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Abstract 

 

An efficient protein folding pathway leading to target structure, and the avoidance of 

aggregation, is essential to protein evolution and de novo design; however, design details to 

achieve efficient folding and avoid aggregation are poorly understood. We report 

characterization of the thermally-induced aggregate of fibroblast growth factor-1 (FGF-1), a 

small globular protein, by solid-state NMR. NMR spectra are consistent with residual structure 

in the aggregate and provide evidence of a structured region that corresponds to the region of the 

folding nucleus.  NMR data on aggregated FGF-1 also indicate the presence of unstructured 

regions that exhibit hydration-dependent dynamics and suggest that unstructured regions of 

aggregated FGF-1 lie outside the folding nucleus. Since it is known that regions outside the 

folding nucleus fold late in the folding pathway, we postulate that these regions unfold early in 

the unfolding pathway and that the partially folded state is more prone to intermolecular 

aggregation. This interpretation is further supported by comparison with a designed protein that 

shares the same FGF-1 folding nucleus sequence, but has different 1° structure outside the 

folding nucleus, and does not thermally aggregate.   The results suggest that design of an 

efficient folding nucleus, and the avoidance of aggregation in the folding pathway, are 

potentially separable design criteria – the latter of which could principally focus upon the 

physicochemical properties of 1° structure outside the folding nucleus.  
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Broad audience impact statement:  

Thermally-aggregated fibroblast growth factor-1 (FGF-1) exhibits residual structure that solid-

state NMR analysis suggests is the region of the folding nucleus. The protein region outside the 

folding nucleus is postulated to unfold early in the unfolding pathway and promote aggregation, 

and is therefore a key target of de novo design to avoid aggregation during folding.  

 

Abbreviations and symbols: 

FGF-1, fibroblast growth factor-1; NMR, nuclear magnetic resonance; MAS, magic angle 

spinning; DSC, differential scanning calorimetry; GuHCl, guanidine hydrochloride; Tm, melting 

temperature; IED, isothermal equilibrium denaturation; ∆HvH, vant Hoff enthalpy of unfolding; 

∆Hcal, calorimetric enthalpy of unfolding; ∆Gunf, Gibbs energy of unfolding; ∆Cp, constant 

pressure heat capacity change of unfolding; ADA, N-(2-Acetamido)iminodiacetic acid; 2D-

fpRFDR, 2D finite pulse radiofrequency driven re-coupling; 2D-DARR; 2D dipolar assisted 

rotational resonance; ANS, 1-Anilinonaphthalene-8-Sulfonic Acid; 2D, two-dimensional. 
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Introduction 

 

Protein aggregation is a highly problematic and poorly-understood aspect of protein 

biophysics and de novo protein design. Aggregation processes involve properties of the 1° 

structure that influence the cooperative folding process, unstructured potential, and inter-

molecular interactions. The understanding of 1° structure features that promote aggregation in 

protein design can benefit from experimental studies that elucidate fundamental principles that 

drive the aggregation processes. For example, while general protein design heuristics have 

identified a “stability/function trade-off” 1,2 and a “foldability/function trade-off” 3,4, first 

principles underlying such heuristics remain to be fully described, and our understanding is 

especially limited as regards protein aggregation.   

We report a structural study of the thermally-induced irreversible aggregation process of 

fibroblast growth factor-1 (FGF-1), a single-domain globular protein belonging to the common 

く-trefoil fold 5,6. Direct structural measurements on the heat-induced aggregated state of FGF-1 

were obtained by magic angle spinning (MAS) solid-state nuclear magnetic resonance (NMR) 

analysis. The data are most consistent with the aggregated state of FGF-1 containing a partially 

folded intermediate, and the structure of this intermediate is consistent with the region 

comprising the FGF-1 folding nucleus. The thermal aggregation of FGF-1 is compared to the 

thermal unfolding of the related de novo designed Phifoil protein 7. Phifoil is comprised of three 

repeating instances of 1° structure extracted from the FGF-1 folding nucleus. Phifoil has broadly 

similar thermodynamic properties to FGF-1, but critically, does not thermally aggregate – 

exhibiting instead two-state reversible thermal denaturation 7. The basis of the thermal 

aggregation of FGF-1 is therefore assigned to regions of the FGF-1 1° structure outside the 
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folding nucleus that unfold early in the thermally-induced unfolding pathway. These regions in 

FGF-1 are also associated with specific functionality. The results therefore support a 

function/aggregation tradeoff hypothesis of protein evolution and design, as well as provide 

further evidence that evolutionary processes of gene duplication and fusion that produce 

symmetric 1° structure (within symmetric protein architecture) can be compatible with efficient 

folding pathways that avoid aggregation.   
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Results 

 

The FGF-1 aggregate contains residual structure 

If aggregation of FGF-1 indeed occurs through a partially folded intermediate state, 

precipitated samples would be expected to exhibit evidence of residual structure. To test this 

prediction, an aggregated FGF-1 sample with uniform 13C and 15N isotopic labeling was 

analyzed by MAS solid-state NMR. Preliminary measurements showed that sample hydration 

had a significant effect on peak sharpness (discussed in greater detail below). To observe the 

narrowest possible NMR peaks, aggregated FGF-1 was kept moist (with a paste-like 

consistency), and MAS rotors were sealed with Teflon plugs to minimize drying during data 

acquisition (unless otherwise noted, all spectra were collected on hydrated samples).  

The structure of the FGF-1 aggregate was probed by using three two-dimensional (2D) 

13C-13C solid-state NMR techniques on samples that were uniformly isotopically labeled with 13C 

(unless otherwise specified). The 2D finite pulse radiofrequency driven re-coupling (2D-

fpRFDR) solid-state NMR technique was used to produce the 2D NMR spectra shown in Fig. 1 

and Fig. 2. This technique creates off-diagonal peaks (cross-peaks) that connect signals from 13C 

atoms that are directly bonded (i.e., separated by a distance of ~0.12 nm), such that each amino 

acid produces a unique cross-peak pattern. The 2D-CHHC technique was used to produce the 

spectrum in Fig. 3, for which cross-peaks correspond to 13C atoms correlated by magnetization 

transfer between adjacent 1H atoms. The 2D-CHHC is advantageous for the analysis of 

antiparallel く-sheets (which are abundant in folded FGF-1) because this く-sheet configuration 

places Hg atoms between the most proximate Cg sites on adjacent backbones. The 2D dipolar 

assisted rotational resonance (2D-DARR) technique was employed to produce the data in Figs. 4 
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and 5. The 2D-DARR technique is compatible with longer periods of 13C-13C dipolar evolution 

than is practical with 2D-fpRFDR, such that cross-peaks can be observed between all 13C atoms 

within a residue, or between 13C atoms on spatially proximate residues, depending on the precise 

time employed for 13C-13C dipolar evolution (mixing). 

