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Introduction

| Introduction

1 Biological macromolecules, proteins

Biological macromolecules are vital building units of life. They are large molecules that consist of
many, up to several hundred thousand identical or different atoms or atomic groups and thus can reach
from small to a relatively large molecular weights. The nucleic acids (DNA, RNA), proteins (enzymes,
antibodies, and collagen), polysaccharide (cellulose, starch) and lignin are among of the biological
macromolecules. Proteins are highly complex biomolecules that are present in all living organisms and
are directly involved in the bio-chemical processes essential for life, so they form the structures of living
cells, transport metabolites, pump ions, play key role in signal transduction and catalyze chemical
reactions. The term protein, emanated by the 18th-century Swedish chemist Jons Jacob Berzelius, has
its origin from the Greek word proteios, meaning of the first rank and was first used in 1839 in a
publication by Gerardus Johannes Mulder (Linderstrom-Lang, 1953; Mulder, 1839). The Human
proteome contain more than 100000 proteins that are involved in essential functions of cells, tissues
and organs (Adkins et al., 2002; Smith et al., 2013). Proteins are built of amino acids. Since 21 amino
acids are known to occur regularly in proteins (Bock et al., 1991; Stadtman, 1996). Proteins consist of
more than 100 amino acids, up to several thousand amino acids, wherein amino acid chains with a
length of less than about 100 amino acids attributed to the peptides. The largest known human protein
is Titin with approximately 3600 kDa, consists of more than 30,000 amino acids and contains 320
protein domains (Labeit et al., 1992; Wang et al., 1979). There are Proteins with diverse forms and
functions, with different molecular sizes, shape compositions and properties. The proteins can be
classified to four different structure levels. The primary structure of a protein represents the sequence
of the individual amino acids of a polypeptide chain and describes the amino acid sequence, but not the
spatial structure of the protein. The secondary structure of a protein determined by the composition of
the protein from particularly common motifs for the spatial arrangement of the amino acids without any
regard for the conformation of side chains or other segments of the main chain. The tertiary structure
determined by the parent structure of the polypeptide chain superordinate to the secondary structure
and is the result of the interaction between the side chains of the amino acids composing the protein.
The quaternary structure is demonstrated by the formation of a protein complex. This may be either a
clustering of different proteins or a unit of two or more polypeptide chains derived from the same
polypeptide chain (Branden and Tooze, 1999; Gromiha et al., 2010).

For example, life without enzymes is not possible. All enzymes identified thus far are proteins. Enzymes
catalyze biochemical and metabolic reactions that take place in animals, plants, and microorganisms.
They enable an organism to build up or degrade the proteins, carbohydrates, nucleic acids and lipids.
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Another example for proteins with important regulatory functions is hemoglobin. Hemoglobin
transports oxygen from the lung to organism, organs and tissues, acting as oxygen carrier in the blood
(Brunori et al., 1974; Fronticelli et al., 1995).

2 X-ray protein crystallography

X-ray crystallography is the predominate technique used to determine the three- dimensional structure
of biological macromolecules. High-resolution three-dimensional structures provide information that is
used to determine the function of proteins and other biomolecules, how they undergo conformational
changes, how they perform catalysis in the case of enzymes and for drug discovery in cases where
proteins play a role in different disorders or diseases. Growing high quality crystals of these
biomolecules enhances the ability to obtain X-ray data at high resolution, thereby enabling more
accurate three-dimensional structure determinations. Data and information obtained from
crystallographic investigations are important for macromolecular engineering to optimize and
biomolecules for various applications in biomedical research. The diffraction of X-rays by crystals was
first discovered by Max von Laue in 1914 (Eckert, 2012; von Laue, 1915). William Henry Bragg and
William Lawrence Bragg in 1915 analyzed crystal structures at the atomic level using the process of X-
ray diffraction (Bragg, 1915; Bragg and Bragg, 1918). John Bernal and his student Dorothy Hodgkin
in 1934 produced the first X-ray diffraction photograph of a digestive enzyme, pepsin, marking the
beginning of protein crystallography (Bernal and Crowfoot, 1934). In addition, Hodgkin discovered the
structure of penicillin using X -ray protein crystallography, which allowed pharmaceutical companies
to mass-produce the antibiotic. (Hodkin, 1949; Kademani et al., 1999).

Since beginning of crystallographic studies for biomolecules, the structures of more than 154.939
(recent status: 18.08.2019) biomolecules, including proteins, nucleic acids and their complexes have
been determined and are deposited in the Protein Data Bank (www.rcsb.org; Berman et al., 2000).

3 Protein crystallization and techniques

Protein crystallization is the process by which protein molecules are formed into 3D crystals. Since
high quality, crystals can be hard to produce; thousands of samples are often created for just a single
protein. Whereas the key to accurate 3D protein modeling is high-quality protein crystals, protein
crystallization is argued to be the most difficult part of the crystallography process. Protein crystals are
very fragile and can be affected by minor changes in heat, chemical conditions or pressure. After
growing a protein crystal, X-ray diffraction experiments can be performed in synchrotron or using other
commercial sources. Given data on diffraction patterns, proteins can be accurately modeled in three
dimensions. With the resulting three-dimensional protein model, novel drugs can be designed that target

a particular protein or toxin.


http://www.rcsb.org/
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Crystallization can be illustrated by a phase diagram (Figure 1). The phase diagram is acquired by
varying two parameters, protein concentration and precipitant concentration, at a time. In a protein
crystallization phase diagram between four areas can be distinguished: precipitation zone, an area of
very high supersaturation, the protein will precipitate; nucleation zone, an area of moderate
supersaturation, the nucleation will occur; metastable zone, an area of lower supersaturation, protein
crystals will grow; and undersaturation zone, the protein if dissolved and will not crystallize (Chayen
2005; Chayen and Saridakis 2008; Ducruix and Giegé 1999).

Precipitation zone

0, .
2 | % Nucleation zone Counter diffusion

Metastable
zone

Protein concentration

/
Vapour
diffusion

Undersaturation

v

Precipitant concentration

Figure 1. Schematic illustration of a protein crystallization phase diagram. Routes of the
crystallization methods are represented: Batch, counter diffusion, dialysis, free interface
diffusion and vapour diffusion. Each method runs a different routes to enter the nucleation and
metastable zones.

Protein crystallization usually takes place in two successive phases: nucleation and crystal growth. In
the nucleation phase a critical nucleus will be formed and crystal growth will follow (Ataka, 1993;
Chayen and Saridakis, 2008; Stura and Wilson, 1991).

The most commonly crystallization techniques are: Vapour diffusion (hanging and sitting drops),
dialysis, free interface diffusion, batch and counter diffusion (Chayen, 1998; Thomas et al., 1989). The
vapour diffusion (sitting and hanging drop)-, dialysis- and counter diffusion methods are schematically
represented in figure 2. Vapour diffusion is the most widely used technique. Vapour diffusion
techniques are dynamic systems in which the crystallization conditions are changing during the
crystallization process. The protein sample is either sitting (Figure 2B) or hanging (Figure 2A) drop
that equilibrates against a reservoir containing crystalizing agents at either lower or higher

3
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concentrations than in the protein drop (Chayen, 1998; Chayen, 2008). In the batch method the protein
sample and the crystallizing agents are mixed at their final concentrations. The supersaturation in batch
method is achieved upon mixing and the conditions are stable over the time (Chayen, 1998). In the
dialysis method the slow diffusion of the higher precipitant concentration from the outer compartment
into the inner compartment gradually raises the precipitant concentration in the protein solution (Figure
C). The protein sample is gradually moved to a point of supersaturation by imposing a gradient of ionic
strength or organic solvent concentration across the wall of the membrane (Thomas et al., 1989).
Counter diffusion is a nonequilibrium crystallization techniques and can be used to obtain higher quality

crystals. For counter diffusion thin capillaries will used (Figure 2).

I"J Protein/precipitant |—|
: '
— drop N . (- — z’preclpltant [reservoir] i
drop
< 1
Q" 1
1 Protein/
CONCyecigitant farop) = 5 Precipitant [reservoir] precipitant :
reservoir reservoir
precipitant precipitant precipitant
- — }—— Sealing compound
~ L R ._
' ' R
' H SRR
: g i Caplllary with protein
L R0 solution
ki
=3
03
i —t— Precipitant solution
rubber ring g Gel tube

Figure 2. Schematic representation of the most commonly used crystallization methods. (A)
Vapour diffusion, hanging drop. (B) Vapour diffusion, sitting drop. (C) Dialysis. (D) Counter
diffusion.

In counter diffusion techniques, the interacting precipitating agent and protein solutions either contact
one another directly or are separated by an intermediate chamber working as a physical buffer (Garcia-
Ruiz, 2003; Otalora et al., 2009). The protein and precipitant solutions are placed to diffuse against each
other, resulting in a spatial-temporal gradient of supersaturation along the capillary. The varying
supersaturation conditions leading to protein precipitation, nucleation, and crystal growth can be

obtained simultaneously in the capillary (Garcia-Ruiz, 2003; Ng and Garcia-Ruiz, 2003).
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4 Macromolecular mass transport in impact of protein crystallization
Macromolecular transport in crystallization processes has been shown to directly affect crystal quality
(Garcia-Ruiz et al., 2016; McPherson et al., 1999; Vekilov, 1999). Gravity dependent flow effects,
including convection and sedimentation, affect the crystal growth processes on earth (Lee and Chernov,
2002; Otalora et al., 2001; Wilcox, 1983). Density-driven solution convection (Figure 3) might be
expected to force molecules to rapidly flow past the growing crystal, thus bringing impurities such as
inorganic and organic particles and macromolecular aggregates to growing crystal surfaces (Lee and
Chernov, 2002). Different concentrations at different parts of a crystal created with the flow patterns
may lead to non-uniform growth conditions (DeLucas et al., 1986; Wilcox, 1983). Sedimentation is

another gravity dependent effect that significantly alters the crystal growth process on earth (Figure 3).

A B
1g Hg
5 g >
V iy £ o » -
Sl 4 Pt ‘\A J E
k N T8 R - S
= NS0 A L I [ ]
Bottom Bottom
Salt particles
Proteins
Protein crystals
’.\ J Convection —
b High mosaicity Low mosaicity

——> Diffusion

Figure 3. Comparative mass transport on earth and microgravity conditions. Resulting effect of
crystal quality illustrated by size, sedimentation and mosaicity. (A) On Earth. (B) In
microgravity.

Depending on the density of the growing crystals versus the solution density, crystals growing in a 1G
environment migrate to the top, bottom or wall of a crystallization container (Carotenuto et al., 2002;
DelLucas et al., 1986). Thus, sedimentation creates crystal accumulation on the surface, bottom or wall
of a crystallization container (DeLucas et al., 1986; Garcia-Ruiz et al., 2001a), which may interrupt
further crystal growth (Delucas et al., 1986; Garcia-Ruiz et al., 2001a; Wilcox, 1983). Diffusion-
controlled crystal growth processes in the absence of convection (and the elimination of the
sedimentation effect) may be beneficial for crystal quality. Therefore, the microgravity environment
appears to be ideally suited for growing crystals with improved quality (Kuranova et al., 2011;
McPherson et al., 1999; Snell et al., 1997). In this context, it is important to investigate the effect of

crystal growth rates versus crystal quality and size.
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5 Impurity effect on protein crystallization

Macromolecule purity is a major parameter in the crystal growth process, such that removal of
impurities and elimination of macromolecular heterogeneity improves the probability of growing higher
quality crystals (Giege et al., 1986; McPherson et al., 1999; Vekilov and Rosenberger 1996). Crystal
defects often originate from incorporation of molecular aggregates and other impurities into the lattice
of a growing crystal (Adawy et al., 2015; Giege et al., 1986; McPherson et al., 1999; Vekilov and
Rosenberger 1996). Hen egg-white lysozyme (HEWL) has been crystallized in presence of HEWL
dimers on earth and under microgravity conditions to investigate the effect of impurity incorporation
into a growing crystal. It was observed that the HEWL crystals grown under microgravity conditions
contain 4.5 times less HEWL dimers than control experiments performed on earth (Carter et al., 1999).
Another experiment demonstrated that the presence of chicken egg white lysozyme (CEWL) dimers in
the crystallization solutions in microgravity reduced crystal size, increased mosaicity and reduced the
signal-to-noise ratio of the X-ray data (Snell et al., 2001). Yet in another investigation, no significant
difference in impurity incorporation between microgravity and ground crystals was observed (Snell et
al., 2001).

6 Protein crystallization in microgravity
The first reported protein crystallization experiments in microgravity, performed in 1984, described the
growth of lysozyme and B-galactosidase crystals on Spacelab 1 (Littke and John, 1984). Since then in
subsequent space shuttle missions, unmanned satellite missions, on the Russian space station and on
the ISS, more than one hundred different proteins (Table 1;2) have been crystallized under microgravity
conditions (DeLucas et al., 1986; Krauspenhaar et al., 2002; Snell et al., 1997; Timofeev et al., 20123;
Vallaza et al., 2002). In 1989 Asano et al. performed a series of crystal growth experiments for bovine
pancreatic ribonuclease-S under microgravity conditions using the COSIMA 2 system (Asano et al.,
1992; Plaas-Link and Cornier, 1988). The microgravity-grown ribonuclease S single crystals revealed
improved diffraction resolution compared to ground-grown crystals of equal size (Asano et al., 1992).
In another experiment, crystals of uridine phosphorylase from Shewanella oneidensis MR-1 revealed
improved quality for microgravity grown crystals compared to 1G controls (Safonova et al., 2012).
However, some crystallization experiments performed under microgravity conditions showed no
significant improvement in crystal quality (Hilgenfeld et al., 1992; Strong et al., 1999). It is argued that

the microgravity environment on the ISS would be ideal for growing better quality protein crystals.
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Table 1. Biomolecules crystallized in microgravity, 1984-2019.

