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Abstract: Because of their high volumetric catalytic activity, in addition to their high chemical and
thermal resistances, enzymes in the form of protein crystals are an excellent choice for application
as immobilized biocatalysts. However, mechanical stability is a requirement for the processability
of immobilisates, in addition to the protein crystals retaining their enzymatic activity, and this is
closely related to the crystal structure. In this study, the influence of protein engineering on the
mechanical stability of cross-linked enzyme crystals (CLECs) was investigated using a genetically
modified model protein in which additionally cysteines were introduced on the protein surface for
targeted cross-linking. The results showed that the mechanical stability of crystals of the mutant
proteins in the native form was decreased compared to native wild-type crystals. However, specific
cross-linking of the introduced amino acid residues in the mutant proteins resulted in their increased
mechanical stability compared to wild-type CLECs. In order to determine the correlation between the
crystal structure and the resulting mechanical properties of CLECs to enable targeted cross-linking, a
previously developed model was revised and then used for the two model proteins. This model can
explain the mechanically investigated relationships, such as the anisotropic crystal behavior and the
influence of a linker or mutation on the micromechanical properties and, hence, can be helpful for the
tailor-made production of CLECs.

Keywords: protein engineering; CLECs; modeling

1. Introduction

In comparison to chemical synthesis, enzyme-catalyzed reactions proceed with high
chemo-, regio-, and enantioselectivity [1,2]. Because of their high efficiency, environmental
friendliness, and safety [3,4], they are widely used in numerous industrial sectors, such
as pharmaceutical research, food modification, biofuel development, agroindustry, and
laundry [5]. The great application potential of enzymes has led to huge growth in their
consumption, which is why the global market for enzymes was estimated at $9.9 billion
in 2019 and is expected to grow with an annual average growth rate of 7.1% from 2020 to
2027 [6].

However, the advantages are offset by the high requirements of the enzymes with
regard to the very defined and mild reaction conditions, such as temperature, pressure, or
solvents used [7,8]. Their technical use is also limited by low long-term stability, as well as
difficult processability and reusability [9]. Therefore, to ensure the efficient application of
enzymes in biocatalysis, some optimization in terms of stability, activity, or tolerance to the
solvents is necessary [10]. Originally, in order to increase the efficiency of the biocatalysts,
the reaction conditions of synthesis were adapted to the enzyme requirements, leading to
the development of the so-called medium engineering approach [11–13]. In the meantime,
the focus is shifting to the development of other strategies for improving the performance
of biocatalysts. Two possible concepts that can effectively contribute to the improvement of
enzyme properties are protein engineering and enzyme immobilization. Protein engineer-
ing aims to improve enzyme properties, such as activity or selectivity, through selective
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manipulation of amino acids. In immobilization, a soluble enzyme is physically separated
or localized in a confined space while retaining its catalytic activity [14]. This can result in
an increase in productivity and enzyme lifetimes, as well as improvement in handling and
facilitation of recovery [15]. The simultaneous use of both strategies led to the emergence
of a new field of research called immobilized biocatalyst engineering in which the aim is to
produce tailor-made immobilized biocatalysts for use in bioprocesses [16]. One of the most
convincing concepts for the stabilization and immobilization of enzymes is to cross-link
enzymes in their crystalline state. Such cross-linked enzyme crystals (CLECs) remain
active under comparatively extreme conditions of temperature, pH, or organic solvent
content [17]. In addition, CLECs show high resistance against autolysis and degradation by
proteases and show good storage stability at room temperatures [18].

However, the production of efficient, tailor-made CLECs is limited by the lack of un-
derstanding of the relationship between an enzyme’s structure and the resulting properties
of the crystals built from that enzyme. In addition to the enzyme itself, the mechanical
stability of these protein crystals is closely related to the crystal structure. The challenge
of protein engineering lies in the prediction of potential amino acid sequence changes in
order to obtain suitable protein structures that then fulfill the specified functions. Due to
the complex and individual behavior of enzymes, it is extremely difficult to predict the
overall effect of a sequence change on the structure and, thus, on the function. To be able to
produce tailor-made CLECs, all the interactions, limitations, and influences along the entire
production chain, starting from the sequence to the product, must therefore be investigated
and elucidated.

