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ABSTRACT 

 

Circular dichroism (CD) and fluorescence spectroscopy (FS) were used to 

monitor the pH-dependent conformational and structural stability changes induced by 

temperature and UV light on the protease from Aspergillus tamarii URM4634 at 

different pH values. The formation of photoproducts, such as N–formylkynurenine, 

dityrosine and kynurenine, were monitored with FS. The pH-dependent melting 

temperatures (Tm) were determined using CD and FS from 20 to 90°C. Conformational 

changes were correlated with the pH-dependent biochemical activities. CD revealed that 

the protease is rich in α-helices. Thermal denaturation was irreversible at all pH range 

and displayed Tm values from 42.8 to 67.8°C (CD) and from 38 to 60.3°C (FS), which 

the highest Tm was observed at pH 6. The light and temperature induced to the 

formation of photoproducts was more intense at high pH value. Despite the biochemical 

data shows optimum pH 9, the highest stability was at pH 6, maintaining 100% of 

activity after 24 h. The acquired data permits to select the best physicochemical 

parameters to secure the optimal activity and stability when used in biotechnological 

applications. Furthermore, the conformal changes induced by temperature in the protein 

are directly correlated with its level of biochemical activity.  

 

Keywords: CD spectroscopy; Fluorescence spectroscopy; Protease. 
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1. INTRODUCTION 

 

Aspergillus tamarii URM4634 is one strain of fungus isolated from Caatinga, a 

biome exclusive from Brazil [1], displayed the best performance concerning proteases 

production among thirty-four GRAS fungal strains [2]. Such a protease displayed 

collagenolytic and keratinolytic activities after purification, revealing the large 

applicability of this protease for industrial applications [3].   

Due to their diverse origin, proteases can display different pH and temperature 

stability and activity profiles, different structures, molecular weight, isoelectric point, , 

conformational flexibility and glycosylation [4][5][6]. During the industrial process, the 

properties of a protein will be influenced by the local physical chemical environment 

that it is immersed in. Thus pH, salt, solvent, light and temperature are important factors 

that may affect the protein primary structure leading for some minor changes and 

destabilizing intramolecular interactions [7]. 

In particular, a change in pH value will change the charge distribution in the 

protein and the nature and extent of the electrostatic interactions [8][9]. Therefore, pH 

will modulate the thermostability of a protein and at extreme basic or acidic values, the 

protein may become significantly destabilized or even denature [10]. Moreover, the 

stability and stabilization of proteins structure is completed measuring their tolerance 

towards thermal stress [7]. Therefore, it is important to know the influence of these 

physicochemical parameters on the enzyme’s structure and function. Such knowledge 

will provide insight into how to explore the biotechnological potential of such enzymes 

in different industrial processes.  
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Biophysical characterization of proteins provide information on the protein’s 

structure under different physicochemical conditions essential  to the understanding of 

their mechanism of action and regulation of biological activity [11]. 

In recent years, there has been an increasing use of fluorescence spectroscopy 

(FS) for protein characterization due to its low cost, rapid detection, high sensitivity, 

high efficacy, versatility, and high-throughput capability [12]. The intrinsic fluorescence 

of proteins can provide considerable information about protein structure and dynamics 

and is often used to study protein folding and molecular interactions. Tryptophan, which 

is the intrinsic fluorophore with the largest extinction coefficient and the largest 

quantum yield, is generally present at about 1.3 % in proteins [13]. Trp is an excellent 

intrinsic probe used to monitor protein conformational changes since its range of 

spectral fluorescence emission is solvent sensitive. Moreover, when exposed an external 

quencher probe, tryptophanyl fluorescence is very solvent sensitive [14]. 

When in an apolar environment its fluorescence is blue shifted compared to 

when being in a polar environment, where it emits at longest wavelengths [15]. Light is 

another factor that induces protein conformational changes. UV excitation of the 

protein’s aromatic pool, i.e., tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe), 

also leads to protein conformational changes [16]. UV light induced photo-oxidation of, 

i.e., tryptophan and tyrosine residues lead to photochemical products, such as, 

kynurenine, N–formylkynurenine and dityrosine and to the disruption of disulfide 

bridges in proteins. The formation of such photoproducts can also be monitored with 

fluorescence spectroscopy since such products have different spectral properties [17]. 

Circular dichroism (CD) is another biophysical technique that is vastly used in 

order to monitor protein conformational changes induced by, i.e., pH, light and 

temperature. CD provides not only information about the secondary structural content 
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of the protein (far-UV CD) but also information about the tertiary structure of the 

protein (near-UV CD) [11]. 

Fluorescence spectroscopy together with circular dichroism (CD) in the far-UV 

range (used to monitor changes in the secondary structure of a protein) allows for a 

more complete biophysical characterization of the protein [18]. The present study aimed 

at understanding the effect of pH, UV light and temperature on the structure, formation 

of photoproductcs and in the denaturation process of the novel protease from 

Aspergillus tamarii URM4634. The thermal stability of this new enzyme was monitored 

as a function of pH using circular dichroism and fluorescence spectroscopy and 

correlated with his pH-activity and stability profile. 

 

2. MATERIALS AND METHODS 

 

2.1. Microorganism maintenance and Inoculum preparation 

 

Aspergillus tamarii URM4634 strain was kindly supplied from the URM culture 

collection from Federal University of Pernambuco, Brazil. It was preserved in mineral 

oil and maintained at 28°C in Czapek Dox Agar. The inoculum spores were obtained by 

grow up in inclined Czapek Dox Agar tubes for 7 days at 30ºC. The spores were 

collected with addition of 3 mL of NaCl (0.9%) and Tween 80 (0.01%) sterilized 

solution. 

