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Asp72 of pro-peptide is an important
pH sensor in the zymogen activation
process of papain: a structural and
mechanistic insight
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The zymogen of papain contains a pro-peptide at the
N-terminus of the catalytic domain. Pro-peptide con-
tains residues which act as pH-sensors in zymogen
activation cascade. To understand the influence of
pro-peptide in the pH-induced zymogen activation
process of the protease, we performed structural stud-
ies of the zymogen of papain at activation pH of 4.0.
The X-ray structure of zymogen at acidic pH reveals
that Asp72 of the pro-peptide, a highly conserved
residue of the GXNXFXD motif, plays an important
role in pH-induced conformational changes in the pro-
domain leading to the zymogen activation process.
Far-UV circular dichroism spectrum of zymogen at
pH 4.0 demonstrates loss of helical structure com-
pared to that at pH 8.0. The structural observation is
further corroborated by mutational studies, where
D72A mutant is shown to undergo auto-activation at
pH 5.0 compared to pH 4.0 for wild-type, though the
general proteolytic activity of the D72A mutant
remains similar to that of wild-type. Our findings
indicate that the conserved Asp72 residue is an impor-
tant pH sensor in the zymogen activation process and
that the pro-peptide part can also be a useful target of
protein engineering for altering the activation pH of a
protease.

Keywords: Cysteine protease, pH regulation, protein
engineering, pro-peptide, X-ray crystallography.

PAPAIN (EC 3.4.22.2), a cysteine protease from the tropi-
cal plant Carica papaya, has considerable commercial
significance because of its wide uses in various industrial
processes'. It also has different medical applications like
in gastric fermentation, gastritis, to assist protein diges-
tion in chronic dyspepsia, preparation of tyrosine deriva-
tives for the treatment of Parkinsonism, removal of
necrotic tissue, preparation of tetanus vaccines, cleansing
agents of skin, treatments of acne, etc.”. Papain has been
characterized extensively from the kinetic, molecular and
structural point of view™*. It is the first proteolytic en-
zyme whose crystal structure was determined in 1968
(ref. 5). Papain, the archetype enzyme of papain-like cys-
teine proteases (clan ClA) shares a common fold with
other members of the family having a molecular weight

*For correspondence. (e-mail: sampa.biswas@saha.ac.in)
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of ~21-30 kDa (ref. 6). The mature catalytic domains of
papain-like proteases are folded into two compact inter-
acting domains of comparable size (Figure 1), delimiting
a cleft with active site residues cysteine and histidine,
forming the zwitterionic catalytic dyad (Cys"...His")’.

Papain-like cysteine proteases are generally synthe-
sized as a precursor protein in the cell with a pre-peptide,
a pro-segment and a mature catalytic domain. The pre- or
signal-peptide is required for translocation of the enzyme
and is cleaved-off by the signal peptidases after transpor-
tation®. The pro-segment works as an intramolecular cha-
perone that acts as a foldase in folding of the catalytic
domain of the cognate protease™®. Apart from its chaper-
one activity, pro-segment also blocks the catalytic cleft in
the zymogenic form and renders the enzyme in a catalyti-
cally latent condition'’. This spacio-temporal regulation
of proteolytic activity is maintained by the N-terminal
pro-segment for papain-like cysteine protease®'’. The
N-terminal part of the pro-segment generally forms a
domain called the pro-domain consisting of three
a-helices and a short S-strand and the rest of the pro-
segment is in an extended conformation (Figure 1). A
part of this extended pro-segment blocks the active site
cleft by positioning itself in the reverse direction of a
natural substrate (non-productive orientation), thus pre-
venting access of substrates to the catalytic site of the
protease''. The pro-domain works as a scaffold that helps
in positioning the extended part to block the catalytic
cleft''. Comparing the structures of the zymogens of the
family'*™'°, it is reported that binding of the pro-segment
is mediated by interactions in two key areas of the cata-
lytic domain: one is at the pro-segment binding loop
(PBL) of the right domain of the mature protease part (or
catalytic domain) and the other is at the substrate-binding
sub-sites of the catalytic domain (Figure 1). The shortest
helix of pro-domain interacts with primed subsites and a
part of the extended pro-peptide passes through unprimed
subsites of the catalytic cleft.

