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Introduction

Lymphatic filariasis, a serious debilitating disease, affects 
nearly 120 million people and, an estimated 2% of the 
world’s population1. Wuchereria bancrofti, Brugia malayi 
and Brugia timori are the lymph-dwelling parasitic nem-
atodes which cause lymphatic filariasis. These parasites 
have a remarkable ability to modulate the host immune 
responses which makes them able to survive for a long 
time in the hostile immune niche of the host. The para-
site protease inhibitors are believed to be the key players 
in this phenomenon2. It is also believed that these pro-
tease inhibitors are crucial for parasite survival and are 
perhaps the logical sites to be attacked for the control of 
the parasite development and migration3.

Parasites produce three types of protease inhibitors 
namely; serine protease inhibitors (serpins), cysteine 

protease inhibitors (cystatins) and aspartic protease 
inhibitors (aspins), Aspartic proteases are believed to 
play a key role in the pathogenesis of human pathogens 
like HIV4, Plasmodium falciparum (malaria)5 and fungi 
such as Candida6. Hence the design of specific and 
potent inhibitors for these aspartic proteases may help in 
controlling many human diseases.

Different approaches have been employed in design-
ing the new inhibitors for these aspartic proteases, and 
several HIV protease inhibitors have been now licensed 
by the Food and Drug Administration of the USA7–9; how-
ever, all these approaches had only limited usage.

In contrast, only a few naturally occurring protein 
inhibitors of this protease family like human renin-binding 
protein10, aspartic proteinase inhibitors from plants such 
as potato11, squash12 and yeast13 and pepsin inhibitors 
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from Ascaris lumbricoides14 have been identified. Among 
these the best characterized one is the aspin (PI-3) from 
the nonfilarial nematode Ascaris suum that infects 
the pigs15. Similarly, an aspin (Bm-33) from the filarial 
nematode Brugia malayi has also been identified and the 
immunological characterizations have been reported16–18. 
In addition to this, the earlier studies from this laboratory 
reveal rBm-33 to be a human pepsin inhibitor19.

Four major groups of aspartic proteases have been 
identified in vertebrates namely pepsin, cathepsin-D, 
cathepsin-E and renin20. Among these, cathepsin-D 
and cathespin-E are widely distributed in tissues and 
are thought to be involved in the regulation of physical 
activities like, lysosomal biogenesis21, protein targeting22, 
antigen processing and presentation by degradation of 
proteins and peptides23–25. In order to understand the role 
of aspin (Bm-33) in the parasite survival and its immune 
evasion strategies, the study of its inhibitory efficiency 
against the human aspartic proteases becomes impera-
tive, which is attempted in the present study.

Materials and methods

rBm-33 was expressed in Escherichia coli, purified from 
the inclusion bodies and refolded as described earlier19.

Thermal stability of rBm-33 and circular dichrosim
rBm-33 was incubated in 100 mM sodium acetate buffer 
(pH 5.6) at different temperatures (40–95°C) for 10 min. 
The samples were then centrifuged at 17,091 g for 45 min 
and the clear supernatants were assayed for their pep-
sin inhibition activity19. Heat treated (95°C) rBm-33 was 
diluted with water at a final concentration of 0.1 mg/ml at 
pH 6.9. CD measurements were performed using a Jasco 
J-810 CD spectropolarimeter at 293 K using a quartz 
cell of 0.5 mm path-length in the wavelength range of 
190–260 nm at 293 K at a resolution of 1 nm. K2D2 web 
server26 was used to analyze the secondary structure 
composition.

Role of N-terminal end in pepsin inhibition
Equimolar quantities of rBm-33 and human pepsin were 
incubated together for 10 min at 37°C. A final volume of 
2.5% glutaraldehyde was added to this mixture for cross-
linking rBm-33 and human pepsin if they are already 
complexed. The reaction was stopped by adding an equal 
volume of 20 mM Tris buffer (pH 8.0). This nonreactive 
glutaraldehyde was removed by ultrafiltration and the 
samples were loaded on an Immobilized metal affinity 
chromatography (IMAC) column (Ni2+-IDA) equilibrated 
with a buffer containing 20 mM NaH

2
PO

4
 (pH 8.0) and 

100 mM NaCl (buffer A). After a brief wash with the 
equilibration buffer, elution was carried out with buf-
fer A containing increasing concentrations of imidazole 
(25–200 mM), and the eluted flow-through fraction was 
analyzed on immunoblot using anti Bm-33 antisera 
(1:20,000) (in-house produced) and anti his-tag antibody 
(1:20,000) (Amersham Pharmacia, Piscataway, NJ, USA).

