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Abstract: In this article, we use novel and non-conventional devices, based on polyolefins that
help to increase the thermal protection of protein crystals in their crystallization conditions for
crystallographic applications. The present contribution deals with the application of some ad hoc
devices designed for transporting protein crystals to the synchrotron facilities. These new devices help
transporting proteins without cryo-cooling them, therefore replacing the conventional dry Dewars.
We crystallized four model proteins, using the classic sitting-drop vapor diffusion crystallization
setups. The model proteins lysozyme, glucose isomerase, xylanase, and ferritin were used to obtain
suitable crystals for high-resolution X-ray crystallographic research. Additionally, we evaluated the
crystallization of apo-transferrin, which is involved in neurodegenerative diseases. As apo-transferrin
is extremely sensitive to the changes in the crystallization temperature, we used it as a thermal
sensor to prove the efficiency of these thermal protection devices when transporting proteins to the
synchrotron facilities.

Keywords: lysozyme; glucose isomerase; xylanase; ferritin; insulin; apo-transferrin; crystal growth
in solution; gel-growth; conventional and non-conventional methods of protein crystallization

1. Introduction

Currently, X-ray biocrystallography is one of the most powerful tools for obtaining the
three-dimensional (3D) structure of some rather special target molecules. However, well-diffracting
crystals are mandatory in order to obtain the 3D structure, so they can be applied in life sciences
and biomedical research [1,2]. These X-ray diffraction techniques are not the only way to obtain
the 3D structure of biological macromolecules [3-11]. In spite of all the different methods available
for obtaining the 3D structures, we have yet a lot to learn from the investigations based on the
crystallogenesis research of proteins [12,13]. The chemical properties of protein solutions such as the
chemical potential (driving force in protein crystallization), ionic strength (concentrations of reactants),
pH values to play with the isoelectric point of proteins [14] as well as their physical parameters like
pressure and temperature are still poorly explored [14-16].
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At present, we have not many investigations that deal with the role of temperature for protein
crystallization [17-21], though we still find a few. Budayova-Spano et al., have developed new
strategies and devices to grow big crystals for neutron diffraction [22], and for protein crystallization
using buttons of dialysis [23,24]. Vessler et al., have even considered the temperature as a practical
physicochemical parameter to play around the solubility diagram for growing, dissolving, and
controlling the size and shape of some protein crystals [25,26]. We also find some screenings for
cycling temperature strategies to improve the crystallization efficiency [27], as well as approaches
based not only on controlling the temperature in small droplets (like the TG40 device developed by
Juarez-Martinez et al.) [28], but also controlling the humidity when collecting X-ray data in situ [29].
However, the use of temperature to search for different polymorphs in protein crystallization research
has rarely been explored [18,30,31].

On the other hand, we have apo-transferrins, which are challenging proteins biomolecules for
crystallization and for obtaining high-resolution three-dimensional crystallographic structures, as they
are very sensitive to temperature. Apo-transferrins also play an important role in neurodegenerative
diseases and a in the transport of iron to the brain [32-35].

In this contribution, we evaluated the thermal protection of proteins by using novel
polyolefin-made devices to transport model protein crystals and apo-transferrin crystals to the
synchrotron facilities at room temperature. The crystal structure and the electron density maps
of the best crystals showed well-defined, and distinctly separated atoms at the selected aromatic
residues, as indicators of the highest X-ray protein crystal-quality. We used human transferrins, not
only for their implication in neurodegenerative disorders, but also for their role as thermal sensors.
Transferrins are extremely sensitive to the changes in the crystallization temperature. This contribution
deals with the importance of temperature control to avoid damaging protein crystals when being
transported to synchrotron facilities. These thermal protection devices are promising containers for
transporting, and protecting biological macromolecules for X-ray data collection at the synchrotron
facilities, substituting the conventional dry Dewars.