Biomolecules Crystalliz | Apparatus | Year/ Mission Reference
ation time period
method/
techniques
B-galactosidase Free Protein 1984 European Lottke and John
interface crystallizatio TEXUS rocket | 1984, 1986
diffusion/li | n facility
quid-liquid
diffusion
Lysozyme Vapor VDA (Vapor | 1985inJuly | STS-51F DeLucas et al. 1986
diffusion diffusion
apparatus)
Concanavalin B, Vapour VDA (Vapor | 1986 in STS-61C Del ucas et al. 1986
C-reactive diffusion diffusion January, 3-7
protein, apparatus) days
Canavalin, Purine
nucleoside
phosphorylase,
Human serum
albumin
Gamma- Vapour 1988 in STS-26 Delucas et al. 1989
interferon D, diffusion September, 3
Porcine elastase, days
Isocitrate lyase
Vanadate Liquid- 1988, August, | COSIMA 1, Erdmann et al. 1989
peroxidase, TET liquid 8 days Long March
repressor, EF-Tu | diffusion CZ-2C rocket
XGDP, Adenylate carried the
kinase (wild type), Chinese re-
Adenylate kinase entry capsule
(mutante), FWS-1
Streptomyces
Lysozyme,
Thermolysin
Streptomyces Vapor 1989, COSIMA 2 Hilgenfeld et al.
lysozyme, diffusion September, 1992
Thermolysin 10 days
Hen egg white Vapor 1989, Soviet space Strong et al. 1992
lysozyme diffusion December - Station MIR
1990
February, 56
days
Ribonuclease S Vapor 1989, COSIMA 2 Asano et al. 1992
diffusion September,
Aspartate Vapor 1989-1990 MIR space Stoddard et al. 1992
ammonia lyase , diffusion station

Anti- Brucella
Fab (monoclonal),
Isocitrate
dehydrogenase
(E.coli), Betta-
lactamase
(Enterobacter
cloacae), Betta-
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lactamase
(Bacillus
lichenoformis), D-
Ala-D-Ala ligase
(E.coli)

Bovine
ribonuclease A

Recombinant
human Interferon
gamma

Lysozyme ,
Bovine pancreatic
trypisin inhibitor
mutant

Carbohydrate-
Binding Fab

Satellite tobacco
mosaic virus
(STMV),
Canavalin from
jack beans

Malic Enzyme
(NAD-dependent
enzyme), Bovine
brain prolyl-
isomerase, HIV-1
reverse
transcriptase
complexed to a
monoclonal
antibody
fragment and to a
19/18 base-paired
double stranded
DNA helical
fragment

Human serum
albumin

Satellite tobacco
mosaic virus

Henn-egg-white
lysozyme,
Pyruvate
aminotransferase

Macro
seeding

Vapor
diffusion

Vapor
diffusion,
microdialy
Sis

Liquid-
liquid
diffusion

Vapor
dissusion,
liquid-
liquid
diffusion
Vapor
diffusion

Vapor
diffusion

Liquid-
liquid
diffusion

Vapor
diffusion

CRYOSTAT

CRYOSTAT

1991

1991

1991,
October, 16
days

1991,
September,
1992 January

1992, January
22-29

1992, June, 5
days

1992, January

1992,
January, 12
days

1992-1997

Swedish Space
Corporation
(SSC),
MASER
rocket

STS-28

Russian
unmanned
re-entry
photon
capsule,
COSIMA- IV
US space
shuttle
Discovery,
Russian MIR

US Space
Shuttle
mission,
IML-1, STS-
42

USML-1
STS-50

STS-42, IML-
1

US Space
shuttle STS-
42, IML-1

STS-42, STS-
47,STS-84

Sjolin et al. 1991

Ealick et al. 1991

Henning et al. 1994

Borisova et al. 1996

Day and McPherson

1992

DeLucas et al. 1994

DeLucas et al. 1994

Larson et al. 1998

Aibara et al. 1997
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from
Pseudomonas sp.

HEW lysozyme

HEW lysozyme

Lysozyme

Lysozyme,
Collagenase

Lysozyme

Lysozyme

Lysozyme

Canavalin
(rhombohedral
crystal form),
Canavalin
(hexagonal crystal
form),
SatelliteTobacco
Mosaic Virus,
Satellite Panicum
Mosaic Virus
Rhombohedral
canavalin

Human insulin

Diffusion
techniques

Vapor
diffusion,
liquid-
liquid
diffusion

Dialysis

Liquid-
liquid
diffusion

Dialysis,
free
interface
diffusion,
vapor
diffusion
Dialysis

Dialysis
liquid
diffusion

Liquid-
liquid
diffusion

Liquid-
liquid
diffusion

Vapor
diffusion

APCF
(Advanced
protein
crystallizatio
n facility)

APCF

APCF

APCF

APCF
(Advanced
protein
crystallizatio
n facility)
PCF (protein
crystallizatio
n facility)

1992; 1994

1993, June

1993, June,
7.5 days

1993, June

1993, June,
10 days

1994, July,
12.5 days

1994

1994, July,
12.5 days

1994, July,
12.5 days

1993-94

Chinese
experiment

Space Hab-01
mission,
STS-57

STS-57,
Spacehab-1

STS-57,
Spacehab-1

STS-57,
Spacehab-1

IML-2,
STS-65

STS-65, IML-
2

European
space agency,
IML-2,
STS-65

European
space agency,
IML-2,
STS-65

US Space
Shuttle, STS-
57, STS-60

Dong et al. 1998

Vaney et al. 1996

Helliwell et al. 1996

Broutin et al. 1997

Riés-Kautt et al.
1997

Helliwell et al. 1996

Snell et al. 1995

Koszelak et al. 1995

Ko et al. 2001

Smith et al. 1996;
Moore et al. 1999;
Lorber 2002
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Serine protease
collagenase from
Hypoderma
lineatum

Human estrogenic
17p-
hydroxysteroid
dehydrogenase

Acidic
phospholipase A 2
from venom of
Agkistrodon halys
Pallas

Human
Recombinant
Insulin

Antithrombin

Lysozyme from
bacteriophage
lambda

Nucleosome core
particle

Monoclinic
HEWL

Thaumatin

Apocrustacyanin
C1

a-crustacyanin,
the lobster
capapace
astaxanthin-
protein
Apocrustacyanin
C1

Liquid-
liquid
diffusion

Vapor
diffusion

Diffusion
techniques

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion

Liquid-
liquid
diffusion

Vapor
diffusion

Dialysis,
liquid-
liquid
diffusion

Vapor
diffusion

Liquid-
liquid
diffusion

Vapor
diffusion

DCAM
(Diffusion
controlled
apparatus for
micogravity)
APCF

1994, July,
14.5 days

1993-1994,
January, 88
days

1994, July

1994,
February, 8
days

1995

1995

1995

1995, October

1995, October

1996, June

1995

Until 1995

1994, 8 July

10

IML-2,
STS-65

Russian MIR
station

Chinese space
mission

STS-60

US Space
Shuttle Flight
STS-67

US Space
Shuttle Flight
STS-67

US Shuttle
mission
USML-2,
STS-73

US Shuttle
mission
USML-2,
STS-73

US Shuttle
mission
USML-2,
LMS, STS-73

US Shuttle
mission
USML-2,
STS-78
EURECA,
STS-46

STS-65, IML-
2

Broutin-L'Hermite
et al. 2000

Zhu et al. 1995

Pan et al. 1996

Long et al. 1997,
DelLucas 2001

Wardell et al. 1997

Evrard et al. 1998;

Lorber 2002

Harp et al. 2000

Vaney et al. 2001

Ng et al. 1997

Snell et al. 1997

Zagalsky et al. 1995

Chayen et al. 1996;
Chayen et al. 1997
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HEWL

Bacteriophage
lambda
lysozyme

Antithrombin

Hen egg-white
lysozyme

Aminoacyl-tRNA
synthetase

Lysozyme

Respiratory
syncytial virus
(RSV) antibody,
HIV protease
complex with
cyclic area based
inhibitor, Eco RI
endonuclease—
DNA complex
Pike parvalbumin

EF-hand
parvalbumin

Proteinase K

Hematopoietic
prostaglandin D
synthase

Dialysis,
vapor
diffusion

Vapor
diffusion

Vapor
diffusion

liquid-
liquid
dialysis

Dialysis

Liquid-
liquid
diffusion

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion,
liquid-
liquid
diffusion
Vapor
diffusion,
liquid-
liquid
diffusion

PCAM
(Protein
crystallizatio
n apparatus
for
microgravity

)

APCF

APCF,
PCAM

1994-1997

February
1995; March
1995

March 1995,
14 days

1996, June

1996, June

1996, June,
17 days

1997, June-
October

1997, June-
October

1997, June-
October

1997, July

1997, Mai, 10
days

11

STS-62, STS-
63, STS-76,
STS-79, STS-
81 STS-76,
STS-79, STS-
81, STS-67,
STS-63, STS-
67

STS-67

US Space
Shuttle Flight
STS-78

US Space
Shuttle Flight
STS-78

US Space
Shuttle Flight
STS-78

US Space
Shuttle Flight
STS-85

US Space
Shuttle Flight
STS-83, STS-
94

US Space

Shuttle Flight
STS-83

Space Shuttle
STS-94

STS-84, JAXA

Carter et al. 1999a

Evrard et al. 1997

Skinner et al. 1997

Dong et al. 1999

Ng et al. 2002

Otalora et al. 1999

Carter et al. 1999b

Carter et al. 1999b

Declercq et al.

1999b

Betzel et al. 2001

Tanaka et al. 2011
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Chaperonin-60,
Macrophage
migration
inhibitory factor,
B subunit of V-
type ATPase
Cratylia mollis
lectin (isoform 1)
in complex with
methyl-alpha-D-
mannose
EF-hand Protein

Thermus flavus 5S
rRNA

Sulfolobus
solfataricus
Alcohol
Dehydrogenase

Photosystem |
from
Synechococcus
elongates

Beef liver catalase

Surface layer
glycoprotein from
extremely
thermophilic
Methanothermus
fervidus

Human Bence-
Jones protein

Pro-Pro-Gly

Collagen triple
helix model [(Pro-
Pro-Gly)io]3

Thaumatin

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion,
Dialysis

Vapor
diffusion

Dialysis

Microdialy
sis

Free
interface
diffusion

Vapor
diffusion

Vapor

diffusion

Dialysis

Dialysis

Dialysis

VDA

APCF

APCF

APCF

1997, Mai, 10
days

1997, May

1997, July, 16
days

1997, July, 16
days

Until 1998,
15.5 days

1998

1998

1998

1998,
October, 9
days

1998,
October, 9
days

1998,
October, 9
days

1998,
October, 9
days

12

STS-84, JAXA

STS-84

STS-94

STS-94

US Space
Shuttle, STS-
73

US Space
Shuttle, STS-
73

Space Shuttle,
STS-73

Space Shuttle
STS-95

Space Shuttle
STS-95

Space Shuttle
STS-95

Space Shuttle
STS-95

Space Shuttle
STS-95

Kitano et al. 2000

De Souza et al. 2003

Declercq et al.
1999a

Lorenz et al. 2000

Esposito et al. 1998

Klukas et al. 1999

Ko et al. 1999;
Lorber 2002

Evrard et al. 1999

Alvarado et al. 2001

Vitagliano et al.
2001

Berisio et al. 2002;
Vitagliano et al.
2001

Sauter et al. 2002
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NH3-dependent
NAD+ synthetase
from Bacillus
subtilis

Ribonuclease S

Insulin

Human Bence-
Jones dimer

Thaumatin

Herpes Simplex
Virus 1 Single-
Stranded DNA
Binding Protein

(Pro-Pro-Gly)wo

Proteinase K

Insulin

Hen egg-white

lysozyme

(Pro-Pro-Gly)wo

T6-Insulin

Vapor
diffusion

Dialysis

Vapor
diffusion

Dialysis

Dialysis

Vapor
diffusion

Dialysis,
free

interface
diffusion

Vapor
diffusion

Vapor
diffusion

Counter
diffusion

Free
interface
diffusion,
dialysis

Free
interface
diffusion,
vapor
diffusion

CVDA
(Commercial
vapor
diffusion
apparatus)

APCF

APCF

1998,
October, 9
days

1998,
October,1999,
July

1998,
October, 9
days

1998,
October, 9
days

October 1998,
8 days

October 1998,
8 days

October 1998,
8 days

June 1998;
October 1998,
8 days

1998,
October, 9
days

1998,
October, 9
days

1998,
October, 9
days

1998,
October, 9
days

13

Space Shuttle
STS-95

Space Shuttle
STS-93, STS-
95

Space Shuttle
STS-95

Space Shuttle

STS-95

STS-95

STS-95

STS-95

STS-91;

STS.95

STS-95

STS-95

STS-95

STS-95

Symersky et al.
2002

Travis Gallagher et
al. 2003

Vahedi-Faridi et al.
2003a

Terzyan et al. 2003

Lorber et al. 1999b;
Lorber et al. 1999a;
Sauter et al. 2002

Mapelli and Tucker

1999

Berisio et al. 2000

Eschenburg et al.
2000

Borgstahl et al. 2001

Sauter et al. 2001

Carotenuto et al.
2001

De Mattei et al.
2001
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Alcohol
Dehydrogenase
from

The
Hyperthermophili
¢ Archaeon
Sulfolobus
Human
triosephosphate
isomerase

Thermus flavus
5S rRNA helix B

Mistletoe lectin |
from

Viscum album
with adenine
monophosphate
Apocrustacyanin
C()

Myoglobin triple
mutant Mb-YQR
[L(B1O)Y, H(E7)Q
and T(EL0)R]

Manganese
superoxide
dismutase

Hydrogenase
maturation factor
HypF N-terminal
domain

Dehydroepiandro
ster-one
sulfotransferase
(DHEA-ST),
Phosphoenolpyru
vate
carboxykinase
(PCK), Mutant of
cytochrome-b5
(Cyto-b5m),
Antibacterial
peptide LC1,
Hemorrhagin
Liver Basic Fatty
Acid-Binding
Protein, Chicken
liver basic Fatty
Acid-binding

Dialysis

Counter

diffusion

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion

Vapor
diffusion

Diffusion
techniques

Vapor
diffusion

GCF
(Granada
crystallizatio
n facility)

HDPCG

HDPCG
(High
denisty
protein
crystal
growth)

HDPCG

Until 2002

2001-2005

April 2001 to
August 2001

2002,
November,
110 days

Until 2002

2001, 2002

December
2001 to April
2002

April 2002

March 2002,
7 days

2001

14

US Space
Shuttle

ISS

ISS 6A, STS-
100, STS-105

ISS 6A, STS-
113

US Space
shuttle, 1SS
mission

ISS 6A, ISS 8
A

ISS

ISS
8A/STS110

Shenzhou 3

STS-100, ISS-
6A

Esposito et al. 2002;
Lorber 2002

Kinoshita et al. 2005

Vallazza et al. 2002

Krauspenhaar et al.
2002; Edward and
John 2005

Habash et al. 2003

Miele et al. 2003

Vahedi-Faridi et al.
2003b

Ponassi et al. 2011

Han et al. 2004

Nichesola et al.
2004
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protein complexed
with cholic acid

Hematopoietic
prostaglandin D
synthase

Hen egg lysozyme,
Carboxypeptidase
B

Recombinant
human insulin

Thermotoga
maritima triose
phosphate
isomerase

Archaeal
transcription
termination factor
NusA

Mistletoe Lectin I
(ML-I)

Mistletoe Lectin I
in Complex with
Zeatin

Uridine
phosphorylase
from Shewanella
oneidensis MR-1

Mouse Lipocalin-
Type
Prostaglandin D
Synthase

Recombinant
Formate
Dehydrogenase
from

Arabidopsis
thaliana
Phosphopantethei
ne
Adenylyltransfera
se from
Mycobacterium
tuberculosis in

