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One of the greatest successes of the application of Palaeoproteomics to Archaeology is its use by a number of
authors to track evidence of dairying practice, both in terms of its origin and the selection of animal species. To
this end, the whey protein f-lactoglobulin entrapped in pottery and dental calculus is widely studied because it is
so frequently recovered but why is it differentially preserved? Hydrolysis plays a big part in the breakdown of
proteins. Therefore, it is essential to explore the role of water in degradation to uncover some of the patterns
linked to protein survival. One approach to understand the hydrolytic process is to examine the molecular
behaviour of this protein and in particular of the peptide most commonly recovered: T;25sPEVDXEALEK; 5. In this
study, we use Molecular Dynamics, with the Amber14SB forcefield and the SPC/E water model in Gromacs 2020,
to first explore the dynamics of this peptide in bulk water. Despite the difficulties in describing reactive processes
with classical methods, we were able to identify geometric arrangements between water and protein residues
which are similar to the ones described in the literature for protein hydrolysis. These arrangements helped to
identify potential sites for hydrolysis along the bovine p-lactoglobulin T;25PEVDDEALEK; 35 amino acid chain.

1. Introduction

Increasingly ancient biomolecules, such as DNA and proteins,
recovered from archaeological contexts are providing new insights into
the lifeways of people in the past. In the context of proteins, undoubtedly
the most widely reported discoveries are those surrounding the under-
standing of the advent of dairying [1-5]. There is evidence that some of
the milk proteins may get trapped into limescale in archaeological ce-
ramics or dental calculus [1,3-5]. However, it is unclear why in so many
contexts, milk rather than other food proteins are being detected.
Furthermore, when milk is detected, it is the whey protein p-lacto-
globulin (BLG) which is most commonly recovered [2,5]. This finding is
even more peculiar given that early populations were unable to digest
lactose, another major component of the whey fraction of milk [3].

In particular, an eleven amino acid long tryptic peptide T125sPEVD-
XEALEK; 35 is more frequently recovered from archaeological materials
than any other BLG fragment [2]. This peptide is unique in two ways.
First, a mutation in the amino acid on position 6 of the sequence allows

for species differentiation [2] between cow (Asp130), sheep (Asn;3p) and
goat (Lysi30). Second, such sequence is rich in acidic residues, such as
aspartates and glutamates, and comes from a flexible region of the BLG
protein which consists of a turn going into a a-helix. These flexible re-
gions are not only often those with the greatest sequence variation, but
they are also more exposed and more likely to undergo hydrolysis [6,7].
Therefore, the widespread persistence of this peptide in the archaeo-
logical record is unexpected and may be the result of binding to mineral
surfaces, as has been previously suggested as a survival mechanism for a
peptide in ostrich eggshell [7].

To understand the mechanism of the unlikely preservation of the
bovine BLG peptide T,25sPEVDDEALEK;3s5, this study first seeks to
explore its stability in solution, in order to understand its behaviour
without the presence of a mineral surface. We then aim to establish
whether it is as prone to non-enzymatic hydrolysis as we might expect.

Although reactive processes are more suitably described by quantum
mechanical methods, the length of the peptide and a lack of previous
knowledge as to where in the chain reaction might occur render such
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methods computationally prohibitive. Hybrid methods such as QM/MM
and CPMD have been used to study reactions in biological systems
[8-10] However, such methods are still very limited in the size of the
QM region.

In order to resolve this conundrum, we have explored an alternative
view to investigate the ease of hydrolysis along a peptide chain. We draw
on the literature in hydrolysis and use Molecular Dynamics to explore
how the susceptibility of a peptide bond to undergo hydrolysis changes
as a consequence of peptide configuration, the presence of cations and
charge. Even though it is difficult to tackle such a problem from a
classical point of view, the literature in hydrolysis of proteins is exten-
sive enough to allow us to investigate the hydrolytic process from
different fronts.

1.1. Hydrolysis of peptide sequences

The hydrolysis of proteins at different pHs has been extensively
studied by several authors [11-30]. Although it is well known that the
peptide bond is more prone to hydrolysis in more acidic and alkaline pHs
[18,22,23,25], there has been some effort in understanding the non-
enzymatic peptide bond breakage in neutral water due to its impor-
tance for biological processes [11-13,26].

