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The structure, behavior, and mechanical properties of proteins plays an overarching role in biolog-
ical systems. In recent years, materials based on proteins have also been proposed as a basis of
new materials for medical and technological applications. In this article, we report classical molec-
ular dynamics modeling of the elasticity and fracture behavior of protein crystals. We consider two
proteins, a small protein a-conotoxin PniB from conus pennaceus and lysozyme, a well-studied
enzyme that catalyzes breaking of glycosidic bonds. We calculate pressure—strain curves for differ-
ent loading conditions, including uniaxial strain in three crystallographic directions and equitriaxial
loading. Our modeling yields insight into the deformation mechanisms inside the protein molecules.
We find that changes in internal displacements of backbone C,-atoms, referred to as characteristic
deformation profiles, can be linked with the macroscopic elastic response of the protein crystal. We
demonstrate that simple sequence mutations may have a strong impact on elastic properties, indi-
cating the potential of using amino acid mutations to tailor mechanical properties. We observe that
such sequence mutations induce changes in the characteristic displacement profiles, which lead to
modified elastic response. We also report a study of mode | fracture of protein crystals, showing
some molecular details of dynamical crack propagation in protein crystals.
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1. INTRODUCTION

Biological materials and those inspired by Nature may be
essential to face technological challenges related to new
medical applications or novel concepts in sensor and actu-
ator design that can be used to improve the reliability and
robustness of devices.!™ Other applications are related to
conservation of resources and development of novel envi-
ronmentally benign structural or adhesion materials.5'°

The combination of
(i) high-level structural control of matter as achieved in
nanoscience and nanotechnology, and
(1i) integration of living with non-living systems into
novel technologies could play a critical role.”-8'1-1¢
Such approaches may also impact our molecular and cel-
lular level understanding of how diseases develop and
spread.'”- '8

With increasing complexity, materials start to resemble
systems or machines, so that the borderlines between the
conventional concepts such as “machine” and “material”
start to disappear. Integrating increased functionality into
materials is a concept that has been used systematically
by Nature for millions of years, and their exploitation for
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technological applications holds great promises, opening
a new sub domain in materials research. Detailed and
fundamental understanding of the properties of biologi-
cal materials—beyond an empirical approach, using rigor-
ous engineering principles—could play an essential role to
enable design of such devices. '®!?

Significant breakthroughs at the interfaces of materi-
als science and biology have been achieved in the past
decade. For example, genetically engineered biopolymers
based on recombinant DNA technologies have been devel-
oped by Tirrell and coworkers.'>'¥ Those techniques
represent attempts of translating nature’s structural con-
cepts into engineered materials. In principle, this requires
an extremely high level of control of macromolecular
architecture, far beyond conventional polymerization pro-
cess. Tirrell and coworkers'® ' use protein engineering
to genetically encode protein-based materials with desired
features, and use biological systems for production of
materials. Figure 1 illustrates this approach.

Among the variety of biological materials, those based
on proteins hold particular promise because of their great
flexibility in usage and their applications. For example,
proteins play a critical role in developing Nature’s finest
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Schematic viewgraph demonstrating the concept of recombinant DNA engineering to create artificial protein-based materials (amino acid (AA)

polymers)."*~'* Such novel material synthesis techniques provide unparalleled, extremely high level of control over the material microstructure, by
combining the features of different proteins. The long-term goal of our modeling is to provide theoretical understanding of the mechanical behavior of
those materials, suggesting systematic design improvements and models of the physics of deformation.

multi-functional, and nanostructured hierarchical materi-
als, including bone, muscles, and tendon. Further, proteins
are the basis of living materials and therefore are critical in
understanding the interfaces of biology and materials tech-
nology. A wide range of diseases originate from molecular
scale amino acid sequence mutations in proteins, leading
to protein malfunction and spreading of the disease. Pro-
teins also serve as growth factors in tissue growth, and
play a critical role at the interfaces of cells with substrate
materials or other cells, in particular under mechanical
stimulation.

This wide-ranging utilization of proteins in Nature’s
design indicates immense opportunities for using them in
new technologies. However, such developments are cur-
rently limited since the molecular scale understanding of
many biological processes is still in its early stages. In
particular, rigorous links between the properties of individ-
ual molecules and the complex phenomena arising from
the interaction of thousands or millions of molecules rep-
resents an unresolved problem. The key to achieve full
technological exploitation is to develop a sound scien-
tific understanding of such molecular and atomistic mech-
anisms of the structure-function relationship of biological
systems and materials.

In particular, the mechanical properties of many protein
materials are still poorly understood, and little is known
about their atomistic or molecular deformation mecha-
nisms, and influence of the nanostructured design on the
mechanical properties. Thus, our goal is to develop the-
oretical ‘understanding of the relationships between small
scale (e.g., primary structure) and macroscale (e.g., protein
crystals), as visualized in Figure 2.

Among protein-based materials, crystals of proteins (in
the remainder of this article referred to as “‘protein crys-
tals”) can be considered as one of the more simple
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classes of protein-based materials, since their structure
can often be obtained from X-ray diffraction experiments
with Angstrom scale accuracy.

To advance the fundamental understanding of the
mechanics of protein based materials, we carry out atom-
istic studies of the mechanical properties of protein
crystals focusing on elasticity, plasticity, and fracture
behavior. Even though protein crystals are not commonly
used as structural or functional material, an improved
understanding of their deformation mechanics may help to
guide research in the area of other protein based materials.
Protein crystals also play a role in certain diseases, such
as sickle cell anemia, where hemoglobin molecules poly-
merize and form crystals when the oxygen concentration is
lowered.” The mechanical stability of these crystals may
be important for the progression of the disease.