Counter
diffusion

Free-
interface-
diffusion

Free-
interface-
diffusion

Counter
diffusion

Counter
diffusion

Counter
diffusion

Counter
diffusion

free-
interface-
diffusion,
counter
diffusion
Counter
diffusion

Vapor
diffusion

Vapor
diffusion,
Counter
diffusion

GCF
(Granada
crystallizatio
n facility)
GCF
(Granada
crystallizatio
n facility)
GCF

January—April
2004, 13
weeks,

April-October

2005

October 2005

to April 2006

Until 2007

Until 2005

2005

2005

Until 2012

August to
October 2007,
11 weeks

2006-2009

2006-2009

15

NASDA-
GCF#3

ISS 11

I1ISS12-13

ISS

ISS, JAXA-

GCF project

ISS

ISS

ISS, JAXA

ISS, Russian
Module-1,
JAXA

ISS, Russian
Module

ISS, Russian
Module

Tanaka et al. 2011

Smirnova et al. 2009

Smirnova et al. 2009

Evrard et al. 2007

Tanaka et al. 2007

Matecki et al. 2012

Meyer et al. 2008

Safonova et al. 2012

Inaka et al. 2011

Shabalin et al. 2010

Timofeev et al.
2010, 2012b
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complex with
Coenzyme A

Human epidermal
growth factor
receptor

Phosphopantethei
ne
adenylyltransferas
e (PPAT) from
Mycobacterium
tuberculosis in the
apo form,
Phosphopantethei
ne
Adenylyltransfera
se from
Mycobacterium
tuberculosis in
comlex with
dephosphocoenzy
me A
Phosphopantethei
ne
adenylyltransferas
e (PPAT) from
Mycobacterium
tuberculosis in the
apo form,
Phosphopantethei
ne
adenylyltransferas
e (PPAT) from
Mycobacterium
tuberculosis in the
complex with ATP
Thymidine
Phosphorylase
from E. coli in
Complex with 3'-
Azido-2'-Fluoro-
2'3'-
Dideoxyuridine
Carboxypeptidase
T from
Thermoactinomyc
es vulgaris in
Complex with N-
BOC-L- eucine
Thermostable T1
Lipase

Counter
diffusion

Counter
diffusion

Counter
diffusion

Counter
diffusion

Counter
diffusion

Counter
diffusion

GCF, JCB
(JAXA
crystallizatio
n box)

Until 2011

Until 2012

Until 2012

Until 2012

Until 2012

Until 2014

16

ISS

ISS, Russian
Module

ISS, Russian
Module

ISS, Russian
Module,
JAXA

ISS, Russian
Module,

ISS, JAXA

Yoshikawa et al.
2013

Timofeev et al.
2012b

Timofeev et al.
2012a

Timofeev et al.
2013a

Timofeev et al.
2013b

Mohamad Aris et al.
2014
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Ribonuclease S

Beta-Lactamase

entry capsule

Chinese re-
entry rocket

MIR space
station

antibiotics

Catalyzes the degradation of RNA into
smaller components

Produced by bacteria that provide
multi-resistance to B-lactam antibiotics

Zn-insulin Counter Until 2014 ISS, Russian Strelov et al. 2014
diffusion, Module
free-
interface
diffusion
Porcine Counter Until 2015 ISS, Russian Akparov et al. 2015
carboxypeptidase | diffusion Module,
JAXA
Phosphoribosyl Counter Until 2016 ISS, Russian Timofeev et al. 2016
pyrophosphate diffusion Module
synthetase from
E. coli
D-tagatose 3- Counter 2013-2016 ISS, JAXA- Yoshida et al. 2016
epimerase C66S diffusion PCG
from
Pseudomonas
cichorii in
complex with 1-
deoxy L-tagatose
HEWL Counter LMM 2017;2018 ISS Martirosyan et al.
diffusion biophysics 2019 (to be
plate published)
Plasmodium Counter LMM 2017; 2018 ISS Martirosyan et al.
falciparum diffusion biophysics 2019 (to be
glutathione-S- plate published)
transferase
(PfGST)
Table 2. Biomolecules crystallized in microgravity in terms of drug design/development.
Protein Space Mission  Function/Target Reference
C-reactive protein STS-61C Binds to the phosphocholine expressed  Delucas et al. 1986
on the surface of dead or dying cells
and some bacteria
Human serum STS-61C, STS-  Maintains oncotic pressure, transports DelLucas et al. 1986
albumin 42 thyroid hormones, fatty acids,
unconjugated bilirubin, many drugs DeLucas et al. 1994
Purine nucleoside STS-61C Metabolizes inosine into hypoxanthine  Delucas et al. 1986
phosphorylase and guanosine into guanine.
TET repressor Chinese re- Involved in bacterial resistance again Erdmann et al. 1989

Hilgenfeld et al.
1992

Stoddard et al. 1992
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Human Interferon-y

Bovine pancreatic
trypsin inhibitor
mutant

HIV-1 reverse
transcriptase
complexed to a
monoclonal antibody
fragment and to a
19/18 base-paired

double stranded
DNA helical
fragment

Human 1713-
hydroxysteroid
dehydrogenase in the
complex form with
NADP +

T3Ri insulin
hexamer, complexed
with 4-
hydroxybenzamide,
Insulin

Acidic phospholipase
A2

Human Interferon a-
2

Human
Antithrombin

Thaumatin

STMV (Satellite
tobacco mosaic virus)

Collagenase

STS-26, STS-
28

Russian
unnamed re-
entry capsule

STS-50

Russian MIR
station

STS-57, STS-
60, STS-95

Chinese space
mission, re-
entry capsule

STS-60

STS-67

STS-73

STS-42

STS-65, STS-
57

such as penicillins, cephamycins, and
carbapenems (ertapenem)

Antiviral agent, enhance immune cells
activity

Competitive inhibitor of several serine
proteases, specifically trypsin,
chymotrypsin. Leads to the inhibition
of the formation of factor Xlla

One of the key players in the
mechanism of infection by HIV
retrovirus.

Significant target for breast and
prostate cancer drug therapy

Provide benefits to the Diabetic

Inhibition of platelet aggregation,
hemolysis, presynaptic and muscular
toxicity

Hairy cell leukemia, multiple myeloma,
venereal wart, AIDS related Kaposi's,
sarcoma and chronic hepatitis B and C

Inactivation of several enzymes of the
coagulation system

Thaumatin production is induced in
katemfe in response to an attack of
viroid pathogens

Plant Virus

Only enzyme able to cleave native
collagen under physiological conditions

Ealick et al. 1991

Henning et al. 1994

DeLucas et al. 1994

Zhu et al. 1995

Smith et al. 1996

Borgstahl et al. 2001

Pan et al. 1996

Long et al. 1997

Wardell et al. 1997

Skinner et al. 1997

Ng et al. 1997

Larson et al. 1998

Broutin et al. 1997
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Respiratory syncytial
virus (RSV) antibody

HIV protease

complex with cyclic
area based inhibitor

EF-hand
parvalbumin

Herpes Simplex
Virus 1 Single-
Stranded DNA
Binding Protein

Chaperonin-60

Thermus flavus
Ribosomal 5S rRNA

Alcohol
Dehydrogenase from
the
Hyperthermophilic
Archaeon Sulfolobus

solfataricus

Collagen triple helix
model

[(Pro-Pro-Gly)10]3

NH3-dependent
NAD+ synthetase
from Bacillus

subtilis

Human Bence-Jones
dimer

Mistletoe lectin |
from Viscum album
with adenine

STS-85

STS-85

STS-83

STS-95

STS-84, JAXA

STS-94

STS-73

STS-95

STS-95

STS-95

ISS -6A, STS-
113

Human respiratory syncytial virus
(HRSV) is a syncytial virus that causes
respiratory tract infections

With its integral role in HIV
replication, HIV protease has been a
prime target for drug therapy

Cell excitation and relaxation, in
muscles and in neurons

Herpes Simplex Virus 1 produces most
cold sores by human

Assists in protein folding in
mitochondria. Plays a role in
autoimmune disease

Involved in protein synthesis in
Ribosome

Reversible interconversion of alcohols
to aldehydes/ketones

Main component of connective tissue,
the most abundant protein in mammals

Drugs designed special for bacterial
NAD+ synthetases should decrease
NAD+ levels in pathogens, thereby
inhibiting bacterial growth

Amyloidogenic protein, light chains
have the capacity to pass through the
blood vessel endothelia and be
converted into lethal, insoluble fibrils
in vital organs like the kidney, heart,
tongue, brain and skin

Ribosome-inactivating protein of type
11, depurinates specifically the
ribosomal 23S5/28S rRNA, causing a

Broutin-L'Hermite
et al. 2000

Carter et al. 1999

Carter et al. 1999

Declercq et al. 1999

Mapelli and Tucker

1999

Kitano et al. 2000

Lorenz et al. 2000

Esposito et al. 2002

Berisio et al. 2002

Symersky et al.
2002

Terzyan et al. 2003

Alvarado et al. 2001

Krauspenhaar et al.
2002
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monophosphate
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Il Aims of this work

This work was performed in context of the LMM biophysics project. LMM Biophysics is a Glenn
Research Center (GRC) and Center for the Advancement of Science in Space (CASIS) sponsored
biological protein crystal growth experiment, utilizing the Fluids Integrated Rack (FIR)/Light
Microscopy Module (LMM) on the International Space Station (ISS).

As in future at high intensive radiation sources for structure analysis of biomolecules mostly high
quality crystals are required, the demand to produce most perfect crystals is increasing, therefore latest
microgravity crystallization experiments on ISS aim to understand the inclusion of impurities, reducing
the crystal quality. It is assumed that a convection-free, diffusion-controlled environment will support
growth of crystals of higher quality, which can be achieved using microgravity. High-resolution three-
dimensional structures obtained from crystallographic investigations are important for drug design and
macromolecular engineering to optimize biomolecules for various applications in biomedical research.
Microgravity crystallization experiments were performed to analyze in microgravity and under lab
conditions comparative phenomena causing the incorporation of impurities, such as partially misfolded
or partially denaturized proteins, or its aggregates, or other unwanted impurities in growing crystals. In
this project the crystal growth rates for macromolecules covering a wide molecular weight in
microgravity versus gravity will be compared. In context of this work the percentage incorporation of
different molecular aggregates (protein impurities) into the crystalline lattice of growing crystals will
be evaluated. Based on the percentage incorporation of larger aggregates within the crystals, the effect
of molecular filtering based on differences in diffusion rates will be indirectly assessed. This will be
accomplished by fluorescently tagging the aggregates.

In macromolecular protein crystallization mass transport processes are a critical determinant in the
process of protein crystal growth. To investigate comparative macromolecular transport phenomena in
crystallization experiments and to analyze particular the incorporation of impurities in growing crystals
crystallization experiments were performed on ISS while applying the Light Microscopy Module
(LMM) for monitoring and scoring the experiments. For this purpose the counter/liquid-liquid diffusion
technique in capillaries of 100mm in length, 3mm in width and 0.3mm inner diameter will be applied.
The investigation entails the launch of Biophysics Plates (cassettes) containing capillaries with various
protein samples. The cassettes were launched aboard SpaceX in cold stowage at -80 °C. Upon reaching
ISS the cassettes were transferred to ISS cold stowage while awaiting science operations. Then, the
cassette were removed from cold stowage, thawed, and installed onto the LMM and operations were
performed. Parallelly, science operations were performed in earth laboratories.

Once the crystals were returned to earth they were experimental analyzed subjected to X-ray

crystallography, to determine the structure and hence understand the biology of the system.
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111 Materials and Methods

1 Material
1.1 Instrumentation

Table 3. Instrumentation.

Devise

Manufacturer

Agarose gel electrophoresis:

Gel caster

Power supply
Electrophoresis unit
UV transilluminator

Balance

Centrifuges

Clean bench
Confocal laser scanning

microscopes

Crystal imaging

DLS instrumentation

FPLC (Fast protein liquid

chromatography)
Freezer:

-20 °C
-80 °C

PerfectBlueTM Mini S (Peglab, Germany)
PowerPac 200 (Bio-Rad, Germany)
PerfectBlueTM Mini S (Peglab, Germany)
Gel iX Imager (INTAS Science Imaging
Instruments, Germany)

TE3102S (Sartorius, Germany)

5415R/5415C/5424/5804R/5810R MinispinPlus
(Eppendorf, Germany)

Multifuge X3R (Thermo Fisher Scientific,
Germany)

Hera Safe, Thermo Electron corporation (Thermo
Fisher Scientific, Germany)

Zeiss LSM 710 (Zeiss, Germany)
Leica TCS SP — 8 (Leica Microsysteme, Germany)

Digital Sight DS-L3 (Nikon, Japan)
CrystalScore (Diversified Scientific Inc., US)
Microscope SZX12 (Olympus, Japan)
SpectroSize 300 (XtalConcepts, Germany)
Spectro Light 500 (XtalConcepts, Germany)
Multichannel DLS system (XtalConcepts,
Germany)

AKTA Purifier P-901 (GE Healthcare, UK)
AKTA Prime (GE Healthcare, UK)

Liebherr premium (Liebherr, Germany)
B35-85 (FRYKA-Kaltetechnik, Germany)
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Devise

Manufacturer

Freeze-dryer
Incubator:

37 °C

27 °C

Incubator Shaker

LMM microscope

Mass spectrometer
Microbalance

Microscopes

Micropipette
Microplate reader
Multiwell 384 platte
Microwave
pH-meter

Roller mixer
Rotatory evaporator
SDS-PAGE:

Gel caster
Power supply
Electrophoresis unit

Sonifier ultrasonic cell disruptor

Spectrophotometer

Stirrer

Alpha 1-4 LSC (CHRIST, Germany)

Heraeus B6120 (Heraeus, Germany)
Heraeus B-5060 (Heraeus, Germany)
Innova 44® (New Brunswick Scientific, USA)

Leica RXA (Leica microsystems, Germany),
modified for ISS research

Agilent 6224 ESI-TOF (Agilent, USA)
CP224S-0CE (Sartorius, Germany)

Stereo microscope SZX12 (Olympus, Japan)
Axiovert 25 (Zeiss, Germany)
Leica M205 C (Leica Mikrosysteme, Germany)

Micropipette ResearchPlus (Eppendorf, Germany)
TECAN GENios XFLUOR4 (TECAN, CH)
Lumox® (Sarstedt, Germany)

NN-e202W (Panasonic, Japan)

SevenEasy (Mettler Toledo, US)

Stuart Roller Mixer SRT9 (Stuart, UK)

RV 8 V-C (IKA, Germany)

Four Gel Caster (SE275)

EV 231 (Peglab, Germany)

SE260 Mighty Small Il Deluxe Mini
electrophoresis unit (Hoefer, US)

Sonifier S-250A analog ultrasonic processor 200 W
(Emerson Electric Co, US)

GeneQuant 1300 (GE Healthcare, UK)
Nanodrop 2000c and NanoDrop Lite (Thermo
Fisher Scientific, Germany)

UVICON 933 (BIO-TEK Kontron Instruments,
us)

VMS-A (VWR, US)
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Devise Manufacturer
MR 3001 (Heidolph, Germany)
Syringes Hamilton® standard microliter syringes, 50 ul, 100

Thermocycler

Vortex

UV-light source

pl, removable-needles (Hamilton, USA)
Mastercycler gradient (Eppendorf, Germany)
Mastercycler personal (Eppendorf, Germany)
MyCycler Thermal CyclerTM (Bio-Rad, US)
Primus 25 Advanced (Peglab, Germany)
REAX top, Heidolph Instruments, Schwabach
(Germany)

CrystalLIGHT 100 (Nabitec, Germany)

1.2 X-ray sources

Table 4. The beamlines used to generate high resolution structural data. The rotation anode X-ray
generator was used to test and score crystallization trials.

