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Abstract: Protein crystallization can serve as a purification step in biotechnological processes but is
often limited by the non-crystallizability of proteins. Enabling or improving crystallization is mostly
achieved by high-throughput screening of crystallization conditions and, more recently, by rational
crystal contact engineering. Two selected rational crystal contact mutations, Q126K and T102E,
were transferred from the alcohol dehydrogenases of Lactobacillus brevis (LbADH) to Lactobacillus
kefir (LkADH). Proteins were expressed in E. coli and batch protein crystallization was performed
in stirred crystallizers. Highly similar crystal packing of LkADH wild type compared to LbADH,
which is necessary for the transfer of crystal contact engineering strategies, was achieved by aligning
purification tag and crystallization conditions, as shown by X-ray diffraction. After comparing the
crystal sizes after crystallization of LkADH mutants with the wild type, the mean protein crystal size
of LkADH mutants was reduced by 40–70% in length with a concomitant increase in the total amount
of crystals (higher number of nucleation events). Applying this measure to the LkADH variants
studied results in an order of crystallizability T102E > Q126K > LkADH wild type, which corresponds
to the results with LbADH mutants and shows, for the first time, the successful transfer of crystal
contact engineering strategies.

Keywords: technical protein crystallization from impure sources; rational crystal contact engineering;
downstream processing; crystal image analysis

1. Introduction

Nowadays, protein crystallization is mainly used for crystallography to obtain the
structural information of biological macromolecules. However, growing well-diffracting
protein crystals for X-ray analysis is still challenging. There are numerous commercially
available high-throughput screening kits that can be used to vary extrinsic conditions
like pH, buffer type, ionic strength, or precipitant type for receiving protein crystals [1].
However, the optimization of protein crystallization remains a mainly empirical process [2]
and improved crystallization conditions apply almost exclusively to a specific protein or
protein family. Thus, the protein itself might be the most important variable for a more
general optimization of crystallization [3].

Changing intrinsic characteristics by protein engineering to obtain protein crystals (for X-
ray crystallography) has been conducted since the early 1990s [4–7]. Exchanging amino acids
at the solvent-exposed surface of proteins has been investigated in several studies [3,8–12].
Derewenda et al. developed the surface entropy reduction (SER) strategy, in which exposed
amino acids with high conformational entropy (Lys, Glu, Gln) are exchanged to an amino
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acid with low conformational entropy (Ala), in order to enhance crystallizability [3,9,13].
This approach was expanded by suggesting further amino acids for the exchange, includ-
ing tyrosine and threonine [10]. An alternative approach to improve crystallization by
engineering the solvent-exposed protein surface is to introduce metal binding sites between
symmetry-related macromolecules by inserting aspartic acid or histidine-cysteine pairs
for coordinating heteroatoms (Ca2+, Zn2+) [14–16]. Furthermore, introduced cysteines at
the protein surface can form disulfide bonds for dimer stabilization as a precursor for
nucleation [17]. However, these studies were primarily aimed at producing large, singular
crystals sufficient for structural analysis by X-ray crystallography.

A further interesting field of application for protein crystallization is its use as a
purification and/or capture step in industrial downstream processing [18]. Protein purifi-
cation by diffusion controlled preparative chromatography is a cost-intensive bottleneck
in downstream processing. Consequently, the replacement of this purification step with
a comparatively less cost-intensive crystallization step offers great economical potential
(reviewed in [18,19]). In addition, protein crystallization allows a dense and highly con-
centrated, as well as pure formulation with a longer shelf life and sustained enzymatic
activity [20–22]. Probably the most well-known technical application of protein crystal-
lization is the production of crystalline recombinant insulin [21,23]. However, despite
advantages for technical applications, protein crystallization has so far barely been inte-
grated in biotechnological downstream processes [24].

