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Abstract: The first part of this research was devoted to investigating the effect of alternate current
(AC) using four different types of wave modes (pulse-wave) at 2 Hz on the crystal growth of lysozyme
in solution. The best results, in terms of size and crystal quality, were obtained when protein crystals
were grown under the influence of electric fields in a very specific wave mode (“breathing” wave),
giving the highest resolution up to 1.34 Å in X-ray diffraction analysis compared with controls and
with those crystals grown in gel. In the second part, we evaluated the effect of a strong magnetic
field of 16.5 Tesla combined with radiofrequency pulses of 0.43 µs on the crystal growth in gels
of tetragonal hen egg white (HEW) lysozyme. The lysozyme crystals grown, both in solution
applying breathing-wave and in gel under the influence of this strong magnetic field with pulses of
radio frequencies, produced the larger-in-size crystals and the highest resolution structures. Data
processing and refinement statistics are very good in terms of the resolution, mosaicity and Wilson
B factor obtained for each crystal. Besides, electron density maps show well-defined and distinctly
separated atoms at several selected tryptophan residues for the crystal grown using the “breathing
wave pulses”.

Keywords: lysozyme; crystal growth in solution; gel-growth; electric fields; magnetic fields;
pulse-wave

1. Introduction

The new trend in protein crystallography has been focused on finding new strategies to obtain
crystals of different sizes for different bio-structural projects at very high resolution via X-ray diffraction
(powder and single-crystal), neutron diffraction, and recently using X-ray free electron lasers (XFEL)
methods. Particularly, neutron crystallography is an emerging research area in which we can follow the
details of precise mechanisms of chemical interactions and the new strategies for solving the structure
of macromolecular complexes. This is a powerful complementary technique for X-ray structural studies
that explicitly determines the location and orientation of deuterium atoms in proteins [1–5]. However,
this technique requires larger protein crystals than those used for conventional X-ray crystallography
due to the low flux of neutron beams, though longer data collection (time varying from days to weeks)
are also needed. That is why just a few 3D structures using neutron diffraction have been deposited in

Crystals 2017, 7, 179; doi:10.3390/cryst7060179 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
http://dx.doi.org/10.3390/cryst7060179
http://www.mdpi.com/journal/crystals


Crystals 2017, 7, 179 2 of 13

the Protein Data Bank (PDB). Despite these apparent disadvantages, there have been recent significant
advances, not only in the beam lines and the detectors technology, but also in the sample preparation
(perdeuteration), though the second via to obtain the 3D structure from nanocrystals is the free-electron
lasers to perform X-ray crystallography of macromolecular complexes [6–12]. Additionally, magnetic
fields [13–18], electric fields [16,19,20] or a combination of both [21] have proven to be efficient in
obtaining bigger and higher-quality protein single crystals for X-ray crystallography. The use of
alternate currents (AC), has also been explored in protein crystallization focused on the size of protein
and on the quality of the crystals, using X-ray topography [20]. There are also other novel strategies
and ad hoc devices that have been used in electric (DC & AC) [22–30] and ultrasonic fields [31] applied
to protein crystallization techniques. The pioneering contributions about the use of electric fields
applied to protein crystallization were proposed by Professor Christo Nanev and his group more
than a decade ago [31–33] followed by a research on the kinetics of the process by Professor Aubry
and his group [34,35]. In this line of research, we found additional related ideas using pulses such as
femto-lasers instead of electric fields for controlling the nucleation [36]. The use of lasers permitted
to observe the area where the laser struck produced the formation of just crystalline nuclei (this can
be explained by the formation of small fragments of protein serving as seeds for growing nucleation
centers produced by the focalized laser radiation) [37]. An alternative method would be the use of
agarose for growing high-quality crystals. These crystals would be suitable not only for high resolution
X-ray crystallography, but also for soaking ligands analogs in enzymes related to protein biosynthesis.
This gel-growth technique or the counter-diffusion in capillary tubes method can also be combined
with different devices using electromagnetic fields [18,21]. In the last decade, agarose was the most
popular gel for protein crystallization, however other gels were also used in protein crystallization and
in crystal growth of inorganic and organic compounds [38–44].