1.1. Motivation to Study Mechanical Properties

The mechanical properties of materials are critical, even
if the ultimate application of a material is not primarily
related to its mechanical strength. Knowledge of the elas-
tic moduli (i.e., how much a material stretches due an
applied force), fracture strength (i.e., critical applied load
when the material ruptures or bends), and adhesion prop-
erties (i.e., how strong two materials bind together) may
become important during manufacturing processes or to
ensure mechanical stability during operation of a device.

The ultimate strength of materials is dominated by the
material behavior under presence of flaws such as cracks,
vacancies, or other defects at the molecular level. Most
materials have small defects embedded randomly within
the material. Defects typically represent locations with
large local stress, much larger than the applied stress.
These locally large stresses lead to large forces between
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Introduction and motivation for our studies. Our objective is to developing an understanding of the macroscopic properties of protein based

materials ranging from the atomic scale up to the continuum scale where materials are employed in biological or structural applications. Proteins consist
of different structural levels of detail, including the level of amino acid sequence (primary structure), arrangement of structural motifs, the overall foided
three-dimensional geometry (tertiary structure), as well as the assembly of various proteins and/or substrates into agglomerates (quaternary structure).

atoms that may induce permanent breaking of atomic
bonds or changes in the three-dimensional protein struc-
ture. To understand how strong a material is, it is critical
to understand the nucleation and propagation properties
of cracks. This motivates our studies of crack behavior in
protein crystals.

1.2. Outline of this Paper

The plan of this paper is as follows. We start with a dis-
cussion of the computational method, briefly introducing
classical force fields used to model the chemical bonds
within the protein crystal. We then report studies of the
elastic properties and large-strain deformation of a model
system of a small protein a-conotoxin PnIB from conus
pennaceus, deposited in the Protein Data Bank (PDB) with
label PnIB 1AKG. In the following, we refer to this pro-
tein as “PnIB 1AKG.” We also discuss studies of sys-
tematic mutations of individual amino acids used to alter
the overall macroscopic elastic—plastic properties. Using
a new concept of characteristic deformation profiles, we
relate microscopic changes in displacements to the elastic
properties. Moreover, we report studies of crack initiation
and propagation in a crystal of PnIB 1AKG. We conclude
the paper with studies of elasticity of lysozyme (deposited
in the PDB with ID 194L, in the following referred to
as “lysozyme 194L"). In addition to the calculation of
pressure-strain curves for different loading conditions, we
focus on the internal mechanisms associated with elastic-
ity by studying the displacements of the C,-atoms during
deformation.
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2. COMPUTATIONAL PROCEDURE AND
ELASTICITY ANALYSIS

2.1. Interatomic Potential and Force Fields

Proteins constitute complex systems in which chemical
bonds of different nature and strength interplay, including
primary covalent and ionic bonds (strongest), hydrogen-
bonds and van der Waals (vdW) interactions (weakest).
It is not yet feasible to use quantum mechanical (QM)
based descriptions®*?* or first principles based reactive
force fields (e.g., ReaxFF)® to describe these chemical
bonds in systems that often comprise of several tens of
thousands of atoms.

Here we use classical molecular dynamics (MD) with
empirical interatomic potentials to model these interac-
tons. Similar approaches are widely used to describe the
properties of proteins.>! Such potentials enable studies
of systems containing 100,000 atoms and more. Such sys-
tem sizes are critical in the study of fracture mechanics of
protein crystals to enable representation of inhomogeneous
stress and deformation fields that can span across tens of
nanometers and larger.

Here we model the atomic interactions using the
AMBER force field,” a widely used model for the atomic
interactions in proteins.

2.2. Construction of Unit Cells from PDB Data

We build the crystal unit cells according to X-ray diffrac-
tion data obtained by experiment. These structures with
atomic coordinates are taken directly from the PDB.

J. Comput. Theor. Nanosci. 3, 670-683, 2006
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The charges of each atom are assigned according to the
AMBER rules implemented in the tLEaP program (tLEaP
is a program that generates input files for the AMBER pro-
gram, consisting of structure and topology files describing
the geometry, bond connectivity, and force field param-
eters). Hydrogen atoms are not resolved in the struc-
ture deposited in the PDB, and are added according to
pH 7 using the tLEaP program. The protonation states
of individual amino acids are also assigned according
to pH 7 using the tLEaP program. The AMBER struc-
ture and topology files are then used to perform NAMD
calculations.”® We include only crystallographic water in
the simulations to keep the computational effort low.

The energy of unit cells built based on the information
deposited in the protein data base is minimized using the
NAMD energy minimizing scheme before loading calcu-
lations are performed.

2.3. Computational Procedure for Elastic Properties

The calculations of the elastic and plastic response of per-
fect crystals are carried out with a single unit cell and
periodic boundary conditions (PBCs), allowing to repre-
sent an infinite medium of protein crystal.

We strain the cell and the coordinates of each atom in
the cell gradually in discrete steps Ag,;, assuming a homo-
geneous strain field as a first guess. While we displace all
atoms in the unit cell according to the prescribed homo-
geneous strain field, we also modify the cell sizes L, L,
and L. accordingly. The method of straining the unit cell
according to a specific strain tensor g;; is schematically
depicted in Figure 3. The magnitude of strain increments
Ag;; varies between 0.25% to 1%.