In general, theoretical studies focus on unveiling the reaction
mechanism [11,13,18,25,26,29]. In these studies, formamide is usually
employed as a model compound [11,18,25,29], since its simplicity is
ideal for quantum mechanics based methods. There is no consensus on
whether the reaction occurs in a stepwise or concerted fashion. How-
ever, several authors agree that a water assisted mechanism, with or
without the formation of an intermediate, is more energetically
favourable [11,18,23,25,29-31]. In more than one study, a key step
seems to involve the attack of one or more water molecules on the
carbonyl group of the peptide bond [11,18,31]. For acid catalyzed hy-
drolysis, the O-protonation is more preferential than the N-protonation
[16,18,31]. However, Antonczak et al. [18] have suggested that a
similar mechanism is likely to occur in bulk neutral water, as the
carbonyl oxygen hydrogen bonds with water molecules. Despite not
taking solvent effects into account, the authors have found that the
protonation of the oxygen has a catalytic effect in both acidic and
neutral conditions [18].

Gorb et al. [11] have taken the study of the hydrolysis of formamide
one step further by taking into consideration the effect of interactions
with the bulk. They have unveiled a preferential water assisted mech-
anism that also occurs through attack on the carbonyl backbone bond,
leading to the formation of an amino-gem-diol intermediate in a
concerted fashion. This result agrees with previous findings that have
determined that the addition of a hydroxyl group to the amide bond is
the rate limiting step for the neutral hydrolysis of model amide com-
pounds [29,31]. The transition state structure involves two water mol-
ecules, where a water assisted proton transfer occurs between the
hydroxyl and the amino group. Scheme 1 shows the reaction pathway
for this mechanism. Pan et al. [26] concluded that this mechanism is
more likely to occur in both neutral and acidic pHs by performing a more
sophisticated study using N-methyl acetyl acrylamide (N-MAA) as a

OH
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model compound and including solvent effects. The authors also
concluded that the degradation of proteins by hydrolysis is a compli-
cated process, with many degrees of freedom involved, since at least five
reaction coordinates are necessary to describe peptide bond breakage.
These reaction coordinates go beyond the more commonly used
carbonyl carbon to water oxygen distance [11,18,29,31] and relate to
not only protein structure but also solvent dynamics.

Since the susceptibility of a given peptide bond to undergo hydrolysis
is subjected to factors relating to protein structure and dynamics of the
solvent shell [26], other authors have focused their efforts in under-
standing how protein sequence affects reaction mechanisms and rates
[17,21,22,30,32]. Specifically, there is an agreement towards the role of
the carboxylic acid side chain of aspartates and glutamates in lowering
the energy barrier for reaction to occur. Friedrich et al. [21] observed
spontaneous cleavage of the adjacent peptide bond to the C-terminal
side of glutamate and glutamine residues, although the reaction was
more pronounced when glutamate was present. Such an effect occurred
both at neutral and acidic pHs. The presence of Ala, Leu, Pro, Val or Arg
residues on the N-terminal side of the glutamate residue increased the
incidence of cleavage. The authors hypothesize a mechanism in which
the carboxylic group of glutamate promotes a nucleophilic attack on the
carbonyl group of the peptide backbone. Similarly, there has been evi-
dence of the spontaneous peptide cleavage at the C-terminal of Asp and
Asn residues [30,32-34]. Moreover, Wang et al. [32] have found this
reaction occurs at the pH range of 5.0 to 7.4. Two competing mecha-
nisms have been suggested. The first involves the attack of the carbox-
ylic group on the adjacent C-terminal peptide bond, forming a reactive
Asp anhydride intermediate [30,32]. The second is through the forma-
tion of a succinimide intermediate and has been broadly studied in
literature [33-36].

In this study, we use Molecular Dynamics to understand the dy-
namics of the bovine p-lactoglobulin T;25PEVDDEALEK; 35 amino acid
chain in solution and gain insight into the mechanism for its survival in
the archaeological record. To do this, we first explore the conforma-
tional space of the peptide in solution to determine stable peptide con-
figurations. We then use these configurations to identify geometric
arrangements between water and protein residues which are similar to
the ones described in literature and are therefore consistent with a
greater likelihood for hydrolysis. Such arrangements may help identify
potential sites for hydrolysis along the bovine p-lactoglobulin
T12sPEVDDEALEK; 35 amino acid chain.

