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Abstract

The effect of microgravity on crystallization experiments has been a topic of interest over

the past fifty years. The first microgravity crystallization experiments have been dated back to

the early 1970s, and since then hundreds of crystals have been grown in microgravity.

Crystallization experiments have been conducted on multiple flights and a variety of spacecraft,

using an assortment of techniques, and funded by several different countries. Scientists have

been and continue to examine how macromolecular crystals grow in microgravity and how the

structures determined from crystals grown in microgravity compare to the structures determined

from Earth grown crystals. Parameters such as size, uniformity, mosaicity and resolution limit

can give the scientists insight into whether or not there are marked improvements in crystals. The

ability to grow high quality crystals can lead to many developments in the electronics, healthcare

and pharmaceuticals, and metal industries along with a variety of areas of research. This study is

an analysis of publicly available data on organic macromolecular crystals grown by diffusion

techniques over a thirty-one year period of time (1988-2019). The hypothesis is that

experimental techniques and experience in microgravity crystallization have provided improved

crystal growth throughout the analysis time period.

Keywords: microgravity, crystallization experiments, macromolecular organic crystals, diffusion

techniques

3



Introduction

Protein Crystallization

Protein crystallization can be a very difficult process and ultimately does not always

result in high-ordered protein crystals. Sometimes the proteins cannot be crystallized or the

crystals produced are not of sufficient quality for X-ray crystallography.1 High-ordered protein

crystals are extremely crucial for X-ray crystallography. X-ray crystallography is used to give

information about a protein’s atomic and molecular structure. High-ordered protein crystals can

give clearer images of a protein and more detailed information. Obtaining a protein’s

three-dimensional structure allows scientists to understand how proteins function and interact.2

Ultimately, characterizing a protein can lead to many advancements, specifically in the

technological, manufacturing, pharmaceutical and healthcare industries.

Protein crystallization has been used since the 19th century for purification of proteins.

Crystallization of proteins is the process of mixing protein samples and crystallization reagents.

This process reduces the solubility of the solution of proteins. Specifically, a precipitant in the

crystallization reagent is what reduces the solubility of the protein by interfering with the

proteins ability to interact with the solvent or water. Examples of precipitants that are typically

used include salts, polymers, organic solvents and alcohols. The precipitant often causes the

protein to precipitate. Crystallization is a form of precipitation, but in the case where

precipitation is slow and ordered, it can form crystals of high-ordered phases and well-aligned

molecules. Well-aligned molecules along with identical growth units and directional forces help

to produce high-quality crystals. There are three main causes that interfere with high-quality

protein crystallization: uniformity, conditions, and preservation. First, uniformity takes into

account purity and ‘structural’ uniformity of the protein of interest. If the protein is too dynamic
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and exists in many conformations, then there will be no crystal formation. A non-uniform protein

sample that is used for protein crystallization will cause homologous impurities. Impurities are

anything that are not ideal, which affect the growth, structure, and size of crystals. One or more

of these will greatly reduce the growth rate of crystals, which is why a uniform protein sample is

desired. The second factor correlates to crystallization conditions. Finding ideal crystallization

conditions creates optimal forces which allows for better alignment between protein molecules.3

The crystallization conditions are going to differentiate depending upon the type of diffusion

technique being used and the protein being studied. Factors that are important to consider when

developing the conditions are pH, precipitant concentration, ionic strength, temperature, sample

(protein) concentration, etc.4 The final factor of producing high-quality crystals is to correctly

preserve these crystals. If not preserved well, deterioration of crystals can occur.3 Deterioration

of crystals can be for instance fractures, cracking, pitting, or erosion of the edges. Overall

optimizing sample preparation, crystallization reagents and methods, and correct preservation

will result in high-ordered protein crystals.

While protein crystallization techniques have improved and grown rapidly to identify

many crystal structures efficiently and effectively, there are still hundreds of protein structures

that need to be characterized, such as proteins and genes involved with life-threatening illnesses

like cancer.2 This is specifically why scientists started investigating the use of a microgravity

environment for protein crystallization. Microgravity conditions are distinct from the conditions

on Earth and can have a large, positive impact on crystal formation and results. In a microgravity

environment, there is an absence of buoyancy and sedimentation, convection, and hydrostatic

pressure. The lack of buoyancy and sedimentation in microgravity allows substances of different

relative densities to disperse evenly.5 Buoyancy refers to the natural tendency of objects to float
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in a liquid due to the upward exerted force, known as buoyant force. An example of buoyancy

and sedimentation in microgravity is that water and oil would disperse evenly.5 Sedimentation is

the process of heavier particles settling at the bottom of a liquid mixture, instead of mixing

together. An example of sedimentation on Earth would be sand settling at the bottom of a water

and sand mixture, instead of how salt and water would mix. The absence of convection is also

due to different relative densities, since convection is the heat transfer. Convection is the transfer

of heat by the movement of a liquid or gas where the hotter or less dense materials rise and the

cooler, denser materials sink to the bottom. Due to the absence of gravity in a microgravity

environment, the relative densities of liquids and gasses are lighter which inhibits convection and

can result in better manufacturing of crystals. An example of convection on Earth would be

boiling a pot of water. Finally, since there is little to no hydrostatic pressure in microgravity,

hydrostatic pressure does not increase as material gets deeper in liquid. Microgravity also has a

containerless float characteristic, meaning that liquids can float in the air without a container

unlike on Earth.5 All of these conditions make microgravity favorable for crystallization

experiments and can help produce materials and crystals of higher quality.

Microgravity crystallization experiments began in 1973 with Apollo and Skylab.

Microgravity experiments have continued with additional spacecraft like Mir, the Space Shuttle,

International Space Station, and Tiangong as well as other rockets and satellites. Microgravity

crystallization experiments can last anywhere from seconds, on a sounding rocket, to months on

the Space Station. The experiments are extremely versatile in the types of material that have been

flown and produced. This includes, but is not limited to, macromolecules, conventional crystals,

inorganic crystals, semiconductors, and ZBLAN (a specialized glass). This thesis project is

specifically looking at macromolecules, such as proteins, nucleic acids, viruses, etc.
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Macromolecular crystallization experiments present their own challenges when compared

to crystallization of small molecule crystals. According to McPherson and Gavira [ref #1], there

are three main reasons that make macromolecular crystallization more difficult than conventional

crystallization. Due to their large and dynamic nature, macromolecules have several different

solid states, the crystals nucleate at very high levels of supersaturation, and growth is much

slower than for conventional crystals.1While macromolecules are unique in their characteristics

and present challenges, it can lead to a lot of breakthroughs to understand the structures of these

crystals and how they function. For example, the mutated LRRK2 gene that plays a role in

developing Parkinson’s disease has been flown in microgravity.6 By crystallizing this protein

under microgravity without the impacts of buoyancy and sedimentation, convection and

hydrostatic pressure it can give a higher quality structure. With that, having a more in depth

understanding of the structure of this gene could potentially help find a cure for Parkinson’s

disease. A high-resolution structure could give insight into the cause of Parkinson’s disease and

to help create a drug to treat this disease. Although an attempt at both Earth-grown and

microgravity-grown, there still has been no high-resolution structure of this protein produced.6

Crystallizing the LRRK2 gene has been a challenge for researchers, but each experiment done

helps them to learn more about the conditions needed to crystallize this protein.

Diffusion Techniques

This thesis project is exploring diffusion techniques as a method for crystallization of

macromolecules in microgravity. There are a wide variety of techniques used to crystallize

proteins, different diffusion techniques were common methods that were seen during the analysis

of macromolecular microgravity crystallization experiments. The six diffusion techniques that

were seen in the research are capillary counter diffusion, free interface diffusion, hanging drop
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diffusion, liquid diffusion, sitting drop diffusion, and vapor diffusion. While all of these diffusion

experiments are very similar, there are small differences that separate them. Some of the

techniques are older than others, which is why some are more frequently used in the experiments

evaluated in this study. The more popular techniques have an established track record, and it is

easier for researchers to use the same conditions that have already been created and successful.

Understanding the uniqueness of each method can be beneficial when developing an experiment.

Vapor diffusion is one of the most popular, and also one of the most studied methods. In

the vapor diffusion method, a one to one solution of protein sample and a crystallization reagent

(reservoir solution) is made. The protein sample and crystallization solution are mixed 1 to 1 and

suspended above a larger reservoir of crystallization solution.3 The sample solution vaporizes

such that the solute concentrations in the drop equilibrate with those in the much larger volume

reservoir. The two different techniques employing the vapor diffusion method are the hanging

drop and the sitting drop methods. Hanging and sitting drop diffusion techniques are very

popular due to how simple they are to perform. During hanging drop diffusion, a drop of sample

and reagent are put on a siliconized glass cover slide inverted over the reservoir in vapor

equilibration (Fig. 1).7 The vapor equilibration contains a liquid reservoir of reagent, which has a
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higher reagent concentration than the drop. As the water from the drop leaves, the sample

becomes more supersaturated. Once the reagent concentration is the same as the reservoir,

equilibration is reached.5 Sitting drop is an advantageous technique because it is very simple and

fast. During sitting drop diffusion, a drop of sample and crystallization reagent are mixed on a

platform in vapor equilibration with the reagent. The reservoir has a higher concentration than

the reagent concentration in the droplet. This causes the reservoir to pull water from the droplet

and will increase the supersaturation of the sample in the drop (Fig. 1).8 Vapor diffusion, hanging

drop, and sitting drop methods are all very similar.

