
The aggregation of proteins during their purification,

processing, and storage is one of the major hurdles in the

large-scale production of protein-based products [1]. In

addition, aggregation remains an important factor behind

thermoinactivation of proteins [2], which is especially

undesirable for industrially important proteins. Several

environmental factors are known to influence the aggre-

gation propensity of a protein, namely temperature, pro-

tein concentration, pH, and the presence of cosolvents

and contact surfaces, to name a few [3]. Among these,

temperature is probably the most common factor affect-

ing protein aggregation [4-7]. This is because unfolding of

a protein above a certain temperature leads to the expo-

sure of hydrophobic residues, which promotes immediate

aggregation [8]. Indeed, recent studies have concluded

that the first step of aggregation encompasses a partial

unfolding of the native conformation of a protein.

Consequently, some specific regions such as hydrophobic

sites or free -SH groups become more exposed to new

intermolecular interactions and so contribute to the for-

mation of aggregates [9, 10]. At present, there is no gen-

eral solution to the problem of protein aggregation.

However, it is well recognized that intrachain interactions

facilitate specific folding of a polypeptide towards native

conformation, while interchain interactions lead to pro-

tein aggregation. Therefore, promoting factors that favor

the kinetic competition toward intrachain interactions

may hold the key to counter this devastating process and

also generate the proteins in its native state [11]. In this

context, several strategies have been proposed to prevent

aggregation of proteins. One such approach is the use of

additives such as sugars, polyols, amino acids, amines,

salts, polymers, and surfactants in the solution [12].

Ionic surfactant, particularly sodium dodecyl sulfate

(SDS), is known to significantly influence the aggrega-

tion behavior of proteins depending upon its concentra-

tion. Sub-micellar concentration of SDS is found to

induce strong aggregation of proteins. However, higher

concentration of SDS, especially above the critical micel-

lar concentration (CMC), is known to remarkably sup-

press the self-assembly process [13-15]. It is believed that
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aggregation inhibition at post-micellar SDS concentra-

tions occurs mainly due to the increased helical propen-

sity of the polypeptide chain. This leads to the proposal

that promoting the formation of helical structures in pro-

teins is likely to inhibit their aggregation as it will enhance

the population of species that undergo intrachain interac-

tions and, hence, will reduce the propensity for inter-

polypeptide association [13, 16]. This strategy has been

proposed mainly in the context of those proteins that

undergo amyloid fibril formation that is associated with

neurodegenerative diseases [14, 16, 17]. However, it has

not been discussed whether this approach can be applied

in the case of industrially important proteins, which are

not only required to be protected against aggregation but

also need to remain functionally active in the presence of

aggregation inhibitors.

Papain is a model cysteine protease isolated from the

latex of Carica papaya. It is an α + β class protein con-

taining two distinct domains that are known to fold inde-

pendently [18]. Papain is well studied because of its

molecular structure and tremendous industrial applica-

tions including beverages production, baking processes,

leather processing, silk processing in the textile industry,

cosmetic preparations, chitosan processing, processing of

photographic films, synthesis of detergents, and many

other uses [19].

The thermal denaturation of papain as studied by

differential scanning calorimetry reveals that the protein

denatures irreversibly [20]. Whether or not papain under-

goes aggregation during thermal denaturation is not yet

reported. In this study, we used several spectroscopic

techniques together with microscopic analysis and

demonstrated that thermal unfolding of papain at neutral

pH is also accompanied by aggregation, the extent of

which increases with increase in protein concentration.

Further, we observed the effect of post-micellar SDS con-

centration on thermal aggregation of papain and found

that preincubation with SDS significantly reduces the

aggregation propensity of the protein. Also, the helical

structure of the protein was significantly enhanced in the

presence of SDS. However, it was found that suppression

of aggregation using SDS does not restore the activity of

the protein. The results suggest that promoting helical

structure of a protein for inhibition of aggregation may

not be a useful strategy to prevent thermal aggregation of

industrially important proteins/enzymes.

MATERIALS AND METHODS

Materials. Papain from C. papaya (P4762), SDS, L-

cysteine, and ANS (1-anilino-8-naphthalene sulfonate)

were purchased from Sigma-Aldrich (USA). All other

reagents used were of analytical grade.