It has been already established that the pro-domain
contains the key(s) for pH-dependent activation process’ .
Our ecarlier studies showed that zymogen activation of
papain generally occurs at acidic pH in a stepwise man-
ner'®. Structures of different zymogens of the papain-
family reveal that at near-neutral pH, some highly con-
served aspartic acid and glutamic acid residues of the
pro-peptide are involved in making H-bonds/salt-bridges,
and thus stabilize the scaffolding domain of zymogen
structures'? "%, At acidic pH, due to protonation of glutamic
acid and aspartic acid residues, these H-bonds/salt-
bridges are expected to be altered or disrupted. The struc-
tural loosening of the pro-domain at lower pH destabilizes
the interface between the pro-domain and the catalytic
domain of zymogen to a large extent and thereby triggers
the activation process. However, zymogen activation
mechanism is not yet fully explored at the molecular level.
This study presents a structure of zymogen of papain at
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its activation pH. A structural comparison of the low pH
and near-neutral pH structures along with biophysical
characterization reveals the functional role of aspartic
acid and glutamic acid residues of pro-peptide in the
zymogen activation process. Subsequent mutation of
Asp72 to Ala72 further establishes the fact.

In an earlier study, we have generated a thermostable
mutant of papain which retains all the catalytic properties
of wild-type papain'’. We also solved the structure of this
thermostable papain at neutral pH (ref. 16). This mutant
of papain has been chosen as a model system to under-
stand the pH-sensing mechanism in papain-like proteases.
Crystals of this thermostable pro-papain were grown as
described before'® for neutral pH structure. These crystals
were transferred to a 4 pl drop of 0.1 M Na-acetate buf-
fer, pH 4.0 with 8% PEG 3350 and equilibrated overnight
against reservoir solution for soaking at low pH. The
soaked crystals were cryo-protected with soaking solution
supplemented with 30% glycerol before freezing for data
collection.

X-ray diffraction datasets were collected at BM14
beamline, European Synchrotron Radiation Facility
(ESRF), Grenoble, France, on a Mar-CCD detector at
100 K from flashed cooled crystals. The diffraction data
were processed and scaled using HKL2000 program'.
Molecular replacement was performed with PHASER? in
PHENIX*' using neutral-pH structure (PDB ID: 3TNX) as
a model. Iterative rounds of model-building with COOT*
and refinement using PHENIX*' and REFMAC5* were
performed using a translation—liberation—screw model of
the atomic displacement parameters. The stereochemistry
of the final model of the structure was checked using
PROCHECK?*. Coordinates and structure factors were
deposited in the protein Data Bank with accession code
4QRX (PDB ID: 4QRX). Table 1 shows the diffraction
data statistics and refinement data.

 —

Pro-domain

Primed subsite

Unprimed subsite

Autocatalytic cleavage site

Figure 1. Three-dimensional structure of zymogen of papain (PDB
ID: 3TNX); catalytic domain is represented as electrostatic potential
surface with catalytic dyad residues depicted as CPK model. The pro-
peptide is depicted in ribbon.
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In the present study, cDNA of the thermostable mutant
of pro-papain, cloned in pET30 Ek/LIC vector'’, was
used to introduce D72A mutant. The expression and puri-
fication of D72A thermostable pro-papain were done
using the same protocol described earlier for wild-type
papain'’. Standard protocols outlined in the QuickChange
Site-Directed Mutagenesis Kit (Agilent Technologies, Inc.,
USA) were used for mutagenesis. Forward and reverse
primers used for PCR mutagenesis are 5’GGATTAAA-
TGTGTTTGCTGCGATGAGCAATGATGAATTC3' and
5'GAATTCATCATTGCTCATCGCAGCAAACACATT-
TAATCC 3'.

Zymography was done in 12% SDS-PAGE co-
polymerized with 0.1% gelatin as a substrate, following
the protocol described by Choudhury et al.”. Clear zones
on a light-blue background after coomassie staining indi-
cated active protease bands.