In the 2D-fpRFDR spectrum in Fig. 1, signals from amino acids that occur more than 

once in the 1° structure (e.g., Ile) are not spectrally resolved. For this reason, as well as the lack 

of resolution in the 15N spectrum preventing 3D NMR, NMR signals were assignable to residue 

type only. Assignments were determined by cross-peak patterns that follow configurations of 

directly bonded 13C atoms within each residue as well as known frequency ranges for 13C NMR 

signals from specific atoms within each amino acid. The spectral assignment for each 

distinguishable amino acid type is indicated by the colored lines and single-letter abbreviations 

in Fig. 1. The best-fit peak frequencies (chemical shifts) and line widths of the off-diagonal 

peaks were calculated using nonlinear peak fitting to Gaussian functions (Table S1, S2). The 

observed 13C line widths within the range of 2-3 ppm indicate that FGF-1 aggregation is 

associated with a degree of structural order comparable to those previously observed for amyloid 

fibrils 8-10. The secondary NMR chemical shifts (frequencies relative to those of random-coil 

model peptides) for labeled CO, Cg, and Cく sites of most residues are consistent with く-strand 

secondary structure. Pro and Gly chemical shifts do not report on secondary structure, and the 

majority of these residues lie within turn/coil regions in FGF-1 11.  

To test for the possible dynamic (backbone motion) disorder in the aggregated FGF-1 

sample, a 2D fpRFDR spectrum was collected on a dehydrated FGF-1 aggregate sample. Fig. 2, 

panel A shows the overlaid 2D-fpRFDR spectra of hydrated and dehydrated aggregated FGF-1 

samples. The main effect of dehydration on the 2D-fpRFDR spectrum was to increase the 
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intensity of broad (above ~3 ppm) 13C NMR signals in the spectrum.  This effect is likely the 

result of reduced mobility for regions of FGF-1 that are not in the core aggregate; mobility 

attenuates 1H-13C cross-polarization.  Consistent with this interpretation, dehydration did not 

affect the positions of cross-peaks detected in the 2D-fpRFDR spectrum of the hydrated sample 

(most peaks were broadened), suggesting that loss of water did not change the structure but did 

affect the structural order of the core aggregate.  We identified  three notable amino acids within 

the FGF-1 1° structure with cross-peaks expected in positions corresponding to weak (on the 

order of the noise) NMR signals in the spectrum of the hydrated aggregate sample but 

remarkably enhanced in the spectrum of the dehyrated sample: these cross-peaks are the Cg (56.5 

ppm)-Cく (26.3 ppm) of Cys, the Cく (39.4 ppm)-Cけ (175.5 ppm) of Asn and the Cこ2 (115.5 ppm)-

Ci2 (136.2 ppm) of Trp (Fig. 2, panel B), and the chemical shifts of these residues match the 

corresponding values measured in random coil structure 12. Based on the strong hydration-

dependence of NMR intensities, we suggest that Cys, Asn and Trp exhibit weak NMR signals in 

the hydrated sample due to dynamics and broad signals in the dehydrated sample due to relative 

large conformational variation.  In other words, we suggest that Cys, Asn, and Trp residues 

reside primarily located within flexible, unstructured regions of the aggregate structure. These 

three residues are all located outside the folding nucleus. 

The 2D-CHHC spectra were collected to test for the existence of anti-parallel く-strands in 

the structured region of aggregated FGF-1, which would be consistent with the folded FGF-1 

structure. As shown in Fig. 3, cross-peaks were observed between g-carbons in the 2D-CHHC 

spectrum, which indicate a short distance between the corresponding g-hydrogens (< 0.3 nm)-- a 

hallmark of anti-parallel く-sheets. Furthermore, the relative intensity to the diagonal signals of 

Cg-Cg cross-peaks was not affected by 50% isotopic-dilution. Lack of an isotopic dilution effect 
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on Cg-Cg cross-peak intensity indicates that adjacent anti-parallel く-strands are within the same 

molecules and that く-sheets in aggregated FGF-1 are not produced by “domain swapped” inter-

molecular structure between neighboring molecules. It should be noted, however, that a positive 

identification of anti-parallel く-sheet structure by the CHHC pulse sequence does not rule out the 

existence of additional non-native parallel く-sheets (to which this methodology is blind). 

 

Inter-residue cross-peaks are located in the region of the FGF-1 folding nucleus 

 2D-DARR spectra of aggregated FGF-1 were collected in order to approximately identify 

which region of FGF-1 retains structure in the aggregated state. Figs. 4 and 5 show 2D-DARR 

data collected at 50 and 100 ms mixing times for 13C-13C dipolar recoupling. For the 2D-DARR 

spectrum collected with 50 ms mixing, the cross-peaks correspond to correlations between 13C 

atoms within the same residues. At the longer mixing time of 100 ms additional cross-peaks were 

observed between adjacent residues. Longer mixing times may lead to spectra that are too 

crowded to be reliably analyzed. The effect of 2D-DARR mixing time is illustrated in Fig. S1. 

The spectrally resolved C似 slice of Arg is separated from the other 13C atoms in Arg by an N 

atom. Cross-peaks between C似 and all the other Arg signals are observed with 100 ms mixing but 

not with 50 ms mixing. The distance between the Arg C似 and Ch atoms is similar to the distance 

between CO and Cg atoms on adjacent residues in the 1° structure. Thus, the data in Fig. S1 

indicate that 100 ms DARR mixing should yield cross-peaks between adjacent residues. 

By comparing 2D-DARR spectra with 50 ms and 100 ms mixing times, candidate inter-residue 

interactions can be determined by the regions of intensity enhancement in longer mixing time. In 

addition, the Cg-Cg or Cg-Cく interactions of adjacent residues are most likely to be detected 

because of their spatial proximity, and the Cg-Cg cross-peaks should have stronger signals. Based 
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on analyses of the slices from 50 ms and 100 ms DARR spectra, five unique sets of inter-residue 

cross-peaks were observed: Ser-Thr, Ser-Ala, Leu-Pro-Asp, and Gly-Glu (as further illustrated 

by slices of the 2D-DARR spectra shown in Fig. 5). All of these NMR contacts can be explained 

as interactions between pairs of neighboring residues localized specifically to the region 

previously identified as the FGF-1 folding nucleus (Fig. 6). 

