
Journal of Biotechnology 123 (2006) 443–452

Structural aspects of the Mucor bacilliformis proteinase,
a new member of the aspartyl-proteinase family
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Abstract

Bovine chymosin is considered the best milk-clotting enzyme for cheese manufacture; however, the thermophilic Mucor
pusillus proteinase is also used nowadays. We herein report structural aspects of the aspartyl proteinase from the local mesophilic
Mucor bacilliformis strain. Sequence data indicate a high similarity degree to those of other family members. The protein is
monomeric, not glycosylated, has two disulfide bridges, and mainly includes beta structure. A molecular model was built by
using the Rhizopus chinensis proteinase structure as the template. Sequence analysis and comparison of our model with bovine
chymosin and M. pusillus proteinase structures, indicate that the M. bacilliformis proteinase is at a similar evolutionary distance
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n a sequence level; as regards tertiary structure, the M. bacilliformis proteinase superimposes on the bovine chymosin structure
n a fashion similar to that of the M. pusillus proteinase. Overall results suggest that this novel proteinase can be utilized as a
ood milk-clotting enzyme in the dairy industry.
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1. Introduction

Aspartyl proteinases are a protein family widely dis-
tributed in nature and involved in multiple important
commercial and biomedical processes.

We are interested in basic and applied aspects of
the aspartyl proteinase from Mucor bacilliformis, a
mesophilic mould strain. Fungal thermophilic pro-
teinases – such as those from Mucor miehei and Mucor
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pusillus – are still widely used as substitutes for calf
chymosin in the cheese industry; however, these pro-
teinases have a high proteolytic action which impairs
cheese organoleptic characteristics. Despite over 50%
cheese now being produced by using recombinant chy-
mosin, animal or microbial rennets is the alternative
for consumers who refuse to accept bioengineered
food.

We isolated, purified (Areces et al., 1992) and
characterized structural and kinetic aspects (Venera
et al., 1997) of the aspartyl proteinase from M.
bacilliformis. In this work we have further charac-
terized the protein including the determination of
the complete primary structure and built a molec-
ular model by using the crystallographic structure
of the Rhizopus chinensis proteinase as the tem-
plate.

Sequence alignment and molecular modeling have
enabled us to describe structural similarities and dif-
ferences between the M. bacilliformis proteinase and
other members of the protein family. The compari-
son between the spatial arrangement of this protein
and those of bovine chymosin and the M. pusillus pro-
teinase is of particular interest. Bovine chymosin has
been considered as a prototype in cheese manufacture
since it has the best milk-clotting/proteolytic activity
ratio; on the other hand, the M. pusillus proteinase
is currently being used as a substitute milk-clotting
enzyme.
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2.1. Protein concentration

This was measured either as per Lowry et al. (1951)
or by amino acid analysis.

2.2. Amino acid analysis

Samples were hydrolyzed in vacuum-sealed tubes
at 110 ◦C for 20 h in constant boiling HCl containing
phenol (1 mg/ml). The hydrolysates were analyzed in
duplicate in a Beckman 119 CL amino acid analyzer.

2.3. SDS-polyacrylamide gel electrophoresis

It was performed in slab gels at room temperature
under denaturing conditions as described by Laemmli
(1970) or according to Schägger and von Jagow (1987).
Gels were stained for proteins with Coomassie Blue R-
250 or silver staining.

2.4. Cysteine and disulfide bridge contents

Protein reduction and carbamidomethylation was
performed according to Crestfield et al. (1963) but
using 14C iodoacetamide instead of iodoacetic acid.
Reagent excess was separated through a Sephadex G25
column. Fraction radioactivity was measured in a Beck-
man 7000 counter.

2.5. Peptide sequencing
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. Materials and methods

The M. bacilliformis proteinase was prepared
y the method of Venera et al. (1997). Homo-
eneity of the enzyme preparation was exam-
ned by SDS-polyacrylamide gel electrophoresis and
-terminal analysis. Trypsin, chymotrypsin, Staphy-

ococcal V8 proteinase and molecular weight mark-
rs were obtained from Sigma–Aldrich, Saint Louis,
O, USA. PVDF and nitrocellulose membranes were

rom Millipore Corporation, Bedford, MA, USA
nd the Immun-Blot® kit for glycoprotein detec-
ion was from BIO-RAD, Hercules, CA, USA. Mono

HR 5/5 and PD-10 columns were from Amer-
ham Biosciences, Uppsala, Sweden. Water was

illi Q quality and all other chemicals were AR
rade.
It was performed at the Facility for Peptide and
rotein Sequencing (University of Buenos Aires). An
pplied Biosystems pulse liquid–gas phase automated

equencer model 477A was used. Following each cycle,
he phenylthiohydantoin amino acid was identified by
sing an on-line RP-HPLC system. Samples were elec-
roblotted onto a PVDF membrane or applied to a
olybrene-coated filter.