Activation of pro-proteases of wild-type and D72A
mutant was monitored in different values of pH, tempera-
ture and at different time periods of incubation. For acti-
vation at different pH values, pro-proteases were adjusted
to the desired pH (4.0 and 5.0) with 100 mM sodium ace-
tate buffer containing 20 mM cysteine as activator and
5 mM EDTA, and incubated for different time-periods at

Table 1. Data collection and refinement statistics
PDB code 4QRX
Data statistics
Beamline BM14, ESRF
Wavelength (A) 0.97

Resolution range (A)

Space group

Unit cell (a, b, c in A and B in °©)
Total reflections

Unique reflections

Multiplicity

Completeness (%)

Mean I/o (1)

Wilson B-factor (A?)

R-merge

Refinement statistics
R-work
R-free
Number of non-hydrogen atoms
Protein
Water
Protein residues
RMS (bonds, A)
RMS (angles, °)
Ramachandran favoured (%)
Ramachandran outliers (%)
Average B-factor (A?)
Protein
Solvent

40.52-3.138 (3.25-3.138)
P1211

42.59,74.21, 116.23 and 92.46
37,450

12,482 (1127)

3.0 (2.8)

97.40 (89.23)

9.30 (2.08)

56.84

0.075 (0.37)

0.1622 (0.2152)
0.2544 (0.3172)
4855

4782

73

599

0.010

1.43

85

4.2

62.30

62.50

46.00

Statistics for the highest resolution shell is shown in parenthesis. R-
merge = SUM((I — (I))*)/SUM(P). R-work = XF, - F./YF,. R-free is
the cross-validation R factor for the test set (5%) of reflections omitted
in model refinement.
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two activation temperatures (40°C and 50°C). The reac-
tion was terminated by the addition of irreversible inhibi-
tor E-64. Progress of activation process and generation of
cognate mature proteases were monitored by running the
samples in 15% SDS-PAGE.

Far-UV circular dichroism (CD) spectra were meas-
ured using a circular dichroism spectrophotometer (Jasco,
Inc. Jasco J-815). Ellipticity at pH 8.0 and 4.0 was meas-
ured by diluting a stock solution of ~2 mg/ml protein in
10 mM Tris buffer, pH 8.0 with 1% glycerol and 10 mM
NaCl to ~30 ug/ml in the same buffer, and in 100 mM
Na-acetate buffer, pH 4.0 with 1% glycerol and 10 mM
NaCl respectively. The protein was incubated for 10 min
at room temperature in pH 4.0 buffer prior to CD experi-
ment. Measurements were made in triplicate with 1 nm
steps using a quartz cuvette of 0.1 cm path length. Spec-
tra were recorded between 200 and 260 nm at a speed of
100 nm/5 min. The secondary structures were predicted
using the K2D program from DichroWeb?’.

Our attempts to grow crystals of active-site cysteine
knock-out papain (C132A) at the activation pH of papain
(pH 4.0) were not successful. This may be due to con-
formational disorder of the pro-domain at this pH. There-
fore we soaked a crystal, grown in neutral pH as
described earlier'®, in an acidic buffer of pH 4.0 over-
night and were able to get 3.15 A data from the crystal.
However, absolute pH value inside the crystal could not
be conclusively defined. The soaked crystal had the same
space group and similar unit cell parameters (Table 1)
like those of a crystal grown at neutral pH'®. It is there-
fore true that due to crystal packing constraint, total con-
formational change(s) at this pH may not have taken
place, but this low pH structure demonstrates some
important information regarding the initiation or onset of
pH-induced conformational changes which trigger the
activation process. Two molecules in the asymmetric unit
are found for both the crystal structures at different pH
values. Whereas in the neutral pH structure both mole-
cules of the asymmetric unit are similar'®, in the low pH
structure the second molecule of the asymmetric unit dif-
fers from the first as well as from two molecules of the
neutral pH structure. Moreover, in the second molecule of
the low-pH structure, the entire pro-peptide backbone
atoms could be traced from the electron density map.
Therefore, all discussions on the pH-induced conforma-
tional changes were made based on this second molecule.
As the structure at pH 4.0 is based on a comparatively
low-resolution dataset and electron densities of side chain
of some residues were not clear, we presumed that these
residues are disordered due to loss of stabilizing interac-
tion(s) at low pH. In the neutral pH structure of zymogen
(PDB ID: 3TNX), it was observed that the scaffold of
pro-domain is stabilized by two clusters of integrated
salt-bridge/H-bond network (Figure 2 a)'®. Three helices
of the pro-domain, i.e. HI, H2 and H3, are stabilized by
salt-bridge/H-bonds involving three acidic residues, i.e.
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Figure 2.

