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ABSTRACT: Chymosin is a commercially important enzyme in the manufacturing of cheese. Chymosin cleaves the milk
protein k-casein, which initiates the clotting process. Recently, it has been shown that camel chymosin has superior enzymatic
properties toward cow’s milk, compared to bovine chymosin. The two enzymes possess a high degree of homology. There are
only minor differences in the binding cleft; hence, these must be important for binding the substrate. Models for the binding of a
16 amino acid fragment, consisting of the chymosin-sensitive region of bovine k-casein (97—112), to both enzymes have
previously been presented. Computational alanine scanning for mutating 39 residues in the substrate and the bovine enzyme are
presented herein, and warm- (AAG > 1 kcal/mol) and hot-spot (AAG > 2 kcal/mol) residues in the bovine enzyme are
identified. These residues are relevant for site-directed mutagenesis, with the aim of modifying the binding affinity and in turn

affecting the catalytic efficacy of the enzyme.
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B INTRODUCTION

Rennets are preparations of proteolytic enzymes that are used
to initiate the first step of cheesemaking, the clotting of milk.
Most preparations contain enzymes originally extracted from
the stomachs of ruminant, mainly chymosin and pepsin,
although proteases from plants or microorganisms are also in
use today.' Chymosin is an aspartic protease found
predominantly in the stomachs of mammalian infants, where
its native function is to selectively cleave the milk protein x-
casein, causing the milk to curdle. Chymosin, in contrast to
other aspartic proteases (e.g, pepsin), exhibits a low general
proteolytic activity,” a quality that makes it favored in cheese
production. Bovine chymosin has been considered the most
suitable enzyme for clotting of cow’s milk due to its high
specificity for cleaving the peptide bond between Phel0S—
Met106 of bovine k-casein (k-casein residues are given in italics
in the text throughout, whereas residues in chymosin are given
in regular font). Recently, however, camel chymosin has proven
to be superior to bovine chymosin in clotting cow’s milk.
Camel chymosin has a 70% higher clotting activity toward
cow’s milk compared to bovine chymosin. Furthermore, camel
chymosin is more selective, reflected in a general proteolytic
activity that is $ times lower than that of bovine chymosin.*
The two enzymes have high sequence identity (85%) and
sequence similarity (94%),>° which might help to explain why
camel chymosin is able to clot cow’s milk, but not why it does
this so effectively. It is, conversely, then surprising that bovine
chymosin is a very poor clotting agent toward camel’s milk.*
This disparity may be partially due to the lower sequence
identity between camel and bovine k-casein (69% for the 16
residues binding in the cleft on the enzyme);6 however, a
deeper understanding of the enzyme function holds industrial
interest as both bovine and camel chymosin are sold as a
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clotting enzyme for cheese manufacturing." Camel chymosin
has recently been marketed as an alternative to bovine
chymosin, offering higher yields and less bitter taste due to
the lower nonselective proteolytic activity.*’

X-ray crystal structures have been resolved of bovine
chymosin in both apo-form (1CMS,® 3CMS,” 4CMS') and
cocrystallized with a bound norstatine-based inhibitor
(1Cz1)."" Bovine chymosin is a globular protein consisting of
323 amino acid residues” that folds into a bilobal structure, with
two similar f-barrel domains (Figure 1A). There is
pseudosymmetry along a single cleft containing the catalytic
residues Asp34 and Asp216 (chymosin numbering from PDB
entry 1CMS®). A fB-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 high degree of structural
homology.'>"* The sequence identity between the N- and C-
terminal domains of bovine chymosin is only 9%."* In contrast,
the related, and more extensively investigated, viral retropepsin-
like aspartic proteases, for instance, HIV proteases, are
composed of two smaller identical f-barrel domains that
together form a homodimer.'> The catalytic residues, Asp34
and Asp216 in chymosin, both occur in an Asp-Thr-Gly
sequence motif, which is conserved in the aspartic proteinase
family of enzymes.'* The side chains of the catalytic aspartic
acid residues are oriented toward each other, in an approximate
planar geometry with a water molecule positioned between the
two catalytic residues in the three apo crystal structures of
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Figure 1. Molecular model of bovine chymosin shown in yellow, complexed with a fragment of bovine k-casein, where the backbone is shown in blue
and the side chains of interest are shown by cyan sticks. The two catalytic aspartic acids (Asp34 and Asp216) of chymosin and the bovine k-casein
P1Phe and P1’Met residues are included and colored by atom type (carbons in cyan). The residues for which alanine scanning calculations have been
performed are indicated with a van der Waals surface. The colors of the surfaces are based on the residue type defined by VMD:*® basic (blue), acidic
(red), polar (green), and nonpolar (white). To highlight their position, the histidine residues have been colored cyan. In (A) the mutated residues of
bovine k-casein is shown with a transparent surface, and in (B) the residues that were mutated in bovine chymosin are marked with an opaque

surface.

chymosin. A recent rerefinement of a crystal structure of the
aspartic protease, apo plasmepsin II, has found that the two
catalytic aspartic acid residues may not always be coplanar,"
which has subsequently been su%ported by MD simulations of a
few different aspartic proteases.'® A network of hydrogen bonds
called the fireman’s grip stabilizes the catalytic aspartic acid
residues'®'”"® and also assists in holding the two domains
together. The catalytic mechanism of hydrolysis is thought to
involve a nucleophilic attack of a catalytic water molecule on
the peptide carbonyl carbon, but the exact details of this
mechanism are still being debated.'”*® The reaction mecha-
nism will not be discussed further in this paper, as the focus is
on the free energies of binding for the substrate.