2. Materials and Methods

2.1. Protein Crystallization Conditions and Cryo-Protection

The first model protein used for these experiments was lysozyme (Seikagaku Co., Minato-ku,
Tokyo.); the second was glucose isomerase (Hampton Research Corporation, Aliso Viejo, CA, USA);
the third model protein was xylanase (Hampton Research Corporation Ca. No. HR7-104); and the
final fourth was ferritin from horse spleen (Sigma, St. Louis, MS, USA). All these proteins were
crystallized using the classical sitting drop vapor-diffusion set up, fixed at 18 °C. The droplets of
2 uL were gently mixed 1:1 protein and precipitating agent, the well of Qiagen plates was filled with
500 uL whereas the plates of 96 wells and the disposables plastic inserts of the TG40 were filled with
40 pL. For lysozyme a solution of 120 mg/mL was prepared in 100 mM sodium acetate buffer pH 4.5.
The precipitating agent, 60 mg/mL NaCl, was prepared using the same buffer solution. For glucose
isomerase the crystallization conditions consisted of a typical protein concentration of 30 mg/mL and,
as precipitating agent, we used 200 mM ammonium acetate buffer pH 7.0, 30% (w/v) PEG 6000. In the
case of xylanase, it had to be prepared prior to crystallization by diluting the stock solution (36 mg/mL)
with sterile filtered deionized water. The precipitating agent was a mixture of ammonium sulfate 1.2 M
and sodium iodide 1 M. The droplets were prepared 1:1 protein and precipitating agent. We would
like to remark that in ammonium sulfate the solubility of xylanase crystals increases exponentially as
temperature rises [36]. Finally, the last model protein ferritin (75 mg/mL) was crystallized by mixing
1:1 protein and precipitating agent (0.8 M ammonium sulfate prepared in 100 mM Tris-HCl pH 7.5 and
60 mM cadmium sulfate). In the case of lysozyme, we used as a cryoprotectant 30% (v/v) PEG-1000
mixed with mother liquor of NaCl (precipitating agent), however, for this particular protein, lower
concentrations of its cryo-protectant (in this case NaCl/PEG-1000 and mother liquor) proved not to
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be efficient since the crystals were dissolved and damaged. Consequently, ice rings were observed in
lower concentrations of this cryo-protectant. In the case of glucose isomerase, the best cryo-protectant
was its own precipitating agent. For the rest of the proteins the cryo-solution was prepared by mixing
the precipitating agent with 30% (v/v) glycerol.

Particularly, apo-transferrin was purchased with a purity of 98%. Lyophilized human serum
apo-transferrin (Sigma-Aldrich, St. Louis, MO, USA) reconstituted in 50 mM Tris-HCI pH 8.0, and
20 mM Na,CO;3, at a protein concentration of 5 mg/mL. The protein was applied to a 5 mL anion
exchange HiTrap Q HP column (GE Healthcare Life Sciences, Chicago, IL, USA), attached to a fast
protein liquid chromatography (FPLC) system (Pharmacia, Pfizer, NJ, USA), and equilibrated with
50 mM Tris-HCl pH 8.0, and 20 mM NayCOj3. The protein was eluted using a linear gradient from
0 to 150 mM NacCl over 4 column volumes. Peak fractions of the protein were pooled and dialyzed
overnight into 20 mM Tris-HCI pH 8.0, 20 mM NayCO3 and 200 mM NaCl. In order to crystallize the
apo-transferrin, the protein was centrifuged at a controlled temperature in a DuPont centrifuge using
an Amicon Ultra-15 Ultracel-5k tube (Millipore, Burlington, MA, USA) to a protein concentration of
30 mg/mL. Crystals were obtained by sitting-drop vapor diffusion technique with a well solution of
PEG/Ion Screen #48 (Hampton Research, Aliso Viejo, CA, USA) consisting of 0.2 M ammonium citrate,
and 20% (w/v) PEG 3350, adjusted to a pH 7. In order to find the best temperature for the crystallization
of apo-transferrin, we fixed 8 crystallization experiments at 5 different temperatures, ranging from
12 to 20 °C (increasing in 2 °C increments)—using a TG40 apparatus (Centeo BioSciences-Blacktrace,
Royston, UK). Different temperatures were carefully tested, being the 18 °C the one yielding the
best crystals. The apo-transferrin crystals were cryoprotected with 50% (w/v) trehalose solution
(Sigma Aldrich; St. Louis, MO, USA) mixed 1:1 with the precipitating agent.