 

2.2. Protease production  
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Solid-state fermentations (SSF) were carried out for 72 h at 30°C in 125 mL 

Erlenmeyer flasks containing 5 g of wheat bran flour and inoculum 10
7
 spores/mL 

calculated to correspond 40% of initial moisture. The proteolytic extract was recovered 

by addition of 7.5 mL of 0.1 M sodium phosphate solution (pH 7.0) per gram of 

fermented material and homogenized in shaker for 2 h. Solids were finally removed 

from the filtrate by centrifugation at 3000 ×g (Thermo Fisher ScientificST16R, 

Germany) for 15 min at 4 °C, and the supernatant was used as crude extract.  

 

2.3. Purification by ion-exchange chromatography 

 

To test its adsorptive character, an aliquot of 100 mL of crude extract was 

precipitated with acetone 70% and centrifuged at 3000 ×g and 4°C for 20 min. After 

discarding the supernatant, the pellet was re-suspended with 20 mM Tris-HCl (pH 8.0) 

and submitted to the next purification step using ion-exchange chromatography. The 

adsorptive character of the pre-purified extract was loaded on a 1.5 × 30 cm column 

packed with DEAE-sephadex A50 pre-equilibrated with 20 mM Tris-HCl (pH 8.0). 

Proteins were eluted with a linear gradient of NaCl (0-0.7M) with 20 mM Tris-HCl (pH 

8.0) at a flow rate of 60 mL/h and detected using a UV/VIS spectrophotometric detector 

at λ 280 nm. 

 

2.4. Analytical determinations 

 

Proteolytic activity was determined by the method of Ginther [19] modified as 

follows. Azocasein (Azo dye-impregnated casein) was dissolved in 50 mL of 0.2 M 

phosphate buffer (pH 7.2) containing 1.0 mM CaCl2 up to a concentration of 1% (w/v). 
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After incubation of 0.15 mL of enzyme extract and 0.25 mL of azocasein solution for 1 

h at 25°C, the reaction was stopped by adding 1.0 mL of 10% (w/v) trichloroacetic acid. 

Samples were centrifuged at 8000 ×g (Hettich-Zentrifugen MIKRO 200 R, Germany) 

for 20 min at 4°C, and 0.8 mL of the supernatant were added to 0.2 mL of 1.8 M NaOH. 

A proteolytic enzyme unit was defined as the amount of enzyme able to lead to a 0.1 

increase in absorbance at 420 nm within 1 h. The total protein concentration was 

determined according to Bradford [20] using Coomassie Brilliant Blue G-250 as dye 

and Bovine Serum Albumin as the standard protein. The specific activity was calculated 

as the ratio of proteolytic activity (U/mL) to total protein concentration in the sample 

(mg/mL) and expressed in U/mg. 

 

2.5 Steady-state fluorescence spectroscopy studies 

 

 Protease solutions (5 μM) were prepared in different 0.05 M buffers: acetate 

buffer pH 5; phosphate buffer pH 6, 7.2 (same pH of the activity), 8; glycine buffer (pH 

9, 10 and 11).  

 

2.5.1. Acquisition of steady-state fluorescence spectra 

 

Steady-state fluorescence emission intensity spectra were collected upon 280 nm 

excitation of tryptophan and tyrosine residues (emission from 300-530 nm), and upon 

295 nm excitation (emission from 315–530 nm) to selectively excite tryptophan 

residues. Excitation spectra were also acquired from 200-300 nm with emission fixed at 

345 nm. All measurements were conducted on a Felix fluorescence RTC 2000 

spectrometer (Photon Technology International, Canada, Inc.347 Consortium Court 
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London, Ontario N6E 2S8) with a T-configuration, using a 75-W Xenon arc lamp 

coupled to a monochromator. The samples were analyzed in a quartz cuvette high 

precision with a 10 mm x 2 mm light path. The excitation and emission slit widths were 

set to 0.25 and 6.0 mm, respectively. The excitation power was 2.5 μW at the entrance 

of the excitation chamber. Fluorescence excitation and emission spectra were analyzed 

before thermal unfolding at 20°C, upon reaching 90°C and after cooling the sample to 

20°C as a function of pH. During the heating process from 20 to 90°C and cooling down 

from 90 to 20°C, the sample was illuminated with 280 nm light with a heating and 

cooling rate of 1°C/min, totalizing 140 min of continuous illumination. Changes in 

fluorescence excitation and emission intensity were quantified. Normalized emission 

and excitation spectra were obtained by dividing each data point by the maximum 

intensity value in each spectrum in order to calculate putative blue and red shifts 

induced by pH and temperature. 

Fitting procedures were done using Origin 8.1 (OriginLab Corporation, 

Northampton, MA, USA). Emission and excitation spectra were first smoothed using 10 

points adjacent averaging and all Raman corrected by subtracting the spectra recorded 

for the buffer in solution at each respective pH value.  

 

2.5.2. Thermal unfolding studies and melting point determination using fluorescence 

spectroscopy 

 

The experimental denaturation and renaturation studies were conducted in order 

to determine the melting point (Tm) of the protein as a function of pH value. The 

fluorescence emission intensity at 345 nm of fresh protease sample upon 280 nm 

excitation was monitored from 20 to 90°C at every pH value. The heating rate was fixed 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

10 
 

at 1°C/min. During the heating process, the sample was illuminated with 280 nm light, 

with a power of 2.5 μW, totalizing 70 min of illumination. The first derivative of each 5 

points smoothed datasets was acquired in Origin version 8.1 (OriginLab Corporation, 

Northampton, MA, USA) in order to calculate the melting temperature of the protein as 

a function of pH value. The decay curves were fitted by the Boltzmann function using 

the following decay model:  

 

 𝑦 = 𝐴2 +
𝐴1−𝐴2

1+ 𝑒(𝑋−𝑋𝑜) 𝑑𝑋⁄   (1) 

 

where A1 and A2 are the fit parameters corresponding to initial and final fluorescence 

intensity, X0 the central point and dX the time constant.  