In this contribution, we evaluated the effect of four types of pulse waves when applying an AC
current of 2 Hz to the crystal growth of lysozyme in solution. The best crystals, in terms of size and
quality, were grown in solution with the pulse wave called “breathing wave”. Additionally, a strong
magnetic field of 16.5 Tesla combined with radiofrequency pulses of 0.43 µs were applied also on the
crystal growth of lysozyme in gels. The lysozyme crystals grown both in solution (with AC in breathing
wave mode) and in gel under the influence of this strong magnetic field, produced large-sized crystals
and high-resolution crystallographic structures. Data processing and refinement statistics are very
good in terms of the crystal quality, as well as the electron density maps of the best crystals.

2. Results and Discussion

The crystal growth cell (as shown in Figure 1) used in these experiments for applying electric field
(AC) in four types of wave modes was based on the batch method for proteins crystallization that we
had previously published using DC, though with some modifications [16]. In the current experiments,
we have tried to investigate the effect of alternate current (AC) in dense-disperse wave mode (usually
called pulse-wave) at 2 Hz in four different modes on the crystal growth of lysozyme in solution.

The device used for these alternating current experiments was a KWD-808 (Jiangsu, China) I
Multi-purpose health device (usually recommended for acupuncture treatment). This device allows to
apply five types of waves in alternant current (AC) at different frequencies (f): the first pulse wave
corresponds to the continues-wave, it contains repeated pulses ranging from 0.5 Hz up to 100 Hz, the
maximum output amplitude pulse is from 40 V ± 10 V. This type of continues pulse related to AC has
been used in several other publications elsewhere.
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Figure 1. The growth cell (1) and the setup used along these experiments for the electric field 
approach (2,3) up to the 3D structure by X-ray crystallography (4). The electrodes are made of 
Indium Tin Oxide (ITO) glass. The electron density maps (2Fo-Fc) of the best crystals at a contour 
level of 1σ is shown after X-ray crystallographic analysis. 

In our case, Figure 2 shows the effect of alternate current (AC) by using four types of pulse 
waves: 

Type I (scheme shown below Figure 2A), this pulse is called dense- and scattered-wave; the 
second type II (scheme shown below Figure 2B) is called intermittent-wave; the third type III 
(scheme shown below Figure 2C) is called ripple-wave, which reminds us of the waves on the 
surface of water, especially caused by an object dropping into it; the fourth type IV (scheme shown 
below Figure 2D) is called breathing pulse, which implies that the wave first rises its amplitude and 
then falls to the ground level. From our results, crystals obtained under pulse wave type I were very 
tiny, which made these crystals hard to characterize using our rotating anode X-ray generator. 
Nonetheless, the left three types of pulse waves (Figure 2B–D) produced suitable crystals for X-ray 
diffraction. When applying these four pulse waves, each of them presented a variation on the 
number and on the size of the crystals along the cell. The best crystals (in terms of size and number) 
were obtained when wave pulse type IV (called “breathing wave”) produced the smallest number of 
crystals, but larger in size (Figure 2D). 

We statistically measured the number of crystals attached to the type of electrode (cathode or 
anode) versus the pulse wave as shown in Figure 3. It was remarkable to see that the type IV of pulse 
wave (Figure 2D called “breathing wave”) produced the smallest number of crystals, though 
statistically larger in size as shown in Figure 4. The size of these crystals was very regular compared 
to the other types of waves. 

 

Figure 1. The growth cell (1) and the setup used along these experiments for the electric field approach
(2,3) up to the 3D structure by X-ray crystallography (4). The electrodes are made of Indium Tin Oxide
(ITO) glass. The electron density maps (2Fo-Fc) of the best crystals at a contour level of 1σ is shown
after X-ray crystallographic analysis.