We consider two loading cases. The first loading case
is uniaxial tensile strain so that i = j and thus the defor-
mation state is described by the strain tensor g;, where
i=1,2, or 3, leading to only one nonzero component of

&;;. The sccond loading case is equitriaxial or hydrostatic
strain. Then, loading is applied simultaneously in three
directions, thus €, and i = 1, 2, 3, leading to three nonzero
components of g;.

Fig. 3. Schematic demonstrating how uniaxial strain is applied to the
unit cell. The unit cell is systematically strained, so that L, = (1 +&,,)L,,
Ly =(1+e¢,,)L,, etc., so that in general L,,, = (1 +¢,,)L,. The atomic
positions are rescaled homogeneously according to the applied strain field
to serve as an initial guess prior to energy minimization. The atomic coor-
dinates change during energy minimization, approaching the equilibrium
position.
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After each increment of strain, we perform an energy
minimization using a conjugant gradient method with a
line search algorithm, carried out over N, steps. We per-
form between N, = 10,000 (smaller protein PnIB 1AKG)

and 100,000 (larger protein lysozyme 194L) minimization
steps. The minimization steps are chosen conservatively to
ensure convergence when the virial stress is calculated. For
some cases we have confirmed that a change in magnitude
of strain increments does not influence the results.

The computations are carried out within the CMDF
framework, which includes Python wrappers for the
NAMD code.*** The computations take up to 26 hours
per load increment for lysozyme 194L on a single CPU
(Intel Xeon 3.06 GHz). Thus calculation of a single
pressure—sirain curve may take up to a weak or longer.

2.4. Calculation of Elasticity Coefficients and Stress

We calculate the pressure p after each load energy mini-
mization, where the stresses in the protein crystal are cal-
culated based on the virial theorem.* 3 The pressure is
given by

1
P:_i((fn"‘o'zz‘*‘(fsx) (1)

where o;; denotes the stress tensor. We calculate the atomic
stress o; using the virial stress definition:*

1 /1 1d

Oh::§g<§§: A EZH?uﬁﬂ) @)
«. B

where () stands for the volume of the reference cell.

The virial stress of each atom is averaged over the com-

plete unit cell, thus Q = L L L_ (orthogonal coordinate

system).

We use the NAMD molecular dynamics code that calcy-
lates the pressure according to Egs. (1) and (2). Variations
of the pressure with respect to increments in strain yields
data for stress—strain curves.

2.4.1. Pressure Moduli

For uniaxial strain states imposed on the unit cell of the
protein crystal, thus the strain tensor is given by
e =18 i=j=k
PTV0 i) i=jk )
for uniaxial strain in the k-th direction, & The stress
tensor is then given by

O = Crigk €k (4a)
On = Co€y»  and (4b)

033 = Ca3pk Ek- (4c)
Plugging Eqs. (4a, b, c) into Eq. (1) and taking the partial
derivative with respect to g, yields expressions related (o
the elastic moduli:

ap 1
e 3 (Crii + Cani + C3i) ®)
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For example, for uniaxial strain g,,, equivalent to the uni-
axial strain unit cell in the x-direction:
a 1
%:‘g(fnn"‘fuzz"‘cnﬁ) (6)
€1 3
by considering the major symmetries of the elasticity ten-
sor. This allows the definition of three pressure moduli M,
(i = 1.3) that relate changes in pressure with application
of uniaxial strain ;.
The pressure moduli M, serve as a measure for the elas-
tic coefficients for a given loading case and are given by

M, :%(Cnn"‘cnzz'i‘cn,n)v (7a)
M, = %(anz +Cym + Cp33).  and (7o)
My = %(51133 + Cop33 + C3333)- (7c)
The bulk modulus K is defined as
K= A—‘(/Ap (8)

where Ap is the pressure increase due to increase of the
reference volume V by AV. This quantity is evaluated for
equitriaxial strain &,; = &5, = €33. Note that

1
K:i(M,+M2+M3) )

2.4.2. Isotropic Elasticity

To obtain estimates for the elasticity coefficients and
Young’s modulus, we make a rough approximation and
assume isotropic elasticity. Using Lamé coefficients to
describe the elastic properties, and by setting A = w, which
1s valid as long as the Cauchy-relation is satisfied so that
Ciijy = Cijij»? We arrive at

M=5/3\ (10)

or
A=3/5M (11)

The elasticity tensor coefficients can be expressed in terms
of the Lamé coefficients as ¢ 5, = ¢|5;, = A and ¢y, =3A.
This leads to

o =3A=9/5M (12)

and
Ciim =A=3/5M (13)
We consider the average of the pressure moduli in these

equations, defined as

1
M:E(M|+M3+M3) (14)

Young’s modulus is given by
E=5/2A=3/2M (15)
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Bulk modulus is given by
K=M (16)

Note that for such a material, v = 1/4. The obtained
pressure-strain relationships are then used to calculate the
tangent pressure moduli M;, maximum stress and failure
strain of the protein crystal.

We refer to those as “tangent” pressure moduli since
they change with increasing strain, and we consider the
local slope in the pressure—strain curves. The stress—strain
curves also allow studies of plastic, non-reversible defor-
mation of those crystals beyond the elastic instability point
with zero slope.

2.5. Fracture Studies

The studies of fracture are carried out by utilizing a finite
size system. Unlike for studies of elastic deformation,
where only one copy of a unit cell was used, here we use a
large collection of unit cells to build a macroscopic piece
of material. The entire slab is strained homogeneously at
each increment of loading.