2. Methods
2.1. Simulation details

The dynamics of the bovine f-lactoglobulin eleven amino acid long
peptide T12sPEVDDEALEK;35 was investigated in neutral water. The
initial geometry for the peptide was cut from the whole bovine
B-lactoglobulin (PDB id: 1CJ5 [37]) between positions 125 and 135.

Although it would be valuable to also investigate the dynamics of
T12sPEVDDEALEK] 35 at different pH conditions, we have chosen to run
the simulations at pH 7 due to the simplicity of the system. The peptide

amino-gem-diol

Scheme 1. Concerted hydrolysis with the formation of an amino-gem-diol intermediate [11,26].
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then had amine groups protonated and carboxylic groups deprotonated,
with the N-terminal kept as NH3 and the C-terminal kept as CO3. It is
important to note that different protonation states of charged groups
along the amino acid chain will likely alter the preferential stable con-
formations and therefore the peptide bonds susceptible to hydrolysis
found in this study. However, such comparison represents a large body
of work beyond the scope of this paper.

All simulations in this study were performed using the GROMACS
2020.3 [38-40] software. The peptide was described by the Amber14SB
[41] forcefield and solvated in a SPC/E [42,43] cubic water box con-
taining 5676 water molecules. The net charge of the system was neu-
tralised with Na™ ions. The system was first equilibrated for 1 ns in an
NVT ensemble with a reference temperature of 300 K. In all simulations,
the temperature was controlled by a Nosé-Hoover thermostat with a
time coupling constant of 0.1 ps. This was followed by a 1 ns equili-
bration in the NPT ensemble with a reference pressure of 1 bar. The
pressure was controlled by a Parrinello-Rahman barostat with a time
constant coupling of 2 ps. A production MD in the NVT ensemble at 300
K was then performed, with a time step of 0.5 fs. For all calculations, the
Particle Mesh Ewald (PME) with a real space cut-off of 1.0 nm, Fourier
grid spacing of 0.12 nm and a 4th order spline was used for long range
electrostatic interactions. The Lennard-Jones 12-6 interactions had a
cut-off distance of 1.0 nm. Periodic boundary conditions were imple-
mented in all directions.

To enhance sampling further, metadynamics [44,45] (metaD) was
performed with the PLUMED [46,47] v2.6 plug-in for GROMACS.
Gaussian hills were added at a regular interval of 0.5 ps with a 1 kJ/mol
height and a width of 0.35. Since it was observed in previous simulations
that the peptide structure tended to switch between a folded and an
unfolded arrangement, the radius of gyration (Rg) was chosen as a col-
lective variable. Runs had the total length of 30 ns.

2.2. Conformational analysis

A distinct conformation is defined as a maximum variation of 0.2 nm
in the root mean square deviation (RMSD) of the backbone atoms (C Cu
N O), maintained for at least 5 ns during a given molecular dynamics
(MD) simulation. This provided meaningful statistics to be able to more
confidently explore water dynamics around the structure and aided
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identification of potential sites for hydrolysis. A standard 50 ns molec-
ular dynamics (MD) simulation was first performed in order to sample
different geometries. These geometries were used as starting confor-
mations for further 20 ns standard MD simulations and for metady-
namics. The minima found in metadynamics simulations were also taken
forward as starting geometries for standard MD simulations. Sampled
arrangements that did not fulfill the requirements to be considered a
stable conformation in this study were used as starting points for further
replica simulations. Otherwise, if a given conformation was stable, its
contribution to the total average potential energy of the system was
calculated. Assuming independent states, the average energy of the
ensemble can be defined as:

_ ke
S YetE

where exp( —pE;) is the Boltzmann weight of a certain state i with
probability pixe i, and = 1/kzT. When there were no more signifi-
cant changes to the value of (E), it was considered that the conforma-
tional space had been sufficiently sampled. A workflow for the
simulations is displayed in Fig. 1. The average number of intramolecular
hydrogen bonds for each residue was calculated in order to better un-
derstand differences in structure.

(E) €Y)

2.3. Water dynamics and determining potential sites for hydrolysis

To be able to identify sites that may be more likely to undergo hy-
drolysis, we have used three different approaches based on existing
literature. Firstly, to address the possibility of the carboxyl groups
engaging in hydrolysis, the radial distribution function (RDF) for cations
and water were calculated to generate their distribution around car-
boxyls. In cases where it was necessary to obtain the coordination
number, the first maximum of the RDF was smoothed with a second
order polynomial Savitzky-Golay filter and integrated.

