induced denaturation of peptide Y was followed
by the molar ellipticity at 222 nm at 25.0 μM (●), 12.0 μM (△), 5.0
μM (○), and 2.5 μM (▲) concentrations at 20 °C. The CD signal at
222 nm was normalized. The data were globally fit to a two-state
unfolding model (full line and see Experimental Procedures). The
thermodynamic parameters estimated are ΔGH2O = −37.26 ± 0.91 kcal
mol−1 and m = 4.07 ± 0.22 kcal mol−1. The inset shows the
comparison of the Gdm.Cl induced denaturation of 10 μM P (●) and
12 μM fragment Y (○) monitored by molar ellipticity changes at 222
nm. The two-state model fitting of 12 μM Y denaturation is also
shown as a solid line.
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510 complex. The M2−1 peak approaches to the baseline at around a
511 1:1 ratio of P:M2−1, establishing the actual stoichiometry
512 obtained directly by a physical nonspectroscopic method
513 (Figure 5B, inset). Interestingly, stoichiometric addition of P
514 generated a 1:1 complex of the expected molecular weight (250
515 kDa) as determined from SLS coupled Superdex 200 SEC,
516 which was otherwise almost superimposable with unbound P
517 (Figure 5A). This indicated that P changes its behavior from a
518 largely extended nonglobular molecule to a more globular
519 conformation when bound to M2−1. The use of another SEC
520 column (Superose 6) yielded identical results (not shown).
521 This evident change in the hydrodynamic behavior of bound
522 compared to unbound P led us to investigate the possible
523 conformational changes involved. For this, we performed far-
524 UV CD spectra of M2−1 alone, P alone, and the 1:1 complex
525 mixture, and we compared the arithmetical sum of the spectra
526 (M2−1 spectrum plus P spectrum) with that of the 1:1 complex
527 mixture. The spectrum of the actual complex obtained from the
528 mixture of the tetramers showed a substantial increase in the α-

f6 529 helix content (Figure 6), suggesting a structural rearrangement
530 in one or both proteins upon the formation of the complex.
531 Finally, since the quantification of this interaction is essential
532 together with the stoichiometry, we applied a fluorescence
533 spectroscopy approach in solution. P was chemically modified
534 with fluorescein (see Experimental Procedures), and the

535fluorescence anisotropy value was registered upon gradual
536titration with M2−1. The substantial anisotropy change observed
537reaches a plateau at a 1:1 ratio, confirming the stoichiometry
538obtained by SEC and suggesting a strong interaction from the
539 f7shape of the titration curve (Figure 7A). We carried out
540titrations at lower concentrations in order to calculate a
541dissociation constant (Figure 7B). Experiments at 10 nM
542FITC-P were fitted to a simple stoichiometric binding model
543(see eq 1, Experimental Procedures) and obtained an average
544value of 8.1 ± 2.5 nM for the KD from four independent
545binding curves.

546■ DISCUSSION
547The presence and role of P as an essential component of the
548RNA polymerase complex is a common theme in Mono-
549negavirales, which include several important human pathogens.
550Thus, understanding its structural features, conformational
551stability, and interaction with other components of the
552polymerase complex is the basis for unraveling the molecular
553mechanism behind viral genome replication and transcription
554and a possible starting point for designing antivirals for RSV
555and related viruses. This is particularly so in the case of the
556interaction between the RSV P and M2−1, polymerase cofactor,
557and antiterminator, respectively, which present a unique
558interface among the Mononegavirales order.
559Previous work showed that P is a nonglobular homotetramer
560with an elongated shape, as determined by sedimentation
561equilibirum experiments.31 Both P and its proteolytically
562cleaved tetramerization domain Y eluted from SEC as species
563of 4 and 3 fold their expected globular size, respectively (Figure
5641A).31 Furthermore, both His-tagged P (31.1 kDa) and
565fragment Y (4.9 kDa) showed an anomalous slow migration
566in SDS-PAGE (Figure 1B, inset), with an apparent molecular
567mass of 36 and 12 kDa, respectively. For other Paramyxovirus P
568proteins this was ascribed to the high content in acidic
569residues.1

