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ABSTRACT
This report provides evidence that the blobs characterized through the application of the Fluorescence Blob Model (FBM) to the analysis of the fluorescence decays acquired with pyrene-labeled polypeptides are equivalent to the Foldons used in the study of protein folding. The FBM was applied to characterize the length and time scale over which pyrene excimer formation (PEF) took place between pyrene labels covalently attached onto helical and partially helical poly(L-glutamic acid) (Py-PLGA) in DMF and DMSO, respectively, and unfolded poly(D,L-glutamic acid) (Py-PDLGA) in both DMF and DMSO. The blob size obtained for helical Py-PLGA in DMF and the characteristic time determined for the backbone dynamics of unfolded Py-PDLGA matched very closely the expected size of Foldons and their characteristic folding times, respectively. In particular, the blob size was confirmed by conducting Molecular Mechanics Optimizations (MMOs) with HyperChem. Furthermore, the level of pyrene clustering along the polypeptides correlated nicely with their expected conformation, either coiled or helical for the Py-PDLGA or Py-PLGA constructs in DMF, respectively, Consequently, these results suggest that PEF experiments conducted on pyrene-labeled polypeptides provide valuable information on the time and length scales experienced by the amino acids located inside a polypeptide blob, and that if polypeptide blobs and Foldons present similar length and time scales, both entities must be equivalent. Since dynamic or spatial information on Foldons is usually retrieved by conducting NMR or hydrogen exchange mass spectrometry experiments, PEF might thus provide an alternative, possibly simpler, route toward the characterization of polypeptide Foldons in solution.



INTRODUCTION
[bookmark: _Ref506906622][bookmark: _Ref506816923][bookmark: _Ref506816926][bookmark: _Ref506816932]All advances made toward understanding the folding pathway of proteins must solve Levinthal’s paradox which states that in order for proteins to fold on experimentally observed time-scales, protein folding cannot follow a random conformational search that would exhaust all possible arrangements of the conformational space, since such a search would be prohibitively time-consuming.[endnoteRef:1],[endnoteRef:2] Consequently, any proposed protein folding mechanism must first ensure that reasonable folding times are achieved, i.e. the folding time of a protein must be considerably smaller than the lifetime of the organism generating the protein. Within this context, protein folding is typically described in terms of an energy funnel that guides the spontaneous folding of a high-energy unfolded chain towards partially folded intermediates of continuously decreasing free energy, until the lowest-energy native conformation is reached.[endnoteRef:3]-,[endnoteRef:4],[endnoteRef:5] As part of this continued search for accommodating Levinthal’s paradox, Foldons were recently introduced to represent the subset (NFold) of amino acid residues which cooperatively fold together in different “sections” of the polypeptide chain. NMR or mass spectrometry (MS) hydrogen exchange (HX) experiments on partially folded proteins have found that short sequences of about 20 amino acids (NFold=20) exchange their amide hydrogens in D2O with a similarly slow rate constant suggesting that they all belonged to a same Foldon. [endnoteRef:6]-,[endnoteRef:7],[endnoteRef:8],[endnoteRef:9],[endnoteRef:10] The obvious advantage of dividing the protein into a string of Foldons is that the time required for a number (N/NFold) of Foldons made of Nfold residues to fold is infinitely shorter than that for an N residue-long protein (N >> NFold). Assuming that each residue takes about p ~ 1 ps to adopt one of three possible conformations and that NFold equals 20, the folding time of a 100 residue-long protein (N=100) would drop from an impossible 3N×p = 1.6×1028 yr-long folding time down to (N/NFold)×3NFold×p = 17 ms, a reasonable folding time for a living organism.[endnoteRef:11] Consequently the Foldon hypothesis has been reported as being the only viable choice toward resolving Levinthal’s paradox.[endnoteRef:12] As a result, Foldons have been the object of considerable scientific scrutiny. [1: .	Levinthal, C. Are there Pathways for Protein Folding.  J. Chim. Phys. 1968, 65, 44-45.]  [2: .	Levinthal, C. How to Fold Graciously. Spectroscopy in Biological Systems. Proceedings University of Illinois Bulletin 1969, University of Illinois Press, Urbana, IL, pp 22-24.]  [3: .	Pande, V. S.; Grosberg, A. Y.; Tanaka, T. Heteropolymer Freezing and Design: Towards Physical Model of Protein Folding. Rev. Mod. Phys. 2000, 72, 259-314.]  [4: .	Dill, K. A.; MacCallum, J. L. The Protein-Folding Problem, 50 years on. Science 2012, 338, 1042-1046.]  [5: .	Eaton, W. A.; Wolynes, P. G. Theory, Simulation, and Experiments Show that Proteins Fold by Multiple Pathways. Proc. Natl. Acad. Sci. USA 2017, 114, E9761-E9762.]  [6: .	Panchenko, A. R.; Luthey-Schulten, Z.; Cole, R. The Foldon Universe: A Survey of Structural Similarity and Self-Recognition of Independent Folding Units. J. Mol. Biol. 1997, 272, 95-105.]  [7: .	Bai, Y.; Sosnick, T. R.; Mayne, L.; Englander, W. E. Protein Folding Intermediates: Native-State Hydrogen Exchange. Science 1995, 269, 192-197.]  [8: .	Walters, B. T.; Mayne, L.; Hinshaw, J. R.; Sosnick, T. R.; Englander, S. W. Folding of Large Protein at High Structural Resolution. Proc. Natl. Acad. Sci. 2013, 110, 18898-18903.]  [9: .	Hingorani, K. S.; Gierasch, L. M. Comparing Protein Folding in Vitro and in Vivo: Foldability Meets the Fitness Challenge. Curr. Opin. Struct. Biol. 2014, 24, 81-90.]  [10: .	Hu, W.; Walters, B. T.; Kan, Z. Y.; Mayne, L.; Rosen, L. E.; Marguse, S.; Englander, S. W. Stepwise Protein Folding at Near Amino Acid Resolution by Hydrogen Exchange and Mass Spectrometry. Proc. Natl. Acad. Sci. 2013, 110, 7684-7689.]  [11: .	Naganathan, A. N.; Muñoz, V. Scaling of Folding Times with Protein Size. J. Am. Chem. Soc. 2005, 127, 480-481.]  [12: .	Englander, S. W.; Mayne, L. The Nature of Protein Folding Pathways. Proc. Natl. Acad. Sci. 2014, 111, 15873-15880.] 