 

2.5.3. Photoproducts of tryptophan and tyrosine residues  

 

Fluorescence excitation and emission spectra from Trp and Tyr photoproducts 

(N–formylkynurenine, dityrosine and kynurenine) were monitored before (at 20°C) and 

after (at 90°C and when cooled to 20°C) thermal unfolding. During the heating process 

from 20 to 90°C and during the cooling down step from 90 to 20°C, the sample was 

illuminated with continuous 280 nm excitation (lamp power of 2.5 μW, measured at the 

entrance of the excitation chamber). A heating and cooling rate of 1°C/min was used, 

totalizing 140 min of 280 nm excitation. All measurements were conducted on a Felix 

fluorescence RTC 2000 spectrometer (Photon Technology International, Canada, Inc. 

347 Consortium Court London, Ontario N6E 2S8) with a T-configuration, using a 75-W 

Xenon arc lamp coupled to a monochromator. The samples were analyzed in a quartz 

cuvette high precision with a 10 mm x 2 mm light path. The excitation and emission slit 
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widths were set to 0.25 and 6.0 mm, respectively. The fluorescence excitation and 

emission spectra of such photoproducts differ from the fluorescence spectra of Trp and 

Tyr according to the literature. N–formylkynurenine displays absorption peaks at 261 

and 322 nm and its emission peaks between 400 to 440 nm. The ionized and non-

ionized forms of dityrosine have absorption maxima at 315 nm and 283 nm, 

respectively and they maximally emit in a range between 400-409 nm. Kynurenine 

displays absorption peaks at 258 and 360 nm and shows fluorescence emission maxima 

between 434 and 480 nm [21][22][23]. Therefore, their formation can be monitored 

using fluorescence spectroscopy. Fluorescence emission spectra of fresh and of 

illuminated samples were acquired upon 320 nm excitation (emission from 360-530 nm) 

and upon 360 nm excitation (emission from 419-530 nm). Fluorescence excitation 

spectra were acquired with emission set to 405 and 435 nm. 

 

2.6. Circular dichroism spectroscopy  

 

The secondary structure of the protease from Aspergillus tamarii URM4634 at 

different pH and different temperature values was monitored by CD spectroscopy. Far-

UV CD spectra were obtained with a Jasco J815 CD Spectrophotometer (Jasco 

Incorporated, Easton, U.S.A.) and the lamp housing was purged with nitrogen. The 

spectra were monitored from 200 to 260 nm using a bandwidth of 1 mm, a data 

integration time of 4 s, a data pitch of 0.5 nm, and a scanning speed of 50 nm/min. The 

concentration of the protease was adjusted to 100 μg/mL by diluting the stock solution 

in different buffers. 0.4 mL of the sample was used in 0.1 cm cell. All spectra were the 

average of 8 scans, leading to 10 min of acquisition time for each sample. The CD 

spectrum of the buffer was subtracted from the sample spectrum and smoothed using 10 
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points smoothing. The spectra at 20°C, after heating at 90°C and after cooling at 20°C 

were obtained and compared, at each pH value. 

 

2.7. Thermal unfolding studies and melting point by circular dichroism  

 

Thermal denaturation of the protease was measured by monitoring the intensity 

of ellipticity at different pH values over the temperature range from 20 to 90°C. During 

heating, a heating rate of 1°C/min was used, totalizing 70 min of illumination. All 

samples were placed in a 1 mm path length cuvette. The experimental denaturation 

profiles were smoothed, using 10 points smoothing routine, fitted and normalized using 

the Origin 8 software (OriginLab Corporation, Northampton, MA, USA) to calculate 

the melting temperature (Tm). The decay curves were fitted by the Boltzmann function 

according to equation 1. 

 

2.8. Effect of pH on proteolytic activity and stability  

 

The effect of pH on the enzyme’s stability was carried out by previously 

incubating the purified enzyme in different 0.2 M buffers at 5˚C: Acetate (pH 5.0 – 6.0), 

phosphate-phosphate (pH 7.2 – 8.0) and glycine-NaOH (pH 9.0 -11.0). Afterwards, the 

protease activity of each of these protein solutions was monitored at time intervals 0 h 

and 24 h, at pH optimum 7.2, as described in section 2.4.  

Furthermore, the pH-activity profile of the enzyme was also monitored as 

described in section 2.4 with the following change: the protease was incubated with the 

azocasein solution 1% prepared in different buffers at different pH values using acetate 
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(pH 5.0 – 6.0), phosphate-phosphate (pH 7.2 – 8.0) and glycine-NaOH (pH 9.0 -11.0) 

buffers. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Secondary structure analysis monitored by circular dischroism spectroscopy 

 

In previous studies reported by Silva et al. [3], the protease from Aspergillus 

tamarii URM4635, which was totally purified by ion exchange DEAE-sephadex A50 

chromatography, displayed molecular weight of 49.3 kDa, purification factor of 6.9 and 

yielded 62.0% of its initial activity. This protease also showed collagenolytic and 

keratinolytic activity. Collagenases have several therapeutic properties in wound 

healing, burns, nipple pain and some diseases including intervertebral disc herniation, 

keloid, cellulite, lipoma among others [24]. Keratinases are widely used in various 

application fields, such as leather, textile, feed, fertilizers and cosmetics industries [25]. 

These reveal the large applicability of the protease from Aspergillus tamarii URM4634. 

The biophysical and biochemical characterization of enzymes provides important data 

useful to industrial applications. Enzymes that maintain the activity for long periods of 

time and that present high activity over a broad range of pH or temperature values are 

relevant to industry. However, during the process such agents might led to denaturation 

of the protein. In addition, some enzymes can present a range of temperatures where 

reversible denaturation is observed, but outside that range, denaturation is irreversible 

[26]. The use of biophysical techniques allows for a fast and reliable quantification of 

the protein’s stability as a function of, e.g., temperature and pH. Such data can be 

correlated with the respective protein temperature and pH profiles. In the present paper, 
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conformational changes in the secondary structure of the protease induced by different 

pH and temperature values were detected by circular dichroism and fluorescence 

spectroscopy. The sample was heated from 20 to 90°C at different pH values and cooled 

back to 20°C in order to understand the denaturation and putative refolding process. 