2.2. Crystal Growth Devices

As most proteins are sensitive to changes in temperature, there is basically a specific range
of very few degrees where protein crystals can keep stable and suitable for crystallization. Phase
diagrams are generally very useful to improve the crystallization conditions. However, these diagrams
are not always available for the majority of proteins [13-16]. This is why one of the main issues
when transporting proteins to synchrotron facilities is temperature (temperature is crucial in the
crystallization process). In order to keep a stable low temperature, proteins must be cryo-protected,
frozen and transported in dry Dewars following the International Air Transport Association (IATA)
procedures for carrying biological crystals. However, on the unfortunate occasions in which we had
been revised by some poorly trained custom officers, the Dewars had been opened, and the crystal
damaged due to thermal shock. The problem is obvious. In order to prevent future damage of crystals
in airport revisions, we worked at designing new devices that will help us to carefully transport them
to the synchrotron facilities. These are novel devices made of a patented polymer (polyolefin: US
patent US 7,971,744 with a density of 32.04 kg/cm?), that can resist ranges of temperatures, from
—160 °C up to 50 °C, without altering the quality of the protein crystals transported inside. Figures 1-3
show the dimensions of these new devices, which consisted of a rectangular piece of this porous
polyolefin with some perforations inside adapted to the conventional and commercially available
crystallization plates. The protein crystals, once inside the polymeric devices, are then suitable to
be transported even in a regular suitcase without problem. We have already tested these devices by
crystallizing some model proteins and transporting them to the synchrotron in terms of checking their
efficiency as thermal protectors. The beamline XRD1 of ELETTRA synchrotron located in Trieste Italy,
was the facility where the X-ray data collection was performed [37]. Figure 1 shows the first thermal
protection device applicable to the 96 well-plates, which are commercially available.
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Figure 1. This device can support all types of the conventional plates for vapor diffusion set up in
hanging and sitting-drops techniques: (a) An overview of the device and dimensions; (b) crystallization
plate (96 wells) and (c) insertion of the crystallization plate.

The second thermal protection device was designed for the crystallization assays, when using a
TG40 temperature controller from Centeo Biosciences (Blacktrace Holdings, UK) (Figure 2). The classic
vapor diffusion method in a sitting-drop set up is fixed using 40 uL of the mother liquid and drops
of 1 uL of protein plus the same amount of precipitating agent. It is important to remark that these
plastic disposables inserts are usually closed with adhesive (tape) to prevent evaporation. Basically,
the TG40 temperature controller uses plastic disposable inserts that can be introduced in the empty six
lanes made on the device (Figure 2). The TG40 allows to fix eight experiments of protein crystallization
at five different temperatures at the same time. Once the crystallization experiment is finished the
plastic disposables inserts are taken and located into the thermal protection device for transportation.
We must emphasize that this device (Figure 2) must be (a) perfectly closed, and (b) transported
in vertical position to the synchrotron facility, to avoid leaking of the precipitating agent into the
crystallization droplet. The thermal protection devices kept the temperature of the internal part of the
crystallization experiment stable during the whole trip. It is important to have stable crystals to obtain
a proper X-ray diffraction as shown later on in the results part.
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Figure 2. This shows the dimensions and experimental details of the (a) top and front view of the
plastic disposable inserts used in the TG40 apparatus and (b) the general overview and dimensions of

the thermal protection device.

The third type of thermal protection device is related to the use of Qiagen plates (formerly
called Nextal plates), where the cover slip has a screw system to close the wells properly (Figure 3).
A preliminary prototype of these devices for growing crystals in capillary tubes under the presence of
strong magnetic fields based on the same polyolefin was evaluated in our previous publication [30].

Protein drop -------
+ precipitant (1:1)

Top view

Figure 3. This shows the design of the thermal protection device, when using the Qiagen plates
for protein crystallization. On the top left hand-side the cover slip with screw system contains the
protein drop mixed with precipitating agent. On the right hand-side the thermal protection device

with its dimensions.
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All protein crystals were prepared in the best crystallization conditions previously established
in the laboratory to get high resolution crystals, except for the case of apo-transferrin, which the
maximum resolution reported has been done up to 2.9 A [32]. Then these crystals were tested at
home diffractometer in order to check the maximum diffraction. Afterwards, a set of fresh crystals
was prepared following the same procedure, and the samples were transported and diffracted at the
synchrotron facility.