In our case, Figure 2 shows the effect of alternate current (AC) by using four types of pulse waves:
Type I (scheme shown below Figure 2A), this pulse is called dense- and scattered-wave; the

second type II (scheme shown below Figure 2B) is called intermittent-wave; the third type III (scheme
shown below Figure 2C) is called ripple-wave, which reminds us of the waves on the surface of water,
especially caused by an object dropping into it; the fourth type IV (scheme shown below Figure 2D) is
called breathing pulse, which implies that the wave first rises its amplitude and then falls to the ground
level. From our results, crystals obtained under pulse wave type I were very tiny, which made these
crystals hard to characterize using our rotating anode X-ray generator. Nonetheless, the left three types
of pulse waves (Figure 2B–D) produced suitable crystals for X-ray diffraction. When applying these
four pulse waves, each of them presented a variation on the number and on the size of the crystals
along the cell. The best crystals (in terms of size and number) were obtained when wave pulse type IV
(called “breathing wave”) produced the smallest number of crystals, but larger in size (Figure 2D).

We statistically measured the number of crystals attached to the type of electrode (cathode or
anode) versus the pulse wave as shown in Figure 3. It was remarkable to see that the type IV of
pulse wave (Figure 2D called “breathing wave”) produced the smallest number of crystals, though
statistically larger in size as shown in Figure 4. The size of these crystals was very regular compared to
the other types of waves.
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Figure 2. Four types of pulse waves were tested (A–D) as shown underneath each picture. The last 
pulse wave, where better crystals are obtained, is called breathing pulse wave. 

 
Figure 3. The pulse (P) wave number corresponds to the type of wave-pulse (I to IV mentioned in the 
text). This shows the number of crystals attached to the anode (A) or to the cathode (C). 

 
Figure 4. The crystals size is plotted versus type of pulse (which corresponds to type I to IV in the 
text) on the surface of the electrode, where the smallest number of crystals were observed. 

In Figure 4, we see that the standard deviation (error bar) of pulse wave 4P is higher than the 
one of pulse wave 1P. This is due to the bigger size of the crystals though fewer in number, which 
pulse wave 4P produced. Therefore, in terms of the crystals number for pulses 1P and 4P, we must 
refer to Figure 3. Here we see that pulse wave 4P, called breathing wave, had fewer number of 
crystals distributed on the surface of each of the electrodes (anode and cathode), whereas pulse wave 
1P had a greater number of crystals on the electrodes. However, 1P crystals were a lot smaller and 
unevenly distributed (400 on the anode and 50 on the cathode). The statistical measurement of the 
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Figure 4. The crystals size is plotted versus type of pulse (which corresponds to type I to IV in the text)
on the surface of the electrode, where the smallest number of crystals were observed.

In Figure 4, we see that the standard deviation (error bar) of pulse wave 4P is higher than the
one of pulse wave 1P. This is due to the bigger size of the crystals though fewer in number, which
pulse wave 4P produced. Therefore, in terms of the crystals number for pulses 1P and 4P, we must
refer to Figure 3. Here we see that pulse wave 4P, called breathing wave, had fewer number of crystals
distributed on the surface of each of the electrodes (anode and cathode), whereas pulse wave 1P had a
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greater number of crystals on the electrodes. However, 1P crystals were a lot smaller and unevenly
distributed (400 on the anode and 50 on the cathode). The statistical measurement of the size of crystals
(Figure 4) showed a more homogeneous size distribution of crystals per square centimeter in pulse
wave 4P than in 1P, even though the error bar in 1P is smaller than in the rest. In this Figure 4, we see
that pulse wave 2P, 3P and 4P also have different size error bars. Again, this is due to the crystals size
variations (from 75 to 116 microns) in these pulse waves, whereas the size variation in pulse wave 1P is
only around 15 microns. There is one order of magnitude of difference for each of the comparable sizes
(1P compared to 2P, 3P and 4P). The fact that the error bar is lower for 1P than for the rest is due to the
tiny size of the crystals that 1P produced, regardless of their number. The only difference between the
crystals in 2P, 3P and 4P was the refinement statistics and the crystal quality (see Table 1).