Human aspartic protease inhibition assay
rBm-33 (purified), pepsin (Himedia, Mumbai, India), 
cathepsin-D, cathepsin-E and renin (SIGMA, St. Louis,  
MO, USA) were used for the assays.

UV spectroscopy
Equimolar quantities of rBm-33 and human proteases 
(pepsin, cathepsin-D, cathepsin-E, and renin) were 
mixed and incubated in 100 mM sodium acetate buf-
fer (pH 5.6) for 10 min at 37°C separately. To measure 
the residual protease activity, 10 µl (1 mg/ml) of casein 
were added and the reaction was stopped after 5 min 
by adding ice cold trichloroacetic acid (TCA) (5 %) 
solution. After incubation at 4°C for 30 min, the mix-
ture was centrifuged for 40 min with 17,091g. When the 
whole proteins get precipitated by TCA, the peptide 
fragments in the supernatant show UV absorption at 
280 nm, which is proportional to the digestion of casein 
by the proteases. The whole experiment was repeated 
six times and the mean values obtained are graphically 
represented27.

Kinetics of pepsin inhibition by rBm-33
Kinetics of pepsin inhibition by rBm-33 was determined 
by the spectroscopic method27. With a fixed quantity of 
pepsin (5 mM) and fixed reaction time, the rate of prote-
olysis in the presence of inhibitor was measured. Human 
pepsin (5 mM) alone and human pepsin preincubated 
with increasing concentration of rBm-33 (1 mM, 2.5 mM 
and 5 mM, respectively) for 10 min at 37°C in 100 mM 
sodium acetate buffer (pH 5.6) were taken. To measure 
the residual protease activity, 10 µl of casein (7–80 µM) 
was added and the reaction was stopped after 5 min by 
adding ice cold TCA (5%) solution. After incubation at 
4°C for 30 min, the mixture was centrifuged for 40 min 
with 17,091g. The reaction was monitored by measuring 
the UV absorbance at 280 nm. The K

m
 value for rBm-33 

was determined by linear regression from plots of 1/V 
vs. 1/S, using substrate concentrations of 7–80 µM. Three 
fixed concentrations, 1 mM, 2.5 mM and 5 mM, respec-
tively of rBm-33 were used to determine the inhibition 
constant (K

i
) against six concentrations of casein. Assays 

were carried out in triplicates and the kinetic constants 
were determined using Graphpad Prism 2.0 (San Diego, 
CA, USA).

Isothermal titration calorimetry
The calorimetric titrations were performed at 298 K with 
a VP-ITC isothermal titration calorimeter from Microcal 
(Northampton, MA, USA). Small aliquot (typically 5 µl) 
of the protease solution (0.036 mM) was added from a 
rotating stirrer-syringe to a solution of r-Bm-33 (1.8 ml, 
0.036 mM) in the calorimeter cell. Successive additions 
were separated by a 120-s interval to allow the exother-
mic peak resulting from the reaction to return to the 
baseline. Usually the first injection was found to be inac-
curate; hence, a 2 µl injection was added first and the 
resultant point was deleted before the remaining data 
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were analyzed. No correction was made as the heat of 
dilution for all the protease buffer (protein buffer) was 
found to be very small and negligible when compared to 
the heat changes corresponding to the protease–rBm-
33 binding. The total heat released or absorbed at the 
end of the ith injection, Q (i), was then fitted by a non-
linear least squares method to the total protease con-
centration, Xi, according to the equation28:

Q t b t b t

t b t t

( ) { / /

[( / ) /

i nP H V Xi nP nK P

Xi nP nK P Xi nP

= ∆ + +

− + + + −

1 1

1 1 42 ]] }//1 2 2
�

(1)

where, n refers to the number of sites, P
t
 to the protein 

concentration, V to the volume of the cell, K
b
 to the bind-

ing constant and ΔH
b
 to the binding enthalpy.