While the size of Foldons in partially folded proteins has now been characterized,6,8,12 their existence still raises several unanswered fundamental questions. For instance, having established the existence of Foldons does not explain their raison d’être in the first place. Furthermore NFold determined by NMR and MS HX experiments for partially folded polypeptides should also be characterized for unfolded polypeptides, an important length scale since it corresponds to the onset of folding. Yet this information remains unknown since all amide hydrogens of a fully unfolded polypeptide would be equivalently exchangeable in an NMR or MS HX experiment. Finally, since the time scale of protein folding is critical to accommodate Levinthal’s paradox, the time scale over which Foldons fold is another important factor that should be included in the characterization of Foldons. 
[bookmark: _Ref506817010]A recent review suggested that these questions could be answered by conducting Pyrene Excimer Fluorescence/Formation (PEF) experiments on pyrene-labeled polypeptides.[endnoteRef:13] This report represents a first step toward this goal by characterizing PEF in two series of pyrene-labeled poly(L-glutamic acid) (Py-PLGA) and poly(LD-glutamic acid) (Py-PDLGA) in N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO). Due to the absence of stereoregularity, PDLGA is a perfect example of polypeptide adopting a random coil conformation in DMF and DMSO. PDLGA would thus be representative of a polypeptide at the initial stage of folding. By contrast, PLGA in DMSO and DMF adopts a partially[endnoteRef:14] and fully[endnoteRef:15] helical conformation, respectively, thus representing states of the polypeptide along and at the end of the folding pathway. These states of the polypeptides can be probed by monitoring excimer formation between every two pyrene labels covalently attached onto the polypeptides and applying the Fluorescence Blob Model (FBM) to determine the time and length scale over which PEF occurs.8  [13: .	Farhangi, S.; Duhamel, J. Long Range Polymer Chain Dynamics Studied by Fluorescence Quenching. Macromolecules 2016, 49, 6149-6162.]  [14: .	Matsumoto, M.; Watanabe, H.; Yoshioka, K. Electric and hydrodynamic properties of polypeptides in solution. II. Conformation of Poly(L-glutamic acid) in Various Organic Solvents. Biopolymers 1970, 9, 1307-1317.]  [15: .	Yamaoka, K.; Ueda, K. Reversing-Pulse Electric Birefringence of (Glu)n. Part 2. Reversing-Pulse Electric Birefringence Study of Helical Poly(alpha-L-glutamic acid) in N,N-Dimethylformamide with Emphasis on a New Data Analysis for Polydisperse System. J. Phys. Chem. 1982, 86, 406-413.] 

The FBM recognizes that an excited fluorophore covalently attached onto a polymer cannot probe the entire polymer volume during its finite lifetime, but that it rather probes a subvolume of the polymer coil referred to as a blob. Within the framework of the FBM, a fluorescently labeled polymer is represented by a cluster of blobs among which, the randomly attached pyrene labels distribute themselves according to Poisson statistics. The mobility range of the excited pyrene is restricted to the diffusion of the polymer structural unit that pyrene is bound to. As such, the volume of a blob is limited by the mobility of the labeled structural unit, and therefore the blob volume reflects the structural unit mobility on the time-scale of backbone motion. As discussed in a recent review,8 a blob should be to the FBM what a Foldon is to protein folding so that the characterization of a polypeptide blob is bound to provide structural and dynamic information about a Foldon. These ideas were put to the test herein by applying the FBM to fit the pyrene monomer and excimer fluorescence decays of Py-PLGA and Py-PDLGA in DMF and DMSO. 

EXPERIMENTAL
Materials. Acetic acid (glacial, Sigma), N,N'-diisopropylcarbodiimide (DIC, Sigma, 99 %), N‑(3‑dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl, Sigma, ≥ 99.0 %), N,N‑dimethylformamide (DMF, Sigma, ≥ 99.8 %), dimethyl sulfoxide (DMSO, Sigma, ≥ 99.9 %), hydrochloric acid (HCl, Fisher, 34 wt% in water), N-hydroxysuccinimide (NHS, Sigma, 98 %), 1‑pyrenemethylamine hydrochloride (PyMA·HCl) and sodium hydroxide (NaOH, Sigma, ≥ 97.0 %) were used as received. Deionized water (DIW) was obtained from a Biopure Series 4400 Single Pass Reverse Osmosis system. 
[bookmark: _Hlk490827948]The poly(L-glutamic acid sodium salt) (PLGNa, Alamanda Polymers, Mn = 121300 g·mol, DP = 803, PDI = 1.02) and poly(D,L-glutamic acid sodium salt) (PDLGNa, Alamanda Polymers, Mn = 118400 g·mol, DP = 784, PDI = 1.06) were received with an unprotected N‑terminus. To prevent possible complications arising from the reaction of the amine end with one of the glutamate side chains during the pyrene-labeling step, the N-terminal was capped with an acetyl group. To this end, succinimidyl acetate was first prepared by adding NHS (0.90 g, 7.8 mmol) to an ice-bath cooled round-bottom flask containing glacial acetic acid (5 mL, 87.4 mmol). With vigorous stirring, DIC (1.4 mL, 8.9 mmol) was added dropwise. After allowing to react overnight, the acetic acid was removed via rotary evaporation at 40 °C, and the resulting white paste was dissolved in a minimal amount of methanol. The methanol solution was then cooled in an ice-bath and the white crystal precipitate was collected via suction filtration yielding succinimidyl acetate (0.8 g, 5.1 mmol, 65 % yield). Acetylation of the N‑terminus of PGA was carried out by first dissolving PGNa (400 mg, 3.3 µmol) in a solution of DMF (6 mL) and DIW (6 mL) in a 20 mL vial with vigorous stirring. After complete dissolution, succinimidyl acetate (31 mg, 200 µmol) was added and the solution was left to stir overnight. The acetylated PGNa was then purified by dialysis against a successive series of solutions starting with a 4:1 DMF:water mixture, followed by a 1:1 DMF:water mixture, water, and lastly an aqueous NaOH solution (pH = 9). The solution was then freeze-dried to remove the water and stored in a ‑20 °C freezer.
[bookmark: _Ref506817672][bookmark: _Ref506818015]Pyrene Labeling. Adapting previously published procedures,[endnoteRef:16],[endnoteRef:17] both the acetylated PLGNa and PDLGNa were labeled with PyMA yielding the pyrene-labeled PGA constructs Py‑PLGA and Py‑PDLGA, respectively. As an example of one synthesis, Py-PLGA labeled with 6.9 mol% pyrene was prepared as follows: PLGNa (39.9 mg, 0.26 mmol eq. of glutamic acid (GA)) was added to a 20 mL vial along with a small magnetic stir bar, 8 mL DMF and 8 mL DIW. After dissolving the PLGNa with rapid stirring, PyMA·HCl (7.7 mg, 29 μmol) was added in the solution and left to stir for 30 min. to ensure complete dissolution. EDC·HCl (5.6 mg, 29 μmol) was then added and the 20 mL vial was capped, covered with aluminum foil to prevent excess external light irradiation, and left to react for 36 h. The reaction mixture was then transferred to a dialysis tube (14 kDa molecular weight cut-off, Regenerated Cellulose) and dialysed against a 20 vol% DIW solution in DMF for 4 h in a 1 L beaker, after which time the dialysate solution was replaced with a 50 vol% DIW in DMF solution and dialysed for another 6 h. After this time, the solution was dialysed against pure DIW overnight, followed by dialysis against pH 6 DIW and pH 9 DIW for 4 h each, respectively. Before the last dialysate solution of pH 9 DIW was discarded, a ca. 20 mL aliquot of the dialysate solution was freeze-dried to determine the mass ratio (DS) of dialysate solids per g of Py-PLGNa in the dialysis solution. The purified Py-PLGNa solution was then accurately weighed into vials and freeze-dried to remove the water.  [16: .	Duhamel, J.; Kanagalingam, S.; O’Brien, T.; Ingratta, M. Side-Chain Dynamics of an Helical Polypeptide Monitored by Fluorescence. J. Am. Chem. Soc. 2003, 125, 12810-12822.]  [17: .	Ingratta, M.; Duhamel, J. Effect of Side-Chain Length on the Side-Chain Dynamics of Helical Poly(L-glutamic acid)  as Probed by a Fluorescence Blob Model. J. Phys. Chem. B 2008, 112, 9209-9218.] 