Searches for similarities were performed by using
he Blast algorithm.

.6. Protein and peptide electroblotting

After SDS-PAGE, proteins or peptides were blot-
ed onto a PVDF membrane in 10 mM CAPS buffer,
0% methanol, pH 11.0, according to Matsudaira
1987).
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2.7. Protein reduction and alkylation

Reduction was achieved with a 10-fold excess
of DTT in 6 M guanidinium hydrochloride, 0.25 M
Tris–HCl, 1 mM EDTA, pH 8.5, for 1 h at 37 ◦C under
nitrogen (Matsudaira, 1989); the reduced protein was
then alkylated with 4-VP (1 �l/100 �g of protein) under
nitrogen, at 37 ◦C during 1 h. Reagent excess was
removed through a PD-10 column.

2.8. Proteolytic digestion in solution

Approximately 150 �g of the reduced and 4-VP-
treated proteinase was digested with trypsin during 24 h
at 37 ◦C in 100 mM sodium bicarbonate, pH 8.5, at a
1:25 enzyme:protein ratio. Staphylococcal V8 diges-
tion of the native proteinase was carried out in a 0.1 M
phosphate buffer, pH 7.8, at 37 ◦C for 16 h at a 1:40
enzyme:protein ratio.

2.9. Chemical cleavage

(a) Four hundred micrograms of the reduced and
4-VP-treated M. bacilliformis proteinase was
digested in 400 �l of 70% formic acid with a
two-fold excess of CNBr, in the dark, under nitro-
gen, at room temperature for 24 h (Matsudaira,
1989).

(b) One hundred micrograms of the proteinase was
digested in 240 �l of 70% formic acid contain-
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2.11. HPLC peptide purification

An LKB system from Amersham Biosciences, Upp-
sala, Sweden, with a diode array detector was uti-
lized. Experimental conditions are detailed for each
particular case. When necessary, fractions were rechro-
matographed.

2.12. Circular dichroism

It was performed in a Jasco J20 spectropolarimeter
in the 203–250 nm range at 25 ◦C with a cell provided
with a circular window. The pathlength was 1 mm and
the instrument was calibrated with camphorsulfonic
acid. Protein concentration – 0.15 mg/ml in 50 mM
phosphate buffer with 110 mM NaCl – was determined
in quintuplicate. The content of �-helix, �-sheet and
disordered structure (Andrade et al., 1993; Merelo et
al., 1994) was determined by using the K2d program
described by the European Molecular Biology Labo-
ratory. The �-helix content was also estimated by the
Zhong and Curtis Johnson method (1992).

2.13. Glycosylation state

An Immuno-Blot Kit for glycoprotein detection was
utilized.

2.14. Protein modeling
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ing 200 �g of CNBr and 1 mM KI (Huang and
Huang, 1994) under the conditions described in
(a). In both cases, after a 10-fold dilution with
water the solution was concentrated in a Speed
Vac.

.10. “In-gel” digestion

Protein bands were digested “in-gel” with chy-
otrypsin at an enzyme:protein ratio of 1:20 (Hellman,

997). Briefly, after washing with 0.1 M ammo-
ium bicarbonate and ACN, the gel piece was dried
p under nitrogen, and a buffer solution contain-
ng chymotrypsin was allowed to soak into the
el piece. After overnight incubation at 30 ◦C, the
eptide mixture was recovered by extraction with
0% ACN in 0.1% TFA and analyzed by RP-
PLC.
Sequence of the M. bacilliformis proteinase and
ts template (R. chinensis proteinase) were aligned by
LUSTALX (Higgins et al., 1996) followed by manual
djustment. The structure-based alignment of the M.
acilliformis model and the aspartyl proteinase HOM-
TRAD family (Mizuguchi et al., 1998a) was obtained
y using COMPARER (Sali and Blundell, 1990) and
he corresponding and output file is given in JOY for-