 

FGF-1 aggregated state is inconsistent with amyloid structure 

Freshly aggregated samples of FGF-1 were analyzed by negative stain transmission 

electron microscopy (TEM) to probe for the presence of amyloid fibrils. Samples were bath 

sonicated for between 0-30 s to break up samples prior to deposition on a carbon grid. Under no 

condition were fibrils observed. Freshly aggregated samples of FGF-1 were also incubated with 

thioflavin T (ThT) to detect amyloid formation; however, no significant fluorescence signal was 

detected. 

 

 

Prediction of FGF-1 thermodynamic parameters in the absence of aggregation 

 DSC data collected in the presence of 0.7-1.1 M GuHCl yielded ∆HvH/∆Hcal values near 

unity, no hysteresis when comparing up-scan and down-scan, and significant recovery of 

enthalpy upon subsequent up-scan; thus, two-state reversible thermal denaturation under these 

buffer conditions is comprehensively supported 13. In the present report a detailed analysis of 

these DSC data were performed to predict the FGF-1 endotherm in the absence of aggregation. 

Orthogonal isotherms extracted from the FGF-1 0.7-1.1 M GuHCl DSC data were used to 

generate a predicted ∆Gunf(T) function at 0 M GuHCl (Fig. S5, panel B) and thermodynamic 
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parameters (Table S4). A complete predicted unfolding endotherm (Cp(T)) for FGF-1 in the 

absence of aggregation, along with the experimentally derived endotherm for FGF-1 in 0 M 

GuHCl (with aggregation) and Phifoil in 0 M GuHCl (no aggregation) is shown in Fig. S6, panel 

A.  

 

Protein concentration and scan-rate dependence of the Tm of FGF-1  

 The apparent Tm of FGF-1 determined by fluorescence under aggregating conditions (0 

M GuHCl) varies log-linearly with protein concentration (Fig. S7, panel A). Extrapolation of this 

relationship suggests that a protein concentration of ~0.22 µM would result in a Tm equivalent to 

the theoretically determined Tm (325.4K) for reversible denaturation under non-aggregating 

conditions; thus, the thermal aggregation of FGF-1 in aqueous solution is a concentration-

dependent inter-molecular process with a critical concentration for aggregation of ~0.22 µM. 

DSC studies of FGF-1 thermal unfolding under non-aggregating and reversible conditions (i.e., 

in the presence of ≥ 0.7 M GuHCl) demonstrate a process that is in thermal equilibrium only 

with scan rates ≤ 0.25K min-1 13; at faster scan rates the Tm increases monotonically, while below 

this scan rate the Tm assumes a constant value. The scan rate dependence of FGF-1 (5 µM) under 

aggregating conditions in ADA buffer is shown in Fig. S7, panel B. These data show that FGF-1 

thermal aggregation is coupled to the overall unfolding process and cannot be described as a 

simple NsAggregation model and is a hallmark of three-state (or higher) unfolding events 14.  
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Discussion 

 

FGF-1 is highly prone to aggregation, which occurs readily upon heating, physical 

agitation, or abrupt changes in solution conditions (e.g., pH, ionic strength) 15. In all cases, 

aggregation proceeds strongly even in the presence of reducing agents, indicating that disulfide 

shuffling is not responsible for bulk aggregation (despite three cysteines in the FGF-1 structure). 

Previous studies of FGF-1 thermal denaturation reported that aggregation initiates near the 

apparent Tm and is concomitant with the formation of a species that strongly binds ANS 16. 

Similarly, while DSC studies of FGF-1 performed in the presence of 0.6 M GuHCl enabled 

reversible thermal denaturation, an analysis of the endotherm was consistent with non-two-state 

denaturation and the presence of an unfolding intermediate 13. These properties of FGF-1 

implicate a metastable unfolding intermediate involved in the aggregation process with an 

associated exposure of a hydrophobic cluster. 

The solid-state NMR measurements of aggregated FGF-1 are consistent with the 

presence of residual structure in the aggregated state. More specifically: 2D-fpRFDR spectra 

indicates the presence of ordered regions, 2D-CHHC spectra exhibit Cg-Cg cross-peaks 

corresponding to intra-molecular anti-parallel く-sheets, and 2D-DARR cross-peaks uniquely 

identify structural interaction between particular residues. These data implicate a partially folded, 

aggregation-prone intermediate along the unfolding trajectory--a common theme for proteins 

exhibiting aggregation 17. The solid-state NMR data identify ten different residue positions that 

are likely to correspond to unstructured regions within in the FGF-1 aggregate (cross-peak 

signals almost undetectable in 2D-fpRFDR of hydrated the sample but significantly enhanced in 

the dehydrated sample). These ten residue positions are distributed throughout the FGF-1 1° 
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structure, although none lie within the folding nucleus (a contiguous region comprising ~50% of 

the 1° structure 3). Notably, the observation that Cys is disordered in the aggregated state 

suggests that the Cys-containing regions of FGF-1 are unstructured in the partially folded 

intermediate. Indeed, the functional half-life of FGF-1 is known to be dramatically reduced by 

thiol-mediated chemistries 18, which would be greatly accelerated upon exposure of Cys to 

solvent (since all Cys residues are buried in the FGF-1 native structure). Because the Cys 

residues neatly delineate the folding nucleus (Fig. 6) the absence of strong Cys cross-peaks from 

the hydrated solid-state NMR spectra suggests the folding nucleus remains structured in the 

thermally aggregated state. In addition, the NMR data also identify a total of nine residue 

positions having structural features consistent with folded conformation; all of these positions lie 

within the folding nucleus (Fig. 6). The totality of data for the aggregate form of FGF-1 are 

consistent with a partially-structured aggregate with persistent folding nucleus structure and are 

inconsistent with either a domain-swapped oligomeric structure or an amyloid aggregate 

composed of fully-unfolded protein.  