Beamlines

P11
P13

DESY, PETRA 111, DESY, Hamburg
EMBL, PETRA Ill, DESY, Hamburg

Home source, rotating anode

Rigaku RU 200 X-ray generator Wavelength:
Cu Ka = 1.5418 A Detector: MAR300 image
plate, University Hamburg

1.3 Consumables

Table 5. Consumables.

Consumables

Manufacturer

Capillaries
Centrifugal filters

Chromatography columns

Coverslips

Rectangle capillaries (VitroCom, USA)

Vivaspin® 15, 50 MWCOs from 3 000 to
100000 (GE Healthcare Europe, Germany)
Size exclusion Superdex HilLoad 26/600
(GE Healthcare Europe, Germany)
Glutathione sepharose (Thermo fisher
scientific, USA)

Size exclusion Sephadex® G-25 (Sigma
Aldrich, Germany)

20 x 20 mm (Thermo Fischer scientific,
USA)
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Dialysis cassettes

Falcons
Linbro plates
Reaction tubes

Parafilm M

Pipette tips

Syringes

Syringe filters

Slide-A-Lyzer G2 Dialysis Cassettes (
Thermo Fisher Scientific, USA)

Sterile 15 ml/50 ml (Sarstedt, Germany)
24 well plates (Jena Bioscience, Germany)
0.2 ml (Biozym Scientific, Germany)

0.5, 1.5, 2 ml (Eppendorf, Germany)

Bemis®, Pechiney Plastic Packaging,
Neenah (USA)

Sterile Biosphere filter tips and non-sterile
10, 200, 1000 pl (Sarstedt, Germany)

Sterile 5, 10, 20 ml, (Braun, Germany)

Millex® Syringe Filters 0,22 um (Merck
Millipore, Germany)

1.4 Kits and Reagents

Table 6. Kits und Reagents

Kit, Reagent

Manufacturer

Gel Filtration Molecular Weight
Markers, standard kit

Alexa Fluor™ 488 Protein Labeling Kit

Alexa Fluor™ 488 TFP ester

Sigma-Aldrich (USA)

Thermo fisher scientific (USA)

Thermo fisher scientific (USA)

1.5 Buffers and Solutions

The solutions were autoclaved at 121 ° C and 1.4 bar. Buffers were either also autoclaved or sterile

filtered on heat-sensitive ingredients using 0.22 um filter units.

1.5.1 Growth mediums
Table 7. Growth mediums

Medium

Content, Manufacturer

LB-medium (Luria/Miller)

10 g/l Tryptone
5 g/l Yeast extract
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10 g/l Sodium chloride
pH 7,0 (Carl Roth Germany)

LB-Agar (Luria/Miller) 10 g/l Tryptone
5 g/l Yeast extract
10 g/l Sodium chloride 15 g/l Agar
pH 7,0 (Carl Roth, Germany)

Table 8. Antibiotics und additives

Antibiotics, additives Concentration
Ampicillin 100 mg/mi
Isopropyl-p-D-thiogalactopyranosid 1M

(IPTG)

1.5.2 Protein purification
Table 9. Protein purification

Buffer Content

GSH affinity chromatography lysis buffer 1 x PBS

GSH affinity chromatography wash 1 xPBS

buffer

GSH affinity chromatography elution 1 x PBS, 20 mM L-Glutathione, pH 7.4
buffer A

GSH affinity chromatography elution 0.1 M NaHPO4, 20 mM S-(p-Bromobenzyl)

buffer B GSH, pH 6.7
Matrix regeneration buffer 6 M guanidine chloride, 0.1 M acetic acid
Size exclusion chromatography buffer 1 x PBS

Table 10. Chemicals und additives

Chemicals, additives Manufacturer
4-Bromobenzyl bromide Sigma Aldrich (Deisenhoven)
Dimethyl sulfoxide (DMSO) Merck (Germany

Ethanol Merck (Germany)
L-glutathione Merck (Germany)
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1.5.3 Electrophoresis

Table 11. Electrophoresis

Buffer

Content

Coomassie-staining solution

Coomassie-destaining solution

Resolving Buffer (SDS-PAGE)

SDS-PAGE loading buffer

SDS-PAGE separating buffer (10x)

Stacking Puffer (SDS-PAGE)

0,1 % (w/v) Coomassie Brilliant Blue R-250
40 % (v/v) Methanol 10 % (v/v) acetic acid

40 % (v/v) Methanol 10 % (v/v) acetic acid

1.5 M Tris Base
0.004 % (w/v) SDS pH 8,8

250 mM Tris/HCI pH 6,8

20 % (w/v) Glycerol

8 % (w/v) SDS

4 mg Bromphenolblau

(4% (v/v) B-Mercaptoethanol)

0.025 M Tris Base
0.192 M Glycin
0.1 % (w/v) SDS

0,5M Tris Base 0,004% (w/v) SDS
pH 6,8

1.5.4 SDS-Polyacrylamide gels
Table 12. SDS-Polyacrylamide gels

Buffer content Stacking gel Resolving gel

7,5% 10% 12,5%
ddH20 3,1ml 4,86 ml 4,18 ml 3,2 ml
Stacking buffer 1,25 ml --
Resolving buffer -- 25ml25ml25ml
30 % Acrylamid 0,65 ml 2,5ml 3,34 ml 4,16 ml
10 % APS 50 ul 50 pul 50 pl 50 pd
TEMED Sul 10 pul 10 pl 10 pd
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Figure 4. Page Ruler Protein ladder.
The Page Ruler Protein Ladder (Fermentas, S.T. Leon Red) was used for the protein analysis
by SDS-PAGE.

1.6 Bacterial strains

Escherichia coli

Table 12. E. coli strain

Strain Genotype Manufacturer
BL21 (DE3) F'dcm ompT hsdSB(rB-mB-  Stratagene
)gal, I(DE3
1.7 Plasmids

1.7.1 Protein expression

Table 13. Plasmids for Protein expression

Plasmid Characteristic Reference

pJC20 Vector for  prokaryotic Clos and Brandau, 1994
expression of proteins
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1.8 Crystallization

Table 14. Crystallization solutions. Protein, precipitant and cryoprotectant buffers.

Buffers

Content

Protein

Precipitant/ reservoir (vapor diffusion
technique)

Precipitant (counter diffusion technique)

Cryoprotectant (vapor diffusion technique)

Cryoprotectant (Counter diffusion technique)

0.1 M NaHPOs4, pH 6.7
0.1 M NaHPO4, 2.1 M AmSO4, pH 6.7

0.1 M NaHPO4, 2.8 M AmSO4, 15% glycerol,
pH 6.7

0.1 M NaPOg, 1.9 M AmSQa, 10 mM S-(p-
Bromobenzyl) GSH, 14% glycerol, pH 6.7
0.1 M NaPOa, 1.9 M AmSQa, 10 mM S-(p-
Bromobenzyl) GSH, 14% glycerol, pH 6.7

1.9 Computational and statistical data analysis

Table 15. Software

Software Manufacturer/ reference

Adobe Photoshop CS3 Adobe Systems GmbH (Germany)

Blast (Altschul et al., 1997)

CCP4 (Winn etal. 2011)

Coot (Emsley et al., 2004)

ImageJ Developed at the National Institute of Mental
Health, Maryland, USA)

IMOSFLM (Battye et al. 2011; Leslie 2006)

IrfanView An image viewer, editor, organizer and
converter program, developed by Irfan
Skiljan, initial release in 1996

MOLREP (Vagin etal., 1997)

Office software Microsoft, Redmond, (USA)

Origin OriginLab Corporation, (USA)

Protein Data Bank (PDB) (Berman et al., 2000)

ProtParam (Gasteiger et al., 2005)

pymol Schrddinger, Portland (USA)

Refmac5 (Murshudov et al., 2011)

UCSF Chimera

X-ray Detector Software (XDS)

Resource for Biocomputing, Visualization,
and Informatics at the University of
California, San Francisco, (USA)

(Kabsch, 2010)
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2 Methods
2.1 Molecular biology and microbiological methods

2.1.1 Preparation of chemically competent cells

A glycerol stock (50 ul) was used to inoculate 100 ml Luria Bertani (LB)-medium and incubated at 37
°C overnight. The overnight culture was diluted to 1:50 while adding 5 ml of overnight culture to a 250
ml LB (Luria Bertani, Lennox) media supplemented with the E. coli specific selection antibiotics. The
cells were grown at 37°C until an OD600 of 0.5 — 0.8 was reached and subsequently incubated for 10
min on ice. The solution was centrifuged at 1000 x g, 4 °C for 15 min. The supernatant was discarded
and the pellet was resuspended in 10 mL 0.1 M CaCl.-buffer and immediately incubated on ice for 30
min. The cell suspension was centrifuged again at 1000 x g, 4 °C for 15 min. The supernatant was
discarded and the cells were resuspended in 5 ml cold 0.1 M CaCl2 buffer supplemented with 10 %
(v/v) glycerol. The cell solution was distributed into 100 pL aliquots, flash-frozen in liquid nitrogen
and stored at -80 °C.

2.1.2 Transformation of plasmids into E.coli cells

A modified method for the transformation of E. coli by treatment with CaCl. (Hanahan & Harbor 1983)
was used. A 100 pl aliquot of chemically competent cells was slowly thawed on ice, mixed with 1-100
ng of DNA (The expression system for the PfGST (Liebau et al., 2002) was kindly provided by Dr.
Perbandt) and placed on ice for a further 10 min. This was followed by a heat shock (90 sec, 42 ° C)
for the uptake of DNA into the cells. The cells were then transferred on ice and pipetted into 900 pl of
sterile LB medium in a glass tube. Phenotypic expression of resistance was achieved by shaking the
culture for 90 min at 37 © C. After phenotypic expression, 100 pl of the suspension or appropriate
dilutions were plated on selective agar plates containing corresponding antibiotics and incubated
overnight at 37 ° C.

2.1.3 E. coli glycerol stock preparation
A Single colony of overnight culture was picked and inoculated in 100 ml LB medium and
incubated/shacked at 37 °C overnight. Transformed single clones were grown to high log-phase and
preserved by the addition of 30 % (v/v) glycerol to the culture (500 pl aliquots) and stored at -80 °C.
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2.2 Biochemical and biophysical methods

2.2.1 Recombinant protein expression

PfGST from Plasmodium falciparum was expressed and purified as previously reported (Liebau et al.,
2002; Perbandt et al., 2015) with few modifications. The recombinant PfGST was expressed in E. coli
BL21 cells transformed with pJC20 plasmid. First, an overnight culture was applied. A single colony
or 10 pl of a glycerol stock was used to inoculate a 50 ml of LB medium containing a 100 pg/ml
ampicillin and incubated at 37 °C and shacked at 190 rpm overnight. For the protein expression a 1 |
LB medium containing 100pg/ml ampicillin was inoculated with 1:40 overnight culture and incubated
shaking at 37 °C until an optical density at 600 nm (OD600) of 0.5-0.7 reached. The protein expression
was induced with 0.5-1mM IPTG and incubated at 19 ° C shaking (190 rpm) overnight. The cells were
harvested by centrifugation at 17.000xg at 4 °C for 30 min, resuspended in 1xPBS buffer pH 7.4 (lysis
buffer) and stored at -20 °C.

2.2.2 Synthesis of S-(p-Bromobenzyl) GSH

To stabilize the PfGST dimer in solution a GSH analog the S-(p-Bromobenzyl) GSH was synthesized.
S-p-bromobenzyl glutathione is a GST inhibitor and was synthesized while applying a modified method
of Vince et al. (1971). The 4-Bromobenzyl bromide (12 mM) was dissolved in 500 mL of 50 % ethanol
aqueous solution in a single neck round-bottom flask. Then L-glutathione (12 mM) was added into the
solution with vigorous stirring. After 4-Bromobenzyl bromide and L-glutathione were completely
dissolved, sodium hydroxide (5 M NaOH) was added dropwise into the mixture and the pH 9.2 was
maintained stirred at RT for 3 h. Then, hydrochloric acid (10 M HCI) was slowly added into the mixture
until reach the pH 2.1. The reaction was stopped. The obtained solution was removed to a 1 L round
flack and the excess solvent was removed under rotary evaporator at RT 175 mbar to get white solid
product (the experiment was performed at the institute of organic chemistry, University Hamburg). The
white solid product was dissolved in a NaHPO4 buffer. Then, 1 M NaOH was added dropwise into the
solution adjusted to pH 6.7. Then, the final solution with pH 6.7 was sterile filtered. Aliquots were
prepared and stored at -20 °C.

2.2.3 Mass spectrometry (MS)
The synthesized product ((S-(p-Bromobenzyl) GSH)) was analyzed by mass spectrometry, ESI-TOF.
Mass spectrometry data collection and analysis was performed at the institute of organic chemistry,
University Hamburg. The solution of S-(p-Bromobenzyl) GSH was diluted to 1mg/ml final
concentration and was analyzed by electrospray ionization (ESI) -time-of-flight (TOF) MS (Agilent
6224 ESI-TOF ) methods.
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2.2.4 Protein purification

2.2.4.1 Immobilized metal affinity chromatography

A cell suspension (30 ml ) was slowly thawed on ice. A spatula tip of lysozyme powder was added and
the suspension incubated on ice for 5 min. Cell disruption was carried out by five times sonication for
4 min pulsed at 40 kHz on ice with 1.5 min pauses and cell debris was removed by centrifugation at
17.000x g at 4 °C for 1h. Aliquots of cell debris and supernatant were collected for further analysis on
SDS-PAGE. The recombinant PfGST was purified applying gravity flow glutathione affinity
chromatography. The glutathione sepharose slurry was added to the column and the matrix was washed
5 times with lysis buffer. The clarified bacterial sonicate was applied to the preequilibrated glutathione
sepharose column. The column was closed with a cap and incubated rotating at 10 ° C for 1h. After 1h
the column was washed 3-5 times with washing buffer. The flow throughs were collected for further
analysis by SDS-PAGE. Subsequently the bound protein was eluted with 20 mM GSH or S-(p-
Bromobenzyl) GSH containing elution buffer. The protein eluates were stored at 4 °C.

