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ABSTRACT: Bovine chymosin has long been the preferred enzyme used to coagulate cow’s milk, in the initial stage of cheese
production, during which it cleaves a specific bond in the milk protein κ-casein. Recently, camel chymosin has been shown to have a
70% higher clotting activity toward cow’s milk and, moreover, to cleave κ-casein more selectively. Bovine chymosin, on the other
hand, is a poor clotting agent toward camel’s milk. This paper reports a molecular modeling study aimed at understanding this
disparity, based on homology modeling and molecular dynamics simulations using peptide fragments of κ-casein from cow and
camel in both bovine and camel chymosin. The results show that the complex between bovine chymosin and the fragment of camel
κ-casein is indeed less stable in the binding pocket. The results also indicate that this in part may be due to charge repulsion between
a lysine residue in bovine chymosin and an arginine residue in the P4 position of camel κ-casein.
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’ INTRODUCTION

Preparations of proteolytic enzymes, so-called rennets, have
been used to initiate the first step of cheesemaking, the clotting of
milk, for millennia. Historically, most of these enzyme prep-
arations have been extracts from the stomachs of ruminant,
mainly comprising chymosin and pepsin as clotting agents, but
more recently proteases from plants or microorganisms have also
been used.1 Chymosin is an aspartic protease found predomi-
nantly in the stomachs of mammalian infants. The enzyme
cleaves the milk protein κ-casein, which causes the milk to
curdle.2 The result of this process is that the milk is retained in
the digestive system longer, allowing for increased absorption in
the bowels. In contrast to other aspartic proteases (e.g., pepsin),
chymosin exhibits a low general proteolytic activity.3 Until
recently, bovine chymosin has been considered the most suitable
enzyme for clotting of bovine milk due to its high specificity
for cleaving the peptide bond between Phe105 and Met106 in
bovine κ-casein (κ-casein residues are given in italics in the text
throughout).

Recently, commercial demand for an enzyme to produce
cheese from camel’s milk led to the expression of camel chymosin
in Aspergillus.4 Interestingly, it was later demonstrated that camel
chymosin has a 70% higher clotting activity than bovine chymo-
sin toward bovine milk; additionally, it was found to be more
selective, with a general proteolytic activity 5 times lower than
that of bovine chymosin.4 The two enzymes have a high sequence
identity (85%) and sequence similarity (94%), which in part
could explain why camel chymosin is able to clot bovine milk, but
not why it does this so effectively (a full sequence alignment is
available in the Supporting Information). It is surprising, then, to
note that bovine chymosin is a very poor clotting agent toward

camel’s milk.4 This disparity is not understood at a molecular
level, due to a lack of structural information about chymosin�
κ-casein complexes. Understanding the selectivity holds indus-
trial interest as bovine chymosin has been sold as a clotting
enzyme in cheese manufacturing since it was first industrially
purified and standardized in activity by the company Chr.
Hansen Inc. in 1874.1 Recently, camel chymosin has been
successfully marketed as an alternative to bovine chymosin,
offering higher yields and less bitter taste due to the lower
proteolytic activity.4,5

There are, currently, four X-ray crystal structures of bovine
chymosin,6�9 whereas no structures of camel chymosin are
available. Bovine chymosin has been crystallized in an open
apo-form (pdb code 3CMS) and in what is believed to be a self-
inhibited form (1CMS, 3CMS, 4CMS).10 Bovine chymosin has
also been cocrystallized with a bound norstatine-based inhibitor
(1CZI).9 No X-ray or NMR structure of either bovine or camel
κ-casein is available yet.
Bovine chymosin is a globular protein with 323 amino acid

residues,2 which folds into a bilobal structure, with two similar
β-barrel domains (see Figure 1). There is pseudosymmetry along
a single cleft containing the catalytic residues Asp34 and Asp216
(numbering is according to the 1CMS crystal structure, a
notation known as chymosin numbering). A β-hairpin flap is
found above the catalytic residues, making contacts with the
substrate upon binding. The overall structure is common for
cellular pepsin-like aspartic proteases, among which there is a
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high degree of structural homology.11,12 It is, therefore, very
likely that camel chymosin will be structurally very similar to
bovine chymosin, especially given the high degree of sequence
identity between the two species.12 In both bovine and camel
chymosin the catalytic residues Asp34 and Asp216 occur in
conserved Asp-Thr-Gly motifs. The side chains of the catalytic
aspartic acid residues are oriented toward each other, in an
approximately planar geometry with a water molecule placed
between the two catalytic residues in the three apo crystal
structures of chymosin.

Four different types of casein are found in milk: Rs1-, Rs2-, β-,
and κ-caseins. The role of κ-casein is to help solubilize the three
other caseins, which are otherwise insoluble in milk serum, by
promoting the formation of aggregates known as casein micelles.
The κ-casein peptides cluster on the surface of these micelles,
with their hydrophilic C-terminal ends pointing into the solvent.
The catalytic action of chymosin is to cleave off the C-terminal
part of κ-casein at the scissile bond (i.e., Phe105�Met106 for
bovine), which destabilizes the micelles, causing precipitation of
the casein proteins. The bovine and camel κ-casein peptides
contain different numbers of residues (169 and 162 residues,
respectively).13 The difference is in part due to an 8-residue
deletion occurring close to the fragment that binds in the active
site cleft (a full sequence alignment is available in the Supporting
Information). It is unclear whether this deletion has any effect on
enzyme activity; however, the deletion is not unique to the camel
variant; it is also observed in pig and horse κ-casein. The
sequence alignment of the κ-casein fragment that binds in the
cleft is shown in Figure 2 for bovine, camel, and other domes-
ticated animals. Due to the previously mentioned deletion, the
scissile bond in camel κ-casein is Phe97�Ile98, whereas it is
Phe105�Met106 in bovine κ-casein.

In what follows, we use the Schechter and Berger nomencla-
ture to refer to the peptide residues and to the pockets of residues
in the enzyme that interact with them.14 For example, Pn and Pn0
are used to denote κ-casein residues on either side of the scissile
bond; for example, for camel κ-casein Ser96, Phe97, Ile98, and
Ala99 are referred to as P2, P1, P10, and P20, respectively (also see
Figure 2). Similarly, Sn and Sn0 denote the corresponding

residues forming the different pockets in the enzyme interacting
with the peptide side chains. Due to the different numbering of
residues in the two κ-casein variants, the Schechter and Berger
nomenclature will be used (in italics) instead of residue numbers for
κ-casein throughout the text, for example,PheP1 rather thanPhe105.