Asp72, Glu38 and Glu77 respectively, with their neigh-
bouring residues (Figure 2a). These amino acid side-
chains are expected to be in their charged deprotonated
condition at neutral pH. Asp72 is the central residue in
one of the clusters and stabilizes the HI-H2 inter-helical
loop. The side-chain atoms OD1 and OD2 of Asp72 form
resonating bifurcated H-bond with OH atom of Tyr33.
OD?2 is also involved in the formation of H-bond with
Lys31; both Tyr33 and Lys31 are from the inter-helical
loop. In the corresponding region in the low-pH structure,
we observed important changes in this network. The
bifurcated interaction between Tyr33 and Asp72 was lost,
while Asp72 side-chain reoriented to make a single H-
bond with Tyr33-OH atom. The interaction with Lys31
was presumed to be absent (Figure 2 b), as there was no
well-defined density for the side-chain of Lys31 (Figure
2 ¢). The calculated pKa values of Asp72 at pH 4.0 are
around 4.5 (http://propka.ki.ku.dk/). Therefore, these
changes in the interactions are due to protonation of
Asp72 at pH 4.0. Removal of two salt-bridges/H-bond of
Asp72 weakens the bridging interaction with H1-H2
inter-helical loop, which may facilitate a scaffold loosen-
ing of the pro-domain. Another cluster of H-bond/salt-
bridge network was formed by residues Glu38, Arg42
and Glu77, with Arg4?2 at the centre and this network sta-
bilizes the helices H2, H3 and the connecting loop region

CURRENT SCIENCE, VOL. 114, NO. 11, 10 JUNE 2018

Comparison of neutral pH and low pH structures of the pro-domain region. @, Neutral pH structure (taken from PDB ID: 3TNX).
b, Same region of the structure at acidic pH. ¢, The thin bonds are for atoms which do not have well-defined electron density at 1.0o level in
2mFo-DFc map. d and e, Superposition of neutral pH (purple) and low pH (sky blue) structures around residues ES5 and E242 of pro- and mature
catalytic domain respectively. Black lines indicate H-bond/salt-bridge interactions.

(Figure 2 a). The pKa value of Glu38 was around 5.0 in
the low-pH structure and therefore protonation of Glu38
at pH 4.0 may be responsible for loosening the salt-
bridges/H-bond network with Argd2 (Figure 2 b) in this
region, leading to further destabilization of the structure
in this region. It is known that highly acidic condition of
lysozomes is instrumental for in vivo activation of lyso-
zomal papain-like cysteine proteases’’. Vernet es al.*®
also demonstrated that mutation of Asp72 can make the
zymogen structure unstable and latency of the protease at
neutral pH is not maintained”’. Among the three residues,
viz. Asp72, Glu38 and Glu77, Asp72 is highly conserved
in the papain family and is a part of the conserved motif
GNFD. On the other hand, Glu38 and Glu77 are involved
in making H-bond/salt-bridges with Arg42, a residue of
the motif ERFNIN. Glu55 of helix H2 of the pro-domain
and Glu242 of the mature domain also show loss of H-
bond/salt-bridge interactions with their neighbouring
residues in low-pH structure (Figure 2d and e). Loss of
interaction of GluS5 side-chain causes distortion of helix
H2 (Figures 2 d and 3 a). On the other hand, in the mature
domain no such significant backbone alteration is
observed in and around Glu242. Papain and most of the
papain-like proteases have pH optima of activity in the
acidic range and inactive zymogenic form is stable at
basic pH. Glu242 is a conserved residue in the papain
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family and is at the proximity of catalytic His266. There-
fore, loss of interaction of this region at low pH may
generate the necessary flexibility required for dynamic
movement of catalytic cleft during catalysis.