CD data revealed pH and temperature induced conformational changes in the 

secondary structure of the protein. In Fig. 1A are displayed the spectra of the fresh 

protease at 20°C and at different pH values.  At all pH values, the spectra displayed two 

minima at 209±1 nm and 220±2 nm and positive inflection around 195 nm, which is a 

typical feature for a protein rich in α-helices [27][28]. This is explained by the protein 

with secondary structure α-helice presenting an asymmetry conformation. The 

asymmetry is due of the turns that the amino acids. The spectrum at pH 9 presented the 

largest ellipticity intensity (negative intensity values) while the lowest values were 

observed at pH 11 (Fig. 1A). A blue shift has occurred in the CD signal at pH 11 

relative to pH 9 the ellipticity peaks shifted from 210 and 221 nm to 208 and 218 nm 

(negative intensity values) but, still characteristic of α-helices.  

After heating the samples until 90°C (Fig. 1B), the spectra of the protease did 

not maintain the spectral characteristic of α-helices. The protease revealed thermal 

denaturation at all pH values showing a peak around 204±2 nm. This indicates that the 

secondary structure of protease has changed from being rich in α-helices into random 

coil peak between 203-206 nm [29]. 

After cooling the sample back to 20°C, it was not possible to see refolding of the 

structure at all pH values except at pH 9, where the characteristic two ellipticity peaks 

associated to α-helical structure were observed. However, the peaks have suffered a 

blue shift from 210 and 221 nm (fresh sample at 20°C) to 204 and 219 nm (Fig. 1C). No 

clear peaks have been observed at pH 5 and 6 after cooling (Fig. 1C). CD data showed 
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that at pH 7.2, 8, 10 and 11 the temperature induced a loss of secondary structure since 

the cooled spectra displayed a single peak around 205±1 nm (Fig. 1C).   

 Another study also was carried out to monitor the conformational changes 

induced by temperature increase. The CD spectra of the protease were acquired at 

different temperatures from 20 to 90°C, at 10°C intervals, at pH 9 (Fig. 1D). It was 

observed that from 20 to 40°C, the protease was very stable and displayed two 

maximum negative peaks at 210 and 221 nm. At 50°C, the ellipticity intensity decreased 

and suffered a red-shift (210 and 223 nm), comparing to spectrum of the sample at 

20°C. After 60°C the loss of secondary structure was evident with a continuous 

decrease in the intensity of ellipticity and the protein became a random coil showing 

peaks between 205-210 nm.  

 

3.2 Conformational analysis using fluorescence spectroscopy 

 

The conformational changes induced by pH and temperature on the protease 

were investigated by fluorescence spectroscopy. The sample was excited at 280 nm in 

order to monitor the fluorescence emission spectrum of the protease. The emission was 

set to 345 nm when acquiring the excitation spectrum, since this is the wavelength 

corresponding to maximum fluorescence emission intensity of the protease from 

Aspergillus tamarii URM4634 when excited at 280 nm in phosphate buffer at pH 9. 

This pH was chosen as a reference since this is the pH where maximum proteolytic 

activity was observed (see Fig. 9B).  

In order to detect conformational changes induced by temperature, the 

fluorescence spectra were acquired at 20°C (Figs. 2A and B), upon heating at 90°C and 

upon cooling to 20°C (Figs. 2C and D) for all pH values. The fluorescence excitation 
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and emission intensities increased from acidic to alkaline pH (Figs. 2A and E). At the 

studied pH values, the wavelength corresponding to the fluorescence emission 

maximum (λmax) varied between 338 and 352 nm (Figs 2B and 2F, fresh sample at 

20°C) and the observed trend was that the more alkaline the pH, the more red shifted 

λmax was (except from pH 5 to pH 6, where a 3 nm blue shift has been observed). The 

same behavior was observed during the biochemical characterization since it was 

observed that the activity decreased from pH 5 to 6 but increased from pH 6 to its 

optimum pH 9.0 (Fig. 9B, pH-activity profile).  

The fluorescence spectral properties of tryptophan are known to be modulated 

by solvent polarity and by the presence of fluorescence quenchers. Trp fluorescence 

emission is known to be very sensitive to the dielectric constant and therefore to the 

polarity of the medium surrounding it. In polar environments, the fluorescence emission 

is red shifted compared to the Trp’s emission in apolar environments [17]. Indeed, the 

dielectric constant is correlated with the polarization of the material [30]. Proteins have 

a specific interaction within a solvent environment that affects their dielectric relaxation 

mechanisms [31]. In polar environments there is a reorganization of the solvent’s polar 

molecules along the electric field lines generated by dipoles in the protein [32] and as a 

consequence, the system relaxes and the protein will emit at longest wavelengths [16]. 

When the sample was heated up to 90°C, a loss of the fluorescence intensity was 

observed at all pH values. The loss was less strong at pH 8 and most evident at pH 11 

(Table 1). At high temperature, the solvent molecules populate high vibrational state 

and such vibration causes more frequent collisions between the solvent molecules and 

protein, leading to quenching. Different photochemical pathways will lead to an 

increase or to a decrease of the protein’s fluorescence emission intensity. An increase 

can be caused by light induced disruption of SS bridges, known to be one of the best 
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quenchers of protein fluorescence [33]. A decrease of fluorescence emission intensity 

may be due to either the photodestruction of the native fluorophores or due to an 

increase of fluorescence quenching as the result of closer distances to quencher groups 

as a result of protein conformational changes [34]. 

After heating the sample up to 90°C and cooling it back to 20°C (Figs. 2C, 2D 

and 2E) a similar trend was observed: the more alkaline the pH, the more red shifted 

λmax was, peaking between 345 and 355 nm (Fig 2D). Additionally, the spectral blue 

shifts observed after warming up the sample to 90°C at pH values from 9 to 11 and the 

spectral red shifts observed after cooling down the samples to 20 °C to all pH values are 

displayed in Figure 2F. It indicated that temperature induced conformational changes in 

the structure leaving the Trp residues more solvent exposed.  