Previous studies focused on enforcing intermolecular interactions during crystalliza-
tion specifically at crystal contact areas to increase protein crystallization for technical
purposes. Studies were performed with the technically relevant enzyme Lactobacillus
brevis alcohol dehydrogenase (LbADH) [24–27]. In addition to the general SER strategy
of Derewenda et al., aromatic interactions as well as electrostatic interactions at specific
preselected crystal contacts were investigated. This rational protein engineering at crystal
contact areas resulted in LbADH mutants with enhanced crystallizability, compared to
LbADH wild type, without changing enzymatic activity. In the same study, “enhanced
crystallizability” was defined by an increased number of protein crystals in batch processes
at fixed process times, concomitant to increased nucleation rate, reduced induction time of
crystallization, and a reduced time span until crystallization equilibrium [24]. In order to
be able to trace changes in crystallizability back to this distinct amino acid exchange and
avoid unintended changes of crystal contact areas compositions, the formation of highly
similar crystal contact areas is a prerequisite [25].

The aim of this study is to transfer protein engineering strategies at crystal contact
areas, which were developed for LbADH, to a different protein, the Lactobacillus kefir alcohol
dehydrogenase (LkADH) with an amino acid sequence homology of 88.5% (Supplementary
Figure S1). The purpose is to demonstrate that rational protein engineering at crystal
contacts leading to enhanced crystallizability can be transferred to homologous proteins.
However, similar to crystal contact engineering, the prerequisite of a rational transfer is
high similarity in crystal packing. The initial focus of this study will be on the alignment
of the crystal packing of LkADH to LbADH. Based on the same crystal structure, the
transfer of enhanced crystallizability will be demonstrated with the example of introduced
electrostatic interactions at a selected crystal contact area. With regard to the application
as a purification/capture step in downstream processing, stirred protein crystallization
from clarified E. coli cell lysate will be investigated for the LkADH wild type, as well as
LkADH mutants.

2. Materials and Methods
2.1. Mutagenesis

The enzyme Lactobacillus kefir alcohol dehydrogenase (LkADH) was selected for the
transfer of a successful crystal contact engineering strategy established with Lactobacillus
brevis alcohol dehydrogenase (LbADH). The His-tag and linker sequence of a LkADH
variant (PDB ID: 4RF4, [28]) was replaced with a N-terminal His6 sequence, followed by a
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glycine-serine-glycine (GSG) linker sequence identical to the LbADH wild type studied
before (PDB ID: 6H07, [27]). The E. coli codon optimized gene was synthesized by Integrated
DNA Technologies Inc. (IDT, Leuven, Belgium) using Gibson assembly. The synthesized
gene fragment was cloned into DNA expression plasmid pET28a(+) via restriction digest
with endonucleases NcoI and HindIII, resulting in His6_GSG_LkADH construct (LkADH
wild type). Site-directed mutagenesis was conducted for LkADH mutants T102E and Q126K
according to the standard QuikChange PCR protocol. Primers were designed according to
adaptions of Zheng et al. [29]. Partial overlapping primers used for LkADH mutant T102E
were 5’-GATACCGAGACAGAAGAATGGC-3’ and 5’-CAACTTCTATGGCTCTGTCTTC-3’,
for Q126K 5’-GGTATTAAGCGTATGAAAAA-CAAAGG-3’ and 5’-CAGACCCATAATTCG-
CATAC-3’ (mutagenized positions are denoted in boldface). After PCR product preparation
(FastGene® Gel/PCR Extraction Kit, Nippon Genetics Europe GmbH, Düren, Germany)
and DpnI digest, the amplified plasmid was transformed into DH5α chemo-competent
cells and inoculated on Luria-Bertani (LB) plate containing 35 µL mL−1 kanamycin. E. coli
colonies, which incorporated the mutated plasmid, were selected by colony PCR (FastGene
Optima HotStart Ready Mix, Nippon Genetics Europe GmbH, Düren, Germany). Plasmids
of LkADH mutants were isolated via mini-prep and sequenced by IDT with standard
primer petup and T7term.