Four different types of casein, a;-, -, f-, and k-casein, are
found in milk>' The role of k-casein, which consists of 169
residues,” is to help solubilize the three other caseins by
promoting the formation of casein micelles.”’ In these
molecular aggregates, k-casein is predominantly found on the
surface with its hydrophilic C-terminal pointing into the
solvent.”> Chymosin cleaves off the C-terminal part of k-casein
at the scissile bond (i.e., Phel0S—Met106), which destabilizes
the micelles and causes precipitation of the casein proteins. A
sequence alignment of k-casein from cow, camel, and other
domesticated animals is shown in Figure 2 (only the residues
that bind in the cleft of chymosin are shown). In this paper, the
Schechter and Berger nomenclature will be used to refer to the
peptide side chains and to the pockets of residues in the protein
that interact with them.** For example, Pn and Pn’ are used to
denote k-casein residues on either side of the scissile bond,
where 7 increases with the distance from the scissile bond
(Figure 2). Similarly, Sn and Sn’ denote the corresponding
pockets in the enzyme that interact with the Pn and Pn’ peptide
side chains, respectively. Previous structural analysis using
available X-ray crystal structures has determined the
composition of amino acids making up seven of the pockets
(S4 to S3’) in bovine chymosin.s’lo’11 It has furthermore been
shown for bovine chymosin that the P8—P7’ residues are
located in the binding cleft during catalysis and that the P9
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Bovine:R-H-P-H-P-H-L-S-FiM-A-1-P-P-K-K (97-112)
Camel: R-R-P-R-P-R-P-S-F} I -A-1-P-P-K-K (89-104)
Goat: R-H-P-H-P-H-L-S-F!M-A-1-P-P-K-K (97-112)
Pig:  R-R-P-R-P-H-A-S-F! I-A-1-P-P-K-K (96-111)
Horse: R-H-P-C-P-H-P-S-F! I-A-1-P-P-K-K (97-112)
Sheep: R-H-P-H-P-H-L-S-F!M-A-1-P-P-K-K (97-112)

Figure 2. Aligned sequences of the chymosin-sensitive region of k-
casein in different domesticated animals. The Pn and Pn’ numbering
follows the Schechter and Berger nomenclature,>* where n increases
with the distance from the scissile bond (indicated by the dotted
vertical line). The residues that differ between some of the species are
highlighted in bold. The residue numbers are shown to the right in
parentheses. The complete bovine k-casein protein contains 169
residues.””

residue, which is conserved in k-casein, probably also binds to
the enzyme.>>*

No X-ray or NMR structural data are currently available for
bovine k-casein. Therefore, in previous work,> we developed a
model of bovine chymosin complexed with a 16 amino acid
fragment of the chymosin-sensitive region of bovine k-casein
P9—P7'. The model was developed using molecular docking
calculations, conformational search algorithms, and molecular
dynamics simulations. The derived model is in good agreement
with the limited experimental data about the complex, and it
correctly predicts the existence of the fireman’s grip hydrogen
bonding network. A stable active site with geometries
appropriate for nucleophilic attack on the peptide bond
carbonyl carbon by the catalytic water molecule is found
from MD simulations. Additionally, the residues of k-casein
were correctly positioned around the active site in accordance
with X-ray crystallographic structures and kinetic data.”®
Subsequently, to describe the structural differences related to
enzymatic action between bovine and camel chymosin toward
bovine and camel x-casein, we used this model as a template to
develop homology models of the three remaining complexes
(BOV/CAM, CAM/CAM, and CAM/ BOV;6 a slash-separated

dx.doi.org/10.1021/jf4021043 | J. Agric. Food Chem. 2013, 61, 7949—7959



Journal of Agricultural and Food Chemistry

nomenclature is used to distinguish the different chymosin/k-
casein complexes; e.g, CAM/BOV refers to the complex of
camel chymosin with bovine k-casein).

In this work, we have calculated the free energy of binding
the substrate peptide (a fragment of bovine k-casein) to both
bovine and camel chymosin using the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) method.*’
Several methods are available for calculating the binding free
energies of protein—ligand complexes at various degrees of
accuracy.”® Free energy perturbation (FEP)* and thermody-
namic integration (TI) methods®® are both thermodynamically
rigorous and in principle very accurate,”® but require a great
deal of simulation time to provide adequate sampling, which
makes them less suitable for a peptide substrate consisting of 16
amino acid residues. Many different end-point techniques have
been developed to estimate binding free energies at lower
computational expense, for example, the linear interaction
energy (LIE) approach®® and the MM-PBSA method. MM-
PBSA is relatively fast and has been shown to afford reasonably
accurate estimates of the binding free energy for similar
systems.27’32’33 In this paper, we present MM-PBSA alanine
scanning calculations of 7 of the 16 amino acid residues in the
k-casein fragment in both the BOV/BOV and CAM/BOV
complexes. Additionally, to investigate the chemical properties
of the binding pockets in chymosin, we present alanine
scanning calculations for 25 residues in bovine chymosin that
interact with residues of the bovine x-casein peptide fragment.
These results assist in providing a quantitative description of
the binding interactions between bovine chymosin and bovine
k-casein, highlighting hot-spot residues in the enzymes that are
predicted to contribute significantly to the binding energy.