at (Mizuguchi et al., 1998b). The different structure
uperimposition and rmsd calculation made during the
ork were performed by the server for Pairwise Super-

mposition of Protein 3D-structures (Boutonnet et al.,
995). The model was built using MODELLER (Sali
nd Blundell, 1993; Fiser et al., 2000). Evaluation of
he model was carried out with Verify 3D (Luthy et
l., 1992) and Procheck (Laskowski et al., 1993). The
ealignment cycle, modeling and structure evaluation
ere repeated until no further improvements on the
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structure were observed. Hydrogen bonds of the model
and known protein structures were calculated with CSU
software (Sobolev et al., 1997) for comparison pur-
poses. The known crystal structure of the R. chinensis
aspartyl proteinase (pdb code: 2apr.pdb) was chosen
as the template for the homology modeling of the M.
bacilliformis aspartyl proteinase as they have a 67%
sequence identity.

3. Results and discussion

3.1. Protein purification

The protein was purified as described by Venera et
al. (1997) and met the purity criteria indicated by the
authors. Besides, the only protein band present in an
SDS-PAGE showing an apparent molecular weight of
32 kDa was electroblotted onto a PVDF membrane and
the sequence of the first 33 amino acid residues was
then determined (Fig. 1).

3.2. Amino acid sequence

Sequencing of HPLC-purified peptides from the
mixtures obtained by trypsin digestion of the 4-VP-
treated protein (T1–T21, Fig. 1) and V8 digestion
of the native protein (V1–V5, Fig. 1) and their fur-
ther localization in the sequence by homology with
those from other members of the protein family
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other overlappings as well as sequence of segments
47–53, 156–167 and 193–200 had not yet been deter-
mined.

On the other hand, Met and Trp distribution in
other members of the family led us to utilize the
cleavage of the native protein with a CNBr/KI mix-
ture. Fragments were separated (Fig. 3) by SDS-
PAGE under the conditions described by Schägger
and von Jagow (1987), electroblotted onto a PVDF
membrane and submitted to microsequencing. Four
out of the nine fragments sequenced (Fig. 1) bore
important results: CK2 (42–56) covered the missing
sequence and represented an overlapping—though the
two cysteine residues could not be identified; CK6
(156–175) covered the second missing sequence and
overlapped the peptide following in the structure; CK7
(194–202) and CK8 (195–209) covered the third miss-
ing sequence, except W193, and also overlapped the
next peptide. The experiment allowed completion of
99.1% of the total sequence. For the purpose of con-
firming the 42–56 sequence, fragment A (Fig. 2) was
digested “in gel” with chymotrypsin; only one peptide
showed absorbance at 254 nm and its sequence unam-
biguously confirmed the presence of cysteine residues
and location of one of the two disulfide bridges. All
the above results led to the determination of the com-
plete protein primary structure (Fig. 1) although Trp
was placed at position 193 on the basis of homol-
ogy and chemical cleavage specificity. The protein is
monomeric, has 323 amino acid residues and – as
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llowed determination of 55.4% of the M. bacilli-
ormis protein primary structure, mainly involving
he N-terminal region (Fig. 1). Two peptides con-
aining Cys residues were obtained (T17 and T18,
ig. 1).

Distribution of Met residues in homologous pro-
einases indicated that the CNBr treatment could fur-
ish useful information concerning the missing region.
herefore, the reduced and 4-VP-treated protein was
ubmitted to CNBr cleavage and the peptide mixture
esolved by SDS-PAGE (Fig. 2); the two fragments
btained (A and B) were sequenced: A corresponded
o an N-terminal fragment and B had Gly 122 as its N-
erminal residue. Fragment B was submitted to a chy-

otryptic “in-gel” digestion and further HPLC of the
eptide mixture. Results are shown in Fig. 1. The exper-
ment allowed us to reach 91.6% of the total sequence
nd important overlapping was achieved. However,
udged by 14C iodoacetamide incorporation to both
he reduced and native proteins – has four cystein
esidues involved in two disulfide bridges. Members
f the aspartyl-proteinase family have one to three
isulfide bridges; that located at position 251–286 is
onserved in all members of the family. Proteinases
ontaining four cysteine residues have two bridges:
7–50 and 251–286. Apart from localizing them by
omology in the M. bacilliformis proteinase, we con-
rmed their positions by protein modeling as described
elow.