With one exception,15 the substrates and inhibitors of aspartic
proteases are found to bind in an extended conformation.11 This
is consistent with the X-ray crystal structure of chymosin
inhibited by a norstatine-based inhibitor, which binds in the
S4�S10 pockets (1CZI).9 A combined molecular modeling,
circular dichroism, and solution NMR study of chymosin and
κ-casein,16,17 as well as X-ray structural analysis of many aspartic
proteases,11 confirms this.

Gilliland et al. and Newman et al. have used X-ray crystal
structures to determine the composition of amino acids making
up seven of the pockets (S4�S30) in bovine chymosin.6,8 It has
been shown for bovine chymosin that the P8�P70 residues are
located in the binding cleft during catalysis and that the P9
residue, which is conserved in κ-casein, probably also binds in the
active site cleft.16,18

The S1 pocket is hydrophobic in nature andmore specific than
the S10 pocket.19 If PheP1 is replaced by Phe(NO2) or cyclohex-
ylamine analogues, the substrates are still hydrolyzed, although at
a lower rate.20 The S2 pocket is of low specificity, and it has been
shown that it can accommodate tyrosine, valine, and serine
residues in the substrate.19 The specificity of the S2 pocket of
bovine chymosin has been suggested to be due to the properties

Figure 1. Top (left) and front (right) view of bovine chymosin complexed with the P9�P70 fragment (residues 97�112) of bovine κ-casein
(nomenclature explained in the text). TheN- and C-terminal domains have been colored in tan and gray, respectively. Themain chain of bovine κ-casein
from our previous model is shown in purple.18 The P1 and P10 residues are shown (in cyan) to illustrate the position of the scissile bond right above the
two aspartic acids (in cyan) and the catalytic water molecule (in spacefilling). Tyr77 in the flap (in orange) is shown, as well as the cysteine bridges and
the seven conserved water molecules (oxygens shown in spacefilling) in or close to the binding cleft.

Figure 2. Amino acid sequences of cow, camel, goat, pig, and horse,
near the P1�P10 cleavage site. Positions with differences are in bold.
Numbers in parentheses to the right are the sequence numbers of the
aligned sequences of each variant.
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of Lys22121 and Gln288.19 However, previous molecular model-
ing studies carried out by us indicated that the Lys221 side chain
does not lie in the S2 pocket, but rather in the S4 pocket.18 It has
been suggested that the chemical characteristics of the SerP2
position are crucial for enzyme action in bovine chymosin.22 A
hydrogen bond chain is formed from the SerP2(OH) to Thr219-
(OH) and onward to Asp216(Oδ), assisting in keeping the two
aspartic acids planar.18 Binding in the S3 pocket is found to be
more specific,19 which is in accordance with the observation by
Hill that protease activity is not present unless a residue occupies
the P3-position.22,23 It has been shown that isoleucine and valine
are favored at P3 in the substrate,19 which is consistent with
mutagenesis studies that have shown that catalysis is promoted
by aliphatic residues, tolerated by hydrophilic residues, and
disfavored by proline and positively charge residues at this
position.21,24 These observations are interesting as the P3-posi-
tion in camel κ-casein is a proline residue, which may indicate
why bovine chymosin only poorly clots camel’s milk. Noting that
the catalytic rate for hydrolysis of the P3�P20 fragment is slower
than that of the full-length κ-casein protein and that the
pentapeptide is not cleaved at pH 6.3, which is close to the pH
of milk, Hill stated that other residues were needed to modulate
the binding and subsequent cleavage; in particular, residues
HisP6 andHisP4were implicated as important of this modulating
effect.22 Interestingly, experiments have shown that the dipeptide
H-Phe-Met-OH is not easily hydrolyzed by bovine chymosin,
and neither are tri- or tetrapeptides containing the scissile
bond.23 The S8�S4 pockets have been shown to be very
important for binding. It has been demonstrated that the rate
of hydrolysis is ∼18-fold higher for the fragment P8�P40
compared to the P3�P40 fragment.3,25 Moreover, it has been
demonstrated that preincubating chymosin with the P8�P4
pentapeptide and subsequently adding the remaining P3�P40
fragment increased the rate of catalysis by 200-fold compared to
the catalytic rate of P3�P40 alone.3,25 The increased catalytic rate
suggests an increase in binding affinity for these additional amino
acids residues, whereas the preincubation experiment suggests
that a conformational change could be required for correct
binding, which can be induced by the prebinding of the
P8�P4 fragment. At the tip of the flap above the catalytic
residues sits Tyr77, which is believed to be involved in the
activity of the enzyme, via a side-chain rotamer that in one
conformation leads to self-inhibition of the apoenzyme.10 In the
1CMS and 4CMS X-ray crystal structures of bovine chymosin
the position of Tyr77 is such that it blocks an amino acid side
chain from a substrate from entering the S1 and S3 pockets.6,8 In
the X-ray crystal structure with a norstatine-based inhibitor
(1CZI), Tyr77 instead helps form the S1 pocket. Moreover, in
3CMS the position of Tyr77 in the crystal has been resolved in
both of the aforementioned orientations (in a 60:40 ratio,
respectively).7 The P8�P4 fragment does not directly interact
with the Tyr77 residue, and therefore it has been suggested that
the P8�P4 fragment acts as an allosteric activator,3,25 but the
mechanism of activation has not yet been elucidated. A single-
point mutation of the P9 arginine residue in bovine κ-casein to a
histidine residue has been demonstrated to result in a poor
substrate for bovine chymosin.26

It is clear from the experimental evidence discussed above that
pockets around the active site, which bind residues adjacent to
the scissile bond, are involved in the specificity of the protease
activity. Recently, we have developed a molecular model of
bovine chymosin in a complex with a 16-residue fragment of

bovine κ-casein (BOV/BOV) based on the X-ray crystal struc-
tures of bovine chymosin (we use a slash-separated nomencla-
ture to distinguish the different chymosin/κ-casein complexes;
for example, BOV/CAM refers to the complex of bovine
chymosin with camel κ-casein). We used conformational search
algorithms in combination with molecular dynamics simulations
(20 ns) to develop the BOV/BOV model.18 The model is in
good agreement with the limited experimental data about the
complexes, and it correctly predicts the existence of the fireman’s
grip hydrogen-bonding network and a stable active site with
geometries appropriate for nucleophilic attack on the peptide
bond carbonyl carbon by the catalytic water molecule. Addition-
ally, the residues of κ-casein were shown to be correctly posi-
tioned around the active site in accordance with X-ray
crystallographic structures and kinetic data.18 In this paper we
present homology models, of camel chymosin with camel
κ-casein fragments (CAM/CAM) as well as the cross complexes
between bovine and camel, based on our previous model. In our
previous paper we presented 20 ns of molecular dynamics
simulation for the BOV/BOV model. We now present 96 ns of
molecular dynamics simulation for each of the four complexes.
These models assist in explaining the differences in efficacy for
the four complexes.

