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Abstract: Papain is a protease that consists of a-helical and S-sheet domains
that unfold almost independently. Both, considerable thermal stability and
sodium dodecy! sulfate (SDS) resistance of papain have been shown. However,
the ability of each domain to unfold upon thermal and SDS denaturation has
never been studied. This work shows that fruit papain has slightly higher resist-
ance to thermal inactivation when compared to that of stem papain with a
rather high activation energy (E,) of 223+16 kJmol-1 and a T,;50 value of 79+2
°C. The SDS resistance of fruit papain was estimated by SDS-PAGE analysis
and activity staining. It was noted that, in the presence of SDS the protein
remained active, unless heat energy was applied in order to unfold papain.
Furthermore, it was proven via Fourier transform infrared spectroscopy (FT-
-IR) that an a-helical domain of fruit papain is more prone to unfolding at ele-
vated temperatures and in the presence of SDS then a f-sheet rich domain.
Thermal denaturation of papain without detergent present led to accelerated
formation of aggregation specific intermolecular S-sheets as compared to nat-
ive protein. The presented results are of both fundamenta and practical impor-
tance.

Keywords. thermal inactivation; SDS resistance; secondary structure; FT-IR
Spectroscopy .

INTRODUCTION

Papain is a cysteine protease (EC 3.4.22.2) with broad substrate specificity
and numerous applications. The preprotein consists of 345 amino acids and it is
secreted as zymogen.l After cleavage of the activation peptide, the mature enz-
yme contains 212 amino acid residues that are organized in two domains. The
N-terminal domain has mainly a-helical structure, while the C-terminal domain
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614 RASKOVIC et al.

has an antiparallel -sheet fold.2 Commercia papain can be isolated from latex
(stem) or papaya fruit. Both commercial enzymatic preparations have broad sub-
strate specificity.3

Papain is extensively used as meat tenderizer, in dental caries removal pro-
cedures,® for preparation of clinically relevant antibody fragments,$ as a cell
dissociation/debris removal agent’ and as a component in cosmetic preparations.8
Papain has been used in the detergent industry since the enzyme shows high
activity and broad specificity for hydrolysis of peptide bonds.® Furthermore, the
enzymes from the papain family are known to be sodium dodecy! sulfate (SDS)
resistant10 and very stable enzymes at elevated temperatures.11

Elucidation of the basis for the extreme temperature and SDS stability of
proteins is both of fundamental and practical importance. Recent studies sug-
gested that a rigid p-sheet fold, which leads to low structural flexibility of a pro-
tein, could be responsible for the SDS and protease resistance and might also be
responsible for thermal stability of a protein.10 Since papain has both a-helical
and f-sheet domains, the aim of this study was to check if any of the domains
was more prone to SDS denaturation by monitoring the changes in the secondary
structures of the protein at elevated temperatures and in the presence of SDS. The
kinetic parameters of the thermal inactivation of fruit papain were also estimated.

EXPERIMENTAL

Papain purification

Fruit papain was purified from a commercial papain preparation (BDH, London, Eng-
land). Papain was extracted from the dry powder with 100 mM Tris buffer pH 8 containing
100 mM NaCl and 1 mM ethylenediaminetetraacetic acid disodium salt (EDTA) for 30 min at
10 °C. The extract was centrifuged for 15 min at 4000xg at 10 °C and the obtained super-
natant was further used. Papain was precipitated from supernatant by addition of 2 volumes of
ice-cold acetone followed by incubation at —20 °C for 30 min. The precipitate was separated
by centrifugation at 10,000xg for 5 min. at 4 °C, dried and resuspended in 100 mM Tris buffer
pH 8 containing 100 mM NaCl and 1 mM EDTA for further purification. Covalent chromato-
graphy was performed on Thiol-sepharose 4B (GE Healthcare, Uppsala, Sweden). The matrix
was equilibrated in 100 mM Tris buffer pH 8.0 containing 100 mM NaCl and 1 mM EDTA
(20 column volumes (CV)) first, and then the sample was applied. Unbound proteins were
eluted with 20 CV of 100 mM Tris buffer pH 8 containing 100 mM NaCl and 1 mM EDTA,
while bound protein was eluted by addition of 10 mM L-cysteine to the starting buffer. The
homogeneity of purified protein was analyzed by sodium dodecy! sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The concentration of the purified protein was determined using
the Bradford method. Bovine serum albumin (BSA) was used as the standard.12
Papain activity measurement