Phifoil is a designed protein that is constructed from a triplet repeat of the FGF-1 folding 

nucleus 1° structure 7. Phifoil and FGF-1 exhibit a number of similar biophysical properties, such 

as overall thermostability (〉Gunf = 21.9 kJ mol-1 for FGF-1 and 20.7 kJ mol-1 for Phifoil) and 

folding cooperativity (19.4 kJ mol-1 M-1 for FGF-1 and 17.5 kJ mol-1 M-1 for Phifoil) – 

prompting the conclusion that these general folding properties of FGF-1 are dictated by the 

folding nucleus region 7. However, while FGF-1 exhibits pronounced thermal aggregation, 

Phifoil exhibits reversible thermal denaturation; thus, 1° structure outside the folding nucleus 

region appears to be a prime contributor of thermal aggregation. The possible basis for such 

aggregation prone 1° structure could include: 1) a difference in net charge and isoelectric point; 
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2) a difference in unstructured potential; 3) different physicochemical properties (e.g., 

hydrophobicity); or 4) promotion of a kinetically-trapped intermediate in the folding pathway. 

Proteins are known to be least soluble at their isoelectric point (pI) 19; furthermore, 

increasing the net charge on a protein by mutation has been shown to increase the solubility and 

aggregation resistance of proteins 20. Thus, the difference in aggregation properties between 

FGF-1 and Phifoil might be based upon differences in electrostatic properties. However, the 

predicted molecular charge as a function of pH indicates that FGF-1 and Phifoil have an identical 

net charge (although opposite in sign) of +5.9 and -5.9, respectively, at pH 6.6 (the pH at which 

the biophysical and thermal aggregation studies were performed; Fig. S2). Thus, the tendency of 

FGF-1 to aggregate compared to Phifoil does not appear to be due to a difference in general 

charge magnitude. 

The FGF-1 aggregate is consistent with amorphous structure in N- and C-terminal 

regions outside the folding nucleus. Thus, a difference in the unstructured potential of these 

regions, or a difference in overall thermostability or folding cooperativity between FGF-1 and 

Phifoil, may contribute to FGF-1’s propensity to aggregate. A comparison of the intrinsically 

unstructured potential of the 1° structure of FGF-1 and Phifoil suggests that the N- and C-

terminal く-strands of FGF-1 actually have greater propensity for structure than Phifoil (Fig. S3), 

and the general stability properties and unstructured potential of regions outside the folding 

nucleus for FGF-1 and Phifoil do not identify an obvious contributor to the thermally-induced 

aggregation of FGF-1.  

Substantial data also identify the formation of intermolecular interactions between 

hydrophobic surfaces of partially folded intermediates as a driving force in protein aggregation 

17,21. With the exception of residue positions 129-137 in FGF-1, the N- and C-terminal regions 
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outside the folding nucleus of both FGF-1 and Phifoil are broadly hydrophilic (Fig. S4). Residue 

positions 129-137 comprise the C-terminal β-strand in the overall く-trefoil architecture. The 1° 

structure of positions 129-137 in FGF-1 is a nine-residue stretch of exclusively hydrophobic 

amino acids (AILFLPLPV), whereas in Phifoil this region contains a majority of hydrophilic 

amino acids (HIQLQLSAE). The hydrophobic side chains in this C-terminal く-strand are largely 

buried in the native FGF-1 structure 11 and would thus transition to solvent exposure upon 

unfolding. Previously reported X-ray and solution NMR data indicate that the N- and C-termini 

く-strands comprise a region of high relative structural mobility and are a likely region of initial 

unfolding; furthermore, the thermal denaturation of FGF-1 is associated with ANS binding over 

pH 5.0-8.0, while Phifoil does not exhibit ANS binding over this pH range 7. Thus, initial 

unfolding of FGF-1 is associated with exposure of hydrophobic groups while Phifoil is not. 

Taken together, the data are consistent with an unfolding process for FGF-1 that involves: 

1) initial unfolding of regions outside the folding nucleus; 2) concomitant exposure of a C-

terminal region rich in hydrophobic residues; 3) inter-molecular aggregation promoted by 

hydrophobic interactions.  

Phifoil is a de novo designed く-trefoil protein comprising a threefold repeat of the FGF-1 

folding nucleus 1° structure 7. The folding nucleus region of FGF-1 excludes all functional 

residues; correspondingly, Phifoil is devoid of known functionality. Constraints upon the FGF-1 

folding nucleus region appear to be principally limited to providing for an efficient folding 

pathway, and not functionality (and may be a common feature of folding nuclei in general). 

Thus, as a region, the folding nucleus is unlikely to contain regions of extreme charge or 

hydrophobicity, or to have general properties of insolubility or intrinsic disorder – properties that 

might arise under a functional constraint. Thus, the folding nucleus symmetric expansion (FNSE) 
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methodology 7 used to “fill in” the missing 1° structure of Phifoil outside the folding nucleus (by 

repeating instances of the folding nucleus) produced a protein that, while devoid of functional 

sequences, was consequently also devoid of regions having extremes of physicochemical 

properties that could promote aggregation. If the key hereditable element for foldability acted on 

by gene duplication and fusion evolutionary events (leading to the common symmetric protein 

architectures) is the folding nucleus 7 then the natural consequence may be folding cooperativity 

that avoids aggregation.  

 

  



17 

 

Materials and Methods 

 

FGF-1 expression and purification 

FGF-1 with an N-terminal 6xHis tag was used for all experiments, and is the same 

expression construct utilized for Phifoil. Expression and purification were performed as 

previously described 13. To produce samples with uniform 13C and 15N isotopic labeling, 

expression media was prepared with 13C-labeled glucose as a carbon source and 15N-labeled 

ammonium chloride as a nitrogen source (Cambridge Isotope Laboratories, Cambridge MA). 

Purified protein was exchanged into 20 mM N-(2-Acetamido)iminodiacetic acid (ADA), 100 

mM NaCl, pH 6.6 ("ADA buffer"). 