2.2.4.2 GSH matrix regeneration
To remove precipitated or denatured substances, the matrix was washed with 2 bed volumes of 6 M

guanidine hydrochloride, immediately followed by a wash with 5 bed volumes of 1 x PBS. To remove
hydrophobically bund substances, the matrix was washed with 3 - 4 bed volumes of 70 % ethanol,
immediately followed by a wash with 5 bed volumes of 1 x PBS. After finishing washing steps the
column /matrix was stored in 20 % ethanol at 4 °C. Before re using the column, the ethanol was removed

and the matrix was equilibrated with 1 X PBS.

2.2.4.3 Size exclusion chromatography
Size exclusion chromatography (SEC) or gel filtration separates molecules by differences in size as

they pass through a SEC resin packed in a column. Gel filtration resins consist of a porous matrix of
spherical particles that lack reactivity and adsorptive properties. After sample has been applied,
molecules larger than the pores are unable to diffuse into the beads, so they elute first and consequently
the small molecules elute last. The PfGST tetramer was separated by size exclusion chromatography
on a Superdex HiLoad 26/600 column (GE-Healthcare). The SEC experiments are performed at 16 °C
at the DEYS lab. Before sample running the column was equilibrated with 1 x PBS buffer. For
evaluation, absorbance at Azso, A2 and conductivity were monitored. The standard curve was
calculated from the fit of the elution volumes of the size marker proteins (GE Healthcare, calibration
kit): Blue Dextran 2000, Ferritin (440 kDa), Aldolase (158 kDa), Ovalbumin (44 kDa), Ribonuclease
A (13.7 kDa) and Aprotinin (6.7 kDa). Calculations for molecular weights from retention volume for
proteins were done by applying standard calibration curve. The peak fractions that showed a high Azso

absorption were collected and analyzed by SDS PAGE for purity.
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2.2.4.4 Lysozyme preparation
Monomeric hen egg lysozyme (HEWL) was obtained by subjecting commercially obtained protein
(Biomedicals LLC) to size exclusion chromatography (Yarra-2000 column). To produce stable
aggregates the purified monomeric protein is subjected to crosslinking by using glutaraldehyde as the
crosslinking agent. The fused protein was then reapplied to the size exclusion column to separate
dimeric lysozyme from remaining monomeric protein (the data was provided from Dr. Delucas,

Aerospace Corporation).

2.2.5 Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE is a fast, high-resolution method for separating protein mixtures according to their
molecular weights (Laemmli, 1970). Most proteins bind the anionic surfactant SDS to negatively
charged SDS-protein complexes with a constant charge-to-mass ratio (1.4 g SDS / g protein in 1% SDS
solution). SDS denatures the proteins - especially after reduction with mercaptoethanol and prevents
protein-protein interactions. The gel acts as a molecular sieve, which the proteins can pass at different
speeds due to different sizes. Therefore, it leads to separation of proteins. To analyze protein samples
SDS-PAGE gels containing 4 % polyacrylamide in stacking gel and 12 % polyacrylamide in separating
gel (components listed in Table 12) were prepared. Before being applied to the gel the protein samples
were mixed with SDS-PAGE 3 x loading buffer (Table 11) and denatured at 96 ° C for 10 min. The gel
was placed in a gel chamber (Hoefer Inc, USA) and connected to an EV 231 power supply (Peglab,
Germany) to adjust the electric field. The denatured protein samples were inoculated into gel chambers.
The applied voltage was 100 V during the run-in phase in the stacking gel and 180-200 V during the
separation phase. Standard molecular weight (MW) marker (Figure 4) were used for size assessment.
The gel was stained for 1 h in Coomassie staining solution and subsequently destained in destaining
solution until an acceptable contrast was visualized. The gels were documented by scanning the gel

using a Epson scanner.

2.2.6 Quantification of proteins
The determination of the protein concentration is based on the absorption maximum of the aromatic
amino acids (phenylalanine, tryptophan and tyrosine) at 280 nm. The specific physicochemical
parameters of protein sequences (Table 16) were obtained from ProtParam (Gasteiger et al., 2005).
Protein concentrations were determined by measuring specific absorbance at a wavelength of Aaso,

according to the law of Lambert-Beer-equation:
E = ex*c*d

E = measured absorbance
€. = molar extinction coefficient
¢ = concentration of protein sample

d = layer thickness of the irradiated body
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Table 16. Physicochemical parameters of proteins.

Protein £280[M™* cm™] MW [kDa] Theorectical pl
PfGST dimer 55700 49 6.39
PfGST tetramer 111900 97 6.40

The protein concentration was determined applying a Nanodrop 2000c instrument (Thermo Scientific,
peqLab, Germany). For the measurements 1.5 ul of protein sample were applied to the sensor, elution
buffer was used as blank.

2.2.7 Dynamic light scattering (DLS)

2.2.7.1 Dispersity analysis of the protein multimeric states
Dynamic light scattering is a method that can be used to determine the distribution, the hydrodynamic

radius (Rn) and size of a particle in solution.
The hydrodynamic radius of the particles is calculated using the Stokes-Einstein equation
Ru= KgT / 6mnDr

Rwu = hydrodynamic radius
Ke = Boltzmann‘s constant
T = absolute temperature
Dr = diffusion coefficient

M = viscosity

The dispersity and particle radius distribution of PfGST dimer (30 mg mL—1) and tetramer (10 mg
mL—1) were determined and analyzed at room temperature by Dynamic light scattering (DLS) applying
the DLS system SPECTROLIGHT™ 300 (Xtal Concepts GmbH, Hamburg, Germany). Before each
measurement, samples were centrifuged at 16.000x g for 10-30 min to remove aggregates with higher
molecular weight. For time resolved measurements 10-20 pl protein sample was applied in a quartz
cuvette and the sample was irradiated by a red light class 3b laser (A = 690 nm; laser power 10-50 mW)

to detect isotropic scattering at an angle of 90 degree.

2.2.7.2 Multichannel DLS system
A multichannel DLS system was developed to investigate the macromolecular crystallization process
(Figure 5). It is specifically qualified to collect information about the size, shape, and dynamics of
biological macromolecules and supramolecular assemblies. Structural analysis of individual
biomolecules, conformational transitions, intermolecular interactions and mass transport phenomena in

protein crystallization process can also be probed. The major application of the multichannel DLS
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system, in comparison to other DLS systems, is the rapid determination of the translational diffusion
constant in a shortened period and simultaneously at several positions in capillaries. To study
macromolecular protein transport in crystallization process applying the counter diffusion method
protein and precipitant solutions were filled in capillaries (VitroCom) with100mm in length, 0.3 mm

inner diameter, and measurements were performed using this multichannel DLS system.

Figure 5. Multichannel DLS system. (A) Control cabinet and laser-detector hardware of the 8-
channel DLS system. (B) Laser-detector optic with sample holder stage and water bath container.
(C) Technical-functional description of eight-channel principle.

2.2.8 Protein aggregates acting as impurities in solution

2.2.8.1 Freeze drying of fluorescence dye
Freeze drying or lyophilization is the process of extraction of water from frozen material. The drying
process takes place by avoiding the liquid state through sublimation, or direct conversion from ice to
vapour. A water-soluble product which will have the same characteristics as the original product can

be obtained after addition of water to the freeze-dried product. Since the drying process takes place in
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a frozen state at very low temperature, denaturation of proteins is prevented. Other chemical
components will be qualitatively and quantitatively unchanged.

The Alexa Fluor® 488 TFP ester, (C39H44F4N4011S2, MW = 884.9 Da) was obtained from Thermo
Fisher Scientific (life technologies). The experiments were performed in a light protected area to avoid
the degradation of the light sensitive Alexa Fluor dye. The dye powder with 25 mg total mass was
dissolved in 2.5 ml ddH20. Then, 160 pl aliquots in special light protected tubes were prepared and
shock frozen in liquid nitrogen. The frozen samples were removed from the liquid nitrogen; small holes
were made on the samples bags to facilitate liquid evaporation during freeze drying. Freeze drying of
the Alexa Fluor 488 samples was performed in Alpha 1-4 LSC (Christ) freeze drier. The samples were
immediately loaded into the freezing unit shelves and the drying chamber was closed. The drain valve
was closed, the apparatus was switched on, the pump was warmed, the coil was frozen and main drying
initiated. After 24 h the dried samples were removed from the chamber, put in a light protected plastic
bag, and stored at -20 °C.

2.2.8.2 Fluorescently labeling of protein aggregates

To investigate the amount of impurity incorporated into growing crystals, stable fluorescently-labeled
protein aggregates were prepared, and subsequently added at different percent concentrations to non-
labelled monomeric protein suspensions. The PfGST tetramer and lysozyme dimer, acting as impurities
in the crystallization experiments, were labeled with a the fluorescent dyes Alexa Fluor® 488 TFP ester
and Alexa Fluor® 594, respectively. The Alexa Fluor® 488 TFP ester, (C39H44F4N4011S2, MW =
884.9 Da) and Alexa Fluor® 594 NHS Ester (C39H37N3013S2, MW = 819.8 Da) were obtained from
Thermo Fisher Scientific (life technologies). The Alexa Fluor® 488 (5mg) was dissolved in 0.5 mL of
Dimethyl sulfoxide (DMSO). The reactive dye solution (80pl) was slowly added to the stirring PfGST
tetramer solution (10mg/ml in PBS). The reaction was incubated for 1 hour at room temperature with
continuous stirring. The labeled tetramer was separated from free dye using a Sephadex® G-25 pre-
packed gel filtration column. The column was first equilibrated with PBS buffer and then loaded with
a reaction mixture and eluted with PBS buffer solution. Labeling degree (DOL) of tetramer was
calculated due to following calculations:

Equation (1)
[A280—(CF x A494)] Xxdilution factor
€ (protein)

Protein concentration (M) =

Equation (2)
A494 xdilution factor
e (dye)x protein concentration (M)

DOL = (moles dye)/ (mole protein) =

The protein-dye conjugate was concentrated to 10mg/ml final concentration using Millipore Amicon®

ultra-centrifugal concentrators (Merckmillipore) and stored at 4 °C. For lysozyme aggregate labeling a
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solution of buffered lysozyme dimer at 2mg/mL was mixed with Alexa Fluor® 594 at 22°C and
incubated for one hour. Unbound dye was removed via spin concentration (500uL 30MW cutoff spin

concentrator).

2.3 Crystallography

2.3.1 Protein crystallization

2.3.1.1 Vapor diffusion technique
Initial crystallization experiments were performed in 24-well Linbro plates applying the vapour
diffusion technique in hanging drops, while mixing 2ul droplets of 15 mg ml™ protein (PfGST dimer)
ina0.1 M NaHPOs, pH 6.7 solution with the same volume of precipitant, 2.1 M AmSQOa, 0.1M NaHPOu,
pH 6.7 on a cover slip and equilibrated against 1000 pl reservoir, 2.1 M AmSO4, 0.1M NaHPOs, pH
6.7, solution. Initial crystallization screens of PfGST dimer (15 mg ml™) as well PfGST dimer
additionally with different percentage of fluorescence (Alexa Fluor 488) labeled PfGST aggregates (10

mg ml™) were performed.

2.3.1.2 Counter diffusion technique
Initial crystallization experiments were performed using the counter/liquid-liquid diffusion technique
in capillaries of 100mm in length, 3mm in width and 0.3mm inner diameter (VitroCom). Capillaries
were filled with 37l of precipitant solution, 2.8 M AmSQas, 0.1M NaHPOs, 15% glycerol, pH 6.7 and
37ul of protein solution, 0.1 M NaHPO.4, pH 6.7 (doped with different percentages of fluorescently-
labelled PfGST aggregate) using syringes (Hamilton). Initial crystallization screens of PfGST dimer
(30 mg ml™) as well PfGST dimer additionally with different percentage of fluorescence (Alexa Fluor

488) labeled PfGST aggregates (10 mg ml™) were performed.

2.3.2 Crystal fishing
2.3.2.1 Vapor diffusion

Crystals were grown on coverslips applying 24 well Linbro plates. Crystals were first monitored using
a light microscope. Then, for diffraction data collection the appropriate crystals were fished using
polymer loops (Dual-Thickness MicroMounts, Mitegen, US) or nylon loops (Mounted CryoLoop,
Hampton Research, US). A cryoprotectant solution (0.1 M NaHPO4, 1.9 M AmSO4, 10 mM S-(p-
Bromobenzyl) GSH, 14 % glycerol, pH 6.7) was prepared. For cryoprotection crystals were embedded
in cryoprotectant solution, frozen and stored in liquid nitrogen for further X-ray experiments.

2.3.2.2 Counter diffusion
Before crystal fishing glass bowls with 500 ul protein/precipitant crystallization buffer (0.1 M NaHPOQa,
1.9 M AmSOa, 10 mM S-(p-Bromobenzyl) GSH, 7.5 % glycerol, pH 6.7) were prepared. First, to detect
the areas with crystals, the capillaries were monitored using a light microscope. The areas with crystals
were marked and the capillaries were cut applying a special capillary cutting stone (Hampton research).
Then, the crystals were fished/pull out from capillaries and put into glass bowls containing mother
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liquor, using a plastic 15 ml syringe with a rubber tube that attaches to the syringe with the other end
fit snugly over the capillary. The glass bowls were monitored for crystals using light microscope. After
crystals were visualized the glass bowls were hermetically sealed (to avoid evaporation) applying cover

slips and stored at RT.

2.3.3 Microscopy, crystal visualizing

2.3.3.1 Light microscope imaging
Light microscope images of crystals were recorded using the stereo SZX12 (Olympus) and Leica M205
C (Leica Mikrosystems) light microscopes. Time - laps images of growing crystals were recorded using
Leica M205 C (Leica Mikrosystems) light microscope. The crystallization samples were scanned with

a 2.5 x, 5xand 10 x magnification lenses.

2.3.3.2 Confocal fluorescence imaging experiments
To investigate the incorporation of impurities into growing crystals for each protein confocal
fluorescence imaging experiments were performed. Crystal fluorescence images of both protein were
recorded on ISS using the LMM microscope 2.5 x and 10 x objectives. Fluorescence imaging
experiments on ground were performed using the Zeiss LSM 710 (Carl Zeiss Microscopy) and Leica
TCS SP — 8 (Leica Microsystems) confocal laser scanning microscopes. The capillaries were scanned
with a 2.5 x and 10 x magnification lenses. To investigate the fluorescence of PfGST crystals a FITC
(Excitation 475~495 nm; Emission 515~545 nm) filter was used and for lysozyme crystals a Texas Red
(Excitation 540~580 nm; Emission 590~630 nm) filter was used.