In this study, the influence of protein engineering on the mechanical stability of CLECs
was investigated and modeled based on a model protein, namely, halohydrin dehalogenase
(HheG), which is used, for example, to remove haloalcohols in food applications [19]. As
a basis, amino acids on the surface of the folded wild-type enzyme structure were genet-
ically exchanged using protein engineering methods, as described in Staar et al. [17], to
incorporate new potential cross-linking sites within the subsequently fabricated protein
crystals and thus improve the mechanical crystal properties. The focus was on elucidat-
ing the structure–property and sequence–property relationships based on the performed
experiments. For this purpose, a previously developed model [20] was expanded and
then validated using the new crystals presented here, as well as for various cross-linked
wild-type crystals. The results of our study establish the fundamentals for the desired for-
mulation of reinforced catalytic active crystalline biocatalysts and, therefore, their expanded
applications in industrial processes.

2. Materials and Methods
2.1. Experimental Procedure

In order to reliably measure the mechanical properties, certain requirements with
regard to crystallization must be met: The crystals must (i) adhere to the surface of the
sample holder, (ii) be present in individual units, (iii) the crystal shape must be fully formed,
and (iv) the crystal face should be placed orthogonal to the direction of measurement.
Furthermore, crystals must (v) have a minimum particle size (approximately 70 µm) and
(vi) exhibit reproducible production. Analogous to crystallization, the subsequent cross-
linking also had to meet certain criteria, such as (i) complete and homogeneous cross-linking
within the crystal, (ii) no negative influence on the catalytic activity, (iii) no change in the
surface properties of the crystals, (iv) no crystal damage after cross-linking, and (v) no
detachment of the crystals from the surface of the sample carrier. Figure 1 shows a sample
of cross-linked HheG crystals that completely fulfills these requirements.
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Figure 1. Cross-linked hexagonal HheG wild-type crystals.

In order to examine the structure–property relationships of CLECs, the model protein
halohydrin dehalogenase HheG from Ilumatobacter coccineus (HheG) was produced and
purified by the working group of Prof. A. Schallmey from the Institute for Biochemistry in
Braunschweig and provided for the experimental study. In addition, through mutagenesis
of the wild-type HheG proteins, aspartic acid was exchanged for cysteine at position 114
to insert a new cross-linking site for BMOE (bismaleimidoethane) on the surface of the
protein, as previously described [17].

An AFM (Bruker NanoWizard3, former JPK) and a classical nanoindenter (Hysitron
TriboIndenter Ti900) were used to characterize the mechanical properties at different
scales. The AFM allowed for the mechanical properties of the surface at low forces to be
investigated by generating small penetration depths in the nanometer range (compare
with [20,21]). The nanoindenter allowed for the use of much higher indentation forces such
that mechanical behavior at large penetration depths can be investigated. The mechanical
investigation at both depth ranges was of particular interest from a modeling view, which
was based on a molecular crystal structure. With just a few molecules, the number of data
points that needed to be processed was already in the seven-digit range. This posed a
major computational problem due to the limitations of computational capacity. Hence,
the modeling had to be limited to a relatively small crystal section. To verify whether the
model reproduced the mechanical properties within the entire crystal, depth-dependent
mechanical measurements were performed using an AFM and a nanoindenter.

2.2. Crystallization and Cross-Linking

Wild-type halohydrin dehalogenase HheG and mutated HheG proteins (D114C) were
crystallized using a sitting drop method such that the crystals were grown on a siliconized
slide and, hence, they adhered to the surface (compare Section 2.1). A 20 µL droplet
composed of protein stock solution (32 mg/mL for wild-type HheG and 24 mg/mL for
D114C) and precipitation solution (PEG 4000 (10% (w/v) in HEPES buffer (10 mM, pH 7.3))
was placed on a cover slide and equilibrated against reservoir solution (500 µL) at 5 ◦C for
a few days.

The procedure for cross-linking followed already established rules [20]. First, the
mother liquor was removed to get rid of any remaining free proteins in the droplet, which
would otherwise also be cross-linked and form an undefined precipitate. For this purpose,
the sample with the crystals had to be placed on ice for about one hour to reduce the
osmotic shock during the solution change and avoid crystal breakage [22]. The crystals
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were subsequently washed several times by adding about 10 µL of the crystallization
solution to the crystals and carefully wiping it off with precision wipes without touching
the crystals. Depending on the cross-linking method, the linker was added either directly
onto the crystals (soaking method) or into a reservoir so that the crystals were cross-linked
via the vapor diffusion and hanging drop method. Five cross-linkers having different
lengths and properties, as shown in Table 1, were applied for the cross-linking of the model
protein crystals.