B MATERIALS AND METHODS

Simulations. The chymosin—casein models and MD simulations
used for calculating the binding free energies have previously been
reported.** In short, after equilibration, in which the system was
heated to 300 K in a multistep protocol, 96 ns of production MD was
collected for each complex (BOV/BOV and CAM/BOV) in the NPT
ensemble using the Amber03 force field and the TIP3P water model
for explicit modeling of water molecules. For each of the calculations
described below, 480 snapshots spread evenly from each of the 96 ns
molecular dynamics trajectories of the complexes were used, resulting
in time intervals of 200 ps between each snapshot. The explicit water
molecules and ions were removed from the trajectory snapshots before
energy calculations.

Free Energy Calculations. Free energy calculations were
performed using the MM-PBSA method.*”** The main equations
are shown here, where G denotes the Gibbs free energy:

A Gbinding = Usolvated (complex) - [Gsolvated (enzyrne)

+ G (substrate)]

solvated

The free energies of each species were evaluated by the following
relationships, where T is the temperature, S is the entropy, E is the
potential energy, evaluated as the terms in molecular mechanics force
field energy, used in place of the enthalpy,”****7 and angled
brackets denote an ensemble average:

Gsolvated = (Ggas> + (Gsolvation> - TS
<Gsolvation> = <EPB> + <Ecavity>

(G

gas> = <Einternal> + <Eelec> + <EvdW>

<Einternal> = <Ebond> + <Eangle> + <Etorsion>
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The contributions to the solvation free energy are split into a
nonpolar part (Ecavity) and a polar part (Epg). For each calculation of
solvation free energy (i.e., for enzyme, substrate, and complex), the
nonpolar solvation term describes the process of transferring a
nonpolar molecule in the shape of the molecule of interest from
vacuum to water, including the creation of a cavity in water and the
van der Waals interactions between the nonpolar molecule and the
water molecules. The polar solvation term describes the contribution
to the free energy due to polarization of the solvent environment by
the solute.

The two polar terms, the Coulomb interaction energy (E.) and
the polar contribution to the solvation free energy (Epyg), are both large
numbers, compared to most other contributions, and the terms are
often strongly anticorrelated; it therefore makes sense to calculate a
combined term for the polar contribution to the binding (Epolar) that
combines these two terms. Similarly, the nonpolar contributions to the
binding (E,qw) and (E,) can be combined into one term (Eonpotar)s
although these numbers are smaller in magnitude and are not
necessarily correlated:

<Epolar> = (Eelec> + <EPB>

<Enonpolar> = <EVdW> + <Ecavity>

The calculations were performed using the end-point method on
single trajectories of each complex,”” which is computationally less
demanding than using separate trajectories for the enzyme, substrate,
and complex. Furthermore, this approach has been shown to provide
results that are close to experimental values due to cancellation of
errors.”>*> As described, all explicit water molecules were removed
before these calculations, as required with the continuum solvent
model. Although there are bridging water molecules, these do not
influence the binding free energy results (data not shown). The
calculations were performed with the MMPBSA.py module®® of
AMBER 11.%° All nonbonded interactions were calculated without a
cutoff. The dielectric constants of the solute and solvent were set to 1
and 80, respectively, which is default in MMPBSA.py and commonly
done in MM-PBSA calculations. The default size of the solvent probe
for the PB energy grid was set to 1.4 A, and a default grid spacing of
0.5 A was used. The ionic strength was set to 0.07 mol dm™ to match
the conditions in the simulation and to mimic the environment in
milk. The entropic contributions to the binding free energy were
calculated in the NAB module of AMBER 11, which derives
translational, rotational, and vibrational entropies from molecular
mass, principal moments of inertia, symmetry factor, and vibrational
frequencies determined from normal-mode analysis. Before the normal
mode calculations, each snapshot of the complex was minimized, as
required for normal-mode analysis,*® with a generalized Born solvent
model, using default parameters in the MMPBSA.py module.

The errors shown in the graphs were calculated using bootstrap
resampling with 10000 data samples, which was found to be a
sufficiently large number of samples to allow the standard error to
converge. The numbers are very similar to estimating the standard
error by dividing the standard deviation by the square root of the
number of data points. The error calculations were performed in
Matlab.*!

Alanine Scanning Calculations. Alanine scanning calculations
describe the effect, in terms of the difference in the free energy of
binding, of mutating a specific amino acid side chain to a methyl
group. Computational alanine scanning experiments were performed
using the protocol of Massova and Kollman,* although we are
subtracting the wild-type binding free energy from that of the mutant.
Negative numbers thus indicate that a mutation to alanine results in an
increased overall binding free energy, whereas positive numbers signify
a reduced binding free energy, contrary to the scheme by Massova and
Kollman.