The heat released in ith injection is given by:

∆ = + + − − −Q Q Q Q i Q ii( ) ( ) / [ ( ) ( )] ( )i i dV V i2 1 1
�

(2)

where, dV
i
 to the volume of the protease added to the 

solution29. The thermodynamic parameters like ΔG
b
° and 

ΔS
b
° are calculated according to equations 3 and 4:

∆ =G RT Kb bn° − 1 ,
�

(3)

∆ = ∆ − ∆G H Sb b bT° .

�

(4)

Results

Thermal stability of rBm-33 and circular dichrosim
Thermal stability of rBm-33 was studied by incubating at 
different temperatures (40°C–95°C) for 10 min, followed 
by pepsin inhibition activity of the heat treated protein. 
The results obtained are shown in (Figure 1A). The CD 
spectrum (at 190–260 nm) of heat treated (95°C) rBm-33 
showed a complete collapse of the secondary structure 
pattern (Figure 1B).

Role of N-terminal end in pepsin inhibition
When the flow-through fraction from the IMAC experi-
ment was analyzed, a 66 kDa (corresponding to rBm-
33-pepsin complex) was found to be probed with 
anti-Bm-33 antisera and no other fractions showed the 
reactivity. Probing with anti his-tag antibody failed to 
show any immunoreactivity (Figure 2).

Human aspartic protease inhibition assay
The action of rBm-33 on the human aspartic proteases 
was examined (Figure 3). When assayed for the inhibition 
of casein digestion, rBm-33 showed inhibition against 
the four important human aspartic proteases that were 
examined.

Kinetics of pepsin inhibition by rBm-33
The substrate concentration vs. velocity curve (Figure 4A) 
and the corresponding double inverse Lineweaver-Burk plot 
are depicted (Figure 4B). While the saturating concentration 

of substrate (Vmax) seems to be the same, the rate of the 
proteolysis decreased with the increasing rBm-33 concen-
trations. Inhibition constant (K

i
) for pepsin inhibition of 

rBm-33 was found to be 2.5 (± 0.8) nM.

Figure 1.  Thermal stability expressed through the CD spectrum 
of rBm-33 heat treated to (95°C). Thermal stability of rBm-33 on 
pepsin inhibition activity.*The percentage activity was calculated 
assuming the maximum activity at 37°C is 100% (A). CD spectrum of 
heat treated (95°C) rBm-33 diluted with water at final concentration 
of 0.1 mg/ml at pH 6.9 (B).

Figure 2.  Immunoblot to show the removal of N-terminal his-
tag from rBm-33 after the incubation with pepsin. M: protein 
molecular-weight marker; Lane 1: flow-through of IMAC (Ni2+-
IDA) experiment containing glutaraldehyde cross linked rBm-33-
pepsin complex probed with anti Bm-33 antisera; Lane 2: same 
flow-through probed with anti his-tag antibody. 
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Isothermal titration calorimetry
The experimental values of the calorimetric titration 
experiment for the binding of human aspartic proteases 
to rBm-33 at 298 K are shown in Figure 5A, 5B, 5C and 5D. 
From these figures, it is evident that “exothermic heat of 
binding” decreases monotonically with successive injec-
tions until saturation is achieved. This behaviour is found 
to be consistent with all the proteases (sub-legends a, 
b, c and d). A plot of incremental heat as a function of 
all the four proteases/rBm-33 ratio was obtained with 
non-linear least squares fit of the data to equation 1. The 
titration data could be fitted satisfactorily for a model 
with ‘single type of binding site’ and the fit is shown as 
a solid line in (Figure 5a*, 5b*, 5c* and 5d*). The values 
of various parameters for binding of rBm-33 with the 
important human aspartic proteases that were examined 
are presented in (Table 1).

Discussion

rBm-33 is an aspartic protease inhibitor secreted by the 
human filarial parasite Brugia malayi and is believed to 
play a key role in host pathogenesis and immune modu-
lation18. It was purified under denaturing conditions and 
refolded by step wise dialysis using buffers of pH rang-
ing from 11 to 7. It was characterized with respect to its 
human pepsin inhibition activity19.

In continuation of our earlier work19, we have character-
ized the thermal stability of rBm-33 and investigated the 
role of N-terminal end in the pepsin inhibition. Further, 
we have also studied the kinetics of pepsin inhibition, 
inhibitory effect and binding characteristics of rBm-33 
with the other important human aspartic proteases using 
UV absorption and iso thermal titration calorimetry.