Glutaraldehyde solution 50% (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
is the most commonly used linker for cross-linking protein crystals. DMP (dimethyl pime-
limidate), DST (disuccinimidyl tartrate), and Sulfo-EGS (ethylene glycol bis(sulfosuccinimidyl
succinate)), purchased from Thermo Fisher Scientific, are specific lysine linkers with a well-
defined length. These linkers were used for cross-linking wild-type HheG crystals. BMOE
purchased from Thermo Fisher Scientific is a cysteine linker and was applied for the D114C
crystals, where a cysteine residue was introduced by protein engineering.

Table 1. Length and conjugation of the used linkers.

Cross-Linker Length (Å) Conjugation

Glutaraldehyde (GA) ~5 and longer Amines (lysine, arginine)

DMP ~9 Amines (lysine)

DST ~6 Amines (lysine)

Sulfo-EGS ~16 Amines (lysine)

BMOE ~8 Sulfhydryls (cysteine)

For the AFM-based nanoindentation, the wild-type HheG crystals were cross-linked
using a soaking method with either a glutaraldehyde solution (5% (v/v)) or a mix of
three different linkers (DMP, DST, and Sulfo-EGS), according to Table 2. For the mechan-
ical investigation using a nanoindenter, both the wild-type and D114C HheG crystals
were cross-linked with glutaraldehyde using a vapor diffusion method (25% (v/v)), as
previously described [22]. After that, some of the samples of the D114C crystals were
additionally cross-linked using a soaking method and the BMOE cross-linker. For me-
chanical quantification of cysteine cross-linking, a BMOE single cross-linker was also used
for the cross-linking of D114C crystals. Table 2 summarizes the cross-linking conditions.
According to Kubiak et al., 24 h is needed for complete cross-linking of HheG crystals. For
that reason, all the samples were always cross-linked over 24 h.

Table 2. Stock solutions for the cross-linking. The solutions of BMOE and DST were diluted with a
mixture of TE and HEPES buffer to a final concentration of 2 and 4 mM, respectively.

Glutaraldehyde BMOE DST DMP Sulfo-EGS

Concentration 5% or 25% 20 mM 40 mM 4 mM 4 mM

Solvent HEPES buffer DMSO DMSO TE and HEPES buffer

2.3. Mechanical Measurements

Methods for mechanical characterization of protein crystals were already established
and are described in detail in previous publications for AFM-based nanoindentation [20,21,23]
and classical nanoindentation using a nanoindenter [22]. As previously reported, CLECs
were mechanically investigated in a liquid environment. For the AFM measurements, a
spherical cantilever with a radius of 150 nm and a nominal spring constant of 40 N/m was
used. The nanoindentation was performed with a Berkovich tip at 5 ◦C in a displacement-
controlled mode. Further information about, e.g., detailed measurement parameters, can
be found in the publications of Kubiak et al. [20,21,23].
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2.4. Modeling of Anisotropic Crystal Strength

Based on the crystal structure, a structural model was developed to represent the
mechanical behavior of cross-linked crystals at the structural level. MATLAB version
R2017a software was used for this purpose. The procedure for modeling the mechanical
behavior of the crystals was described in detail in the publication of Kubiak et al. [20]
and is repeated with permission in this publication. The developed toolbox allows for
reading the Protein Data Bank file format (.pdb), which represents the structure of three-
dimensional molecules based on the atomic coordinates of amino acids of the protein.
A .pdb file format contains coordinates from the smallest unit of the crystal (the so-called
asymmetric unit), which can be multiplied to a larger crystal structure according to the
given symmetry operators, which are also present in the file. The developed model allows
for rebuilding the whole crystal using the symmetry operators, searching for atoms of
relevant amino acids residues, e.g., sulfur atoms of the cysteine residues, and calculating
the distances between them (cf. Figure 2). The amino acid residues that would be cross-
linked by glutaraldehyde were determined based on the literature [24–27]. According
to those studies, cross-linking bonds can be expected between three residual pairs: the
ε-amines of lysine residues (Lys–Lys), two neighbored arginine residues (Arg–Arg), and
arginine and lysine residues (Lys–Arg) having a maximal distance of 10 Å to each other
(cf. [20]). For alternative cross-linkers (e.g., BMOE) the distance and the amino acids
residues were adapted according to Table 1. For the crystals, all bonds within a unit cell
and its surrounding of 100 Å (50 asymmetric units) were considered.
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Figure 2. Overview approach to modeling mechanical crystal behavior based on crystal structure: in-
vestigation and classification of inter- and intramolecular cross-linking bonds.