AAGbinding = AGbindingimutant - AGbindingiwildtype

The unsigned error of calculations of this nature has previously been
reported to be 1 kcal/mol.*** The results highlight so-called warm-
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(>1 keal/mol) or hot-spot (>2 kcal/mol) residues that contribute
disproportionately to the binding free energy.”~* Owing to the
prohibitive computational cost, and in accordance with previous
studies,*”*>* the entropy term was neglected. Additionally, we
calculate two new terms to determine the electronic nature of the
energy lost or gained as a result of alanine scanning.**** This
partitioning is similar to the terms above for the overall binding free
energy. First, a polar term is computed that takes into account the
Coulomb interaction energy (E..) and the polar contribution to the
solvation free energy (Epy), because it has been shown that a change in
one term is in most cases strongly anticorrelated with a change in the
other term (“variant” in the equation signifies either the wild type or
the mutant),*>*

AAE = AE — AE

polar polar_mutant polar_wildtype

AE"polari{variant} = AEelec,{variant} + AEPB,{vari:mt}

Second, a nonpolar term is defined that takes into account the van
der Waals interaction energies (E,4y) and the nonpolar contribution
to the solvation free energy (Ecav“y).

AEnconpolar = AE — AE

nonpolar_mutant nonpolar_wildtype

AEnonpolar_{variant} = AEvdW_{variant} + AEcavity_{variant}

The partitioning of AAG into the two terms allows for a deeper
understanding of the underlying interactions and extends the alanine
scanning calculation method to highlight residues that would
traditionally not be classified as hot-spot residues solely on the basis
of AAGyding yet display a potential for modification based on either
AAE,, or AAE, 010 This method uses the same trajectories as for
the MM-PBSA calculations and is calculated using MMPBSA.py*® in
AMBER 11. Individual terms (AAEp;, AAE,., AAE , and
AAE, ) have been calculated as standard by MMPBSA.py. The
two additional terms have been calculated using an in-house Matlab
script. For each alanine scanning mutation, the side-chain atoms of the
selected amino acid residue were removed, so that only the backbone
and the Cj atom with up to two hydrogen atoms remained; the
remaining hydrogen atoms were subsequently added.

The mutation to alanine is introduced after the simulation has been
performed, and it is thereby assumed that the structural perturbations
of the system upon such a mutation are small and will not have a major
effect on the dynamics of the enzyme—substrate complex, implying
that the binding free energy may be obtained from a single trajectory
of the complex of the wild-type system. The single trajectory approach
is computationally much less demanding than performing MD
simulations for each mutant, which is an important consideration
given the number of residues being mutated in this study. A recent
study by Bradshaw et al. supports the validity of this argument.*
Furthermore, use of the same trajectories allows for cancellation of
errors, which has proven to give more accurate results.*>*

To be conservative, alanine scanning calculations have been
performed only for residues where the root-mean square fluctuation
(RMSF) is near or below 2 A (see Figure Sl in the Supporting
Information), where the binding interaction can be said to be
reasonably well described. Using this criterion, we have excluded the
two residues in each termini of the substrate (P9—P8 and P6'—P7'), as
well as the P2’ residue because this is already an alanine. Furthermore,
in accordance with earlier studies, we have excluded the proline
residues (P7, PS, P4/, PS’) because the backbone conformation of
proline differs significantly from that of alanine.*>*® In total, alanine
scanning calculations were performed for 7 of the 16 residues of the -
casein fragment in both the BOV/BOV complex and the CAM/BOV
complex (Figure 1A). Moreover, alanine scanning calculations were
performed on chymosin in the BOV/BOV complex for residues having
side chains that interact with a side chain of any of the 7 residues in the
k-casein fragment based on a condition of spatial proximity and
frequency; that is, heteroatoms <4 A apart in >5% of the snapshots
collected from the MD simulation (Figure 1B). The full list of residues
scanned in bovine chymosin can be found in the Supporting
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Information (Table S3). Alanine scanning was naturally not performed
on the two catalytic aspartic acids (Asp34 and Asp216).

Degree of Burial Calculations. Alanine scanning calculations
have a tendencz to overestimate the energy of buried residues involved
in salt bridges. 3 Therefore, we have calculated the degree of burial of
each residue in the x-casein fragment that we have mutated, using the
following relationship, where the area is the solvent accessible surface
area (SASA), calculated in VMD with a probe sphere of 1.4 A,* and
where SASA_complex and SASA_unbound are the solvent-accessible
surface areas of the given residue in the complex and in the unbound
peptide, respectively (the numbers are reported in the Supporting
Information, Tables S1—S3).

degree of burial (%) = 100(1 — (SASA_complex)
/(SASA _unbound))

B RESULTS AND DISCUSSION

Binding Free Energy Calculations of Wild-Type
Complexes. The binding free energies of the two complexes
were calculated using the MM-PBSA methodology.27’3 The
numbers are subdivided into the different terms of the free
energy as shown in Table 1. The results show that binding the

Table 1. Different Components of the Binding Free Energy
of the Two Complexes Calculated from Their Trajectories”

BOV/BOV CAM/BOV
contribution mean SE mean SE
AE, qw —143.5 0.5 —139.4 0.5
AE,. —1245.4 39 —888.4 2.7
AEpg 1308.0 3.7 960.2 2.5
AE ity —15.3 0.0 —14.8 0.0
AE, 62.6 0.5 71.8 0.6
AE, gupolar —158.9 0.5 —154.2 0.5
AGy, —1389.0 4.1 —1027.8 2.8
AGy, 1292.7 3.7 945.3 2.5
AGgpotal —-96.3 0.7 —82.5 0.6
TAS —53.5 0.5 —49.0 0.5
AG -42.8 0.7 -33.4 0.8