Besides, two protein microheterogeneities were
ound: peptides containing W or F at position 71 and
hose containing G or D at position 178 were purified.

On the other hand, the M. bacilliformis proteinase
s not glycosylated. Although the importance of gly-
osylation is not well known in the aspartyl-proteinase
amily, it has been proposed that it stabilizes protein
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Fig. 1. Primary structure of the M. bacilliformis aspartyl proteinase. Thin black line underlines the sequence obtained from the native protein.
Peptides obtained from enzymatic and chemical cleavage: trypsin (dark gray full lines); chymotrypsin: (light gray full lines); V8 (medium gray
full lines); CNBr (wide black lines); CNBr/KI (dashed gray lines).

conformation (Costa et al., 1997) thus leading to a
higher thermostability. In cheese industry a low ther-
mal stability is a particularly useful property in the
maturation process. The thermoplilic M. miehei pro-
teinase presents high thermostability and has a large
carbohydrate content (6%, two glycosylation sites)

(Rickert and McBride-Warren, 1974). In contrast, those
from mesophilic mold strains such as rhizopuspepsin
from Rhizopus niveus, penicillopepsin and endothia-
pepsin – which are thermolabile – are not glycosylated
(Gasteiger et al., 2003) as the case is for bovine chy-
mosin.
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Fig. 2. SDS-PAGE of the reduced and 4-VP-treated M. bacilliformis
proteinase cleaved by CNBr (Line I). The gel was stained with
Coomassie Blue. U: undigested protein. Line II contains molecu-
lar markers.

3.3. Sequence alignment and molecular modeling

Fig. 4 shows comparison of the primary and tertiary
structure of the M. bacillormis proteinase with those
from fungal origin including one without a known ter-
tiary structure though important for discussion, and calf
chymosin, considered as a prototype in cheese manu-
facture. There is a high percentage of similarity and
identity (McGinnis and Madden, 2004) between the
sequence of the M. bacilliformis proteinase and that of
R. niveus I (79% similarity, 65% identity), R. chinen-
sis (78% similarity, 67% identity), Endothia parasitica

Fig. 3. SDS-PAGE of peptides obtained by CNBr/KI treatment of
the M. bacilliformis proteinase. Left line contains the molecular mass
markers. The gel was stained with Coomassie Blue.

(52% similarity, 38% identity), calf chymosin (53%
similarity, 33% identity), M. pusillus (46% similarity,
32% identity), M. miehei (44% similarity, 29% iden-
tity). The higher values as well as the lesser gap number
are obtained when comparing the M. bacilliformis pro-
teinase with that from Rhizopus species.

On the other hand, sequence identity of calf chy-
mosin with the M. bacilliformis proteinase (33%) is

Fig. 4. Structural comparison of the M. bacilliformis proteinase and other family members. Mucor bacilliformis proteinase model: muc2;
penicillopepsin, Penicillium janthinellum: 3app; endothiapepsin, E. parasitica: 4ape; rhizopuspepsin, Rhizopus chinensis: 2apr; chymosin, Bos
taurus: 4cms; pepsin, Mucor pusillus: 1mpp; aspartic proteinase, Mucor miehei: 2asi; aspartic proteinase, R. niveus: RHINI 4 (unknown tertiary
structure). Alpha helix: red; beta strand: blue; 310 helix: brown; solvent accessible: lower case; solvent inaccessible: upper case; hydrogen bond
to main-chain amide: bold; hydrogen bond to main-chain carbonyl: underlined; disulfide bond: cedilla; positive phi torsion angle: italics; amino
acids in the hydrogen-bond net involving D34: yellow boxes; amino acids in the hydrogen-bond net involving D216: green boxes, as calculated
according to CSU software [23].
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higher than that of proteinases from M. miehei (25%)
and E. parasitica (26%), both of them currently used in
cheese manufacture thus indicating that the M. bacilli-
formis proteinase could be a useful substitute in cheese
industry. With regard to protein structural architec-
ture, CD determinations indicated an �-helix content
of 2.9–4.0% which agrees with values ranging between
1% and 4% for all fungal aspartyl proteinases while
pepsin and bovine chymosin reach values of 13% and
24%, respectively. Besides, spectra deconvolution in
the 200–240 nm range indicated a 48% of �-sheet thus
confirming the large content of said structure in the
protein family.