The other three diffusion methods are slightly different from hanging drop, sitting drop,

and vapor diffusion. Free interface diffusion is not as popular as other diffusion methods. During

free interface diffusion, the sample is placed in liquid contact with the precipitant in an attempt to

create an interface between the sample and the precipitant. Eventually, the sample and precipitant

diffuse into each other and crystallization occurs at the interface (Fig. 2).8 Liquid diffusion is

similar to free interface diffusion in the way that it also forms crystals at the interface. Liquid
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diffusion, however, uses a concentrated solution of the compound to be crystallized and a

precipitating solvent where the

compound is insoluble. The

solutions are then added to a vial

and mixed until crystals are formed

(Fig. 3).9 Capillary counter

diffusion, also known as counter

diffusion, is a little different from

free interface and liquid diffusion.

During capillary counter diffusion,

a protein sample and a precipitant are filled in contact with one another in a narrow capillary

tube. Capillary counter diffusion looks for high values of supersaturation to provoke formation of

amorphous precipitates early. Using a capillary and early supersaturation allows for diffusion and

crystallization along the length of the crystallization chamber (Fig. 4). This method looks for the

best crystallization conditions.10
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All six diffusion methods have advantages and disadvantages to them, but the set up and

the conditions of the experiment really determines whether crystallization is achieved or not.

Advantages and disadvantages of each of the six different diffusion techniques can be found in

Table 1, shown below. These are just some of the advantages and disadvantages that were found

throughout the research process, which means there are still plenty others.

Materials and Methods

Microgravity experiments are extremely expensive making it critical that these

experiments are successful or at least contribute information to microgravity crystallization

research. This research is specifically an in-depth analysis of microgravity crystallization

experiments. No microgravity crystallization experiments were conducted by my research team

and I. Before 2022, there was no searchable database of the publicly available microgravity
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crystallization experiments. Without this database, researchers are not able to quickly and

efficiently refer to previous experiments to help further their own studies. Previous

crystallization experiments can provide a foundation for other scientists during the

implementation of their own research project as well as ensuring experiments are not rerun with

identical conditions. The database can give insight and information about the crystals, methods,

parameters and critically, results.

During the summer and fall of 2022, a database of all the publicly available microgravity

crystallization experiments was created by my research team and I. My research team consists of

Dr. Anne Wilson, Amari Williams, Hannah Wright, and Frannie Brewer facilitated at Butler

University under the instruction and contract of Aerospace Corporation. The database was

generated by searching for publicly available articles and journals on microgravity crystallization

experiments. A lot of the experiments were found on journal article databases like ScienceDirect,

Springer Link, PubMed, etc. All of the journals were read and the data from each experiment was

recorded into an excel sheet. Included in the database are compounds by name, the DOI and

journal title for reference, mission flown, year flown, methodology of crystallization, crystal

parameters and metrics, conditions and

the application. As of August 30,

2022, the original database included

322 microgravity crystallization

experiments. Excluded from the

database are experiments that are not

publicly available or that have

occurred after August 2022. These
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scientific publications were available through our library system, via interlibrary loan, or from

the scientists who performed the experiments. The database included 212 macromolecules and

110 inorganic compounds. This database has been made publicly available and results have been

recorded for the use of other researchers. The database is continuously being updated as more

microgravity crystallization experiments are being conducted and documented.

For this thesis project, the original database of 212 macromolecular organic crystals was

used as a starting point, but was reduced to a total of 178 microgravity experiments to fit the

parameters of interest. The complete list of macromolecular crystals used for this thesis project

can be found in Table 2.
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It is important to note that 58 total experiments are from a singular study, the Larry

DeLucas double-blind study that took place in 2014.12 There are a total of 178 unique

experiments on 126 different macromolecules that all fit within the parameters of interest. The

first parameter of interest was that the experiments had to be macromolecular microgravity

crystallization experiments. Some experiments were conducted both on Earth (in a normal

gravity environment) and in space (in a microgravity environment). Other experiments were only

done in microgravity. Regardless, the experiment needed to include a microgravity conducted

crystallization experiment. The microgravity crystallization experiments have been performed by

a variety of countries, such as the United States, Russia, and Japan (Fig. 5). The country,

however, was not a limiting factor and all experiments were used. Specifically, this research is

intended for macromolecules that were grown in microgravity. Macromolecules are large organic

molecules that include proteins, nucleic acids, lipids, and carbohydrates. The four categories

encompass other molecules such as enzymes and viruses. Although macromolecules are

considered “large,” it is important to note that these molecules cannot be seen with the naked

eye. Due to investigating only macromolecular microgravity crystallization experiments, this

eliminated experiments that focused on inorganic molecules and ZBLAN, along with any other

materials and molecules that have been grown

in microgravity.

The second parameter of interest were

macromolecular microgravity experiments that

were crystallized using diffusion techniques.

Macromolecules that were crystallized using

techniques other than diffusion, such as dialysis
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and seeding were omitted from the database. Diffusion is a broad category that encompasses 6

individual techniques: capillary counter diffusion, free interface diffusion, hanging drop

diffusion, liquid diffusion, sitting drop diffusion, and vapor diffusion. Of the 178 microgravity

crystallization experiments, 28 are capillary counter diffusion, 10 are free interface diffusion, 11

are hanging drop diffusion, 48 are liquid diffusion, 7 are sitting drop diffusion, and 74 are vapor

diffusion (Fig. 6). While the number of diffusion techniques is widely dispersed, there are a

couple of explanations for this. For example, vapor diffusion is one of the most widely practiced

crystallization techniques. Sitting drop and hanging drop diffusion techniques are subcategories

of vapor diffusion, so while research journals documented that the experiments are vapor

diffusion, they could fall into one of the subcategories. Free interface diffusion, however, is not

as popular in comparison to the other diffusion methods.7 This could be due to the fact that not as

many free interface crystallization experiments have been documented, which makes the

experiments harder since the crystallization conditions are unknown. Theoretically, this would

mean the scientists are starting from scratch when performing their experiments. In A

Comprehensive Evaluation of Microgravity Protein Crystallization, Dr. DeLucas and Dr.

McPherson, commented on how there was little to no information on liquid diffusion

crystallization conditions before performing their microgravity crystallization experiments.12

Lack of information can make crystallization experiments harder. It also can be not as appealing

to scientists to use the techniques that are documented less frequently on.

The third parameter was looking at microgravity crystallizations grown during the time

period of 1988 to 2019. Experiments that were conducted outside of this time frame were not

included in the research because a large majority of experiments were done during the analysis

time period. Of the 178 microgravity crystallization experiments, 87 experiments were done
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between the years 1988 and 2003 and 91 experiments were conducted between 2004 and 2019

(Fig. 7). The experiments were split into an earlier and a latter half, so the tests ran could

conclude whether there were marked improvements in microgravity crystallization data over the

thirty-one year period. Finally, the last

parameter of interest was looking at

experiments that documented

resolution, structure, or uniformity.

While not all of the experiments in this

study documented on all three, all of

the experiments did document on at

least one. These three parameters

(resolution, structure, uniformity), if documented, were used to determine comparisons between

the analysis time period. Resolution, structure, and uniformity were chosen because these criteria

can show whether there was a marked improvement in crystal structure between Earth-grown

and microgravity-grown crystals.

Results

A total of twelve tests were performed to determine if experimental techniques and

experience in microgravity improved crystal growth between 1988 to 2019. Out of the twelve

tests, nine of the tests determined percentages specifically to examine whether crystals were

improved or not during microgravity crystallization based upon resolution, structure quality, and

uniformity. Not all crystallization experiments documented on all three parameters, so the

experiment that did not were omitted from that specific test. Out of the twelve tests, the last three

tests were two proportion z-tests to determine whether or not there was a statistically significant
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difference between the earlier half experiments (1988-2003) and the latter half experiments

(2004-2019).

The first set of three tests were of the entire crystallization database without division

of time period. Of the 176 crystallization experiments, 150 experiments documented resolution

improvement (Chart 1A). Of 150 macromolecular

microgravity crystallization experiments, 121 crystals had

improved resolution (81%), 18 crystals had unchanged

resolution (12%), and 11 crystals had worsened resolution

in microgravity (7%). This is a very high percentage of

crystals that had improved resolution when flown in

microgravity. The next comparison was made to determine

if the crystals grown in microgravity were structurally

better. A total of 141 crystallization experiments

documented on structure improvement (Chart 1B). Out of

141 microgravity crystallization experiments, 124 crystals

were structurally better (88%), 2 crystals were structurally

the same (1%), and 15 crystals were structurally worse

(10.6%). This is also an extremely high percentage of

crystals that were structurally better after being crystallized in microgravity. The last parameter

looked at was uniformity and 120 crystallization experiments documented on crystal uniformity

(Chart 1C). Of the 120 microgravity crystallization experiments, 99 crystals had improved

uniformity (83%), 5 crystals had unchanged uniformity (4%), and 16 crystals had decreased
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uniformity (13%). From the first three tests, it is conclusive that crystals grown in microgravity

had improved resolution and uniformity and were also structurally better.

The next 6 tests were divided into two time

periods, three tests from the earlier half and three tests

from the latter half. The earlier half of the data

included the years 1988 to 2003. During this time

period, there were a total of 87 macromolecular

crystallization microgravity experiments documented

on. The latter half of the data included the years 2004

to 2019 and a total of 91 macromolecular

crystallization microgravity was documented during

this time period. A big proportion of the later half

experiments are from the DeLucas double-blind study,

which was conducted in 2014.12 Three two proportion

z-tests were performed to determine whether there

was a statistically significant difference between the earlier and later data.

