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ABSTRACT

Thermodynamic properties of protein unfolding have been extensively studied; however, 

the methods used have typically required signifcant preparation time and high protein 

concentrations. Here, we present a facile, simple, and parallelized differential scanning 

fluorimetry (DSF) method that enables thermodynamic parameters of protein unfolding to 

be extracted. This method assumes a two-state, reversible protein unfolding mechanism 

and provides the capacity to quickly analyze the biophysical mechanisms of changes in 

protein stability and to more thoroughly characterize the effect of mutations, additives, 

inhibitors, or pH. We show the utility of the DSF method by analyzing the thermal 

denaturation of lysozyme, carbonic anhydrase, chymotrypsin, horseradish peroxidase, 

and cellulase enzymes. Compared to similar biophysical analyses by circular dichroism, 

DSF allows for determination of thermodynamic parameters of unfolding while providing 

greater than 24-fold reduction in experimental time. This study opens to door to rapid 

characterization of protein stability on low concentration protein samples. 
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Although the melting temperature (Tm) of a protein is often used as a proxy for stability, the 

Gibbs free energy of unfolding (ΔuG) is a more thermodynamically correct measure of protein 

stability1.  When  paired  with  Tm,  determining  ΔuG allows  for  extraction  of  the  enthalpy  of 

unfolding (ΔuH) and entropy of unfolding (ΔuS). Numerous techniques have been utilized for 

estimating ΔuG, including chemical denaturation2-8, differential scanning calorimetry (DSC)5-10, 

differential  scanning  fluorimetry  (DSF)10,  hydrogen-deuterium  exchange  mass  spectrometry 

(HDX-MS)11, and thermal denaturation12. However, the bulk of these techniques entail signifcant 

preparation time, require high concentrations of protein, and necessitate nontrivial optimization. 

In this study, we address this issue by presenting a parallelized DSF approach that enables a set 

of  thermodynamic  parameters  of  protein  unfolding  to  be  extracted  for  proteins  assuming  a 

reversible,  two-state  unfolding  model.  The  advantages  of  this  technique  include:  general 

applicability  to  many  proteins,  the  small  quantity  of  protein  required,  and  the  ability  to 

parallelize  measurements.  These  advantages  allow  for  high  multiplicity  of  experimental 

conditions,  providing the ability  to  assess  protein stability  with respect  to  various  additives, 

inhibitors, or pH values simultaneously.

The  Tm value for any given protein represents the temperature at which the protein is 50% 

folded13-14.  At  this  temperature,  the  Gibbs  free  energy of  the  folded and unfolded states  are 

equivalent,  and  ΔuG is  zero.  Melting  temperatures  can  be  readily  determined  using  various 

biophysical techniques such as DSC15-19, DSF20-24, circular dichroism (CD)24-27, or Fluorescence28-

32.  However,  conclusive  determination  protein  stability  cannot  be  obtained  from  simple 

determination  of  the  midpoint  of  the  folded-to-unfolded  transition  (Tm)33.  For  example, 

cytochrome  c  exhibits  a  Tm of  80  °C,  which  would  intuitively  suggest  it  more  stable  than 

lysozyme which exhibits a Tm of 74 oC34; however, under standard conditions the ΔuG lysozyme 

(50.2 kJ mol-1) is 16.7 kJ mol-1 higher than the ΔuG for cytochrome c (33.5 kJ mol-1)33. Thus, 

assessing protein stability requires more than a simple comparison of Tm. Below we discuss an 

approach that extracts ΔuG, ΔuH, and ΔuS from the slope of the folded-to-unfolded transition as 

measured by DSF.
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Unfolding of the proteins reported herein are approximated with a two-state transition from the 

native, fully folded state to the unfolded state where the hydrophobic core is solvent exposed. 

Although  several  proteins  involve  multiple  intermediate  states35-38,  it  will  be  shown through 

benchmarking  experiments  that  the  two-state  approximation  is  suffcient  to  recapitulate  ΔuG 

values reported in the literature, even for complex proteins.  It is worth noting that for proteins 

that  follow  a  two  state  folded/unfolded  denaturation,  the  outlined  method  will  provide  true 

thermodynamic  parameters.  In  contrast,  for  proteins  that  follow more  complex  denaturation 

pathways involving intermediates,  the outlined  method will  provide apparent  thermodynamic 

parameters that approximate those that explicitly consider intermediates. Nevertheless, we will 

show that this DSF based method is capable of extracting ΔuG with acceptable agreement to 

literature values across a wide range of simpler and complex proteins. Finally, we highlight the 

potential  of  our  method,  by  estimating  thermodynamic  parameters  for  a  library  of  cellulase 

mutants in parallel.