The thermal stability experiment clearly shows that 
the pepsin inhibition activity of rBm-33 is unaffected up 
to 90°C. The presence of two disulfide bonds in rBm-33 
could have given this high-thermal stability30 similar to 
PI-3 (homologous aspin from Ascaris suum) which had 
three disulfide bonds31. However, the activity decreases 
rather steeply at 95°C. This loss of protease inhibition 
activity can be correlated with CD spectroscopy results, 
which indicate distorted secondary structural pattern of 
the protein when incubated at 95°C for 10 min.

As the N-terminal β strand insertion of PI-3 (from 
Ascaris suum) into the pepsin was demonstrated in the 
case of PI-3 – pepsin crystal structure15, N-terminal his-tag 
removal from rBm-33 for pepsin inhibition was hypoth-
esized. The presence of N-terminal his-tag in rBm-33 
prior to the incubation with pepsin and its removal after 
incubation was demonstrated by immunoblotting. This 

Figure 3.  Inhibition activity of rBm-33 against human aspartic 
proteases using UV spectroscopy. CA: only casein, P: pepsin, RE: 
renin, CE: cathepsin-E, CD: cathepsin-D, PS: pepstatin Bm: rBm-
33. All the values represent the mean of six different experiments 
± SD

Figure 4.  Kinetics of pepsin inhibition by rBm-33. The assay was performed with the fixed quantity of pepsin (5 mm) and varying concentrations 
of rBm-33 in absence and in the presence of (1 mM, 2.5 mM and 5 mM, respectively). Substrate-velocity curve (A) and Lineweaver-Burk plot 
(1/V vs. 1/S) (B) are shown indicating competitive inhibition of pepsin by rBm-33 (Ki = 2.5 (± 0.8) nM). P: pepsin (5 mM), P+ [B 1 mM]: 
pepsin+rBm-33 (1 mM), P+ [B 2.5 mM]: pepsin+rBm-33 (2.5 mM), P+ [B 5 mM]: pepsin+rBm-33 (5 mM). Assay was carried out in triplicates 
and the kinetic constants were determined using Graphpad Prism 2.0 (San Diego, CA, USA). 
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Figure 5.  Iso-thermal calorimetric titration of rBm-33 (refolded) with cathepsin-E (C). Raw data obtained from 50 automatic injections of 5 µl aliquots 
of 0.036 mM cathepsin-E into 0.036 mM of rBm-33 (refolded) at 298 K (c). Non-linear least squares fit for the cathepsin-E and rBm-33 (refolded) (c*). 
Iso-thermal calorimetric titration of rBm-33 (refolded) with cathepsin-D (D). Raw data obtained from 50 automatic injections of 5 µl aliquots of 0.036 
mM cathepsin-D into 0.036 mM of rBm-33 (refolded) at 298 K (d). Non-linear least squares fit for the cathepsin-D and rBm-33 (refolded) (d*).
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is further supported by the IMAC experiment. When the 
glutraldehyde cross linked rBm-33-pepsin complex was 
added to IMAC resin, the complex was not retained on the 
column. The presence of a 66 kDa band corresponding to 
rBm-33-pepsin complex, only in the flow-through which 
could be probed with anti-Bm-33 antisera but not with 
anti-his-tag monoclonal antibody reveals the removal of 
his-tag from rBm-33 by pepsin. The presence of a pepsin 
cleavage site at the 11th amino acid position (N-terminus) 
in rBm-33 can be hypothesized as a contributing factor for 
the N-terminal his-tag removal by pepsin. Hence when the 
rBm-33 is incubated with pepsin for 10 min at 37°C it forms 
a stable ‘enzyme-product’ complex suggesting the inser-
tion of N-ter strand after altering the rBm-33 N-terminus.

The effect of rBm-33 on the various human aspartic pro-
teases was examined. Unlike PI-3, where the inhibitor was 
found to be ineffective against renin and cathepsin-D31, 
an appreciable influence on all the four aspartic proteases 
was evident with rBm-33. In all cases, addition of equimo-
lar amounts of the inhibitor (rBm-33) resulted in almost 
complete inhibition of the proteolytic activity of all the pro-
teases that were examined. The difference in the nature of 
N-terminal composition from that of PI-3 (data not shown) 
or the excess of about 66 amino acid residues (not as a 
single stretch) present in rBm-33 compared to PI-3 may be 
attributed to its universal inhibition. Among all the prote-
ases that were examined, rBm-33 was found to be equally 
effective against pepsin and renin whereas few folds less 
are effective towards cathepsin-E and D. UV based kinetic 
experiments were performed with rBm-33 – pepsin to 
identify its mode of inhibition. These experiments suggest 
almost a linear competitive inhibition towards pepsin. 
Such mode of inhibition was comparable to that of pepsin 
inhibition by pepstatin suggesting that mode of inhibition 
of rBm-33 is similar to that of pepstatin inhibition32.