Fig. 3 shows one example of the protease spectra before heating, upon heating 

and upon cooling obtained at pH 6. It can be observed that the fluorescence excitation 

and emission intensity decreased by -81.7% and -80.7%, respectively, upon heating the 

sample up to 90°C. Although the fluorescence excitation and emission intensities 

increased when the sample was cooled down to 20°C, the signal did not completely 

recover the initial emission (-22.1%) and excitation (-28.4%) intensity (Table 1). When 

the sample was cooled down to 20°C, its fluorescence emission spectrum suffered a red 

shifted from 338 nm (fresh sample) to 346 nm (Figs 2F and 3).   

In order to selectively monitor the fluorescence emission spectra for the 

tryptophan moiety in the studied protease, the protein was excited at 295 nm. Emission 

spectra were acquired at 20°C (Figs. 4A and B, fresh sample), upon heating the sample 

up to 90°C and upon cooling it down at 20°C (Figs. 4C and D), at pH 5, 6, 7.2, 8, 9, 10 

and 11. At 20°C before heating, the wavelengths corresponding to the maximum 

fluorescence emission intensity at the different pH values were observed from 335 to 
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353 nm (Fig. 4B, E and F, fresh sample at 20°C).  Tyr emits like Tryptophan when its 

phenolic OH group is ionized. Such ionization is expected because the Tyr side chain 

pKa is around 10.5 in the ground state. Tyrosinate emission can be most easily observed 

at high pH, where the phenolic OH group is ionized in the ground state. Interestingly, 

such pKa falls to about 4 in the excited state and therefore, ionization can even occur at 

neutral pH. The fluorescence emission intensity can be quenched because a weakly 

basic group can remove the phenolic proton [35], as example, the pH 5 (Fig. 2A and 

4A), prepared using acetate buffer, which has a weakly basic group, showed the lowest 

fluorescence intensity. Furthermore, fluorescence emission intensity decreases in the 

presence of fluorescence quenchers. These quenchers can be an amide-aromatic 

hydrogen bond or adjacent disulfide bridge [36]. Protonated side chains and thiol groups 

are also known to quench protein fluorescence.  

After heating up the sample to 90°C, a red-shift of λmax (when compared to the 

λmax of the fresh sample at 20°C) is observed at pH values from 5 to 8, and a blue-shift 

is observed from 9 to 11 (Fig. 4F). This behavior corroborates with the data found upon 

excitation at 280 nm, except at pH 5 where no shift was observed (Fig. 2F). After 

cooling down the sample to 20ºC, the fluorescence emission suffered a red-shift from 

335-353 nm to 344-358 nm (Fig. 4C and D) and a loss in the fluorescence emission 

intensity is observed when compared to the fresh sample (Fig. 4E). 

Table 1 shows the wavelength at which the maximum excitation and emission 

intensities (λmax) have been observed for the fresh sample at 20ºC, as a function of pH 

value. The excitation spectra of the fresh sample at 20ºC obtained fixing emission at 

345 nm showed that λmax occurred at 286± 1nm. Furthermore, it also displays the 

intensity changes in the fluorescence emission and excitation spectra (upon excitation at 

280 and 295 nm and upon fixing the emission at 345 nm, respectively) at the respective 
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λmax, as a function of pH and temperature. The largest drop in the fluorescence emission 

intensity monitored after cooling is observed at pH 5 and 6. After cooling down, the 

largest fluorescence emission intensity (upon excitation at 295 nm) decay was observed 

to be -34.3% at pH 6 and the smallest decay of 10.8% was observed at pH 10. 

Furthermore, the fluorescence emission intensity data (exc. 280 nm) of the cooled 

samples at 20°C shows that the protease at pH 5 lost 26.5% of the initial fluorescence 

emission intensity, the largest loss observed, and 7.2% at pH 10, the smallest observed 

loss (Figure 2E and Table 1). When analyzing the fluorescence excitation spectra 

obtained with emission fixed at 345 nm, at the different temperatures, it can be observed 

that at 90°C the fluorescence signal lost around 77.9 to 88.0% of the initial excitation 

intensity at all pH value, but when cooled to 20°C the protease lost from 26.5% (pH 5) 

to 13.5% (pH 11) of the initial fluorescence excitation intensity. As showed in Figs. 2F 

and 4F, the λmax suffered a red shift from 338-352 nm to 345-355 nm at all pH values 

upon cooling the protein sample relative to the λmax observed for the fresh sample. Fig. 5 

displays the changes induced by temperature in the wavelength at which maximum 

protein fluorescence emission intensity is observed (Δλ=λ(20°𝐶 𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔) −

λ(20°𝐶 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔)). During the heating run the protein has been excited at 280 or at 

295 nm. Data has been retrieved from panels F in Figures 2 and 4. When analyzing the 

ΔΔλ (defined as Δλ(𝑒𝑥𝑐.  280𝑛𝑚) − Δλ(𝑒𝑥𝑐.  295𝑛𝑚)) at pH 6 and 7.2, it can be observed that 

the sample suffered an additional shift of 3 nm when excited at 295 nm compared to 

280 nm.  

 

3.3. Formation and detection of Photoproducts  
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The peptide backbone, Trp, Tyr, Phe, and cystine residues are the primary 

targets of photodegradation in proteins [37]. UVB excitation of aromatic residues in 

proteins leads to the disruption of SS bridges and to the formation of photoproducts 

[38], such as N-formylkynurenine (NFK), kynurenine (Kyn), dityrosine (DT), 

isodityrosine, trityrosine and pulcherosine [39]. Light at 320 nm excites both NFK, Kyn 

and DT, and at 360 nm excites NFK and Kyn but does not excite DT [16].  

In order to detect the pH-dependent formation of photoproducts, fluorescence 

emission spectra of the protein were acquired upon excitation at 320 nm and the 

excitation spectra of the protein were acquired upon fixing the emission at 405 nm (Fig. 