Then, possible cross-linking bonds were analyzed regarding their distance and direc-
tion. Finally, the directions of the bonds in relation to the mechanically stressed crystal
face were considered in order to calculate the direction-dependent crystal strength. For
the investigation of the anisotropic crystal strength, the intra- and intermolecular bonds
were considered separately, assuming that only the intermolecular bonds contribute to
the improvement of the stability of the crystal structure in an environment other than the
crystallization cocktail [20]. Furthermore, the strength of these bonds depends on their
orientation with respect to the applied force during indentation, according to Figure 3.
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Similar studies on anisotropic particle strength as a function of porosity, particle
structure, or size were published in the current literature [28–30]. Rumpf investigated a
continuum-based model for determining the tensile strength of aggregates. It was based
on assessing all partial stress contributions in a cross-sectional area of the structure in
the direction of the applied force [28]. Schilde et al. reported that this model can also be
applied to the compressive strength of aggregates measured via nanoindentation [29–31].
Based on these results, the fraction of each bond in the loading direction was calculated for
each loaded crystal face. For this purpose, the sine of the angle between the normal of the
crystal surface (⊥) and the direction of the bond was used as a factor. The determination
of the directional crystal faces (the planes), which were used as the surface normal in the
calculation, was achieved using the geometry data of the unit cell and the plane equations.
As long as the function of bond strengths in terms of type and length was unknown, they
were assumed to be equal and length-independent. Under this assumption, each bond was
mapped to all the normal vectors of the crystal surface, as shown in Figure 3. In this way, a
representative value for the total strength of the crystal surface was obtained. All the bonds
were then summed proportionally to each face (resistance of the cross-linking bridges to
the normal force).

3. Results and Discussion
3.1. Mechanical Properties of Wild-Type HheG Crystals in the Nanometer Range

Due to the increasing demands on the tailored properties of CLECs in terms of enzy-
matic activity, as well as mechanical stability, the elucidation of the relationships between
the structure and the resulting properties is of particular interest. One of the most widely
used linkers in the design of CLECs is glutaraldehyde [32–34]. However, according to the
manufacturer’s instructions, highly concentrated glutaraldehyde can be an irritant, toxic, or
carcinogenic. In addition, reports indicate that excessive cross-linking with glutaraldehyde
can lead to a reduction in catalytic activity [35]. For these reasons, the motivation to search
for alternative cross-linkers increases. Previous studies have reported on the microme-
chanical properties of wild-type HheG CLECs [20], as well as the dominating influence of
cross-linking bonds on the mechanical behavior of enzyme crystals [22]. The present study
focused on modeling the properties of cross-linked enzyme crystals such that the selection
of linkers and their influence on the mechanical and, if necessary, catalytic properties can
be explained and predicted. Figure 4 compares the mechanical properties of wild-type
crystals cross-linked with different linkers. Alternatively, for the glutaraldehyde, a mixture
of three lysine linkers of defined length (6, 9, and 16 Å) was used for cross-linking. A single
linker would not be sufficient to adequately cross-link the crystals; therefore, a mixture of
linkers of different lengths had to be used.
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Figure 4. Comparison of the hardness of wild-type crystals cross-linked using the different linkers
for 24 h. Results of WT HheG, cross-linked with glutaraldehyde, were adapted with permission from
ref. [20]. Copyright © 2019, American Chemical Society.