We applied a statistical analysis by using the Student’s test. In this test, we compared the crystal
sizes of 1P with the ones obtained using pulse waves (2P, 3P and 4P). For each of these comparisons we
obtained different values of variance: 1P and 2P (variance: 3.0909 × 10−6 and 1.5832 × 10−4); 1P and
3P (variance: 3.0909 × 10−6 and 4.0621 × 10−5); 1P and 4P (variance: 3.0909 × 10−6 and 2.1781 × 10−4).
This means that the samples are independent. The p-value for all samples was less than 0.05, which
means that there is a statistically significant difference between 1P and 2P or 1P and 3P or 1P and
4P. These results were already discussed in the previous paragraph. The mean size values are also
different when comparing 1P (0.015 mm) with 2P (0.103 mm), 3P (0.075 mm) or 4P (0.116 mm). The
degrees of freedom 34 (2P), 20 (3P) and 15 (4P) are related to the number of measured crystals with a
confidence of 95%.

Recent publications have revealed that the use of related types of e-crystallization growth cells
applied to proteins by using direct current (DC) made crystals grow better oriented to the cathode
(when the protein molecule was positively charged) compared to those crystals grown on the anode
(when the protein molecule was negatively charged) showing also high crystal quality [16–20]. Along
the crystal growth process, four different regimes are usually obtained: (1) induction/equilibration;
(2) transient nucleation; (3) steady-state nucleation & crystal growth; and (4) depletion [45]. However,
from the present results we observed that AC in a pulse-wave mode produced better results when a
specific pulse wave was used (“breathing-wave”).

Nonetheless, it has been observed that a homogeneous magnetic field, when applied for a long
time, reduces the gravity forces on the solution through the action of the magnetic force. This has
a positive effect on the crystal growth [16,18]. The convection is practically nullified, generating a
situation like the one found under the conditions of microgravity. Based on this assumption, we
decided to grow lysozyme crystals in gels, under the presence of a strong magnetic field applying
pulses of radio frequency at different angles.

The experimental setup for these results using a strong magnetic field on the crystallization of
lysozyme is shown in Figure 5. For this case, we used a magnetic field of 16.5 Tesla combined with
crystal growth in gels and cycles of rectangular radiofrequency pulses of 0.43 µs followed by a delay
time of 4.3 s. This is the first time that short radio frequency pulses have been applied for growing
crystals in gels and inside the NMR spectrometer of 700 MHz (16.5 Tesla). The lysozyme crystals
were larger and of a better quality than those of the controls (see Table 1), improving even the results
obtained in our most recent publication [16]. It is important to remark that these lysozyme crystals not
only showed the typical crystal orientation along the c-axis, but they also were larger compared with
the best controls of crystals grown in solution and in gels. Compared to the results of reference [18],
where only seven Tesla were applied, the size of the crystals was comparable to the direction of the “C”
axis, but the crystals in our experiments were much more elongated.
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analysis (Table 1). However, the crystal obtained when applying the breathing pulse wave (see the 
electron density map on Figure 6B) corresponding to the Lys2HzP4 data in Table 1, presented the 
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resolution. Nonetheless, several residues exposed to the solvent, such as Lys97 and Arg125, did 
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Figure 5. Experimental setup for the crystal growth in gels under the influence of magnetic field of
16.5 Tesla applying radio frequency pulses. The numbers represent the sequence of experiments (1–4)
until obtaining the 3D structure (5). The capillary tube between (3) and (4) is 1 mm in diameter. The 3D
structure shown after (5) is the electron density maps (2Fo-Fc) of the best crystals at a contour level of
1σ. This selected area comprises tryptophan residues (Trp 28 and 108) showing the crystal quality.

We collected full datasets of the best crystals, obtained by testing electric and magnetic fields, to
get their 3D structures, so they could be compared with control crystals. Analysis of data collection
and refinement statistics clearly showed that the crystal obtained when applying the “breathing pulse
wave” improved the internal order of crystals and thus gave the better statistics in terms of resolution,
mosaicity and B factor (Wilson Plot) (Table 1) and a more precise three-dimensional structure at 1.34 Å
resolution. As shown in Table 1, crystal structures show slightly higher B factor value for those crystals
grown in gels and NMR, indicating that they exhibit higher flexibility compared to those grown using
pulses. Conversely, mosaicity values for the crystal grown using magnetic field was slightly lower
(Lys-Gel 0.45◦) than those obtained for the crystals grown using electric fields (0.81◦, 0.55◦ and 0.50◦

for Lys2HzP2, Lys2HzP3 and Lys2HzP4, respectively).
Figure 6A–D shows the electron density map of the best crystals obtained from these experiments.