The B-factor plot of the low-pH structure indicates
higher thermal vibration in the pro-domain compared to
neutral pH structure (Figure 3 b). In contrast, B-factor
plot shows that mature catalytic domain (residues 108—
319) attains lower or comparable B-values at acidic pH,
which corroborates the established fact that low-pH de-
stabilizes the pro-domain without any significant altera-
tion in the catalytic domain and makes auto-catalytic
activation possible. However, total structural changes at
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Figure 3. Comparison of secondary structural elements in the pro-

domain. a, Helices Hl and H2 of pro-domain at neutral (taken from
PDB ID: 3TNX) and low pH structures. 2 m F,—DF. electron density
map contoured at 1.20 level associated with the backbone of helix H2
of pH 4.0 structure is shown below. b, Far-UV circular dichroism of
pro-papain at pH 8.0 (black) and pH 4.0 (red). ¢, B-factor plot of neu-
tral pH structure (PDB ID: 3TNX) and structure at acidic pH.
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acidic pH may not have been attained due to crystal pack-
ing constraints. So to understand the effect of pH on the
secondary structure in solution, we performed far-UV CD
experiment of C132A, which revealed significant loss of
secondary structural element(s) mainly in helical struc-
tures at pH 4.0 compared to those at pH 8.0 (from 26% to
16%) (Figure 3 ¢). Even though there is a decrease in
spectral intensity at 208 and 222 nm at pH 4.0 (corre-
sponding to the decrease in helicity), the negative to posi-
tive cross-over points did not alter much, indicating that a
part of the secondary structure remained unaltered at pH
4.0, which is likely to be the mature catalytic domain part
of zymogen. The percentage of helical structure calcu-
lated from the X-ray structure of zymogen of papain
(PDB ID: 3TNX) at neutral pH is 27.2 (considering the
uncleaved His tag part of the protein), and this corrobo-
rates our observation from far-UV CD studies at pH 8.0.
The contribution of the three helices in the pro-peptide is
almost 11.8% in this structure (PDB ID: 3TNX). There-
fore if these three helices become disordered, the expected
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Figure 4. SDS-PAGE analyses of the proteases. a, Purified pro-
proteases. b, Gelatin gel zymography with 8 pug pro-proteases. ¢, Com-
parison of zymogen activation profile of papain D72A mutant and wild-
type: variable parameters of activation are mentioned below the im-
ages. Same molecular weight marker protein was used as shown in ().
p and m denote position of pro- and mature form of the protease respec-
tively.
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helicity will become 15.4% in the three-dimensional
structure of zymogen, which again matches the value
(16%) observed from its far-UV CD spectra at pH 4.0.
Thus, one can conclude that the pro-domain loses its
structural integrity at low pH, which probably leads to
dissociation of the pro-part from the catalytic domain and
accessibility of the catalytic cleft is increased, which
triggers the activation process.

In order to understand the role of aspartic acid residue
of GNFD motif, we mutated the residue of pro-papain by
an alanine residue. The heterologous expression level and
yield of the pure mutant protein are comparable to its
wild-type counterpart (Figure 4 a). The gelatin zymogra-
phy also shows that the proteolytic activity of the mutant
is similar to that of wild-type (Figure 4 b).

Zymogen activation of D72A mutant was investigated
as a function of pH, temperature and time, and the activa-
tion kinetics was compared with wild-type papain. In
vitro activation of wild-type papain generally occurs by
incubating the pro-papain at 50°C in a buffer pH 4.0 for
20-30 min®’. Activation is also possible at 40°C at a
slower rate. For both temperatures, alterations of activa-
tion kinetics for the mutant D72A are not significant
(Figure 4 c). However, at pH 5.0, we observed that the
activation process of mutant D72A was substantially faster
compared to wild-type papain at 50°C and 40°C (Figure
4 ¢). Wild-type pro-papain did not get activated at pH 5.0,
even after incubation at 50°C for 90 min. On the other
hand, the mutant started its activation after 15 min of in-
cubation at the same pH and temperature (Figure 4 c¢).
This observation indicates that Asp72 of pro-peptide of
papain, a conserved residue in the papain family, is an
important pH sensor of papain and most likely other
members of the family as well.