Resolution of microgravity grown crystals was the first

parameter that was examined (Chart 2). Articles that did not

document the resolution of crystals were omitted from the tests.

The resolution of crystals grown in microgravity was

documented as improved, unchanged, or worsened when

compared to terrestrial counterparts. During the years 1988 to

2003, 70 microgravity experiments were documented on
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resolution and of the 70 experiments, 63 experiments reported improved resolution of crystals

(90%), while only 2 experiments reported crystals having

worsened resolution (3%) when grown in microgravity. During

the years 2004 to 2019, 80 experiments were documented on

resolution of the crystals. Of the 80 different experiments, 58

experiments reported the microgravity grown crystals having

improved resolution (73%), while 9 experiments documented

that the crystals did not have improved resolution (11%). A two

proportion z-test was performed to compare the data of the

resolution of crystals grown in the earlier time frame and the

resolution of crystals grown in the later time frame (Table 3). N

stands for the total number of microgravity crystallization

experiments and X stands for the number of experiments that

documented improved resolution during the designated time

period, which can be found in the table. A p-value of 0.00678 was calculated from the two

proportion z–test, which is less than the alpha value of 0.05. A p-value that is less than the alpha

value represents that there is a statistically significant difference between the number of crystals

with improved resolution during 1988 to 2003 versus improved resolution of crystals during

2004 to 2019.

The second parameter that was investigated was the structure quality of crystals. Crystals

grown in microgravity crystallization experiments were documented as structurally better, same,

or worse than terrestrial crystallization counterparts (Chart 3). During 1988 to 2003, 63 total

experiments reported on structure quality and during 2004 to 2019, 78 experiments documented
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on structure quality. During the earlier years, 59 out of 63

(94%) microgravity crystallization experiments reported that

structure quality was improved and only 2 out of 63 (3%)

reported worsened structure quality when compared to

terrestrial experiments of the same crystals. During the later

years, 65 out of 78 (83%) microgravity crystallization

experiments documented improved structure quality and 13

out of 78 (17%) reported worsened structure quality when

compared to terrestrial crystallization experiments. A two

proportion z-test was

performed to compare the data of structure quality of

crystals grown during the earlier time frame and those

grown during the latter period (Table 4). From the table, N

stands for the total number of microgravity crystallization

experiments for the specified time period and X stands for

the experiments that have improved the structure quality

of crystals grown in microgravity during the specified

period. A p-value of 0.0614 was calculated, which is

greater than the alpha value of 0.05. A p-value greater

than the alpha value suggests that there is not a

statistically significant difference between the number of

crystals with improved structural quality from earlier

experiments and later experiments.
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The final parameter that was investigated was the uniformity of crystals. The crystals

grown in microgravity were documented as having improved, unchanged, or decreased

uniformity when compared with terrestrial counterparts (Chart 4). A total of 49 experiments

documented on uniformity in the years 1988 to 2003. Of the 49 microgravity crystallization

experiments, 43 experiments reported having crystals with improved uniformity (88%) and only

3 experiments reported having crystals with decreased uniformity (6%). A total of 71

microgravity experiments documented on uniformity in the years 2004 to 2019. Of the 71

experiments, 56 experiments reported the crystals having improved uniformity (79%) and 12

experiments reported having crystals with decreased

uniformity (17%). A two proportion z-test was

conducted to determine whether there was a significant

difference between the data of crystal uniformity

between earlier and later experiment years (Table 5). N

stands for the total number of microgravity experiments

for the specified time period and X stands for the

number of experiments that documented improvement

of crystal uniformity from microgravity. A p-value of

0.2082 was calculated, which is greater than an alpha

value of 0.05. With a p-value greater than the alpha value, this suggests that there is not a

statistically significant difference between the data of crystal uniformity from the earlier and later

experiments.
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Discussion

The hypothesis is that experimental techniques and experience in microgravity will

provide improved crystal growth throughout the analysis time period. While on the surface it

may appear that this hypothesis was disproved based on the results, there are some explanations

as to why this occurred. One major explanation as to why there are not higher percentages of

crystals that have marked improvements during later experiments in comparison to earlier

experiments is because scientists started evaluating crystals that had not been crystallized before

and more challenging experiments. Once scientists figured out that they could crystallize

macromolecules in microgravity, they started performing novel diffusion experiments. Since

researchers had demonstrated that they could crystallize macromolecules at normal (Earth)

gravity, scientists began to evaluate new techniques with new crystallization conditions to figure

out if they could produce more uniform crystals with better structural quality and improved

resolution. Another explanation for why there are not higher percentages is due to the fact that

conditions of the experiments were not always perfect. For example, if there are flight delays this

can extremely affect crystallization of the conditions, especially crystals grown by vapor

diffusion. Flight delays affect the loading and activation of crystals, which can impact crystal

growth. Microgravity experiments are difficult, and in order to produce better crystals, there is

little room for error in the crystallization environment and set up. If one factor is off, it can

influence the whole process. Another possibility for the weaker more recent data is that scientists

also got better at growing crystals on Earth because of more accurate methods, crystal screening

set up, better controlled environments, etc.

A final explanation is the fact that not all of the crystallization experiments performed

later in the study have Earth-grown counterparts, meaning some crystals have not even been
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crystallized on Earth before attempting to crystallize them in microgravity. There are 11 crystals

that have been attempted to be crystallized in microgravity with no documented corresponding

Earth-grown counterparts. The crystals that have been attempted at crystallization in

microgravity, but not on Earth, include antibody complex (camelid) cAb-CA05, bacteriophage

lambda lysozyme, cratylia mollis seed lectin, dipeptidyl peptidase 11 from porphyromonas

gingivalis, haloacid dehalogenase, human erythrocyte band 3, human T6 insulin, lysozyme

(bacteriophage), methyl transferase, plasmodium falciparum glutathione S-transferase, and

recombinant phosphoribosyl- pyrophosphate synthetase. There are 123 crystals that have been

crystallized on Earth and in microgravity. It is important to note that these are reported attempts

of crystallization and not all of them were successful. Finally, there are 7 crystals where it is not

clear if there are Earth-grown counterparts. These crystals have been reported as crystallized in

microgravity, but the articles do not specify if there were Earth-grown counterparts.

A detailed evaluation in the improvement in the metrics can shed some light on how

microgravity experiments changed over time. From the historical results, 63 experiments

reported improved resolution of crystals (90%) during the years 1988 to 2003, while only 58

experiments reported having improved resolution (73%) during the years 2004 to 2019. The

two-proportion z-test showed that there was a statistically significant difference between these

two values based upon the total number of experiments that were conducted. This demonstrates

that fewer experiments reported crystals having improved resolution during the later experiments

than the earlier experiments. It is important to note, however, that there are still more crystals

with improved resolution (73%) than crystals having worsened resolution (11%) during the latter

experiments. A total of nine crystals had worsened resolution during the later experiments, so a

detailed analysis was done of these particular crystallization experiments. The crystals which had
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worsened resolution include plasmodium falciparum glutathione S-transferase (pfGST), LRRK2,

horse hemoglobin, goat hemoglobin, glucose isomerase, E28 putative acyl-CoA dehydrogenase,

E22 FAD9, E19 acyl-CoA dehydrogenase 2, and connexin. Of the 9 crystals, 6 of them were

crystallized by liquid diffusion. The crystals grown by liquid diffusion are horse hemoglobin,

goat hemoglobin, E28 putative acyl-CoA dehydrogenase, E22 FAD9, E19 acyl-CoA

dehydrogenase 2, and connexin, which are from the article, A Comprehensive Evaluation of

Microgravity Protein Crystallization. In the article, Dr. DeLucas notes that little or no data for

microgravity liquid diffusion crystallization conditions was previously reported, so he had to

make educated guesses as to appropriate crystallization conditions.12 Utilizing untested

crystallization conditions can provide an explanation as to why more crystals had worsened

resolution during later experiments. A lack of prior knowledge of crystallization conditions

means the scientists were defining new protocols in these experiments. One of the nine crystals,

glucose isomerase, was grown by vapor diffusion. Dr. DeLucas reports in A Comprehensive

Evaluation of Microgravity Protein Crystallization that there were multiple flight delays, which

can cause adverse effects on proteins flown by vapor diffusion and is a major factor for the

excessive precipitation for some of the proteins crystallized by vapor diffusion techniques. This

demonstrates that microgravity was likely not the cause of worsened resolution for glucose

isomerase, but rather flight delays that affected the loading and activation of vapor diffusion

experiments.12 One of the crystals, LRRK2, was grown by free interface diffusion. The article,

Crystallizing the Parkinson’s Disease Protein LRRK2 Under Microgravity Conditions, discusses

that shaking occurred when transporting the plates, which could have led to preventing crystal

formation and that crystal growth had to be delayed until samples arrived at the ISS.6 The final

crystal, pfGST, was grown by capillary counter diffusion. The article, Effect of Macromolecular
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Mass Transport in Microgravity Protein Crystallization, reported as having lower resolution due

to the gradient of crystallization conditions produced along the capillary.13 Similarly to other

crystals, crystal success is strongly dependent upon the crystallization conditions.

The explanations continue to hold true when examining the metric of structure quality.