2.4 Biophysics 1 and Biophysics 4

2.4.1 Capillary protein/precipitant filling and sealing procedure for crystallization
Crystallization experiments were performed using the counter/liquid-liquid diffusion technique in
capillaries of 100mm in length, 3mm in width and 0.3mm inner diameter (VitroCom) (Figure 6).
Capillaries were filled with 37ul of precipitant and 37l of protein solution (doped with different
percentages of fluorescently labelled protein aggregate, using syringes (Hamilton). Lysozyme was
prepared in 0.1 M NaOAc pH 4.6 solution with the precipitant solution consisting of 1M NaCl, 0.1M
NaOAc pH 4.6. A sample of PfGST dimer and tetramer was prepared in 0.1 M NaHPO4, pH 6.7
solution. The precipitant solution for PfGST consisted of 2.8 M AmSO4, 0.1M NaHPO4, 15% glycerol,
pH 6.7. The length and width of all flight and ground control capillaries were measured to confirm that
they were within stated limits. Capillaries were visually examined before filling to ensure that there are
no visual defects, e.g. cracks, jagged ends etc. One capillary end was filled with Apiezon N cryogrease
(Apiezon) using a plastic 25mL syringe with a rubber or silicon tube that attaches to the syringe with
the other end fit snugly over the capillary. Grease was extruded approximately 3 to 5 mm into the
capillary end. All protein and precipitant solutions were degassed using “house” vacuum prior to use

for the flight and ground control experiments. The capillary was filled with protein using a glass syringe
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(Hamilton) with a needle small enough to fit within the width of the capillary (i.e. less than 0.3mm
width). This was followed by layering the precipitant solution against the protein solution and filling
the capillary to approximately 3 mm from the other end of the capillary. After completely filling the
capillary with protein and precipitant solution, the opposing end was filled with Apiezon N grease using
a plastic 25mL syringe with the same rubber/silicone tube as described previously. Five-minute drying
Double Bubble epoxy (Hardman) was prepared and each end of the capillary was dipped into the epoxy
to a depth of approximately 2-3 mm and the capillary was inspected to determine and confirm that the
ends were completely sealed. The sealed capillary was then placed on a clay mount to dry for at least
5 minutes. The sealed capillary was inspected again using a dissecting microscope (at approximately
15X to 25X magnification). The sealed capillaries were placed into a specially constructed cassette
(ZIN Technologies) that allows capillaries lie flat in cassette channels. After eight capillaries were
positioned in the cassette, the top clamp (with the six washers previously placed in the screw holes) was
carefully aligned and screws fastened using a hex wrench. To insure the capillaries were not damaged,
the cassette top (clamp) was removed and the capillaries are visually inspected for possible cracks. If
the capillaries were not damaged, the cassette top with the six washers (previously placed in the screw
holes) was carefully aligned and re-fastened using a hex wrench. The capillary cassette was placed into
a bitran bag and then bubble bag followed by immediate placement of the “bagged” cassette into a
walk-in -20 °C +/- 2.0 °C freezer overnight. The capillaries were re-inspected for cracks after the
overnight freezing process. Following the “slow freezing” of the “bagged” cassettes in the -20 °C
freezer the bags were immediately placed into a -80 °C +/-20 °C freezer and maintained in a frozen
state until on-orbit activation and observation in the LMM. In addition, the corresponding control 1G

capillaries were stored at -80 °C until activation on ground.

2.4.2 On-orbit experiments

Three series of experiments were performed on ISS, one during 26.02.2017 till 18 10.03.2017, second
during 16.06.2017 till 02.07 23.06.2017 (Biophysics 1) and a third during 12.07.2018 till 24.07.2018
(Biophysics 4). The cassettes (figure 6) were launched aboard SpaceX (Spx10 - Biophysics 1 and Spx15
- Biophysics 4) in cold stowage at -80 °C. Upon reaching the ISS, the cassettes were transferred to 1SS
cold stowage (-80 °C) while awaiting science operations.

The Light Microscopy Module (LMM) is a modified commercial Leica RXA microscope configured
to operate in an automated module with interaction from the ground support staff. The microscope can
house different lenses corresponding to the magnifications of 2.5 x, 4 x, 10 x, 20 x, 40 x, 50 X, 63 x and
100 x oil coupled objectives (grc.nasa.gov). The microscope includes capabilities for video and
confocal microscopy. The LMM operates in the Fluids Integrated Rack (FIR), which is located in the
U.S. Destiny Laboratory of the ISS. The FIR provides the LMM with the laboratory infrastructure
common to different investigations, including an optics bench, temperature control, power control,

illumination, imaging and trame capture, data processing and other resources (grc.nasa.gov).
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The cassettes were removed from cold stowage, thawed, and installed onto the LMM Petri Plate using
Velcro. The LMM Petri Plate was installed in the LMM Base Adapter and the LMM prepared for
powered science operations. The initial protein crystallization experiments, LMM Biophysics-1, were
performed using the ISS LMM at a temperature 20-23 °C. Powered operations began as soon as
practical after installation was completed with initiation of the crystal search phase occurring within 4
hours of cassette installation. Crystals growth was monitored for several days. Crystal images were
recorded with 2.5 x, 10 x objectives. To investigate crystal growth rate and the fluorescence of crystals,
Texas Red and FITC fluorescence filters were used.

0.300 mm 0.210 mm

Figure 6. Hardware and capillary design for LMM Biophysics-1 protein crystallization
experiments. (A) Representative images of flight cassette with eight capillaries. The left image
shows a cassette with eight capillaries. The image on the right shows a cassette with aligned and
fastened top cover. (B) An empty capillary. (C) Schematic diagram illustrating the capillary shape
and coordinates.
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2.5 X-ray Diffraction data collection
For cryo-protection crystals were embedded in cryoprotectant solution (0.1 M NaHPO4, 1.9 M AmSO4,

10 mM S-(p-Bromobenzyl) GSH, 14 % glycerol, pH 6.7). Furthermore, the crystal were mounted for
diffraction data collection using polymer loops (Dual-Thickness MicroMounts, Mitegen, US) or nylon
loops (Mounted CryoLoop, Hampton Research, US). Diffraction data of PfGST crystals were collected
using a detector PILATUS 6M (25 Hz, 450 micron sensor thickness) at the P11 beamline (PETRA 111,
DESY) using a wavelength of 1 A at 100 K, at the P13 beamline (PETRA Ill, EMBL), using the
wavelengths of 0.99 A and 1.03 A at 100 K and using the rotating anode generator (Rigaku RU 200
X-ray generator, University of Hamburg) using a wavelength of 1.54 A at 100 K.,

2.5.1 Diffraction data processing and model building

Diffraction data were subsequently indexed, integrated and scaled with XDS (Kabsch, 2010) and CCP4
(Winn et al., 2011) graphic programs. Datasets for crystals grown in 1G and pg were analyzed. Data
were cut individual for each crystal dataset monitoring Rmeas, Rsym, I/ and CC1/2. Optimized values
of correct space group, unit cell parameters were included in further XDS runs. Molecular replacement
was performed with MOLREP (Vagin and Teplyakov, 1997) implemented in the CCP4 software suite.
Models were revised using Coot (Emsley and Kowtan, 2004) and refined by refmac5 (Murshudov et
al., 2011).

2.6 Quantitative analysis of impurity incorporation
2.6.1 Fluorescence microplate reader

For the purpose to investigate incorporation of fluorescently labeled tetramers into growing dimer
crystal quantitative analyses of total fluorescence/crystal volume were performed applying a
fluorescence microplate reader. The crystals were fished and monitored for size using a light
microscope. Crystals dimensions were measured and the volume calculated. Then, the crystals were 2
x washed in native buffer and dissolved in 20 ul PBS buffer for fluorescence intensity measurements.
Furthermore, the solutions containing dissolved crystals were collected in light protected plastic tubes.
In the next step the solutions and negative control (PBS buffer) were loaded into a Lumox® 384 - well
microplate (Sarstedt, Germany). The fluorescence intensities were measured applying a microplate
reader (TECAN GENios XFLUOR4, CH), using a 485 nm excitation filter and a 535 nm emission filter.

Average fluorescence intensities pro um? crystal were calculated.

2.7 Statistical analysis and quantification of protein and precipitant concentrations
The image-analysis software ImageJ (developed at the National Institute of Mental Health, Maryland,
USA) was then used to determine the size of crystals at different positions in the capillaries. The
statistical analyses were performed using Origin (OriginLab Corporation) data analysis and graphing

software tools as well Microsoft Excel statistical tools (Microsoft office 365 ProPlus, Microsoft
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Corporation). A two-tailed, unpaired t-test (Student’s t-test) was used to determine significant
difference in mean values between different crystal groups within 99% and 95% confidence intervals.

The Pearson correlation was used to evaluate the relationship between data quality parameters.

To quantify the time dependent protein and precipitant concentrations changes along the capillary the
following equations (derived from Fick's second law of diffusion and integrated from Crank, 1975;

Garcia-Ruiz, 2003) were used:

Equation (1) (Fick's second law)

dc d0%c

Ez O0x?

Equation (2)

1 x
Cppt (X5 8) = EcO(ppt)erfc (m)

Equation (3)

1 —
cp(x;t) = EcO(p)erfc <\/2_lJ;t)

0 = Partial derivative

¢ = Concentration (nmol)

c0 = Start concentration

Copt = Precipitant concentration (M)
Cp = Protein concentration (nmol)
D = Diffusion coefficient (cm?s?)
x = Distance (cm)

t=Time (s)

erfc = Complementary error function

Requirements for the equations (2) and (3): Convection must be moved
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IV Results

1 Recombinant protein expression and purification
PfGST was recombinantly expressed in E. coli BL 21 cells and purified using GSH affinity
chromatography as described in chapter 111.2.2. The protein fractions were eluted using a buffer solution
with 20mM GSH and additionally using a buffer solution with 20mM Br-Benzyl GSH. SDS PAGE of
the protein elution fractions revealed the PFGST monomer single protein bands with indicated molecular
weight of 25 kDa (Figure 7).

53 M L9121 12 22 13 23 1 2
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Figure 7. Affinity chromatography of PfGST. SDS-PAGE patterns of the recombinantly
expressed and pacificated protein of PfGST. Samples from subsequent wash steps in the
purification were resolved by 12 % SDS-PAGE and stained with Coomassie blue. M= PageRuler
Protein Ladder (kDa); L=protein lysate; W1.1-1.3= wash steps of fraction 1; W2.1-2.3= wash
steps of fraction 2; E1= the eluate with GSH; E2= the eluate with S-(p-Bromobenzyl) GSH .

1.1 Synthesis of S-(p-Bromobenzyl) GSH
To stabilize the PfGST dimer in solution the GSH analog S-(p-Bromobenzyl) GSH was synthesized, as
described in chapter 111.2.2.2. The chemical structure of the S-(p-Bromobenzyl) GSH and GSH are

presented in figure 8.
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Figure 8. Chemical structures (https://pubchem.ncbi.nlm.nih.gov). (A) Chemical structure of S-
(p-Bromobenzyl) GSH with an exact mass of 475.041 g/mol, molecular formula C17H22BrNsOeS .
(B) Chemical structure of GSH with an exact mass of 307.084 g/mol, molecular formula
C10H17N3OsS.

The synthesized substance was analyzed using the electrospray ionization mass spectrometric (ESI/MS)
method.
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Figure 9. MS/MS spectra analysis of S-(p-Bromobenzyl) GSH.

The distribution of mass spectra of synthesized S-(p-Bromobenzyl) GSH molecule was experimental

investigated (Figure 9). The main peak shows a value for a molecular size of 478 g/mol, which
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corresponds approximately to the calculated molecular weight of the S-(p-Bromobenzyl) GSH.
Furthermore other secondary peaks are detectable. This occurred due to possibly different isotopic

compositions of the derivative.

2 Dispersity analysis of the PFGST multimeric states

2.1 Analytical size determination of PFfGST multimeric states

Wild- type PfGST is able to form dimers and tetramers in solution (Perbandt et al. (2015). Therefore
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Figure 10. Analytical size exclusion chromatography (SEC) of PfGST. (A) SEC traces of PfGST
dimer and tetramer. (B) SDS-PAGE patterns of the elution fractions of the dimer and tetramer.
(C) The calibration plot showing the molecular weight of proteins. The standard curve was
calculated from the fit of the elution volumes of the size marker proteins: Ferritin (440 kDa),
Aldolase (158 kDa), Ovalbumin (44 kDa), Ribonuclease A (13.7 kDa) and Aprotinin (6.7 kDa).

the PfGST was additionally chromatographically purified via size exclusion chromatography to

separate dimer and tetramer fractions. Subsequently the eluate after GSH affinity chromatography was
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applied to a Superdex HiLoad 26/600 column (GE-Healthcare) operated at 16 °C. The PfGST elution
shows two peaks, one small peak and other one is significantly larger (Figure 10A). The denaturing
SDS PAGE of the protein elution fractions revealed PfGST monomer single protein bands with
indicated molecular weight of 25 kDa (Figure 10B). The relative molecular weights (MW) of the eluted
protein fractions were determined from calibration plot of the calculated standard curve, from the fit of
the elution volumes of the size marker proteins (Figure 10C). The calculated molecular weights indicate
that the PfGST forms two molecular oligomeric states in solution; a stable dimer with calculated MW
~50 kDa and a tetramer with calculated MW =100 kDa, respectively.

2.2 Analysis of the PFGST multimeric states using in situ DLS
The dimer and tetramer elution fractions after chromatographical purification were collected and
concentrated by centrifugation at 4 °C (Chapter 111.2.2.4.3). The dispersity and particle radius
distribution of PfGST dimer (10 mg mI™) and tetramer (10 mg ml™) were determined and analyzed at
room temperature by Dynamic Light Scattering (DLS) applying the DLS system SPECTROLIGHT™
300 (Xtal Concepts GmbH, Hamburg, Germany).The PfGST was analyzed by DLS measurements to
verify the purity and dispersity of the protein and also to determine the adequate hydrodynamic radius
(Rn). Time resolved measurements of hydrodynamic radius, after about 370 s, verified the
monodispersity of PfGST dimer and tetramer states (Figure 11, Figure 12). The observed data showed
a value the hydrodynamic radii, at Rn =3.7 = 0.1nm, for the dimer (Figure 11) and at R, =5.7 + 0.1nm
for the tetramer (Figure 12,). The stable and similar hydrodynamic radius over time demonstrated that
the PfGST dimeric and tetrameric states were stable in solution. Based on this observations, this both
protein solutions represent a high degree of monodispersity and no formation of protein aggregates or
oligomers with higher hydrodynamic radius was observed. Furthermore, the diffusion coefficients (D)

of dimer and tetramer were calculated using the Stokes-Einstein equation:

Equation (1)

KT
- 6nnr

k= Boltzmannconstante = 1.38 x 10-23 J/K

T= Absolute temperatur = 22°= 295.5 K

© = Archimedes Constante = 3.14

n= Dinamic viscosity of solution = 1 cP (water 20 °)

r= Hydrodynamic radius of particle = 3.6 nm (PfGST dimer); 5.7 nm (PfGST tetramer)
D (PfGST dimer)~6 x 107 cm? s*
D (PfGST tetramer) ~ 3.9 x 107 cm? s
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3 Fluorescently labeling of PfGST tetramer
The purity and homogeneity of the protein samples are required to obtain protein crystals with high
quality. Presence of impurities in a protein sample and therefore incorporation in the crystal lattice of
growing crystal will decrease the crystal quality and thus make the crystal unsuitable for further X-ray
analysis. To analyze the quantities of impurities in growing crystals fluorescently labeled PfGST

protein-aggregates are prepared, corresponding to impurities in solutions.
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Figure 11. Real-time observation of PfGST dimer sample at a concentration of 10 mg ml™, using
a in situ DLS system. (A) The graph shows the protein radius distribution over time with a
constant radius. (B) Radius distribution histogram of the PfGST dimer. (C) Summary graphs of
the radius distribution of a measurement series: a representative mean autocorrelation function;
a representative mean radius distribution; a representative radius plot.
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Figure 12. Real-time observation of PfGST tetramer sample at a concentration of 10 mg mL™,
using a in situ DLS system. (A) The graph shows the protein radius distribution over time with a
constant radius. (B) Radius distribution histogram of PfGST tetramer. (C) Summary graphs of
radius distribution of a measurement series: a representative mean autocorrelation function; a
representative mean radius distribution; a representative radius plot.
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The PfGST tetramer, acting as impurity in the crystallization experiments, was labeled with Alexa
Fluor® 488 TFP ester, (C39H44F4N4011S2, MW = 884.9 Da) fluorescent dye (chapter 111.2.2.8).
Figure 13 shows the labeling procedure and analysis via SDS PAGE. The labeling was confirmed by
the presence of a protein band with increased molecular weight caused by the protein-dye conjugant
(25 kDa +884.9 Da) compared to native protein (25 kDa) on SDS PAGE (Figure 13D). Additionally
the labeling degree (DOL) of the protein — dye conjugate was determined.