The selected area was a relatively interior region that contains tryptophan residues 28 and 108 to show
the crystal quality in terms of the definition of the indole rings. The crystals grown in gel, used as
controls, also showed a good crystal quality as seen in the statistics table of the X-ray analysis (Table 1).
However, the crystal obtained when applying the breathing pulse wave (see the electron density map
on Figure 6B) corresponding to the Lys2HzP4 data in Table 1, presented the highest crystal quality
compared to all analyzed crystals. These crystals diffracted up to 1.34 Å resolution. Nonetheless,
several residues exposed to the solvent, such as Lys97 and Arg125, did show a dynamically disordered
end of the side chain and not interpretable electron density and several showed double conformations
(Arg45, Ser85, Ser86) in all the structures. This is the first time that this type of experiment shows a
practical method for obtaining high-quality crystals using different types of pulse waves in solution.
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Table 1. Data collection and refinement statistics of the best crystals obtained by using these methods
compared with controls.

Control
(Solution)

Control
(gel)

Lys-Gel
(16.5 Tesla)

Lys2HzP2
(Figure 2B)

Lys2HzP3
(Figure 2C)

Lys2HzP4
(Figure 2D)

Data collection and
processing statistics

Wavelength (Å) 1.54 1.54 1.54 1.54 1.54 1.54
Space group P43212 P43212 P43212 P43212 P43212 P43212

Unit-cell parameters (Å, ◦)
a = 77.43 a = 78.27 a = 78.27 a = 77.36 a = 78.44 a = 78.31
b = 77.43 b = 78.27 b = 78.27 b = 77.36 b = 78.44 b = 78.31
c = 37.38 c = 37.21 c = 37.21 c = 37.85 c = 37.08 c = 37.44

Reflections (unique) 10,721 19,481 22,482 18,167 22,596 25,225
Resolution limits (Å) 24.5–1.82 39.16–1.49 39.22–1.39 38.79–1.49 39.25–1.39 39.15–1.34

Completeness (%) 99.9 (100.0) 99.40 (90.0) 99.40 (86.0) 99.9 (99.9) 99.9 (99.2) 100 (99.7)
Rmerge (%) 3.1 (12) 4.1 (19) 4.3 (19) 4.4 (39) 3.5 (20) 3.4 (34)

I/σ(I) 77 (4.5) 76.8 (3.6) 79 (3.1) 68 (3.9) 70 (5.2) 72 (4.2)
Average multiplicity 13.7 (4.0) 15.1 (7.3) 15.1 (7.3) 14.6 (8.1) 3.3 (3.1) 14 (4.1)

B factor from Wilson plot (Å2) 18.7 18.2 15.1 17.2 14.6 14.1

Refinement statistics

R/Rfree 0.17/0.21 0.181/0.21 0.178/0.217 0.172/0.221 0.177/0.22 0.169/0.193
No. of protein atoms 1032 1002 1032 1197 1034 1199

No. of water molecules 129 127 163 190 176 181
No. of other atoms 3 12 6 12 19

R.m.s. deviations

Bonds lengths (Å) 0.017 0.018 0.018 0.021 0.017 0.014
Bonds angles (◦) 1.744 1.991 1.890 1.960 1.59 1.401

Average B factor (Å2) 18.70 20.00 17.43 21.28 16.60 15.70
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I/σ(I) 77 (4.5) 76.8 (3.6) 79 (3.1) 68 (3.9) 70 (5.2) 72 (4.2) 
Average multiplicity 13.7 (4.0) 15.1 (7.3) 15.1 (7.3) 14.6 (8.1) 3.3 (3.1) 14 (4.1) 

B factor from Wilson plot (Å2) 18.7 18.2 15.1 17.2 14.6 14.1 
Refinement statistics       