6). Additional fluorescence emission spectra have been acquired upon excitation at 360 

nm and additional excitation spectra have been acquired fixing the emission at 435 nm 

(Fig. 7). All spectra were acquired at 20°C, before heating the sample from 20 to 90°C 

and after cooling the sample from 90 to 20°C. Figs. 6A and 7A display the spectra for 

the fresh sample at 20°C and the presence of photochemical products can be observed, 

peaking the fluorescence emission intensity between 400 and 430 nm, upon excitation at 

320 nm (Fig. 6A) clearly visible at pH 5, excluding the initial data around 360 to 380 

nm and between 435 and 446 nm, with excitation fixed at 360 nm. The peaks upon 

excitation at 320 nm are characteristics of  NFK, which fluorescence peaks between 400 

to 440 nm and of DT emission, known to peak from 400 to 409 nm [17][27][40]. Kyn is 

also excited at 320 nm but it emits in range between 434 to 480 nm. 

At pH 5, the sample displayed the lowest fluorescence emission intensity, and it 

increased from acidic to alkaline pH values between 17.4-32.8% and 8.2-29.7%, upon 

excitation at 320 and 360 nm, respectively (Fig. 6A and 7A). The intensity of such 

spectra has increased after heating the sample to 90°C and cooling it down to 20°C from 

9.1% (pH 5) to 59.7% (pH 11), and from 9.1% (pH 5) to 90.8% (pH 11) upon excitation 
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at 320 and 360 nm, respectively (Fig. 6B and 7B). The intensity of excitation intensity 

spectra increased accordingly, having been observed an increase from 14.7% (pH 5) to 

69.4% (pH 11) when emission is fixed at 405 nm (Figs. 6C and 6D) and from 9.9% (pH 

5) to 79.6% (pH 11) when emission is fixed at 435 nm (Figs. 7C and 7D).  

Photoexcitation of the aromatic residues of proteins is known to lead to the 

ejection of electrons from their aromatic side chains. Such electrons will be caged by 

water molecules, leading to the formation of solvated electrons, eaq
-
, a transient species 

that will lead to the formation of photoproducts. High pH values are known to favor the 

formation of solvated electrons with longer transient lifetime, while low pH leads to 

lower concentrations of solvated electrons with shorter transient lifetime [37]. The 

solvated electron can react with a nearby disulfide bridge (RSSR) forming a disulfide 

electron adduct (RSSR
●-

) [37]. On other hand, photoionization of Trp residues may 

form an excited tryptophan that can undergo intersystem crossing, yielding a triplet state 

3
Trp, which may also lead to the disruption of a nearby disulfide bridge. Tyrosine 

residues may also undergo non-radiative decay, fluorescence decay, or undergo 

intersystem crossing to the triplet state (
3
Tyr-OH). It can also be photoionized, at neutral 

pH, by absorbing a second photon from the triplet state leading to the formation of a 

solvated electron and radical cation adduct (Tyr-OH
●+

). This will give rise to a neutral 

radical (Tyr-OH
●
) that results from the rapid deprotonation of the radical cation. At high 

pH followed by photoionization, the radical Tyr-OH
●
 can lead to formation of the 

neutral radical (Tyr-O
●
) also giving rise to a solvated electron and disulfide electron 

adduct (RSSR
•-
). A nearby Trp or disulfide bridge rapidly quenches the triplet state of 

Tyr. The disulfide electron adduct easily dissociates leading to a broken disulfide bridge 

(RS
●
 + RSH) and formation of photoproducts [37][36]. 
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3.4 Correlation between fluorescence and circular dichroism spectroscopy thermal 

scannings 

 

Protein stability, particularly the resistance to high temperatures, is a key 

parameter for all processes involving enzymes [18]. To determine the melting 

temperature of the protein of Aspergillus tamarii URM4634 at different pH values, 

studies were carried out in fluorescence and circular dichroism spectroscopy. 

Fig. 8 shows the pH-dependent denaturation curves of the protease obtained by 

CD (Fig 8A) and fluorescence spectroscopy (Fig 8B). As described at section 2.7, the 

denaturation curves acquired by CD were smoothed (10 points), fitted (Boltzmann 

function) and normalized. The denaturation curves obtained by fluorescence 

spectroscopy were smoothed with 5 points (Fig 8B) and fitted using the Boltzmann 

function. Fig. 8C presents one example of a fitted and normalized decay curve, at pH 5, 

and the first derivative of the fitted Boltzmann function. The derivative procedure 

reveals the minimum point of the curve, equivalent to the melting point (Tm). All 

denaturation curves were obtained increasing the temperature from 20 to 90°C.  

The enzyme was cooled down from 90 to 20°C, at a cooling rate of 1°C/min and 

both fluorescence emission and CD ellipticity intensity were monitored during such 

process to monitor a possible refolding of the protein. However, no transitions were 

found (Fig, 8D, CD data not shown).  

All fitted parameter values with the corresponding errors, Tm, adjusted R square 

are displayed in Table 2. The pH dependent transition temperatures recovered with 

fluorescence spectroscopy were found between 37.8 and 60°C, and the ones recovered 

with CD were observed from 42.8 to 67.8°C. From pH 5 to 7.2, data obtained with 

fluorescence spectroscopy revealed a minor variation of the respective Tm values (up to 
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≈ 1°C). However, CD data showed to be more sensitive to pH changes, being observed 

a maximum Tm variation of ≈ 10.4°C at those pH values. CD data showed that the 

protease presents its largest thermal stability value at pH 6.0 (67.8°C). The normalized 

and fitted denaturation curve obtained by CD spectroscopy at pH 6 (Fig. 8A) also 

showed a different behavior corresponding to a larger Tm. 

As shown in Fig. 9A, the Tm’s determined by fluorescence spectroscopy were 

lower than the values obtained with CD spectroscopy, except at pH 7.2 where the Tm 

obtained by fluorescence spectroscopy was maximally 1.8°C higher than the value 

obtained by CD. According to Sousa et al. (2017) [41] the different Tm values recovered 

derived from the basic difference in both spectroscopies: fluorescence spectroscopy will 

give us information about conformational changes induced by temperature and felt by 

the aromatic amino pool of the protein, where CD spectroscopy reports global 

secondary structural changes in the whole protein. 