Figure 13. Fluorescently labeling of a PfGST tetramer. The PfGST tetramer was labeled with
Alexa Fluor® 488 TFP ester, (C39H44F4AN4011S2, MW = 884.9 Da) fluorescent dye. The protein
- dye conjugate was separated at 16 °C applying a prepacked Sephadex G-25 gel filtration column.
(A) A total of three fractions from reaction mixture were separated: Protein —dye conjugate (1),
Free dye (2), Buffer solution (3). (B) Collected elution solutions of the protein — dye conjugate,
free dye and elution buffer fractions after gel filtration. (C) Aliquots of the fraction (1), fraction
(2), fraction (3) and additionally unlabeled PfGST tetramer (negative control) collected in 1.5 ml
Eppendorf tubes. (D) SDS - PAGE patterns of the fractions (1; 2; 3) after gel filtration and
additionally unlabeled PfGST tetramer (4).

The conjugate was spectrophotometrically analyzed using a NanoDrop 2000c spectrophotometer. The

conjugate sample was diluted 1:5 prior the measurements. The absorbance of the conjugate solution
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was measured at 280 nm and at 494 nm, Azso= 1.16 and Aaesa= 2.21, respectively. The molar extinction
coefficient (¢) of the PfGST tetramer was predicted using the EXPASy (Bioinformatics resource portal)
and ProtParam application. The DOL of the protein — dye conjugate was calculated due to following

equations:

Equation (1)
[A280—(CF x A494)] xdilution factor
€ (protein)

Protein concentration (M) =

S recource portal)

Azs0 = Absorbance of the conjugate solution at 280 nm = 1.16

Aus94= Absorbance of the conjugate solution at 494 nm = 2.21

CF = Correction factor for the fluorophore’s contribution to the A2s0=0.11

& (protein) = Molar extinction coefficient of protein at 280 nm = 112000 cm *M™
Dilution factor =5

. i [1.16—(0.11 x 2.21)] X5 _ 5
Protein concentration (M) = — 4.1x10°M
112000

Equation (2)
A494 xdilution factor
e (dye)x protein concentration (M)

DOL = (moles dye)/ (mole protein) =

As94= Absorbance of the conjugate solution at 494 nm = 2.21

& (dye) = molar extinction co-efficient of the Alexa Fluor® 488 dye at 494 nm = 71000 cm*M™
Protein concentration (M) = 4.1 x10°M

Dilution factor =5

2.21 X5 —_
71000x0.000041 (M)

DOL = (moles dye)/ (mole protein) = 3.8

The protein-dye conjugate was concentrated to 10mg/ml final concentration, using Millipore Amicon®

ultra-centrifugal concentrators (Merckmillipore).

4 Initial experiments

Initial crystallization experiments were performed to investigate and stabilize the optimal crystallization
conditions of PfGST, applying the vapour diffusion technique in hanging drops, as well as the

counter/liquid-liquid diffusion technique in capillaries of 200mm in length, 3mm in width and 0.3mm
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inner diameter (VitroCom). Furthermore, for crystallization experiments samples with different
protein- fluorescence labeled aggregate ratios were prepared.

4.1 Crystallization of PfGST applying vapour diffusion technique

The crystallization experiments were initially performed in 24-well Linbro plate applying the vapour
diffusion technique in hanging drops while mixing 2l droplets of 15 mg ml™ protein (PfGST dimer)
ina0.1 M NaHPOs, pH 6.7 solution with the same volume of precipitant, 2.1 M AmSQOa, 0.1M NaHPOu,
pH 6.7 solution on a cover slip and equilibrated against 1000 pl reservoir, 2.1 M AmSOs4, 0.1M
NaHPOs, pH 6.7, solution. Initial crystallization screens of the PfGST dimer (15 mg ml™) as well
PfGST dimer additionally with different percentage of fluorescence (Alexa Fluor 488) labeled PfGST
aggregates (10 mg ml™) were performed (Table 17).

Table 17. Crystallization of PfGST applying vapour diffusion technique. Calculated molar

quantities of dimer (15 mg ml™ ) additionally tetramer (10 mg ml™) solutions with different molar
ratios in 2 pl droplets.

PfGST dimer : tetramer Molar quantity [pmol]
molar ratio [%0] Dimer Tetramer
100 (dimer) 600 -
98:2 584 12
95:5 519 27
90:10 450 50
75:25 300 100

PfGST needle-like crystals were observed for all dimer: tetramer ratios after 72 hours (Figure 14
A;B;C;D;E). The length of major axis for PfGST crystals was measured to be approximately 250-550
pm for dimer (Figure 14A), 250-500 um for dimer with the addition of tetramer with 98 : 2 molar ratio
(Figure 14B), 150-250 um for dimer with the addition of tetramer with 95 : 5 molar ratio (Figure 14C),
100-300 pm for dimer with the addition of tetramer with 90 :10 molar ratio (Figure 14D) and 30-70 um
for dimer with the addition of tetramer with 75 : 25 molar ratio (Figure 14E). Furthermore, to investigate
the incorporation of impurities (fluorescence labeled PfGST aggregates acting as impurity) into
growing crystals confocal fluorescence images of crystals were recorded using a confocal laser
scanning microscope (Leica TCS SP — 8, Leica Microsystems) with 10 x objective and FITC filter.
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Figure 14. Crystallization of PfGST
applying the vapour diffusion technique.
Crystals were grown after 72 hoursin RT.
Light (upper images) and confocal
fluorescence (lower images) micrographs
of crystals, 10 x objective with FITC filter.
(A) Crystals of PfGST dimer. (B) Crystals
of PfGST dimer with addition of
fluorescence labeled (Alexa fluor 488)
PfGST tetramer in total 98 :2 molar
ratio. (C) Crystals in total 95 : 5 molar
ratio. (D) Crystals in total 90 :10 molar
ratio. (E) Crystals in total 75 : 25 molar
ratio.

The confocal fluorescence micrographs of the PfGST dimer (negative control) show the absence of

fluorescence (Figure 14A). The confocal fluorescence micrographs of entire samples containing PfGST
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dimer and additionally fluorescently labeled PfGST aggregates in different molar ratios show
fluorescence in crystals (Figure 14B;C;D;E).

4.2 Crystallization of PfGST applying counter diffusion technique

Initial crystallization experiments were performed using the counter/liquid-liquid diffusion technique
in capillaries of 100mm in length, 3mm in width and 0.3mm inner diameter (VitroCom). Capillaries
were filled with 37ul of precipitant solution, 2.8 M AmSQOa4, 0.1M NaHPO4, 15% glycerol, pH 6.7 and
37l of protein solution, 0.1 M NaHPO4, pH 6.7 (doped with different percentages of fluorescently-
labelled PfGST aggregate) using syringes (Hamilton). Initial crystallization screens of the PfGST dimer
(30 mg ml™) as well PfGST dimer additionally with different percentage of fluorescence (Alexa Fluor
488) labeled PfGST aggregates (10 mg ml™) were performed (Table 18).

Table 18. Crystallization of PfGST applying counter diffusion technique in capillaries 200mm in
length, 3mm in width and 0.3mm inner diameter. Calculated molar quantities of dimer (30 mg

ml™*) additionally tetramer (10 mg ml™) solutions with different molar ratios in 37 ul protein
solution.

PfGST dimer : tetramer Molar quantity [nmol]
molar ratio [%0] Dimer Tetramer
100 (dimer) 22.2 -
99.9:0.1 22.1 0.022
99.8:0.2 21.9 0.044
995:05 215 0.11
99:1 20.9 0.21

PfGST needle-like crystals were observed in entire dimer : tetramer ratios after 96 hours (Figure 15
A;B;C;D;E). The length of major axis for PFGST crystals was measured to be approximately 500-1300
pum for larger crystals and 100-300 pum for smaller crystals in a dimer solution (Figure 15A), 100-600
pm for dimer with the addition of tetramer in 99.9 : 0.1 molar ratio (Figure 15B), 50- 500 um for dimer
with the addition of tetramer in 99.8 : 0.2 molar ratio (Figure 15C), 400-1200 um for dimer with the
addition of tetramer in 99.5 : 0.5 molar ratio (Figure 15D) and 200-1200 um for dimer with the addition
of tetramer in 99 : 1 molar ratio (Figure 15E). Furthermore to investigate the incorporation of impurities
(fluorescence labeled PfGST aggregates acting as impurity) into growing crystals confocal fluorescence
images of crystals were recorded using a confocal laser scanning microscope (Leica TCS SP — 8, Leica
Microsystems) 10 x objective with FITC filter and photo-documented. The confocal fluorescence
micrograph of PfGST dimer sample (negative control) of fluorescence (Figure 15A). The confocal

fluorescence micrographs of entire samples containing PfGST dimer and additionally fluorescently
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labeled PfGST aggregates in different molar ratios show the presence of fluorescence in crystals (Figure
15B;C;D;E).

A [~ AV

Figure 15. Crystallization of PfGST applying counter diffusion technique. Crystals were grown
after 96 hin RT. Light and confocal fluorescence micrographs of crystals. (A) Crystals of PfGST
dimer. (B) Crystals of PFGST dimer with addition of fluorescence labeled (Alexa fluor 488) PfGST
tetramer in a total 99.9:0.1 molar ratio. (C) Crystals in a total 99.8: 0.2 molar ratio. (D) Crystals
in a total 99.5:0.5 molar ratio. (E) Crystals in total 99: 1 molar ratio.
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4.3 Diffraction data collection, processing, refinement and model building of PFGST
Diffraction data of PfGST crystals were collected at 100 K temperature using an in-house Rigaku RU-
200 rotating anode X-ray generator. Diffraction data for crystals with approximately 300 — 600 pum
length of major axis were collected. For cryoprotection the crystals were soaked with precipitant
solution supplemented with 14 % (v/v) glycerol. Diffraction data were subsequently indexed, integrated
and scaled with XDS and aimless/ccp4 graphic programs. Data were cut individual for a crystal dataset
to 2.7 A monitoring Rmeas, Rsym, I/c and CC1/2. The crystal belonged to the orthorhombic space
group P212121 with unit cell dimensions of 57.9 A, 69.1 A, 123.9 A and a, B, y angles of 90.0°, 90.0°,
90.0° (Table 19). Further diffraction data of PfGST crystals were collected at 100 K temperature at
PETRA 111 P13 EMBL beamline at DESY, Hamburg. Data were cut individual for a crystal dataset to
2.1 A monitoring Rmeas, I/c and CC1/2. The crystal belonged to the orthorhombic space group P21212:
with unit cell dimensions of 57.7 A, 69.1 A, 123.7 A and a, B, y angles of 90.0°, 90.0°, 90.0° (Table
19).

The homologue structure of a PfGST dimer (PDB code: 3FRC) was used as a search model for
molecular replacement, refinement and Matthews coefficient probability. 5 % of reflections were used
for the calculation of R free to monitor the progress of refinement. The refinement analysis showed a
R-factor of 21.9 % and an R free-factor of 26.2 % for the data set collected at the home-source and a
R-factor of 22.7 % and an R free-factor of 26.2 % for the dataset collected at beamline P13. The
Matthews coefficient was determined for both dataset, home-source and beamline P13, 2.63 A> Da™ and
2.61 A% Da™ respectively. The solvent content was calculated to be 53 % for two PfGST monomers in
the respective asymmetric unit. Data collection and refinement parameters are summarized in Table 19.
The asymmetric unit consist a PFGST homodimer with two identical monomer chains (Figure 16).

Chain A Chain B

Figure 16. Structure of PfGST homodimer. Cartoon representation of the PfGST homodimer
structure. Blue is used for chain A, gold for chain B; labels of the N- and C-terminus are shown.
Table 19. Data collection and refinement statistics for PfGST.

55



Results

Data collection statistics

Beamline/Source PETRA Ill, P13 In-House rotating anode
Wavelength [A] 0.9762 1.5418
Space group P212129 P2,2124

Unit cell parameters: a, b, ¢ [A]

57.7,69.1, 123.7

57.9,69.1,123.9

a, B,vI[°] 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution [A] 46.1-2.1(2.16 —2.10) 28.9-2.7(2.84 -2.71)
Temperature [K] 100 100
Rmerge [%] 12.7 (44.1) 12.7 (39.6)
Rmeas [%] 13.8 (47.8) 16.2 (50.5)
Measured reflections 389308 55946
Unique reflections 29665 14071
Average I/o(l) 15.2 (5.5) 11.1 (3.6)
Mn(l) half-set correlation CC(1/2) [%] 99.8 (95.3) 98.6 (78.0)
Completeness [%] 100.0 (100.0) 99.4 (99.6)
Mosaicity [°] 0.06 0.16
Redundancy 13.1 (13.1) 4.0 (4.0)
Refinement statistics
Resolution range [A] 46.1-2.1 28.3-2.7
R/ Rfree [ %] 22.7/26.2 21.9/26.2
Overall B factor [A?] 21.57 15.99
Rms deviation

Bond-length [A] 0.009 0.007

Bond angle [°] 1.671 1.540
Nr. of atoms
Protein 3389 3389
Brom 2 2
Matthews coefficient [A3 Da] 2.61 2.63
Solvent content [%] 53 53
Molecules in the asymmetric unit 2 2

*Values in parentheses are for the highest resolution shell. Rmerge: Thkl Zi | li (hkl)— €I (hkl) |/ZmiZi
li (hkl), where I (hkl) is the mean intensity of the reflections hkl, Zn is the sum over all reflections and
¥i is the sum over i measurements of reflection hkl.
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5 Biophysics 1
5.1 Mission SpaceX 10

Crystallization experiments were performed using the counter/liquid-liquid diffusion technique in
capillaries of 200mm in length, 3mm in width and 0.3mm inner diameter (VitroCom). Capillaries were
filled with 37ul of precipitant solution, 2.8 M AmSQO4, 0.1M NaHPOs, 15% glycerol, pH 6.7 and 37pl
of protein solution, 0.1 M NaHPOs, pH 6.7 (doped with different percentages of fluorescently-labelled
PfGST aggregate) using syringes (Hamilton). Initial crystallization screens of PfGST dimer (30 mg ml°
1) as well PfGST dimer additionally with different percentage of fluorescence (Alexa Fluor 488) labeled
PfGST aggregates (10 mg ml™) were performed (Table 20).