R/Rfree 0.17/0.21 0.181/0.21 0.178/0.217 0.172/0.221 0.177/0.22 0.169/0.193 
No. of protein atoms 1032 1002 1032 1197 1034 1199 

No. of water molecules 129 127 163 190 176 181 
No. of other atoms  3 12 6 12 19 
R.m.s. deviations       
Bonds lengths (Å) 0.017 0.018 0.018 0.021 0.017 0.014 
Bonds angles (°) 1.744 1.991 1.890 1.960 1.59 1.401 

Average B factor (Å2) 18.70 20.00 17.43 21.28 16.60 15.70 

The analyses of the crystal structure by X-ray diffraction showed the highest crystal quality for 
those crystals grown using the pulse wave called breathing pulse type (see Figure 6B and X-ray data 
on Table 1 column Lys2HzP4. Not only were the crystals bigger, they were also remarkably reduced 
in number. These crystals showed the higher resolution limits (1.34 Å), lower Wilson B factors 
values, (15.7 Å2) and low mosaicity values (0.50°). Unfortunately, there are not at the moment similar 
experiments in the literature to be compared with our results on protein crystallization, neither in 
electric fields (AC) using pulse waves nor using magnetic fields of 16.5 Tesla with radio frequencies 
pulses. There is just another crystallographic approach, in the same line, that uses a strong magnetic 

Figure 6. Comparison of electron density maps (2Fo-Fc) of the best crystals at a contour level of 1σ.
This selected area is for side chains of tryptophan residues (Trp 28 and 108) showing the crystal quality:
(A) control crystals in solution; (B) breathing pulse wave (pulse number 4, see the text); (C) crystal
growth in gel (control); and (D) crystals grown in gel and magnetic field with radio frequencies pulses.

The analyses of the crystal structure by X-ray diffraction showed the highest crystal quality
for those crystals grown using the pulse wave called breathing pulse type (see Figure 6B and X-ray
data on Table 1 column Lys2HzP4. Not only were the crystals bigger, they were also remarkably
reduced in number. These crystals showed the higher resolution limits (1.34 Å), lower Wilson B factors
values, (15.7 Å2) and low mosaicity values (0.50◦). Unfortunately, there are not at the moment similar
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experiments in the literature to be compared with our results on protein crystallization, neither in
electric fields (AC) using pulse waves nor using magnetic fields of 16.5 Tesla with radio frequencies
pulses. There is just another crystallographic approach, in the same line, that uses a strong magnetic
field of 10 Tesla applied to the crystallization of orthorhombic lysozyme with space group P212121 [46].
This orthorhombic lysozyme structure was refined to a resolution of 1.13 Å and an R factor of 17%.
The crystallographic analysis showed that few residues were shifted (Arg68, Arg73, Arg128) resulting
in significant structural fluctuations, which can have large effects on the crystallization process and
properties of lysozyme. What the authors claimed was that the strong magnetic field of 10 Tesla
contributed to the stabilization of the dihedral angles. The significant difference between our results
applied to tetragonal lysozyme with a space group P43212 and those of Saijo et al. [46] was that
they obtained a Mean B factor of 17.8 Å2 after applying 10 Tesla (19.5 Å2 for 0 Tesla), whereas we
obtained a Mean B factor of 17.43 Å2 after applying 16.5 Tesla (20 Å2 for 0 Tesla). Nonetheless, the
best Mean B factor in our work was the one obtained for the breathing pulse (4P) crystals (15.7 Å2).
The resolution in Saijo et al. [46] was improved from 1.33 to 1.13 Å (R factor of 17%), whereas in our
case, the resolution factor was improved from 1.82 to 1.39 Å (23%). The mosaicity values for crystals
grown using magnetic field of 10 Tesla was better than the lysozyme controls. In our case, we obtained
similar results, the mosaicity was better when using 16.5 Tesla (0.45◦) than those values obtained
for the control (0.81◦). From the structural point of view at 10 Tesla, Saijo et al. [46] observed the
displacement of the charged side chains of Arg68 and Arg73 in the flexible loop and of Arg128 at the
C-terminus. In our crystallographic analysis for tetragonal lysozyme grown applying 16.5 Tesla in gels
with radio frequencies pulses, these displacements were almost the same although both structures
have two different crystallographic space groups. However, in our case several residues exposed to
the solvent, such as Lys97, Arg125, Arg128 and even the benzene ring of Trp62 showed a dynamically
disordered end of the side chain and not interpretable electron density. Besides, several side chains
showed double conformations (Arg45, Ser85, Ser86) in all the structures. Overall, both the magnetic
field of 16.5 Tesla and the use of AC using the pulse wave called breathing pulse (4P), improved the
crystal quality of tetragonal lysozyme. In both cases, the diffracted intensities increased significantly
with these two approaches, leading to a higher resolution and better 3D crystallographic structures.