Because glutaraldehyde tends to self-polymerize, the resulting cross-linking bond
lengths are unpredictable [36]. In addition, excessive cross-linking can lead to a decrease in
enzymatic activity [35]. For controllable and predictable cross-linking treatment, alternative
linkers can be applied. However, our results showed that, using the alternative lysine cross-
linker, the hardness of the anisotropic crystal faces decreased by about 70% compared to
the cross-linking with the glutaraldehyde. Besides the high stability of CLECs cross-linked
with GA, its low price is of great advantage. A kilogram of 50% glutaraldehyde solution
costs only about EUR 70. In comparison, alternative linkers cost a thousand times more
(DMP: 159 EUR/1 g; DST: 254 EUR/50 mg; Sulfo-EGS: 185 EUR/50 mg). Predicting the
mechanical behavior based on a model can therefore bring advantages in terms of financial
expenditure and experimental effort. Table 3 summarizes the modeled direction-dependent
crystal strength of all intermolecular bonds smaller than 10 Å (cross-linking with GA), or
Lys–Lys* bonds with a well-defined distance for alternative cross-linker (6, 9, and 16 Å,
compare with Table 1).

Table 3. Summary of the direction-dependent crystal strength modeled using the anisotropic inter-
molecular cross-linking bonds. Adapted with permission from ref. [20]. Copyright © 2019, American
Chemical Society.

Arg–Arg Arg–Lys Lys–Lys Lys–Lys*

Z 271.77 142 145.4 174.68

X 231.63 137.81 107.04 133.07

Y + 60◦ 230.52 140.04 105.47 132.11

Y − 60◦ 230.49 141.84 107.97 135.75

In Figure 5, a comparison of the experimental and modeled results is shown. The
experimental and modeled data were interpreted by comparing the percentage differences
between the anisotropic faces. For instance, the difference in the hardness of the basal face
to the prismatic face of crystals cross-linked at the same conditions (glutaraldehyde or DMP,
DST, Sulfo-EGS-linker mix, referred to as Lys–Lys* in Table 3). These percentage differences
are shown as a bar (experiment) in Figure 5. Analogously, the percentage difference in
the modeling results, e.g., between the anisotropic crystal faces, is shown as a dot–line
plot (model). Since the mechanical properties are presented as a distribution, the lower
and upper quartile (25% and 75%, respectively) were added for comparison and shown as
error bars.
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the respective crystal faces considered, as described in the diagram. The square dots represent the
modeling results, which are also represented as the percentage difference between the corresponding
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Originally, the model was developed by Kubiak et al. and used to explain the time-
dependent anisotropy of wild-type HheG CLECs. The authors showed that crystal strength
is direction-dependent due to the cross-linking bonds. The results showed that the crystal
strength resulting from the Lys–Lys and Arg–Arg bonds was about 20% higher in the
Z-direction (for the basal face), which is consistent with the experimental results. Looking
at the cross-linking using the linker mix, it also turns out that the experiment agreed well
with the model. The experimentally determined anisotropy between the basal and prismatic
faces was about 24%. This corresponded to the difference in crystal strength due to the
Lys–Lys bridges from the three defined linker lengths (see Table 3, Lys–Lys*, ratio of bond
strength of the Z-direction (174.68) and an average of X, Y + 60◦, and Y − 60◦ (ca. 133.64)).
Previously, it was found that the Lys–Lys and Arg–Arg bridges lead to the anisotropic
behavior of the HheG crystals. Assuming that there are bonds of all the considered amino
acid residue pairs in the crystal, the Arg–Lys bond here did not contribute to the anisotropic
behavior of the wild-type HheG crystals, and the bonds in the defined directions were
summed up and the total strength of the respective areas for differently cross-linked crystals
was proportionally adjusted. The mechanical investigation showed that, due to the use of
a linker mix instead of glutaraldehyde, the average hardness of the prismatic and basal
crystal faces decreased by about 70%. The results corresponded to the modeling with some
slight deviation.

The knowledge that a crystal structure can be used to predict the mechanical behavior
of the surfaces saves an enormous amount of time through the targeted selection of the
linker and the subsequent model prediction of the crystal strength based on the formed
cross-link bridges. The model can be used, for example, to determine which binding-site
distances occur most frequently and which crystal strength will correlate with this linker
length, and the length of the linker can then be accordingly selected for experimental
cross-linking. In addition, it can be determined whether other linkers, e.g., carboxyl
or sulfhydryl instead of amine linkers, will provide better mechanical performance. By
selectively combining different variants—linker length, type, with binding sites, e.g., far
away from the catalytic site—the desired mechanical strength can be modeled in advance.
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3.2. Mechanical Properties of Wild-Type HheG Crystals in the Micrometer Range