Pyrene Content. The fraction (fPy) of glutamate residues that were labeled with pyrene was determined using Equation 1, where λPy represents the moles of pyrene per gram of sample, and MGNa and MPyGA are the molecular weights of a glutamic acid residue (151.1 g·mol) and the pyrene-labeled residue (342.4 g·mol), respectively. In order to determine λPy, a mass (mPy-PGNa/DS) of at least 5.0 mg of freeze dried pyrene‑labeled PGNa was accurately weighed out. To ensure the accuracy of mPy-PGNa/DS, the mass of dialysate solids (mDS) in the Py-PGNa sample needed to be determined. This was done by multiplying mPy-PGNa/DS by DS to yield mDS. Subtracting mDS from mPy-PGNa/DS yielded the actual mass of pure Py-PGNa (mPy-PGNa). The Py-PGNa was then dissolved in 2 – 3 mL of DIW before 1 M HCl was added dropwise until the Py-PGNa precipitated from the solution as it was converted into Py-PGA; two additional drops of HCl were then added to ensure the complete protonation of the PGNa backbone to PGA. The suspension was then vortexed for ca. 30 s before it was frozen for freeze-drying. The freeze-dried Py-PGA was then dissolved into a known volume of DMF (VDMF). The UV absorbance of the solution was then measured (see Figure S1 in Supporting Information (SI)), and the molar concentration of pyrene [Py] was determined using a molar extinction coefficient of 40,000 M·cm at the 344 nm absorbance peak.11 The pyrene content (Py) expressed in mol of pyrene per gram of Py-PGNa was obtained by taking the ratio [Py]/(mPy-PGNa/VDMF). The molar fraction (fPy) could then be calculated by applying Equation 1.


					(1)
Steady-State Fluorescence. All steady-state fluorescence (SSF) spectra were acquired with a PTI spectrofluorometer equipped with a xenon arc lamp using an excitation wavelength of 344 nm and scanning the emission from 350 to 600 nm over 50 s with excitation and emission slit-widths of 2 and 1 nm, respectively. After preparing solutions containing ca. 2.5 × 10 M pyrene, oxygen was removed by out‑gassing the solutions with a gentle flow of N2 gas (high purity, 99.99 %) for ca. 25 min before acquiring the SSF spectrum. Oxygen is an efficient and well-known quencher of long-lived excited dyes like pyrene.[endnoteRef:18] The fluorescence intensity of the monomer (IM) and excimer (IE) were calculated using the area under the SSF spectrum from 372 to 378 nm and from 500 to 530 nm, respectively. IM and IE were employed to determine the IE/IM ratio of the Py-PGA solutions which represents the PEF efficiency for a given construct. [18: .	Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd Ed. Springer: Singapore, 2006, p 278.] 

Time-Resolved Fluorescence. Samples were prepared in a similar manner as for the steady-state fluorescence measurements. The fluorescence decays of pyrene were acquired using an IBH TC-SPC spectrofluorometer in conjunction with a NanoLED-340 laser. All decays were collected with an excitation wavelength of 344 nm over 1024 channels. Using a time-per-channel of 2.04 ns·ch, the monomer fluorescence was collected until a total of at least 40,000 counts was obtained for the fluorescence decay maximum at an emission wavelength of 375 nm using a 370 nm cut-off filter in front of the emission lens to minimize light scattering. The excimer fluorescence decays were acquired with a decay maximum of at least 20,000 counts at 510 nm with a 495 nm cut-off filter using a time-per-channel of 1.02 ns·ch. The instrument response function was collected using a LUDOX dispersion in water with a peak maximum of at least 20,000 counts at 344 nm. 
Circular Dichroism. Using a Jasco J-715 spectropolarimeter, circular dichroism (CD) spectra were averaged over ten scans from 400 to 250 nm using a 0.10 mm pathlength quartz cell containing a solution with a pyrene concentration of ca. 2.5 × 10 M. A solvent background correction was applied to each spectrum. The molar ellipticity spectra acquired with the Py-PGA solutions are provided in Figure S2.
[bookmark: _Ref512168495][bookmark: _Ref512168533]Fluorescence decay analysis: The Fluorescence Blob Model (FBM) was used to fit the fluorescence decays of Py-PLGA and Py-PDLGA in solution. The FBM has been described in numerous reviews and the reader is directed toward these documents for more information (see reference #8). In brief, the FBM divides a macromolecule into segments of equal volume, where each unit volume is referred to as a blob. Since pyrene is covalently and randomly bound along the macromolecular backbone, pyrene will distribute itself among the blobs according to Poisson statistics.[endnoteRef:19] Within each blob, the FBM considers four distinct species of pyrene. Pyfree represents the excited pyrenes which do not form excimer during their lifetime and emit with their unquenched lifetime τM. Pyk2 represents the excited pyrenes that are very close to a ground-state pyrene and can form excimer through a rapid rearrangement process with a rate constant k2. Pydiff represents the excited pyrenes that diffuse to a ground-state pyrene with a rate constant kblob to generate the Pyk2 species. The species Pyagg represents the preassociated pyrenes which directly form an excimer upon excitation. Two excimer species were needed in the analysis. This situation is often encountered when dealing with pyrene excimer generated in more rigid environments as with polypeptides where pyrene is bound to the polymer via an amide bond.[endnoteRef:20] The excimers obtained with the strongest and smallest contributions were referred to as E0* and D* and were assumed to be the result of good and poor stacking between two pyrene labels, respectively. Equations S2 and S3 were used to fit the monomer and excimer fluorescence decays. [19: .	Mathew, A.; Siu, H.; Duhamel, J. A Blob Model to Study Chain Folding by Fluorescence. Macromolecules 1999, 32, 7100-7108.]  [20: .	Duhamel, J. New Insights in the Study of Pyrene Excimer Fluorescence to Characterize Macromolecules and their Supramolecular Assemblies in Solution. Langmuir 2012, 28, 6527-6538] 