The older studies reported a 94% improvement in structure quality of crystals when grown in

microgravity compared to an 83% improvement rate from the more current experiments. The two

proportion z-test calculated a p-value of 0.0614, which is greater than an alpha of 0.05. Since the

p-value is greater than the alpha value, there is not a statistically significant difference between

the number of experiments reporting improvement in crystal structure quality of older and newer

studies. This shows that although there was a higher percentage of improvement in structure in

older studies when compared to newer experiments, statistically the difference is insignificant

and the percentages are comparable. This means that there truly is not a decrease or increase in

the values, rather the percentages are staying consistent. When examining the three metrics of

resolution, structure quality, and uniformity, structure quality had the largest amount of crystals

reported with worsened structural quality. There were a total of 13 crystals documented as being

structurally worse from the newer experiments. Of the 13 crystals, 8 of them were also reported

as having worsened resolution. It is likely that many of the crystals that did not improve in one

category also did not improve in another category. The crystals reported as not having improved

structure quality includes bovine trypsin, canavalin, connexin, E13-ribosome recycling factor,

E17-putative citrate synthase, E19 acyl-CoA dehydrogenase 2, E22 FAD9, E28-putative

acyl-CoA dehydrogenase, glucose isomerase, goat hemoglobin, horse hemoglobin,

orthocanavalin, and LRRK2. Out of the 13 crystals, 10 of them were crystallized using liquid

diffusion. The crystals, bovine trypsin, canvalin, connexin, E13-ribosome recycling factor,
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E17-putative citrate synthase, E19-acyl CoA dehydrogenase 2, E28-putative acyl-CoA

dehydrogenase, goat hemoglobin, horse hemoglobin, and orthocanavalin, were all apart of Dr.

DeLucas’s double-blind study. Similarly to before, little or no data for microgravity liquid

diffusion crystallization conditions was previously reported, so DeLucas had to develop his own

microgravity conditions.12 Glucose isomerase and E22 FAD9 were also crystallized by Dr.

DeLucas, but by using vapor diffusion. As mentioned previously, there were multiple flight

delays that affected the proteins. Making sure that discrepancies of the crystallization

environment are controlled and limited can lead to better results of the crystals. Finally, the

LRRK2 crystals, crystallized by free interface diffusion, also had worsened structure quality.

Likewise, it was also due to environmental conditions. Understanding the conditions that can

affect protein crystallization in microgravity is crucial for success.

The final metric that was evaluated was the uniformity of crystals. The older studies,

1988 to 2003, reported an 88% improvement in uniformity of crystals grown in microgravity.

Similarly the more recent studies, 2004 to 2019, documented a 79% improvement in uniformity

of crystals. It is worth noting that only 49 experiments documented on crystal uniformity in

historical studies, while 71 experiments reported in more current studies. A final two proportion

z-test was conducted to figure out if there was a difference in the experiments. A p-value of

0.2082 was calculated, which means there is also not a significant difference in between the

crystal uniformity from the earlier and later experiments. Although there is a decrease in

improvement of uniformity of crystals over the years, it does not prove to be significant enough.

There were a total of 12 crystals in the recent studies that reported having decreased uniformity.

The crystals include canavalin, connexin, E16 nucleoside-triphosphatase, E28 putative acyl-CoA

dehydrogenase, E3 O-methyltransferase family protein 2, horse hemoglobin, methyl transferase
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fusion protein, novo nordisk lipase, orthocanavalin, platelet adhesion protein A (padA), satellite

tobacco mosaic virus, and LRRK2. A large number of the crystals (10) were crystallized by

liquid diffusion and a part of the DeLucas double-blind study. The crystals that were a part of the

double-blind study are canvalin, connexin, E16 nucleoside-triphosphatase, E28 putative

acyl-CoA dehydrogenase, E3 O-methyltransferase family protein 2, horse hemoglobin, methyl

transferase fusion protein, novo nordisk lipase, orthocanavalin, and satellite tobacco mosaic

virus. As stated previously, the liquid diffusion crystallization conditions were newly developed

for these experiments. Although a fair amount of the crystals crystallized by liquid diffusion did

not have improved results, learning about the experimental setup and conditions that were used

can be beneficial for other microgravity crystallization experiments performed by liquid

diffusion. Documenting the crystals that do not have improved results in microgravity can

contribute to the field and help scientists to learn more. PadA was also a part of the DeLucas

double-blind study, however, and it was crystallized using vapor diffusion. All of the crystals

from this study that were flown as vapor diffusion techniques suffered from the flight delays.

While some of the crystals were not affected by the flight delays, others were and it caused

excessive precipitation for them. The excessive precipitation of crystals affected the growth of

the crystals.

A final evaluation was done of all the crystals that did not improve in the more recent

experiments (Table 6). The crystals that were seen as being worse in all three metrics are

LRRK2, horse hemoglobin, E28 Putative acyl-CoA dehydrogenase, and connexin. These crystals

were crystallized in microgravity using different diffusion techniques and conditions. It is worth

noting that some of these proteins have never been successfully crystallized on earth and there

still are no known structures of them. Some proteins present more challenges than others when
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trying to crystallize them. The crystals that were seen as being worse in two of the three metrics

are goat hemoglobin, glucose isomerase, E22 FAD9, E19 acyl-CoA dehydrogenase 2, canavalin,

and orthocanvalin. These crystals at least improved in one metric, which could signify the

crystallization conditions need to be slightly altered, but not completely changed. A lot more

crystals, however, were seen worsening in only one of the three metrics. The crystals are pfGST,

bovine trypsin, E13-ribosome recycling factor, E17-putative citrate synthase, E16

nucleoside-triphosphatase, E3 O-methyltransferase family protein 2, methyl transferase fusion

protein, novo nordisk lipase, PadA, and satellite tobacco mosaic virus. This is promising because

the protein crystals are still improving in some metrics, and ultimately will lead to better

structures.
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Conclusion and Future Studies

Scientists have devoted their efforts to understanding how organic macromolecular

crystals develop in microgravity and how they compare to crystals grown on Earth. Parameters,

such as resolution, uniformity, and structure quality determine whether the improvements in

crystals are notable or not. While it may seem statistically that over the analysis time period

experimental techniques and experience in microgravity have not yielded improved crystal

growth, it is important to remember that the metrics for these microgravity-grown crystals are

still improved.. While percentages are not as high as they once were, a considerable number of

crystals have been successfully grown under microgravity conditions using diffusion techniques.

The ability to cultivate high-quality crystals can lead to many advancements in the fields of

electronics, metals, and healthcare and pharmaceuticals. This is why my research team and I are

still exploring other materials grown in microgravity. As microgravity crystallization

experiments become publicly available, data for these crystallization conditions can continuously

be updated. Materials grown in microgravity have proven to be improved making microgravity

experiments worth exploring.

29



References:

1. McPherson, A.; DeLucas, L. J. Microgravity Protein Crystallization. npj Microgravity
2015, 1 (1), 1–20. https://doi.org/10.1038/npjmgrav.2015.10.

2. McPherson, A.; Gavira, J. A. Introduction to Protein Crystallization. Acta
Crystallographica. Section F, Structural Biology Communications 2014, 70 (Pt 1), 2.
https://doi.org/10.1107/S2053230X13033141.

3. Hashizume, Y.; Inaka, K.; Furubayashi, N.; Kamo, M.; Takahashi, S.; Tanaka, H.
Methods for Obtaining Better Diffractive Protein Crystals: From Sample Evaluation to
Space Crystallization. Crystals 2020, 10 (2), 78. https://doi.org/10.3390/cryst10020078.

4. McPherson, A.; Cudney, B. Optimization of Crystallization Conditions for Biological
Macromolecules. Acta Crystallogr F Struct Biol Commun 2014, 70 (Pt 11), 1445–1467.
https://doi.org/10.1107/S2053230X14019670.

5. Microgravity : Experiment - International Space Station - JAXA.
https://iss.jaxa.jp/en/kiboexp/seu/categories/microgravity/index.html (accessed
2023-03-28).

6. Mathea, S.; Baptista, M.; Reichert, P.; Spinale, A.; Wu, J.; Allaire, M.; Fiske, B.; Knapp,
S. Crystallizing the Parkinson’s Disease Protein LRRK2 Under Microgravity
Conditions. bioRxiv February 4, 2018, p 259655. https://doi.org/10.1101/259655.

7. Hampton Research. Hanging Drop Vapor Diffusion Crystallization.
https://hamptonresearch.com/uploads/cg_pdf/CG101_Hanging_Drop_Vapor_Diffusion_
2020.pdf (accessed 2023-03-28).

8. Hampton Research. Crystal Growth Techniques.
http://skuld.bmsc.washington.edu/~merritt/bc530/local_copies/Crystal_Growth_Techniq
ues_(Hampton_Research).pdf (accessed 2023-03-28).

9. Orvig, C. A Simple Method to Perform a Liquid Diffusion Crystallization. J. Chem.
Educ. 1985, 62 (1), 84. https://doi.org/10.1021/ed062p84.

10. Otálora, F.; Gavira, J. A.; Ng, J. D.; García-Ruiz, J. M. Counterdiffusion Methods
Applied to Protein Crystallization. Progress in Biophysics and Molecular Biology 2009,
101 (1), 26–37. https://doi.org/10.1016/j.pbiomolbio.2009.12.004.