In the introduction, it was written that protein engineering is a common method for
improving the performance of enzymes. Unfortunately, improvements in the properties
of solubilized proteins are not always accompanied by improvements in the mechanical
stability of the crystals. Figure 6 shows a comparison of the fraction of elastic energy of the
wild-type and the D114C crystals mechanically characterized in their native state. From
the results, it can be seen that the fraction of elastic energy of the basal face of D114C
crystals was significantly lower than that of the wild-type crystals. The difference was
about 40% at a 200 nm penetration depth and even almost 60% at a 900 nm penetration
depth. In comparison, the difference between prismatic crystal faces was much smaller and
lay within the spread of the distribution of mechanical properties.
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Most likely, the lowering of the elastic energy fraction of the basal crystal face was due
to the point mutation of the crystal contact, which lay exactly along the c-axis (Z-direction),
as shown in Figure 7. Since the crystals were held together in their three-dimensional form
by crystal contacts, the mutation of such a site could contribute to the reduction of crystal
strength. Kubiak et al. reported that the slip planes are aligned orthogonal to the indenter
tip during nanoindentation of the basal crystal face, which is a reason for the easy and
unhampered gliding of the planes [22]. For the native D114C crystals, it seems to reduce
the interactions between the slip planes such that a lower fraction of elastic energy can
be observed.

In a previous study, Kubiak et al. presented and discussed, in detail, the influence of
cross-linking on the mechanical behavior of enzyme crystals. The authors also investigated
the dominating influence of cross-linking on the mechanical behavior of CLECs [22]. In
this section, the influence of the genetic modification of position D114 on the mechanical
properties of CLECs is presented. By replacing it with cysteine, a cross-linking site was
incorporated, which could be cross-linked by means of a suitable linker—in this case, a
BMOE linker—in addition to the lysines. Hence, in the present study, crystals were partially
cross-linked using glutaraldehyde and partially using a BMOE linker via the soaking
method. In addition, some of the crystal samples were cross-linked first with GA and
then with BMOE. All three samples were mechanically examined and compared with the
cross-linked wild-type crystals.
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Figure 7. Highlighting the manipulated amino acids (cysteine) at one of the crystal contacts along the
c-axis (Z-direction).

In Figure 8, the influence of the cross-linker on the elastic energy fraction of the
prismatic and basal faces of D114C crystals is presented. From Figure 8, it can be seen
that the fraction of elastic energy for both anisotropic faces increased with the degree of
cross-linking and was the lowest for cross-linking with the BMOE linker and highest for
cross-linking with both linkers. Regarding the prismatic face at the penetration depth of
200 nm, the fractions of elastic energy were 39% (BMOE), 66% (GA), and 69% (GA + BMOE).
In comparison, the fraction of elastic energy of the wild-type crystals cross-linked with
GA was 64%, which was slightly lower than the median value of D114C crystals that were
also cross-linked with GA. Analogous to the results presented earlier about the fractions of
elastic energies of native crystals, the fraction of elastic energy decreased with increasing
depth. At the penetration depth of 900 nm, the fraction of elastic energy of the crystals
cross-linked with BMOE was the lowest at 20% and increased to 40% when the crystals
were cross-linked with GA. Due to the double cross-linking (GA + BMOE), the fraction of
elastic energy was 7% higher, and at 47%, it was ca. 20% higher than the wild-type crystals.
Independent of the cross-linker used, both of the cross-linked crystal faces exhibited a
higher fraction of elastic energy than the native crystal faces. It is remarkable for the basal
crystal faces that, in contrast to the prismatic faces at the penetration depth of 200 nm,
the D114Cs had a lower fraction of elastic energy after cross-linking with GA (64%) than
the wild-type crystal (72%). However, the trend was reversed in the deep crystal regions,
allowing for the quantification of the stronger influence of cross-linking for the D114C
CLECs. For the double cross-linked CLECs, the fraction of elastic energy was the highest
and was equal to 51% at a penetration depth of 900 nm. Based on those measurements, it
can be concluded that a combination of both strategies—protein engineering and enzyme
immobilization—can effectively contribute to the enhancement of mechanical properties
of CLECs.