To find the optimal k2 value for each PGA construct, the monomer and excimer fluorescence decays were first fitted globally according to Equations S1 and S2 in SI using the globmis90lbg program that allowed for k2 to be optimized in the analysis. After analysing all the pyrene contents for a given PGA construct and solvent, the k2 value was averaged and the decays were reanalysed with the program globmis90obg using a k2 value fixed to the average.  Using the framework of the FBM, the parameters retrieved from the fit of the monomer and excimer fluorescence decays yield structural and dynamical information on the macromolecule of interest. Among those, the parameters <n>, the average number of ground-state pyrenes within a blob, and kblob, which represents the rate constant for diffusive encounters between two structural units inside a blob bearing a pyrene label, are of particular interest. Since pyrene is distributed randomly along the polymer, <n> can be introduced into Equation S4 to calculate Nblob, which is the average number of structural units encompassed within a blob. In Equation S4, fMfree is the molar fraction of pyrene labels Pyfree that emit with their unquenched lifetime τM in the monomer decay, and fPy has been defined in Equation 1.
The monomer and excimer decays of Py-PLGA and Py-PDLGA in DMF and DMSO were globally fitted using Equations S1-2. The goodness-of-fit of the global analysis of the monomer and excimer decays was based on three criteria: Firstly, the fit had to lie between the experimental data points, which is quantified by the random distribution of the residuals about zero. Secondly, the autocorrelation function needed be randomly distributed around zero. Lastly the χ2 value had to take a value smaller than 1.30, where a value of unity would be a perfect fit. An example of fit of the monomer and excimer fluorescence decays globally analysed using Equations S1 and S2 is shown in Figure S3. The parameters retrieved from the analysis of the fluorescence decays are listed in Tables S1 – S6.

RESULTS AND DISCUSSION
[bookmark: _Ref506818582]Circular dichroism: The conformation of the Py-PLGA and Py-PDLGA constructs was assessed by conducting circular dichroism (CD) experiments in both DMF and DMSO. Due to the strong absorption of DMF and DMSO around 200 nm where CD is typically applied to infer the existence of secondary structure in polypeptides, the molar ellipticity [θ] of the PGA backbone could not be measured in this wavelength range. Fortunately, [θ] of pyrene has been shown to reliably report on the backbone conformation of Py-PGA.11,12,[endnoteRef:21] The CD spectra acquired with the Py-PGA samples are shown in Figure S2 in SI. To quantify [θ] for each sample, the area under the 1Bb band of pyrene was plotted as a function of pyrene content. The resulting [θ] values are presented in Figure 1. [21: .	Shoji, O.; Okumura, M.; Kuwata, H.; Sumida. T.; Kato, R.; Annaka, M.; Yoshikuni, M.; Nakahira, T. Secondary Structure and Side Chain Chromophore Orientation in Poly(L-glutamines) Having Pyrene Chromophores in the Side Chains. Macromolecules 2001, 34, 4270–4276.] 

	As shown in Figure 1, the Py-PDLGA constructs exhibited very low [θ] values scattered around zero indicating that Py-PDLGA adopts a coiled conformation in both DMF and DMSO. In DMF, Py-PLGA exhibited a relatively high [θ] that increased with increasing pyrene content. These [θ] values matched very closely those reported earlier11,12 and reflect the ordering of the pyrene labels along helical PLGA in DMF. Lastly, Py-PLGA showed significantly lower [θ] values as a function of pyrene content in DMSO than in DMF. However contrary to Py-PDLGA where [θ] equaled zero within experimental error in both DMF and DMSO, Py-PLGA in DMSO yielded [θ] values that were clearly greater than zero. This suggested that Py‑PLGA retained some secondary structure in DMSO, probably a partially helical conformation. In summary, the CD results showed that PDLGA adopted a fully coiled conformation in DMF and DMSO and that PLGA adopted a partially and fully helical conformation in DMSO and DMF, respectively. Consequently, they represent important stages along the folding pathway of a polypeptide, at the beginning of folding when the chain is coiled, at intermediate stages when the polypeptide is partially folded, and at the end of folding when the polypeptide is fully folded.


Figure 1. Average molar ellipticity values of the 1Bb band of pyrene for Py-PLGA in DMF ()  and DMSO () and Py‑PDLGA in DMF () and DMSO (). The solid and dashed lines are added to guide the eyes for the molar ellipticity of the Py-PLGA and Py-PDLGA constructs, respectively.

Steady-state fluorescence: The normalized steady-state fluorescence spectra of the Py-PLGA constructs in DMF are shown in Figure 2A. They exhibit the typical spectral features of a pyrene-labeled macromolecule with the pyrene monomer emitting sharp bands between 370 and 420 nm and the excimer showing a broad structureless fluorescence centered at 480 nm. As expected, the fluorescence intensity of the excimer relative to that of the monomer increased with increasing pyrene content, a consequence of the increased local pyrene concentration that promotes pyrene-pyrene encounters, and thus PEF. The same behavior was observed for the Py-PDLGA sample, but Py-PLGA formed substantially more excimer than Py-PDLGA for a same pyrene content as illustrated in Figure 2B by the higher excimer-to-monomer fluorescence intensity (IE/IM) ratios. This result was attributed to the compact helix structure of Py-PLGA that brought the pyrene labels closer to each other than the Py-PDLGA random coil since the helical structure has much less excluded volume than a coiled chain.
Figure 2B displays the IE/IM ratios obtained for Py-PLGA and Py-PDLGA in both DMF and DMSO. The absence of stereoregularity for Py-PDLGA leads it to adopt a coiled conformation in both DMF and DMSO, as confirmed by CD measurements (Figure 1), and the only difference in the IE/IM ratios should arise from the change in solvent viscosity between the two solvents. Since DMSO (η = 1.99 cP) is about twice as viscous as DMF (η = 0.802 cP) at 25 °C and since IE/IM is inversely proportional to solvent viscosity,8 the IE/IM ratio of Py-PDLGA in DMSO was expected to be about half of that obtained in DMF. However as seen in Figure 2B, the IE/IM ratios for Py-PDLGA in DMSO and DMF overlapped. As it turns out, the efficiency of excimer formation between an excited and a ground-state pyrene has been found to be about twice as great in DMSO than in DMF.[endnoteRef:22] As a result, the competing effects of solvent viscosity and PEF efficiency cancelled one another out, resulting in an unchanged IE/IM ratio between the two solvents. Knowing that the IE/IM ratios in DMF and DMSO were not affected by the difference in solvent viscosity, the differences observed in Figure 2B for Py-PLGA in DMF and DMSO were indicative of a conformational change experienced by PLGA between the two solvents. The IE/IM ratios of Py-PLGA in DMSO tended to follow the same trend of the helical Py-PLGA in DMF, but with a slightly lower IE/IM ratio, thus confirming the conclusions drawn from CD measurements that Py-PLGA retained some helical conformation in DMSO. Consequently Py-PDLGA in DMSO provided the opportunity to probe the dynamics of a partially folded polypeptide. [22: .	Hall, T. Study of Arborescent Poly(L-glutamic acid) by Pyrene Excimer Formation. Unpublished, MSc. Thesis, University of Waterloo, Waterloo, ON, Canada, 2012.] 