3. Materials and Methods

3.1. Gel Preparation

Agarose gel 1.0 % (w/v) stock solution of low melting point agarose (Tgel = 297–298 K, Hampton
Research Cod. HR8-092) can be prepared following the current procedure: Dissolve 0.1 g agarose
in 10 mL of water heated at 363 K stirring it constantly until obtaining a transparent solution. This
solution is then passed through a 0.22 µm porosity membrane filter to remove all dust particles or
insoluble fibers of agarose. The get-ready gel-solution can be stored into 1.0 mL aliquots in Eppendorf
tubes in the fridge. Prior to crystallizing proteins in the agarose, the Eppendorf tube of 1.0 mL can be
heated at 363 K by using a heating plate. This is done to melt the gel of 1.0% (w/v) concentration. The
mixture of precipitant and then agarose will allow to reach a proper temperature to be mixed with the
protein avoiding any denaturation problems.

3.2. Electric Field Setup

The growth cell as that shown in Figure 1 was based on that previously published [22] with some
modifications for the application of AC currents. It consisted of two polished float conductive indium
tin oxide electrodes (usually called ITO) made in glass of dimensions 2.5 × 1.5 cm2, with a resistance
ranging from 4 to 8 Ohms (Delta Technologies, Loveland, CO, USA). The two electrodes (ITO glasses)
are placed parallel to each other. The cell is prepared using a rectangular frame as shown in Figure 1
made of elastic black rubber material sealed with vacuum grease to avoid leakage. The closing of the
growth cell can be done with a gun for silicone bar melting. The conductive parts of the electrodes
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surfaces were placed inwards, facing each other. Each of the ITO electrodes is displaced 0.5 cm from
one another. This was done to provide the appropriate connection area with the electric alligators to
the electrodes (anode/cathode), when an AC current was applied in wave pulse mode. Each cell had a
volume capacity of approximately 100 µL by using the batch method.

The batch crystallization conditions for the studied protein must be known before applying the
AC current experiments. After closing the growth cell with a cover of melted silicone (Figure 1), the
system is connected to the AC apparatus that supplies an alternant current in a pulse-wave mode
for testing the four types of waves (at 2 Hz each). The applied AC during the nucleation had to be
turned off after 48 h to fix the nuclei on the surface of the ITO electrodes. From here on, the AC
growth cell had to be kept at a constant temperature for the rest of the experiment, in order to reach
the equilibrium in a maximum time of three days. The device used for these alternating current
experiments was a KWD-808 I Multi-purpose health device (usually recommended for acupuncture
treatment). One of the purposes of using AC currents for the crystallization of proteins in solution
was to demonstrate the efficiency of the procedure in obtaining high-quality protein crystals using all
types of precipitants (salts, organic solvents, polyethylene glycols, etc.) and the second is to make it
reproducible anywhere. There are two possibilities for growing high-quality protein crystals, one is
the mentioned AC current in the breathing-wave pulse mode, and the other is the growing of crystals
in agarose inside the strong magnetic field applying radio frequency pulses. However, this second
method has a limitation when using polyethylene glycols (PEGs) and agarose together (we must
remember that a considerable number of proteins crystallize in PEGs); however, polyethylene glycols
will not allow the polymerization of agarose properly.