 

Sample preparation for solid-state NMR 

Aqueous solutions of 40 たM FGF-1 in ADA buffer were incubated at 95 °C for 1 hour, 

yielding visibly cloudy suspensions of aggregated protein. This aggregate was collected by 

centrifugation at 17,000 x g for 10 min (discarding the supernatant). To remove buffer salts from 

the aggregate, the centrifuged pellet was re-suspended in water and the centrifugation step 

repeated. The resulting aggregate was partially dried in air at room temperature for ~2 hr, 

yielding a paste-like aggregate that exhibited a large bulk water peak in the 1H NMR spectrum 

(referred to as the "hydrated" sample). Further drying of aggregated FGF-1 in air for 5 days 

produced a sample with only a weak water signal in the 1H NMR spectrum (referred to as the 

“dehyrated” sample). The aggregated FGF-1 samples analyzed by 2D-fpRFDR, 2D-CHHC, and 

2D-DARR NMR spectroscopy were composed of uniformly 13C-labeled FGF-1 protein, while 
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both uniformly labeled and a 50% isotopically-diluted sample (aggregate from solutions of equal 

parts labeled and unlabeled FGF-1) were analyzed by 2D-CHHC NMR spectroscopy. 

 

Solid-state NMR characterization of aggregated FGF-1 

The 2D 13C-13C fpRFDR spectra 22 were measured on a Bruker 11.75 Tesla (500-MHz 1H 

NMR frequency) solid-state NMR system with an Avance III console and a 2.5 mm magic angle 

spinning (MAS) NMR probe. The 2D-DARR 23 and 2D-CHHC 24 experiments were performed 

on a Bruker narrow-bore 11.7 Tesla magnet, equipped with a 3.2 mm HCN MAS probe. In all 

2D exchange experiments the 13C-13C dipolar couplings eliminated by MAS were reintroduced 

during the 2D exchange mixing time by the pulse sequences. Decoupling of 1H, which applied 

two-pulse-phase modulation with 1H radiofrequency field of 110 kHz (for a 2.5 mm probe) or 

100kHz (for a 3.2 mm probe) 25, was employed during all free evolution and fpRFDR re-

coupling periods. The ヾ pulses on 13C channel for re-coupling in fpRFDR had 37.5 kHz 

radiofrequency fields so that the pulse durations (13.3 たs) were one-third of the rotor period at 25 

kHz MAS for 2.5 mm rotors. During 2D DARR experiments, continuous irradiation for 50 or 

100 ms with 1H field was applied in the exchange periods with powers corresponding to 11 kHz 

(same frequency as the MAS spinning rate). CHHC spectra were acquired at 11 kHz MAS with 

3.2 mm rotors with 150 たs 13C-1H and 1H-13C cross-polarization periods and a 182 たs 1H-1H spin 

diffusion period between t1 and t2. The 2D-fpRFDR spectra, the 2D DARR spectrum, and the 

2D CHHC spectrum of the uniformly labeled FGF-1 aggregates were each the result of 48 hrs of 

signal averaging, while the 2D CHHC spectrum of the isotope-diluted sample had an increasing 

signal averaging for 72 hrs. 
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Quantification and statistical analysis 

 Fitting associated with linear functions, and determination of coefficient of correlation 

utilized the Origin software (Origin Lab Corp., Northampton MA).  Nonlinear least-squares 

fitting of all thermodynamic models, and associated standard error determinations, were 

performed using the DataFit software package (Oakdale Engineering, Oakdale PA) and custom 

models (equations 1-4 in text). The fit and associated error analysis for determination of 〉Cp 

from direct fit of a two-state model to the extrapolated stability curve data were performed using 

the SciPy software package 26. Fitting of DSC endotherm data and error determination utilized 

the DSCFit software package 27. SS NMR data were collected and Fourier transformed using 

TopSpin software (Bruker BioSpin Corp., Billerica, MA). Visualization of SS NMR spectra and 

line shape analysis via nonlinear fitting was performed using custom Mathematica scripts 

(Wolfram Research, Champaign, IL). 

 

Data and software availability 

 The DSCFit software is available at http://mikeblaber.org/oldwine/dscfit/default.htm. 

Raw DSC endotherm data is available upon request. Custom Mathematica scripts for analysis of 

SS NMR spectra are available upon request. 
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Supplementary material 

 

Thermal denaturation of FGF-1 monitored by fluorescence 

 Thermal denaturation of FGF-1 in ADA, for the purpose of characterizing the apparent 

melting temperature (Tm) under aggregating conditions as a function of both scan rate and 

protein concentration, was monitored by fluorescence following the methodology of Middaugh 

and coworkers (where an excitation wavelength of (280 nm) and two emission wavelengths of 

305 nm and 330 nm are used to track unfolding) 28. To generate unfolding curves, the ratio of 

305/330 nm as a function of temperature was calculated. The resulting data were fitted to a six-

parameter two-state model of thermal denaturation 29 using the DataFit software package 

(Oakdale Engineering, Oakdale PA). Tm is located at the inflection point of the baseline-

normalized unfolding transition. 

 

Protein concentration and scan-rate dependence of FGF-1 Tm in thermal denaturation 

 Fluorescence analysis of FGF-1 thermal denaturation in ADA buffer was performed at 

protein concentrations of 40, 20, 10, 5, 2.5 and 1.25 µM in order to evaluate the relationship 

between Tm and protein concentration. Thermal scans were performed at 0.25K min-1 and the 

range of FGF-1 concentrations utilized spans the maximum practical concentration and 

minimum detection concentration. The thermal unfolding for each protein concentration was 

irreversible, and Tm was determined from the infection point of the baseline-normalized sigmoid 

transition. Conversely, the scan rate dependence upon Tm of FGF-1 in ADA buffer under fixed 

protein concentration (5 µM in each case) was evaluated for scan rates of 16, 8, 4, 2, 1, 0.5, 0.25, 

0.125 and 0.063K min-1. 
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Prediction of FGF-1 thermodynamic parameters under non-aggregating conditions 

Thermal denaturation of FGF-1 in ADA buffer is an irreversible non-two-state process 

associated with pronounced aggregation; however, two-state reversible denaturation is observed 

with the addition of ≥ 0.7 M GuHCl 13. Differential scanning calorimetry (DSC) endotherms 

were reported over the range of 0.7-1.1 M GuHCl. In the present report these data are analyzed 

to predict the unfolding endotherm of FGF-1in ADA buffer under non-aggregating (i.e., two-

state reversible) conditions, thereby permitting direct comparison with the aggregating FGF-1 

endotherm and the non-aggregating Phifoil endotherm. 