11. Tanaka, H.; Umehara, T.; Inaka, K.; Takahashi, S.; Shibata, R.; Bessho, Y.; Sato, M.;
Sugiyama, S.; Fusatomi, E.; Terada, T.; Shirouzu, M.; Sano, S.; Motohara, M.;
Kobayashi, T.; Tanaka, T.; Tanaka, A.; Yokoyama, S. Crystallization of the Archaeal
Transcription Termination Factor NusA: A Significant Decrease in Twinning under
Microgravity Conditions. Acta crystallographica. Section F, Structural biology and
crystallization communications 2007, 63, 69–73.
https://doi.org/10.1107/S1744309106054625.

30



12. DeLucas, L; McPherson, A; A Comprehensive Evaluation of Microgravity Protein
Crystallization; NNH10CAO001K; 20 January 2017; 1-36.

13. Martirosyan, A.; DeLucas, L. J.; Schmidt, C.; Perbandt, M.; McCombs, D.; Cox, M.;
Radka, C.; Betzel, C. Effect of Macromolecular Mass Transport in Microgravity Protein
Crystallization. Gravitational and Space Research 2019, 7, 33–44.
https://doi.org/10.2478/gsr-2019-0005.

Resources from Data Table:

Akparov, V. Kh.; Timofeev, V. I.; Kuranova, I. P. Crystallization and Preliminary X-Ray
Diffraction Study of Porcine Carboxypeptidase B. Crystallogr. Rep. 2015, 60 (3), 367–369.
https://doi.org/10.1134/S1063774515030025.

Alvarado, U. R.; DeWitt, C. R.; Shultz, B. B.; Ramsland, P. A.; Edmundson, A. B.
Crystallization of a Human Bence–Jones Protein in Microgravity Using Vapor Diffusion in
Capillaries. Journal of Crystal Growth 2001, 223 (3), 407–414.
https://doi.org/10.1016/S0022-0248(00)01011-3.

Asano, K.; Fujita, S.; Senda, T.; Mitsui, Y. Crystal Growth of Ribonuclease S under
Microgravity. J Cryst Growth 1992, 122, 323–329.
https://doi.org/10.1016/0022-0248(92)90264-j.

Berisio, R.; Vitagliano, L.; Sorrentino, G.; Carotenuto, L.; Piccolo, C.; Mazzarella, L.; Zagari,
A. Effects of Microgravity on the Crystal Quality of a Collagen-like Polypeptide. Acta
Crystallogr D Biol Crystallogr 2000, 56 (Pt 1), 55–61.
https://doi.org/10.1107/s0907444999014158.

Betzel Chr, null; Gunther, N.; Poll, S.; Moore, K.; DeLucas, L. J.; Bugg ChE, null; Weber, W.
Crystallization of the EGF Receptor Ectodomain on US Space Mission STS-47. Microgravity
Sci Technol 1994, 7 (3), 242–245.

Borisova, S. N.; Birnbaum, G. I.; Rose, D. R.; Evans, S. V. Experiments in Microgravity: A
Comparison of Crystals of a Carbohydrate-Binding Fab Grown on the Ground, on Space Shuttle
Discovery and on Space Station Mir. Acta Crystallogr D Biol Crystallogr 1996, 52 (Pt 2),
267–271. https://doi.org/10.1107/S090744499501095X.

Bourne, Y.; Abergel, C.; Cambillau, C.; Frey, M.; Rougé, P.; Fontecilla-Camps, J. C. X-Ray
Crystal Structure Determination and Refinement at 1.9 A Resolution of Isolectin I from the
Seeds of Lathyrus Ochrus. J Mol Biol 1990, 214 (2), 571–584.
https://doi.org/10.1016/0022-2836(90)90199-V.

31



Broutin, I.; Riès-Kautt, M.; Ducruix, A. Crystallographic Analyses of Lysozyme and
Collagenase Microgravity Grown Crystals versus Ground Controls. Journal of Crystal Growth
1997, 181 (1), 97–108. https://doi.org/10.1016/S0022-0248(97)00281-9.

Carotenuto, L.; Berisio, R.; Piccolo, C.; Vitagliano, L.; Zagari, A. Video Observation of Protein
Crystal Growth in the Advanced Protein Crystallization Facility Aboard the Space Shuttle
Mission STS-95. Journal of Crystal Growth 2001, 232 (1), 481–488.
https://doi.org/10.1016/S0022-0248(01)01084-3.

Chayen, N. E.; Gordon, E. J.; Zagalsky, P. F. Crystallization of Apocrustacyanin on the
International Microgravity Laboratory (IML-2) Mission. Acta Crystallogr D Biol Crystallogr
1996, 52 (Pt 1), 156–159. https://doi.org/10.1107/S0907444995007839.

Dao-Thi, M. H.; Wyns, L.; Poortmans, F.; Bahassi, E. M.; Couturier, M.; Loris, R.
Crystallization of CcdB. Acta Crystallogr D Biol Crystallogr 1998, 54 (Pt 5), 975–981.
https://doi.org/10.1107/s0907444997011554.

Day, J.; McPherson, A. Macromolecular Crystal Growth Experiments on International
Microgravity Laboratory – 1. Protein Science 1992, 1 (10), 1254–1268.
https://doi.org/10.1002/pro.5560011004.

Declercq, J. P.; Evrard, C.; Carter, D. C.; Wright, B. S.; Etienne, G.; Parello, J. A Crystal of a
Typical EF-Hand Protein Grown under Microgravity Diffracts X-Rays beyond 0.9Å Resolution.
Journal of Crystal Growth 1999, 196 (2), 595–601.
https://doi.org/10.1016/S0022-0248(98)00829-X.

Declercq, J. P.; Evrard, C.; Lamzin, V.; Parello, J. Crystal Structure of the EF-Hand Parvalbumin
at Atomic Resolution (0.91 A) and at Low Temperature (100 K). Evidence for Conformational
Multistates within the Hydrophobic Core. Protein Sci 1999, 8 (10), 2194–2204.
https://doi.org/10.1110/ps.8.10.2194.

DeLucas, L; McPherson, A; A Comprehensive Evaluation of Microgravity Protein
Crystallization; NNH10CAO001K; 20 January 2017; 1-36.

DeLucas, L. J.; Moore, K. M.; Bray, T. L.; Rosenblum, W. M.; Einspahr, H. M.; Clancy, L. L.;
Rao, G. S. J.; Harris, B. G.; Munson, S. H.; Finzel, B. C.; Bugg, C. E. Protein Crystal Growth
Results from the United States Microgravity Laboratory-1 Mission. J. Phys. D: Appl. Phys.
1993, 26 (8B), B100. https://doi.org/10.1088/0022-3727/26/8B/015.

32



DeLucas, L. J.; Smith, C. D.; Carter, D. C.; Twigg, P.; He, X. M.; Snyder, R. S.; Weber, P. C.;
Schloss, J. V.; Einspahr, H. M.; Clancy, L. L.; McPherson, A.; Koszelak, S.; Vandonselaar, M.
M.; Prasad, L.; Quail, J. W.; Delbaere, L. T.; Bugg, C. E. Protein Crystal Growth Aboard the
U.S. Space Shuttle Flights STS-31 and STS-32. Adv Space Res 1992, 12 (1), 393–400.
https://doi.org/10.1016/0273-1177(92)90310-t.

DeLucas, L. J.; Smith, C. D.; Smith, H. W.; Vijay-Kumar, S.; Senadhi, S. E.; Ealick, S. E.;
Carter, D. C.; Snyder, R. S.; Weber, P. C.; Salemme, F. R. Protein Crystal Growth in
Microgravity. Science 1989, 246 (4930), 651–654. https://doi.org/10.1126/science.2510297.

Desmyter, A.; Decanniere, K.; Muyldermans, S.; Wyns, L. Antigen Specificity and High
Affinity Binding Provided by One Single Loop of a Camel Single-Domain Antibody. J Biol
Chem 2001, 276 (28), 26285–26290. https://doi.org/10.1074/jbc.M102107200.

de Souza, G. A.; Oliveira, P. S. L.; Trapani, S.; Santos, A. C. O.; Rosa, J. C.; Laure, H. J.; Faça,
V. M.; Correia, M. T. S.; Tavares, G. A.; Oliva, G.; Coelho, L. C. B. B.; Greene, L. J. Amino
Acid Sequence and Tertiary Structure of Cratylia Mollis Seed Lectin. Glycobiology 2003, 13
(12), 961–972. https://doi.org/10.1093/glycob/cwg115.

Einspahr, H. M.; Clancy, L. L.; Finzel, B. C.; Munson, S. H.; DeLucas, L. J.; Rao, J.; Cook, P.
F.; Harris, B. G. Glovebox Experiments with Malic Enzyme on USML‐1. AIP Conference
Proceedings 1995, 325 (1), 193–197. https://doi.org/10.1063/1.47263.

Eschenburg, S.; Degenhardt, M.; Moore, K.; DeLucas, L. J.; Peters, K.; Fittkau, S.; Weber, W.;
Betzel, C. Crystallization of Proteinase K Complexed with Substrate Analogue Peptides on US
Space Missions STS-91 and STS-95. Journal of Crystal Growth 2000, 208 (1), 657–664.
https://doi.org/10.1016/S0022-0248(99)00392-9.