2.2. Protein production and Purification

For heterogeneous protein production in E. coli, LkADH plasmid was transformed into
expression strain BL21(DE3). Analogous to Nowotny et al. [25], 5 mL of preculture was
grown for 18 h in terrific broth (TB) medium, containing 35 µL mL−1 kanamycin (180 rpm,
30 ◦C). Then, 0.5 L shake flasks filled with 100 mL TB medium (35 µL mL−1 kanamycin)
were inoculated with preculture (final OD600 of 0.05) and incubated at 30 ◦C and 230 rpm
until an OD600 of 0.6–0.8 was reached. Lkadh gene expression was induced by addition of
200 µM isopropyl ß-D-1-thiogalactopyranoside. After 20 h of LkADH protein production
(20 ◦C, 230 rpm), the cells were harvested by centrifugation (1500× g, 4 ◦C, 10 min) and
stored at −20 ◦C for further use. For µL-scale batch crystallization and enzymatic activity
measurements (as described below), the harvested cells were disrupted via sonication, the
cell lysate was centrifuged for clarification, the LkADH protein was purified by immobilized
metal ion affinity chromatography (IMAC) and dialyzed against protein buffer (20 mM
HEPES/NaOH pH 7.0, 1 mM MgCl2).

2.3. Protein Crystallization

To obtain the LkADH wild type protein crystal structure, protein crystallization in µL-
scale was conducted with purified protein according to Nowotny et al. [25] (0.1 M Tris/HCl
pH 7.0, 75 mM MgCl2, polyethylene glycol (PEG) MME 550 or 3000). A theoretical molar
extinction coefficient of 23,950 M−1 cm−1 (calculated with ProtParam; [30]) was used for
protein concentration determination.

For parallel crystallization experiments with non-purified LkADH variants, harvested
cells were processed according to Grob et al. [24]. Crystallization experiments with clarified
(phosphate-buffered saline, pH 7.4) and subsequently dialyzed (20 mM HEPES/NaOH
pH 7.0, 1 mM MgCl2) cell lysate were conducted in up to eight parallel 5 mL stirred tank
reactors with a stirrer speed of 150 rpm, as described in Smejkal et al. [31]. The parallel
stirred tank crystallization reactors were adapted from Hebel et al. [32]. Pitched-blade
impellers were printed using an MSLA 3D printer (Prusa SL1, Prusa Research a.s., Prague,
Czech Republic) from biocompatible epoxy resin (Bio ENG3, 3Dreysns, Barcelona, Spain)
with a layer height of 50 µm and an initial exposure time of 35 s (exposure time for all
subsequent layers was 12 s). The stirrers were printed directly onto the build plate, with
lateral supports for better build plate adhesion. After printing, the stirrers were cleaned
and UV cured. Control of the stirrers was implemented with a custom-built control unit
based on two six-axis stepper motor driver modules (TMCM6110, Trinamic, Hamburg,
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Germany) that controlled up to 12 stepper motors simultaneously. Microstepping enabled
smooth stirrer rotation between 1 and 2000 rpm.

Before initiation of crystallization, the absorption of the samples was measured spec-
trophotometrically at 280 nm and adjusted to similar values with protein buffer. The
samples were filtered through a 0.2 µm polypropylene syringe filter to remove particles,
which might function as heterogeneous crystallization nuclei. To adjust its temperature,
2.5 mL of filtered protein solution was transferred to a 5 mL crystallizer in a temperature-
controlled water bath at 20 ◦C. Protein crystallization was initiated by the addition of
2.5 mL crystallization buffer (0.1 M Tris/HCl pH 7.0, 50 mM MgCl2, 200 g L−1 PEG MME
550) to the prepared protein solution, resulting in a protein concentration defined as initial
protein concentration c0, and monitored for 48 h with regular intervals of sampling.

2.4. Protein Analytics and Analysis of Crystal Photomicrographs

The protein purity of collected IMAC fractions was validated by discontinuous
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Enzymatic
activity of purified LkADH variants was determined spectrophotometrically as described
in Grob et al. [24]. The oxidation of acetophenone to R-1-phenyl alcohol catalyzed by
LkADH was detected at 340 nm by stoichiometric reduction of NADPH/H+ to NADP+.