570Chemical denaturation of P by urea is incomplete and largely
571noncooperative (Figure 2A). Denaturation by Gdm.Cl leads to
572 f8a three-state transition (Figures 2A and 8A) where the first one
573(0 to 2 M Gdm.Cl) shows little cooperativity and the second
574one (4 to 6 M Gdm.Cl) is a stable and cooperative transition
575corresponding to the dissociation/unfolding of the tetrameriza-
576tion domain, confirmed by the protein concentration depend-
577ence and chemical cross-linking experiments (Figure 3A,B).
578The first transition corresponds to actual unfolding because a

Figure 5. Hydrodynamic properties and stoichiometry of the P:M2−1
complex. (A) Size exclusion chromatographies of P (dashed line),
M2−1 (dotted line), and the P:M2−1 complex (solid line) were carried
out on a Superdex 200 HR column, equilibrated in 20 mM sodium
phosphate pH 7.4, 0.3 M NaCl at 25 °C. The SLS measurements of P,
M2−1, and the protein complex are indicated. The stoichiometry can be
derived from the total molecular weight of the complex. (B) Size
exclusion chromatographies were carried out in the same conditions
described above, with a fixed amount of 5 μM M2−1 and increasing the
P protein concentration in each run as follows: 0.0, 0.5, 1.0, 2.0, 3.0,
and 4.0 μM of P. The formation of the P:M2−1 complex (9.8 mL peak)
was monitored by the absorbance decrease at 220 nm of the M2−1 peak
(14.5 mL) upon the addition of increasing amounts of P. Inset:
maximum absorbance at 220 nm of the 5 μM M2−1 peak as a function
of the molar ratio P:M2−1.

Figure 6. Structural rearrangements in the P:M2−1 complex
determined by far UV-CD. Far UV-CD spectra of 10 μM M2−1
(dashed line), 10 μM P (solid line), and 10 μM of P:M2−1 complex
(solid and dotted line) in 20 mM sodium phosphate (pH 7.4), NaCl
0.3 M, at 20 °C. The arithmetical sum of 10 μM M2−1 and 10 μM P
spectra is also represented (dotted line).
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579 substantial amount of α-helical structure is clearly lost (Figure
580 3A, inset). The second transition also involves the loss of α-
581 helical structure, as expected from the 4-helix bundle
582 configuration of the tetramerization domain, but is rather
583 cooperative. This means that the first unfolding transition
584 corresponds to either or both the N- and C-terminal domains
585 (Figure 8A). Moreover, the marginal cooperativity present in
586 the first transition indicates that, at the reference conditions,
587 there is an equilibrium between conformations or ensembles
588 involving α-helical structures, rather than a single, stable native
589 conformation. The CD spectrum of P (Figure 1B) shows a shift
590 in the typical α-helical minimum at 208 nm, which is in fact
591 caused by the contribution of disordered (either intrinsically
592 disordered or coil) conformations which normally present
593 minima at around 200 nm or less.42 Although we cannot
594 confirm at this stage, we propose that the metastable structured
595 domain at 20 °C is the N-terminal domain because of its larger
596 size and because it contains the M2−1 binding site (see below).
597 The noncooperative loss of transient or metastable structure
598 suggests an intrinsically disordered nature.43

599 ANS binding experiments are very informative as they
600 constitute a unique complementary probe for tertiary structure;
601 they can determine the presence of hydrophobic solvent

602accessible sites that are present in the cores of fluctuating
603tertiary structures.41 A biphasic change was observed (Figure
6042B,C), which indicated two types of binding sites, one polar
605and solvent accessible and the other nonpolar, possibly sensing
606the fluctuating partly solvent accessible hydrophobic core. At
6072.0 M Gdm.Cl there was no ANS binding, which is consistent
608with the complete unfolding of the metastable “molten globule-
609like” domain, leaving the highly compact and stable four-helix
610bundle, with no access to the hydrophobic core/tetramerization
611interface by the dye. Thus, the first denaturation transition
612corresponds to a partly folded domain with substantial
613secondary and possibly tertiary structure, but with marginal
614stability and low cooperativity. This is supported by the ability
615to bind ANS at a highly hydrophobic site representing a solvent
616accessible core, indicative of the absence of side chain packing,
617which results in a noncompact structure. This type of structure
618would also be very sensitive to proteolytic cleavage, which
619means that proteolysis may not only come from a disordered or
620instrinsically disordered structure.
621The unfolding transition of the Y tetramerization domain is
622coincident with the second unfolding transition of P (Figure 4,
623inset, and Figure 8A) and allowed us to determine the overall
624dissociation constant of the tetramer to be 10−28 M3. This