3.3. Magnetic Field Setup

The setup and the sequence of the experimental steps (from obtaining crystals up to the 3D
structure) applying the magnetic field are shown in Figure 6. This setup was based on our previous
publication with some modifications [16]. In this case, we have additionally introduced a gel-growth
with radio frequency pulses at different angles. For these experiments, the batch crystallization
conditions are needed in advance. Once sealed, the capillary pipettes were introduced into an NMR
glass tube (5 mm in diameter) and left for at least 68 h under the presence of a magnetic field of 16.5
Tesla (Brucker NMR Advance III HD 700 MHz spectrometer equipped with a 5 mm broadband probe
head and a variable temperature unit (VTU). The standard pulse sequence for proton NMR acquisition
was used to apply pulses of radio frequencies (56,320 cycles) that systematically vary by 90◦ the phase
of pulses (0, 270◦, 270◦, 0◦, 90◦, 180◦, 180◦, 90◦). Each cycle was a rectangular radiofrequency with a
gated pulse width of 0.43 µs followed by a delay time of 4.3 s. All experiments were performed at the
temperature of 293 K controlled by a unit of the VTU of the NMR spectrometer. After finishing the
experiment, the NMR tube was recovered from the magnet, and the capillary pipettes were carefully
extracted from the NMR tube. All crystals were immediately mounted and flash-cooled for X-ray
data collection.

3.4. X-ray Data Diffraction and Data Processing

Once the protein crystals were harvested from the solution or from the gel, they were
cryo-protected for X-ray data collection. For lysozyme, a mixture of 30% (v/v) glycerol or PEG-1000
with mother liquor of NaCl (precipitating agent) can be used as cryo-protectant. The control crystals
grown from the solution reached dimensions of 0.25 × 0.25 × 0.25 mm after three days, while crystals
grown in gel reached 0.35 × 0.35 × 0.35 mm in about the same time. X-ray diffraction datasets were
collected using the in-house Rigaku/MSC Micromax-007 HF diffractometer, with a rotating anode
generator and a DECTRIS-PILATUS 3R/200K-A detector, under cryogenic conditions at 100 K. The
crystal-to-detector distance was 40 mm, and 2θ was set to get maximum resolution. Data collection
strategies included high redundancy data and each sample was rotated about its omega axis in 0.25◦

increments. The HKL3000 suite [47] was used to process, merge and scale all datasets.
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Initial phases for all the tetragonal (P43212) lysozyme crystals were determined by the molecular
replacement method with the program MOLREP [48] (in HKL-3000), using the atomic coordinates of
hen egg-white lysozyme determined at a resolution of 1.45 Å (PDB 5T3F), after ligands, alternative
conformations, hetero atoms and water molecules were removed. The initial molecular replacement
was done at 3.0 Å and rigid-body refinement was performed at the 1.7 Å [49]. Map inspection
and model building were done with Coot [50] and the resulting models were refined with Refmac
(CCP4) [49] against the full dataset up to the maximum resolution for each crystal. The asymmetric
unit of the tetragonal space group P43212 was composed of one chain. The stereochemistry of the
structures was checked with PROCHECK [51] and the Ramachandran plot. The processing, scaling
and final structures statistics are given in Table 1. Figure 6A–D were produced using the program
PyMOL [52].

4. Conclusions

Though crystals grown in gels are usually of a very high quality, unfortunately the agarose cannot
be polymerized in the presence of polyethylenglycols (PEGs), which is a major issue as PEGs are a
popular precipitating agent for obtaining high-quality crystals. An alternative possibility is the use
of magnetic fields with pulses inside to induce the nucleation. Although these types of experiments
could give us very good results, they are very expensive to perform. The experiment using AC in
solution in a pulse-wave mode is a practical way for obtaining high-quality protein crystals in solution
using a variety of precipitating agents without any limitations. Our next research will be focused on
the application of this procedure to different types of proteins with different space groups at different
crystallization conditions.

Based on these results, we can finally conclude, that the fourth type of pulse wave called
“breathing wave”, was the most promising one for producing high-quality single crystals in solution (as
shown in the X-ray crystallographic analysis). However, further experiments applying this procedure
to a variety of proteins from soluble to membrane proteins, need to be performed.
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