DSF reports fluorescence intensity as a function of temperature for protein samples incubated 

with a solvatofluorochromic dye39.  We use the merocyanine dye SYPRO Orange that exhibits a 

substantial increase in fluorescence quantum yield upon partitioning from aqueous solution into a 

hydrophobic environment  with a reduced dielectric  constant40.  Since the fluorescence  can be 

measured at each temperature, this fluorescence can be converted to an equilibrium constant of 

unfolding. With knowledge of the equilibrium constant, which can be converted to the Gibbs free 

energy of unfolding (ΔuG)  near the protein’s melting  point,  it  is  possible  to extrapolate  and 

estimate the Gibbs free energy of unfolding at any other temperature. 

 DSF data up to the maximal fluorescence value is ftted using a Boltzmann function (eq. 1) in 

Prism (GraphPad, Inc.) with least squares minimization, where Fmin  is the minimal fluorescence 

value,  T is the temperature,  Tm is the protein’s melting temperature,  and  m is a parameter to 

characterize the breadth of the transition.

F calc=Fmin+
Fmax−Fmin

1+e
(
T m−T

m )    (1)
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Alternative estimates of Tm from the DSF data can be obtained as the point of inflection on the 

increasing  portion  of  the  DSF  curve,  or  the  mid-point  between  minimal  and  maximal 

fluorescence on the DSF curve. Provided with Tm, the fraction of the protein that remains folded, 

Pf, is calculated at each temperature as:

Pf=1−
F−Fmin
Fmax−Fmin

   (2)

Equation 2 assumes a two state model for the protein denaturation. The value for Fmax is the 

calculated  fluorescence  intensity  of  the  fully  denatured  protein,  where  Pf is  zero  while  the 

measured value for Fmin coincides with Pf equal to 1. Aggregation of unfolded proteins excludes 

SYPRO Orange from interacting with hydrophobic residues resulting in fluorescence quenching 

by aqueous solution, which decreases the observed fluorescence, and lowers the value that would 

be obtained if all unfolded proteins were to interact with the dye. To correct for this behavior we 

use FT m, fluorescence intensity at the melting temperature (Tm) and the defnition that at Tm 50% 

the protein is folded to fnd Fmax as 

Fmax=(FT m−Fmin )+FT m (3)

Given Pf at each temperature, Pu, the fraction of unfolded protein, is calculated as

Pu=1−Pf  (4)

The equilibrium constant of unfolding, Ku, may then be calculated utilizing the relationship

K u=
Pu
P f

 (5)

The Gibbs free energy of unfolding, ΔuG, is calculated using eq. 6 where R is the universal gas 

constant (8.314 J K-1 mol-1),  T is the absolute temperature value at each fluorescence intensity, 

and Ku is the equilibrium constant of unfolding at temperature T as calculated with eq. 5. 

∆uG=−RTlnKu (6)

Calculated  ΔuG values  are  plotted  against  temperature  values  corresponding  to  10-50% 

unfolding. Solving for the linear equation of best ft enables ΔuG, ΔuS, and ΔuH to be calculated. 
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Values of R2 signifcantly below 0.9 indicate that this methodology is not valid for the protein 

studied.  Potential  reasons  include  a  distinct  intermediate  folded  structure,  leading  to  two 

measurable unfolding steps. It is important to note that in many cases proteins with intermediates 

can  be  treated  and  often  appear  as  simpler  two  state  folded/unfolded  systems, since  the 

intermediate is often a minor component due to its metastable nature. In these cases, this DSF 

methodology would be applicable and yield meaningful thermodynamic parameters.

We report the standard Gibbs free energy of protein unfolding, ΔuG°, as the value of ΔuG 

extrapolated back to 298K using the line of best ft from the plot of ΔuG versus temperature. 

Best-ft lines use eq. 7, where a is the slope of the line, T is temperature, and b is the y-intercept.