Figure 7. Fluorescence anisotropy titration of FITC labeled P with M2−1. (A) Stoichiometry of the interaction: Titration of 100 nM P-FITC with
increasing amounts of M2−1, in 20 mM sodium phopsphate (pH 7.4), 0.3 M NaCl, 1 mM DTT, and 10 μM SO4Zn2, at 20 °C. The anistropy signal
increased linearly up to 1:1 molar ratio, where it reached a constant value, indicating the saturation of all binding sites. (B) Titration of 10 nM P-
FITC with M2−1 in the same conditions described above: A fit to a 1:1 binding model (see Experimental Procedures, eq 1) is shown (solid line). The
binding constant obtained in this case at 20 °C was KD = 5.2 ± 0.6 nM. Four independent binding curves at 10 nM P-FITC yielded an average KD =
8.1 ± 2.1 nM.

Figure 8. Model for unfolding/dissociation of RSV-P and its interaction with the antiterminator M2−1. (A) Gdm.Cl induced denaturation transition
states of P and the tetramerization domain Y: Gdm.Cl denaturation of P (●) leads to a three-state transition (above). The first low-cooperative
unfolding transition corresponds to gradual loss of α-helical structure of either or both the N- and C-terminal domains. The second cooperative
transition corresponds to dissociation−unfolding of the tetramerization domain. Gdm.Cl denaturation of fragment Y (○) leads to a two-state
cooperative transition (below), between a native tetramer and an unfolded monomer. (B) Schematic representation of the P and M2−1 tetramers
interaction: The figure shows the Superose 6 SEC elution peaks and the schematic representations of the spherical M2−1 tetramer; the extended P
tetramer and the P:M2−1 complex. The hydrodynamic radii of P and the P:M2−1 complex are represented. Upon the formation of the complex there
is a gain in the α-helix content of P and a slight increase in the hydrodynamic radius of the P:M2−1 complex.
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625 coiled coil arrangement is present in Ps of other Para-
626 myxoviruses, and this provides the first quantitative measure for
627 the dissociation affinity. Overall, our results indicate modularity
628 in the RSV P protein, something that was proposed from
629 sequence analysis but not actually determined.
630 Interaction between full-length P and M2−1 was previously
631 determined by GST pull-down experiments15 and using affinity
632 chromatography with a monoclonal antibody.14 We show that
633 the two tetramers interact with a 1:1 stoichiometry, which is
634 somehow unusual but explains why a discrete and soluble
635 complex can be obtained. The interface requires a symmetrical
636 tetrameric arrangement in both proteins. This means that if
637 each tetramer had one interacting site per monomer, one site of
638 each molecule (P or M2−1) could interact with another site of
639 other molecule (P or M2−1). The outcome should be a network
640 of multivalent interacting tetramers and results in oligomers or
641 aggregates.
642 The hydrodynamic behavior of the P:M2−1 complex is almost
643 superimposable with that of P alone. Although the complex still
644 shows nonglobular behavior, it is smaller than the sum of the
645 components. This is an indication of an at least partial
646 “globularization” taking place at the complex interface (Figure
647 8B). The secondary structure also changes substantially upon
648 formation of the complex, as the stoichiometric mixture of the
649 proteins is very different from the sum of the individual spectra.
650 The ratio 220/208 is retained, indicating that a preexisting
651 partly folded α-helical domain is stabilized by this interaction.
652 Altogether, these results suggest that the “globularization” and
653 increase in α-helix are part of the same process (Figure 8B).
654 Since the M2−1 binding region was mapped to the N-terminal
655 domain of P, this structural and hydrodynamic transition upon
656 formation of the complex must correspond to this domain. In
657 addition, considering the hypothesis that the increase in α-helix
658 content also corresponds to the N-terminal domain, it is
659 tempting to suggest that the latter is the domain that undergoes
660 the first low-cooperativity unfolding transition. This domain is
661 noncompact, in conformational exchange at 20 °C (providing
662 this characteristic to the full-length protein), and becomes more
663 structured when bound to M2−1. However, it appears not to be
664 a true “intrinsically disorderded” domain.30 This, together with
665 unfolding results, indicate that the species after the first
666 unfolding transition is a tetrameric true intermediate with the
667 intact folded four-helix coiled coil, with N- and C-terminal
668 domains in a completely unfolded conformation (Figure 8A).
669 The stoichiometry of the complex was confirmed using
670 accurate fluorescence anisotropy measurements in solution
671 (Figure 7) and determined a dissociation constant in the low
672 nanomolar range. It was shown in this and other laboratories
673 that RSV P as well as Ps from Mononegavirales members are
674 modular proteins,17,35 and the tetramerization domain (frag-
675 ment Y) is independent of the other domains. Thus, the KD
676 obtained for Y represents that of the full-length P tetramer, with
677 a value of 10−28 M3. Interestingly, the KD for the M2−1 tetramer
678 shows an almost identical value of 10−28 M3,37 corresponding to
679 a free energy of 37 kcal mol−1, strongly suggesting that both
680 proteins exist exclusively as tetramers within the cellular
681 environment. However, we previously showed that the KD for
682 the M2−1 tetramer was drastically affected by lowering the pH
683 within values compatible with the cell, with possible effects
684 either or both antitermination and nucleocapsid assembly.37,44

