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ABSTRACT: It is now over thirty years since Demchenko and Ladokhin first posited the potential of the tryptophan red edge exci-

tation shift (REES) effect to capture information on protein molecular dynamics. Whilst there have been many key efforts in the 

intervening years, a biophysical thermodynamic model to quantify the relationship between the REES effect and protein flexibility 

has been lacking. Without such a model the full potential of the REES effect cannot be realized. Here, we present a thermodynamic 

model of the protein REES effect that captures information on protein conformational flexibility, even with proteins containing mul-

tiple tryptophan residues. Our study incorporates exemplars at every scale, from tryptophan in solution, single tryptophan peptides to 

multi-tryptophan proteins, with examples including a structurally disordered peptide, de novo designed enzyme, human regulatory 

protein, therapeutic monoclonal antibody in active commercial development, and a mesophilic and hyperthermophilic enzyme. Com-

bined, our model and data suggest a route forward for the experimental measurement of the protein REES effect and point to the 

potential for integrating bimolecular simulation with experimental data to yield novel insights.

Tracking protein conformational change, and even more 
subtly, changes in the equilibrium of available conforma-
tional states is central to molecular biosciences. Protein sta-
bility is intimately linked with the distribution of conforma-
tional states1 and as a good generalisation, increased stabil-
ity tracks with a decrease in the distribution of conforma-
tional states (increasing rigidity).2 While engineering pro-
tein stability has advanced enormously, the tools to sensi-
tively and quantitatively track these changes are lacking. 
There are a broad range of potential analytical tools, but 
only a few which can be applied routinely to the vast major-
ity of proteins without unreasonable requirements regard-
ing solvent, protein concentrations and thermal stability, or 
without the requirement of surface attachment or label-
ling.3 Moreover, the vast majority of protein conformational 
changes are subtle, described as ‘breathing’ motions, where 
most structural orders (primary to quaternary) of the pro-
tein are not altered, but it is the equilibrium of conforma-
tional states (protein flexibility) that changes.4  

The red edge excitation shift (REES) phenomenon is a sen-
sitive reporter of a fluorophore’s environment and the 
mechanism is shown in Figure 1A.5-8 Radiative fluorescence 
takes place after light absorption alongside two non-radia-
tive processes, which include vibrational relaxation and sol-
vent relaxation (dipolar re-organisation). Vibrational relax-
ation is typically fast (~10-12 s) relative to the lifetime of flu-
orescence emission (τF ~ 10-10 - 10-9 s) and so causes a com-
plete relaxation of the system to its lowest energy level 
prior to emission. This gives rise to the familiar red shift of 
a fluorescence emission compared to absorption (Stokes 
shift). The Lippert-Mataga equation illustrates that the 
greater the polarity of solvent, the larger the anticipated 
Stokes shift.9-10 
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where the Stokes shift (wavenumber of absorption and 
emission), �̅�𝐴 − �̅�𝐸 , is governed by the dielectric of the sol-
vent, ε, specifically the reorientation of solvent dipoles; the 
refractive index, n; the dipole moment of the ground and ex-
cited states, 𝜇𝐺  and 𝜇𝐸 , respectively; the radius of the fluor-
ophore cavity, a; and a constant, L.   

Eq 1 assumes that the solvent relaxation is complete prior 
to emission. However, solvent relaxation is not necessarily 
always fast relative to fluorescence emission and under a 
range of solvent or environmental conditions can approach 
the lifetime of fluorescence emission (~10-10 - 10-9 s). The 
longer τS can therefore affect the level from which emission 
occurs and so the emission wavelength, in which case it also 
contributes to the Stokes shift.5-8 Specifically, one antici-
pates an ensemble of energetic sub-states are formed re-
lated to the distribution of solvent relaxation lifetimes; i.e., 
the available distribution of solvent-fluorophore interac-
tion energies. The additive contribution of these states to 
the steady-state emission spectrum gives rise to broad-
band emission, which is observed as inhomogeneous broad-
ening of the spectra. This broadening is then dependent on 
the excitation energy used, since as one decreases the exci-
tation energy there is an increasing photoselection of states 
(Figure 1A). Experimentally, one then observes a red shift 
in the emission spectra with respect to increasing excitation 
wavelength, i.e., decreasing excitation energy (Figure 1B). 
The inhomogeneous broadening will be dependent on a 
range of physical conditions that affect τS, including temper-
ature, viscosity and solvent dipole moment (and therefore 
solvent dielectric). 5-8 

The sensitivity of the REES effect to changes in the equilib-
rium of solvent-fluorophore interaction energies suggests 
potential in using the approach to track changes in protein 
conformational state using the intrinsic fluorescence of the 
aromatic amino acids.8,11 Indeed, tryptophan (Trp) has been 
shown to give a large REES effect in numerous proteins and 
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we point to the excellent review by Chattopadhyay (ref 11), 
whichh illustrates key examples. Demchenko and Ladokhin12 
suggest that the selection between 1La and 1Lb electronic ex-
cited states acts to increase the magnitude of the red edge 
excitation shift. Trp has the advantage that it’s emission can 
be separated from tyrosine (Tyr) and phenylalanine (Phe) 
by excitation at wavelengths > ~292 nm.13 Trp REES is 
therefore a potentially excellent probe of protein conforma-
tional change, and possibly even of changes in the equilib-
rium of conformational states. 

We have previously applied and validated an empirical 
model for describing protein REES data as a function of the 
equilibrium of conformational states, which we call QUBES 
(quantitative understanding of biomolecular edge shift).14-

16 Herein, we refer to changes in the equilibrium of confor-
mational states as changes in flexibility, with a more flexible 
protein having a broader equilibrium of conformational 
states. We track the changes in inhomogeneous broadening 
as the change in the centre of spectral mass (CSM) of steady-
state emission spectra (example shown in Figure 1B), 

𝐶𝑆𝑀 =  
∑(𝑓𝑖×𝜆𝐸𝑚)

∑(𝑓𝑖)
   Eq 2 

The resulting data are then fit to the QUBES model. 