“BOV/BOV and CAM/BOV are, respectively, the bovine and the
camel chymosin enzymes complexed with a fragment of bovine -
casein. The data presented in this table are ensemble averages, and
standard errors of the mean (SE) were determined by bootstrap
resampling. All values are in kcal/mol.

k-casein fragment in chymosin is favorable in both complexes
(Table 1). The entropic contributions to the binding free
energy are comparable, which was expected given the similar
structures and levels of dynamics in the systems, although the
BOV/BOV system has a slightly higher entropy contribution.’®
The largest differences in the binding are a result of changes in
both the electrostatic energy (AE,,.) and the polar solvation
contribution (AEpg) to the binding energy. These two terms
are anticorrelated, and summing them results in the polar
contribution to binding (AE,,,), which is unfavorable in both
enzyme—substrate complexes. Thus, it is the nonpolar
contributions to the binding free energy that make the
complexation favorable, which suggests that the electrostatics
serve a different role. For example, they may facilitate substrate
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Figure 3. Comparison of the seven residues probed in bovine k-casein in the two enzymes bovine and camel chymosin in terms of (a) the AAG of

binding from the alanine scanning calculations, (b) the degree of burial each residue experiences upon binding, (c) the AAE,

scanning calculations, and (d) the AAE,

nonpolar

polar from the alanine

from those same calculations. In all instances, positive values indicate the alanine substitution is

unfavorable, whereas negative values indicate a favorable substitution, as indicated by the blue and red sidebars.

recognition,”’ determine specificity, and drive product dis-
sociation following substrate cleavage. The binding affinity of
the bovine k-casein fragment to camel chymosin (—33.4 kcal/
mol) is less favorable than binding to bovine chymosin (—42.8
kcal/mol). This difference arises from a few factors; both the
polar and nonpolar contributions to the binding free energy are
more favorable, by —9.2 and —4.7 kcal/mol, for the BOV/BOV
complex and are only counteracted by a —4.5 kcal/mol higher
loss of entropy, likely due to this stronger binding. The stronger
binding is correlated with a lower RMSF for most of the k-
casein residues in the BOV/BOV complex, compared to the
CAM/BOV complex (see Figure Sl in the Supporting
Information).

It is important to note that these numbers address only the
strength of the interaction between the enzyme and substrate
when complexed; neither initial recognition and association nor
dissociation are adequately described as both of these processes
may involve conformational change. Moreover, these numbers
are difficult to compare to experiments as most experiments
report kinetics data, specifically, the Michaelis—Menten
constant (K) and the turnover number (k_), and whereas
K, is at times referred to as a binding affinity, the Ky values
cannot be directly compared to free energies of binding.
Further difficulties originate in experimental conditions (pH,
temperature, ionic strength, concentrations, and purity) and use
of substrates, as either small peptides, k-casein in solution, or
whole casein micelles. Reported Ky, values vary by several
orders of magnitude (7.59 X 107™% 0.165, or 021 mM,
respectively),4’ 54 due to, in part at least, different reaction
conditions. The trends between the experimental Ky values of
different enzymes and substrates do not provide a conclusive
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picture about which enzymes are best at cleaving bovine -
casein,**** although it is known that camel chymosin is
superior at clotting cow’s milk on the basis of yield and
characteristics such as the industrial term C/P, which is a
relationship between the clotting time (C) and cleavage
specificity (P).*

Alanine Scanning Calculations on Bovine x-Casein in
the Two Chymosin Enzymes. To evaluate the origin of the
difference in the binding free energy, alanine scanning
calculations have been performed for 7 of the residues of the
Kk-casein fragment in both the BOV/BOV and the CAM/BOV
complex from 96 ns MD simulations of each complex. The
results allow us to approximately quantify the effect that
differences in the primary structure of bovine and camel
chymosin have on the energetics of bovine k-casein binding,
focusing on the interaction with the functional groups of the
side chains of the amino acids. The binding is, as shown above,
stronger in the BOV/BOV complex compared to the CAM/
BOV complex by 9.4 kcal/mol (Table 1). The differences in the
alanine scanning results for the 7 residues in k-casein are shown
in Figure 3a (the values for the individual terms are reported in
the Supporting Information; Table S1 for residues in the
substrate for the BOV/BOV complex and Table S2 for residues
in the substrate for the CAM/BOV complex). The result of an
alanine scanning calculation is the AAG that describes the
predicted consequences of mutating the side chain to a methyl
group. A negative AAG here indicates that the binding free
energy will be stronger as a result of the mutation, whereas a
positive number signifies a weaker binding. The burial of each
residue is presented in Figure 3b, as it is known that salt bridges
are overestimated with this method if a residue is significantly
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it interacts with. Error bars are the standard error calculated using bootstrap resampling. Light gray shading highlights the k-casein residue, whereas
chymosin residues are displayed in white background. The percentages indicate interaction frequency between this residue and x-casein. The sidebars

have identical meaning to those in Figure 3.
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Figure S. (a) Snapshot of HisP4 residue at 57.4 ns interacting with Lys221, which in turn interacts with Glu24S via a salt bridge and GIn288 via a
hydrogen bond. (b) Results of alanine scanning for HisP4 and residues in chymosin that it interacts with. The percentages indicate interaction
frequency between this residue and k-casein. Gray shading highlights the x-casein residue. Same coding as in Figure 4.

buried. The AAG can be separated into two terms, AAE,,,
and AAE, ;04 sShown in panels c and d, respectively, of Figure
3.