Secondly, water dynamics and water availability around the peptide
chain were investigated, since there is a consensus that water assisted
mechanisms are more likely to occur in neutral water [11,12,18,26].
Hydrogen bond time autocorrelation functions were computed for
hydrogen bonds between water molecules and atoms within the peptide
bond to determine water residence time around sites of interest for

RMSD

Stable
conformation i

A
M»‘ W

g ‘3 I
z“““«‘,.w“"ﬁ”‘”*"“ﬂ*ww«v

o

M,
[ T v "
.0

Stable
conformation

HMM‘WW JJU\

Stable

i 4 conformation

Stable for more
than 5 ns = kept

Other visited geometries
— further MD simulations

Weighted ensemble average

—BE:
REPEAT unti _ XiEie PE;
average energy <E) - W
doesn’t change i€

Fig. 1. Schematic drawing of workflow of simulations.
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hydrolysis. The autocorrelation function is given by [48,49]:

(si(to)si(1) )
) =) @
where s;(t) is the existence function of a given hydrogen bond i. If
si(t) = 1, a hydrogen bond with donor-acceptor distance of maximum
0.35 nm and a hydrogen-donor-acceptor angle of 30° exists at time t.
Otherwise, s;(t) = 0. Hydrogen bond lifetimes were obtained by fitting
the autocorrelation functions with a third order exponential.

Finally, we focused our efforts in identifying water-peptide ar-
rangements along the T;25sPEVDDEALEK; 35 amino acid chain that were
favorable for hydrolysis. Geometric parameters linked to reported
reactant structures were calculated and compared to published values in
literature [11,18,26] (Table 1).

All analyses were performed with standard GROMACS analysis tools
and with self-written scripts in Python 3.

3. Results and discussion
3.1. Exploring conformational space for the bovine BLG peptide

Preliminary simulations have shown that the T;,5sPEVDDEALEK; 35
peptide is very flexible. Such observation is not unexpected as the
sequence has an overall charge of —4e and is relatively short. Therefore,
it was necessary to explore its conformational space prior to any analysis
of water dynamics and identification of possible sites for hydrolysis.
Metadynamics simulations revealed that the potential energy surface of
the bovine f-lactoglobulin T;2sPEVDDEALEK;35 peptide along the
radius of gyration coordinate has two distinct minima (Fig. 2) relating to
a folded and an unfolded conformation. The energy barrier between
these two minima is very small, consistent with the ease the peptide
changes between folded and unfolded states during a simulation.

In total, five stable peptide arrangements were found (Fig. 3). These
consist of three folded (structures 1, 2 and 3) and two unfolded peptide
conformations (structures 4 and 5). Such structures are stabilised by
intramolecular hydrogen bonds and, in some cases, the proximity of a
Na™ ion to negatively charged residues along the peptide chain. Table 2
lists the average number of intramolecular hydrogen bonds per residue
in each conformation. Analysing the three folded structures, we observe
that structure 3 has on average a total of 10.67 intramolecular hydrogen
bonds, whilst structures 1 and 2 have on average a total of 7.20 and 6.26
intramolecular hydrogen bonds, respectively. The higher number of
intramolecular hydrogen bonds in structure 3 is because it lacks any
interaction with Na™, so it depends solely on interactions between the
positively charged side chain of the lysine residue and other negatively
charged residues in the middle of the chain - in particular the aspartates -
to stay in its folded state. The N-terminal threonine then interacts with
the peptide bond between lysine and the glutamate in position 10 to

Table 1

Geometric parameters reported in literature for the reactant structure for the
hydrolysis of amides. Relevant groups and atoms are represented as follows:
C=O0 peptide bond carbonyl, NH peptide bond amine, O, water oxygen, Hy,
water hydrogen.

SOURCE Model Geometric Value
parameter
Gorb et al.!? Formamide - reactant distance C=0- 1.788 A
structure Hy /1.805 A
distance NH- 1.8214/
Ow 2.028 A
Pan et al.'® N-MAA - reactant structure distance O—C-~ (2.07, +o0)
oM A
distance N-H,, (1.79, +)
A
Antonczak Formamide — pre-reactive distance O—C~ 2.749 A
et al.?® hydrogen bonded complex Oy
distance N-H,, 2.109 A
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close the loop. On the other hand, structures 1 and 2 depend partially on
the interaction with the cations in solution to maintain their confor-
mation. The Na™ ions not only act as a bridge to close the loop, but they
also provide a positive charge that helps to stabilize the repulsive forces
caused by the proximity of aspartate and glutamate residues due to
folding of the structure. This is reflected in a lower average number of
intramolecular hydrogen bonds for these structures.