Stirred LkADH protein crystallization in 5 mL reactors was analyzed with bicin-
choninic acid (BCA) protein assay for total protein concentration of the supernatant. A
discontinuous SDS-PAGE was used for validation of similar LkADH protein concentrations
between samples and densitometrical measurement of crystallization yield. To prevent
further crystal growth or nucleation, protein solutions were diluted 10-fold with protein
buffer directly after sampling. For the analysis of crystal photomicrographs, samples were
taken after 48 h of protein crystallization and diluted 10-fold. A 10 µL drop placed in a crys-
tallization plate (MRC UnderOil Crystallization Plate, SWISSCI, Neuheim, Switzerland)
was monitored microscopically inside an incubator (KB115, Binder, Tuttlingen, Germany)
at 20 ◦C. Photomicrographs were taken automatically by a digital camera (DS-Fi3) attached
to a light microscope (Nikon Eclipse 50i with 4-fold objective (CFI Plan Fluor), Nikon,
Düsseldorf, Germany), controlled by NIS Elements AR v.5.02 imaging software (Nikon,
Düsseldorf, Germany).

2.5. X-ray Diffraction and Data Refinement

Diffraction data were collected at the Swiss Light Source (SLS) synchrotron beamline
X06DA (PXIII), using a PILATUS 2M-F detector. All crystals were soaked in 25–30% (v/v)
ethylene glycol for cryo-protection and then mounted on a nylon fiber loop and flash-frozen
in liquid nitrogen. X-ray data collection was performed at 100 K [33]. Diffraction spots
were integrated and indexed with XDS [34]. Refinement was performed with the CCP4
suite [35]. The structure of the previously published LkADH wild type (PDB ID: 4RF4) was
used as the search model for molecular replacement with PHASER [36] and the model was
then refined using COOT [37] and REFMAC [38]. The final model and structure factors
have been deposited in the Protein Data Bank (PDB) under identification code (ID) 7P36
for the LkADH wild type with transferred crystal packing and 7P7Y for the LkADH mutant
Q126K. Quality indicators for the X-ray diffraction datasets and refinement results are
given in Supplementary Table S1.

3. Results and Discussion
3.1. Transfer of Crystal Packing from LbADH to LkADH

Highly similar crystal packing of LbADH and LkADH is required to ensure that en-
hanced crystallizability of LkADH is caused by the transferred point mutation at the crystal
contact. Since the LkADH variant described in the literature (PDB ID: 4RF4, [28]) does not
form the same crystal contacts as LbADH, the sequence and crystallization conditions of
LkADH were transferred from LbADH. For this purpose, His-tag and linker of LkADH
were designed analogously to the LbADH wild type used before (PDB ID: 6H07; [27]).
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Protein production and IMAC purification of His6_GSG_LkADH (LkADH wild type) was
implemented, resulting in purified and active LkADH wild type protein (SDS-PAGE and en-
zymatic activity are shown in Supplementary Figures S2 and S3). Crystallization of LkADH
wild type in µL-scale applying conditions similar to LbADH (PEG MME 550, magnesium
chloride, Tris/HCl, pH 7.0) yielded high quality protein crystals for X-ray diffraction
(Supplementary Table S1). Analysis of X-ray diffraction data revealed a transformation of
space group from C121 (PDB ID: 4RF4; crystallization conditions: PEG 3350, magnesium
formate, pH 7.0) to I222. Thus, by aligning amino acid tags and crystallization conditions,
the crystal structure of LkADH could be transferred from a monoclinic crystal system
(PDB ID: 4RF4) to an orthorhombic crystal system, as was observed with LbADH crys-
tals. For the LbADH, it has been proven previously that a transition from space group
I222 to P21221 does not alter the crystal contact areas significantly [27]. An alignment of
LbADH and LkADH crystal structures of the tetramer reveals very high structural similar-
ity (Figure 1) and highly similar crystal contacts (Supplementary Table S2), quantified by
root-mean-square deviation (RMSD).

Figure 1. Structural alignment of LkADH (cyan; PDB ID: 7P36; Rwork = 0.9; Rfree = 0.11) and LbADH (green, PDB ID: 6H07)
wild type (a) tetramers with RMSDbackbone = 0.183 Å and RMSDside chain = 0.212 Å and (b) with selected symmetry related
molecules in the crystal structure. Figures were generated with PyMOL (v.2.3; Schroedinger). The homotetramers are
complexing two Mg2+ ions (dark green).