’MATERIALS AND METHODS

Homology Modeling. Bovine and camel chymosin share a high
sequence identity (85%) and sequence similarity (94%), which suggests
that homology models developed with standard methods will be reason-
ably accurate,27 similar to what is known for other aspartic proteases.12 A
sequence alignment between bovine and camel chymosin was per-
formed using ClustalW28 through The UniProt Knowledgebase
(UniProtKB)29,30 (the sequences have UniProtKB entry no. P00794
and Q9GK11, respectively). Additionally, a sequence alignment of
bovine and camel κ-casein was performed (UniProtKB entry no.
P02668 and P79139, respectively). The amino acid sequences of these
fragments are given in Figure 2. Full sequence alignments of chymosin
and κ-casein are available in the Supporting Information.

Homology models of BOV/CAM, CAM/BOV, and CAM/CAM
were developed using MODELLER50,51 9v7, where putative models
were ranked using the DOPE score. The energy-minimized BOV/BOV
complex extracted after 17 ns of unrestrained molecular dynamics
simulations in TIP3P water was selected as the template structure.18 A
single additional restraint was applied to align the side chains of the
catalytic Asp residues in the camel chymosin structures (the Asp34(Cγ)
to Asp216(Cγ) distance was restrained to 5.4 Å, which is the average
separation observed in unrestrained molecular dynamics simulations of
BOV/BOV). It is also comparable to distances observed in X-ray crystal
structures of aspartic proteases. The coordinates of all conserved water
molecules in BOV/BOV were included in the homology models. Side
chains were manually rotated to favor hydrogen bonding between
Ser104(Oγ) 3 3 3Thr219(Oγ), Thr219(Oγ) 3 3 3Asp216(Oδ2), and
Ser37(Oγ) 3 3 3Asp34(Oδ2), before MD simulations were started.
The final homology models were validated using the structure assess-
ment tools in the SWISS-MODEL workspace,31 in particular,
PROCHECK32 and Qmean.33 Additionally, the SolvX server34 and ProQ
server35 were utilized to provide statisticalmeasures of the reliability of the
models.
Molecular Dynamics Simulations. The XLEAP module in

AMBER 936 was used to prepare protein�ligand complexes for molec-
ular dynamics simulations. Disulfide bonds were introduced in bovine
and camel chymosins between Cys47�Cys52, Cys207�Cys211, and
Cys250�Cys283. Ionizable residues weremodeled with the protonation
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states given in Table 1, which are consistent with our previous simula-
tions of BOV/BOV.18 The protonation states of camel residues not
present in BOV/BOV were predicted with PROPKA 2.0.37 Assuming a
pH of 6.5, the overall charges of bovine and camel chymosin in our
molecular models are�12 and�6, respectively. The P8 and P6 histidine
residues in bovine κ-casein were modeled as histidinium tautomers,
whereas the P4 histidine was modeled as δ-His.18 All conserved water
molecules were included in the molecular dynamics simulations. TIP3P
water molecules38 were added within a distance of 10 Å around the
protein in a periodic box. Between 11000 and 12000 water molecules
were added to each system. The systems were neutralized and brought to
an ionic strength of 0.07 mol dm�1, to mimic the ionic strength in milk,
by adding sodium and chloride ions, as required.

Molecular dynamics simulations were run in NAMD39 using the
AMBER FF03 force field parameters developed by Duan et al.40 For
BOV/CAM, CAM/CAM, and CAM/BOV a more elaborate minimiza-
tion and equilibration protocol was employed compared to the previous
BOV/BOV simulation (the procedure is provided in the Supporting
Information). This extended protocol was used to ensure correct planar
geometries for the catalytic residues in the minimization and equilibra-
tion phase while removing unfavorable interactions elsewhere in the
complex introduced by the homology modeling. Equilibration and
production simulations were performed in the isothermal�isobaric
(NPT) ensemble at 300 K and 1 atm. The Nos�e�Hoover Langevin
piston pressure control was used to regulate the pressure, with the piston
target set to 1.01325 bar, the piston period at 200 fs, the piston decay at
100 fs, and the piston temperature at 300 K.41�43 The temperature of the
system was maintained by means of Langevin dynamics with the

dampening coefficient set to 2 ps�1, but not affecting hydrogens.
Periodic boundary conditions were applied, and all electrostatic inter-
actionswere calculated using the ParticleMeshEwald (PME)method.44�46

For van derWaals interactions, a cutoff of 10 Å was set, using a switching
distance of 9 Å. The pair list was updated every 20 steps including pairs of
atoms within a distance of 11 Å. All of the hydrogen to heteroatom bond
distances were held fixed using the SHAKE algorithm.47,48 The equa-
tions of motion were integrated every 2 fs using the Velocity Verlet
algorithm, and snapshots were stored every 2 ps. Each of the four
complexes was equilibrated for 4 ns, prior to 96 ns of production
dynamics, totaling 400 ns of simulation time.

’RESULTS

Sequence Analysis and Homology Models. The sequence
alignments reveal a very high homology between the two variants
of chymosin (see the Supporting Information) with no gaps in
the alignments. Forty-eight residues are different between bovine
and camel chymosin, of which 25 are titratable. The sequence
alignments illustrate that the differences between the two
enzyme variants are spread out in the sequence and are not
localized in a particular region of the protein (see Figure 3a).
Only six residues are different close to the κ-casein binding
region. There are no differences in the residues directly adjacent
to the catalytic residues, Asp34 and Asp216, and the conserved
Asp-Thr-Gly motif is present in camel chymosin. Overall there
are 24 residues that change charge, resulting in a charge

Table 1. Protonation States of the Ionizable Residues in Bovine and Camel Chymosinsa

molecule species ionizable residues

chymosin bovine (COOH)-Asp34, ε-His55, (ImHþ)-His76, (ImHþ)-His146, δ-His181, (ImHþ)-His292

camel (COOH)-Asp34, ε-His55, (ImHþ)-His56, (ImHþ)-His76, (ImHþ)-His146, δ-His181
a States used in the molecular dynamics simulations. All Glu, Lys, Arg, and Asp residues that are not mentioned in the table were modeled as charged. All
Cys and Tyr residues were modeled as neutral. Histidine residues were modeled with a hydrogen on either Nε (ε-His), Nδ (δ-His), or both nitrogens
forming the histidinium tautomer (ImHþ-His), which is positively charged.