Esposito, L.; Sica, F.; Sorrentino, G.; Berisio, R.; Carotenuto, L.; Giordano, A.; Raia, C. A.;
Rossi, M.; Lamzin, V. S.; Wilson, K. S.; Zagari, A. Protein Crystal Growth in the Advanced
Protein Crystallization Facility on the LMS Mission: A Comparison of Sulfolobus Solfataricus
Alcohol Dehydrogenase Crystals Grown on the Ground and in Microgravity. Acta Crystallogr D
Biol Crystallogr 1998, 54 (Pt 3), 386–390. https://doi.org/10.1107/s0907444997011992.

Evrad, Ch; Declercq, J.P.; Debaerdemaeker, T.; Konig, H. The First Successful Crystallization
of a Prokaryotic Extremely Thermophilic Outer Surface Layer Glycoprotein: Zeitschrift für
Kristallographie - Crystalline Materials 1999, 214 (8), 427–429.
https://doi.org/10.1524/zkri.1999.214.8.427.

33



Evrard, C.; Declercq, J. P.; Fastrez, J. Crystallization and Preliminary X-Ray Analysis of
Bacteriophage Lambda Lysozyme in Which All Tryptophans Have Been Replaced by
Aza-Tryptophans. Acta Crystallogr D Biol Crystallogr 1997, 53 (Pt 2), 217–219.
https://doi.org/10.1107/S0907444996011523.

Evrard, C.; Fastrez, J.; Declercq, J. P. Crystal Structure of the Lysozyme from Bacteriophage
Lambda and Its Relationship with V and C-Type Lysozymes. J Mol Biol 1998, 276 (1),
151–164. https://doi.org/10.1006/jmbi.1997.1499.

Evrard, C.; Maes, D.; Zegers, I.; Declercq, J.-P.; Vanhee, C.; Martial, J.; Wyns, L.; Weerdt, C. V.
D. TIM Crystals Grown by Capillary Counterdiffusion: Statistical Evidence of Quality
Improvement in Microgravity. Crystal Growth & Design 2007, 7 (11), 2161–2166.
https://doi.org/10.1021/cg700687t.

Habash, J.; Boggon, T. J.; Raftery, J.; Chayen, N. E.; Zagalsky, P. F.; Helliwell, J. R.
Apocrustacyanin C(1) Crystals Grown in Space and on Earth Using Vapour-Diffusion
Geometry: Protein Structure Refinements and Electron-Density Map Comparisons. Acta
Crystallogr D Biol Crystallogr 2003, 59 (Pt 7), 1117–1123.
https://doi.org/10.1107/s0907444903007959.

Harp, J. M.; Hanson, B. L.; Timm, D. E.; Bunick, G. J. Asymmetries in the Nucleosome Core
Particle at 2.5 A Resolution. Acta Crystallogr D Biol Crystallogr 2000, 56 (Pt 12), 1513–1534.
https://doi.org/10.1107/s0907444900011847.

Hatae, H.; Inaka, K.; Okamura, R.; Furubayashi, N.; Kamo, M.; Kobayashi, T.; Abe, Y.; Iwata,
S.; Hamasaki, N. Crystallization of Human Erythrocyte Band 3, the Anion Exchanger, at the
International Space Station “KIBO.” Anal Biochem 2018, 559, 91–93.
https://doi.org/10.1016/j.ab.2018.08.009.

Hilgenfeld, R.; Liesum, A.; Storm, R.; Plaas-Link, A. Crystallization of Two Bacterial Enzymes
on an Unmanned Space Mission. Journal of Crystal Growth 1992, 122 (1), 330–336.
https://doi.org/10.1016/0022-0248(92)90265-K.

Itoh, T.; Hibi, T.; Suzuki, F.; Sugimoto, I.; Fujiwara, A.; Inaka, K.; Tanaka, H.; Ohta, K.; Fujii,
Y.; Taketo, A.; Kimoto, H. Crystal Structure of Chitinase ChiW from Paenibacillus Sp. Str.
FPU-7 Reveals a Novel Type of Bacterial Cell-Surface-Expressed Multi-Modular Enzyme
Machinery. PLoS One 2016, 11 (12), e0167310. https://doi.org/10.1371/journal.pone.0167310.

34



Inaka, K.; Takahashi, S.; Aritake, K.; Tsurumura, T.; Furubayashi, N.; Yan, B.; Hirota, E.; Sano,
S.; Sato, M.; Kobayashi, T.; Yoshimura, Y.; Tanaka, H.; Urade, Y. High-Quality Protein Crystal
Growth of Mouse Lipocalin-Type Prostaglandin D Synthase in Microgravity. Crystal Growth &
Design 2011, 11 (6), 2107–2111. https://doi.org/10.1021/cg101370v.

Krauspenhaar, R.; Rypniewski, W.; Kalkura, N.; Moore, K.; DeLucas, L.; Stoeva, S.; Mikhailov,
A.; Voelter, W.; Betzel, C. Crystallisation under Microgravity of Mistletoe Lectin I from Viscum
Album with Adenine Monophosphate and the Crystal Structure at 1.9 A Resolution. Acta
Crystallogr D Biol Crystallogr 2002, 58 (Pt 10 Pt 1), 1704–1707.
https://doi.org/10.1107/s0907444902014270.

Kitano, K.; Sasaki, R.; Nogi, T.; Fukami, T.; Nakagawa, A.; Miki, K.; Tanaka, I. Utilization of
Microgravity to Improve the Crystal Quality of Biologically Important Proteins: Chaperonin-60,
GrpE, B-Subunit of V-Type ATPase, and MIF. Journal of Crystal Growth 2000, 210, 819–823.
https://doi.org/10.1016/S0022-0248(99)00902-1.

Ko, T. P.; Kuznetsov, Y. G.; Malkin, A. J.; Day, J.; McPherson, A. X-Ray Diffraction and
Atomic Force Microscopy Analysis of Twinned Crystals: Rhombohedral Canavalin. Acta
Crystallogr D Biol Crystallogr 2001, 57 (Pt 6), 829–839.
https://doi.org/10.1107/s0907444901003791.

Koszelak, S.; Day, J.; Leja, C.; Cudney, R.; McPherson, A. Protein and Virus Crystal Growth on
International Microgravity Laboratory-2. Biophys J 1995, 69 (1), 13–19.
https://doi.org/10.1016/S0006-3495(95)79890-3.

Kuranova, I. P.; Smirnova, E. A.; Abramchik, Yu. A.; Chupova, L. A.; Esipov, R. S.; Akparov,
V. Kh.; Timofeev, V. I.; Kovalchuk, M. V. Crystal Growth of Phosphopantetheine
Adenylyltransferase, Carboxypeptidase t, and Thymidine Phosphorylase on the International
Space Station by the Capillary Counter-Diffusion Method. Crystallogr. Rep. 2011, 56 (5),
884–891. https://doi.org/10.1134/S1063774511050154.

Larson, S. B.; Day, J.; Greenwood, A.; McPherson, A. Refined Structure of Satellite Tobacco
Mosaic Virus at 1.8 A Resolution. J Mol Biol 1998, 277 (1), 37–59.
https://doi.org/10.1006/jmbi.1997.1570.

Long, M. M.; Bishop, J. B.; DeLucas, L. J.; Nagabhushan, T. L.; Reichert, P.; Smith, G. D.
Protein Crystal Growth in Microgravity Review of Large Scale Temperature Induction Method:
Bovine Insulin, Human Insulin and Human α-Interferon. AIP Conference Proceedings 1997,
387 (1), 671–678. https://doi.org/10.1063/1.52064.

35



Lorber, B.; Ng, J. D.; Lautenschlager, P.; Giegé, R. Growth Kinetics and Motion of Thaumatin
Crystals during USML-2 and LMS Microgravity Missions and Comparison with Earth Controls.
Journal of Crystal Growth 2000, 208 (1), 665–677.
https://doi.org/10.1016/S0022-0248(99)00398-X.

Lorenz, S.; Perbandt, M.; Lippmann, C.; Moore, K.; DeLucas, L. J.; Betzel, C.; Erdmann, V. A.
Crystallization of Engineered Thermus Flavus 5S RRNA under Earth and Microgravity
Conditions. Acta Crystallogr D Biol Crystallogr 2000, 56 (Pt 4), 498–500.
https://doi.org/10.1107/s0907444900001736.

Maes, D.; Gonzalez-Ramirez, L. A.; Lopez-Jaramillo, J.; Yu, B.; De Bondt, H.; Zegers, I.;
Afonina, E.; Garcia-Ruiz, J. M.; Gulnik, S. Structural Study of the Type II 3-Dehydroquinate
Dehydratase from Actinobacillus Pleuropneumoniae. Acta Crystallogr D Biol Crystallogr 2004,
60 (Pt 3), 463–471. https://doi.org/10.1107/S090744490302969X.

Małecki, P. H.; Rypniewski, W.; Szymański, M.; Barciszewski, J.; Meyer, A. Binding of the
Plant Hormone Kinetin in the Active Site of Mistletoe Lectin I from Viscum Album. Biochim
Biophys Acta 2012, 1824 (2), 334–338. https://doi.org/10.1016/j.bbapap.2011.10.013.
Miele, A. E.; Federici, L.; Sciara, G.; Draghi, F.; Brunori, M.; Vallone, B. Analysis of the Effect
of Microgravity on Protein Crystal Quality: The Case of a Myoglobin Triple Mutant. Acta
Crystallogr D Biol Crystallogr 2003, 59 (Pt 6), 982–988.
https://doi.org/10.1107/s0907444903005924.