This study aims to prove the transfer of rational protein engineering at crystal contacts
to a homologous protein. The requirement of similar crystal contact areas for the transfer
could be met by adjusting the purification tag and crystallization conditions for LkADH
analogously to LbADH resulting in the same crystal packing.

3.2. Transfer of Mutations on Crystal Contacts from LbADH to LkADH

In order to study the transfer of rational crystal contact engineering strategies estab-
lished for LbADH, two out of four potential positions (K32, D54, T102, Q126) for the transfer
of mutations on crystal contact areas of LbADH [24,25] were selected: T102 and Q126.

The choice of selecting T102 and Q126 was made by analyzing the crystal contacts
of LkADH and comparing them to LbADH. In contrast to T102 and Q126, D54 is among
the few amino acid positions that are noticeably different between LbADH and LkADH
(expressed by a relatively high contact RMSD value of D54, see Supplementary Table S2).
The symmetric crystal contact of D54 is packed more densely in LkADH than in LbADH,
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indicating different interactions at this contact for LkADH. Position K32 in LbADH does
not itself form a direct crystal contact, instead, mutant K32A contributes indirectly to the
symmetric crystal contact at D54 by presumably reducing the screening of its electric field,
as addressed in Nowotny et al. [25] and Hermann et al. [26]. Thus, the two crystal contact
positions K32 and D54 were excluded as targets for the transfer of rational crystal contact
engineering. The vicinity of the intermolecular crystal contact at position T102 and Q126
exhibits similar amino acid configurations for LbADH and LkADH wild type (Figure 2;
contact RMSD in Supplementary Table S2). More importantly, the interaction targets of
the introduced mutations, which are K48 for T102E and E44 for Q126K, reveal similar
orientations in LbADH and LkADH wild type crystal structure alignment. Additionally, it
was shown for LbADH that the selected mutants T102E and Q126K generated a salt bridge
in LbADH crystals between negatively charged glutamic acid (E) and positive charged
lysine (K) [26]. Thus, T102E and Q126K are the focus of this study.

Figure 2. Illustration of LkADH (cyan) and LbADH (green) wild types’ intermolecular crystal contacts at amino acid position
(a) T102 and (b) Q126. Figures were generated and distances were calculated using PyMOL (v.2.3; Schroedinger).

Cloning of these two LkADH mutants was performed as described before. Protein
production and downstream processing of mutant T102E and Q126K were accomplished,
resulting in stable and pure protein solutions. LkADH protein solution purity after cell
disruption, IMAC, dialysis and concentration as well as enzymatic activity of purified
LkADH mutants is comparable to LkADH wild type (SDS-PAGE and enzymatic activity
are shown in Supplementary Figures S2 and S3).

3.3. Stirred Crystallization of Dialyzed and Clarified E. coli Cell Lysate

Stirred batch crystallization studies with E. coli cell lysate were conducted with regard
to the technical application of protein crystallization. First, stirred crystallization experi-
ments were performed with clarified and additionally dialyzed E. coli cell lysate. During
crystallization, the protein concentration of the supernatant decreases due to incorporation
of LkADH molecules into the protein crystals. The protein concentration in the supernatant
of mutant T102E decreases more rapidly than with LkADH wild type within the first 5 h
(Figure 3). Furthermore, the protein concentration of T102E equilibrates at a lower level
after 21 h of crystallization compared to LkADH wild type, a further characteristic for
enhanced crystallizability and important for technical applications.



Crystals 2021, 11, 975 7 of 13

Figure 3. (a) Protein concentrations of clarified and dialyzed E. coli cell lysates of LkADH wild type and mutants T102E and
Q126K. Batch crystallization was conducted in parallel stirred tank reactors (V = 5 mL, nStirrer = 150 rpm, 20 ◦C, 100 g L−1

PEG MME 550). Protein concentration of supernatant was determined by BCA assay (n = 3); (b) Photomicrographs of
LkADH wild type and mutants Q126K and T102E after 48 h of crystallization from clarified and dialyzed E. coli cell lysate in
stirred tank reactors (c0 = 3 g L−1, V = 5 mL, nStirrer = 150 rpm, 20 ◦C, 100 g L−1 PEG MME 550).