2.6. Characteristic Deformation Profiles

In contrast to atomic crystals such as silicon or copper,
protein crystals feature a large number of internal degrees
of freedom, as the structural details at different scales con-
stitute additional complexity and hierarchies. Local refold-
ing, unfolding, or breaking of H-bonds within the protein
may lead to regions of large deformation that appear softer
than the rest of the protein, and may influence the mechan-
ics during increase of applied strain.

We hypothesize that the response of these internal
degrees of freedom plays a critical role in understanding
the mechanical behavior of protein crystals.

The displacement of the backbone structure could be
employed as a simple is a measure for the spatial distri-
bution of local deformation in the protein. To investigate
the response of the protein crystal to the externally applied
loading at the level of deformation of each amino acid, we
therefore calculate the relative displacement vector of each
C, atom in the protein crystal. Figure 4 shows a schematic
introducing the concept of deformation profiles.

We define a characteristic displacement profile as

Auz_/ =rg, i, (17)
where r_; is the position vector of the C,-atom at state
i, and rc_; that of state j. Typically the states i and j
correspond to small load increments of applied strain.

The relative change in position is calculated for all
C,-atoms in the protein crystal. For Ng residues (and
thus N, C,-atoms in the system), this leads to a matrix
with dimensions N x 3. The magnitude of these dis-
placements is useful to analyse the direction independent
atomic movements, providing a measure for the overall
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Fig. 4. Definition of the characteristic deformation profile based on the
displacement of the backbone structure of the protein. This is achieved
by calculating the displacement of the C, atom within the protein crystal
unit cell. The variable Au; ; denotes the displacement of each C, atom
comparing configurations j and i. The variables j and i typically refer to
increments in loading so that j =i+ 1. The plot shows a schematic of the
unit cell with and without applied load, indicating the change in locations
of the C, atoms. The variable Au ; represents that change. The location
of the C, atom is shown in the right of the figure. The “R” group stands
for the side chain relevant for the specific amino acid considered.

atomic motion:
A“i‘j=|’cwi”"cl,<j| (18)

These deformation profiles provide information about
the spatial distribution of deformation inside the protein
crystal.

3. ELASTICITY AND FRACTURE
MECHANICS OF PnIB 1AKG

First, we focus on the small protein PnIB 1AKG featuring
space group P 2, 2, 2, with four proteins per unit cell.
Each unit cell features approximately 1,100 atoms. The
cell parameters of the orthogonal unit cell are L, = 14.6 A,
L,=26.1 A, and L, =29.2 A. The unit cell and crystal
structure are shown in Figure 5.

3.1. Elastic Properties

Figure 6 plots the pressure versus strain curve for large
deformation of the protein crystal. We observe that even
though for small deformation, the elastic moduli are
approximately equal for uniaxial deformation in the three
different orientations, there is a significant difference in
the behavior for large deformation beyond 2% strain.

The breaking strain is determined by a zero slope of the
pressure—strain curve that becomes negative after failure
(vanishing pressure moduli).

We observe that the breaking strain is significantly dif-
ferent, and it is largest for the x-direction, but attains only
about 78 percent of that value in the y-direction, and only
about 75 percent of that in the z-direction.

We measure tangent pressure moduli M, ~ 5.9 GPa,
M, ~ 5.05 GPa, and M, ~ 5.08 GPa, under small
deformation. The pressure moduli decrease with increas-
ing strain and vanish at the instability point. Consider-
ing Eq. (9), and assuming isotropic elasticity, we estimate
Young’s modulus to be E & 8.015 GPa. Tables I and
II summarize the elastic properties for this protein
crystal.

J. Comput. Theor. Nanosci. 3, 670-683, 2006
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Fig. 5. Subplot (a): The protein PnIB 1AKG as crystallized and
deposited in the PDB by Hu and others in 1996.* Subplot (b) shows two
views defining the coordinate system used for our studies. We choose the
same coordinate system as reported in Ref. [49].

Breaking of the protein crystal at the theoretical strength
is characterized by the instability at a zero slope in the
stress—strain plot.

From studies with equitriaxial loading, we estimate the
bulk modulus of PnIB 1AKG as K = 4.69 GPa. From
Eq. (9), bulk modulus K & 5.34 GPa. The slight deviation
may suggest that deformation is path dependent, possibly
indicating some permanent deformation mechanisms even
for small strains.

Uniaxial strain various directions

&= strain in x
=@= straininy
=&= strainin z

o
@

o
(=2}

o
~

o
]

1 1.05 1.1 1.15
Strain

Pressure (normalized with respect to pmax)

Fig. 6. Elastic and plastic response of a perfect crystal of PnIB 1AKG.*
The perfect crystal shows strong nonlinear behavior with strong softening
at large strain. The crystal breaks at large strain (negative tangent slope).
The results are shown for loading in three different directions, suggest-
ing a strong impact of crystallographic orientation on the mechanical
properties.
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Table I.  Summary of mechanical properties of the two wild type protein
crystals studied in this paper.

Protein crystal M, (GPa) M, (GPa) M, (GPa) M (GPa) K (GPa)

PnIB 1AKG
Lysozyme 194L

5.90
0.626

5.05
0.701

5.08
0.561

5.34
0.629

4.69
022

Table II.  Summary of mechanical properties of various protein crystals
studied in this paper. The results are obtained by assuming isotropic linear
elasticity as discussed in Section 2.4.2.