Sample preparation. Papain was dissolved in 20 mM

sodium phosphate buffer, pH 7.0, containing 5 mM sodi-

um tetrathionate for inactivation of the proteolytic activ-

ity. The protein solution was dialyzed extensively. Protein

concentration was determined using ε1%
280 nm = 25 on a

Perkin Elmer Lambda 25 UV-Visible spectrophotometer

[21]. The molecular weight of the protein was taken as

23,406 Da [22]. A stock solution of SDS was prepared in

20 mM sodium phosphate buffer, pH 7.0. The stock solu-

tions and buffers were filtered through a 0.45 µm syringe

filter.

pH determination. pH was measured using a Mettler

Toledo pH meter (Seven Easy S20-K) using an Expert

“Pro3 in 1” type electrode. The least count of the pH

meter was 0.01 pH unit.

Circular dichroism. Circular dichroism (CD) was

measured with a JASCO spectropolarimeter (J-815) in a

cuvette of 1-mm pathlength. The instrument was cali-

brated with D-10-camphorsulfonic acid. The thermal

unfolding of papain at different conditions was evaluated

by measuring the temperature-dependent CD response at

222 nm from 20 to 90°C at the rate of 1°C/min. The far-

UV CD spectra (190-250 nm) of the protein were record-

ed in temperature intervals of 5°C from 20 to 90°C. The

MRE (mean residue ellipticity) in deg·cm2·dmol–1 was

calculated using the equation: MRE = θobs(mdeg)/

10·n·l·Cp, where θobs is the CD in millidegree, n is the

number of amino acid residues (212), l is the pathlength

of the cell in cm (0.1), and Cp is the molar concentration

of the protein.

The reversibility of temperature-induced changes

was monitored by cooling the preheated samples from 90

to 20°C at a similar rate, i.e. 1°C/min. The percent α-hel-

ical and β-sheet contents of the protein under desired

conditions were calculated using the online K2D3 soft-

ware [23] with the MRE values from 190-240 nm as

extracted from the CD spectra.

Turbidity measurements. The temperature-depend-

ent changes (20-90°C) in turbidity of protein samples

under desired conditions were observed by recording

absorbance at 350 nm on a Perkin-Elmer Lambda 25

double beam UV-Vis spectrophotometer. The time-

dependent changes in turbidity of the protein at different

temperatures were also monitored in a similar manner.

The Rayleigh light scattering (RLS) experiment was

performed using a Hitachi spectrofluorimeter (F-4500) in

a 1 cm pathlength cuvette. Protein samples under the

desired conditions were excited at 350 nm, and emission

spectra were recorded from 300 to 400 nm. Both excita-

tion and emission slits were fixed at 5 nm.

ANS fluorescence assay. A stock solution of ANS was

prepared in distilled water, and its concentration was

determined using molar extinction coefficient εM =

5000 M–1·cm–1 at 350 nm. For the ANS binding experi-

ment, protein samples under different conditions were

incubated with 50-fold molar excess of ANS for 30 min in

the dark. The excitation wavelength for ANS fluorescence

was set at 380 nm, and emission spectra were recorded
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from 400 to 600 nm. Both the excitation and emission

slits were set at 5 nm.

Proteolytic activity assay. The proteolytic activity of

papain at different temperatures was assayed using 1%

casein solution as the substrate. For measuring the activ-

ity, the modified enzyme was incubated in the activation

buffer (20 mM sodium phosphate, pH 7.0) containing

5 mM cysteine and 1 mM EDTA for 2 min. The reaction

was initiated by adding 0.1 ml of papain (5 µM), which

was preincubated at the desired temperature for 5 min to

0.9 ml of casein solution. The reaction was stopped after

exactly 10 min by adding 1 ml of 10% trichloroacetic acid

(TCA). The samples were allowed to stand for 30 min,

followed by centrifugation at 3000g for 20 min. The

absorbance of the filtered supernatant was recorded at

280 nm. Background hydrolyses of the substrate as well as

enzyme were measured and used for correcting the

absorbance values. Enzyme activity was reported as

change in absorbance at 280 nm/min. The experiments

were performed in triplicates.