This reduced protein concentration at crystallization equilibrium and increased num-
ber of protein crystals of LkADH mutant T102E compared to the wild type LkADH has also
been demonstrated previously for mutation T102E in LbADH (P21221, PDB ID: 6Y0S) [24].
This indicates a successful transfer of a rational protein engineering strategy between
homologous enzymes.

E. coli cell lysate still contains high amounts of host cell protein (HCP). Thus, crys-
tallization yields quantified by total protein concentration measurements via BCA assay
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are underestimated. This is due to remaining amounts of HCP in the solution and results
in apparent crystallization yields of only 59–63% (Figure 4). Therefore, SDS-PAGE of the
supernatants were performed before initiation of crystallization and at the end of the batch
crystallization processes (48 h) and the results were compared densitometrically (Figure 4).
The LkADH to HCP ratio in clarified and dialyzed cell lysate of LkADH mutants is similar
to LkADH wild type. Comparing the SDS-PAGE bands of the LkADH variants before and
after batch crystallization revealed a reduction in intensity of LkADH wild type protein con-
centration by 80%; whereas the intensity of LkADH mutants Q126K and T102E decreased by
85%, and about 95%, respectively (evaluated with GelAnalyzer, v.19.1). The crystallization
yield of about 95% estimated by SDS-PAGE showed improved crystallization of mutant
T102E, whereas no significant yield differences were identified between mutant Q126K and
wild type LkADH.

Figure 4. SDS-PAGE visualizing the protein content of clarified and dialyzed E. coli cell lysates of
LkADH wild type and mutants T102E and Q126K. Depicted are samples of clarified and dialyzed
E. coli cell lysates directly before crystallization initiation (t0 = 0 h) and after 48 h (t48) of crystallization
in stirred tank reactors (V = 5 mL, nStirrer = 150 rpm, 20 ◦C, 100 g L−1 PEG MME 550). LkADH variants
are detected between 25–35 kDa, corresponding to its molecular monomer weight of 27.86 kDa
(calculated with ExPASy ProtParam).

3.4. Evaluation of Crystal Size Differences between LkADH Variants

A higher number of crystals and a decrease in crystal size were observed with the
protein mutants, compared to the wild type LkADH in the photomicrographs of the batch
crystallization processes with clarified and dialyzed E. coli cell lysates (Figure 3b). For
the quantification of crystal size differences in length and width between the LkADH
variants, the photomicrographs were analyzed manually with imaging software (NIS
Elements AR v.5.02, Nikon, Düsseldorf, Germany). The resulting protein crystal size
distributions are shown in Figure 5. The frequency density of LkADH wild type crystals
follows approximately a log-normal distribution with its mean length at 97.1 ± 29.5 µm
(mean width: 11.4 ± 4.5 µm). A similar distribution is observed for the LkADH mutants,
but with a shift of the mean crystal size to smaller crystal sizes by 40% for Q126K (mean
length/width: 58.9 ± 9.8 µm/10.2 ± 2.9 µm) and by more than 70% for T102E (mean
length/width: 27.5 ± 6.4 µm/5.9 ± 1.6 µm).

Comparing the crystals size to the wild type after stirred crystallization of LkADH
mutants, the mean protein crystal size of LkADH mutants T102E and Q126K was reduced
by more than 70% in length and 45% in width; and 40% in length and 10% in width, respec-
tively (Figure 5), with a concomitant increase in the total amount of crystals (Figure 3b).
This increase in the total number of crystals indicates a higher number of nucleation events
for the mutants than occurred with the LkADH wild type. Stronger intermolecular interac-
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tions compared to the wild type (see electron density map of the crystal contact of LkADH
wild type and mutant Q126K with an additional salt-bridge in Supplementary Figure S4)
can therefore be assumed to lead to an increased number of nucleation events. This corre-
lation was already observed for LbADH mutants T102E and Q126K and supported on a
molecular level by calculations of molecular dynamics free energy simulations [24,26].