Our studies demonstrate the importance of the well-
tuned H-bond/salt-bridges network of the pro-domain, the
key regulator of pH-dependent activation process of
papain-like cysteine proteases. These networks are
observed at the core of the pro-domain scaffold and not at
the pro-mature interface. The integrity of these networks
is lost due to changes in protonation status of the consti-
tuting residues at activation pH (acidic pH), leading to a
structural loosening of the scaffold of the pro-domain.
The association affinity towards the mature domain may
reduce due to this structural loosening. At higher pH,
above the pH optima of activation, the stable and com-
pact form of the pro-domain is responsible for its associa-
tion with the mature domain and renders the enzyme in a
latent state. Our studies show that Asp72 is an important
residue in this pH sensing network.

This study shows that by judicially identifying residues
responsible for pH-sensing of auto-activation process in
the pro-domain, one can design and generate proteases
with tailor-made activation pH with minimal alteration in
the proteolytic activity for a protease of the papain family
having medical and biotechnological relevance.
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Capabilities of satellite-derived
datasets to detect consecutive Indian
monsoon droughts of 2014 and 2015
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India received anomalously deficit southwest monsoon
rainfall during 2014 and 2015, which resulted in con-
secutive droughts across the country. Reliable detec-
tion and monitoring of droughts are crucial for the
reduction in drought vulnerability and associated
socio-economic impacts. In this study, the potential of
multiple high-resolution satellite datasets is examined
using distinct drought indices over India for these two
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successive monsoon seasons. The satellite-derived pre-
cipitation, soil moisture and land surface temperature
estimates are capable of depicting the anomalous
drought conditions with some exceptions. A non-
parametric multivariate standardized drought index,
based on precipitation and soil moisture estimates is
proven to be better in the detection of droughts when
compared to conventional standardized drought indi-
ces. Overall, remote sensing satellite datasets provide
immense opportunity to detect and monitor different
kinds of droughts using a composite of indices. How-
ever, limited temporal records of these high-resolution
satellite datasets restrain their applicability from the
climatological perspective.

Keywords: Drought, multi-satellite product, non-para-
metric multivariate drought index, Southwest monsoon.

DROUGHT is one of the inevitable and recurring natural
hazards, having paramount socio-economic impacts. The
regional variability of global hydrological cycle often
leads to this devastating phenomenon. Historical observa-
tions and model simulations suggested a high risk
of global drought and its patterns in the twenty-first
century' ®. Droughts are generally classified into four
categories — (a) meteorological, (b) agricultural, (c)
hydrological and (d) socio-economic droughts. Among
these, meteorological and agricultural droughts due to defi-
cit in precipitation and soil moisture respectively, are
crucial in the Indian perspective. Indian economy is
largely dependent on the agriculture sector, and the
southwest monsoon rainfall spanning from June to Sep-
tember (JJAS) plays a vital role in agricultural produc-
tion. Hence, droughts associated with the interannual
variations of southwest monsoon rainfall across India
have crucial impacts’™.

The India Meteorological Department (IMD) using
gauge observations, provides weekly, monthly, and sea-
sonal rainfall and their departures from respective clima-
tological normal at meteorological sub-divisions and
district levels over India for the southwest monsoon sea-
son. In addition, IMD uses standardized precipitation in-
dex (SPI) method at monthly gauge-based rainfall data
for meteorological drought monitoring and also uses an
aridity index based on a climatic water balance technique
to monitor drought severity”'®. Although rainfall is a cru-
cial variable responsible for drought occurrence, other
variables such as soil moisture, temperature, evaporation,
terrestrial water storage, etc. should also be considered
along with rainfall to effectively characterize the different
aspects of drought and its associated impacts. Ground-
based observations of these variables are not homogenous
across the country and consequently they are not sufficient
enough to monitor various aspects of drought. A constel-
lation of the Earth-observation satellites provides reasonable
precipitation, soil moisture, temperature, and vegetation
estimates at regular spatio-temporal intervals'"'>. However,
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