The change in free energy of binding for each of the seven
residues in the substrate when bound in either of the two
enzymes are very similar, reflecting a similar binding and local
environment surrounding the residue. Interesting differences
are found for residues HisP4, LeuP3, SerP2, and MetP1’, which
bind in pockets that are chemically different in bovine and
camel chymosin. Although it is the enzyme, and not the
substrate, that is the target of protein engineering, it is
interesting to predict what alterations in the substrate could
lead to a different binding affinity. Of the seven point mutations
to k-casein that were tested during the alanine scanning
calculations, only the HisP4Ala mutation in the BOV/BOV
complex was found to be favorable. That none of the other
residues are very favorable to mutate to alanine is largely due to
the fact that the nonpolar interactions contribute significantly
to the binding energy; the magnitude seems to be correlated
with the size of the residue being mutated to alanine.
Contrastingly, when polar contributions are considered (Figure
3c), it is favorable to mutate most residues to alanine,
particularly for HisP4, LeuP3, PhePl, and Met P1’; on the
basis of polar interactions alone, these four residues could be
classified as warm- or hot-spot residues. This suggests that

mutations that remove unfavorable polar interactions, while
retaining nonpolar interactions, would be expected to increase
the binding free energy, for example, changing a polar residue
to an equally sized nonpolar residue. It is not of relevance for
protein engineering to mutate the substrate for cheese
production. It is, however, more relevant to predict mutations
in chymosin, because this has been cloned, making engineered
mutants possible to produce.

Alanine Scanning Calculations of the Bovine Chymo-
sin and Bovine x-Casein Complex. Bovine chymosin has
been sold commercially since 1874, whereas the camel variant
of the enzyme was introduced to the market only recently, and
therefore most of the biochemical data available on substrate
binding to chymosin is for the bovine variant. Each binding
pocket in the bovine enzyme has previously been exper-
imentally probed using a variety of binding fragments to
describe the local chemical properties.'® Bovine and camel
chymosins have both been cloned, making it possible to
engineer this enzyme. In the following, the results will be
presented in detail for the individual specificity pockets
matching the seven substrate residues probed above for the
BOV/BOV complex (the values for the individual terms are
reported in the Supporting Information, Table S3). To ease
comparison, the Pn residue will be presented alongside the
pocket residues in the following.
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Although significant, the binding contribution from HisP6
upon mutation to an Ala residue in the S6 pocket is almost
purely nonpolar, despite being modeled with a formal charge of
+1 (Figure 4). This observation is based on the fact that the
penalty of removing the electrostatic interaction (AAEg,. =
303.4 kcal/mol) almost completely cancels out the change in
the polar solvation free energy (AAEp = —303.0 kcal/mol, see
Table S3). The S6 residues are mainly polar, and this pocket
can favorably be filled with water when a substrate is not
present. When bound, the HisP6 and Asp13 interact 86% of the
time, primarily by a salt bridge. The effect of mutating Asp13 to
alanine eliminates the salt bridge, resulting in a significant loss
of polar binding energy (~6 kcal/mol), which may suggest that
Aspl3 helps stabilize the charged histidinium form of HisPé.
MM-PBSA alanine scanning calculations are known to
overestimate buried salt-bridge interactions,** and HisP6 is
86% buried in the complex (see Figure 3b), yet even at a
smaller magnitude this is expected to be a crucial interaction.
The Serl4 residue is the only residue in the pocket that is
favorable to mutate to alanine, primarily because the polar part
of Ser14 is not favorable for the binding. The nonpolar part of
the residue does contribute to the binding, and instead of
mutating this residue to alanine, a small hydrophobic residue
might improve the binding within this pocket.