Transmission electron microscopy. The morphology

of aggregates under different conditions was examined

using a JEOL 2100F transmission electron microscope

(TEM) operating at accelerating voltage of 200 kV. The

protein sample (6 µl), incubated under different condi-

tions, was applied on 200 mesh copper grid covered by

carbon film. Excess of fluid was removed after 2 min, the

unbound protein was washed with Milli-Q water, and the

samples were negatively stained with 2% (w/v) uranyl

acetate. The grids then were air-dried and viewed under

the electron microscope.

RESULTS

Monitoring the thermal unfolding of papain by far-UV

CD. The thermal denaturation of papain in the tempera-

ture range 20-90°C was observed by the far-UV CD

method, which reflects changes in the regular secondary

structure of a protein [24]. Figure 1 shows a characteris-

tic thermal unfolding profile of papain at three different

concentrations, i.e. 3, 5, and 10 µM, displaying an almost

similar trend. The negative ellipticity (θ) value at 222 nm

remained almost unchanged between 20 to 50°C. Heating

the samples above 50°C caused a gradual decrease in neg-

ative ellipticity, which indicates unfolding of the protein.

The negative ellipticity was found to decrease significant-

ly in between 70-80°C, which suggests a significant loss of

regular secondary structure. No further changes in ellip-

ticity were observed above 80°C.

To check if temperature-induced changes in protein

conformation are reversible or not, the samples were

cooled from 90 to 20°C at a similar rate. However, no

detectable increase in (negative) ellipticity was observed

on cooling the preheated enzyme (10 µM), thus suggest-

ing that the thermal unfolding of papain is an irreversible

process. Similar results were observed at the other protein

concentrations (data not shown for sake of clarity). From

these results, it is clear that papain undergo an irreversible

unfolding, which is in agreement with previous observa-

tions [20].

Thermal aggregation of papain as monitored by tur-

bidity measurement. To assess the cause of irreversible

unfolding of papain, we observed temperature-dependent

changes in turbidity of the protein at different concentra-

tions as shown in Fig. 2. The turbidity of protein samples

Fig. 1. Temperature-dependent changes in ellipticity (θ) at

222 nm of papain at different concentrations. For sake of clarity,

the reversibility profile is shown for only the 10 µM protein con-

centration.
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remained insignificant in the temperature range 20-50°C.

Upon raising the temperature above 50°C, a gradual

increase in turbidity was observed. The turbidity was

markedly enhanced at about 70-80°C. This indicates that

unfolding of the protein (as seen in Fig. 1) is accompa-

nied by simultaneous aggregation.

It is notable that turbidity of the samples increases

with increasing concentration of the protein. Figure 3

shows a picture of papain samples at different concentra-

tions that were subjected to 70°C for 1 h followed by

overnight incubation. Increasing amounts of aggregate

can be seen in samples containing 3-40 µM papain.

Effect of SDS on thermal aggregation of papain. As

mentioned earlier, post-micellar concentration of the

anionic surfactant SDS is reported to exert inhibitory

action on amyloid formation of some pathogenic pro-

Fig. 3. Eppendorf tubes containing increasing concentrations of papain (pH 7.0) incubated at 70°C for 1 h and kept overnight.

Fig. 4. Temperature-dependent changes in turbidity of 3 µM (a) and 5 µM (b) papain in the absence and presence of 6 mM SDS.
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teins. To observe how SDS affects the thermal aggrega-

tion of papain, we incubated protein samples with 6 mM

SDS. (The CMC of SDS in sodium phosphate buffer at

neutral pH (25°C) is reported to be 4.7 mM as determined

by conductivity experiments [25].)

The change in turbidity of the protein in the absence

and presence of SDS were examined for 3 and 5 µM pro-

tein samples (Figs. 4a and 4b, respectively) in the temper-

ature range 20-90°C. Whereas protein samples incubated

without SDS showed significant increase in turbidity

when subjected to thermal treatment, the samples treated

with 6 mM SDS did not exhibited any change in the tur-

bidity over the entire temperature range studied. This sug-

gested that SDS inhibits the thermal aggregation of

papain, thereby not allowing the turbidity to rise.

Furthermore, it was found that increasing the protein

concentration from 3 to 5 µM did not affect the inhibito-

ry action of SDS at the concentration taken in the study

(6 mM). Similar results were obtained at higher a protein

concentration (data not shown).