A similar effect is observed between the unfolded structures 4 and 5.
Structure 4 depends on intramolecular hydrogen bonds to form the turn
towards the N-terminal and the helix towards the C-terminal, which
translates into an average of 12.19 hydrogen bonds throughout the
chain. In comparison, structure 5 has only 3.22 intramolecular bonds
overall as it relies on four Na™ ions to maintain the conformation in an
unfolded state, due to electrostatic interactions between the cations and
all carboxyl groups present in the peptide chain. Such carboxyl groups
belong to not only aspartates and glutamates, but also to the C-terminus
lysine. In general, the higher the number of Na™ ions contributing to
stabilising a given structure, the less intramolecular hydrogen bonds are
required. Therefore, conformations such as structures 1, 2 and especially
5 could be an indication of how the peptide binds to the mineral surface,
where the cations present in the mineral would replace the role of Na™.

3.2. Influence of the cation on water availability and limiting reaction
pathways

Another effect caused by the proximity of cations to a given site
along the peptide chain is the limited water availability around those
sites. Fig. 4A shows the first maximum of the RDF of both water hy-
drogens (Hy) and Na™ ions to the carboxyl oxygens in structure 1 (see
Figure S1 for RDFs). The higher the value of the RDF for water, the lower
the value of the equivalent RDF for Na* ions. For example, for the
aspartate residue in positions 5 and 6 in the peptide, it is evident that
there is high probability to find water around them. For the same resi-
dues, however, the probability of finding Na* ions in their vicinity is
effectively zero. This suggests that the cations limit the amount of water
available to engage in hydrolysis at the site they are closest to. This
effect is visible in all structures that rely on Na™ ions to remain stable, as
can be seen by the negative correlation between the coordination
number of carboxyl groups in respect to water and Na™ ions in Fig. 4B.

Previous studies have shown the participation of the carboxylic
group in aspartates and glutamates in the spontaneous hydrolysis of the
peptide bond on their C-terminal [21,22,32]. By interaction with such
groups, the cations hinder their possibility in facilitating the reaction
and limit possible reaction mechanisms for the hydrolysis of
T12sPEVDDEALEK;35. The effects produced by interaction with the
cations in solution may thus be an indication of how the mineral surface
enhances preservation of the p-lactoglobulin peptide. The high density
of positive charge due to Ca®* ions at a calcite surface probably also
limits the interaction of negatively charged residues with water and the
peptide chain.

3.3. Water dynamics around peptide bonds

Peptide bonds are the primary site to undergo hydrolysis along a
peptide chain and therefore we analysed the behaviour of water mole-
cules around these sites. Fig. 5 shows the hydrogen bond autocorrelation
function between each peptide bond in the T;,5sPEVDDEALEK;35 pep-
tide and water, for each of the five structures previously discussed. It is
evident that differences in conformation affect the hydrogen bond life-
times around these sites. The water availability around a certain peptide
bond will change from structure to structure, according to the geometry
it adopts influenced by intramolecular hydrogen bonds, the proximity of
Na™ ions and possible side chain steric effects.

In most cases, the hydrogen bond lifetime seems to decay quite
rapidly and reach zero before 164 + 60 ps on average. Such hydrogen
bonds are not long lasting and therefore are unlikely to engage in
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Free energy surface of the BLG peptide TPEVDDEALEK along radius of gyration coordinate

Gaussian height = 1 kJ

1.0 1.2 1.4 1.6

Radius of gyration (nm)

Fig. 2. Free energy surface of the bovine p-lactoglobulin T;,sPEVDDEALEK; 35 peptide obtained by performing metadynamics along the radius of gyration coor-
dinate. Peptide conformations for each of the minima are represented near their respective minimum. Given the small barrier, the plot has been amplified to focus on

the minima.