As shown in Figures 3 and S, the HisP4Ala mutation is the
only side chain of the seven residues that is predicted to
increase the binding affinity. However, although removing the
polar interactions is highly favorable, the loss of nonpolar
contributions is nearly as unfavorable, and the mutation
contributes only slightly to the binding free energy. This
suggests that a large nonpolar residue will be highly favorable in
this position and correlates with earlier studies showing that a
charged lysine residue is particularly unfavorable in this
position.”” There are significant unfavorable polar interactions
in the S4 pocket when binding a polar residue (Figure 5). For
example, mutations of either Lys221, Glu24S, or GIn288 to
alanine are all favorable. Thus, removing the polar interactions
improves the binding free energy. On the basis of the computed
free energy changes for Ala mutations, Lys221 and Glu24S are
classified as hot- and warm-spots, respectively. Furthermore,
whereas the contribution to the binding free energy of each
individual residue is relatively small, collectively, the results may
suggest that alterations of this pocket could be favorable with
the objective of increasing the binding affinity, by, for example,
mutation of one or more residues. Most importantly, the results
indicate that replacing the positively charged hot-spot residue,
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Lys221, with a similar sized hydrophobic residue should be
favorable, as the favorable nonpolar interactions will be
retained. The same trend can be observed for Glu245 and
GIn288. Interestingly, in camel chymosin residue 221 is indeed
a valine.®”® Assuming that HisP4 in k-casein predominantly
binds with a neutral side chain, the S4 pocket could be tailored
to better accommodate the HisP4 residue. The charged Lys221,
which we found to be a hot-spot residue, should in this case be
mutated to a less polar residue, for example, Met, Leu, Ala, Ile,
or Val (as in camel chymosin), to retain the important nonpolar
interactions and remove the unfavorable polar interactions.
Alterations could also be made to Glu24S5, which we found to
be a warm-spot residue. Correspondingly, altering Glu245 to a
neutral residue, for example, Gln, Leu, Ala, Met, or Ile, is
expected to improve the binding free energy, as the nonpolar
interactions have proven important for this residue also.
Similarly, GIn288 could also be modified to a less polar residue
of rougly the same size. On the other hand, if HisP4 binds in its
charged (histidinium) form, then mutation of Lys221 like in
camel chymosin (Val221) is still recommended, but then the
pocket could be tailored to stabilize the positive charge with
GIn288Glu without changing Glu24S. The pH of milk is close
to the pK, of histidine and, therefore, histidine may exist in
multiple tautomer forms and charge states, which could be
worth exploring further, particularly as pH is known to
modulate enzyme activity.'® In general, aspartic proteases
favor hydrolysis at acidic pH, but in the case of chymosin it has
adapted to a neutral pH environment at the start of
cheesemaking. In the latter stages of cheesemaking the pH
drops, but most of the k-casein has been cleaved at this point.

The S8—S4 pockets have previously been shown to be
important for binding. It has been demonstrated that the rate of
hydrolysis is ~18-fold higher for the fragment P8—P4’
compared to the P3-P4’ fragment.>®' Experimentally, it is
known that the dipeptide H-Phe-Met-OH is not easily
hydrolyzed by bovine chymosin and neither are tri- or
tetrapeptides containing the scissile bond.>* Hill stated, on
the basis of a series of experiments, that other residues were
needed to modulate the binding and subsequent cleavage. In
particular, residues HisP6 and HisP4 were implicated as
important modulators of this effect,>® a conclusion consistent
with our modeling efforts and the strong interactions between
HisP6 and Asp13 that we have observed. Additionally, there is a
persistent interaction between Asp13 and HisP8.%*°

The side chain of the LeuP3 is also important for binding of
k-casein. Surprisingly, the relatively small side chain contributes
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significant nonpolar interaction energy to the binding. Mutating
this residue to an alanine is favorable only in terms of polar
interactions due to favorable changes in the solvation term, but
overall the unfavorable nonpolar terms dominate, and this
mutation results in a weaker binding free energy (Figure 6). It
has been shown that isoleucine and valine are favored at P3 in
the substrate,"® which reflects the similarity in terms of size and
chemistry to leucine. The result here is consistent with
mutagenesis studies showing that catalysis is promoted by
aliphatic residues, tolerated by hydrophilic residues, and
disfavored by proline and positively charge residues at this
position.”*>> These observations are interesting as the P3
position in camel k-casein is a proline residue, which may
indicate why bovine chymosin only poorly clots camel’s milk.*
Furthermore, according to observations by Hill, the protease
activity is not present unless a residue occupies the P3
position.’>>> The S3 pocket is small as shown in Figure 6a. The
nonpolar interactions that LeuP3 forms are mainly with Val113
and Thr79, the latter of which points its nonpolar methyl group
toward LeuP3. In the S3 pocket, the residues in bovine and
camel chymosin are identical, but they are slightly differently
organized, due to changes in the neighboring S1 pocket, Leu32
and Val32, respectively. This conformational rearrangement,
which increases the interaction between the LeuP3 residue and
Phell9, might be one possible explanation for the observed
difference (3 kcal/mol) in the alanine scanning results for the
P3 residue in the BOV/BOV and CAM/BOV complexes
(Figure 3). Our results suggest that a mutation in the S1 pocket

7956

(Leu32Val, as it is in camel chymosin) could improve the
binding of the LeuP3 residue.

The SerP2 residue side chain contributes little to the binding,
and the removal of the OH group makes only minor changes to
the nonpolar term (see the Supporting Information, Figure S2).
The S2 pocket has been shown to be of low specificity, and it
can accommodate tyrosine, valine, and serine in the
substrates.'”® Whereas the contribution to the binding free
energy is minor, it has been suggested that the chemical
characteristics of the SerP2 position are crucial for enzyme
action in bovine chymosin.’> Our previous studies indicated
that a hydrogen bond chain is formed from the SerP2(OH) to
Thr219(OH) and onward to Asp216(O4), assisting in keeping
the two carboxyl groups of the catalytic aspartates coplanar.%*
The interactions formed by Thr219 are very favorable to the
binding free energy, particularly in terms of the polar
contribution to the energy (Figure S2b). Bovine and camel
chymosin differ by a Val to Phe change at position 223 in the
S2 pocket, which contributes to the small difference in AAG
observed for the alanine scanning results for the P2 residue in
the BOV/BOV and CAM/BOV complexes (Figure 3).