𝐶𝑆𝑀 = 𝐶𝑆𝑀0 + 𝐴𝑒𝑅Δ𝜆𝐸𝑥    Eq 3 

where 𝐶𝑆𝑀0 is the CSM value independent of 𝜆𝐸𝑚 .  The am-
plitude relative to CSM0 and curvature of the exponential is 
described by A and R, respectively. We have previously 
found the parameters from this empirical model could be 
used to track changes in protein stability.14,16,17 That this 
simple model appears to provide useful insight suggests it 

is approximating the protein REES effect to a level of accu-
racy.  

Whilst Eq 3 performs well at tracking shifts in protein rigid-
ity/flexibility (also for multi-Trp containing proteins),14-17 it 
does not relate to a specific thermodynamic parameter and 
neglects the fact that protein Trp emission will have a finite 
maximum observable spectral red shift at 𝜆𝑒𝑥

𝑅 . Moreover, 
the data from our QUBES model cannot be cross compared 
to proteins with different Trp content and location in struc-
ture. Developing our QUBES model towards an accurate a 
priori thermodynamic model would therefore enhance both 
the accuracy and utility of the approach for studying protein 
dynamics/stability. 

Herein, we describe a thermodynamic model for interpret-
ing protein REES data, which builds on our early work. Us-
ing a range of model systems from Trp/solvent studies, sin-
gle Trp containing proteins and multi-Trp proteins, we find 
that the new model accurately tracks with independent 
metrics of changes in the equilibrium of protein conforma-
tional states as well as more gross metrics of protein fold-
ing. Moreover, our model points to the need for new exper-
imental approaches to monitor the protein REES effect. 

Results and Discussion 

As described by Demchenko and Ladokhin12 we posit a two-
state model and assume [𝐹𝐶] ⇌ [𝑅] and 𝜏𝐹 ≪ 𝜏𝑆, then the 
fractional concentration of R is given by: 

[𝑅]

[𝐹𝐶]+[𝑅]
=

𝑒
−∆𝐺
𝑅𝑇

1+𝑒
−∆𝐺
𝑅𝑇

   Eq 4 

 

Figure 1. Mechanism of the REES effect, predicted experimental observables and graphical description of Eq 7. A, Jablonski diagram 

illustrating the REES effect. B, Example model Trp REES data showing the normalized emission spectrum with increasing excitation 

wavelength and inset as the change in CSM versus excitation wavelength. C, Graphical depiction of Eq 7. D, Predicted spectral changes 

resulting from variations in Eq 7 from shifts in protein flexibility and conformational state (folding). 
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where ∆G is the difference in free energy between the FC 
and R states. We then assume that ∆G will change linearly 
with excitation wavelength:  

∆𝐺 = ∆𝐺𝜆𝑒𝑥
𝐹𝐶 − 𝑚∆𝜆𝑒𝑥  Eq 5 

Thus, we anticipate a two-state transition between FC and R 
states due to photoselection by excitation wavelength with 
baselines CSM(𝜆𝑒𝑥

𝐹𝐶) and CSM(𝜆𝑒𝑥
𝑅 ). The gradient of the tran-

sition is given by |∆G| at any particular 𝜆𝐸𝑥 .  

𝐶𝑆𝑀(𝜆𝑒𝑥) =
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶)+𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 )𝑒

−∆𝐺
𝑅𝑇

1+𝑒
−∆𝐺
𝑅𝑇

  Eq 6 

 

𝐶𝑆𝑀(𝜆𝑒𝑥) =
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶)+𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 )𝑒𝑚(𝜆𝑒𝑥−𝜆𝑒𝑥

50%)/𝑅𝑇

1+𝑒𝑚(𝜆𝑒𝑥−𝜆𝑒𝑥
50%)/𝑅𝑇

 Eq 7 

Eq 6 and 7 establish three key parameters 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶), 

𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) and ΔG, which we describe below. Figure 1C 

shows Eq 7 plotted in a similar manner to the experimental 
data as in Figure 1B inset but now showing the full range of 
the function (Eq 7). Eq 7 is a more complete description of 
the REES effect (c.f. Eq 3) since it predicts a maximum mag-
nitude of the CSM, corresponding to the fully relaxed state, 
𝜆𝑒𝑥

𝑅  (Figure 1C). Indeed, ourselves and others have observed 
saturation of the REES effect with non-Trp fluorophores 
used as molecular probes18 or ligands,19 and so Eq 7 is logi-
cal for the REES effect in proteins. 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) is the CSM cor-
responding to 𝜆𝑒𝑥

𝐹𝐶  shown in  Figure 1A. We anticipate 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) will be responsive to changes in solvation envi-
ronment in a similar way to the spectral shift of Trp on sol-
vent/exposure/occlusion. That is, as the Burstein classifica-
tion20 and Eq 1, increasing solvent exposure will cause 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) to red-shift and a decrease in solvent exposure 
will cause 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) to blue shift.20  

𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) is the CSM corresponding to 𝜆𝑒𝑥

𝑅  in Figure 1A; i.e., 
the completely relaxed state of the solvent. Note that this 
value should be fixed for a given system, unlike 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶), 
which will be responsive to variation in the solvent environ-
ment. This parameter therefore represents entirely novel 
information over previous models of the REES effect. Spe-
cifically, 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) reports on an extreme of the solvent-
fluorophore interaction energy. It can therefore be consid-
ered a unique identifying parameter related to both protein 
structure and physiochemical environment. 

The combination of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) and 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) will therefore 
be a unique measurement of the accessible equilibrium of 
protein conformational states and will be specific to a spe-
cific protein structure, molecular flexibility and Trp content 
and location. 

ΔG arises from Eq 4, calculated from the extracted  𝜆𝑒𝑥
50% and 

m terms in Eq 6. Where 𝜆𝑒𝑥
50% is the 𝜆𝐸𝑥  at half the maximal 

CSM and m reflects information on the slope of the plot 
shown in Figure 1C. This gives ΔG (J mol-1) at a specific 
wavelength, which has a linear relationship to 𝜆𝐸𝑥  (Eq 5). 
For consistency, we report the gradient of this plot of ΔG 
versus 𝜆𝐸𝑥 , giving ΔG expressed in J mol-1 nm-1. ΔG reports 
on the energy gap between adjacent emissive states. For ex-
ample, in the most extreme case, the gap between the FC and 
R states as shown in Figure 1A. As the number of intermedi-
ate state increases, reflecting an increased distribution of 
solvent-fluorophore interaction energies, so the magnitude 

of ΔG will increase, representing a broader distribution of 
intermediate states. 