2.3. X-ray Data Diffraction and Data Processing

Once the protein crystals were harvested from the solution, they were cryo-protected for X-ray
data collection. X-ray diffraction data sets were collected using the X-ray facilities of the synchrotron,
with hybrid pixel PILATUS (Dectris, Baden-Daettwil, Switzerland) detector, under cryogenic conditions
at 100 K. The crystal-to-detector distance was set to get maximum resolution. Data collection strategies
included high redundancy data and each sample was rotated using 0.25° increments. The HKL3000
suite [38], and XDS [39] were used to process, merge, and scale all datasets.

Initial phases for all crystals were determined by molecular replacement with the program Phaser
implemented in Phenix platform [40] using the atomic coordinates taken from previously determined
data sets in the protein data bank (PDB) (153L, 1IMNZ, 3AKP, 4DES, for lysozyme, glucose isomerase,
xylanase and ferritin respectively), after ligands, alternative conformations, heteroatoms and water
molecules were refined up to the available resolution. Map inspection, model building, and manual
refinement were done with Coot [41] and further rounds of refinement were done with Phenix [42].
Figures were produced using the program PyMol [43].

3. Results and Discussion

We collected the X-ray diffraction of these protein crystals (blanks) at inhouse X-ray facility
(Table 1) in order to be compared with those crystals diffracted at very high resolution at the
synchrotron facility. The crystals diffracted at good resolution at the inhouse facility, as seen in
the statistics shown in Table 1. It is a pre-requisite to test in advance all crystals when traveling to
the synchrotron facilities. We do this is to guarantee that those are protein crystals, and also to get
some ideas about the resolution and the pre-characterization of the samples. Table 2 shows the data
collection and refinement statistics of all model proteins diffracted at the synchrotron facility. As the
table shows, these protein crystals were both perfectly thermo-protected and arrived at the synchrotron
facilities without degradation.

Table 1. Data collection at an in-house X-ray diffraction facility and statistics of proteins (blanks) of
lysozyme, glucose isomerase, xylanase and ferritin.

Data Collection Facility Inhouse X-ray Inhouse X-ray Inhouse X-ray Inhouse X-ray
Diffraction Facility Diffraction Facility Diffraction Facility Diffraction Facility
Protein Lysozyme Glucose Isomerase Xylanase Ferritin
Wavelength (A) 1.54 1.54 1.54 1.54
Space group P432,2 1222 P21212¢ F432
Unit cell dimensions 78.14,78.14, 37.39 93.05, 98.28, 102.13 48.91, 58.39, 69.82 182.42,182.42,182.42
[a,b, ¢ (A)] 90,90,90 90,90,90 90, 90, 90 90,90,90
Resolution (A) 39.20-1.45 35.41-1.70 40.06-1.00 50.00-2.00
No. of unique reflections 18,837 267,071 111,185 18,108
Completeness (%) 99.82 (100) 99.8 (98.7) 99.70 (95.1) 99.7 (100)
Redundancy 12.6(13.3) 5.2(4.8) 5.7(29) 11.4 (15.2)
Rinerge (%) 0.038 (0.71) 0.08 (0.37) 0.064 (0.871) 0.075 (0.57)

Mean {I/o(D) 35.33(4.3) 11.1(3.) 33.4 (1.6) 12.03.1)
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Table 2. Data collection and refinement statistics for lysozyme, glucose isomerase, xylanase and ferritin.

Data Collection

XRD1 (Elettra)

XRD1 (Elettra)

XRD1 (Elettra)

XRD1 (Elettra)