Effect of SDS on time-dependent changes in aggrega-

tion of papain. We also observed time-dependent changes

in turbidity of papain at different temperatures in the

absence and presence of SDS. The experiments were con-

ducted at 3 µM (Fig. 5a) and 5 µM (Fig. 5b) protein con-

centration. The turbidity of samples increased with

increase in time such that at 65 and 70°C no slope off was

observed even at 30 min. However at 75°C very significant

increase in turbidity was noticed within the first 5 min of

incubation. After this the turbidity ceased to enhance fur-

ther. A slight decrease in turbidity observed after 10 min at

75°C (at both the concentrations taken) may be attributed

to the formation of large amount of aggregates that might

have settled in the cuvette.

A similar interpretation may be true for the sample

containing 5 µM protein at 70°C after about 25 min. In

the presence of 6 mM SDS for 15 min prior to incubation

at 75°C, no change in turbidity could be observed

throughout the time period studied. These results clearly

demonstrate the strong potential of post-micellar SDS

concentration to inhibit thermal aggregation of papain.

Effect of SDS on thermal unfolding of papain. The

remarkable potential of SDS in inhibiting the aggrega-

tion of the protein prompted us to examine how this sur-

factant affects the thermal unfolding of papain. For this,

we followed the temperature-dependent changes in ellip-

ticity of papain in the absence and presence of 6 mM

SDS as shown in Fig. 6. In the absence of SDS, papain

showed a characteristic thermal unfolding profile where

the negative MRE at 222 nm decreased significantly

from –11,739 deg·cm2·dmol–1 at 20°C to –3347 deg·

cm2·dmol–1 at 90°C. On the other hand, in the presence

of 6 mM SDS, the (negative) MRE value underwent only

a moderate change from –10,654 deg·cm2·dmol–1 at

20°C to –7752 deg·cm2·dmol–1 at 90°C. This indicates

that SDS may tend to suppress the unfolding of the pro-

tein, whereby its hydrophobic patches are not exposed

enough to commence the aggregation process.

To assess the temperature-induced changes in pro-

tein conformation in the absence and presence of SDS,

we collected far-UV CD spectra of the protein in differ-

ent temperature intervals during the thermal denaturation

Fig. 5. Time-dependent changes in thermal aggregation of 3 µM (a) and 5 µM (b) papain at different temperatures in the absence and pres-

ence of 6 mM SDS.
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experiments (as described in “Materials and Methods”,

section “Circular dichroism”). As evident from Fig. 7a

(in the absence of the detergent), the far-UV CD spectra

of papain at 25°C exhibited negative peaks at 208 and

222 nm, which are characteristics of α-helical content. As

the temperature increased to 65 and to 75°C, we obtained

spectra with considerably reduced negative ellipticity val-

ues suggesting loss of regular secondary structure. When

the temperature was further raised to 85°C, the negative

peaks at 208 and 222 nm almost vanished. On the other

hand, CD spectra in the presence 6 mM SDS showed

signs of induction, rather than loss of regular secondary

structure, which persisted even at higher temperatures.

This was inferred from a distinguishable increase in nega-

tive MRE at 208 nm at 25°C in the presence of 6 mM

SDS as shown in Fig. 7b. The change in the spectra may

be attributed to increase in helical content of the protein.

Raising the temperature up to 85°C resulted in only mar-

ginal changes in the spectra without any significant loss of

secondary structure.

The table reveals changes in the percent α-helical

and β-sheet contents of papain under different condi-

tions. At 25°C, the protein was found to contain 24.51%

α-helical and 24.78% β-sheet structures, which is similar

to that obtained from the crystal structure of the enzyme

(25% helical and 21% β-sheet structure) [26]. When the

temperature was raised to 65°C, the α-helical content was

reduced to 20.15% while β-sheet content was slightly

enhanced to 26.08%. Increasing the temperature to 75°C

led to a considerable lowering of α-helical content to

11.24%. On the other hand, β-sheet content was found to

remain further enhanced (30.9%). This may be due to the

fact that the two domains of papain, i.e. the α-domain

and the β-domain, are known to fold independently, as

mentioned earlier [20]. It is possible that unfolding the α-

domain may have resulted in a conformation with β-

sheet-rich structure that might have facilitated the aggre-

gation reaction. At 85°C we observed that both α-helical

and β-sheet content were drastically reduced, suggesting

a significant loss of regular secondary structural elements.