In Section 3.1, the results of hardness measured using AFM at a penetration depth of
less than about 30 nm for wild-type crystals were compared with the model. In this section,
the model was used for correlation with other mechanical parameters, such as the fraction
of elastic energy at a penetration depth of 900 nm. Thus, it was tested whether modeling
from a small crystal section was sufficient for the global description of the mechanical
behavior. Table 4 shows the results of the direction-dependent crystal strength for the
respective pairs of amino acid residues considered for further analysis.

Without cross-linking, plastic deformation is the dominant characteristic deformation
behavior of the crystals, whereas with cross-linking, elastic deformation is a decisive
factor [22]. For this reason, it was assumed that the cross-linking via additives makes a
significant contribution to the elastic stress state within the crystal and, thus, the structure-
based modeling approach for the mechanical crystal behavior can be applied to describe
the elastic crystal properties with regard to the different crystal directions. In Figure 9,



Crystals 2022, 12, 441 11 of 15

the results of the nanoindenter are presented, where the anisotropy of the wild-type (WT)
crystals was again related to the model based on the differences in the fraction of elastic
energy. The fraction of elastic energy of the basal face of the WT CLECs was, on average,
about 14% higher than for the prismatic face. Comparing the percentage difference with
the summed bond strengths from the bond pairs considered, i.e., Lys–Lys, Lys–Arg, and
Arg–Arg, the modeling results also showed a difference of about 14.6% in the Z-direction
compared to the X, Y + 60◦, and Y − 60◦ directions (∑Z-direction = 559.17 and mean of
∑XY-direction = 477.59, cf. Table 3). Thus, based on the modeling results, it can be concluded
that all bond pairs contributed to the crystal mechanics in the deep crystal regions. This
would also explain why the anisotropy between different crystal faces decreased with
increasing penetration depth.
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Figure 8. Fraction of elastic energy of prismatic and basal crystal faces of D114C crystals as a function
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Table 4. Summary of the direction-dependent crystal strength of D114C crystals modeled using the
anisotropic intermolecular cross-linking bonds.

Arg–Arg Arg–Lys Lys–Lys Cys–Cys

Z 236.30 217.39 128.73 85.32

X 214.22 236.12 125.99 82.28

Y + 60◦ 218.54 230.32 128.56 78.66

Y − 60◦ 216.19 235.65 128.15 78.54

The crystal faces of D114C mutant cross-linked by GA show about a 6% difference in
the elastic energy fraction. From Table 4, it can be seen that the sum of Lys–Lys and Arg–Arg
bonds (365.03 in the Z-direction and 343.88 in the X, Y + 60◦, and Y − 60◦ directions) also
showed about a 6% difference. A similar result concerned the cross-linking using GA and
BMOE. Comparable to the cross-linking with GA, the difference between the model and the
experimental results was negligible here. The deviation between the model and the result
was the highest for cross-linking with BMOE and amounted to 30% when mean values
were considered. The reason for this was that the cross-linking of cysteines alone was not
sufficient to provide stable support to the crystal lattice such that increased dislocations
were observed during the measurement, especially in deeper crystal regions, leading to
the increased distribution width of the results. This distribution width could also be seen
in the error bars. For example, a positive error bar meant that the percentage difference
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of the third quartile (75% of the distribution) of ca. 17% was about 90% higher than the
percentage difference of the mean value (9%, see Figure 9). Nevertheless, the model result
was within the error or distribution width, which demonstrated the good representation
by the experiment. A comparison of the respective crystal faces (basal or prismatic face)
between the two crystal structures showed that there was about a 16% deviation of the
model from both the third quartile for the prismatic face and from the mean value of the
distribution for the basal face.
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The most important causes, which can have a limiting influence on the modeling of
the crystal behavior, can occur at three different stages of experimental execution: X-ray
structure analysis, sample preparation, and mechanical measurements. For the model,
the X-ray structure analysis was one of the most critical stages. Regarding crystal quality,
parameters such as protein production batch or crystallization conditions and growth
time may have a great influence. For the mutant D114C, the best-achieved resolution
was unfortunately only 3.9 Å, which allowed for the determination of the positions of the
atoms with a certain tolerance. During data processing, for example, the symmetry of the
respective chains was calculated based on the crystallographic space group. Moreover,
the coordinate origin was manually changed. In this process, the atoms were manually
shifted to the same origin. However, the coordinates of the atoms were influenced by the
B-factors and thus were not rigid but movable in the crystal and did not represent absolute
positions but, rather, were relative to each other. The exact displacement measurement of
the atoms was limited by the poor resolution, which is why deviations could occur. Due to
the relativity of position within a crystal, this was not a critical problem when experiments
and modeling were performed using the same crystal structure. However, the error may
be significant if different crystal structures are compared to each other. Nevertheless,
taking into account the fact that the accuracy of the crystal structures and the developed
model were in the angstrom range, the agreement between the model and experiment was
surprisingly high for different model proteins.