FOLDED STRUCTURES

Structure 1

LYS 11 e
2.2

GLUT-0EY
2.00
o -

\&4 GLUIUM" ;
| 6Lu7 il )
] y 4 N

Structure 2

%2.09

6LU3 OEZ‘{ GLU3:0E1

UNFOLDED STRUCTURES

Structure 4

Fig. 3. Stable conformations of the TPEVDDEALEK bovine p-lactoglobulin peptide in solution, found in replica and metadynamics simulations. Structural Na™ ions
are represented as yellow spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

hydrolysis. In contrast, long lasting hydrogen bonds with atoms in the
peptide bonds between Pro-Glu3 and Asp6-Glu7 for structure 2, and Ala-
Leu and Leu-Glul0 for structure 5, are present. These last for almost a
nanosecond or more, which suggests they are in an energetically
favorable position around the peptide and are unlikely to engage in
hydrolysis. Visual inspection of such conformations revealed these are
structural water molecules that help stabilise each of the geometric ar-
rangements. A third category of hydrogen bond can be identified with
the decay function reaching zero between 408 + 54 ps and 616 + 70 ps.
Such water molecules might be available for hydrolysis.

3.4. Potential sites for hydrolysis

Several authors agree that for hydrolysis to take place, a water
assisted mechanism is preferential as a second water molecule aids with
the proton transfer during the reaction, which reduces the energy barrier
for the process to occur [11,18,26,31]. Gorb et al. [11] have reported a
reactant arrangement between formamide and water molecules for hy-
drolysis at neutral pH. As listed in Table 1, this reactant structure has an
optimised distance between the carbonyl oxygen (C—=O) and the
hydrogen of water (H,,) of approximately 1.8 A. Additionally, distances
of 1.8 A to 2.0 A are reported between the amine hydrogen (NH) and the
oxygen of water (Oy). The distance between carbonyl oxygen and water
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Table 2

Average number of intramolecular hydrogen bonds per residue.
Residue Structure 1 Structure 2 Structure 3 Structure 4 Structure 5
THREONINE 1 0.03 £ 0.01 2.35 £ 0.04 2.57 £0.03 3.49 £ 0.02 1.10 + 0.03
PROLINE 2 0.03 £ 0.01 0.00 £ 0.00 0.19 £+ 0.01 0.08 + 0.01 0.05 £+ 0.01
GLUTAMATE 3 0.96 + 0.01 0.48 + 0.02 1.12 £ 0.01 1.04 + 0.01 0.62 £ 0.02
VALINE 4 0.00 £+ 0.00 0.02 £ 0.01 1.15 + 0.02 0.94 £ 0.01 0.53 £ 0.02
ASPARTATE 5 0.03 £ 0.01 0.73 £ 0.03 1.04 + 0.02 2.56 + 0.02 0.36 + 0.02
ASPARTATE 6 1.01 £ 0.04 1.70 £ 0.03 0.73 £+ 0.02 0.76 £+ 0.01 0.37 £ 0.02
GLUTAMATE 7 1.62 + 0.04 0.09 £ 0.01 0.13 £ 0.01 0.62 £+ 0.02 0.09 £ 0.01
ALANINE 8 0.99 £+ 0.03 0.08 £ 0.01 1.16 + 0.02 0.78 £ 0.01 0.01 + 0.00
LEUCINE 9 0.74 + 0.02 0.17 £ 0.01 0.12 + 0.01 0.83 £ 0.01 0.00 £+ 0.00
GLUTAMATE 10 0.53 £ 0.02 0.12 £ 0.01 0.11 £ 0.01 0.57 £ 0.01 0.00 + 0.00
LYSINE 11 1.26 £+ 0.03 0.52 £ 0.02 2.35 £ 0.03 0.52 £+ 0.02 0.09 £+ 0.01
Total per structure 7.20 £ 0.31 6.26 + 0.07 10.67 + 0.06 12.19 £+ 0.05 3.22 £ 0.05
# of Na* ions 2 1 0 0 4