Inspection of Figure 1A yields two ready predictions for the 
information content of the parameters in Eq 7 and we show 
how these are predicted to affect the resulting experimental 
data in Figure 1D:  

(i) A decrease in the gap between 𝜆𝑒𝑥
𝐹𝐶  and 𝜆𝑒𝑥

𝑅  (i.e., an in-
crease in 𝜆𝑒𝑥

𝐹𝐶) would reflect a narrower distribution – but 
unchanged number – of solvent-fluorophore interaction en-
ergies. That is, based on Hammond’s postulate,21 the envi-
ronments of the FC and R states becoming more similar. Ex-
perimentally this would manifest as an increase in the ex-
tracted magnitude of 𝜆𝑒𝑥

𝐹𝐶  since 𝜆𝑒𝑥
𝑅  will be a fixed value for a 

given solvent-fluorophore environment. 

(ii) In a more rigid molecule we expect to observe fewer in-
termediate states.  Fewer energetically discrete solvent-
fluorophore environments would reflect a larger energy 
gap between adjacent states (t1, t2 etc, Figure 1A) and a 
smaller distribution of solvent-solute interaction energies 
and would manifest as reduced inhomogenous broadening 
of the emission spectra (Figure 1C). Experimentally, one 
then expects a steeper transition between CSM(𝜆𝑒𝑥

𝐹𝐶) and 
CSM(𝜆𝑒𝑥

𝑅 ), giving rise to an increased ∆G. 

Changes in both 𝜆𝑒𝑥
𝐹𝐶   and ΔG are possible and indeed likely 

when studying proteins. As a specific case, for a completely 
unfolded versus folded protein, we anticipate an increase in 
𝜆𝑒𝑥

𝐹𝐶  and an increase in ΔG. That is, 𝜆𝑒𝑥
𝐹𝐶  increases due to the 

increase in solvent exposure of the available Trp residues 
and ΔG increases as the number of intermediate (discrete) 
solvent-fluorophore interaction energies decrease, tending 
towards the homogenous single state where all Trps are 
completely solvent exposed, i.e. as in (i) where the environ-
ments of the FC and R states become more similar.  

We acknowledge that it is not possible to experimentally 
reach saturation of the Trp REES effect (𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 )) using 
conventional spectrometers owing to the technical limita-
tions of the intensity of UV light (using halogen lamps) as 
well as convolution of the emission spectra with the rela-
tively broad-band excitation achieved from monochroma-
tion at the large slit widths necessary to increase illumina-
tion. In practice we find the signal to noise ratio becomes 
intractable beyond 𝜆𝑒𝑥≈ 310 nm for the same concentration 
of protein. We discuss this in more detail below. 

Tryptophan in solution. Given that Eq 7 is a new thermody-
namic model for the REES effect we first explore the sensi-
tivity of the Trp REES effect to variation in the physical 
properties of the solvent. Solvent studies have been used to 
probe the sensitivity of the REES effect using viscous matri-
ces such as ethylene glycol and glycerol as well as tempera-
ture variation, by monitoring Trp or indole emission.7,12 One 
expects the REES effect to be sensitive to changes in the di-
electric and viscosity of the solvent and the temperature 
owing to the effect on the lifetime of solvent relaxation as 
described above. We are not aware of a method to inde-
pendently vary dielectric, viscosity and temperature so we 
have employed a matrix effect experiment, where we mon-
itor the Trp REES effect as a function of methanol (MeOH) 
concentration (0-70% v/v) and temperature (20-50 °C). 
Figure S1 shows the variation in viscosity and dielectric for 
the conditions we use. Using this approach we are able to 
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explore the REES effect, which is quantified using Eq 6 
across a this range of conditions. Figures 2A-D show the raw 
REES data as a function of the variation in MeOH concentra-
tion at each temperature studied. These data are then fit to 
Eq 7 and the resulting parameters are shown in Figures 2E-
G. 

As we describe above, accessing the limiting value of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) experimentally is challenging and thus the ex-
tracted value of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) from fits to Eq 7 will necessarily 
have a large error and in some cases, the extracted values 
are unrealistically large (> 1000 nm). As an alternative one 
can share the value of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) during fitting, which pro-
vides much greater restraint as well as improved accuracy 
on the extracted magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ). Fitting with 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) as a shared parameter for all the data sets gives 
an average and standard deviation of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 398.7 ± 
8.0 nm (Figure 2E). However, we are aware this likely 
masks much of the real variation in the magnitude of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ), not least because we expect variation in this pa-
rameter with changes in dielectric. Alternatively, fitting the 
data with shared values of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) for the same [MeOH] 
but at varying temperatures (Figure 2E) gives 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 
413.5 ± 26.2 nm. These data suggest a practical range of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) (at least across the range of the conditions ex-
plored in Figure 2) from ~387 to ~440 nm.  

Figure S2 shows modelled data showing the effect of vary-
ing 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) on the extracted magnitude of ΔG (there is no 
effect on 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶)). These data show a ~ 10% variance in 
ΔG across this range of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 )  values tested and so the 
effect of using a fixed value of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) is not large. We note 

that the range of dielectric and viscosity values this repre-
sents is far broader than for a protein in aqueous solvent. 
Therefore, whilst not ideal, until it is experimentally possi-
ble to extract data at very low excitation energies (>𝜆𝑒𝑥 = 
310 nm), fixing the magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) is necessary to 
extract realistic values for ΔG and our data imply this will 
not cause a large effect on protein data. We therefore use 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 398.7 (as above) to extract values of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) 

and ΔG for the data shown in Figure 2F and 2G. 