Figure 3. BOV/BOV complex where (a) the backbone atoms of amino acids that are different between bovine and camel chymosin are displayed by a
cyan surface to illustrate that the differences are scattered in the structure and not localized in certain areas and (b) the differences in chymosin close to
the binding cleft are shown along with the residues of the κ-casein fragment that interact with these.
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difference of þ6 going from �12 in bovine chymosin to �6 in
the camel variant. The following differences are observed in the
binding sites of bovine and camel chymosin (the positions of the
residues in chymosin are shown in Figure 3b). In the S9 pocket
there is a Gln242Arg change adding a positive charge. In our
model of BOV/BOV, Lys221 is positioned in the S4 pocket.
A Lys221Val change in the S4 pocket removes a positive
charge in the camel enzyme. In the S2 pocket a Val223Phe
change alters the size of the residue in this position, although
they are both nonpolar. A change occurs in the S1 pocket
Leu32Val, which does not dramatically change the chemistry
at this position and only slightly alters the size of the
residue. In the S10 and S30 pockets the Gln294Glu change
introduces a negative charge on the enzyme. Additionally,
there is a His292Asn change near the S30 pocket, which
furthermore removes a positive charge from this position.
The frequency of contacts between the residues in these
pockets and κ-casein is described further in the section
discussing the MD results. There is a positively charged area
on camel chymosin in the region leading up to the S9 pocket.
Casein micelles are overall negatively charged,49 and this
positively charged region could assist in the association of
camel chymosin and casein micelles.
The sequence alignments of κ-casein showed significant

differences. Overall, the sequence identity is 54%. There is an 8
residue deletion 7 residues before the part of κ-casein that binds
to the enzyme cleft. The sequence identity of the 16 amino acids
included in the modeling is 69%. The P2, P1, and P20�P70
residues are invariant, and in our former work these were shown
to be important for binding. In the P8, P6, and P4 positions,
histidine residues in bovine κ-casein are arginine residues in
camel κ-casein. In pig κ-casein, P8 and P6 are also arginine
residues, whereas P4 remains a histidine residue. In goat, all three
positions are histidine residues, whereas in horse P8 and P4 are
histidine residues and P6 is a cysteine residue. A leucine in bovine
κ-casein at position P3 is a proline residue in camel κ-casein. In
goat the P3-position contains a leucine residue as in bovine, in pig
the position is held by an alanine residue, and in horse a proline
residue is present. Lastly, the P10 methionine in bovine κ-casein is
an isoleucine in camel κ-casein. This isoleucine is also present in
both pig and horse, whereas in goat it is a methionine residue as
in bovine.
Homology modeling was used to generate the three models of

complexes between chymosin and the κ-casein fragments, CAM/
BOV, CAM/CAM, and BOV/CAM, using our previously re-
ported BOV/BOV complex as a template.18 The models, which
have been selected on the basis of the DOPE scores, all have very
low RMSD values compared to the template model (see
Table 2). Similarly, the radius of gyration of these models is also

very comparable along with the solvent accessible surface area
(SASA). These low RMSD values and similar radius of gyration
and SASA values are expected, as the sequence identity is very
high (85 and 69% for the enzyme and the κ-casein fragment,
respectively), and thus the structures are expected to be very
similar.27 To evaluate the structures, Ramachandran plots have
been calculated for each model as well as for the X-ray structure
and the template (see Table 2 and the Supporting Information).
From the 3CMS PDB structure, there are five outliers in
generously allowed regions. The residues (listed in Table 2)
are all positioned in loop regions, where they are not expected to
fall in regions of well-defined secondary structure. In template
and homology models, all of the outliers are also located in loop
regions. Of the outliers lying close to the binding cleft, His292 is
located near the S10 pocket, whereas the loop containing
residues 10�14 is part of the S6 and S7 pockets and residues
133�134 are positioned in a loop helping to form the S60 and
S70 pockets.
The models were also evaluated using selected Web services

(see Table 3). The SolvX method evaluates the models with
respect to contacts between the complex and solvent on an
amino acid residue basis, which is matched against values derived
from a set of known structures.34 Generally, the lower the SolvX
score the better the model. The template and the BOV/CAM
model have roughly the same SolvX score (�86.7 and �85.0,
respectively), and similarly CAM/CAM and CAM/BOV have
almost the same score (�112.2 and �113.2, respectively). The
models with camel chymosin have a lower score than the bovine
chymosin, reflecting the fact that more charged amino acid
residues reside at the surface of camel chymosin. The ProQ
service35 evaluates the models using a neural network trained to
predict correct models based on two scoring measures, the
MaxSub52 and LGscore.53 On the basis of these two scores the
models are placed in three categories. A value over 1.5 using the
LGscore signifies a fairly goodmodel, a score over 2.5 a very good
model, and a score over 4 an extremely good model. The
divisions between these categories using the MaxSub score are
0.1, 0.5, and 0.8, respectively. On the basis of the LGscore the

Table 2. Homology Modeling Scores and Structural Measuresa

model DOPE RMSD (Å) Rgyr (Å) SASA (Å2) Ramachandran outliers

3CMS_B Leu12, Asp13, Ser94, Gln189, Gln280,

BOV/BOV 19.85 14799 Asn10, Ser14, Ser94, Glu133, Tyr134, Gln189

BOV/CAM �40593.17 0.23 19.97 15064 Ser94, Gln280, His292

CAM/CAM �39768.48 0.21 19.99 14917 Ser10, Ser14, Ser94, Glu133, Tyr134

CAM/BOV �40154.65 0.24 19.73 14816 Ser10, Ser14, Ser94, ASn95, Glu133, Tyr134
a Scores of each model and the template. DOPE scores calculated with MODELLER, RMSD values of the complexes calculated using the backbone CR
atoms aligned onto the template structure (BOV/BOV), radius of gyration, solvent accessible surface area, and a list of the outliers on the
Ramachandran plots.