may relate not only to the hydration of the carbonyl bond, a key step for
the stepwise formation of an amino-gem-diol intermediate [11], but also
to a potential pre-protonation of the oxygen atom. Although O-proton-
ation is more commonly described in acid hydrolysis, Antonczak et al.
[18] have hypothesised that a similar mechanism may occur in neutral
hydrolysis due to interactions with the bulk. The RDF between the
carbonyl oxygen and the water hydrogen was calculated for each pep-
tide bond in each of the five structures. The first maximum gives a value
of 1.8 [o\, in accordance with the value published by Gorb et al [11]. This
peak was integrated to give the amount of water molecules around the
carbonyl. Fig. 6A shows the coordination number of each carbonyl ox-
ygen plotted against the lifetime of its hydrogen bonds with water. The
plot was split into quadrants in order to better visualize the peptide
bonds that may be more likely to undergo hydrolysis. A horizontal
threshold of one has been set, based on the fact that the carbonyl oxygen
needs to hydrogen bond with at least one water molecule for hydrolysis
to occur [11,18]. Additionally, the average lifetime of a hydrogen bond
on the carbonyl oxygen was calculated in order to set a vertical
threshold. Extremely fast or slow lifetimes were not included to not skew
the average (Figure S2). This gave a value of approximately 39 + 4 ps,
where any hydrogen bond that breaks sooner than that might not be held
around the carbonyl for long enough to react. The upper right quadrant
of the plot then represents the peptide bonds which are more likely to
hydrolyse. Such peptide bonds include the sequence Glu7-Ala-Leu-
Glul0-Lys for folded structures. Two peptide bonds located towards
the N-terminal also appear in this quadrant and they both belong to
unfolded structures: Pro-Glu3 for structure 4, and Val-Asp5 for structure
5. For structure 4, the peptide bond Asp6-Glu7 in the middle of the chain
also appears. Although the unfolded structures 4 and 5 rely on intra-
molecular hydrogen bonding and interaction with cations, respectively,
to maintain their conformation, the susceptibility of these specific bonds
suggest they are in an exposed position in the chain. Conversely, the
lower left quadrant represents bonds that are very unlikely to react,
because they may have no hydrogen bonds between water and the
carbonyl oxygen and, if they do, they do not last long enough to react.
This quadrant is mainly populated by Thr-Pro peptide bonds. It has been
previously shown (Table 2) that the threonine residue preferentially
hydrogen bonds with the rest of the amino acid chain. That, allied with
the hydrophobicity of the proline residue, probably works in tandem to
limit the amount of water in their proximity.

To complete the picture of the reactant structure of Gorb et al. [11],
the interaction between the amine hydrogen and water oxygen was also
investigated. Fig. 6B shows the average distance between the amine
hydrogen NH and the water oxygen O,, for each peptide in each struc-
ture, along with their associated error bars. The peptide bond between
threonine and proline is excluded from this analysis, given that no
hydrogen is present due to the cyclic nature of the proline residue.
Although amine hydrogens in all peptide bonds are within error of the
optimal reported distance (Table 1), albeit in different structures, only
one peptide bond has a combination of C=0-H,, and NH--O,, distances

that match the geometric parameters reported in literature. This bond is
the Ala-Leu peptide bond in the folded structure 3.

Although most peptide bonds do not have the exact combination of
geometric parameters as reported by Gorb et al. [11], it is important to
note that such parameters were derived for formamide and that the
dynamics involved in an amino acid chain like T;25PEVDDEALEK; 35 in
solution are far more complicated. Nonetheless, based on these char-
acteristics, it is likely that the Ala-Leu bond is a good candidate for the
hydrolysis of a folded T;2,5PEVDDEALEK 35 structure.

As for the reactive structures reported by Antonczak et al. [18] and
Pan et al. [26], they relate to the mechanism which involves the
simultaneous attack of the carbonyl carbon and the amine nitrogen by
water [26,31]. In the case of Antonczak et al. [18], however, the
structure is in fact of a pre-reactive hydrogen bonded complex, whereas
Pan et al. [26] have optimised the geometry of a reactant. Typical values
for the interactions involved in these structures are listed in Table 1. The
average minimum distance between carbonyl carbon and water oxy-
gens, and between amine nitrogen and water hydrogen were calculated
for each of the peptide bonds for every structure found for the
T12sPEVDDEALEK; 35 peptide. All O—C-Oy distances fall between 3.0
and 4.0 10\, with most interactions in the interval of 3.4 to 3.7 A (Fig. 7A).
As for the N-H,, distance, values fall between 2.7 and 3.7 A (Fig. 7B). In
every case, the calculated distances are larger than the reported values
in literature [18,26]. However, it is not possible to conclude that none of
the peptide bonds are prone to undergoing hydrolysis through the
aforementioned mechanism as the reactant structures in literature were
obtained using smaller model compounds. Because all calculated values
are approximately 1 A larger than literature values, it may be that such
elongation is caused by steric effects due to size and composition of the
amino acid chain. There is, however, no evidence to say that such
elongation hinders hydrolysis.