∆uG=aT +b (7)

Once ΔuG° is determined, ΔuSo, the entropy of protein unfolding is determined as:

∆u S=
∆uG

(Tm−T )
(8)

The enthalpy of protein unfolding, ΔuHo, is then calculated using the relationship:

∆uH=Tm∆uS (9)

It is important to note that in the above analysis the change in heat capacity upon folding is not 

explicitly  determined41,  although it  may be  included implicitly  in  the enthalpic  and entropic 

terms.  The  heat  capacity  is  not  explicitly  accounted  for  to  minimize  the  number  of  ftted 

parameters,  and  to  provide  the  simplest  model  that  provides  thermodynamic  parameters  of 

unfolding that  can be used to compare a  library of proteins.  As indicated  in  the subsequent 

section, even with the assumptions in place, the results of our study are broadly consistent with 

literature data on a variety of proteins.

A series of benchmarking experiments were performed to identify the potential of this method, 

and  compare  the  results  to  those  reported  in  the  literature  for  a  family  of  commonly  used 

proteins:  carbonic anhydrase,  chymotrypsin,  lysozyme, and peroxidase. DSF thermal stability 

curves for carbonic anhydrase, chymotrypsin, lysozyme, and peroxidase are shown in Figure 1. 

The Boltzmann non-linear regression allows for ftting without requiring baseline subtraction and 
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provides  the  Tm.  DSF curves  were  measured  in  triplicate,  yielding  small  differences  in  Tm, 

typically 0.3 °C or smaller, as reported in Table 1.

Figure 1. Differential  Scanning Fluorimetry of  carbonic  anhydrase isozyme II  from bovine 

erythrocytes (A),  -chymotrypsin from bovine pancreas (B), hen egg white lysozyme (C), and 

horseradish  peroxidase  type  I  (D)  were  used  to  determine  Tm,  ΔuG°,  ΔuS°,  and  ΔuH°.  A 

Boltzmann ft (dotted line) enabled determination of Tm and spreadsheet calculations were used 

to  estimate  ΔuG°,  ΔuS°,  and ΔuH°  reported  in  Table  1.  Regions  of  the  DSF curve  used  for 

Boltzmann ftting are shown green, the gray portion of each DSF curve indicates the region in 

which aggregation diminishes the observed fluorescence and therefore was not used in ftting.

Tm values from Boltzmann fts were used in eq. 3 for fnding  Fmax, allowing for the fraction 

folded,  Pf, fraction unfolded,  Pu, and the equilibrium constant for unfolding to be determined 

using  eq  2,  4,  and  5,  respectively.  ΔuG values  calculated  via  eq.  6  were  plotted  against 

temperature values in the range of 10%-50% unfolded protein (Figure 2). These values were 
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chosen to minimize issues arising from signal to noise variations at low proportions of unfolded 

protein, and to minimize the impact of protein aggregation and exclusion of the fluorescent dye 

at high fractions of unfolded protein. Individual raw fts are given in Supporting Information as 

Figure S1. Linear ftting with eq. 7 typically exhibits  R2 values of 0.99 or higher and enables 

ΔuG°, ΔuS°, and ΔuH° to be calculated using eqs. 6, 7, and 8, respectively (Table 1).

Table  1.  Thermal  Stability  and  Thermodynamic  data  for  Carbonic  Anhydrase, 

Chymotrypsin, Lysozyme, and Peroxidase.

Protein Tm (oC) uG° (kJ/mol)a uS° (kJ/mol K) a uH° (kJ/mol) a

carbonic 
anhydraseb 62.8 ± 0.1 60.4 ± 0.6 1.60 ± 0.02 536 ± 6

chymotrypsinc 42.1 ± 0.1 20.7 ± 0.3 1.21 ± 0.02 382 ± 6

lysozymed 68.6 ± 0.1 42.7 ± 0.3 0.98 ± 0.01 335 ± 2

peroxidasee 64.1 ± 0.3 24.6 ± 0.5 0.63 ± 0.01 212 ± 5

auG, uS, and uH are the Gibbs free energy of unfolding, entropy of unfolding, and enthalpy 
of unfolding, respectively.  Reported values represent  the average of three replicates,  and the 
uncertainty is reported as one standard deviation.

bCarbonic anhydrase isozyme II from bovine erythrocytes (pH 7.4).

c-Chymotrypsin from bovine pancreas (pH 3).

dHen egg white lysozyme (pH 7).

eHorseradish peroxidase type I (pH 5.5).