Young’s Shear (GPa) Elasticity

modulus modulus coefficient
Protein crystal E (GPa) M= Cpap = Cm ¢y (GPa)
PnIB 1AKG . 8.015 3.204 9.612
Lysozyme 194L 0.944 0.377 1.132

3.2. Effect of Mutations on Elastic Properties

Now we study the effect of mutations in the amino
acid sequence on the overall mechanical behavior. We
focus on the effect of replacing two polar, neutral amino
acid residues SER4 and SER11 (locations are indicated in
Fig. 5(a)).

The original protein is referred to as case O (wild
type). We replace these two residues by non-polar, neutral
residues (mutation SER—ALA or S4A S11A; referred to
as case 1), as well as by polar, acidic non-neutral residues
(mutation SER— ASP or S4D S11D; referred to as case 2).

Figure 7 depicts the stress versus strain relationship
for these three cases, for loading in the x-direction. We
observe a significant effect of these mutations on the elas-
tic properties.

In case 1 (S4A S11A), we see a significant reduction
in both breaking strain (to 78% of the original value) as

Buehler

Uniaxial strain in x-direction

max

0.5¢

‘ ['=="no mutation
~é= mutation SER->ALA
== mutation SER->ASP

Pressure (normalized with respect to p

1 1.05 1.1 1.15

Strain

1.2

Fig. 7. The effect of dual point mutations on the overall macroscopic
response of the protein crystal of PnIB 1AKG. The mutation SER— ALA
(S4A S11A) leads to a decrease of strength and maximum pressure,
whereas the mutation SER— ASP (S4D S11D) has the reverse effect and
makes the crystal stronger. The plot shows pressure versus strain curves
(curves normalized by the maximum pressure of the original protein).

well as maximum stress (to 70% of the original value).
In case 2 (S4D S11D), we find a significant increase of
the breaking strain (to 120% of the original value) and the
maximum stress (to 124% of the original value).

These observations may be explained by the fact that
the SER— ASP mutation leads to increased ionic inter-
actions in the crystal thus making the material stronger.
In contrast, introducing the non-polar and neutral residue
SER—ALA leads to reduced ionic interactions and thus
a less strong material behavior. These results indicate the
potentially large impact of even small changes of the
amino acid sequence on the mechanics of protein crystals.

=== O mutation
=== mutation SER->ALA
=== mutation SER->ASP

{

Displacement {Angstrom)

10 20

30

60

40 50

Residue number

Fig. 8. Comparison of deformation profiles of non-mutated and mutated PnIB 1AKG, showing the difference between the unmated and mutated cases,
defined as Au}‘f}’ = Au' — Aup®™. In all cases, we consider a deformation state three loading steps from breaking, thus we are in the large-strain
regime where the mechanics is significantly different (for no mutation, (j, i) = (7, 6), for SER—ALA (S4A S11A) (j.i) = (4,3) and for SER— ASP
(S4D S11D) (4, i) = (9. 8). thus the applied strain is different in all three cases). We notice a difference in the profiles, for each mutation. For the
mutation SER— ALA (S4A S11A), we see one hotspot of large deformation at residue 29, probably leading to local large stresses thus relatively low
strength. The mutation SER— ASP (S4D S11D) shows a different, but more even profile, with regions where the displacement is reduced (for example,

in residues 48-60), probably due to stronger interactions.
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It also suggests that electrostatic interactions could play a
critical role.

3.3. Effect of Mutations on Microscopic
Displacements: Characteristic
Displacement Profiles

The characteristic displacements defined in Section 2.6
provide information about how the mutations influence the
microscopic changes in displacements.

Figure 8 shows a comparison of deformation profiles of
non-mutated and mutated PnIB 1AKG by plotting

diff __ mut no mut
Au™ = Au — Au?) (19)

In all cases, we consider a deformation state three loading
steps (ca. 0.03% strain) from breaking. This corresponds
to the large-strain regime where the mechanical response
of the mutated protein crystals is significantly different
(Fig. 7).

For the mutation SER—ALA (S4A S11A), we see one
hotspot of large deformation at residue 29, probably lead-
ing to local large stresses thus relatively low strength.

The mutation SER— ASP (S4D S11D) shows a differ-
ent profile that appears to show more evenly distributed
displacements, with regions where the displacement is
reduced. This can be confirmed in residues 48-60, for
example. These observations are not inconsistent with the
notion that the mutation of SER to ASP leads to stronger
interactions, making the crystal stronger.

3.4. Surface Energies

The surface energies are calculated by comparing the ener-
gies of a unit cell with a free surface and without a free
surface, by normalizing with respect to the surface area.
The protein structure is relaxed using an energy minimiza-
tion scheme in both cases.

For fracture analyses, it is essential to calculate the
fracture surface energies. Based on atomistic simulation,
we have determined the surface energies for different
crystallographic orientations. For the (010) surface, y =
0.205 N/m, for the (100) surface, y = 0.257 N/m, and for
the (001) surface, we find that y = 0.343 N/m.

We note that the presence of water will likely signifi-
cantly change the surface energies of the protein crystals.
This is not considered in this study.

3.5. Fracture Behavior Under Mode I Tensile Loading

Modeling the dynamics of fracture of materials with
atomistic simulation has become a widely accepted and
extremely fruitful approach in the materials community
(see, for example Refs. [37-42] describing studies of brit-
te fracture). However, to the best of our knowledge such
techniques have not been applied to model fracture of pro-
tein crystals.
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Fig. 9. Geometry used for the fracture studies of protein crystals. We
start with a large crystal of PnIB 1AKG,* with a small slit serving as
initial defect for nucleation of the crack. The slit is implemented by
taking out a row of proteins in the protein crystal, thus creating the
crack-like defect. We then gradually increase the strain applied to the
system according to mode | (tensile) loading. We use periodic boundary
conditions in the x- and z (out-of-plane) direction.