In contrast, when the protein samples were incubat-

ed with 6 mM SDS prior to thermal unfolding, a marked

increase in α-helical content (32.29%) was noted at 25°C,

whereas the β-sheet content was reduced to 17.02%. At

Fig. 6. Temperature-dependent changes in MRE222 nm of papain

(5 µM) in the absence and presence of 6 mM SDS.
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higher temperatures, i.e. 65-85°C, the α-helical content

was moderately reduced but not as significantly lost as in

the absence of SDS. Besides, β-sheet content also did not

alter as radically as during the aggregation of the protein.

These data clearly show that the post-micellar SDS con-

centration enhances the helical propensity of papain,

which may be responsible for the observed inhibition of

thermal aggregation of the protein.

Monitoring the thermal aggregation of papain by the

Rayleigh scattering method. So far we have determined

the thermal aggregation of papain only by turbidity meas-

urements. Another way to analyze the presence of aggre-

gates is to monitor the light scattering intensity [15].

Figure 8 shows light scattering intensity at 350 nm of

papain at 3 and 5 µM after being subjected to 25 and 70°C

in the absence of SDS and also at 70°C in the presence of

6 mM SDS. At 25°C, papain showed very insignificant

light scattering intensity indicating the absence of aggre-

gates in the samples. Incubating the samples at 70°C for

1 h markedly increased the light scattering intensity,

which suggests formation of a large amount of aggregates.

However, protein samples at 70°C that were pretreated

with 6 mM SDS exhibited little scattering intensity, which

was comparable to that observed at 25°C. It is also notable

that the light scattering intensity is greater for the sample

containing 5 µM papain compare to 3 µM papain. The

data further confirm that papain undergoes thermal

aggregation, the extent of which increases with increase

in protein concentration. Furthermore, SDS at the post-

micellar concentration efficiently inhibited its thermal

aggregation.

Thermal aggregation of papain as studied by ANS flu-

orescence. We also employed extrinsic fluorescence assay

to further determine the aggregation of protein by using

ANS as an extrinsic fluorophore [27]. The preferential

binding of ANS to hydrophobic patches gives rise to

enhanced fluorescence emission accompanied by a blue

shift of the spectral maximum, and therefore the surface

hydrophobicity of protein samples (which is enhanced

during aggregation) can be monitored by ANS fluores-

cence emission [28, 29]. As shown in Figs. 9a and 9b, at

25°C the ANS fluorescence spectra of 3 and 5 µM papain,

respectively, exhibited very low fluorescence intensity

with an emission maxima (λmax) at 505 nm indicating that

the hydrophobic sites are hidden inside the well-folded

native papain. Incubation of the protein at 70°C clearly

augmented the ANS fluorescence intensity at 480 nm

along with a blue-shifted λmax, thus further confirming the

formation of aggregates. In contrast, the protein samples

at 70°C that were preincubated with 6 mM SDS gave very

low fluorescence intensity (spectra obtained after sub-

tracting from appropriate controls), thus indicating sup-

pression of aggregation.

Morphology of thermally induced aggregates of

papain as examined by TEM. The morphology of aggre-

gates of papain under different conditions was examined

using transmission electron microscopy as shown in Fig.

10. It can be observed that aggregates with amorphous,

not fibrillar, appearance were found in 3 and 5 µM

papain-containing samples (Figs. 10a and 10b, respec-

tively) that were incubated at 70°C for 1 h prior to imag-

ing. Also, the aggregates formed were denser at the high-

er concentration. On the other hand, protein samples

treated with 6 mM SDS   (Figs. 10c and 10d) revealed

almost negligible aggregate formation. It is also evident

from the TEM images that thermally induced aggregates

of papain lacked the characteristics of typical amyloid

structures.

Effect of SDS concentration on the activity of papain.