685 The range of affinity of the complex, although lower, is still
686 rather high, and since P was shown to compete with RNA for
687 binding to M2−1,

15 our results provide a clue to the range of

688affinity of RNA binding required for displacing the P:M2−1
689equilibrium. However, quantitative measurements and se-
690quence specificity, if any, remain to be established for the
691M2−1−RNA interaction.45

692The NMR structure for the monomeric core domain
693(residues 58−177) of M2−1 recently reported confirmed it as
694the P binding domain and the binding surface identified by
695NMR experiments.46 A rather weak equilibrium dissociation
696constant of ∼3 μM was estimated for this monomeric fragment,
697where the reported complex was formed by one P tetramer and
698four M2−1 monomers (58−177). The picture of the interaction
699we now describe between the full length P and M2−1 consists of
700a tetramer−tetramer arrangement, resulting in a 1000-fold
701higher affinity KD = 8.1 ± 2.5 nM. Both tetramers are extremely
702tight, making it unlikely that they exist as monomers in the cell,
703and the atomic detail of the tetramer−tetramer interface
704remains to be established. The large difference in affinity is
705explained by the entropic advantage of multiple contacts
706between both tetramers, but changes other than those at the
707interface contacts should not be ruled out.
708The polymerase complex components L, P, and N are
709present in all Mononegavirales, where oligomerization of P is an
710essential prerequisite for its activity as a cofactor of the
711polymerase and partake in the assembly of the complex. In this
712picture, dissecting the oligomerization/folding mechanism of
713Ps, as well as interactions with other proteins required for RNA
714synthesis such as M2−1 in the case of Pneumoviruses, is at the
715center of understanding genome replication and transcription
716in the Paramyxoviridae family.
717Further investigations on the assembly mechanism of the
718polymerase complex from its components, including quantita-
719tive and structural analysis, will provide insights into other
720family members. The stability of the individual proteins and
721domains, its oligomerization mechanism, and the hierarchy of
722interactions can be successfully attained by accurate methods in
723vitro. These, in turn, will help address biochemically based
724questions in the context of reverse genetics and cell culture
725infection models of RSV, including the development of novel
726antivirals. In the case of RSV, the specific and unique
727interaction between P and M2−1 provides a potential target
728for drugs against this widespread pathogen.
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746 ■ ABBREVIATIONS
747 RSV, respiratory syncytial virus; Gdm.Cl, guanidinium chloride;
748 CD, circular dichroism; SEC, size exclusion chromatography;
749 SLS, static light scattering; DLS, dynamic light scattering; IDP,
750 intrinsically disordered proteins; ANS, 8-anilino-1-naphthale-
751 nesulfonate.
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