For studies of dynamic fracture of protein crystals, we
start with a large crystal of PnIB 1AKG, with a small slit
serving as the initial defect for nucleation of the crack.

RS R i)
e

B

BXy
Eé;w‘f% Pl oy

SR R i S

it

Fig. 10. Snapshots of the dynamics of fracture of a protein crystal of
PnIB 1AKG.* After a critical load is reached, the crack starts to nucleate.
Note that periodic boundary conditions are applied in the x-direction so
the crack starts to nucleate at both sides (geometry of the simulation see
Fig. 5). This system contains about 130,000 atoms.
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Fig. 11. Crack propagation creates a round fracture surface due to local
refolding of the protein during crack motion. Observation of such detail
in fracture behavior is only possible using atomistic simulation. Bonds
within a protein do not break, only bonds between different protein
molecules that are columbic, H-bonds or dispersive vdW interactions.

The slit is generated by taking out one row of proteins.
We use 24 x 5 x 1 unit cells for this finite system, lead-
ing to a size L, =3504 A, L, =1305 A, and L, =
29.2 A. We assume periodic bohndary conditions in all
three directions, so the crack corresponds to a penny-
shaped configuration. The geometry of the fracture studies
is schematically shown in Figure 9.

We gradually increase the applied strain applied to the
system according to mode I (tensile) loading. The frac-
ture surface is chosen to be (010) (due to lowest fracture
surface energy along this direction, see discussion above).

Figure 10 depicts snapshots of crack dynamics in the
protein crystal. We observe that multiple small cracks
nucleate at the critical load.

Crack propagation creates a circular shaped fracture sur-
face due to local refolding of the protein during crack
motion, as can be verified in Figure 11. Such insight into
materials deformation mechanisms is only possible with
atomistic level calculations.

4. ELASTICITY OF LYSOZYME (PDB ID 194L)

Here we discuss small and large-strain elasticity and plas-
ticity of crystals of lysozyme (PDB ID 194L). We con-
sider the 1.4 A structure of tetragonal hen egg white
lysozyme as crystallized during the spacehab-01 mission,
and analyzed by Vaney and coworkers® in X-ray diffrac-
tion experiments.

Single protein

Unit cell (8 proteins)
194L

Fig. 12. Cartoon drawing of the protein (single protein, left) and the
unit cell of the protein with eight molecules (right).
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Fig. 13. Confirmation of convergence of the energy minimization cal-
culations. The log-log plots show the potential energy as a function of
iteration steps (the two graphs show the results for two increments of
applied strain in discrete steps of 1% each). We carry out 100,000 itera-
tions of minimization after each application of strain increment. As can
be verified by the plots. the energy converges after each application of
load increment.
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Fig. 14. Pressure versus strain for uniaxial strain applied in the x, v,

and z-direction direction, with no poisson relaxation applied in the lateral
direction (protein lysozyme 194L).
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4.1. Structural Details of Lysozyme and
Computational Procedure

Lysozyme has 129 residues with four disulfide cross-links
within each protein molecule. Several salt bridges (i.e.,
jonic interactions between oppositely charged residues)
exist between proteins in the crystal and within each
protein. This crystal structure is represented by the space
group P 4; 2, 2 and forms tetragonal crystals with 8 pro-
teins per unit cell (1,032 total residues and approximately
18,000 atoms per unit cell). Compared with the protein
studied in Section 3, lysozyme 1941 has much more
residues and a more complex three-dimensional fold.

The crystal features eight proteins per unit cell. We plot
the structure of a single lysozyme protein and the crystal
unit cell in Figure 12. The cell parameters of the orthogo-
nal unit cell are L, = L, =78.65 A and L, = 37.76 A.

Pressure p as a function of strain
(a) . (uniaxial loading in x-direction)

Pressure (Pa)

3’6" 0.01 0.02 0.2)3 0.04 0.65 0.66 0.67 0.2]8
Strain
(b) Tangent modulus as a function of
M increasing strain
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Fig. 15, Subplot (a): Pressure versus strain for uniaxial strain applied
in the x-direction, no Poisson relaxation in lateral direction (protein
lysozyme 194L). Subplot (b): Tangent pressure modulus as a function of
increasing strain, We note that the results for the tangent pressure moduli
fall into two windows (regimes “A” and “B”). We have also confirmed
that the pressure~strain behavior is independent of increments of load
(results not shown).
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Before simulations are started and strain is applied, the
energy of the initial structure is relaxed at no load applied.
Figure 13 depicts the potential energy as a function of
iteration steps, clearly showing that convergence is reached
when the minimization is stopped.

We carry out 100,000 iterations of minimization after
each strain increment application. As can be seen in the
plots, the energy converges after each application of load
increment. The resulting structure of previous energy mini-
mization runs is used as the input structure when additional
strain is applied. This procedure is applied repeatedly as
the strain is increased.

As in the earlier studies, we apply uniaxial strain g,
where [ = 1, 2, 3, without relaxation in the lateral direc-
tions. This procedure is identical to the studies of PnIB
1AKG.