 〉Gunf(T) functions for FGF-1 in ADA buffer in the presence of 0.7-1.1 GuHCl were 

derived from the corresponding DSC endotherms using a two-state unfolding model with 

independent linear functions for the native state and denatured state heat capacity 27. With two-

state reversible unfolding, the DSC 〉Gunf(T) and isothermal 〉Gunf(GuHCl) functions are 

orthogonal in the three-dimensional landscape of 〉Gunf (T, GuHCl). Subsequently, ∆Gunf values 

between 295-315K for the DSC data sets collected in 0.7-1.1M GuHCl were plotted as 

isotherms, and the predicted FGF-1 〉Gunf(T) function at 0 M GuHCl was estimated by linear 

extrapolation of the isotherms. The 295-315K temperature range effectively spans the Tm values 

of the 0.7-1.1M GuHCl DSC data sets, and is therefore the most accurate region of the ∆Gunf(T) 

function. The accuracy of the extrapolation over 295-315K was assessed, in part, by comparison 

to the reported IED m-value and ∆Gunf (0 M GuHCl) for FGF-1 at 298.15K. 

The Tm of FGF-1 in 0 M GuHCl should be significantly higher than the Tm values 

observed in the presence of GuHCl denaturant; furthermore, a complete DSC endotherm 

includes the pre-transition native state baseline and post-transition denatured state baseline 
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(spanning a temperature range of approximately Tm±25K). Curvature of the 〉Gunf (T) function is 

strongly influenced by 〉Cp; thus, extrapolation of the 〉Gunf (T) function to higher temperature is 

dependent upon an accurate determination of 〉Cp. Four different approaches to determine 〉Cp 

were evaluated. In the first method (“∆Gunf Curve Fit”), ∆Cp was derived from the extrapolated 0 

M GuHCl ∆Gunf(T) data by fitting a two-state thermal denaturation model with constant ∆Cp 30: 

∆Gunf(T) = ∆HTm-(Tڄ∆HTm/Tm)+∆CpTmڄ(T-Tm-Tڄln(T/Tm))  (1) 

The fit and associated error analysis was performed using the SciPy software package 26. In the 

second method (“BPPred”), ∆Cp was estimated from the m-value of GuHCl IED by an 

empirically-derived relationship for two-state proteins using the method described by Geierhaas 

and coworkers 31 and with an m-value of 19.4 kJ mol-1 M-1 reported for FGF-1 from IED data 

monitored by fluorescence 13. In the third method (“∆H vs. Tm plot”), ∆Cp was derived from the 

slope of the plot of ∆HTm vs. Tm for the 0.7-1.1 M GuHCl DSC data. The fit and associated error 

analysis were performed using the SciPy software package 26. In the fourth method (“Endotherm 

Fit”), values of ∆Cp at the Tm were extracted from fits to the individual 0.7-1.1 M GuHCl DSC 

data sets and averaged. Fitting utilized a two-state model with independent linear baselines for 

the native and denatured state heat capacity functions, with a resulting linear ∆Cp(T) function, as 

implemented in the DSCFit software package 27. 

 The resulting averaged ∆CpTm parameter was subsequently assigned as a known 

parameter in fitting the 290-315K extrapolated ∆Gunf(T) values to the two-state thermal 

denaturation model with constant ∆Cp (equation 2), subsequently also determining ∆HTm and Tm, 

and the complete description of the ∆Gunf(T) function. The fitted values for ∆CpTm, ∆HTm and Tm 

were then utilized in generating the heat capacity function for the predicted FGF-1 endotherm 

under non-aggregating conditions (where ∆Cp is a constant = ∆CpTm): 
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Cp(T) = ∆Cpڄ(1-FN)+(∆H(T)2ڄFNڄ(1-FN))/(RڄT2)  (2) 

Where 

∆H(T) = ∆HTm+∆Cpڄ(T-Tm) (3) 

FN(T) = (1+exp(-∆Gunf(T)/(RڄT)))-1 (4) 

 

Calculation of charge, intrinsic unstructured potential, and hydrophobicity properties of FGF-1 

and Phifoil 

Molecular charge as a function of pH and pI values for FGF-1 and Phifoil was calculated 

using Protein Calculator v3.4 (http://protcalc.sourceforge.net/). The intrinsically unstructured 

potential of the 1° structure of FGF-1 and Phifoil was calculated using IUPred 32. The Kyte-

Dolittle 33 hydrophobicity plot for FGF-1 and Phifoil was constructed utilizing ExPASy 

ProtScale 34. 
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Table S1. Chemical shifts/line widths (full width half maximum, ppm) for distinguishable 13C-

NMR peaks in the 2D-fpRFDR spectrum of hydrated FGF-1 aggregated sample (Fig. 1 in the 

text). Some table positions contain two frequencies and two line widths because for these 13C 

sites two distinct NMR cross-peaks are observed, which may correspond to different residues of 

the same type with FGF-1.  For residues within く-strands other than P and G, CO, and Cg peak 

frequencies are expected to be at least 0.5ppm under corresponding random coil values 

(measured from random coil model peptides) 12 and Cく peak frequencies are expected to be at 

least 0.5 ppm above corresponding random coil values.  Chemical shifts marked with * are 

estimated from two-bond cross-peaks on 2D-fpRFDR or from 2D-DARR spectra. Unless 

otherwise specified, error is ±0.1 ppm for both the chemical shift and line width from fitting. 

  



25 

 

 

Residue CO Cg Cく Cけ Ch Ci Cこ 

A 
 

49.2/1.8 
21.1/1.8 

18.4/1.6±0.2     

A Random Coil 176.1 50.8 17.4 
    

T 171.7* 
59.1/2.6 

60.7±0.2/4.4±0.3 

70.2/1.7 

67.8/2.5 
19.8/1.3 

   

T Random Coil 173 60.1 68.1 19.8 
   

S 171.7* 
55.1/1.9 

57.2/3.8±0.2 

64.1/2.2 

61.8/2.3±0.2     

S Random Coil 172.9 56.6 62.1 
    

I 172.6* 57.8/1.8 
40.4/2.4 

37.8/3.3±0.2 

25.9/1.4 

15.6/1.8 
12.2/2.3 

  