8



Figure 2. Fitting of DSF data to equation 6 for (A) carbonic anhydrase isozyme I from bovine 

erythrocytes at pH 7.4, (B)  -chymotrypsin from bovine pancreas at pH 3, (C) hen egg white 

lysozyme at pH 7, and (D) horseradish peroxidase type I at pH 5.5. R2 values calculated using 

excel (Figure S1).

DSF thermal stability curves allow for the calculation of ΔuG°, ΔuS°, and ΔuH° values with 

relatively small standard deviations. Despite the high precision, benchmarking the accuracy of 

the  method  is  diffcult  due  to  the  overwhelming  variability  of  ΔuG° values  reported  in  the 

literature.  However, the ΔuG° values reported in Table 1 did fall within the range of reported 

values in the literature. The calculated value of ΔuG° for carbonic anhydrase (b-CA1) of ΔuG° = 

60.4 ± 0.3 kJ mol-1 from the DSF method can be compared to literature values including ΔuG = 

9.2 kJ mol-1 at 60 °C and ΔuG° = 59 kJ mol-1 at 25 °C using a linear extrapolation method, ΔuG° 

= 71 kJ mol-1 by urea denaturation42  and ΔuG° = 75 kJ mol-1 using guanidine hydrochloride 

9



denaturation42. The ΔuG° for chymotrypsin of ΔuG° = 20.7 ± 0.3 kJ mol-1 from the DSF method 

can be compared to literature reported ΔuG° values for chymotrypsin which include 35.0 kJ mol-1 

by  DSC and  18.15  kJ  mol-1 via  fluorescence  spectroscopy43,  33  kJ  mol-1 by  guanidine 

hydrochloride denaturation and 35 kJ mol-1 by urea denaturation.  The ΔuG° for lysozyme of 

ΔuG° = 42.7 ± 0.3 kJ mol-1 from the DSF method lies within the literature range of ΔuG° values 

for lysozyme which include 37.18 kJ mol-1 using guanidine hydrochloride denaturation, 22.9 kJ 

mol-1 for  opening  lysozyme  using  HDX-MS,  and  46  kJ  mol-1 by  CD12.  Finally,  ΔuG°  for 

peroxidase of ΔuG° = 24.6 ± 0.5 kJ mol-1 from the DSF method can be compared to literature 

reported ΔuG° values for peroxidase which include 24.8 kJ mol-1 by urea denaturation2, 26.2 kJ 

mol-1 using guanidine hydrochloride denaturation2, 25.6 kJ mol-1 using SDS denaturation8, and 

26.9 kJ mol-1 using DTAB denaturation8. A summary of these ΔuG° values determined by this 

DSF and other methods in the literature is given as Table S1. Thus, with exception of horseradish 

peroxidase,  reported  ΔuG°  values  indicate  high  variability  between  the  various  denaturation 

methods.  It  is  important  to note that the estimated values by this  technique fall  comfortably 

within the reported ranges in the literature. This agreement with literature ranges is noteworthy, 

since the outlined approach assumes a two-state model, where the protein transitions directly 

between the folded and unfolded states without any stable intermediates. Despite the assumption 

of a two-state model, the thermodynamic parameters obtained are in broad agreement with those 

reported in the literature for all proteins studied.

Another  important  factor  to  consider  is  the  reversibility  of  protein  folding  and unfolding. 

Implementation of a thermodynamic model implies reversible transitions. As indicated in Figures 

S2 and S3, when heated from room temperature to the  Tm value found by DSF and cooled to 

room temperature, the standard proteins used in this study show no signifcant change in molar 

ellipticity by circular dichroism (CD) spectroscopy. 

Having demonstrated applicability of the DSF approach to calculating ΔuG°, ΔuS°, and ΔuH° 

values we turned toward a study of the pH stability of the cellulase FnCel5a and a series of its 

mutants, to highlight the potential of this DSF method as a technique for studying a library of 
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proteins under a variety of conditions.  FnCel5a is a thermostable cellulase with potential  for 

application in biofuel production44,45. DSF thermal stability curves (Figure 3) identify signifcant 

decreases in  Tm for samples buffered below pH 4 and above pH 9, Taking  Tm as a proxy for 

stability,  the data suggests that  FnCel5a is less stable in low or very high pH environments. 