In order to correlate the thermal stability data obtained by fluorescence and CD 

spectroscopy with the biological activity, biochemical characterization of the protease 

was carried out using the same buffer solution used while carrying out fluorescence and 

CD spectroscopy. Fig. 9B is shows that the protease showed its highest stability at pH 6, 

maintaining 100% of its initial activity after 24 h of incubation at 5°C. The biophysical 

data is positively correlated with biochemical data, both showing the highest stability of 

the protease of A. tamarii URM4634 at pH 6 in acetate buffer. Previous data showed 

that the highest stability of the protease from A. tamarii URM4634 was observed at pH 

7 (data not shown), although such characterization was carried out using citrate buffer at 

pH values from 5 to 7. It means that the stability and activity not depend only on the pH 

value but also on the buffer used. Despite the optimum pH 9, which showed positively 

correlation with the most intense CD signal, it did not present the highest stability (Fig. 
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9B). An increase in thermostability is often accompanied by a decrease in activity and 

vice versa, even though this cannot be considered a general rule. An optimum 

compromise between these opposite tendencies should then be looked for so as to select 

the best conditions under which to perform an industrial process [42]. 

 The irreversible thermal denaturation of a protein, according to Carvalho et al. 

[18], can be described by the classical scheme as (N(k1) ↔(k2)U →(k3)D) where N is the 

native state, U is the reversible denatured state, and D is a final irreversible state. This 

model can be converted into a single step model (N→D) assuming that k1, k2, and k3 are 

all first order kinetic constants and k3 >> k2. In this case, no equilibrium between N and 

U is established during denaturation. Therefore, all U molecules formed are 

preferentially converted into D instead of refolding to form N. The concentration of U 

molecules is negligible in this case and the denaturation depends only on k1. After 

heating to 90°C, the protease was cooled back to 20°C aiming to verify if the structure 

refolded. The results showed that the thermal denaturation of the protease was 

irreversible at all pH values. 

 

4. CONCLUSIONS 

 

The present work showed the relationship between pH induced protein 

conformational changes and changes in its biological pH dependent activity. The 

spectroscopy techniques were useful in monitoring structural changes as a function of 

pH, temperature and UV light.  The protease from Aspergillus tamarii URM4634 

showed the highest stability at pH 6, however the thermal denaturation observed at all 

pH values was irreversible. Data from CD spectroscopy were cleaner than fluorescence 

spectroscopy to determine the Tm values. After cooling, the formation of photoproducts 
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was observed at all pH values, especially in the alkaline pH range. The protease from 

Aspergillus tamarii URM4634 has great applicability in industrial process. Therefore, 

the presented biophysical and biochemical data is relevant to apply this enzyme in 

biotechnological applications.  
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Figures captions 

 

Fig. 1. pH dependence of the Far-UV CD spectra of the protease from Aspergillus 

tamarii URM4634 at 20°C (A), upon heating at 90°C (B) and upon cooling at 20°C (C). 

(D) Temperature dependence of the Far-UV CD spectra of the protease from 

Aspergillus tamarii URM4634 at pH 9. 

 

Fig. 2. Fluorescence excitation spectrum (emission at 345nm) and fluorescence 

emission spectrum (excitation at 280nm) of a fresh sample of the protease from 

Aspergillus tamarii URM4634 at different pH values at 20°C (A) and respective 

normalized spectra of the fresh sample at 20°C (B), spectra at 20°C after cooling down 

the samples from 90°C (C) and respective normalized spectrum of the cooled sample at 

20°C (D). pH dependence of the maximum fluorescence intensity of the protease before 

heating and after cooling (E) and pH dependence of the wavelengths corresponding to 

the maximum fluorescence emission intensity emitted by the protease before heating, 

upon heating and after cooling (F). 

 

Fig. 3. Fluorescence excitation spectrum (emission at 345 nm) and fluorescence 

emission spectrum (excitation at 280 nm) of the protease from Aspergillus tamarii 

URM4634 at pH 6 before heating (20°C), upon heating (90°C) and after cooling (20°C). 

 

Fig. 4. Fluorescence emission (spectra excitation at 295 nm) of the protease from 

Aspergillus tamarii URM4634 in different pH values of a fresh sample at 20°C (A), 

normalized spectrum of the fresh sample at 20°C (B), spectra at 20°C after cooling 

down the samples from 90°C (C), normalized spectrum of the sample upon cooling 

down at 20°C (D), pH dependence of the maximum fluorescence intensity of the 

protease before heating and after cooling (E) and pH dependence of the wavelengths 

corresponding to the maximum fluorescence emission intensity emitted by the protease 

before heating, upon heating and after cooling (F). 

 

Fig. 5. Changes induced by temperature in the wavelength at which maximum protein 

fluorescence emission intensity is observed. During the heating run the protein has been 

excited at 280 or at 295 nm. Data retrieved from panels F in Figures 2 and 4.  

∆λλ =  Δλ(𝑒𝑥𝑐.  280𝑛𝑚) − Δλ(𝑒𝑥𝑐.  295𝑛𝑚). 
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Fig. 6. Monitoring the formation of photoproducts (NFK, Kyn and DT) before and after 

the heating run, from 20 to 90°C, during which the protein has been exposed to 280 nm 

light for 140 min. pH dependence of the fluorescence emission intensity (upon 

excitation at 320 nm) of a fresh sample of the protease from Aspergillus tamarii 

URM4634 at 20°C (A) and of the cooled sample at 20°C (B). pH dependence of the 

fluorescence excitation intensity (upon emission at 405 nm) of a fresh sample of the 

protease from Aspergillus tamarii URM4634 at 20°C (C) and of the cooled sample at 

20°C (D). 