Isothermal titration calorimetric experiment values 
in Table 1 indicate that the rBm-33 has one binding site 
(1:1 stoichiometry) for pepsin, cathepsin-E and renin 
whereas more than one site (1:1.7 stoichiometry) with 
cathepsin D. It is further seen that binding constant (K

b
) 

for human cathepsin-E and D are 1.8 and 3.6 times less 
specific than that of pepsin and renin. A slight preference 
towards pepsin over renin is also observed. The thermo-
dynamic data indicate that aspartic protease binding to 
rBm-33 is governed primarily by enthalpic forces, with 
negative contribution from the enthalpy of binding for 
the aspartic proteases.

Biological implications in aspartic protease inhibition
Considering the findings of pronounced inhibitory activity 
of rBm-33 against the important human aspartic proteases, 
it is interesting to speculate Bm-33 as an important drug 
target for future drug designing attempts. Cathepsin E and 
D have shown to be involved in the processing of antigens 
and thereby construction of Complementarity determining 
regions (CDRs.)33,34. Renin is believed to be an important com-
ponent of blood plasma, lymph and intestinal fluid to main-
tain arterial blood pressure of the human body35. Though the 
filarial worm does not encounter the host digestive system, 
pepsin is believed to be one of the principal enzymes that 
play a key role in immunoregulation36,37. Hence the inhibition 
of these aspartic proteases by Bm-33 might assist the parasite 
by inhibiting important proteases of the host resulting in the 
invasion and survival of the filarial parasite.

Conclusion

The physicochemical properties and aspartic protease 
inhibition efficiency of rBm-33 have been investigated. 
These studies reveal that rBm-33 is active up to 90°C. The 
formation of a stable ‘enzyme-product’ complex is evi-
dent by N-terminal his-tag removal from rBm-33 when 
incubated with pepsin. These findings are similar to 
those of PI-3-pepsin complex suggesting that the binding 
mode of Bm-33 with aspartic protease may be a β strand 
insertion15. Unlike in PI-3, UV absorption and isothermal 
titration calorimetry results clearly suggest that rBm-33 
inhibits cathepsin-D and renin. The reason for rBm-33 
inhibition of all the important aspartic proteases can be 
attributed to its different N-terminal composition to that 
of PI-3 which may allow interactions with primary/sec-
ondary interaction sites of all the human aspartic prote-
ases that were examined. In addition to this, the presence 
of excess 66 amino acid residues in Bm-33 was compared 
to PI-3 which may induce a conformational change on 
the proteases. This study sheds light on the inhibition of 
important human aspartic proteases by rBm-33, which 
opens up the possibility of exploring rBm-33 as a poten-
tial drug target for human lymphatic filariasis.
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Table 1.  Association constants (K
b
) and thermodynamic parameters for the binding of important human aspartic proteases to rBm-33.

Protein (human aspartic proteases) T (K) n 103 * K
b
 (M−1) −ΔG

b
°(kJ mol−1) −ΔH

b
°(kJ mol−1) −ΔS

b
°(J mol−1 K−1)

Pepsin 298 0.92 (± 0.01) 10.23 (± 0.3) 21.19 50.99 (± 0.3) 100.02(± 1.3)
Renin 298 1.12 (± 0.04) 10.01 (± 0.2) 21.17 49.02 (± 0.5) 93.45(± 2.1)
Cathepsin-E 298 1.13 (± 0.04) 8.24 (± 0.1) 20.31 47.23 (± 0.1) 90.34 (± 1.8)
Cathepsin-D 298 1.73 (± 0.04) 6.52 (± 0.4) 20.04 46.07 (± 0.7) 87.34 (± 2.7)
*Values shown are the average values from two independent titration experiments.
K

b
, binding constant; n, number of binding sites; T (K), temperature; ΔG

b
, Gibbs free energy; ΔH

b
, enthalpy of binding; ΔS

b
, entropy of 

binding.
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