Since the M. bacilliformis proteinase shows the
greatest identity with and similarity to those from Rhi-
zopus origin, we built a molecular model by utilizing
the known structure of rhizopuspepsin from R. chinen-
sis (Protein Data Bank code, 2apr.pdb) as the template.
This structure was solved by X-ray crystallography
with a resolution of 1.8 Å (Suguna et al., 1987) and
has a high sequence identity (67%) with the target
sequence. The structure (muc2) was selected out of
20 models obtained by using MODELLER (Sali and
Blundell, 1993; Fiser et al., 2000). The model evalua-
tion with Verify 3D (Luthy et al., 1992) yielded only
positive scores and evaluation of its stereo-chemical
quality with Procheck (Laskowski et al., 1993) showed

that 95.1% of the residues are in the most favored
regions, 4.9% of residues are in the additional favored
regions, 0% in the generously allowed region and 0%
residues in the disallowed region, in the Ramachandran
plot. A very good superimposition was found (global
rmsd of 0.28 Å in 320 superimposable residues) by
using the SSAP Server (Pearl et al., 2005). Only two
minor regions have a lower superimposition degree: a
loop with an additional residue (Gly 54 in 2apr) and
a loop with two additional residues in muc2 (Gly281-
Phe282).

Catalytic aspartic residues 34 and 216 of M. bacilli-
formis aspartyl proteinase muc2 are equivalent to aspar-
tic residues 35 and 218 of rhizopuspepsin 2apr and fully
superimpose one another. Such residues are part of a
hydrogen-bond arrangement very similar to those of
rhizopuspepsin 2apr (Suguna et al., 1987), bovine chy-
mosin 4cms (Newman et al., 1991), M. pusillus aspartyl
proteinase 1mpp (Newman et al., 1993) and porcine
pepsin 5pep (Cooper et al., 1990), as calculated with
the CSU SOFTWARE (Sobolev et al., 1997). See yel-
low and green boxes in Fig. 4.

On the other hand, Fig. 5a shows a very good super-
imposition of bovine chymosin 4cms.pdb (Newman
et al., 1991) and muc2 (M. bacilliformis pro-
teinase model) global rmsd: 1.77 Å in 311 super-
imposable residues (96% overlapping). Instead, the

F and m
(

ig. 5. (a) superimposition of bovine chymosin (4cms.pdb, black)
1mpp.pdb, black) and muc2 (gray).
uc2 (gray); (b) superimposition of the Mucor pusillus proteinase
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superimposition of M. pusillus proteinase 1mpp.pdb
(Newman et al., 1993) and muc2 (Fig. 5b) has a global
rmsd of 2.24 Å for the 314 aligned residues (87% over-
lapping). As expected, there is a better superimposition
of �-sheets and helices. There are 395 conserved con-
tacts between the model and rhizopuspepsin; instead,
there are 246 between the model and bovine chymosin
and 223 between the model and the M. pusillus pro-
teinase, as calculated according to Boutonnet et al.
(1995). Thus, the M. bacilliformis proteinase is at a
similar evolutionary distance from bovine chymosin
and from the M. pusillus proteinase on a sequence level
(33% and 32% identity, respectively). However, muc2
shows a fuller superimposition on bovine chymosin, on
a tertiary structure level (Fig. 5a and b) though it should
be pointed out that tertiary structure superimposition is
much better on the N-terminal domain (1–178 amino
acid residues of M. bacilliformis proteinase), some-
thing which does not go along with a higher sequence
identity.

As bovine chymosin is considered the best milk
coagulant in the cheese industry, the above results sup-
port the proposal that the mesophilic M. bacilliformis
proteinase could be used as a better substitute than those
from other sources utilized so far.
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Schägger, H., von Jagow, G., 1987. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins
in the range from 1 to 100 kDa. Anal. Biochem. 166, 368–
379.

Sobolev, V., Sorokine, A., Prilusky, J., Abola, E.E., Edelman, M.,
1997. Automated analysis of interatomic contacts in proteins.
Bioinformatics 15, 327–332.

Suguna, K., Bott, R.R., Padlan, E.A., Subramanian, E., Sheriff, S.,
Cohen, G.H., Davies, D.R., 1987. Structure and refinement at 1.8
Angstroms resolution of the aspartic proteinase from Rhizopus
chinensis. J. Mol. Biol. 196, 877–900.

Venera, G.D., Machalinski, C., Zumárraga, H., Biscoglio de Jiménez
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