The proteolytic activity of the purified papain was tested using BAPNA (N*-benzoyl-
DL-arginine 4-nitroanilide hydrochloride, Sigma-Aldrich, Steinheim, Germany) as a substrate
in a 96-well microplate (Sarstedt, Numbrecht, Germany) as described in Raskovic et al 13
Briefly, substrate solution, 100 pL of 1mM BAPNA in citrate buffer (50 mM pH 6 with 2 mM
EDTA and 10 mM L-cysteine) was mixed with an aqueous papain solution (25 pL) and
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incubated at 25 °C. After 60 min, the reaction was stopped by the addition of glacial acetic
acid and absorbance at 405 nm was measured.

Thermal inactivation curve

Papain solution (0.5 mg mL1 in 100 mM Tris buffer pH 8 containing 100 mM NaCl, 1
mM EDTA and 10 mM L-cysteine) was incubated at different temperatures ranging from 15
to 100 °C for 30 min. Samples were allowed to cool to room temperature, and percentage of
residua activity was determined in each sample using BAPNA. Measurements were per-
formed in triplicate. The percentage residual activity was calculated relative to the sample that
was incubated at 40 °C (maximal activity).

Determination of inactivation rate

Papain solutions were incubated at 60 or 80 °C and aliquots removed at specific intervals
(2 min up to 2 h). After cooling to room temperature, the residua activity was measured using
the BAPNA assay. The measurements were performed in triplicate.

Deter mination of the inactivation constants

Inactivation rate constants for papain were determined at four different temperatures
selected from the declining part of the inactivation curve (75, 80, 85 and 90 °C). Papain
solutions were incubated at an appropriate temperature, and aliguots were taken at specific
intervals, ranging between 1 and 30 min. After cooling to room temperature, the samples were
assayed with BAPNA. The residual activity was determined in comparison to the activity of
the sample before incubation at the respective temperature. A plot of logarithmic residual
activity vs. incubation time (expressed in minutes) was produced in order to calculate the rate
constants for the inactivation of papain. Rate constant values were calculated from the slopes
of the following linear regression:

log (100A/Ang) = —(k/2.303)t )

where A represents the measured absorbance at 405 nm after certain period of incubation;
Anax represents the maximal absorbance before incubation; k represents inactivation rate
constant; and t represents the incubation time.14

Arrhenius plot. Activation energy of papain inactivation was determined by plotting the
inactivation constants on the Arrhenius plot. Activation energy was calculated from the slope
of Arrhenius plot (In (k/ min'}) vs. T-1/ K-1) in accordance with the equation:

Ink=—E,/RT+C @)

where R represents the universal gas constant (8.314 J mol-1 K1), and T represents absolute
temperature in K. Slopes and their standard errors were obtained from the linear regression
curves.1®
SDSPAGE and activity staining

Papain samples for SDS-PAGE and activity staining analysis were prepared by mixing
0.5 mg mL-1 protein solution in 100 mM Tris buffer pH 8 containing 100 mM NaCl, 1 mM
EDTA and 10 mM L-cysteine with adequate volume of reducing sample buffer (60 mM Tris
buffer pH 6.8 containing 25 % glycerol, 1 % SDS, 14.4 mM 2-mercaptoethanol, and 0.1 %
bromophenol blue) followed by 30 min incubation at various temperatures (60, 65, 70, 75, 80,
85 and 90 °C). The amount of protein loaded on the gel was 15 pg and 0.1 pg in the case of
SDS-PAGE and activity staining, respectively. In the case of SDS-PAGE analysis, the
samples were resolved in a discontinuous buffer system with a 4 % stacking gel and 10 %
resolving gel in a Hoefer Dual Gel Mighty Small SE 245 vertical electrophoresis system
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(Hoefer, Holliston, MA, USA) according to Laemmli.16 In order to detect in-gel proteolytic
activity of papain after SDS-PAGE, zymograms were run according to Felicioli et al. with
some modifications.l” Briefly, protein samples were applied onto a 10 % resolving gel co-
polymerized with 0.1 % gelatin. After electrophoresis, the gel was incubated in a 100 mM
Tris, pH 8 with 100 mM NaCl and 1 mM EDTA for 16 h, followed by staining with
Coomassie Brilliant Blue R-250 (Serva, Heidelberg, Germany).