	
	


Figure 2. A) Steady-state fluorescence spectra of Py-PLGA in DMF and B) the IE/IM ratios of Py-PLGA in DMF () and DMSO () and Py‑PDLGA in DMF () and DMSO (). The lines for DMF (solid) and DMSO (dashed) were added to guide the eyes.

[bookmark: _Hlk496616146]Size of a blob: The monomer and excimer fluorescence decays of Py-PLGA and Py-PDLGA were globally analyzed with the FBM to yield the blob size (Nblob) representing the average number of structural units encompassed within a single blob and the rate constant kblob of excimer formation within a blob that contains one excited and one ground-state pyrene. Since a blob represents the volume that one glutamic acid (GA) bearing a pyrene label can probe while pyrene remains excited, it also represents that volume of the polypeptide in solution where GAs can interact with one another to generate preferential interactions. As such, a blob is not only analogous to a Foldon, but also provides a rationale as to the nature of a Foldon. Nblob was calculated according to the procedure described in SI and it was plotted in Figures 3A and B as a function of pyrene content for Py-PLGA and Py‑PDLGA in DMF and DMSO. Within error, Nblob remained constant as a function of pyrene content for each PGA chain for a given solvent, taking values of 21 ± 1 and 18 ± 1 for Py-PLGA and 10 ± 1 and 11 ± 2 for Py-PDLGA in DMF and DMSO, respectively. We note that the Nblob value of 21 ± 1 for Py-PLGA in DMF matches that of 22 ± 2 found in earlier studies.11,12


	A)

	B)



Figure 3. Nblob as a function of pyrene content for A) Py-PLGA and B) Py-PDLGA in DMF (solid) and DMSO (hollow). The dashed lines represent the averages.

Py-PLGA was expected to adopt a helical conformation in DMF,11,12,14 while Py-PDLGA would adopt a coiled conformation in both solvents. Since a helical PGA chain generates less free volume than its coiled counterpart, the helical PGA chain is expected to generate a denser environment. Consequently, the observed larger blob size of 21 ± 1 for Py-PLGA in DMF than that of 10 ± 3 for Py-PDLGA in both DMF and DMSO was consistent with the expected backbone conformations of the polypeptides. The similar Nblob values for Py-PDLGA in DMF and DMSO also supported the conclusions from the IE/IM ratios and CD measurements that Py-PDLGA exhibits a coiled structure regardless of the solvent. Similarly, the relatively large Nblob value of 18 ± 1 found for Py-PLGA in DMSO reflected a partially folded conformation. Based on these Nblob values, it would appear that a blob would involve 10 GAs for an unfolded polypeptide, but that Nblob increases progressively to reach 18 GAs for a partially helical PGA and 21 GAs for a fully helical PGA. We note with interest that partially or fully folded PLGA yields Nblob values of about 20 which are comparable to reported NFold values.3,4,7 
Molecular Mechanics Optimizations: The Nblob values of 10 and 21 obtained for the fully unfolded and helical PLGA could be further validated by conducting Molecular Mechanics Optimizations (MMOs) with HyperChem where pyrene labels are attached in silico onto PLGA and their ability to overlap is monitored as a function of the number of GAs separating two pyrene labels according to an already published procedure.7,8 A description of the procedure implemented for the MMOs is provided as SI. Figures 4A – D depict several of the Hyperchem renderings used to determine the pyrene carbon overlap.
As seen in Figure 4E, a good overlap between two pyrene labels, corresponding to a greater than 7 number of carbon atoms of one pyrene overlapping the frame of the second pyrene, was obtained for GAs located up to 11 and 5 GAs away from the reference pyrene for the helical and coiled chains, respectively. A good overlap observed by MMOs was expected to result in PEF and should be recorded by our fluorescence experiments. Since excimer can be formed in either direction from the reference residue, the blob size is expected to equal twice the number of residues for which good overlap can occur, plus one for the reference residue. This led to expected Nblob values of (11×2+1=) 23 and (5×2+1=) 11 for the helical and coiled conformations, respectively.
Since the coiled chain is not symmetrical, the blob size was determined three times by moving the reference pyrene to another starting position. On average, Nblob obtained by MMOs was found to equal 10 ± 1 for PLGA in a random coil conformation. The MMOs conducted with the helical PLGA was only determined once since the backbone had a set repeating structure, and the overlap could not change depending on the location of the reference pyrene. The expected Nblob values of 23 and 10 ± 1 determined by MMOs were found to match remarkably well the Nblob values determined by the FBM found to equal 21 ± 2 and 10 ± 3 for the helical and coiled chains, respectively, thus confirming that the experimentally measured Nblob values were within expectations.
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Figure 4. Illustrations of the quality of pyrene carbon overlap for Py-PGA made of 32 glutamic acids and labeled with a reference pyrene on the 9th residue from the left and having the second pyrene labeled on the A) 12th (good overlap) and B) 21st (poor overlap) residue when PGA adopts a helical conformation and, the C) 14th (good overlap) and, D) 17th (no overlap) residue when PGA adopts a random coil conformation, respectively. E) Overlap between two pyrene pendants as a function of the number of GAs between pyrene labels for a PGA chain in a helical () and a random coil () conformation. The dashed line corresponding to a carbon-carbon overlap of 7 marks the boundary between a poor and good overlap.11,12 The solid and dotted lines are used to guide the eye.The arrows indicate the onset of poor overlap.

Molar fractions of pyrene: One other set of parameters retrieved from the FBM was the molar fractions fdiff, fk2, fagg, and ffree of the different pyrene species. A plot of these molar fractions as a function of pyrene content is given in Figure 5. Several trends can be observed for the molar fractions as a function of pyrene content. In all cases, ffree decreased as the pyrene content increased. At low pyrene contents, the pyrene pendants were sufficiently far apart that each blob contained at most one pyrene so that PEF could not occur and the pyrene labels emitted as if they were free in solution. As the pyrene content increased, the number of pyrenes per blob increased, resulting in a decrease in ffree. The decrease was most notable in the Py-PLGA samples, likely due to their helical conformation in both DMF and DMSO. Again, since the helical segments had less free volume than the coiled segments, the local pyrene concentration was expected to grow more rapidly in the helical rather than the coiled segments with increasing pyrene content. 
Another well-defined trend in Figure 5 was the continuous increase in both fk2 and fagg with increasing pyrene contents. The significant proportion of aggregated pyrenes reported by the FBM was supported by the UV absorption spectra of pyrene (Figure S1) having PA values of 2.72 ± 0.03 and 2.72 ± 0.03 for Py-PLGA and Py-PDLGA in DMF, respectively. These PA values are smaller than 3.0 which reflects pyrene aggregation.[endnoteRef:23] As pyrene content increased, the probability of having pyrenes sufficiently close to one another to rapidly form excimer with a rate constant k2 or instantaneously through direct excitation of a pyrene aggregate was expected to increase as well. This effect appeared to be more pronounced for the helical Py-PLGA samples in DMF and DMSO than for the coiled Py-PDLGA samples.  [23: .	Winnik, F. M. (1993) Photophysics of Preassociated Pyrenes in Aqueous Polymer Solutions and in Other Organized Media. Chem. Rev. 93, 587–614.] 
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Figure 5: Molar fractions of pyrene species: fdiff (), ffree (), fk2 (), and fagg (), for Py-PLGA (A,B) and Py-PDLGA (C,D) in DMF (A,C) and DMSO (B,D). To help guide the eyes, the pyrenes which rapidly form excimer (fk2 and fagg) were shaded and lines were added for ffree (―) and fdiff (---).B)