Table 3. Web-Based Model Evaluation Scores on the Three
Homology Models and the Template for Comparisona

SolvX LGscore MaxSub Qmean

BOV/BOV template �86.7 5.737 0.454 0.720

BOV/CAM �85.0 4.359 0.328 0.768

CAM/CAM �112.2 4.571 0.319 0.729

CAM/BOV �113.2 4.207 0.314 0.720
aThe structures were evaluated without hydrogen atoms.
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homology models of the complexes between chymosin and
κ-casein fragments all fall in the extremely good category, and
based on the MaxSub score the models fall in the high end of the
fairly good category. Lastly, the Qmean method estimates the
reliability of the model and scores the models between 0 and 1 on
the basis of different structural descriptors, where 1 is the best
possible score.33 The Qmean scores for the models are very

comparable to those for the template. Although there are minor
discrepancies between these measures, they all signify that the
models are of high quality, which was expected given the very
high sequence identity. Adding to this the low RMSD values and
lack of severe Ramachandran outliers, the models may be
considered to be very good.
Molecular Dynamics. Ninety-six nanoseconds of production

MD was performed on each of the four complexes. The κ-casein
fragment remains tightly bound in the binding cleft during MD
for all of the complexes. Figure 4 shows a snapshot of the four
κ-casein peptides overlaid on the structure of bovine chymosin
after 96 ns. The backbones of the κ-casein peptides show very
similar conformations near the cleavage site. The RMSD values
for the enzymes (calculated for CR atoms and fitted on the first
frame of the BOV/BOV simulations) reach equilibrated states at
1.2, 1.9, 1.5, and 2.0 Å for BOV/BOV, BOV/CAM, CAM/CAM,
and CAM/BOV, respectively, indicating that all four complexes
are stable.
The fluctuation of each residue for the BOV/BOV simulation

is shown in Figure 5 (bottom panels), whereas the relative
residue-based fluctuations compared to the BOV/BOV simula-
tion are shown in the top panels for the three complexes. In
general, the fluctuations are high in loop or turn regions, which is
as expected. Overall, the dynamics of the enzymes are very
similar, although there are a few parts where the dynamics are
different, mostly in the C-terminus of chymosin. The BOV/
CAM simulation reveals less flexibility of chymosin residues
9�16, which is a loop region that is close to the binding pocket.
This can be explained by the conformational change of the
N-terminus of the camel κ-casein fragment in this complex, as
shown in Figure 4. The decrease in flexibility of residues
158�164 is also due to this conformational change as these
residues are in a loop region right below the loop holding
residues 9�16. Regions in the C-terminal domain of the enzyme
in the BOV/CAM complex appear to be more flexible, which is
also due to the changed position of the N-terminus of the
κ-casein fragment, which no longer binds strongly to this region.
Changes in the dynamics for this C-terminal region also occur in
the other cross-complex, CAM/BOV, which can likewise be

Figure 4. Bovine chymosin at 96 ns with the bovine κ-casein fragment
bound (blue). The κ-casein fragment from the BOV/CAM (orange),
CAM/CAM (red), and CAM/BOV (green) complexes are overlaid
from their conformation in their respective complexes after 96 ns ofMD.
The catalytic Asp34 and Asp216 (cyan) along with the catalytic water
molecule (space filling) are shown to mark the active site. The side chain
on the PheP1 (cyan) from all four κ-casein fragments is also shown to
mark its buried position next to the active site in the S1 pocket.

Figure 5. (a) Bottom panel is the RMSF graph of the enzyme in the BOV/BOV complex, and the top panel is theΔRSMF graph of the enzyme in the
BOV/CAM (orange), CAM/CAM (red), and CAM/BOV (green) complexes compared to the BOV/BOV complex. (b) Bottom panel is the RMSF
graph of the κ-casein fragments in the BOV/BOV complex, and the top panel is the ΔRSMF graph of the κ-casein fragments in the other complexes
compared to the BOV/BOV complex.
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explained by a slightly altered conformation of κ-casein close to
this region in this complex. The conformational change, how-
ever, is not as dramatic as seen in the BOV/CAM complex (see
Figure 4 as well as φ- andψ-angles of the four κ-casein fragments
provided in the Supporting Information). In general, the P3�P20
residues are very stable for all four complexes, whereas the
residues further out in the binding cleft are found to be more
flexible, indicating that they are not as tightly bound. As shown in
the C-terminal part of the enzymes in the BOV/CAMandCAM/
BOV complexes, the N-terminal part of the κ-casein fragment is
more flexible in these structures. The dynamics of the P4 residue
is slightly depressed in the complexes with camel κ-casein. This
could be due to the P3 residue being a proline in camel κ-casein
compared to a leucine in the bovine variant, which restricts the
motion of the backbone of the P4 residue.
Cleavage Site. The conformation of the active site for each

complex was evaluated according to a proposed catalytic me-
chanism of Veerapandian et al. and James et al.,54,55 in line with
our previous paper on modeling the BOV/BOV complex.18 The
catalytic mechanism involves concurrent activation of the water
molecule in the active site by Asp216, nucleophilic attack of the
water on the carbonyl carbon atom, and protonation of the
scissile carbonyl bond of κ-casein by Asp34 (see Table 4). The
average distance and angle of nucleophilic attack between the
catalytic water molecule and the PheP1(C), along with the
hydrogen-bonding distance between Asp34(Oδ2) and PheP1-
(O), are listed in Table 4 for all four complexes. The hydrogen
bond between Asp34(Oδ2) and PheP1(O) is largely stable
throughout simulation for all four complexes. The angle of
nucleophilic attack is on average within 10� of the B€urgi�Dunitz
angle for all but the BOV/CAM complex. The distance of attack
is also longer for the BOV/CAM complex than for the other
three complexes, because the position of the catalytic water

molecule in the BOV/CAM simulation varies significantly
throughout the simulation. This water molecule is observed
to adopt two positions predominantly, either where it is
placed below the two catalytic residues Asp34 and Asp216,
forming a hydrogen bond chain Asp34(Oδ1) 3 3 3H�O�
H 3 3 3 Asp216(Oδ1), or where the catalytic water is hydrogen
bonding to the PheP1(O) and either Asp216(Oδ1) or
Asp216(Oδ2).
Hydrogen-Bonding Network. The average distances of the

four hydrogen bonds making up the fireman’s grip56 are listed in
Table 5 for all four simulated complexes. The fireman’s grip is
crucial for keeping the two lobes of the enzyme together and for
stabilizing the enzyme active site. The two main hydrogen bonds
in which Thr35(NH) and Thr217(NH) are hydrogen bond
donors toThr217(Oγ) andThr35(Oγ), respectively, are present in
all four simulated complexes. Although these hydrogen bonds are
relatively long, the hydrogen bond angles (D�H 3 3 3A) are very
favorable (not shown). Thr217(Oγ) forms a hydrogen bond to
Phe33(O), which is present for all complexes throughout the
simulations. The hydrogen bond between Thr35(Oγ) and
Leu215(O) is stable in the BOV/BOV complex. In both cross-
complexes (BOV/CAM and CAM/BOV), an alternate hydro-
gen bond between Thr35(Oγ) and either oxygen in the carboxyl
group of Asp216(Oδ) is formed. The side chain of Asp216
rotates and thus switches which oxygen atomThr35 is bonded to,
but the bond is persistent to either of the two. In CAM/CAM
both of these bonds are seen, and thus the standard deviation of
the average bond lengths is rather large for the two bonds. In our
previous paper we observed a hydrogen bond chain from the
SerP2(Oγ) to Thr219(Oγ) and from there continuing to
Asp216(Oδ). The latter of the hydrogen bonds is present
throughout all four simulations. The former is, however, more
intermittent in the BOV/CAM and CAM/CAM simulations.