Because the carbonyl group is a primary site for attack
[11,18,26,29,31], the results obtained solely by analysing water dy-
namics around this group were also considered individually. Assuming
that all peptide bonds are within distance to suffer a nucleophilic attack
on the carbonyl carbon, the limiting factor thus becomes the hydrogen
bond dynamics with the carbonyl oxygen (see Scheme 1). The previously
discussed results suggest that the p-lactoglobulin T;25PEVDDEALEK 35
peptide most likely preferentially hydrolyses from the C-terminal in-
wards, towards the middle of the chain, rather than from the N-terminal.
However, two peptide bonds towards the N-terminal stand out: Pro-Glu3
(structure 4) and Val-Asp5 (structure 5). These may also be candidates
for hydrolysis when it comes to unfolded structures. It has been shown
that a mechanism involving the carboxyl group of glutamate is enhanced
by a proline residue in its N-terminal side, as is the case in the
T125sPEVDDEALEK] 35 sequence. Therefore, the combination of favorable
water dynamics around the carbonyl and possible effect of the carbox-
ylic group makes the peptide bond between Pro-Glu3 also likely to
spontaneously hydrolyse in neutral water, if the peptide assumes a
suitable conformation.
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4. Conclusion

The dynamics of the bovine f-lactoglobulin T;25PEVDDEALEK; 35
peptide was investigated in solution at neutral pH. Five stable geometric
arrangements were found, three of which rely on interaction with cat-
ions to maintain their conformation. Such conformations may be an
indication of how the peptide binds to a mineral surface. Moreover, the
interaction with cations also limits water availability around certain
sites and prevents carboxylic groups in acidic residues from engaging in
hydrolysis.

Several mechanisms for hydrolysis are published in literature with

differing reactant structures. Some of the most common reported
structures have however been selected in an effort to identify potential
sites for hydrolysis. The combination of parameters published by Gorb
et al. [11] has only been found once in the T125PEVDDEALEK; 35 chain:
in the Ala-Leu peptide bond of a folded state, where this bond is more
exposed in the loop region of the conformation. As for the parameters
published by Pan et al. [26] and Antonczak et al. [18], no optimal
combination was found in any of the structures. However, calculated
values are approximately 1 A longer than values in literature. Such
elongation might be the result of steric effects caused by amino acid side
chains.
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Since the carbonyl group is the primary site for attack, individual terminal inwards for folded structures. To emphasise this further, it was
results involving solely the carbonyl backbone bond were considered. found that the Thr-Pro bond on the N-terminal is the one most unlikely
These suggest that hydrolysis may preferentially occur from the C- to hydrolyse in all investigated scenarios. Nonetheless, two peptide
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tures found.

bonds stand out towards the N-terminal side of the chain, since they are
readily available to water molecules in unfolded structures. These are
Pro-Glu3 and Val-Asp5 and they may be candidates to reaction mech-
anisms involving the carboxylic groups in glutamates and aspartates.
Although it is not possible to determine with great accuracy the sites
for hydrolysis along an amino acid chain with Molecular Dynamics, an

approximate picture of more susceptible bonds was obtained, based on
comparison to the published literature and investigations into water
dynamics in different peptide conformations. Table 3 highlights the
peptide bonds most susceptible to hydrolysis in each of the stable con-
formations. There is a clear difference between the exposed bonds in
unfolded and folded states. Whilst folded structures seem to have higher
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Table 3
Summary of peptide bonds susceptible to hydrolysis in each of the T;25sPEVD-
DEALEK; 35 conformations.

Type of Conformation ~ Number of Na™ Vulnerable Peptide

Strcuture Ions Bonds

FOLDED Structure 1 1 Glu7-Ala

Leu-Glul0-Lys

Structure 2 2 Leu-Glul0
Structure 3 0 Ala-Leu

UNFOLDED Structure 4 0 Pro-Glu3, Asp6-Glu7
Structure 5 4 Val-Asp5

vulnerability in bonds from the middle of the chain towards the C-ter-
minal, unfolded structures seem to be more vulnerable towards the N-
terminal of the peptide chain. A correlation between the number of
structural cations and vulnerable sites is, however, not clear. To get a
more complete picture in the survival of p-lactoglobulin peptides, it is
paramount to compare the results obtained here with those in the
presence of a mineral. This will be the focus of further studies into the
preservation of B-lactoglobulin peptides in the archaeological record.
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