 	
Lastly, the trends of fdiff were slightly different between Py-PLGA and Py-PDLGA over similar pyrene contents. For Py-PDLGA, fdiff increased slightly with pyrene content. Initially at relatively low pyrene content, the pyrenes were spaced sufficiently far apart that the molar fraction (ffree) of isolated pyrenes was relatively high. As the pyrene content increased, the average distance between pyrene labels decreased resulting in an increase in the fraction of pyrenes that formed excimer by diffusion. This trend continued until the majority of blobs contained at least two pyrenes resulting in an ffree value that approached zero. A similar pattern of increasing fdiff was observed for the Py-PLGA samples at pyrene contents below 5 and 7 mol% in DMF and DMSO, respectively. Since ffree tends to zero above these labeling levels, all the pyrene pendants were able to form excimer, and fdiff reached its maximum value. As more pyrene labels were attached onto the polypeptide, more pyrenes were close enough to rapidly form excimer without diffusion, resulting in a decrease in fdiff combined with the observed increase in fagg and fk2. As a quick aside, the fdiff values of Py-PLGA in DMF were quite low at higher pyrene content, with fdiff = 0.23 at 14.3 mol% pyrene. Since the FBM relies on fdiff to retrieve information on the blob size and dynamics, it became more challenging to extract meaningful parameters from the analysis as fdiff decreased. For this reason, the highest pyrene content of Py-PLGA with 18.4 mol% pyrene could not be meaningfully analysed in DMF by the FBM due to a prohibitively low fdiff value. 
As a more in-depth study of the molar fractions, a simple simulation of the molar fractions of pyrene species that rapidly formed excimer without long-range diffusion (fk2 and fagg) was conducted. Given that the fractions of pyrene that rapidly formed excimer did not require long-range dynamics, the fraction of these species should be equal to the probability of having pyrene labels close enough to one another to form excimer without backbone motion. To determine this probability, a string of 800 boxes, which was close to the degree of polymerization for both the PLGA and PDLGA used in this study, were randomly filled with pyrene, where each box had a probability to be populated equal to fPy. For PDLGA, excimer could form rapidly if the pyrenes were directly adjacent to one another (aggregated pyrenes) or if they were up to one residue away (pyrenes forming excimer through k2). In addition to these restraints, the pyrenes which were directly adjacent to one another in space along the helix of PLGA were also considered. Using Hyperchem, this was found to include pyrenes two or three units away. So, for a pyrene in position i along the backbone, the pyrenes in position [i2, i1, i+1, i+2] or [i4, i3, i2, i1, i+1, i+2, i+3, i+4] were considered to be able to rapidly form excimer for the coiled PDLGA and the helical PLGA constructs, respectively. The sum of the molar fractions [fagg + fk2] of the simulated chains was determined by averaging over three independent simulations composed of 1000 chains in each simulation. The calculated probabilities were compared to the measured molar fractions in Figure 6 for Py-PLGA and Py-PDLGA in DMF, the more well-behaved solvent.


Figure 6. Comparison of the molar fraction of pyrenes in close proximity to one another along the PGA backbone found for the helical Py-PLGA experimentally (fagg + fk2, ) and simulated () and for the coiled Py-PDLGA experimentally (fagg + fk2, ) and simulated () in DMF.

The overlapping trends for both the coiled and helical chains show very good agreement between the fractions obtained by the FBM and the simulated PGA chains. In both cases, the sum [fagg + fk2] increased with increasing pyrene content, with the helical PGA yielding higher fractions compared to the coiled PGA for a same pyrene content. This expected trend can be rationalized by the higher local pyrene concentration resulting from the helical PGA. In addition, the overlapping trends between the simulated and measured fractions support the claim that the PGA chains adopt their expected conformations in solution and that pyrene was indeed randomly distributed along the PGA backbone during the labeling step. If labeling was to occur in a clustered manner, the sum [fagg + fk2] obtained from the molar fractions of pyrene measured from the FBM would be significantly higher than those of the simulation where the occupancy of pyrene in the boxes was selected randomly. The absence of such a deviation confirms that the pyrenes were distributed randomly along the PGA backbone both in the helical and coiled conformation.
Blob Dynamics: The last FBM parameter to discuss was kblob shown in Figures 7A and B which took similar values for PLGA and PDLGA in both DMF and DMSO. However the meaning of kblob differs from PLGA to PDLGA. Since PLGA is fully and partially helical in DMF and DMSO, kblob for PLGA in Figure 7A describes side chain motion since the PLGA backbone is locked in an helical conformation. Consequently only kblob for unfolded PDLGA truly reflects the polypeptide backbone dynamics. In fact, (kblob) represents the characteristic time scale over which a 10-GAs sequence in PDLGA undergoes backbone motion. Assuming that each GA needs a characteristic time p (=10x s) to probe one of three possible conformations, an estimate of p is given by (kblob×3Nblob) yielding an x value (x = log10(p)) of 12.0 ± 0.7 depending on the kblob and Nblob values obtained for a given Py-PDLGA construct in Figure 7B. Consequently, our PEF experiments predict that p is in the picosecond range, in perfect agreement with the expected dynamics of polypeptides.12-5 Thus (kblob) is a representative folding time for a 10 GAs sequence along the PDLGA backbone.
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Figure 7. kblob as a function of pyrene content for A) Py-PLGA and B) Py-PDLGA in DMF (solid) and DMSO (hollow). The dashed lines represent the averages.