Figure 2F shows the variation in 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) for each [MeOH] 

at each temperature studied. At all temperatures the mag-
nitude of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) decrease with increasing [MeOH]. This 
decrease is expected for a simple solvatochromatic shift and 
has been observed in numerous cases previously. This ex-
pected finding is satisfying because it validates the interpre-
tation of  𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) value as an excitation wavelength-inde-
pendent metric of Trp solvation. Figure S3 shows the tem-
perature dependence of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) at each [MeOH], ex-
tracted from fitting to a simple linear function. Figure S3 
shows a ‘V-shaped’ temperature dependence with respect 
to [MeOH], with a minimum at 30% [MeOH], where there is 
no measurable temperature dependence of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) 
within error. Therefore, our data suggest that in aqueous 
solvent,  𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) appears to have an intrinsic temperature 
dependence of ~ 0.02 nm-1 K-1 for free Trp in aqueous solu-
tion. We consider whether this is borne out in protein sam-
ples below. 

Figure 2G shows the variation in the extracted magnitude of 
ΔG as a function of [MeOH] at each temperature studied. We 

Figure 2. Solvent and temperature studies of the Trp REES effect. A-D, Variation in CSM for L-Trp with varying percentages of MeOH 

and versus temperature. E, Variation of the 𝜆𝑒𝑥
𝑅  value for each [MeOH] studied, where the fitted  𝜆𝑒𝑥

𝑅  value is a shared parameter for each 

temperature at a given [MeOH]. The dashed red line shows the average 𝜆𝑒𝑥
𝑅  value and the blue dashed line shows the 𝜆𝑒𝑥

𝑅 value extracted 

where all data are fit to Eq 7 with 𝜆𝑒𝑥
𝑅  as a shared parameter. F, Variation of the  𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) value for each condition studied. G, Variation 

of the Δ𝐺 at fixed 𝜆𝑒𝑥
⬚ value for each condition studied. Large coloured dots represent the average of [MeOH] at each temperature and the 

error bars are the standard deviation.  Conditions, 1 µM L-Trp, 50mM Tris-HCL, pH 8.0. 
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find a general decrease in the magnitude of ΔG with increas-
ing temperature (-0.1 x 10-3 J mol-1 nm-1 K-1 across the range 
studied). Increased temperature will increase τS thus, one 
anticipates a smaller REES effect and, as described above, a 
decrease in the magnitude of ΔG as we indeed observe. That 
our data track with a logical and expected physical effect 
validates the principles used to derive Eq 7. 

From Figure 2G we do not observe a consistent trend in the 
magnitude of ΔG with respect to [MeOH].  It is not possible 
to independently vary viscosity, dielectric and temperature, 
with viscosity having a strong dependence on both temper-
ature and [MeOH]. In contrast to 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶), it is evident that 
ΔG is acutely sensitive to such inter-dependencies. it is 
therefore not possible to assess simple trends in ΔG as a 
function of [MeOH]. To illustrate this point, we have plotted 
the magnitude of ΔG versus the calculated solvent viscosity 
and dielectric for the combination of [MeOH] and tempera-
ture used – Figure S1C. From this figure, it is apparent that 
there is a complex trend governing the magnitude of ΔG , re-
sembling an elliptical phase-type relationship. What these 
data do serve to illustrate, is not only the extreme sensitivity 
of the REES effect to the solvent environment as predicted, 
but also the potential sensitivity of Eq 7 to track these subtle 
changes in the distribution of solvent’ solute interaction en-
ergies. 

Our data using free Trp in solution provides a detailed base-
line for the sensitivity of Eq 7 to tracking the protein Trp 
REES effect, most notably establishing realistic ranges for 
the magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ), the temperature dependence of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) and illustrating the extreme sensitivity of the 
magnitude of ΔG to a change in the solvent-fluorophore in-
teraction energies. 

Single Trp proteins. With the characterization of the REES 
effect for free Trp in solution in hand, we now turn to single 
Trp-containing proteins to establish how the REES effect 
(quantified with Eq 7) changes when the Trp is part of a 
complex polymer (protein). We have selected a large, mon-
omeric (48 kDa; 419 aa) human regulatory protein, which 
natively has a single Trp (NF-κB essential modulator - 
NEMO)22, and a natively unstructured protein (α-synuclein, 
140 aa)23 that lacks native Trp residues, but where we have 
engineered them into specific sites. These model systems al-
low us to explore a broad range of conditions and physical 
environments for single Trp proteins. It also enables us both 
to explore the sensitivity of ΔG but also, similar to our Trp 
in solution studies, define the range of  𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) magni-
tudes for protein/peptides in an aqueous environment ver-
sus the much broader range of physical conditions studied 
for Trp in MeOH/water mixtures as described above. 

Figure 3A shows a structural model of α-synuclein, with the 
location of the selected sites for Trp incorporation. α-synu-
clein is thought to be a largely unstructured (lacking sec-
ondary structure) monomer, but which organises into a β-
sheet rich fibrillar-like architecture as a repeating unit with 
a ‘Greek Key’ motif (Figure 3A).24 The Trp incorporation 
sites were selected because in previous work they were 
found not to alter the aggregation propensity of α-synuclein 
but did show a measurable REES effect.25 In addition, we 
show data for α-synuclein  in the presence and absence of a 
therapeutic peptide (KDGIVNGVKA), designed to  prevent 
aggregation to the toxic species (as we have reported previ-
ously).26 This peptide is based on residues 45-54 of the α-
synuclein sequence (Figure 3A; green colouration) and 
therefore binding will be in that location.26 This peptide has 

Figure 3. Single Trp protein REES. A, Structural model of α-synuclein (PDB 2n0A24). B-C, Variation in 𝜆𝑒𝑥
𝑅  (B), 𝜆𝑒𝑥

𝐹𝐶 (C) and ΔG (D) 

extracted from fits of raw REES data to Eq 7 for α-synuclein (red bars) and in the presence of the therapeutic peptide (grey bars). The 

black dashed line in panel B shows the 𝜆𝑒𝑥
𝑅 value extracted where all data are fit to Eq 7 with 𝜆𝑒𝑥

𝑅 as a shared parameter.  E, Structural 

model of the N-terminus of NEMO (3brv) in complex with a peptide representing IKKβ (blue). Conditions, 5 µM α-synuclein, 50mM 