Beamline
Protein Lysozyme Glucose Isomerase Xylanase Ferritin
Wavelength (A) 0.9794 0.9794 0.9794 0.9794
Space group P 43242 1222 P 212124 F 432
Unit cell parameters (A) a=17845,b=7845, a=93.03, b =98.56, a=4898,b=>58.62, a=181.84,b=181.84,
c=3721 c=10247 c=69.90 c=181.84
Resolution range (A) ~ 39.22-0.91 (0.94-0.91) (‘1‘_01'2?1'18% (%gzj :88) 40.66-1.75 (1.81-1.75)
No. of reflections 835,727 (10,161) 1,168,535 (105,218) 667,833 (57,308) 984,926 (100,812)
No. of unique reflections 75,009 (3210) 185,699 (17,833) 108,893 (10,737) 26,552 (2469)
Multiplicity 11.1 (2.9) 6.3 (5.8) 6.1(5.3) 37.1(38.7)
Completeness (%) 99.59 (39.90) 98.36 (95.58) 99.73 (99.60) 98.85 (93.97)
Mean 1/ (I) 21.72 (0.20) 9.64 (0.70) 28.84 (4.58) 32.21 (1.86)
Rmerge1 0.0414 (4.594) 0.0759 (2.433) 0.0370 (0.3304) 0.1127 (2.305)
Rineas 0.0433 (5.403) 0.0827 (2.668) 0.0403 (0.3679) 0.1144 (2.336)
CCy,58 100 (88) 99 (68) 99 (95) 88 (90)
Mosaicity (°) 1.3 1.2 0.6 2.2
Wilson B-factor (A2) 12.68 14.3 8.79 32.04
Refinement
0.1582 0.2547 0.1394 0.2309
Ruork/ Rfree (0.4441)/0.1876 (0.5306)/0.2582 (0.1509)/0.1684 (0.6569)/0.2541
(0.5569) (0.5569) (0.1859) (0.6351)
Working reflections 74,646 (3210) 185,400 (17,825) 108,816 (10,736) 26,252 (2446)
Testing reflections 3718 (170) 9110 (856) 5462 (551) 1293 (112)
Non-H atoms 1276 3072 2042 1557
Protein 129 390 190 171
Ligands 2 10 12 3
Water molecules 262 28 523 178
Mean B factors (A2)
Protein 16.39 17.69 10.14 31.15
Ligands 14.11 17.70 16.48 67.71
Water molecules 37.85 28 35.36 41.98
rmsd bond lengths A) 0.009 0.008 0.006 0.007
rmsd angles (°) 1.4 1.33 1.36 1.05
Ramachandran plot
statistics
Favored 98.43% 97.14% 98.4% 97.63%
Outliers 0% 0.26% 0% 0.59%
Allowed 1.57% 2.60% 1.6% 1.78%

Rmerge =

Statistics for the highest resolution shell are shown in parentheses.

Sk Silli(hkl) — {I1(hkI)}|

SniaSili (hkl)

(N — 1) x| L (kD) — {I(hkD)}|

Rieas = Z

hkl

Yonkr X L (hkl)

D

)

where I;(hkl) is the intensity measured for the ith reflection and (I;(hkl)) is the average intensity of all

reflections with indices hkl.

is the correlation coefficient between two random half datasets.

CCi2

®)

The following set of pictures (Figure 4) shows the best crystallization results of the model proteins
transported in the aforementioned thermal protection devices (as shown in the data collection and
refinement statistics of Table 2). The high-resolution electron-density map shown for the aromatic
residues proves that the crystals diffracted the X-rays at very high resolution. Additionally, it can be
seen that all protein crystals arrived at the synchrotron facilities without crystal structure damage.
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200 ym

200 pm

200um

Figure 4. This shows the crystal shape and crystal structure as well as the high-resolution electron
density map (2Fy-F.) for (a) lysozyme, (b) glucose isomerase, (c) xylanase and (d) ferritin respectively.
Contour level was 2.5-2.3 o due to the high resolution reached.

We have also evaluated the crystallization of apo-transferrin, a protein involved in
neurodegenerative diseases who is extremely sensitive to even the slightest change in temperature
when crystallizing. This protein was used as thermal sensor to prove the efficiency of these devices.
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Initially, the influence of temperature was investigated in our laboratory fixing crystallization
experiments at different temperatures ranging from 12 to 22 °C. This was performed in a TG40
apparatus apparatus (Centeo BioSciences-Blacktrace, Royston, UK). Figure 5 shows pictures where the
best temperature for the crystallization conditions was determined at 18 °C (Figure 5a). Any small
change around this temperature provoked crystals dissolution and damage in the crystal structure
(see Figure 5b). Additionally, a study about the influence of pH on protein crystallization was also
performed (results not shown). This study showed that the apo-transferrin crystallizes at very specific
pH value of 7.0. Crystals obtained at 18 °C were bigger than those obtained at 19 °C. A slight changes in
temperature shifted to dissolution of protein crystals modifying the overall shape and homogeneity of
apo-transferrin crystals. Figure 5c,d show crystal conservation over time experiment: We got beamtime
assigned at the synchrotron facilities at the beginning of the spring. The mounting robot failed
during the data collection at the synchrotron facility and the data collection was stopped. Then, those
apo-transferrin crystals returned to Mexico for the next round at the synchrotron planned two months
and a half later (in the summer) to be diffracted at the same facility. These crystals were preserved inside
the thermal protection devices during two and half months-time prior to diffraction in the synchrotron.
These crystals traveled again inside the thermal protection devices and diffracted the X-ray without
any damage in the crystal structure. Figure 6 shows the X-ray crystal structure of apo-transferrin
obtained at the best crystallization conditions as those shown in Figure 5a. The PDB code 2HAV was
used for apo-transferrin to solve the 3D X-ray crystal structure for the molecular replacement.