Fourier transforminfrared spectroscopy (FT-IR)

Infrared spectra were recorded for various papain samples (incubated for a period of 30
minutes at 25, 60 or 90 °C, with or without the addition of 1 % SDS, the same SDS con-
centration as in the reducing sample buffer for SDS-PAGE), utilizing Fourier transform infra-
red spectroscopy with attenuated total reflectance (ATR) at 1 cm® resolution (Nicolet 6700
FT-IR, software OMNIC, version 7.0, Thermo Scientific, USA). Papain samples (15 pg) were
applied onto a Smart accessory with a diamond crystal (Smart Orbit, Thermo Scientific,
USA). The solvent was evaporated under a nitrogen stream in order to obtain athin ATR film.
For each spectrum, 64 scans were collected. The spectrum of the buffer was subtracted from
the spectrum of the protein since even water vapor can interfere with the protein absorbance.
Criterion for the correctness of subtraction was aflat baseline between 1800 and 2000 crml.18

Soectral analysis. Resolution enhanced spectra were generated by Fourier self-decon-
volution function using 13 cm? for the full bandwidth at half height (FWHH) and 2.4 for the
resolution enhancement factor as described in the study of Byler and Susi.!® Second-deri-
vative spectra were generated by a seven-point Savitsky—Golay derivative. The positions of
the secondary structure peaks were identified from the second-derivative spectra and assigned
to specific secondary structures, as described previously.1920 Aggregation specific bands were
identified from low frequency bands.21-23

To compare the secondary structure transition in the papain samples incubated for 30
min at 25, 60 or 90 °C, with or without the addition of 1 % SDS, the ratio between the band
intensities from the corresponding frequencies of a specific secondary structure and the amide
[1' band maximum, identified at 1520 cmr?, was calculated as described before.2425

RESULTS AND DISCUSSION
Cooperative thermal inactivation of papain

Fruit papain was purified 8-fold from a commercial preparation in order to
remove any inactive protein and colored low molecular weight compounds,
which could interfere with the activity estimation assay (Fig. 1). In order to
examine the dependence of papain activity and temperature, the residual activity
of papain was observed at different temperatures using BAPNA as a substrate.
Temperature range was 15-100 °C. After 30 min of incubation at a given tem-
perature, the absorbance of the product was read and an inactivation curve was
constructed (Fig. 2). The percentage residual activity was expressed in relation to
the activity at 40 °C (maximal activity). The T;50 value was found to be 7942
°C, which is comparable to the T,;50 value of around 80 °C determined by differ-
ential scanning calorimetry.11.26 |n the incubation temperature region from 60 to
90 °C, the residual activity was reduced from 95 to only 1 %. In this part of the
inactivation curve, cooperative loss of activity could be clearly observed due to
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denaturation of the protein. Since papain domains unfold almost independently,26
it seems that loss of activity could be attributed to the transition of one domain.
Active site residues (Cys-25, His-159 and Asn-178) are located in the cleft
formed between these two domains, thus the destabilization of one domain could
lead to inactivation.11

containing 100 mM NaCl and 1 mM EDTA (Buffer
A) followed by elution of unbound proteins with the

same buffer and elution of papain with the same
_/\ buffer containing 10 mM cysteine (Buffer B). The
S A P PO PR P chromatography was run at a flow rate of 0.8 mL
Ve /mL mi n-l.
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Papain inactivation rate at 60 and 80 °C

The term kinetic stability is used to describe proteins that are trapped in a
specific conformation because of an unusually high unfolding barrier that results
in very slow unfolding rates.11 Since inactivation of papain coincided with tran-
sition of its tertiary structure, the overall kinetic stability of papain was estimated
from its inactivation rates at different temperatures. Papain was incubated at 60
and 80 °C and at specific intervals starting from 1 min up to 2 h, aliquots were
removed and the proteolytic activity against BAPNA was assayed. At 80 °C, the
activity decline followed first order exponentia kinetics (Fig. 3B). When inac-
tivation curve of papain at 60 °C was determined, no decline of activity was reg-
istered, indicating stability of the enzyme at 60 °C (Fig. 3A) in the observed time
range.
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Thermal inactivation of papain

Thermal inactivation of papain was kinetically investigated in the tempera-
ture range 75-90 °C. Theresults are shown in Fig. 4.