Tris-HCL, pH 8.0. F-H, Variation in 𝜆𝑒𝑥
𝑅  (B), 𝜆𝑒𝑥

𝐹𝐶 (C) and ΔG (D) extracted from fits of raw REES data to Eq 7 for NEMO (red bars), 

under denaturing conditions (grey bars) and in the presence of ligands (green bars). The red dashed line in panel F shows the 𝜆𝑒𝑥
𝑅 value 

extracted where all data are fit to Eq 7 with 𝜆𝑒𝑥
𝑅 as a shared parameter.  Raw NEMO REES data as previously reported in ref 28.  
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been shown to bind to a partially aggregated form of α-
synuclein.26 

Figure 3B shows the 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) value extracted from the 

REES data from independent fits (no shared 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) 

value) to each of the α-synuclein variants and in the pres-
ence of the therapeutic peptide. The 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) values vary 
between ~385 and ~425 nm (noting the very large at-
tendant error values in Figure 3B) with an average 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) of 400.4 ± 15.4 nm. Sharing the value of  
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) during the fitting to Eq 7, gives 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) = 395.5 

± 0.1 nm. It is worth noting these values of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) are ef-

fectively identical to those extracted for Trp in solution (Fig-
ure 2). For consistency in our data analysis we have used 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 395.5 to extract the magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) and 

ΔG, as discussed above. 

Figure 3C shows the extracted 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) values for each 

variant and with and without the therapeutic peptide 
bound. The magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) shows variation with 
Trp position, likely reflecting the combination of the differ-
ence in solvent exposure and the immediate electronic en-
vironment arising from differences in amino acid composi-
tion flanking each Trp. As discussed above, this is effectively 
a solvatochromatic effect as is typical of Trp emission. How-
ever, in the presence of the therapeutic peptide, we find a 
substantial shift to a lower wavelength for A69W, suggest-
ing a significant decrease in solvent exposure at residue 69 
upon peptide binding. 

Figure 3D shows the resulting ΔG values at each site, ex-
tracted from fitting the REES data to Eq 7.  We find that the 
magnitude of ΔG varies depending on the specific Trp loca-
tion in the α-synuclein peptide, which potentially points to 
some non-globular local structural organisation, similar to 
a molten globule-like protein. Alternatively, the differences 
might be attributable to the specific amino acid sequence 
immediately flanking these positions providing a different 
distribution of solvent-fluorophore interaction energies. 
Also, addition of the therapeutic peptide decreases the mag-
nitude of ΔG most significantly at a single site, residue 69, 
similar to our findings for 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶).  

The finding of a decrease in both ΔG and 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) at AA69 

on peptide binding suggests that incubation with the thera-
peutic peptide decreases solvent exposure and increases 
flexibility at AA69. From Figure 3A, AA69W is the variant 
that is most structurally localised with the anticipated bind-
ing site of the therapeutic peptide (green colourisation in 
Figure 3A). Therefore, our finding of a decreased solvent ex-
posure and shift in flexibility at AA69 is entirely consistent 
with the putative binding location and the disruption of the 
putative Greek key motif. These data are powerful evidence 
that the REES effect, quantified with Eq 7 could be used to 
track ligand binding and specifically protein-protein inter-
actions. 

NF-κB essential modulator (NEMO) is a 48 kDa human reg-
ulatory protein involved in the mediation of the NF-κB sig-
nalling pathway. A range of studies suggest that NEMO is a 
flexible protein and can undergo ligand-specific conforma-
tional change.15,27 It has a single native Trp residue (W6), 
which is conveniently located close to the residues that bind 
to the kinase regulated by NEMO (Figure 3E), IκB kinase-β 
(IKK-β).22 Moreover, there is evidence that the IKK-β sub-
strate, IκBα, is also able to interact with NEMO.28 We have 

previously reported the binding of peptide mimics of these 
proteins to NEMO. We note that the peptides lack Trp resi-
dues either natively (IKBα) or by design (NBDPhe, where 
the native Trp of the NEMO biding domain (NBD) of IKK-β 
is replaced by Phe) .15 Figure 3F-H show the results of fitting 
Eq 7 to NEMO REES data in native and denatured forms, and 
in the presence of these two ligands.  

From Figure 3F we find that the extracted magnitude of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) is similar for the different conditions we study 
(denatured in 8 M urea and with different ligands bound), 
though we acknowledge that the attendant error is very 
large (Figure 3E). As with α-synuclein we fit the combined 
data to Eq 7 but sharing the 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) parameter which 
gives,  𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 394.0 ± 1.3. As with α-synuclein, we use 
this value for 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) to extract the magnitude of ΔG for 
NEMO. 

From Figure 3G we find that the magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) is 

similar within error for NEMO with and without ligands 
bound. However, for the unfolded protein in 8M urea, we 
find that 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) increases from 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) = 363 ± 0.5 to 

374.4 ± 1.7 nm. As we discuss above, the magnitude of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) appears to reflect the degree of solvent exposure 
to the aqueous environment. Therefore, the observation of 
an increase in 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) in the presence of denaturant is 
consistent with tracking an unfolded form of the protein. 
Figure 3H shows the magnitude of ΔG for denatured NEMO 
and with ligands bound. These data show a decrease in ΔG 
when NEMO is denatured (ΔΔG = 0.002 ± 0.001 J mol-1 nm-

1), no change outside of error in the presence of IKBα (ΔΔG 
= 0.004 ± 0.0004 J mol-1 nm-1) and an decrease with NBD-
Phe bound (ΔΔG = 0.004 ± 0.0003 J mol-1 nm-1).  

Combined, our data provide a means to interpret the physi-
cal meaning of the magnitude of ΔG. In the case of the dena-
tured NEMO, the increase in 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) reflects the unfold-
ing of NEMO as an increase in aqueous solvent exposure of 
the single native Trp residue. The observation of a decrease 
in the magnitude of ΔG would seem consistent with a more 
heterogeneous (less folded) protein. Binding of NBD-Phe 
similarly decreases the magnitude of ΔG but to a much 
lesser extent than for unfolded NEMO. Moreover, unlike in 
the case of the unfolded protein, the magnitude of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) 
is essentially invariant within error. These data would then 
suggest a structurally similar protein, but with a partially 
restricted distribution of conformational states; arguably 
more ‘folded’ than NEMO alone. This inference seems cred-
ible since binding of NEMO to IKKβ gives a well folded α-
helical dimer (Figure 3E), despite the binding interface be-
ing highly dynamic.22 Moreover, these findings track with 
the binding of the therapeutic peptide to α-synuclein, which 
shows a similar decrease in the magnitude of ΔG on ligand 
binding (discussed above). 