Implications and limitations of the FBM analysis: Twenty years of FBM studies have established that an excited dye covalently attached onto a macromolecule probes a volume while it is excited that is referred to as a blob.19 A blob is much smaller than the volume defined by the entire macromolecule such as the polymer coil for a linear chain. The FBM takes advantage of this insight by viewing the macromolecular volume as a cluster of blobs where dyes can distribute themselves randomly according to a Poisson distribution. The outcome of the present study is that polypeptides can be divided into blobs in the same manner as any other linear polymer chain such as poly(alkyl methacrylate)s, polystyrene, poly(N-isopropylacrylamide), poly(N,N-dimethylacrylamide), or polyisoprene, to name but a few.13,20 Interestingly, the blobs found in this study for two series of Py-PGA constructs have similar size and dynamics as the Foldons used to study protein folding.
[bookmark: _Ref512169017]	Whether A FBM study could be applied to actual proteins instead of polypeptides brings to the fore a number of experimental challenges. First, the FBM aims to characterize chain dynamics with the implication that the protein be unfolded, a key requirement to study the process of protein folding. Consequently, the study of protein chains dynamics would require that the protein not have secondary and tertiary structure or that a denaturing agent be introduced to avoid the existence of structural motives. Second, the compartmentalization of the polymer coil into blobs lends itself nicely to the random labeling of the structural units constituting the chain, the amino acids in the case of polypeptides or proteins. But whereas glutamic acids could be introduced randomly during the synthesis of polypeptides for random attachment of the pyrene labels, this requirement might be more complicated to achieve for an actual protein whose sequence is well-defined. It must also be pointed out however that the requirement of having a well-defined sequence matters most to establish protein functionality or structure but is not expected to be as demanding to probe the chain dynamics involved in the folding of unfolded proteins. Third, the FBM has been mostly applied to pyrene-labeled macromolecules.13,20 The use of a same dye (i.e. pyrene) has the advantage of reducing the massive variations encountered in the comparison of the quenching rate constants obtained in the study of end-to-end cyclization of oligopeptides with a variety of dyes having each their own set of photophysical properties.[endnoteRef:24] Fourth, the hydrophobicity of pyrene prevents its use in aqueous solution for the study of polymer chain dynamics, an important limitation for the study of phenomena such as protein folding that are meant to take place in water. Consequently, the study of polypeptides with pyrene must be conducted in organic solvents that can solubilize pyrene but which are polar enough to also solubilize the polypeptides. In this context, DMF and DMSO are well-suited for the study of pyrene-labeled polypeptides.  [24: .	Jacob, M. H.; D’Souza, R. N.; Schwarzlose, T.; Wang, X.; Huang, F.; Haas, E.; Nau, W. M. Method-Unifying View of Loop-Formation Kinetics in Peptide and Protein Folding. ASAP J. Phys. Chem. B. 2018, DOI: 10.1021/acs.jpcb.8b00879.] 

[bookmark: _Ref512169224]	Last, fluorescence quenching studies conducted on short oligopeptides focus on end-to-end cyclization.13 By contrast, FBM studies deal with actual long chain polymers and probe the main chain dynamics.13,20 As it turns out, the rate constants (kcy) for end-to-end cyclization of fluorescently labeled oligopeptides are strongly influenced by the nature of the dyes used24 and the location of the dyes whether at the chain ends or at internal position inside the oligopeptide.[endnoteRef:25] Thus comparison of kcy values obtained from different studies is difficult since they can span more than two orders of magnitude for a same oligopeptide depending on the set of dyes used in a given study24 and kcy has been found to decrease with increasing length of an overhang added to the oligopeptide.25 While some recommendable effort has been recently applied to reconcile the widely different kcy values reported in the scientific literature for different dyes and a same oligopeptide,24 pyrene was not included in this normalization exercise. It is however known that for synthetic polymers, end-labeled chains with a degree of polymerization N yield kcy×N products that are 5-to-15 times smaller than the product kblob×Nblob for a same polymer.[endnoteRef:26],[endnoteRef:27] Variations in the normalization factor depend on the spacer used to covalently and randomly attach pyrene to the polymer, a longer and more flexible spacer resulting in larger kblob×Nblob products.[endnoteRef:28] It is thus presently difficult to compare the kcy×N and kblob×Nblob products obtained for oligo- and polypeptides using pyrene and other fluorescent dyes. This is an important limitation that will need to be addressed in the future. [25: .	Fierz, B.; Kiefhaber, T. End-to-End vs Interior Loop Formation Kinetics in Unfolded Polypeptide Chains. J. Am. Chem. Soc. 2007, 129, 672-679.]  [26: .	Ingratta, M.; Hollinger, J.; Duhamel, J. A Case for Using Randomly Labeled Polymers to Study Long Range Polymer Chain Dynamics by Fluorescence.  J. Am. Chem. Soc. 2008, 130, 9420-9428.]  [27: .	Yip, J.; Duhamel, J.; Qiu, X. P.; Winnik, F. M. Long-Range Polymer Chain Dynamics of Pyrene-Labelled Poly(N-isopropylacrylamide)s Studied by Fluorescence. Macromolecules 2011, 44, 5363-5372.]  [28: .	Probing Side Chain Dynamics of Branched Macromolecules by Pyrene Excimer Fluorescence. Farhangi, S.; Duhamel, J. Macromolecules 2016, 49, 353-361.
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CONCLUSIONS
In summary, this study provides strong support to the notion that PEF experiments yield Nblob values for folded and partially folded polypeptides that are similar to those of NFold obtained by hydrogen exchange experiments. Furthermore, kblob was found to provide reliable information about the polypeptide backbone dynamics for PDLGA in DMF and DMSO. Since polypeptide blobs and Foldons appear to share similar length and time scales, we postulate that a blob and a Foldon might be two equivalent quantities. But whereas hydrogen exchange experiments are limited to partially folded proteins, PEF experiments can characterize a blob along the entire path of the folding process, from a fully unfolded polypeptide as for Py-PDLGA in DMF and DMSO to partially folded Py-PLGA in DMSO and fully folded Py-PLGA in DMF. Thus PEF, in combination with FBM analysis and MMOs appears to represent a powerful means to characterize Foldon size and dynamics for polypeptides and should nicely complement studies conducted with proteins by hydrogen exchange experiments.
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Fluo. Int. (a.u.)


dmf	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.42517067649702656	0.70140072279194177	0.85180160536965899	1.0404505266795558	0.90429277983717216	dmso	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.38221729980792696	0.60462991830730672	0.79762813162796209	1.079495942356121	0.77669770669462579	dmf	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.865349005649855	14.339406599471976	0.26805153810087767	0.56446106583879763	1.5454479682787585	0.48945640294527187	0.8748401962791823	2.6895382995373467	dmso	2.8940120312173483	4.4078477479231246	9.0449802317554262	14.339406599471976	18.419703887987527	4.8759193716968943	6.865349005649855	0.32460312474103425	0.34497551775196039	0.87934832326454371	2.4360548917723461	3.5745413824474745	0.4264497616124614	0.49838344634310938	fPy (mol%)

IE/IM (a.u.)


l dmso	2.8940120312173483	4.4078477479231246	4.8759193716968943	6.8653490056498496	9.0449802317554262	14.339406599471976	18.419703887987527	17.273898062881116	16.927091815990121	19.763771747206508	15.703675192809076	18.096939904337653	18.739432207738282	17.482142238453886	l-line	0	30	17.71242159563095	17.71242159563095	l dmf	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	20.633982791315919	22.267694424392769	21.423229495814287	18.004614881367093	20.844135903685853	19.935402432240561	l-line	0	30	20.518176654802748	20.518176654802748	fPy (mol%)