As mentioned earlier, the fact that a post-micellar SDS
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concentration effectively inhibits aggregation of the pro-

tein can be exploited as a useful approach only if the pro-

tein retains its activity in the presence of SDS. Therefore,

the activity of papain was examined with respect to tem-

perature in the absence and presence of 6 mM SDS. The

activity of papain was determined using casein as the sub-

strate. The synthetic substrates that are more commonly

employed for activity measurements could not be used

because they were either precipitated by SDS (Nα-ben-

zoyl-L-arginine 4-nitroanilide hydrochloride, BAPNA)

or they were themselves undergoing autolysis at pH 7.0

(Z-L-Lys-ONp hydrochloride). It should also be noted

that adequate controls of substrate casein were taken to

rule out its chaperone activity and changes induced by

casein on protein conformation. Figure 11a shows the

activity of papain at different temperatures in the absence

and presence of 6 mM SDS. The percent (%) activity was

calculated taking the activity of the enzyme at 65°C

(where maximum activity was recorded) as 100%. It is

evident from this figure that papain remains considerably

active over a broad range of temperature 35-75°C, in

accordance with previous reports. In contrast, the

enzyme showed no appreciable activity in the presence of

SDS. Only 8 to 12% of the activity was retained above

50°C in the presence of 6 mM SDS. These findings clear-

ly disfavor the use of SDS as a suitable aggregation

inhibitor for papain.

The activity measurement data shown above raise a

question: how is the protein showing activity under con-

ditions where it is found to aggregate? The key to this

question is that prior to the activity measurements the

enzyme was incubated in the activation buffer containing

cysteine and EDTA as mentioned in “Materials and

Methods” section. In Fig. 11b, we showed the time-

dependent changes in turbidity at 350 nm of papain at

70°C in buffer containing either 5 mM cysteine or 1 mM

EDTA or both. From this figure it is clear that cysteine,

but not EDTA, protects the enzyme against thermal

aggregation, thereby facilitating activity measurements.

The results obtained from activity measurements also

reveal that despite being incubated in activation buffer

(containing cysteine), papain is not able to retain its

activity in the presence of SDS.

DISCUSSION

Protein aggregation remains one of the major chal-

lenges in the development and commercialization of

biotechnology products. Among all the environmental

factors that determine aggregation of proteins, tempera-

ture is arguably the most critical factor for consideration

when proteins are handled during the entire development

and commercialization processes [3]. It is reported that

the thermodynamic stability of protein resides over only a

narrow temperature range [30]. Therefore, decreasing or

increasing the temperature may destabilize a protein and

can promote aggregation. Surfactants are often added

into protein solutions to inhibit protein aggregation in

different processes, such as shaking/shearing as well as

thermal treatment. Their stabilization effect has been

mostly attributed to their weak binding to proteins, thus

blocking or partially blocking the aggregation-prone

hydrophobic sites on the protein surface [31]. Additional-

Fig. 9. ANS fluorescence spectra of 3 µM (a) and 5 µM (b) papain at different temperatures in the absence and presence of 6 mM SDS.
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ly, protein–surfactant interaction holds considerable

importance due to its application in pharmaceutical,

chemical, and cosmetic industries [1, 32]. Ionic surfac-

tant, particularly SDS, has been demonstrated to effec-

tively inhibit the self-assembly of protein above its CMC.

In the present study, we demonstrate that papain, a

well-utilized enzyme of great industrial and medicinal

importance, undergoes thermal aggregation. Initially, the

thermal unfolding of papain was monitored at different

concentrations by far-UV CD. We observed that the pro-

tein significantly unfolds between 50-80°C. In addition,

the thermal melting of this protein was found to be an

irreversible process. To explore the cause of irreversible

unfolding, the turbidity of the protein was monitored with

respect to temperature, and it was observed that the pro-

tein unfolding above 50°C is accompanied by a simulta-

neous aggregation process. This thermal aggregation

behavior of papain was observed over a concentration

range of 3-40 µM. The reason for analyzing the effect of

protein concentration on thermal aggregation is the exis-

tence of different aggregation pathways due to which

increase in protein concentration may result in different

consequences, such as decreased aggregation due to

crowding effect or increased aggregation due to increased

Fig. 10. Transmission electron microscopic images of: 3 µM papain in the absence (a) and presence (c) of 6 mM SDS; 5 µM papain in the

absence (b) and presence (d) of 6 mM SDS. The scale bar corresponds to 100 nm.

a                                                                 b

c                                                                 d
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chance of association or precipitation due to the solubili-

ty limit. The ultimate effect is protein-dependent and the

net result of these factors [3].