NEMO and α-synuclein give similar 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) values with 

an average and standard deviation of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) = 397.8 ± 

15.2 nm (Figures 3B and 3F). That is, we find a very similar 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 )  from several different single Trp proteins, differ-
ing in size, structure and physical environments (different 
location in peptide, ligand bound/free). This finding tracks 
well with our solution Trp studies. We note that the 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) value is smaller than Trp in solution, but not out-
side of the calculated error. Potentially the lower 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) 
value suggests that Trp in a peptide experiences a restricted 
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range of solvent-solute interaction energies compared to 
Trp in solution; i.e., Trp in a peptide cannot access emissive 
states that are as low energy as those in solution. This is a 
logical conclusion given Trp in a peptide will necessarily 
have restricted orientational freedom compared to bulk sol-
vent. However, we stress the large error values on the 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) values reflecting the anticipated range of poten-
tial 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) values for Trp in peptides. 

These data therefore provide a ‘baseline’ range for 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ), which should reflect a limiting case for the value 
of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) for Trp in a peptide. Fitting all our single pro-
tein Trp and solution Trp data to a shared 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) value 
gives 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 395.4 ± 0.9 nm. This value then represents 
a limiting value for 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) drawn from a very broad 
range of solvent-Trp interaction energies; it is effectively an 
average value. Clearly using this value of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) as a 
fixed standard for fitting Trp REES data has significant ca-
veats. However, given the challenge of capturing meaningful 
data at elevated excitation wavelengths and that our mod-
elled data (Figure S2) show ΔG is highly tolerant to variation 
in 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ), we have chosen to use this value with the 
much more complex data sets involving multi-Trp proteins 
(below). Clearly for multi-Trp proteins the extracted REES 
effect will be an average across all solvent-Trp environ-
ments and so the use of a well parameterised average value 
of 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) is logical. We discuss the potential for experi-
mentally accessing 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) below. 

Multi-Trp proteins. Having established a limiting value of 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) we now explore multi-Trp proteins. We have re-
cently demonstrated that the protein REES effect can be 
used to predict changes in stability of multi-Trp proteins, 
most notably even for   proteins with very large numbers of 
Trp residues such as monoclonal antibodies.14 We wish to 
explore whether Eq 7 retains this predictive power and to 
probe its sensitivity. 

Figure 4 shows the temperature dependence of ΔG for a 
therapeutic mAb (IGg4-based; 150 kDa; 22 Trp residues), 
which is in commercial development. Figure 4A shows dif-
ferential scanning calorimetry (DSC) data for the mAb, 
which shows Tm onset at 60 °C, followed by two separate un-
folding transitions at 67.2 and 82.9 °C. The data shown in 
Figure 4B are the result of fitting the REES data to Eq 7 using 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) = 395.4 as discussed above. 

From Figure 4B, we find that as the temperature increases 
ΔG decreases approximately linearly to ~60 °C (red dashed 
line) and with an approximately invariant 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) within 
the error of the measurement. This temperature tracks with 
the identified Tm onset from the DSC data (Figure 4A). At > 
60 °C we find that 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) increases from 354.3 ± 0.1 at 
55 °C to 359.1 ± 0.2 at 75 °C. This increase in 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) is 
accompanied by a larger decrease in ΔG, with ΔΔG = 0.0042 
J mol-1 nm-1 between 55 and 75 °C, compared to ΔΔG = 
0.0032 J mol-1 nm-1 between 15 and 55 °C. That is, we ob-
serve a breakpoint in the temperature dependence of ΔG 
(shown as the solid fitted lines). For the 15-55 °C range, we 
find the temperature dependence of ΔG is -0.1 x 10-3 J mol-1 
nm-1 K-1, precisely as we found for the Trp in solution (Fig-
ure 2G). For the 55-75 °C range, this value becomes larger – 
-0.25 x 10-3 J mol-1 nm-1 K-1. Thus, as the protein unfolds we 
find an increase in  𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) and a decrease in ΔG, exactly 
as with the chemically denatured NEMO (above). These data 
therefore demonstrate the sensitivity of the protein REES 
effect, fit using Eq 7, to altered conformational states. 

Notionally, changes in the equilibrium of conformational 
states should track with protein stability. That is, as the free 
energy landscape flattens, more discrete conformational 
states become accessible (i.e., a broader equilibrium of con-
formational states), including those corresponding to non-
native conformations. For highly structurally similar pro-
teins, we therefore anticipate that a decrease in the magni-
tude of ΔG will correlate with a less thermodynamically sta-
ble protein. Figure 4C shows the magnitude of ΔG for 3 mon-
oclonal antibodies, in active development and all based on a 
common scaffold (IgG4), in relation with the fractional loss 
of monomer over 6 months at room temperature (reported 
recently14). From Figure 4C, we find that a decrease in the 
magnitude of ΔG correlates with a decrease in protein sta-
bility (as predicted). These data therefore suggest that not 
only is the magnitude of ΔG sensitive to the very earliest 
stages of protein unfolding, but also to differences in ther-
modynamic stability. 