I Random Coil 174.7 59.4 37.1 25.5, 15.7 11.2 
  

K 
  

34.1/3.4±0.2 23.2/1.9±0.2 
   

K Random Coil 174.9 54.5 31.4 23 27.3 40.2 
 

P 
 

60.6/2.6 30.2/2.3 25.5/1.6 
48.3 

/2.2   

P Random Coil 175.6 61.6 30.4 25.5 48.1 
  

Y 172.3* 53.5* 39.9/3.3 127.6/2.9 
131.3 

/3.9 

116.0 

/2.4 

155.8 

/2.1 

Y Random Coil 174.2 56.2 37.1 128.9 131.6 116.5 155.6 

F 172.4* 53.8* 41.2/2.5±0.2 136.6/2.4±0.2 
   

F Random Coil 174.1 56 37.9 137.2 130.2 129.8 128.2 

V 
 

58.8/2.1 
33.7/1.7 

31.5/3.4±0.3 

19.4/2.1 

19.0/1.6    

V Random Coil 174.6 60.5 31.2 19.4, 18.6 
   

E 172.9* 52.9* 
 

34.8/1.7 
181.1 

/1.7   

E Random Coil 174.9 54.9 28.2 33.9 181.7 
  

G 170.1 / 2.4 43.4/2.6 
     

G Random Coil 173.2 43.4 
     

R 172.6* 52.5* 31.8* 25.1* 41.8* 
157.6 

/1.4  

R Random Coil 174.6 54.3 29.2 25.4 41.6 157.8 
 

Q 
 

52.5* 
 

32.5/2.0 
177.6 

/2.0   

Q Random Coil 174.3 54.0 27.7 32.0 178.8 
  

L  51.9* 43.8* 25.5*    

L Random Coil 175.9 53.4 40.7 25.2 21.6, 23.2   
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Table S2. Chemical shifts/line widths (full width half maximum, ppm) for distinguishable 13C-

labeled sites in 2D-fpRFDR spectrum of dehydrated FGF-1 aggregated sample.  Estimated error 

is ±0.1 ppm for both the chemical shift and line width. 

Residue CO Cg Cく Cけ Ch Ci Cこ 

A  48.8/3.0 21.3/5.8     

A Random Coil 176.1 50.8 17.4     

T  59.7/6.4 68.1/5.1 20.1/1.2    

T Random Coil 173 60.1 68.1 19.8    

S  55.8/4.6 62.7/5.0     

S Random Coil 172.9 56.6 62.1     

I   38.7/2.5 25.7/2.4, 5.6/2.9 12.0/3.1   

I Random Coil 174.7 59.4 37.1 25.5, 15.7 11.2   

P  60.3/4.4 30.2/3.4 25.4/2.7 48.1/2.8   

P Random Coil 175.6 61.6 30.4 25.5 48.1   

Y     130.9/4.7 116.1/3.5 156.2/2.6 

Y Random Coil 174.2 56.2 37.1 128.9 131.6 116.5 155.6 

F    136.4/4.7 129.2/4.2   

F Random Coil 174.1 56 37.9 137.2 130.2 129.8 128.2 

 

Table S3. FGF-1 and Phifoil charged amino acid composition, calculated pI values, and net 

charge at pH 6.6 (the pH of biophysical and aggregation studies). 

Protein Asp/Glu Arg/Lys/His pIa Net charge at pH 6.6a 

FGF-1 16 28 7.98 5.9 

Phifoil 21 20 5.45 -5.9 
aProtein Calculator v3.4 (http://protcalc.sourceforge.net/) 

 

 

Table S4. Thermodynamic parameters for the predicted thermal denaturation of FGF-1 under 

non-aggregating conditions (ADA buffer) 

〉CpTm  

(kJ mol-1 K-1) 

〉HTm  

(kJ mol-1) 

Tm  

(K) 

10.9±0.8 422.5±0.9 325.4±0.1 
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Figure S1.  

Comparison of DARR spectra mixing time. DARR spectra slices from 50 ms (red) and 100 ms 

(black) mixing.  The slices are taken from 157.6 ppm, corresponding to the Ci of Arg. The cross-

peaks corresponding to Cg-Ci, Cく-Ci, and Ch-Ci interactions become more intense with longer 

mixing times. 
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Figure S2.  

The predicted net charge of FGF-1 and Phifoil as a function of pH. FGF-1 has a predicted 

isoelectric point at pH 7.98 (filled circle), while the isoelectric point of Phifoil (open circle) is 

predicted to be 5.45 (Protein Calculator v3.4; http://protcalc.sourceforge.net/). The net charge of 

FGF-1 at pH 6.6 (filled square) is +5.9, while the net charge of Phifoil at the same pH (open 

square) is -5.9. 
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Figure S3.  

The intrinsically unstructured potential of FGF-1 and Phifoil 1° structure. The short-range 

disorder tendency values for the 1° structure of FGF-1 (dashed line) and Phifoil (solid line) 

indicate that the FGF-1 N- and C-terminal regions (involved in the amorphous aggregate state) 

actually have a greater structure potential (i.e., reduced disorder potential) than the non-

aggregating Phifoil protein. Residue positions 26-67 which form the shared folding nucleus 

region of FGF-1 and Phifoil is indicated. The prediction algorithm includes an end-effect term 

that increases predicted disorder at the N- and C-termini. 
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Figure S4.  

Kyte-Doolittle hydrophobicity index of FGF-1 and Phifoil. The majority of the 1° structure of 

FGF-1 and Phifoil are broadly hydrophilic. An exception to this description is the C-terminal く-

strand of FGF-1 (residue positions 129-137) which comprises an exclusively hydrophobic 1° 

structure in FGF-1, but a majority hydrophilic 1° structure in Phifoil (see Fig. 6 of main text).  
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Figure S5 

Isothermal extrapolation of FGF-1 DSC data. Panel A: Unfolding isotherms at 295, 300, 305, 

310, and 315K were plotted from DSC data collected in 0.7, 0.8, 0.9, 1.0, and 1.1 M GuHCl in 

ADA buffer 13. Thermal denaturation under these conditions is two-state and reversible, thereby 

enabling orthogonal isotherms to be derived. Panel B: ∆Gunf(T) functions for FGF-1 generated 

from DSC data collected in 0.7-1.1 M GuHCl are plotted over 295-315K. This temperature range 

spans the DSC Tm for each buffer condition (the region where the ∆Gunf(T) function is most 

accurately determined). Also shown are predicted ∆Gunf(T) data points (small circles) from the 

linear extrapolation of the corresponding endotherms at each temperature(shown with their 

associated confidence intervals to the linear fit). These data predict the ∆Gunf(T) function 

between 295–315 K for FGF-1 under non-aggregating conditions in ADA buffer (0 M GuHCl). 