Table 4. Active Site Geometrya

Asp34(Oδ2) 3 3 3 PheP1(O) (Å) PheP1(C) 3 3 3Wat(O) (Å) PheP1(O) 3 3 3 PheP1(C) 3 3 3Wat(O) (deg)

20 ns 3.19( 0.61 (2.91) 3.11( 0.32 (3.04) 88.7( 9.9 (88.6)

BOV/BOV 2.94( 0.43 (2.79) 3.55( 0.82 (3.11) 79.6( 16.6 (82.4)

BOV/CAM 2.72( 0.13 (2.70) 4.11( 0.58 (4.17) 50.4( 24.9 (46.3)

CAM/CAM 2.85( 0.34 (2.76) 3.16( 0.41 (3.06) 83.5( 13.2 (85.3)

CAM/BOV 3.12( 0.59 (2.87) 3.28( 0.23 (3.25) 85.7( 9.8 (85.8)

aDistances and angles in the active site. The numbers give the means, standard deviations, and medians (in parentheses) of each distance and angle.

Table 5. Hydrogen Bond Network Close to the Active Sitea

BOV/BOV BOV/CAM CAM/CAM CAM/BOV

Thr217(N) 3 3 3Thr35(Oγ) 3.28( 0.3 (3.23) 3.05( 0.2 (3.01) 3.26( 0.4 (3.13) 3.18( 0.5 (3.02)

Thr35(N) 3 3 3Thr217(Oγ) 3.35( 0.3 (3.29) 3.31( 0.3 (3.26) 3.18( 0.2 (3.15) 3.25( 0.3 (3.18)

Thr217(Oγ) 3 3 3 Phe33(O) 2.80( 0.2 (2.78) 3.14( 0.4 (3.06) 2.89( 0.4 (2.77) 2.77( 0.2 (2.75)

Thr35(Oγ) 3 3 3 Leu215(O) 3.28( 0.6 (3.13) 4.15( 0.3 (4.16) 3.79( 0.8 (3.60) 4.00( 0.5 (4.01)

Thr35(Oγ) 3 3 3Asp216(Oδ*) 2.76( 0.2 (2.74) 3.65( 0.7 (3.78) 2.88( 0.4 (2.73)

SerP2(Oγ) 3 3 3Thr219(Oγ) 3.42( 0.9 (2.88) 4.03( 0.8 (4.27) 3.66( 0.9 (3.80) 3.31( 0.8 (2.86)

Thr219(Oγ) 3 3 3Asp216(Oδ*) 2.64( 0.1 (2.63) 2.76( 0.26 (2.74) 2.69( 0.2 (2.67) 2.73( 0.2 (2.71)
aHeteroatom distances of hydrogen bond networks close to the active site. The numbers in each cell give the means, standard deviations, andmedians of
each distance. The Asp216(Oδ*) notation implies that either the δ1 or the δ2 carboxylate oxygen forms a persistent hydrogen bond.
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Alternatively, SerP2(Oγ) forms a water-assisted hydrogen bond
to the backbone carbonyl group of Lys221.
Contacts between Chymosin and K-Casein Fragments. As

both variants of the κ-casein fragment bind in very similar
conformations in both variants of chymosin, the regions of
contact between the enzyme and the ligand are mostly the same.
The greatest difference is the binding of the N-terminus of the κ-
casein fragment in the BOV/CAM complex. This binds in a
conformation that differs significantly from that of the other
three complexes after 96 ns of MD. In the initial homology
model, it binds in a slightly differentmanner from the BOV/BOV
complex. After 13 ns, the camel κ-casein fragment forms an
intermittent hydrogen bond between the ArgP8 (donor) and
Tyr11 (acceptor) of bovine chymosin (average distance ArgP8-
(NH1) 3 3 3Tyr11(Oγ) 4.29 ( 1.34 Å). The change in confor-
mation is likely caused by the HisP8Arg mutation; both residues
are modeled in their charged tautomer forms, but the side chain
of arginine is longer than histidine. The movement of the P8
residue pulls the P9 residue along, and eventually it loses the
interaction with the C-terminal domain of bovine chymosin.
Importantly, although the binding of the P9 and P8 residues
changes, the interactions in the remaining pockets are largely
unchanged (see Figures 4 and 6). The binding of the camel
κ-casein fragment compared to the bovine κ-casein fragment in
bovine chymosin introduces a positive charge in the P4 position,
which intuitively seems unfavorable because the S4 pocket
already holds a positive charge from Lys221. The position of
the P4 residue side chain is nonetheless roughly unaltered (see
Figure 6). Instead, the positive charge on Lys221 is pushed
farther away from the P4 residue (a neutral His compared to
Arg); this is evident in the frequency of close contacts between
the side chains of these two residues, which drops from 92 to
57%. The frequencies are calculated by how often during the
simulation the side-chain heavy atoms of the two residues are
within 4 Å (for a complete scheme of frequency of interaction
between Px residues and Sx enzyme pockets of all four com-
plexes, see the Supporting Information). In BOV/BOV the pKa

of the HisP4 residue calculated by PROPKA57,58 is lowered by
2�3 units due to the interaction with Lys221, which precludes
the HisP4 residue from being in the histidinium tautomer
(positively charged), and it is thus modeled as a neutral His in
the δ-tautomer. BothHisP8 andHisP6 of bovine κ-casein on the
other hand are modeled as charged; they are both surface
exposed, and their pKa values are unperturbed by their surround-
ings upon binding. Introducing an arginine in the P4-position
causes the S4 pocket of bovine chymosin to change during the
simulation. Also in the BOV/CAM complex the P10-position is
different compared to BOV/BOV with a MetP10Ile variant
change. The difference, which introduces a shorter aliphatic side
chain and removes the electronegative and polarizable sulfur
atom, results in a loss of the contact between the Gln294 residue
and the P10 residue, which was present 45% of the time in the
BOV/BOV simulation.
In the CAM/CAM complex, the S4 pocket contains a valine at