We have explored a similar temperature relationship with 
the hyperthermophilic, tetrameric, glucose dehydrogenase 
from Sulfolobus solfataricus, ssGDH. The natural operating 
temperature of the S. Solfataricus is ~77 °C; ssGDH is ex-
tremely thermally stable even at elevated temperatures and 
show very high rigidity relative to a comparable mesophilic 

Figure 4. Antibody stability prediction and the effect of temperature. A, Differential scanning calorimetry data for mAb1. B, Temperature 

dependence of parameters extracted from fitting the IgG1 REES data to Eq 7. C, Percentage loss of monomer for mAb1-3 after 6 months 

incubation at room temperature versus ΔG extracted from fitting REEs data to Eq 7 at t = 0. Raw REES data from panel C as reported 

previously in ref 14. 
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protein.29 Figure 5A shows the far-UV circular dichroism 
data for ssGDH at a range of different temperatures. From 
Figure 5C there is some change in helical content with re-
spect to temperature, most noticeable from the spectra at 
>85 °C. Figure 5B shows the change in ellipticity at 222 nm 
(Φ222nm) with respect to temperature. The solid red line in 
Figure 5B shows the fit to, 

𝜃222𝑛𝑚 =
𝑏𝑓+𝑎𝑓𝑇+(𝑏𝑢+𝑎𝑢𝑇)𝐾𝑢

1+𝐾𝑢
  Eq 8 

where, 

𝐾𝑢 = 𝑒𝑥𝑝(∆𝐻(1 − 𝑇/𝑇𝑚)/𝑅𝑇) Eq 9 

where a and b are the slope and intercept of the folded (f) 
and unfolded (u) baseline, respectively. Tm is the melting 
temperature and ΔH is the van’t Hoff enthalpy of unfolding 
at Tm. From Figure 5B there is no evident complete unfold-
ing transition and so we have restrained the parameters in 
Eq 8 to give a sense of where the unfolding transition would 
occur and an indicative Tm. That is, we fix the ellipticity and 
gradient of the ‘unfolded’ limb of the slope to zero, which is 
a reasonable approximation. Fitting the data using Eq 8 
gives Tm = 105.5 ± 5.5 °C. That is, the data fits to an unfolding 
transition that is at an experimentally inaccessible temper-
ature.  We note the significant linear slope of the ‘folded’ 
limb of Figure 5B. This linear phase of the thermal melt does 
not reflect unfolding and there is no clear consistent inter-
pretation of the magnitude of af; it is essentially always re-
moved from analysis.30 Potentially it reflects changes in sol-
vent dynamics with respect to temperature, or more trivial 
effects. The transition from this linear phase to the apparent 
unfolding transition is at ~ 80 °C. 

From Figure 5C we find that the magnitude of ΔG is essen-
tially invariant with respect to temperature (within the er-
ror of the extracted value) up to 80 °C.  As with mAb1, 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) shows a small decrease with respect to tempera-
ture to 80 °C (<0.5 nm). As the notional unfolding transition 
occurs (95 °C), ΔG decreases and 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) decreases. 
These trends are consistent with our observations with 
mAb1 above. However, ssGDH does not show the same de-
crease of ΔG with respect to temperature below the start of 
the unfolding transition as was evident with mAb1 and also 
from the anticipated temperature dependence of ΔG from 
our solution Trp studies (Figure 2G). This finding implies 
that whilst we anticipate the Trp REES effect will be tem-
perature dependent, it will be protein specific. Our data do 
not suggest an immediate physical model for the tempera-
ture dependence of the REES effect in different proteins. 
However, our data potentially point to a more rigid protein 
(ssGDH vs mAb1) having a less temperature-dependent ΔG 
at temperatures below any unfolding transition. The hy-
pothesis that more rigid protein will have a less tempera-
ture dependent REES effect seems logical given our findings 
of the sensitivity of the protein REES effect to even subtle 
changes in the equilibrium of protein conformational states. 

We are able to more directly explore the trend in ΔG on 
changes in molecular flexibility by correlating with evi-
dence from NMR, simulation and pH variation. We have re-
cently demonstrated that a de novo heme peroxidase (C45; 
four α-helix bundle; 3 Trp residues) can be rigidified (and 
stabilised) in the presence of 2,2,2-Trifluoroethanol 
(TFE).17 The NMR spectra (1H-15N TROSY-HSQC) show an 

Figure 5. A-C, temperature dependence of the ssGDH REES effect and correlation with unfolding. A, Temperature dependence of far-UV 

CD spectra. B, Temperature dependence of Φ222nm. Solid line is the fit to Eq 8 as described in the main text. C, Temperature dependence of 

parameters extracted from fitting the ssGDH REES data to Eq 7. D-F, REES effect of C45 in the presence and absence of TFE, raw data as 

ref 17 (D), wtMalL and V200S MalL, raw data as ref 16 (E) and ssGDH at different pH values (F). The inset bar charts (D-F) show the 

magnitude of ΔG extract from fitting to Eq 7. 
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increase in the number and sharpness of peaks in the pres-
ence of TFE, which is indicative of a more rigid protein.17 
This rigidification also tracks with an increase in thermal 
stability. 17 Fitting the REES data to Eq 7 (shown in Figure 
5D) gives a ΔG value that is measurably larger outside of er-
ror in the presence of TFE; ΔG = 0.003 ± 0.001 and 0.013 ± 
0.004 J mol-1 nm-1 in the absence and presence of TFE, re-
spectively.  

For our multi-Trp examples above we are not able to rule 
out conformational change convolved with changes in rigid-
ity/flexibility.  Maltose-inducible α-glucosidase (MalL) has 
become a paradigmatic enzyme for studying the tempera-
ture dependence of enzyme activity.31 A single amino acid 
variant (V200S) is sufficient to increase the optimum tem-
perature of reaction (Topt) from 58 °C to 75 °C, as well as 
having an unfolding transition at a higher temperature.31 
Molecular dynamics simulation show that V200S is globally 
more rigid than the wild-type (wt) enzyme, despite the X-
ray crystal structures being essentially identical.31 There-
fore, by using MalL we are able to explore the effect of 
changes in protein rigidity alone on the  REES effect. Fitting 
the extracted REES data to Eq 1 (shown in Figure 5E) gives 
a ΔG value that is measurably larger outside of error; ΔG = 
0.006 ± 0.0002 and 0.004 ± 0.0002 J mol-1 nm-1 for V200S 
MalL and wtMalL, respectively.  