Nblob 


dl dmso	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	11.62946978657034	12.739157026917775	10.24102813378285	9.5786603560756749	8.4166512763019412	dl-line	0	30	9.8814229618770817	9.8814229618770817	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	11.569338887605289	11.525783977828945	10.495762019577498	9.2537829554235973	8.2503628946782932	dl-line	0	30	10.520993315929715	10.520993315929715	fPy (mol%)

Nblob 


1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	10	8	8	8	8	7	8	7	7	7	8	4	0	2	3	0	0	0	0	0	1	1	1	0.57735026918962584	1.5275252316519463	0.57735026918962584	0	0	1	1	1	0.57735026918962584	1.5275252316519463	0.57735026918962584	0	8	8	8	8	6.666666666666667	4.333333333333333	1.3333333333333333	0	0	0	Py Residue Spacing

Py C-C Overlap


free	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	0.39258850401924977	0.15379546375876182	6.9079699856892093E-2	0.20334690815096973	7.7276779718731717E-2	5.4931588504619967E-2	diff	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	0.3602047861639453	0.52761263691238702	0.36133566883776991	0.49666260922398531	0.42602608668764974	0.22525703091101992	k2	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	0.14650462304381168	0.19401269739422131	0.26828383888995067	0.16316608391110368	0.28090666222092248	0.36666770640554391	agg	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	0.1007020867729933	0.12457920193462969	0.30130079241538738	0.13682439871394117	0.21579047137269605	0.35314367417881609	fPy (mol%)

Molar Fractions


2.8940120312173483	4.4078477479231246	4.8759193716968943	6.8653490056498496	9.0449802317554262	14.339406599471976	18.419703887987527	0.56119675397123525	0.37664186402782096	0.17576308110088631	0.14739130186794824	6.4710158245325874E-2	2.306897382498824E-2	1.6130012712698379E-2	2.8940120312173483	4.4078477479231246	4.8759193716968943	6.8653490056498496	9.0449802317554262	14.339406599471976	18.419703887987527	0.27436570277100297	0.426849108128112	0.49600211421038398	0.5276876759707344	0.48098657587054583	0.4370994446249048	0.3317762971648584	2.8940120312173483	4.4078477479231246	4.8759193716968943	6.8653490056498496	9.0449802317554262	14.339406599471976	18.419703887987527	7.898074030434607E-2	0.11790271527020076	0.12131792489848649	0.16816049784602233	0.13396042632237926	0.38083570605794476	0.45140056389342331	2.8940120312173483	4.4078477479231246	4.8759193716968943	6.8653490056498496	9.0449802317554262	14.339406599471976	18.419703887987527	8.5456802953415914E-2	7.8606312573866285E-2	0.20691687979024342	0.156760524315295	0.32034283956174903	0.15899587549216229	0.20069312622901991	fPy (mol%)

Molar Fractions


5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.42682259967001668	0.29017507322940239	0.22847307915672768	0.1443639176873652	0.20615490257995439	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.33086133466212131	0.42103653609467717	0.41589410672189908	0.43451858189922143	0.46995382422815341	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.16795766890790598	0.20956986313071016	0.26486983719017171	0.24113407347427779	0.19020620418731266	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	7.4358396759956008E-2	7.9218527545210179E-2	9.0762976931201583E-2	0.17998342693913558	0.13368506900457952	fPy (mol%)

Molar Fractions


5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.43849249053651862	0.29201704311137466	0.31345060653414941	0.17261582190723682	0.23185203843065536	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.36811323815823854	0.46402271807994533	0.43030895458351803	0.51787455404444527	0.50109868793312018	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.12594034760417014	0.18096342543269625	0.19066804669337661	0.21245371520925743	0.17534684642732123	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	6.7453923701072629E-2	6.2996813375983798E-2	6.5572392188955761E-2	9.7055908839060401E-2	9.1702427208903176E-2	fPy (mol%)

Molar Fractions


Exp L-DMF	2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	0.24720670981680498	0.31859189932885101	0.5695846313053381	0.29999048262504485	0.49669713359361856	0.71981138058436001	4.2594374674299997E-3	2.6250302270800002E-3	2.11387813683E-3	1.6749809269199999E-3	4.4077752443099998E-4	7.1188815891299999E-4	4.2594374674299997E-3	2.6250302270800002E-3	2.11387813683E-3	1.6749809269199999E-3	4.4077752443099998E-4	7.1188815891299999E-4	2.8994583333300001	4.4220833333299998	9.0212916666700007	4.8736666666700001	6.8937916666700003	14.325583333299999	0.20107378184899999	0.29082431777399997	0.52402332075900004	0.32149437768299999	0.42856835489700001	0.70499171800399996	Exp DL-DMF	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	0.24231606566786199	0.28878839067592033	0.35563281412137326	0.42111750041341334	0.32389127319189215	calc-DL	1.2874378679699999E-3	2.5839361488300002E-3	3.4061381869399999E-3	1.08964628828E-3	2.9773036584799998E-3	1.2874378679699999E-3	2.5839361488300002E-3	3.4061381869399999E-3	1.08964628828E-3	2.9773036584799998E-3	5.9764999999999997	7.96441666667	10.406333333299999	12.315041666699999	11.5347916667	0.21431721949099999	0.27838182869099998	0.35040437077499997	0.40668389289599999	0.384398588037	fPy (mol%)

fagg + fk2 


2.8940120312173483	4.4078477479231246	9.0449802317554262	4.8759193716968943	6.8653490056498496	14.339406599471976	1.8530000000000001E-2	1.1990000000000001E-2	1.806E-2	1.438E-2	1.257E-2	1.086E-2	2.8940120312173483	4.4078477479231246	4.8759193716968943	6.8653490056498496	9.0449802317554262	14.339406599471976	18.419703887987527	1.436E-2	1.269E-2	1.474E-2	1.4500000000000001E-2	1.391E-2	1.0070000000000001E-2	1.1950000000000001E-2	0	20	1.4398333333333332E-2	1.4398333333333332E-2	0	20	1.3174285714285713E-2	1.3174285714285713E-2	fPy (mol%)

kblob (ns-1)


5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	1.4619999999999999E-2	1.332E-2	1.3939999999999999E-2	1.2970000000000001E-2	1.7500000000000002E-2	5.9760121033424767	7.9784179624474953	10.414477648798684	12.347697660558493	11.543461613237753	1.468E-2	1.3180000000000001E-2	1.1849999999999999E-2	1.223E-2	1.306E-2	0	20	1.447E-2	1.447E-2	0	20	1.3000000000000001E-2	1.3000000000000001E-2	fPy (mol%)

kblob (ns-1)
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