However,  this  data  does  not  identify  whether  these  changes  in  thermal  stability  are  due  to 

entropic or enthalpic effects.

Figure 3. Differential Scanning Fluorimetry of Wild Type Cellulase at various pH values was 

used to examine the effect of pH on Tm, ΔuG, ΔuS, and ΔuH of the protein. (A) DSF curves for 

wild  type  cellulase  FnCel5a  at  pH  values  between  3  and  11.  (B)  DSF  curves  allow  for 

calculation of the fraction of protein folded at each temperature.

Utilizing the approach outlined above, we determined ΔuG°, ΔuS°, and ΔuH° values for wild 

type FnCel5a at pH values ranging from 3 to 11 (Table 2, Figure 4). We followed this analysis 

with  a  complementary  study  of  the  FnCel5a  mutants  K94C,  K190C,  and  K300C.  Thermal 

stability curves for wild type, K94C, K190C, and K300C as a function of pH suggest that the 

point  mutations  have  minimal  effect  upon  stability,  in  comparison  to  wild  type  FnCel5a. 

However, the power of the DSF analysis presented here is apparent when comparisons of ΔuG°, 

ΔuS°, and ΔuH° values are made for each mutant (Figure 4). These comparisons show that each 

mutation exhibits small, but measurable difference in ΔuG°, ΔuS°, and ΔuH° values across the 

measured pH range. Thus, while measurement of  Tm provides thermal stability, analysis of  Tm 

values  alone  does  not  provide  the  full  picture,  and  in  fact  Tm values  can  mask  potentially 
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signifcant  changes  in  stability  caused by a  combination  of  offsetting  entropic  and enthalpic 

effects. 

Table 2. Thermal Stability and Thermodynamic data for Wild Type FnCel5a Cellulase at 

various pH values.

pH Tm (°C) uG (kJ/mol)a uS (kJ/mol K) 
a

uH (kJ/mol) 
a

3 50.8 ± 0.2 16.0 ± 0.4 0.62 ± 0.02 201 ± 5

4 69.4 ± 0.1 60 ± 2 1.35 ± 0.05 460 ± 20

5 85.4 ± 0.1 86 ± 1 1.42 ± 0.02 511 ± 6

6 87.4 ± 0.1 92 ± 3 1.47 ± 0.05 530 ± 20

7 87.5 ± 0.1 81 ± 1 1.30 ± 0.02 467 ± 6

8 84.2 ± 0.1 63 ± 2 1.06 ± 0.03 380 ± 10

9 82.1 ± 0.1 55 ± 2 0.96 ± 0.04 340 ± 10

10 78.5 ± 0.1 53 ± 1 0.99 ± 0.02 348 ± 7

11 70.5 ± 0.1 43.4 ± 0.9 0.95 ± 0.02 327 ± 7

auG, uS, and uH are the Gibbs free energy of unfolding, entropy of unfolding, and enthalpy of 
unfolding, respectively.
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Figure 4. Effect of pH upon the (A) melting temperature, (B) Gibbs free energy of unfolding 

(uG), (C) entropy of unfolding (uS), and (D) enthalpy of refolding (uH) for FnCel5awt (black 

circles),  FnCel5aK94C (blue  squares),  FnCel5aK190C (green  triangles),  and  FnCel5aK300C (purple 

triangles).

The present study introduces a facile, simple, and scalable method of calculating Gibbs free 

energy of  unfolding (ΔuG°),  entropy of  unfolding (ΔuS°),  and enthalpy of  unfolding (ΔuH°) 

values.  Determining  thermodynamic  parameters  of  unfolding  via  DSF  provides  signifcant 

advantages such as the capacity of an intrinsically parallelized assay in a 96-well format that 

enables examining multiple conditions simultaneously, and the minimal requirements for protein 

concentration. The analysis approach presented here transforms DSF from a simple evaluation of 

Tm values  to  an  experimental  method  that  provides  a  robust  comparison  of  thermodynamic 

parameters.  This  approach gives  researchers  the  capacity  to  quickly  analyze  the  biophysical 
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mechanisms that underlie protein stability and to more easily and thoroughly characterize the 

effect of additives, inhibitors, or pH.
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