First-order exponential curves for dependence of residua activity of papain
on incubation time at temperatures in the range 75-90 °C were linearized by
plotting the logarithm of the residua activity as a function of incubation time
(Fig. 4A). The inactivation rate constants (k / min-1) were calculated from the
linear regression analysisand are givenin Tablel.

The inactivation rate constants increased approximately 20-fold in the tem-
perature range 75-90 °C. Effect of temperature on inactivation rate is illustrated
by Arrhenius plot shownin Fig. 4B.

Temperature dependence of the thermal inactivation of papain, expressed by
the activation energy (E; / kJ mol-1) value, is given in Table I. Fruit papain
exhibited dightly higher thermal inactivation resistance when compared to stem
papain (the obtained E, value for fruit papain was 223+16 kJ mol—L, while for
stem papain, it was 214+42 kJ mol-1).27 Recently, it was shown that latex and
fruit papain differ in both stability and their catalytic properties under acidic con-
ditions and in the presence of ethanol.3 There is a possibility that fruit and stem
papains are not the same enzyme but are isoenzymes. In the case of some other
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laticiferous plants (e.g., Ananas comosus), different enzymatic profiles could be
detected in the stem latex and the fruit regarding molecular weight, amino acid
composition, substrate specificity, etc. Thus, stem and fruit bromelains, which
belong to the papain family of proteases, could be considered as isoenzymes.28

log (residual activity, %)

T T T T T T
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Time, min

(A)
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————————v—va > Fig. 4. A) Thermal inactivation of papain in the

274 276 278 2.80 282 2.84 286 288 range between 75 to 90 °C. B) Arrhenius p|0t
T/10°K" showing the temperature dependence of the rate
(B) constant of papain inactivation.

TABLE I. Inactivation rate constants (k / minY) of papain incubated at different temperatures

Temperature, °C 75 80 85 90 Ea/ kJmol?
k/ min?t 0.019+0.002  0.042+0.002  0.157+0.007  0.43+0.04 223+16

The E, value of papain (223+16 kJ mol-1) was considerably higher when
compared to enzymes that are less stable in regards to temperature and presence
of SDS. The E; values for severa enzymes having overall temperature stability
below 50 °C and notorious instability in the presence of SDS were found to be
121,29 8830 and 167 kJ mol—1,31 for carbonic anhydrase, urease and amylase,
respectively. In the case of proteolytic enzymes, the inactivation Eg value is very
similar to the Eg value of fruit papain. For example, ficin has an inactivation Eg
of 210+22 kJ mol—1.27
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Papain resistance to DS

Activity staining (Fig. 5) showed that papain was stable at elevated tempe-
ratures (up to 60 °C) in the presence of SDS. At the temperatures higher than 60
°C, agradual loss of activity was observed. Shift in SDS-PAGE mobility of the
native (and active) papain in comparison to the denatured one could be explained
by the resistance of papain to SDS denaturation. Since native papain showed
resistance to SDS, its net negative charge during el ectrophoresis was decreased in
comparison to the net negative charge of denatured papain (mainly originating
from the sulfate group of the detergent).19 It is noteworthy that papain expressed
similar thermal stability regardless of the presence of SDS (Figs. 2 and 5). Since
such extraordinary SDS stability of proteins was discussed in terms of the kinetic
stability of the -sheet towards SDS unfolding,10 the propensities of changes of
the certain secondary structure elements in the papain molecule upon incubation
at elevated temperatures with and without added detergent were explored in the
present study.

Fig. 5. SDSPAGE analysis and activity staining towards gelatin of papain incubated at 25 °C
and at temperatures from 60 to 90 °C in the presence of 1 % SDS. N — native papain;
D — denatured papain.

Changes in secondary structures of papain

FT-IR spectroscopy was employed for monitoring the changes in the second-
ary structures. The IR spectra of papain incubated at elevated temperatures with
or without SDS are shown in Figs. 6 and 7.