Figure 5. Protein crystal size distribution of LkADH wild type and mutants T102E and Q126K (Bar: Frequency density
distribution; Line: Empirical cumulative distribution function). The distributions of length (left) and width (right) of the
protein crystals formed after 48 h batch crystallization from clarified and dialyzed E. coli cell lysate in stirred tank reactors
(c0 = 3 g L−1, V = 5 mL, nStirrer = 150 rpm, 20 ◦C, 100 g L−1 PEG MME 550). The frequency density distribution of protein
crystals in specific length/width classes in µm was evaluated with OriginPro 2020 (n = 335).

3.5. Stirred Crystallization of Clarified E. coli Cell Lysate

All batch protein crystallization processes were reproduced in the stirred tank reactors,
without dialysis, after cell disruption and clarification (Figure 6). Due to the increased
HCP concentrations without dialysis, no crystallization of LkADH wild type was observed
within 48 h, but the mutants Q126K and T102E formed crystals as before.

Crystallization kinetics of the batch processes with clarified and dialyzed E. coli cell
lysates, as shown before (Figure 3), as well as final crystallization yields estimated by SDS-
PAGE (Figure 4), showed no significant differences in crystallizability between LkADH
wild type and the mutant Q126K. Clear differences were identified in the final protein
crystal size distributions of both proteins, showing an increase in nucleation events with
LkADH mutants compared to LkADH wild type under the conditions studied (Figure 5).
A small variation of these conditions caused by batch crystallizations of clarified E. coli
lysates without dialysis resulted in no nucleation events within 48 h with the LkADH
wild type (Figure 6). As the crystallizability of proteins is not well-defined, it may be
concluded that comparing final protein crystal size distribution and the number of crystals
may be a practical measure for defining an order of crystallizability: An increased final
crystal number with reduced crystal sizes means better crystallizability compared to other
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proteins under the same crystallization conditions. Applying this measure to the LkADH
proteins studied results in an order of crystallizability: T102E > Q126K > LkADH wild
type. A comparison of this ranking with LbADH [24,26] reveals the identical order of
crystallizability, further validating the rational approach of the protein engineering strategy
transfer between homologous enzymes.

Figure 6. Photomicrographs of LkADH wild type and mutants Q126K and T102E after 48 h of crystallization from clarified E. coli
cell lysate without dialysis in stirred tank reactors (c0 = 5 g L−1, V = 5 mL, nStirrer = 150 rpm, 20 ◦C, 150 g L−1 PEG MME 550).

3.6. Comparison of LkADH and LbADH Crystal Contacts at Position Q126 on a Molecular Level

For further evidence of effective transfer of crystal contact mutations, the introduced
single amino acid mutations in LkADH will be considered at molecular level and compared
to the respective LbADH mutants. Since the protein crystallization of LkADH mutant
T102E occurs so rapidly, the crystals obtained were too small for X-ray analysis using
non-microfocus X-ray beamline. Therefore, the X-ray crystal structure of LkADH mutant
Q126K is discussed below.

Comparing the position 126 in LkADH wild type (Figure 2) and mutant Q126K (Figure 7a),
the interacting amino acid has changed. In contrast to Q126 interacting weakly with D41,
Q126K developed a strong interaction with E44, resulting in a salt bridge between the
ammonium group of the lysine side chain (K) and the carboxylate group of glutamic acid
(E). This establishment of interaction with E44 is also observed for LbADH mutant Q126K
(Figure 7b).

Comparison of the crystal contact at position Q126K reveals the same interaction
partner for both LbADH and LkADH. The interacting amino acids K126 and E44 in LkADH
are more closely located (2.8 Å distance), indicating a stronger interaction than in LbADH
Q126K (3.9 Å distance, evaluated with PyMOL, v.2.3.; Schroedinger). Additionally, the
LbADH Q126K crystal structure presents two possible conformations for both amino
acids E44 and K126, suggesting a more flexible interaction at this position. One of the
possible conformations of E44 is even facing away from K126. Recent molecular dynamic
studies determined the formation of the salt bridge between K126 and E44 in about 65% of
the simulated time frames for LbADH [26]. Contrary to LbADH, the crystal structure of
LkADH mutant Q126K reveals one conformation for the K126-E44 crystal contact with E44
pointing directly to K126, which is well-defined in the electron density map (Supplementary
Figure S4b). This single conformation indicates a stronger intermolecular interaction,
suggesting an enhanced crystallizability for the transfer of mutant Q126K from LbADH to
LkADH. To confirm this assumption, further calculations of molecular dynamics free energy
simulations of this crystal contact are necessary. To conclude, the transfer of interacting
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amino acids in mutant Q126K was successfully transferred from LbADH to LkADH, with a
tendency towards a stronger crystal contact formation in LkADH.