Aggregation was also confirmed by increase in light

scattering intensity and enhancement of ANS fluores-

cence intensity. The morphology of the aggregates was

examined by transmission electron microscopy, where

aggregates with disordered or amorphous appearance

were observed. Furthermore, we monitored the influence

of post-micellar SDS concentration on aggregation of

papain. It was found that SDS potentially inhibits the

self-assembly of papain as demonstrated by insignificant

turbidity, reduced light scattering intensity, and signifi-

cantly lowered ANS fluorescence intensity. Besides, TEM

images of the protein incubated with post-micellar SDS

concentration did not reveal any aggregated morphology.

Fig. 11. a) Temperature-dependent changes in activity of papain in the absence and presence of 6 mM SDS. b) Effect of 5 mM cysteine and

1 mM EDTA on thermal aggregation of papain at 70°C.
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To determine the cause of aggregation inhibition by

SDS, the far-UV CD spectra of the protein were collect-

ed at different temperatures in the absence and presence

of SDS. The CD spectra of the protein in the absence of

SDS showed a normal unfolding behavior where negative

ellipticity values continuously decreased with increase in

temperature. However, in the presence of SDS, induction

of helical structure was observed. The calculated percent

α-helical content was found to decrease from 24% at

25°C to nearly 3% at 85°C in the absence of SDS.

However, incubation with 6 mM SDS at 25°C led to an

increase in α-helical content to 32%. Heating to 85°C led

to only a moderate decrease (to 24%) in helicity. These

observations led us to conclude that increased helical

content as induced by SDS might have stabilized papain

against thermal denaturation. Similar conclusions have

been drawn in previous studies on lysozyme, insulin, α-

synuclein, etc., where aggregation inhibition at post-

micellar SDS concentration has also been attributed to

increase in helical structure contents of the respective

model proteins [14, 16, 17]. Additionally, in a recent

study on thermal unfolding of bovine serum albumin

(BSA), it was shown that the helicity of BSA decreases

sharply between 50-100°C, but in the presence of SDS the

helicity was remarkably maintained up to 85°C. The pro-

tective effect of SDS on secondary structure of BSA and

other serum albumins (which mainly contain helical

structure) is observed not only during thermal denatura-

tion, but also during the chemical denaturation process

[33].

The strong aggregation inhibition potential of SDS

prompted us to check the activity of papain in the pres-

ence of this inhibitor and to examine whether such an

approach can be successfully applied to proteins that are

unrelated to pathology but hold immense commercial

importance. However, the results obtained from activity

measurements clearly showed papain to be functionally

inactive when incubated with post-micellar SDS concen-

tration. A nearly 10-fold decrease in enzyme activity was

observed in the presence of 6 mM SDS above 50°C. From

these findings, it appears that SDS might have protected

the secondary structure of the protein but strongly per-

turbed its tertiary conformation, which is crucial for the

enzyme activity.

Keeping in consideration all the above-described

facts, it can be said that the conformational alterations

brought about by SDS were indeed making papain struc-

turally stable but rendering it functionally inactive. The

overall results of this study are summarized in a schemat-

ic form as shown in Fig. 12.

In conclusion, we observed that papain exhibits

remarkable tendency to aggregate above 50°C. The aggre-

gation propensity increases with increases in protein con-

centration. The aggregates formed were disordered in

appearance and lacked characteristics of amyloid fibrils.

Furthermore, we checked the effect of post-micellar SDS

concentration on the self-assembly process and found

that SDS significantly inhibits the aggregation of papain

by inducing the formation of helical structure whereby

the protein resisted unfolding at higher temperatures and

therefore does not aggregate. Unfortunately, despite

being an effective aggregation inhibitor, SDS was found to

be unable to restore the activity of the enzyme. With these

facts in consideration, we conclude that promoting the

helical propensity of protein to attain aggregation inhibi-

tion may not be a successful strategy to overcome the

aggregation-related problems of enzymes such as papain.
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