Figure 5. (a) Optimal temperature and crystallization conditions for apo-transferrin at 18 °C, (b) crystals

grown at 19 °C were slightly dissolved. Crystal conservation over time: (c) Crystals grown during three
days after crystallization; and (d) crystal observed after transportation (trip) to the synchrotron facility
2.5 months later. The crystals were preserved inside these devices and worked as thermal sensors.
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Figure 6. It shows the crystal structure of apo-transferrin; crystals diffracted up to 2.9 A at the best
temperature, keeping the optimal pH and appropriate cryo-protection conditions as described in the
experimental part.

Table 3 shows the statistics of these apo-transferrin crystals when comparing two types of crystals,
the first crystals were grown and diffracted at inhouse X-ray facility. Then, a second set of crystals
grown at the same crystallization conditions, and were transported to the synchrotron facility. Again,
we see that the crystal quality was preserved inside the thermal protection device compared to that
crystal grown and diffracted at inhouse facilities. The quality of the crystal obtained at the synchrotron
facility was better as it is usually the case of most of crystals tested in these facilities. However, we
are not trying to compare the crystal quality here, but to emphasize that all crystals were properly
transported and that they (due to the characteristics of the synchrotron facilities) diffracted at least at
the same resolution, or even higher, than those taken to inhouse facilities.

Table 3. Apo-transferrin: Data collection and X-ray statistics.

Inhouse X-ray Diffraction Facility Synchrotron Facility
Wavelength (A) 1.5418 0.9184
Resolution range A) 41.57-3.51 (3.63-3.51) 29.60-2.91 (2.99-2.91)
Space group P21212; P21212;
Unit cell (A) a=284.99,b=10141, c = 200.327 a=285.40,b=101.60, ¢ = 199.60
Total reflections 221,910 253,338 (13,314)
Unique reflections 22,370 37,976 (2411)
Multiplicity 9.9 6.7 (5.5)
Completeness (%) 99.9 98.8 (86.6)
Mean I/sigma(I) 1.9 12.20 (1.30)
R-merge 0.163 0.100 (0.728)
CCypp 69.6 99.8 (81.3)

We definitely encourage the use of these thermal devices when traveling or transporting protein
crystals which are extremely sensitive to changes in temperature, by taking them directly to the
synchrotron facility—where the crystals are stabilized for a few hours before opening these devices at
the temperature of crystallization conditions for cryo-protecting or mounting them. This procedure
will allow the same crystals resolution as those obtained in the crystallization room at inhouse X-ray
facilities. The 3D X-ray crystal structure of apo-transferrin has been already reported, however the full
structure of the four domains has never been crystallized completely. In this investigation we have
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proven that the transportation of crystals (whereas by conventional dry Dewar or any other system)
play a major role in the obtaining of quality crystals when low temperature is involved. In the majority
of laboratories, most crystals usually are grown at 4 °C or 18 °C, this is why their transportation
temperature has to be kept the same in order to guaranty the proper crystallization conditions.
Our devices have proven their efficiency in keeping the crystals temperature in transportation,
guarantying, therefore, their thermo-stability and their quality in the data-collection process. Based on
these results, a temperature insulator like the one shown in here, opens up the possibility of a proper
thermo-protection of the crystal structures when traveling, bettering, therefore, the quality of the
obtained crystals. As far as we know this is the first time that such an approach has been dealt with
from an investigations point of view and hope that they will enhance our future investigation results.

4. Conclusions

Based on these results, we can finally conclude that these three types of thermal protection devices
are the most promising transportation items to the synchrotron facilities in order to preserve high
protein crystal quality (as shown in the X-ray crystallographic analysis). However further experiments
applying these devices to a variety of proteins extremely sensitive to changes in temperature need to
be performed.
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