Mapelli, M.; Tucker, P. A. Crystallization and Preliminary X-Ray Crystallographic Studies on
the Herpes Simplex Virus 1 Single-Stranded DNA Binding Protein. J Struct Biol 1999, 128 (2),
219–222. https://doi.org/10.1006/jsbi.1999.4192.

Martirosyan, A.; DeLucas, L. J.; Schmidt, C.; Perbandt, M.; McCombs, D.; Cox, M.; Radka, C.;
Betzel, C. Effect of Macromolecular Mass Transport in Microgravity Protein Crystallization.
Gravitational and Space Research 2019, 7, 33–44. https://doi.org/10.2478/gsr-2019-0005.

Mathea, S.; Baptista, M.; Reichert, P.; Spinale, A.; Wu, J.; Allaire, M.; Fiske, B.; Knapp, S.
Crystallizing the Parkinson’s Disease Protein LRRK2 Under Microgravity Conditions. bioRxiv
February 4, 2018, p 259655. https://doi.org/10.1101/259655.

Matthews, B. W.; Dahlquist, F. W.; Maynard, A. Y. Crystallographic Data for Lysozyme from
Bacteriophage T4. Journal of Molecular Biology 1973, 78 (3), 575–576.
https://doi.org/10.1016/0022-2836(73)90478-6.

36



Meyer, A.; Rypniewski, W.; Szymański, M.; Voelter, W.; Barciszewski, J.; Betzel, C. Structure
of Mistletoe Lectin I from Viscum Album in Complex with the Phytohormone Zeatin. Biochim
Biophys Acta 2008, 1784 (11), 1590–1595. https://doi.org/10.1016/j.bbapap.2008.07.010.

Microgravity : Experiment - International Space Station - JAXA.
https://iss.jaxa.jp/en/kiboexp/seu/categories/microgravity/index.html (accessed 2023-03-28).

Mohamad Aris, S. N. A.; Thean Chor, A. L.; Mohamad Ali, M. S.; Basri, M.; Salleh, A. B.;
Raja Abd Rahman, R. N. Z. Crystallographic Analysis of Ground and Space Thermostable T1
Lipase Crystal Obtained via Counter Diffusion Method Approach. Biomed Res Int 2014, 2014,
904381. https://doi.org/10.1155/2014/904381.

Morimoto, Y.; Kamo, M.; Furubayashi, N.; Higashino, Y.; Inaka, K. Crystal Structure Analysis
of the 20S Proteasome Grown in Space: Comparison between Space and Ground Crystals.
International Journal of Microgravity Science and Application 2020, 37 (4), 370404.
https://doi.org/10.15011/jasma.37.4.370404.

Nagabhushan, T. L.; Reichert, P.; Long, M. M.; DeLucas, L. J.; Bugg, C. E. Macroscale
Production of Crystalline Interferon Alfa‐2b in Microgravity on STS‐52. AIP Conference
Proceedings 1995, 325 (1), 183–191. https://doi.org/10.1063/1.47262.

Nakae, S.; Shionyu, M.; Ogawa, T.; Shirai, T. Crystallization of Pearl Biomineralization Protein
in Microgravity Environments. International Journal of Microgravity Science and Application
2019, 36 (1), 360105. https://doi.org/10.15011//jasma.36.360105.

Nardini, M.; Spanò, S.; Cericola, C.; Pesce, A.; Damonte, G.; Luini, A.; Corda, D.; Bolognesi,
M. Crystallization and Preliminary X-Ray Diffraction Analysis of Brefeldin A-ADP
Ribosylated Substrate (BARS). Acta Cryst D 2002, 58 (6), 1068–1070.
https://doi.org/10.1107/S0907444902006984.

Ng, J. D.; Lorber, B.; Giege, R.; Koszelak, S.; Day, J.; Greenwood, A.; McPherson, A.
Comparative Analysis of Thaumatin Crystals Grown on Earth and in Microgravity. Acta
Crystallogr D Biol Crystallogr 1997, 53 (Pt 6), 724–733.

Nichesola, D.; Perduca, M.; Capaldi, S.; Carrizo, M. E.; Righetti, P. G.; Monaco, H. L. Crystal
Structure of Chicken Liver Basic Fatty Acid-Binding Protein Complexed with Cholic Acid,.
Biochemistry 2004, 43 (44), 14072–14079. https://doi.org/10.1021/bi0489661.

37



Owens, G. E.; New, D. M.; Olvera, A. I.; Manzella, J. A.; Macon, B. L.; Dunn, J. C.; Cooper, D.
A.; Rouleau, R. L.; Connor, D. S.; Bjorkman, P. J. Comparative Analysis of Anti-Polyglutamine
Fab Crystals Grown on Earth and in Microgravity. Acta Crystallogr F Struct Biol Commun
2016, 72 (Pt 10), 762–771. https://doi.org/10.1107/S2053230X16014011.

Pan, J.-S.; Niu, X.-T.; Gui, L.-L.; Zhou, Y.-C.; Bi, R.-C. Crystallization under Microgravity of
Acidic Phospholipase A2 from Venom of Agkistrodon Halys Pallas. Journal of Crystal Growth
1996, 168 (1), 227–232. https://doi.org/10.1016/0022-0248(96)00374-0.

Ponassi, M.; Felli, L.; Parodi, S.; Valbusa, U.; Rosano, C. Crystals of the Hydrogenase
Maturation Factor HypF N-Terminal Domain Grown in Microgravity, Display Improved
Internal Order. Journal of Crystal Growth 2011, 314 (1), 246–251.
https://doi.org/10.1016/j.jcrysgro.2010.12.011.

Sabirov, M.; Popovich, A.; Boyko, K.; Nikolaeva, A.; Kyrchanova, O.; Maksimenko, O.; Popov,
V.; Georgiev, P.; Bonchuk, A. Mechanisms of CP190 Interaction with Architectural Proteins in
Drosophila Melanogaster. International Journal of Molecular Sciences 2021, 22 (22), 12400.
https://doi.org/10.3390/ijms222212400.

Sakamoto, Y.; Suzuki, Y.; Iizuka, I.; Tateoka, C.; Roppongi, S.; Fujimoto, M.; Inaka, K.; Tanaka,
H.; Masaki, M.; Ohta, K.; Okada, H.; Nonaka, T.; Morikawa, Y.; Nakamura, K. T.; Ogasawara,
W.; Tanaka, N. S46 Peptidases Are the First Exopeptidases to Be Members of Clan PA. Sci Rep
2014, 4, 4977. https://doi.org/10.1038/srep04977.

Sakamoto, Y.; Suzuki, Y.; Iizuka, I.; Tateoka, C.; Roppongi, S.; Fujimoto, M.; Inaka, K.; Tanaka,
H.; Yamada, M.; Ohta, K.; Gouda, H.; Nonaka, T.; Ogasawara, W.; Tanaka, N. Structural and
Mutational Analyses of Dipeptidyl Peptidase 11 from Porphyromonas Gingivalis Reveal the
Molecular Basis for Strict Substrate Specificity. Sci Rep 2015, 5 (1), 11151.
https://doi.org/10.1038/srep11151.

Sakamoto, Y.; Suzuki, Y.; Nakamura, A.; Watanabe, Y.; Sekiya, M.; Roppongi, S.; Kushibiki,
C.; Iizuka, I.; Tani, O.; Sakashita, H.; Inaka, K.; Tanaka, H.; Yamada, M.; Ohta, K.; Honma, N.;
Shida, Y.; Ogasawara, W.; Nakanishi-Matsui, M.; Nonaka, T.; Gouda, H.; Tanaka, N.
Fragment-Based Discovery of the First Nonpeptidyl Inhibitor of an S46 Family Peptidase. Sci
Rep 2019, 9 (1), 13587. https://doi.org/10.1038/s41598-019-49984-3.

Sauter, C.; Otálora, F.; Gavira, J. A.; Vidal, O.; Giegé, R.; García-Ruiz, J. M. Structure of
Tetragonal Hen Egg-White Lysozyme at 0.94 A from Crystals Grown by the Counter-Diffusion

38



Method. Acta Crystallogr D Biol Crystallogr 2001, 57 (Pt 8), 1119–1126.
https://doi.org/10.1107/s0907444901008873.

Shabalin, I. G.; Serov, A. E.; Skirgello, O. E.; Timofeev, V. I.; Samygina, V. R.; Popov, V. O.;
Tishkov, V. I.; Kuranova, I. P. Recombinant Formate Dehydrogenase from Arabidopsis
Thaliana: Preparation, Crystal Growth in Microgravity, and Preliminary X-Ray Diffraction
Study. Crystallogr. Rep. 2010, 55 (5), 806–810. https://doi.org/10.1134/S1063774510050159.

Skinner, R.; Abrahams, J. P.; Whisstock, J. C.; Lesk, A. M.; Carrell, R. W.; Wardell, M. R. The
2.6 A Structure of Antithrombin Indicates a Conformational Change at the Heparin Binding
Site. J Mol Biol 1997, 266 (3), 601–609. https://doi.org/10.1006/jmbi.1996.0798.

Smirnova, E. A.; Kislitsyn, Yu. A.; Sosfenov, N. I.; Lyashenko, A. V.; Popov, A. N.; Baĭdus’, A.
N.; Timofeev, V. I.; Kuranova, I. P. Protein Crystal Growth on the Russian Segment of the
International Space Station. Crystallogr. Rep. 2009, 54 (5), 901–911.
https://doi.org/10.1134/S106377450905023X.