(@)

Displacement (Angstrom)

—
o
~

Displacement (Angstrom)

o 200 400 600 800 1000
Residue number

Fig. 16. Characteristic deformation profiles for the C, atom (relative
to the previous loading step), while the strain is increased slowly in
strain increments 0.25% (green = 0% strain, red = 1.76% strain). The
protein crystal shows linear elasticity in this regime (see Fig. 15(a)).
Subplot (a) shows the original data, indicating the characteristic displace-
ments increase as the strain is increased. Subplot (b) shows the same
data normalized with respect to the maximum displacement for a given
load increment. We observe that all curves fall close to one master curve,
suggesting that the displacement profile represents a certain elasticity of
the protein crystal.
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4.2. Elastic Properties of Lysozyme

Figure 14 plots pressure versus strain for three different
directions of uniaxial strain, where loading is applied in
the x, y, and z-direction. We measure tangent pressure
moduli of M, = 0.626 GPa, M, = 0.701 GPa, and M; =
0.561 GPa. These pressure moduli are evaluated at small
strains. These results suggest a slight orientation depen-
dence of elasticity. Our simulations indicate that the bulk
modulus is M = K = 0.22 GPa. As an alternative, the aver-
age of the three pressure moduli in Eq. (9) can be used
to determine an estimate for the bulk modulus, which is
M=1/3(M, +M,+ M;) = 0.629 GPa.

We estimate ¢, ~ 1.88 GPa, ¢, = 0.629 GPa.
Young’s modulus is E = 0.943 GPa, and the shear modulus
is u &~ 0.629 GPa. Tables I and II summarize the elastic
properties for this protein crystal.

Speziale and coworkers’ obtained values for ¢, ~
5.49 GPa and c333; & 548 GPa by Brillouin scatter-
ing experiments in tetragonal crystals of hen egg white
lysozyme. The numerical values of the elastic constants are
about one order of magnitude different from experimen-
tal results. Similarly, the bulk modulus obtained by MD
simulation is much smaller than the result of experimental
measurements, featuring values between 2 and 5 GPa.

4.3. Characteristic Deformation Profiles of
Lysozyme 194L

Here we focus on loading in the x-direction and analyze
the internal deformation mechanisms. Figure 15 depicts
the pressure as a function of uniaxial loading in the
x-direction (subplot (a)), including the tangential pressure
moduli (subplot (b)).

Fig. 17. Relative displacement of C, atoms during deformation, show-
ing a three-dimensional “mesoscopic” view of a single unit cell of
lysozyme 194L (we compare 0% strain with [.76% uniaxial strain). The
results confirm deformation is not homogeneous, with specific hotspots
of deformation indicated by the red color (blue color denotes small or no
deformation). We further find that some domains participate strongly in
deformation, while others less.
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Figure 16 plots the characteristic deformation profiles
as defined in Eq. (18), up to strains of around 1.76%.
The plot depicts the change of the displacement relative
to the previous loading step. Subplot (a) shows the orig-
inal data, indicating that the displacements increase as
the strain is increased. Subplot (b) shows the same data
normalized with respect to the maximum displacement in
each profile. All curves fall together to one master curve.
Figure 17 shows a 3D view of the magnitude of displace-
ments, clearly showing the hotspots of deformation in the
unit cell.

Figure 18 depicts the characteristic displacement pro-
files for larger strains. Subplot (a) shows all residues,
where as subplot (b) shows a zoom into residues 400 to
800. Subplot 19 depicts all profiles that correspond to the
same tangent pressure modulus in Figure 15. We observe
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Fig. 18. Characteristic deformation profiles for the C, atoms (dis-
placements relative to the previous loading step, strain increments of
1%). Subplot (a) shows the characteristic profiles for all residues. Sub-
plot (b) depicts the characteristic deformation profile for residue num-
bers 400 to 800, allowing a closer look at the individual curves. We
observe certain regions with extremely large deformation that may ini-
tiate failure or change in deformation mode (e.g., (1-3) around residue
#610).
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0.1]

change in displacement of C_ (Angstrom)

R - . .
0 200 400 600 800 1000
global residue number

Fig. 19. Characteristic deformation profiles for the C_ atoms (displace-
ments relative to the previous loading step, strain increments of 1%). This
plot shows the profiles for load increments 1-2, 2-3, 5-6, and 7-8. All
profiles fall on one curve, and all those load increments show the same
tangential modulus (see Fig. 14(b), regime “A”).

that some of the deformation profiles are grouped together,
and all data points fall onto a single curve.

These results are indicative of the fact that the internal
degrees of freedom can be linked to the overall macro-
scopic mechanical response.

The results shown in Figures 16(a) and (b) suggest that
the magnitude of the deformation profile is proportional to
the applied strain, or

Au; ;~ A~ (20)

Further, the results shown in Figures 18 and 19 indicate
that the characteristic deformation profiles can be linked
with local or tangential elasticity (M; ; describes the tan-
gent pressure modulus for load increments from state i
to j).

Displacement (Angstrom)

400 600 BOO 1000
Residue number

200

Fig. 20.  Characteristic deformation profiles for the C, atoms (dispiace-
ments relative to the previous loading step, showing four strain incre-
ments of approximately 0.5% each, for equitriaxial loading. All profiles
fall on one curve, and all those load increments show a similar tangential
bulk modulus.
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There seems to be a correspondence between the defor-
mation profile and tangent pressure moduli M, ;:

M, ;= fu(bu; ) @21

where f,, is an unknown function. Eqgs. (20) and (21) may
provide important information about the origin of elasticity
in protein crystals.

We have also evaluated the displacement profile for
equitriaxial loading, and observed a similar behavior as
for the uniaxial loading cases. As before, deformation is
inhomogeneous inside the protein crystal. Figure 20 shows
four characteristic displacement profiles up to 2% strain,
with increments of 0.5% each. Even though the overall
deformation is equal in all three directions, the internal
relaxation mechanisms show inhomogeneous behavior.