For the mechanical measurements, influencing factors such as the number of mea-
surement points for a statistically validated estimation of the distribution of mechanical
properties and the cantilever quality (geometry or durability of the measurement tip) are
important. Using a careful working method, for example, by scanning the crystal surface
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to quantify the tilt or by regular SEM images of the cantilevers, these influences can be
controlled and, if necessary, minimized.

Another serious factor that influences the modeling of the structure–property relation-
ship is sample preparation. Depending on the formulation parameters, different crystal
morphologies can be formed, resulting in differences in mechanical behavior. However, it
happened that the mechanical behavior of crystals from different protein batches differed
despite the crystal morphology remaining the same. This phenomenon was difficult to
explain and was probably due to small differences in ions in the solution after, e.g., the
purification or desalting step. Since these influencing factors are difficult to control or
avoid despite using established and consistent preparation methods, sample preparation is
considered a highly influential factor comparable to that of X-ray structure analysis. Never-
theless, the model reproduced the trends very well. Despite certain limitations, such as the
poor resolution of the crystal structure, the model allowed for a reliable representation of
the mechanical properties, both the hardness and the elastic part of the deformation energy,
within the whole crystal.

The accuracy of this model could be refined by the addition of further information,
e.g., regarding the bond strength as a function of bond length. Additionally, X-ray crystallo-
graphic studies of cross-linked crystals could also be performed, allowing for the resolution
of systematic cross-linking bonds. Subsequently, the relevant distances/positions could
be selected and modeled. It would also be possible to introduce a position-dependent
strength of interactions instead of cross-linking bridges and, thus, additionally ensure the
modeling of the mechanical behavior of non-cross-linked crystals. However, a prerequisite
is that accurate quantifiable data on the force fields between individual molecules within
the crystal are available, e.g., via molecular dynamics simulation. By combining the data
from native and cross-linked crystals, the highest accuracy in terms of predicting the me-
chanical behavior should be achieved. However, a very high computational capacity is
recommended to perform such calculations. The excerpt of crystal structures in this work
was limited to 100 Å in space. Despite the relatively small crystal excerpt, the number of
rows searched for targeted information in MATLAB was almost 30 million. In order to
calculate the data more efficiently, the .pdb file had to be directly converted with suitable
functions and limited to relevant information. In case a sensitivity analysis was to be
performed using the model, all data must be available. With the help of a high-performance
computer, all distances to each other could be calculated and clustered. On a qualitative
basis, the amino acid positions could be located, which should be exchanged by the rational
protein design to incorporate quite effective cross-linking sites. Assuming that the crystal
structure will not be subject to major changes, it should therefore be possible to perform
targeted mutations with this tool, which should contribute to enhancing cross-linking and
mechanical properties.

4. Summary

The aim of this work was to investigate and elucidate all interactions, limitations, and
influences, as well as to establish the guidelines for predicting the mechanical behavior of
protein crystals. For this purpose, wild-type and genetically modified model proteins were
crystallized, specifically cross-linked, and mechanically examined. Then, a mathematical
model was developed, which was based on the respective crystal structure and calculated
the distances and their directions between the relevant atoms of the amino acid residues.
It then modeled the anisotropic total crystal strength resulting from the potential cross-
linking bridges on the basis of a simple function. It was shown that this model could be
used to explain all the mechanically studied relationships, such as the anisotropic crystal
behavior and the influence of linkers or mutations on the micromechanical properties. By
modeling the cross-linking bridges, it was possible to predict which linker length should
be used to achieve the desired micromechanical properties or which amino acids should be
genetically modified to incorporate positions for particularly effective cross-linking sites.
It was also shown that the model could represent cross-linking behavior, as well as cross-
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linking tendencies resulting from protein engineering, and thus support the production of
tailor-made CLECs.
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