The alanine scanning results also clearly reveal the
importance of the hydrophobic nature'® of the SI pocket
(Figure 7). For example, mutating the PhePI residue to an
alaine residue is highly unfavorable due to loss of the significant
nonpolar interactions (~11 kcal/mol). Similarly, the residues
forming the S1 pocket are mostly hydrophobic, and all
contribute evenly to the nonpolar binding free energy terms.
Experiments have shown that if PheP] is replaced by the bulkier
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Phe(NO,) or cyclohexylamine analogues, the substrates are still
hydrolyzed, albeit at a lower rate.’

The results show that the MetP1’ side chain is also important
for binding, again mostly due to nonpolar interactions (Figure
8). Bovine chymosin has been shown to cleave human and
porcine k-casein (both being PheP1—IleP1’), and rat and mouse
k-casein (PheP1—LeuP1’),*® indicating that the pocket is not
specific for methionine, but does prefer less polar residues. A
MetP1—PheP1’ variant of bovine k-casein is hydrolyzed 1.8
times more rapidly than the wild-type protein by bovine
chymosin,*® showing that neither of the PI and P1’ pockets are
highly selective, although both prefer hydrophobic residues.
The methyl sulfide group on methionine interacts with the
GIn294 residue, and removing this interaction is not favorable
in electrostatic terms (AAE,,. = 0.3 kcal/mol), but is favorable
when polar solvation terms are considered (AAEp; = —1.9
keal/mol, see Table S3 of the Supporting Information). The
nonpolar contribution to the free energy comes from
interactions with Ile297, Tyr190, and Ile214. It is further
interesting in this context that position 294 in camel chymosin
is a glutamate, as we have previously shown that MetP1’ does
not interact with Glu294 in the CAM/BOV complex,® which
moves away from the S1" pocket. Thus, this residue might be a
good target for mutation. The alanine scanning results for the
GIn294 residue indicate that the mutation does not affect
binding free energy (Figure 8).

The results of alanine scanning on IleP3’ show that it
contributes to the binding mostly due to nonpolar interactions
(see the Supporting Information, Figure S3), reflecting the
hydrophobic chemical nature of this residue. The side chain of
IleP3’ makes consistent nonspecific interactions with GIn294,
Tyr190, and His76, signified by interactions present <50% of
the time. It is perhaps suprising that this highly conserved
residue (see Figure 2) does not have a more defined binding
motif. It is worth noting that GIn294 is contained in a highly
flexible loop that was not solved in the crystal structure,"’
which might explain the intermittent frequency of this
interaction. Furthermore, the two proline residues following it
(ProP4’ and ProS’) restrict its mobility significantly, perhaps
making it unable to form more favorable interactions.

In accordance with earlier studies, we have excluded the
proline residues (P7, PS, P4’, PS’), because the backbone
conformation of proline differs significantly from that of
alanine. The key role of the proline residues is likely to be in
correctly aligning the x-casein residues in the pockets of
chymosin, as has previously been suggested,z‘s’51 and to expose
the peptide on the surface of the whole k-casein molecule.*’

In summary, in this study we have investigated the binding of
bovine k-casein to bovine and camel chymosin, with the aim of
understanding the differences in binding that can help explain
the catalytic efficacies observed during the initial stage of cheese
production; the clotting activity of camel chymosin toward
cow’s milk is higher than that of bovine chymosin, and the
cleavage is more specific toward the scissile PheP1—MetP1’
bond.” We have calculated the Gibbs free energy of binding of a
bovine k-casein fragment in chymosin for both the native
bovine and camel chymosins. Furthermore, we have inves-
tigated the influence of point mutations on the binding free
energy by way of computational alanine scanning calculations.
These results have allowed us to quantify the importance of
specific polar and nonpolar interactions and to identify several
warm- and hot-spot residues that contribute disproportionately
to the binding free energy. It is worth remembering that
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although some residues do not contribute much to the binding
free energy, these residues can have very specific interactions
that assist in the correct binding of k-casein to chymosin (e.g.,
Asp13 and HisP8) or the correct orientation of the catalytic
aspartic acid residues (e.g, Thr219 and SerP2). We have made
several suggestions for single point mutations with the aim of
engineering an enzyme that will have a higher free energy of
binding of the substrate. The mutations are focused in the S6,
S4, S3, and S1’ pockets.

It is important to note that the binding free energy is only
part of the enzymatic process, which also depends on other
factors such as association/dissociation kinetics and covalent
bond breaking and forming. Experimentally, only milk clotting
rates, Ky, and k. have been measured for chymosin
complexes,"***” which cannot be directly compared to binding
free energies without making undue assumptions. Nevertheless,
on the basis of the analysis presented here, several mutations
can be identified that should improve the binding in the bovine
chymosin—bovine k-casein complex. The mutations we
propose are primarily not to alanine, but are instead to
residues selected on the basis of our analysis of the computed
effect of an Ala mutation in terms of polar and nonpolar
interaction energy responses.

Our conclusions are drawn on the basis of individual point
mutations and, therefore, we caution that making all of the
suggested mutations on one enzyme will perhaps not result in
the expected change in enzymatic behavior, as there may be
synergistic effects that we have not considered. Other factors in
the catalytic activity of bovine chymosin, such as the self-
inhibiting mechanism,”’ recognition, the encounter complex,
and a pH switch observed in homologous proteins®® are worth
investigating. Studies are underway in our group to understand
these, as are experimental efforts to evaluate the binding
properties of some of the herein predicted mutants for
improved binding of x-casein to chymosin.
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