5. DISCUSSION AND CONCLUSION

We have reported atomistic modeling to calculate the
elastic properties of protein crystals using the empirical
AMBER? force field.

e We have shown that mutations in primary sequence
influence macroscopic elasticity: Double point mutations
can lead to both reduction and increase of maximum stress
and failure strain, indicating a potential in tuning mechan-
ical properties of protein-based material by sequence
changes (see the results shown in Fig. 7). The significance
of such effects to understand biological processes and for
new materials development remains to be explored.

e The new concept of characteristic deformation profiles
defined in Section 2.6 constitute a useful measure to
characterize the response of internal degrees of freedom
of protein crystals due to mechanical stimulation. This
or similar methods may be applied to characterize the
mechanical response of other biological materials.

e We have shown that amino acid sequence changes have
some impact on the deformation profiles. Figure 8 showed
that the mutation SER—ALA induces strong deforma-
tion localization, possibly explaining the reduced strength.
Similarly, the mutation SER— ASP reduced the amount of
deformation, even in the large strain regime, thus making
the protein crystal stronger. Such studies help to improve
our understanding of cross-scale interactions as introduced
in Figure 2, linking molecular or microstructural deforma-
tion patterns with the overall elastic response.

e We have discovered that specific patterns in the dis-
placement of the C,-atoms can be linked to local, tangent
pressure moduli during deformation (see discussion in
Section 4.3). We could associate changes in local elasticity
with characteristic deformation profile shapes; whenever a
similar slope in the pressure-strain curve is observed, the
deformation profile falls onto the same curve.

e The magnitude of the deformation profiles is propor-
tional to the magnitude of the applied strain increment (see
discussion in Section 4.3 and Fig. 16).
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e We have shown that even for equitriaxial or hydrostatic
strain loading, deformation within the unit cell of the pro-
tein crystal is inhomogeneous (see Fig. 20).

e Calculation of the bulk modulus K of lysozyme 194L
allowed comparison with experimental predictions, indi-
cating that our model significantly underestimates the
quantitative values obtained by experimental results. We
also include a prediction for the bulk modulus of PnIB
1AKG. We find that the smaller protein PnIB 1AKG is
elastically much stiffer than lysozyme 194L (ratio of bulk
moduli K axg/K e = 21.31).

Experimental studies are critical to confirm the predictions
made by our studies focusing on the effect of muta-
tions. Such investigations may -already be possible with
the experimental techniques available today. Similar tech-
niques as reported here could be used to perform system-
atic optimization and tailoring of the elastic properties of
protein crystals, combining theory, and experiment.

Elastic deformation of protein crystals is character-
ized by small displacements of the atoms in the three-
dimensional folded structure. Plastic deformation includes
refolding of the protein into a new three-dimensional
folded structure. This unfolding may occur locally and
involve only certain domains of the protein. These mecha-
nisms are not inconsistent with our observations of defor-
mation hotspots, as for example shown in Figure 17.

In preliminary studies of fracture of protein crystals, we
have demonstrated that atomistic modeling of cracking of
chemically complex biological materials using large-scale
molecular dynamics simulations is feasible. Atomistic
modeling can be a valuable “computational microscope”
to understand the deformation of protein crystals. We leave
models of larger systems with different crack orienta-
tions, and comparison with Griffith’s theories of fracture
to future investigations.

Our results suggest that methods such as the Cauchy-
Born (C-B)** rule cannot be applied to complex bio-
logical materials such as protein crystals, because of
the significant internal relaxations: The macroscopic con-
tinuum deformation field can not be imposed on the
atomic coordinates. However, once mapping functions
for the backbone atoms are determined (for example,
based on characteristic deformation profiles), new numer-
ical schemes could be developed that take these displace-
ments into consideration. The folded structure of proteins
constitutes a layer of complexity that defines the response
of the material to mechanical stimulation by the interplay
of various types of chemical bonds.

Future studies could be focused on using more accurate
force fields for modeling deformation, including the pos-
sibility for bond breaking and formation.”® Further, it may
be interesting to extend the studies to relate the response
of distinct domains of the protein during deformation to
their biological function.
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This may also be used to advance our understanding of
diseases and potentially lead to development of new drugs.
For example, a study as described here could be carried out
to analyze the mechanics of protein crystals that form in
sickle cell amenia, or in Alzheimer’s disease where amy-
loid beta peptides form amyloid plaques. Modifications of
the mechanical stability, adhesion properties or chemical
reactivity of these protein crystals due to solvent effects,
mutations or variations in the boundary conditions may
help to contribute to advance the molecular origins of the
these diseases.

Specific engineering of the material behavior based on
this knowledge may be beneficial to design new mate-
rials. Additional studies could be focused on the effect
of water content in the protein crystal on the mechani-
cal properties.*> %7 Experiment suggests a strong impact of
water concentration on the mechanical properties.

Further, loading—unloading calculations will be helpful
to determine the existence and degree of plastic deforma-
tion in the samples. This may also help to explain the
deviation of estimates of the bulk modulus from hydro-
static and uniaxial loading. The analysis of elastic coeffi-
cients reported in this paper has been carried out under the
assumption of isotropic material behavior. Future studies
could focus on analyzing the individual stress tensor con-
tributions to investigate the effect of anisotropy and to esti-
mate the elastic coefficients for different crystallographic
directions.
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