Also shown in gray at 298.15K is the ∆Gunf (0 M GuHCl) value (21.9±0.3 kJ mol-1) reported for 

FGF-1 from IED studies monitored by fluorescence 13. Panel C: The ∆HTm and associated Tm 

values for FGF-1 were derived from the reported DSC data collected in the presence of the 

indicated concentrations of GuHCl (conditions under which the thermal unfolding was reversible 

and two-state) 13. The slope yields a ∆CpTm of 10.7 kJ mol-1 K-1 with a coefficient of correlation 

R2= 0.99 for the linear fit. 
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Figure S6 

Predicted non-aggregating FGF-1 DSC endotherm and 〉Gunf(T) function. Panel A: 

The experimental DSC endotherm for Phifoil in ADA buffer is indicated by the solid line. Under 

these conditions the thermal denaturation is two-state reversible. The predicted DSC endotherm 

for FGF-1 in ADA buffer under the two-state reversible condition is indicated by the dash-dot 

line. The experimental DSC endotherm for FGF-1 (38 たM) in ADA buffer (i.e., aggregating 

condition) is indicated by the dashed line. The actual FGF-1 unfolding is perturbed by 

irreversible aggregation, leading to a substantially lowered Tm and post-transition 

exotherm/noise. Panel B: The solid line shows the ∆Gunf(T) function (Tm±15K) for Phifoil from 

DSC data in ADA buffer. Under these conditions thermal unfolding of Phifoil is reversible and 

two-state. The dash-dot line shows the predicted ∆Gunf(T) function (Tm±15K) for FGF-1 in ADA 

buffer (fit to DSC-derived endotherms collected under two-state reversible conditions). The gray 

vertical lines in each figure indicate the ∆Gunf(T) value for the predicted two-state reversible 

unfolding of 38 たM FGF-1 where [D] = 0.22 たM, the predicted critical maximum concentration 

to avoid aggregation (see Fig. S7, panel A, and text). 
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Figure S7 

Concentration and scan rate dependence of FGF-1 apparent Tm. Panel A: Decreasing 

the protein concentration decreases aggregation and increases the Tm of FGF-1 under conditions 

of 0 M GuHCl (ADA buffer). The gray line indicates the predicted Tm of FGF-1 in ADA buffer 

under conditions of two-state reversible denaturation. The intersection of the two lines predicts 

that the critical concentration of FGF-1 that avoids aggregation is ~0.22 たM. Panel B: The Tm of 

FGF-1 (5 たM) under aggregating conditions (ADA buffer; 0 M GuHCl) is proportional to the 

scan rate when the scan rate is faster (open circles) than the rate (0.25 K min-1) required for 

thermal equilibrium of FGF-1 unfolding (filled circles). The gray line indicates the predicted Tm 

of FGF-1 under non-aggregating conditions in ADA buffer.  
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Figure Legends 

 

Figure 1 

2D-fpRFDR spectra of aggregated FGF-1. The 2D-fpRFDR spectrum of 13C, 15N 

uniformly labeled aggregated FGF-1. The off-diagonal cross-peaks correspond to correlations 

between covalently bonded 13C atoms. Colored horizontal and vertical lines indicate assignment 

of cross-peaks based on amino acid type, indicated by single-letter abbreviations. Panel B: 

Overlay of 2D-fpRFDR spectra collected on hydrated (red) and dehyrated (black) samples of 

aggregated FGF-1. The red arrow points to additional Pro cross-peak (Cg-Cけ) that emerges upon 

drying. 

 

Figure 2 

Comparison of 2D-fpRFDR spectra of the hydrated and the dehydrated aggregate 

FGF-1. Panel A: Overlay of 2D-fpRFDR spectra collected on hydrated (red) and dehydrated 

(black) samples of aggregated FGF-1. The arrows and dashed circles mark the expected locations 

of Cys, Asn and Trp cross-peaks, which correspond to significantly enhanced NMR intensities 

from the dehydrated sample. Panel B: Horizontal slices of the 2D-fpRFDR spectrum, taken at 

frequencies expected for Cys signal (26.3 ppm), Asn signal (39.4 ppm), and Trp signal (115.5 

ppm).  The slice spectra are normalized to the diagonal signal intensity. The green vertical 

dashed lines indicate expected positions of the cross-peaks (random coil values).  Comparison of 

NMR intensities for hydrated and dehydrated samples indicates enhanced cross-peak intensities 

likely to correspond to Cys, Asn and Trp. 
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Figure 3 

2D-CHHC spectra of fully-labeled and 50% isotopically diluted aggregated FGF-1. 

The fully-labeled aggregated FGF-1 spectra (black) is overlaid with the 50% isotopically diluted 

(red) spectra. The corresponding horizontal slices (53.3 ppm and 58.0 ppm) indicate a Cg-Cg 

cross-peak with no intensity loss in isotope-diluted experiments. 

 

Figure 4  

2D-DARR spectrum of aggregated FGF-1. 2D-DARR spectra are shown with 50 ms 

(red) and 100 ms (black) mixing times. Some inter-residue cross-peaks (blue circle) emerge in 

the spectrum with longer mixing time. 

 

Figure 5 

Slices of 2D-DARR spectra of aggregated FGF-1. DARR spectra slices (red for 50 ms 

mixing time, black for 100 ms mixing time) showing unambiguous consecutive residue 

interactions. Panel A: Ser58 and Thr59; Panel B: Ser47 and Ala48; Panel C: Leu68, Pro69 and 

Asp70; Panel D: Gly52 and Glu53. 

 

Figure 6 

1° structure of FGF-1 and Phifoil with folding nucleus location. The 1° structure of 

FGF-1 is shown using the single letter amino acid code. The alignment by rows reflects the 

structural threefold symmetry intrinsic to the く-trefoil architecture. The 1° structure of Phifoil is 

shown below FGF-1 and positions of identity are indicated by black dot. Residues of FGF-1 

which locate in the unstructured region are indicated by gray background; residues for which 
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there are unambiguous consecutive interactions in DARR spectra are indicated by inverse 

lettering. The region of the FGF-1 folding nucleus utilized in the exact threefold symmetric 

design of Phifoil is outlined 7. 
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Fig. 1 
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Fig. 2 
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Fig. 3 

 

  



47 

 

Fig. 4 
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Fig. 5 
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Fig. 6 

 

 