Figure 7. Illustration of crystal contact Q126K in (a) LkADH (PDB ID: 7P7Y) and (b) LbADH (PDB ID: 6Y0Z) with interaction
partner E44. Distances were calculated using PyMOL (v.2.3; Schroedinger).

Based on the evaluation of stirred crystallization experiments and considerations at
the molecular level, LkADH mutants T102E and Q126K are more favorable for technical
applications than LkADH wild type in terms of crystallizability. This is because the main
objective for technical protein crystallization is to achieve rapid and efficient protein
crystallization [39] to increase the space-time yield of the process. Considering the technical
application of protein crystallization from impure sources as a purification step, future
work should investigate the purity of the crystals.

This study shows that the results of rational crystal contact engineering of LbADH
can be transferred successfully to the homologous LkADH. To advance the establishment
of a more general approach to enhance protein crystallization by rational crystal contact
engineering, developed strategies for LbADH and LkADH will be extended further to
non-homologous proteins.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11080975/s1, Figure S1: Sequence alignment of LkADH and LbADH wild type with
an amino acid sequence homology of 88.5 %. The optimal global alignment was generated with the
Needleman-Wunsch algorithm (EMBOSS, output format: pair, matrix: BLOSUM62) [1]. Identical
amino acids are marked with an asterisk. Crystal contacts (distance between amino acids < 4 Å)
are marked for LkADH (cyan) and LbADH (green). The positions selected for mutations, T102 and
Q126, are underlined. RMSD of the crystal contacts are listed in Supplementary Table S2. Figure S2:
Illustration of protein purity analysis using SDS-PAGE of LkADH wild type (WT) and mutants Q126K
(K) and T102E (E). The proteins purified by IMAC were loaded onto a 12.5% SDS gel (2.5 µg protein)
under reducing conditions. Bands between 25–35 kDa correspond to LkADH monomers. Figure S3:
Maximum relative enzymatic activity of LkADH mutants Q126K and T102E compared to LkADH
wild type. Purified protein solutions of LkADH variants were adjusted to 6 mg L−1. Enzymatic
activity was measured for 10 min at 340 nm (45 ◦C) with addition of 180 µL buffer (20 mM HEPES,
pH 7.0; 1 mM MgCl2) containing 0.5 mM NADPH and 10 mM acetophenone to a final volume of
200 µL (n = 3). Figure S4: Electron density map (blue) of LkADH crystal contact at position (a) Q126
and (b) Q126K with well-defined electron density of the lysine and glutamic acid side chain. The map
represents the structure factor amplitude difference 2Fo – Fc with a contour level of 1.0 σ (calculated
with REFMAC [2]). Table S1: Data collection and refinement statistics of X-ray diffraction experiments
of LkADH wild type and mutant Q126K crystals (values in parentheses are for highest resolution

https://www.mdpi.com/article/10.3390/cryst11080975/s1
https://www.mdpi.com/article/10.3390/cryst11080975/s1
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shell). Table S2: RMSDside chain of crystal contacts present in both LkADH and LbADH wild type and
calculated after side chain and backbone alignment of one tetramer. Crystal contacts were defined by
a distance < 4 Å between amino acid residues of neighboring tetramers. The contact RMSDside chain
was then calculated by alignment of those amino acid residues forming a contact with PyMOL (v.2.3.;
Schroedinger). Therefore, a smaller contact RMSD value indicates, that the corresponding crystal
contacts in LbADH and LkADH wild type crystals are locally more similar.
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