Smith, G. D.; Ciszak, E.; Pangborn, W. A Novel Complex of a Phenolic Derivative with Insulin:
Structural Features Related to the T-->R Transition. Protein Science : A Publication of the
Protein Society 1996, 5 (8), 1502. https://doi.org/10.1002/pro.5560050806.

Smith, G. D.; Pangborn, W. A.; Blessing, R. H. The Structure of T6 Human Insulin at 1.0 A
Resolution. Acta Crystallogr D Biol Crystallogr 2003, 59 (Pt 3), 474–482.
https://doi.org/10.1107/s0907444902023685.

Snell, E. H.; Cassetta, A.; Helliwell, J. R.; Boggon, T. J.; Chayen, N. E.; Weckert, E.; Holzer,
K.; Schroer, K.; Gordon, E. J.; Zagalsky, P. F. Partial Improvement of Crystal Quality for
Microgravity-Grown Apocrustacyanin C1. Acta Crystallogr D Biol Crystallogr 1997, 53 (Pt 3),
231–239.

Snell, E. H.; Helliwell, J. R. Macromolecular Crystallization in Microgravity. Rep. Prog. Phys.
2005, 68 (4), 799–853. https://doi.org/10.1088/0034-4885/68/4/R02.

Snell, E. H.; Judge, R. A.; Crawford, L.; Forsythe, E. L.; Pusey, M. L.; Sportiello, M.; Todd, P.;
Bellamy, H.; Lovelace, J.; Cassanto, J. M.; Borgstahl, G. E. O. Investigating the Effect of
Impurities on Macromolecule Crystal Growth in Microgravity. Crystal Growth & Design 2001,
1 (2), 151–158. https://doi.org/10.1021/cg0055474.

39



Strong, R. K.; Stoddard, B. L.; Arrott, A.; Farber, G. K. Long Duration Growth of Protein
Crystals in Microgravity Aboard the MIR Space Station. Journal of Crystal Growth 1992, 119
(3), 200–214. https://doi.org/10.1016/0022-0248(92)90672-6.

Symersky, J.; Devedjiev, Y.; Moore, K.; Brouillette, C.; DeLucas, L. NH3-Dependent NAD+
Synthetase from Bacillus Subtilis at 1 A Resolution. Acta Crystallogr D Biol Crystallogr 2002,
58 (Pt 7), 1138–1146. https://doi.org/10.1107/s0907444902006698.

Takahashi, S.; Tsurumura, T.; Aritake, K.; Furubayashi, N.; Sato, M.; Yamanaka, M.; Hirota, E.;
Sano, S.; Kobayashi, T.; Tanaka, T.; Inaka, K.; Tanaka, H.; Urade, Y. High-Quality Crystals of
Human Haematopoietic Prostaglandin D Synthase with Novel Inhibitors. Acta Crystallogr Sect
F Struct Biol Cryst Commun 2010, 66 (Pt 7), 846–850.
https://doi.org/10.1107/S1744309110020828.

Tanaka, H.; Tsurumura, T.; Aritake, K.; Furubayashi, N.; Takahashi, S.; Yamanaka, M.; Hirota,
E.; Sano, S.; Sato, M.; Kobayashi, T.; Tanaka, T.; Inaka, K.; Urade, Y. Improvement in the
Quality of Hematopoietic Prostaglandin D Synthase Crystals in a Microgravity Environment. J
Synchrotron Radiat 2011, 18 (1), 88–91. https://doi.org/10.1107/S0909049510037076.

Terzyan, S. S.; Bourne, C. R.; Ramsland, P. A.; Bourne, P. C.; Edmundson, A. B. Comparison of
the Three-Dimensional Structures of a Human Bence-Jones Dimer Crystallized on Earth and
Aboard US Space Shuttle Mission STS-95. J Mol Recognit 2003, 16 (2), 83–90.
https://doi.org/10.1002/jmr.610.

Timofeev, V. I.; Zhukhlistova, N. E.; Abramchik, Y. A.; Fateev, I. I.; Kostromina, M. A.;
Muravieva, T. I.; Esipov, R. S.; Kuranova, I. P. Crystal Structure of Escherichia Coli Purine
Nucleoside Phosphorylase in Complex with 7-Deazahypoxanthine. Acta Crystallogr F Struct
Biol Commun 2018, 74 (Pt 6), 355–362. https://doi.org/10.1107/S2053230X18006337.

Timofeev, V. I.; Kuznetsov, S. A.; Akparov, V. K.; Chestukhina, G. G.; Kuranova, I. P.
Three-Dimensional Structure of Carboxypeptidase T from Thermoactinomyces Vulgaris in
Complex with N-BOC-L-Leucine. Biochemistry (Mosc) 2013, 78 (3), 252–259.
https://doi.org/10.1134/S0006297913030061.

Timofeev, V. I.; Sinitsyna, E. V.; Kostromina, M. A.; Muravieva, T. I.; Makarov, D. A.;
Mikheeva, O. O.; Kuranova, I. P.; Esipov, R. S. Crystal Structure of Recombinant
Phosphoribosylpyrophosphate Synthetase 2 from Thermus Thermophilus HB27 Complexed
with ADP and Sulfate Ions. Acta Crystallogr F Struct Biol Commun 2017, 73 (Pt 6), 369–375.
https://doi.org/10.1107/S2053230X17007488.

40



Trakhanov, S. D.; Grebenko, A. I.; Shirokov, V. A.; Gudkov, A. V.; Egorov, A. V.; Barmin, I. N.;
Vainstein, B. K.; Spirin, A. S. Crystallization of Protein and Ribosomal Particles in
Microgravity. Journal of Crystal Growth 1991, 110 (1), 317–321.
https://doi.org/10.1016/0022-0248(91)90901-G.

Wagner, G. Bacteriorhodopsin Crystal Growth under Microgravity--Results of IML-1 and
Spacehab-1 Experiments. ESA J 1994, 18 (1), 25–32.

Wilson, K. P.; Yamashita, M. M.; Sintchak, M. D.; Rotstein, S. H.; Murcko, M. A.; Boger, J.;
Thomson, J. A.; Fitzgibbon, M. J.; Black, J. R.; Navia, M. A. Comparative X-Ray Structures of
the Major Binding Protein for the Immunosuppressant FK506 (Tacrolimus) in Unliganded Form
and in Complex with FK506 and Rapamycin. Acta Crystallogr D Biol Crystallogr 1995, 51 (Pt
4), 511–521. https://doi.org/10.1107/S0907444994014514.

Vahedi-Faridi, A.; Porta, J.; Borgstahl, G. E. O. Improved Three-Dimensional Growth of
Manganese Superoxide Dismutase Crystals on the International Space Station. Acta Crystallogr
D Biol Crystallogr 2003, 59 (Pt 2), 385–388. https://doi.org/10.1107/s0907444902020310.

Vallazza, M.; Banumathi, S.; Perbandt, M.; Moore, K.; DeLucas, L.; Betzel, C.; Erdmann, V. A.
Crystallization and Structure Analysis of Thermus Flavus 5S RRNA Helix B. Acta Crystallogr
D Biol Crystallogr 2002, 58 (Pt 10 Pt 1), 1700–1703.
https://doi.org/10.1107/s090744490201421x.

Wagner, G. Mechanism of Membrane Protein Crystal Growth: Bacteriorhodopsin-mixed
Micelle Packing at the Consolution Boundary, Stabilized in Microgravity. Life and Microgravity
Spacelab (LMS) Final Report; Downey, J.P; NASA/AMES Research Center: California, 1998,
197-203.https://books.google.com/books?hl=en&lr=&id=Zz4kAQAAIAAJ&oi=fnd&pg=PA19
7&dq=G.+Wagner+Bacteriorhodopsin-mixed+micelle+&ots=DlqvDIla08&sig=RqMfeo1sXbr9
hBeTvi47BmJbH3o#v=onepage&q&f=false (accessed April 3, 2023).

Yamaguchi, S.; Sunagawa, N.; Matsuyama, K.; Tachioka, M.; Hirota, E.; Takahashi, S.;
Igarashi, K. Preparation of Large-Volume Crystal of Cellulase Under Microgravity to
Investigate the Mechanism of Thermal Stabilization. The Japan Society of Microgravity
Application 2021. https://doi.org/10.15011/jasma.38.1.380103.

Yoshida, H.; Yoshihara, A.; Ishii, T.; Izumori, K.; Kamitori, S. X-Ray Structures of the
Pseudomonas Cichorii D-Tagatose 3-Epimerase Mutant Form C66S Recognizing Deoxy Sugars
as Substrates. Appl Microbiol Biotechnol 2016, 100 (24), 10403–10415.
https://doi.org/10.1007/s00253-016-7673-7.

41



Zorb, C.; Weisert, A.; Stapelmann, J.; Smolik, G.; Carter, D. C.; Wright, B. S.; Brunner-Joos, K.
D.; Wagner, G. Bacteriorhodopsin Crystal Growth in Reduced Gravity--Results under the
Conditions, given in CPCF on Board of a Space Shuttle, versus the Conditions, given in DCAM
on Board of the Space Station Mir. Microgravity Sci Technol 2002, 13 (3), 22–29.
https://doi.org/10.1007/BF02872073.

42


	Investigation of Microgravity Grown Organic Crystals by Diffusion Techniques over the Course of Thirty-one Years
	Recommended Citation

	scan_amwilson_2023-05-03-13-37-25[90].pdf