FT-IR spectroscopy is well-established method for the analysis of the sec-
ondary structures of proteins. The mostly used spectral region for secondary
structure analysis is the amide | band (frequency limits: 1600-1700 cm1), which
is amost entirely due to the C=0 stretching vibrations of the peptide bonds.32
Specific maxima within amide | region were identified from second-derivative
spectra and assigned to secondary structures: a-helix 1654 cm1 and $-sheet 1632
cm1 according to Byler and Susi.1® Goormaghtigh et al.20 reported that 1641
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S-SHEETS STRUCTURE INDUCED STABILITY OF PAPAIN 621

cm1 is a random coil specific frequency for papain, while Byler and Susi,19
found it at 1646 cmL. In the present study, the random coil band was identified
at 1643 cm1. An aggregation specific intermolecular -sheet conformation was
identified at alow frequency at around 1612 cm1,21-23

Absorbance/Wavenumber, a.u. cm?

1700 ) T 180 ) T 1es0 ) T 1ea0 ) " 1620
Wavenumber, cm-!

Fig. 6. A) Fourier self-deconvolution IR spectraand B) second derivative spectra of papain
incubated at 25, 60 and 90 °C.

Changes in band intensity ratios of certain secondary structures identified
within amide | region and amide Il band in the IR spectra of papain incubated at
elevated temperatures with or without added SDS are shown in Fig. 8.
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Fig. 7. A) Fourier self-deconvolution IR spectraand B) second derivative spectra of papain
incubated at 25, 60 and 90 °C with addition of SDS (25*, 60* and 90*).

Denaturation of papain induced by heat (90 °C) led to lowered contents of
native-like structures (ordered: a-helix; and unordered — random coil), while it
accelerated the formation of an aggregation specific intermolecular S-sheet (Fig.
8). Several authors reported that frequencies 1614-1622 cmr1 and sometimes
above 1680 cm! are aggregation specific frequencies in all a-helix rich,22.33
S-sheet rich proteins,21 and mixed fold proteins,23 and that they appear due to the
formation of intermolecular antiparallel S-sheets prior to aggregation. It was
shown in the case of several proteins, including myoglobin,22 transthyretin,34 -
lactoglobulin,2 human growth hormone, human interferon-a-2b22 and chymo-
trypsinogen A23 that heat denaturation induced changes in the amide | region,
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corresponding to shift of the intensities of frequency bands of native-like struc-
tures toward aggregation specific f-sheet frequency bands. Furthermore, the for-
mation of the aggregates was lowered in the presence of SDS at elevated tem-
peratures (60 and 90 °C, Fig. 8). However, in the case of added detergent it is
apparent that elevated temperatures (especially at 90 °C) accelerated the form-
ation of unordered structures, while lowering the content of o-helix structures.
Changes in the S-sheets induced by the presence of SDS were not so pronounced,
indicating that denaturation of papain by a combination of heat and detergent
started within the a-helical domain. Lowered stability of the a-helical domain of
papain in comparison to the S-sheet domain was recently reported in case of acid
denaturation of papain.3®

Fig. 8. Changes in intensity ratios of
secondary structure specific bands in
the IR spectra of papain incubated at
25, 60 and 90 °C (25, 60 and 90) and
with addition of SDS (25*, 60* and
90*). The amide I/ amide Il band int-
ensity ratios were calculated using the
intensity of secondary structure speci-
fic band in the amide | region (1654
cml a-helix; 1632 cml S-sheet; 1643
cml random coil; 1612 cm! aggre-
gation specific intermolecular B-sheet)
and the amide Il maximum intensity at
1520 cmrl,

The explanation of SDS resistance of kinetically stable proteins is based on
two assumptions. SDS binding appears to rely on transitions between protein
conformations, moments of weakness in which the protein is susceptible to SDS
binding, thus leading to entrapment.10 On the other hand, kinetically stable pro-
teins are characterized by unusually low structural flexibility, which lead to sup-
pression of partial unfolding.36 Thus, kinetically stable proteins, papain among
them, infrequently assume open conformations and therefore are resistant to SDS
unless provided with energy in the form of heat. With the exception of the papain
family of proteases, most of the kinetically stable and SDS resistant proteins
exhibit a tight $-sheet fold and tend to oligomerize.10 However, despite having
mixed a/p fold, papain is not the exception to the rule. The obtained results sug-
gest that the a-helical domain of papain is more prone to unfolding at elevated
temperatures and in the presence of SDS than the -sheet rich domain.
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CONCLUSIONS