Finally, we have explored pH variation with ssGDH. From 
our temperature studies (Figure 5A-C), we find that ssGDH 
is extremely structurally stable. In an effort to perturb the 
stability of ssGDH we have explored pH variation. Figure 5F 
shows the resulting REES data fit to Eq 7 for ssGDH incu-
bated at pH 6, 7 and 8. From Figure 5F inset, we find that the 
magnitude of ΔG is largest at pH 7, with a rather lower val-
ues at pH 6 and lowest at pH 8. From our data with the 
mAbs, C45 and MalL, we find that a larger magnitude of ΔG 
suggests a less flexible protein. Figure S4 shows the pH de-
pendence of the dynamic light scattering (DLS) profile. 
From these data we cannot identify any oligomeric change 
associated with pH variation. However, the DLS profiles 
show some variation in width, which might suggest a shift 
in the distribution of conformational states. These data do 
not obviously correlate with our REES data (Figure 5F), but 
potentially highlight the sensitivity of the REES data to cap-
ture changes in the equilibrium of conformational states 
which wouldn’t otherwise be obvious. 

In summary, our combined data with multi-Trp proteins 
(mAbs, ssGDH, C45 and MalL) are consistent with the find-
ing that a decrease in the magnitude of ΔG is associated with 
an increase in flexibility. Moreover, and as expected, reduc-
tions in molecular flexibility are correlated with increased 
stability. Finally, via the change in the 𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) term we 
are able to use the fitting to Eq 7 to separately differentiate 
changes in molecular flexibility with unfolding. Our data 
therefore suggest the REES effect is potentially highly sen-
sitive to changes in molecular flexibility outside of confor-
mational change, as with our findings from MalL. These data 
therefore point to the sensitivity of monitoring the protein 
REES effect in multi-Trp proteins, quantified using Eq 7. 

Conclusions 

The REES effect is a drastically underutilised analytical tool, 
given it’s potential to sensitively track changes in protein 

micro-states. Developing the theoretical models used to un-
derstand the effect has high potential to enable the REES ef-
fect to be used for unique applications in protein and bio-
molecular analysis. For example, Kabir et al have recently 
posited a model for tracking the REES effect of a fluorescent 
ligand, potentially enabling the dissection of ‘hidden’ ligand 
bound states of proteins.19 Further, we have demonstrated 
that quantifying the REES effect allows prediction of mAb 
stability and this has potential for increasing the speed of 
drug development.14  

Our data suggests the model presented here (Eq 7), repre-
sents a practically applicable, sensitive framework for 
quantifying the protein REES effect, based on fundamental 
thermodynamic theory. Specifically, we find that the magni-
tude of ΔG is sensitive to changes in molecular dynamics 
without structural change of the protein and specifically ap-
pears to be sensitive to changes in protein conformational 
sampling. Moreover, via the additional information pro-
vided by the  𝐶𝑆𝑀(𝜆𝑒𝑥

𝐹𝐶) term, the model appears sensitive 
to early stage unfolding events and shows predictive power 
in assess protein stability. We anticipate Eq 7 could be mod-
ified to account for known numbers and locations of Trp 
residues (such as solvent accessible surface area and local 
protein molecular dynamics). Such data could be incorpo-
rated in Eq 7 e.g., as a weighting criterion to enable ΔG to be 
used as an independent metric of stability. Further, with the 
advent of a large number of high-resolution protein struc-
tures, there is very high scope for the use of homology mod-
els to fulfil this purpose where specific structures are not 
available. 

Our model defines a maximum red shift for a given system, 
𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ), which is determined by the fluorophore and its 
environment. Practically, there is challenge in monitoring a 
low signal to noise emission spectrum at the elevated exci-
tation wavelengths required to approach 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) (~> 320 
nm), based on the range identified from our experiments. 
Figure 6 shows modelled power requirements to achieve an 
equivalent intensity emission signal. From Figure 6, the 

Figure 6. Calculated excitation power requirements to extend 

protein REES measurements to λEx > 310 nm. The black line is 

the experimentally extracted (natural logarithm) excitation spec-

trum of protein Trp (single Trp of NEMO as ref 15). The red line 

is the fit to a linear function. The blue line is the calculated power 

required to achieve an equivalent emission intensity at increasing 

values of λEx. 
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power requirement is effectively an exponential increase. 
That is, to accurately characterise 𝐶𝑆𝑀(𝜆𝑒𝑥

𝑅 ) would require 
~ 0.5 mW at λEx = 330 nm. We note the typical output of 
commonly used monochromated flash lamps is ~µW. How-
ever, with the rapid development and commercial availabil-
ity of high-power, stable UV LEDs, high-intensity two/three-
photon laser excitation, and laser driven UV light sources 
we anticipate this should be practically possible.  

Methods 

REES data collection. All fluorescence measurements were 
performed using a Perkin Elmer LS50B Luminescence Spec-
trometer (Perkin Elmer, Waltham, MA, USA) or an Agilent 
Cary Eclipse fluorescence spectrometer (Agilent, Santa 
Clara, CA, USA) connected to a circulating water bath for 
temperature regulation (1 °C). Samples were thermally 
equilibrated by incubation for 5 minutes at the given condi-
tions prior to recording measurements. For all samples, the 
corresponding buffer control was subtracted from the spec-
tra for each experimental condition. REES data were col-
lected as described previously.14 

CD and DLS data collection. CD data were collected on an Ap-
plied Photophysics circular dichroism spectrometer. Corre-
sponding buffer baselines were subtracted for each meas-
urement. DLS data were collected on a Malvern Panalytical 
Zetasizer using a 50 μl quartz cuvette, thermostated to 25 
°C.  

Protein preparation. α-synuclein. ssGDH, and mAb1 were ex-
pressed and purified as described previously in references 
26, 16 and 14 respectively. 
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Figures 

Figure S1. A and B, Variation in viscosity and dielectric on varying MeOH and temperature. C, combined viscosity and dielectric depend-

ence of ΔG. 
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Figure S2. Dependence of Trp ΔG on 𝐶𝑆𝑀(𝜆𝑒𝑥
𝑅 ) at different MeOH concentrations (20 °C). 
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Figure S3. Temperature dependence of 𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) at different MeOH concentrations from Figure 2F. Where, m is the gradient of the fit of 

𝐶𝑆𝑀(𝜆𝑒𝑥
𝐹𝐶) versus  T to a simple linear function. 
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Figure S4. Dynamic light scattering profiles for ssGDH incubated at different pH values. 
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