position 221, compared to a lysine residue in bovine chymosin.
This is reflected in the fact that ArgP4 forms a constant contact
with this residue (95% of the time during the simulation),
compared to Lys221 and ArgP4, which interacted only 57% of
the time in the BOV/CAM complex. Thus, removal of the
positive charge increases the interaction frequency between these
two positions, even though valine is much smaller and thus is
unable to reach into the pocket as much as lysine can. In the S2
pocket a Val223Phe difference causes the SerP2 to increase its
frequency of interaction with the Phe223 residue, likely because
it can now reach the P2 residue side chain. In the S1 pocket the
Leu32Val difference changes the interaction with the PheP1
residue, as the Val32 residue sits lower in the S1 pocket and
thus cannot reach the PheP1 residue. In the S30 pocket the
interaction between IleP30 and Glu294 is almost nonexistent
compared to Gln294 in bovine chymosin, which interacts with
the IleP30 frequently.
The effect of the LeuP3Pro difference seems to have little

impact on the structure. The position of the side chain is in the
same pocket area (see the interacting residues in the Supporting
Information). Both leucine and proline are hydrophobic resi-
dues, and thus this interaction is retained in the pocket. In BOV/
BOV the backbone of LeuP3 takes part in two hydrogen bonds
with Ser220, Ser220(NH) 3 3 3 LeuP3(O), and LeuP3(NH) 3 3 3
Ser220(Oγ). The change from leucine to proline at P3 does not
seem to alter the formation of the former hydrogen bond in any
of the four complexes. Proline residues do not hold a NH
hydrogen atom, and thus the latter hydrogen bond cannot form,
but no structural changes in the models during the MD simula-
tions BOV/CAM and CAM/CAM are observed.
Conserved Water Molecules. Our previous model of the

BOV/BOV complex incorporated all of the crystallographic
waters from the 3CMS crystal structure and including the seven
conserved water molecules identified from a comparative study
of chymosin and nine related aspartic proteases.59 The BOV/
BOV simulation has now been extended to 96 ns, and four of the
structurally conserved water molecules in the cleft, including the
catalytic water molecule, are still stable throughout the entire
simulation. One water molecule is exchanged (Wat1007) with
the bulk solvent after about 80 ns, but a new water molecule
enters the same position. The water molecule (Wat1125) was
shown to be displaced by the LysP60 residue during MD simula-
tions18 and was not incorporated in the other three models. The
displacement would be expected to provide an entropic benefit
and might provide a clue to the observation that LysP60 is more

Figure 6. Backbone conformation of the camel κ-casein fragment
(orange) in bovine chymosin at 96 ns compared to the bovine κ-casein
fragment (blue). The P9, P8, P6, and P4 residues are shown on each
variant to show their positions compared to each other. Hydrogen atoms
are not shown.
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important for binding than LysP70, although they are both shown
to improve catalysis.25 The last conserved water molecule
(Wat645) was previously shown to become solvent exchanged18

in accordance with the observation that this water molecule is
present in only one chymosin crystal structure, in which an
occupancy of 51% was found.6 In the other three modeled
complexes, the same four water molecules are also very stable,
whereas Wat1007 is exchanged with the bulk solvent (see
Figure 7).

’DISCUSSION

Using, as a starting point, our previous model of bovine
chymosin complexed with the P9�P70 fragment of bovine
κ-casein18 bound in the substrate cleft, we have developed
models of the corresponding BOV/CAM, CAM/CAM, and
CAM/BOV complexes using homology modeling. Homology
modeling was necessary as there is currently no available
structure of camel chymosin and no structural information about
κ-casein is available when bound to chymosin. Comparing
structures of homologous structures, Chothia and Lesk deter-
mined that proteins with a sequence identity of >50% have very
low RMSDs and thus are very similar.27 The sequence identity
between bovine and camel chymosin is 85%, and the two
enzymes are expected to have the same overall fold, something
also observed in structures of the aspartic protease, cathepsin D,
from bovine and human.12 On the basis of the number of
different or divergent residues the RMSD value of the main-
chain atoms (N, CR, C, O) should be around 0.53 Å for these
structures based on a fitted measure by Chothia and Lesk.27 The
RMSD of the CR atoms between the template structure and the
three models is under 0.25 Å in each case, which is likely also due
to the sequence similarity being 94%. Molecular dynamics
simulations were performed on the three models for 96 ns, and
the previous BOV/BOV simulation was extended from 20 to 96
ns. The RMSD values all converged at values of <2.0 Å. The κ-
casein fragment binds in an extended conformation in all four
cases in agreement with solution NMR and circular dichroism

data60 and with a wealth of crystal structures of aspartic proteases
complexed with ligands and peptide mimics. We note that Thurn
et al. have measured the radius of gyration of κ-casein in pure κ-
caseinmicelles to be 70Å,61which compared to the length of these
fragments (around 45 Å) could suggest that some conforma-
tional change is required for binding. Thurn et al. have shown
these micelles to have a sphere-like center and more flexible
chains dangling at the periphery.61 Whereas the structure of
casein micelles, present in milk, is still being debated, it is
generally agreed that κ-casein fragments are dangling from the
surface of these micelles in a similar manner.62 This may explain
how this fragment is able to bind in an extended form, but no final
conclusion can be drawn. Hydrogen-bonding networks, in
particular the fireman’s grip,56 were stable throughout all four
simulations. The P9�P1 residues in the κ-casein fragment are
observed to interact with the C-terminal domain of chymosin in
the BOV/BOV, CAM/CAM, and CAM/BOV models, whereas
this part of the fragment is more flexible in the BOV/CAM
complex. That the camel κ-casein fragment is more flexible than
the bovine κ-casein fragment when complexed to bovine chy-
mosin could signify a lowered binding affinity, which was found
experimentally by Kapeller et al. using undecapeptide analogues
of the two κ-casein variants with bovine chymosin.4 The P10�P70
residues contact the N-terminal domain of chymosin similarly in
all four complexes. The structure in the active site was evaluated
on the basis of the geometry required in the first step of the
reaction mechanism proposed by James et al.55 The correct
geometry was predominant in the BOV/BOV, CAM/CAM, and
CAM/BOV simulations, whereas it was observed only intermit-
tently in the BOV/CAM simulation. The BOV/CAM model,
thus, seems to behave differently from the other models, which
could be correlated with the experimental finding that bovine
chymosin is poor at clotting camel’s milk.4