In this study, for the first time, the differential SDS resistance of the a-heli-
cal N-terminal domain of papain and the f-sheet rich C-terminal domain is rep-
orted. Denaturation of papain by a combination of heat and SDS led to a reduc-
tion of the IR band assigned to a-helix, while preserving the f-sheet content.
However, regardless of fruit papain denaturation at 90 °C, the protein exhibited
considerable thermal stability and SDS resistance.
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U3BOJ
JOMEH BOT'AT SIVIOYUIIAMA JE OATOBOPAH 3A KUHETUYKY CTABUJIHOCT
ITATTAUHA ITPH JEHATYPALIUJHU U3A3BAHOJ IOBUIIEHOM TEMIIEPATYPOM U
HATPUIJYM-IOIETWI-CYJIGATOM

BFPAHKHIA PAIIKOBWR, HUKOJIMHA BABWR, JEJIEHA KOPAR n HATAJIMJA ITOJIOBUR

Katiegpa 3a duoxemujy, Xemujcku paxynitiei, Ynugep3uitiein y Beoipagy, Ciygeniticku wwipi 12—16,
11158 Beoipag

[TanauH je mporeasa Koja y CBOjOj CTPYKTYpH Iocedyje ABa JOMeHa OJf KOjUX je jemaH
dorar a-xenuKkcoMm, a apyru S-iounnom. OBa ABa JOMEHa Ce IPHU JieHaTypaluju roTOBO Hesa-
BHCHO pa3BHjajy. 3a MamavH M30JI0BaH U3 cTadsa namaje MokasaHa je 3HaTHa TeMIlepaTypHa
CTabMIHOCT, Ka0 ¥ OTIOPHOCT Ha HATpHjyM-Aomenun-cyiadar (SDS). MehyTum, noamoxHOCT
CBAKOT O] IOMEHA la Ce pPa3BHjajy ycien NeHaTypaldje H3a3BaHe MOBULIEHOM TeMIIepaTypoM
wmn SDS, joi yBek HHje mpoydyeHa. Y OBOM paly je MOKa3aHO Ja MamauH W3 IUIOZA Iaraje
UCIoJbaBa O1aro MOBULIEHY OTIIOPHOCT Ha TEPMaJIHy MHAKTUBALMjy Y nopehemy ca mananHom
u3 crabna namnaje ca MIpUIMYHO BUCOKOM BpenHolhy eHepruje aktusauuje (E,) xoja u3HOCH
223+16 kJ mol™! u T,,50 Bpennowhy ox 79+2 °C. SDS-PAGE aHaIW30M M 3MMOTPaMOM
ompeheHa je OTMOPHOCT MamawHa IUIoma mamaje Ha SDS. M3miena na mpoTedH 3aAp)KaBa
aKTHUBHOCT y mpucycTBy SDS-a cBe ok ce He oOe3beny OBO/bHA KOJTMYMHA €HEPIUje y BUAY
TOIJIOTe Koja he noBecTw HO pa3Bujama MmporewHa. Ymotpedom dypuje Tpanchopmucane
nHdpanupsere cnekrpockonyje (FT-IR) mokasaHo je na je ZJoMeH NanauHa IjI0ja namaje dorat
Q-XeTUKCOM TIO[IOKHUjHU Pa3BHjaky Ha MOBUILEHUM TeMmIlepaTypama U y mpucyctsy SDS on
nomeHa dorator S-rrouniama. TepmanHa JeHaTypaldja IpoTerHa de3 IpUCyCcTBa AeTepreHTa
TOBOZH JI0 Opsker hopMHpama HHTEPMOJIEKYJICKe [S-TUIourLie crnenr@uyuHe 3a arperanujy mpo-
Te’Ha kaja Ce yIopegu ca HaTMBHUM IpoTenHOM. [IpuxasaHu pesyntaTH mnocenyjy dyHna-
MEHTaJIHU 3Hayaj, aJli Cy BeOMa BaKHHU U y KOHTEKCTy KOMepLHjaiHe TPUMeEHe NarnauHa.

(TTpumisero 1. centemdpa, pesuarpano 11. nenembpa, mpuxsaheno 16. nenemdpa 2014)
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