 

Fig. 7. Monitoring the formation of photoproducts (NFK and Kyn) before and after the 

heating run, from 20 to 90°C, during which the protein has been exposed to 280 nm 

light for 140 min. pH dependence of the fluorescence emission intensity (upon 

excitation at 360 nm) of a fresh sample of the protease from Aspergillus tamarii 

URM4634 at 20°C (A) and of the cooled sample at 20°C (B). pH dependence of the 

fluorescence excitation intensity (upon emission at 435 nm) of a fresh sample of the 

protease from Aspergillus tamarii URM4634 at 20°C (C) and of the cooled sample at 

20°C (D). 

 

Fig. 8. (A) Normalized and fitted circular dichroism intensity data at 222 nm revealing 

the thermal unfolding of the protease from Aspergillus tamarii URM4634 as a function 

of pH. The heating run was carried out from 20 to 90°C at a heating rate of 1°C/min; 

(B) Thermal unfolding curves obtained by fluorescence spectroscopy. Fluorescence 

emission intensity was monitored at 345 nm, upon 280nm excitation as a function of 

pH; (C) Example of the fitting process (fluorescence spectroscopy data, pH 5) showing 

the first derivative of the fitted Boltzmann function (see insert) used to determine the 

melting temperature (60ºC) of the protein; (D) Thermal curves obtained with 

fluorescence spectroscopy upon cooling the protein sample from 90 to 20°C 

(fluorescence emission set at 345 nm, excitation at 280 nm). 

 

Fig. 9. (A) Melting temperature (Tm) of the protease from Aspergillus tamarii 

URM4634 as a function of pH determined by CD and fluorescence spectroscopy (please 

see Table 2). (B) pH-stability and activity profiles of the protease from Aspergillus 

tamarii URM4634. See section 2.8 for experimental details.   
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Table 1: Fluorescence intensity and wavelength corresponding to the fluorescence 

maximum of Aspergillus tamarii URM4634 protease at different pH and temperature 

values. 

 
Emission spectrum 

(Exc. at 280 nm) 

Emission spectrum 

(Exc. at 295 nm) 

Excitation spectrum 

(Em. at 345 nm) 

pH 

Fresh  

Sample 

(20°C) 

Upon 

heating 

(90°C) 

Upon 

Cooling 

(20°C)  

Fresh  

Sample  

(20°C) 

Upon 

heating 

(90°C) 

Upon 

cooling  

(20°C) 

Fresh  

Sample 

(20°C) 

Upon 

heating  

(90°C) 

Upon 

cooling  

(20°C) 

 
λmax

Em 

(nm) 
ΔF (%) ΔF (%) 

λmax
Em 

(nm) 
ΔF (%) ΔF (%) 

λmax
Exc 

(nm) 
ΔF (%) ΔF (%) 

5.0 340 -82.3 -26.2 340 -76.9 -31.0 286 -82.3 -26.2 

6.0 338 -80.7 -22.1 335 -76.1 -34.3 286 -81.7 -28.4 

7.2 343 -78.1 -11.8 341 -71.2 -27.4 285 -81.1 -27.4 

8.0 342 -77.5 -20.6 341 -68.9 -29.8 285 -77.9 -26.2 

9.0 345 -81.9 -15.3 346 -77.0 -19.7 286 -82.6 -20.4 

10.0 348 -83.0 -7.5 350 -79.5 -10.8 286 -84.5 -13.8 

11.0 352 -87.2 -13.8 353 -83.9 -12.9 287 -88.0 -13.5 

λmax
Em

 - Wavelength of the maximum fluorescence emission before heating (20°C); λmax
Exc

 - Wavelength 

of the maximum fluorescence excitation before heating (20°C); ΔF - Fluorescence Intensity Decay (%). 

Intensity compared to value of a fresh sample at 20°C; Fresh sample – sample before heating; Upon 

heating – heating from 20 to 90°C; Upon cooling – after cooling from 90 to 20°C. 
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Table 2. Mathematical parameters recovered from the denaturation curves (monitored 

with FS and CD) acquired at different pH values and fitted by the Boltzmann decay 

model*. The recovered melting temperatures (X0) are displayed in Figure 9A. 

Fluorescence Parameters 

pHs A1 A2 X0 dX Adj. R² 

pH 5 55647.1±61.6 15290.3±22.2 60.36±0.02 8.75±0.02 0.99 

pH 6 71337.0±81.6 17901.0±30.9 59.22±0.02 10.05±0.02 0.99 

pH 7.2 60646.5±100.9 19640.4±38.1 59.13±0.03 7.91±0.03 0.99 

pH 8 74887.8±72.9 18812.6±24.4 53.23±0.02 9.30±0.02 0.99 

pH 9 88472.7±197.9 15829.4±42.3 50.11± 0.06 12.73±0.03 0.99 

pH 10 124817.9±96.4 14693.1±26.6 41.57±0.02 14.35±0.01 0.99 

pH 11 140823.8±161.9 14539.9±27.0 37.99±0.03 13.88±0.02 0.99 

Circular Dichroism Parameters 

pH A1 A2 X0 dX Adj. R² 

pH 5  -2.58±0.00 -1.78±0.00 61.13±0.16 3.90±0.14 0.96 

pH 6 -3.00±0.00 -1.33±0.00 67.80±0.09 4.61±0.09 0.99 

pH 7.2 -2.46±0.00 -1.59±0.00 57.41±0.11 3.18±0.09 0.98 

pH 8 -2.46±0.00 -1.60±0.00 54.89±0.11 3.46±0.10 0.97 

pH 9 -3.36±0.00 -2.18±0.00 53.03±0.17 5.99±0.15 0.97 

pH 10 -2.23±0.00 -1.50±0.00 48.71±0.17 4.34±0.15 0.96 

pH 11 -1.83±0.00 -1.24±0.00 42.87±0.24 3.35±0.2 0.97 

* 𝑦 = 𝐴2 +
𝐴1−𝐴2

1+ 𝑒(𝑋−𝑋𝑜) 𝑑𝑋⁄  

A1 and A2 - Fit parameters corresponding to initial and final florescence intensity. X0 – Center, 

calculated melting point. dX – Time constant.  
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