The clotting process is sensitive to environmental factors such
as pH, temperature, and salt concentration.5 The clotting ability
is determined by interactions between the enzyme and substrate,
which assists the correct binding of the substrate in the active site,
and therefore the pockets around the active site have been
probed to determine their specificity.19 The differences observed
between the four models provide clues about which pockets
contribute significantly to the binding specificity. In the BOV/
BOV complex the HisP4 interacts with the side chain of Lys221
in the S4 pocket. In the BOV/CAM complex the ArgP4 and
Lys221 positive charges are in close vicinity, causing the Lys221
side chain tomove significantly deeper into the pocket away from
the arginine. A P4 His102Lysmutant of bovine κ-casein has been
shown to be a particularly disfavored substrate for bovine
chymosin,25 and thus it makes sense that ArgP4 is not favored
either. This interaction between positive charges is removed in
the CAM/CAM complex, as residue 221 is a valine in the camel
variant, with which arginine is observed to be in close contact.
Finally, in the CAM/BOV complex, HisP4 is also observed to
interact with Val221. HisP4 was modeled as neutral;18 however,
in the CAM/BOV complex, it would also be possible forHisP4 to
bind in its positively charged histidinium tautomer form, because
no positive residues are found in the S4 pocket of camel chymosin.

Previously, it has been suggested that Lys221 interacts with
the P2 residue.21,56 We do not observe any direct interaction
between the side chain of Lys221 and the P2 residue of the κ-
casein fragment in any of the four complexes. The backbone of
Lys221 can interact with the P2 residue via water-mediated
hydrogen bonds, but this is not an interaction that is specific to

Figure 7. Structural water molecules in chymosin colored according to
their behavior during MD of BOV/BOV. The red water molecules
maintain their position during 96 ns of production MD; only the
catalytic water molecule has it hydrogen atoms displayed. Wat645
(light green) moves away from its original position. Wat1007 (purple)
is exchanged, but a water molecule always occupies this position.
Wat1125 (orange) was displaced by LysP6 during 20 ns MD of the
BOV/BOV complex.
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the lysine side chain. Suzuki et al. investigated the cleavage of
a peptide with a glutamic acid at P2, the reasoning being that
the positive charge on Lys221 should favorably interact with
the negative charge on GluP2. Comparing native chymosin
and an engineered Lys221Leu mutant resulted in no change
in binding affinity for a synthetic P5�P30 peptide (Lys-Pro-
Ile-Glu-Phe-Phe(4-NO2)-Arg-Leu-OH),63 thus supporting
limited interaction between the side chains of these two
residues.

Dunn et al. have suggested that the S3 pocket for aspartic
proteases accounts for a lot of the specificity in the binding of
substrates, where in particular the mammalian aspartic protei-
nases were more sensitive than the microbial aspartic proteinases.24

They also suggested that a proline at the P3 position was very
unfavorable, using six different synthetic octapeptide substrates.
This suggestion can help to explain why bovine chymosin is poor
at clotting camel’s milk, because camel κ-casein contains a
proline exactly at P3. The paradox then is that camel chymosin
does not have a problem clotting camel’s milk, and there are no
differences in the amino acids composing the S3 pocket between
bovine and camel chymosin. The only difference we observe for
ProP3 is that only one hydrogen bond to the backbone is possible
as the proline residue does not contain a hydrogen atom on the
backbone nitrogen. It therefore could be that the synthetic
octapeptide with a ProP3 is not a good substrate, not just because
of the proline residue alone but also the remaining residues in the
substrate. Recently, Li et al. using the Mucor pusilllus pepsin
suggested that the residues Leu13-Glu14-Glu15 found in a loop
(sometimes referred to as the S10 loop, which is not to be
confused with an S-pocket) determine the specificity in the S3
pocket and that in particular Leu13 makes the binding pocket
more hydrophobic compared to the bovine chymosin counter-
parts Asp13-Ser14-Gln15.64 In bovine chymosin, however, re-
sidue 13 does not form part of the S3 binding pocket, whereas in
M. pusilllus pepsin the conformation of the loop containing these
three residues makes a sharp turn and thus Leu13 helps form the
pocket. Residue 13 is also a glutamic acid in pig pepsin, whereas
in camel chymosin it is a glutamine and in Endothia parasitica
proteinase it is an alanine residue. Thus, it seems, in line with
observations by Dunn et al.,24 that the residues forming the S3
pocket are different in microbial aspartic proteinases and in
mammalian ones. Thus, it is more likely that altering theGln15 to
a more hydrophobic residue would have a higher impact on the
binding affinity for mammalian aspartic proteinases and in
particular bovine and camel chymosin.

In the S2 pocket a Val223Phe change between bovine and
camel chymosin is located, making the pocket smaller. The
SerP2 is not affected by this in any of our camel chymosin
models. SerP2 is observed to form a hydrogen bond network
through the Thr219(Oγ) to one of the carboxylates in
Asp216, which is in accordance with earlier mutational studies
by Pitts and Mantafounis on the importance of Thr219 to the
activity of chymosin.65

The difference at S1, Leu32Val, between bovine and camel
chymosin is of minor significance. It does not significantly alter
the physical and chemical properties at this pocket, and the two
residues are almost the same size, which is crucial as the pocket
needs to accommodate the aromatic PheP1. Experimentally, it
has been determined that aromatic residues are preferred at P1 in
bovine chymosin, whereas microbial aspartic proteases require a
less specific binding and can accommodate both lysine and
methionine.19

The MetP10Ile change between bovine and camel κ-casein is
also of minor significance, as it has been shown that bovine
chymosin will cleave human and porcine κ-casein (PheP1�
IleP10) as well as rat and mouse κ-casein (PheP1�LeuP10).
Moreover, it has been demonstrated that a mutant of bovine κ-
casein with MetP1�PheP10 as the scissile bond is cleaved 1.8
times more quickly than the wild type.20 It has previously been
suggested by Dalgleish that natural variations in the sequence of
κ-casein are a factor in clotting ability,66 and with the models
developed here we can only support this view.

Further studies are currently ongoing in our laboratory aimed
at estimating the important residues based on contributions to
the binding free energy between chymosin and κ-casein frag-
ments in the four complexes reported here as well as deciphering
the allosteric activation.
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