Table 20. Crystallization of PfGST applying counter diffusion technique in capillaries 100mm in
length, 3mm in width and 0.3mm inner diameter. Calculated molar quantities of dimer (30 mg

mli™) additionally tetramer (10 mg ml™) solutions with different molar ratios in & 37 pl protein
solutions.

PfGST dimer : tetramer Molar quantity [nmol]
molar ratio [%] Dimer Tetramer
100 (dimer) 22.2 -
99.9:0.1 22.1 0.022
99.8:0.2 21.9 0.044
995:05 215 0.11
99:1 20.9 0.21
95:5 16.8 0.88
90:10 132 1.36
75:25 6.9 2.29
60 : 40 4.2 2.7
5.1.1 Round 1

5.1.1.1 LMM monitoring of crystal growth in microgravity, 99.9 : 0.1 ratio
The flight cassettes were adapted to the LMM microscope after sample thawing to perform
crystallization experiments. Grown PfGST crystals showed nearly similar morphologies in each
capillary and were photo-documented with the LMM. PfGST needle-like crystals in the capillary area
21 - 40 mm from the precipitant solution end were observed for dimer with the addition of tetramer in
99.9 : 0.1 ratio (Figure 17). Furthermore, crystals of different sizes were observed. The length of the
major axis for crystals was measured to be 50 to 150 um (Figure 17). Time-lapse images for different
capillary areas were recorded with 2.5 x and 10 x magnification to investigate crystal growth rates for
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crystals grown in microgravity. The first image was taken t = 303 min after sample thawing with 2.5 x
magnification. The imaging time extended to t = 2461 min, images were taken t1 = 303 min, t2 = 579

100 pm e
t=1286min t=2965min t= 5518min t=7318min

Figure 17. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the ISS LMM microscope. PfGST dimer crystals
additionally fluorescence labeled PfGST aggregates in 99.9:0.1 total ratio. (A) Time-lapse images
were recorded with 2.5 x magnification. The imaging time extended to t = 2461 min, images were
taken t1 = 303 min, t2 =579 min, t3 = 823 and t4 = 2461 min after sample thawing. (B) Time-lapse
images were recorded for 3 different areas (I, 11, 111) with 10 x magnification. The imaging time
extended to t = 7318 min, first image was taken t = 1286 min after sample thawing.
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min, t3 = 823 and t4 = 2461 min after sample thawing. Protein precipitation was observed at the time
points t1 — t4, however a subsequent growth of crystals was not observed for the images recorded with
2.5 x magnification (Figure 17A, 18). Furthermore, at time points t = 1286-, 2965-, 5518- and 7318 min
crystals were observed and photo-documented with 10 x magnification (Figure 17B).

303 min 579 min 823 min 2461 min

Figure 18. Growth of PfGST crystals in microgravity. PfGST dimer additionally fluorescence
labeled PfGST aggregates in 99.9:0.1 total ratio. Time-lapse images were recorded for 3 different
areas (A, B, C) in the capillary using the LMM microscope with 2.5x magnification. The imaging
time extended to t = 2461 min, first image was taken t = 303 min after sample thawing.

5.1.1.2 Crystal growth in 1G vs microgravity, 99.9 : 0.1 ratio
Since samples returned to the earth, light microscope images of crystals grown in pg and 1G were
recorded and photo-documented. Crystal images were recorded t = 31 days after sample thawing with
2.5 x and 10 x magnification (Figure 19). Crystal dimensions vary for pg and 1G grown crystals. In pg
grown crystals showed on average larger dimensions, particular the length of major axis, compared to
1G (figure 19).
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Figure 19. Crystals of PfGST dimer additionally fluorescence labeled PfGST aggregates in
99.9:0.1 total ratio grown in pg and 1G. Crystal images were recorded using a light microscope
t = 31 days after sample thawing, after pug samples returned on the earth. (A) Crystals grown in
Mg, images were recorded with 2.5 x objective. (B) Crystals grown in pg, recorded with 10 x
objective. (C) Crystals grown in 1G, recorded with a 2.5 x objective. (D) Crystals grown in 1G,
recorded with a 10 x objective.

5.1.1.3 LMM monitoring of crystal growth, 99 : 1 ratio
Needle-like crystals in the capillary area 27 - 43 mm from the protein solution end were observed for
the dimer with the addition of tetramer in 99 : 1 ratio (Figure 20). Furthermore, crystals of different
sizes at different capillary areas were observed. The length of the major axis for crystals was measured
to be 30 to 80 um for smaller crystals and 100 to 200 um for larger crystals (Figure 20). Time-lapse
images for different capillary areas were recorded with 2.5 x and 10 x magnification to investigate
crystal growth rates for crystals grown in microgravity. The first image was taken t = 312 min after
sample thawing with 2.5 x magnification. The imaging time extended to t = 2499 min, images were
taken t1 =312 min, t2 = 588 min, t3 = 832 and t4 = 2499 min after sample thawing. Protein precipitation

was observed at the time points
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t=1326min t=3190min t=5582min t=7322min

Figure 20. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the ISS LMM microscope. PfGST dimer crystals with
fluorescence labeled PfTGST aggregates in a 99:1 total ratio. (A) Time-lapse images were recorded
with 2.5 x magnification. The imaging time extended to t = 2499 min, images were taken t1 = 312
min, t2 = 588 min, t3 = 832 and t4 = 2461 min after sample thawing. (B) Time-lapse images were
recorded for 3 different areas (I, I, 111) with 10 x magnification. The imaging time extended to t
= 7322 min, first image was taken t = 1326 min after sample thawing.

t1 - t4. Furthermore nucleation and subsequent growth of crystals was observed at the time points t =
842 — 2499 min for the images recorded with 2.5 x magnification (Figure 21). Additionally at time
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points t = 1326-, 3190-, 5582- and 7322 min crystals of different dimensions at 3 different areas were
observed and photo-documented for the images with 10 x magnification (Figure 20).

312 min 588 min 832 min 2499 min

Figure 21. Growth of PfGST crystals in microgravity. PfGST dimer with fluorescence labeled
PfGST aggregates in 99:1 total ratio. Time-lapse images were recorded for 3 different areas (A,
B, C) using the LMM microscope with 2.5x magnification. The imaging time extended to t = 2499
min, first image was taken t = 312 min after sample thawing.

5.1.1.4 Crystal growth in 1G vs microgravity, 99 : 1 ratio
In parallel time-lapse images for a capillary area, 15 — 20 mm from the protein end, were recorded with
10 x magnification to investigate crystal growth rates for crystals grown in 1G. First image was taken t
= 720 min after sample thawing. The imaging time extended to t = 1320 min, images were taken t =
720-,t = 895-, t = 970-, t = 1060-, t = 1170- and t = 1320 min after sample thawing (Figure 22). The
growth rate for a single crystal with final length of the major axis 420 um was calculated to 17.2 um/h
(Figure 23).
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170m - t= 120m1n

Figure 22. Growth of PfGST crystals in 1G. PfGST dimer with fluorescence labeled PfGST
aggregates in 99:1 total ratio. Time-lapse images were recorded for an area in capillary using the
Leica M205 C light microscope. The imaging time extended to t = 1320 min, the first image was
taken t = 720 min after sample thawing.

Growth of PfGST crystal grown in 1G
in 99:1 ratio
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Figure 23. The growth of crystals in 1G. Dimer crystal with fluorescence labeled PfGST
aggregates in 99:1 total ratio. The growth was measured for a single area in the capillary, 15-20
mm from the protein end.
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Figure 24. Crystals of PfGST dimer with fluorescence labeled PfGST aggregates in 99:1 total
ratio grown in pg and 1G. Crystal images were recorded using a light microscope t = 31 days
after sample thawing, after pg samples returned on the earth. (A) Crystals grown in pg, images
were recorded with a 2.5 x objective. (B) Crystals grown in g, recorded with a 10 x objective.
(C) Crystals grown in 1G, recorded with a 2.5 x objective. (D) Crystals grown in 1G, recorded
with a 10 x objective.

Since samples returned to the earth light microscope images of crystals grown in pug and 1G were
recorded and photo-documented. Crystal images were recorded t = 31 days after sample thawing with
2.5 x and 10 x magnification (Figure 24). Crystal dimensions, 200 — 500 pm, are similar for pug and 1G
grown crystals (Figure 24).

5.1.1.5 LMM monitoring of crystal growth in microgravity, 95 : 5 ratio
PfGST needle-like crystals in the capillary area 24 - 37 mm from the protein solution end were observed
for the dimer with the addition of tetramer in 95 : 5 ratio (Figure 25). Furthermore, crystals of different
sizes were observed. (Figure 25). The length of the major axis for crystals was measured to be 50 to 80
pm for smaller crystals and 100 to 170 pum for larger crystals (Figure 25). Time-lapse images for
different capillary areas were recorded with 2.5 x and 10 x magnification to investigate crystal growth
rates for crystals grown in microgravity. The first image was taken t = 321 min after sample thawing

with 2.5 x magnification.
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I

t=5209min t= 5594 min t= 6809min t=7333min
Figure 25. Protein crystallization in microgravity applying counter diffusion technique in
capillaries. Images were recorded using the 1SS LMM microscope. PfGST dimer crystals with
fluorescence labeled PfGST aggregates in 95:5 total ratio. (A) Time-lapse images were recorded
with 2.5 x magnification. The imaging time extended to t = 2566 min, images were taken t1 = 321
min, t2 = 597 min, t3 = 841 and t4 = 2566 min after sample thawing. (B) Time-lapse images were
recorded for 3 different areas (1, Il, 111) in capillary with 10 x magnification. The imaging time
extended to t = 7333 min, first image was taken t = 5209 min after sample thawing.

The imaging time extended to t = 2566 min, images were taken t1 = 321 min, t2 = 597 min, t3 = 841
and t4 = 2566 min after sample thawing. Protein precipitation was observed at the time point t4 and at
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the same time a subsequent growth of crystals was observed for the images recorded with 2.5 x
magnification (Figure 26). However, at time points t = 5209-, 5594-, 6809- and 7333 min, crystals were

observed and photo-documented with 10 x magnification (Figure 25).

321 min 597 min 841 min 2566 min

Figure 26. Growth of PfGST crystals in microgravity. PfGST dimer with fluorescence labeled
PfGST aggregates in 95:5 total ratio. Time-lapse images were recorded for 3 different areas (A,
B, C) in capillary using LMM microscope with 2.5x magnification. The imaging time extended
to t = 2566 min. The first image was taken t = 321 min after sample thawing.

5.1.1.6 Crystal growth in 1G vs microgravity, 95 :5 ratio
In parallel time-lapse images for a capillary area, 10— 15 mm from the protein end, were recorded with
10 x magnification to investigate crystals growth rates for crystals grown in 1G. The first image was
taken t = 240 min, after sample thawing. The imaging time extended to t = 3640 min. Images were
taken t = 240-, t = 700-, t = 930-, t = 1230-, t = 2040- and t = 3640 min after sample thawing (Figure
27). The average growth rate for crystals with length of major axis 146 + 23 pum was calculated to 2.9
+ 0.6 um/h (Figure 28).
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t= 1230min t=2040min t=3640min

Figure 27. Growth of PfGST crystals in 1G. PfGST dimer additionally fluorescence labeled
PfGST aggregates in 95:5 total ratio. Time-lapse images were recorded for a single area in a
capillary using the Leica M205 C light microscope. The imaging time extended to t = 3640 min.
The first image was taken t = 240 min, after sample thawing.

A Size of PfGST crystals grown in 1g in B Growth rate for PfGST crystals
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Figure 28. Growth of crystals in 1G. Growth rate and size values (the length of major axis) of
dimer crystals with fluorescence labeled PfGST aggregates in 95:5 total ratio for a single area in
the capillary, 10-15 mm from the protein end of capillary, were measured. Error bars represent
standard deviations of the average. (A) Average size of crystals. The sample size is n = 4 crystals.
(B) Average growth rate with standard deviation of crystals with lengths of major axis 146 + 23
pm. The sample size is n = 4 crystals.

Since samples returned to the earth light microscope images of crystals grown in pug and 1G were

recorded and photo-documented. Crystal images were recorded t = 31 days after sample thawing with

2.5 x and 10 x magnification (Figure 29). The crystal dimensions vary for pug and 1G grown crystals.
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The pg grown crystals showed on average larger dimensions, with lengths of major axis for larger
crystals ~ 1200 um, compared to 1G with lengths of major axis for larger crystals ~ 500 um (Figure
29).

Figure 29. Crystals of PfGST dimer with fluorescence labeled PfGST aggregates in 95:5 total
ratio grown in pg and 1G. Crystal images were recorded using a light microscope t = 31 days
after sample thawing, after ug samples returned on the earth. (A) Crystals grown in g, images
were recorded with a 2.5 x objective. (B) Crystals grown in pug, recorded with 10 x objective. (C)
Crystals grown in 1G, recorded with a 2.5 x objective. (D) Crystals grown in 1G, recorded with a
10 x objective.
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5.1.2 Round 2

5.1.2.1 LMM monitoring of crystal growth in microgravity, PfGST dimer

PfGST needle-like crystals in the capillary area 18 - 34 mm from the protein solution end were observed
for the dimer (Figure 30). The crystal dimensions and amount of crystals vary for several observed areas
in the capillary (Figure 30). Time-lapse images for different capillary areas were recorded with 2.5 x
and 10 x magnification to investigate crystal growth rates for crystals grown in microgravity. First
image was taken t = 301 min, after sample thawing with 2.5 x magnification. The imaging time extended
to t = 8803 min, images were taken t1 = 301 min, t2 = 824 min, t3 = 3266 and t4 = 8303 min after
sample thawing. Protein precipitation was observed at the time point t1 and nucleation and subsequent
growth of smaller crystals was observed for the images recorded with 2.5 x magnification (Figure 31).
However, at the time points t3 — t4 growth of larger crystals was observed (Figure 30). Furthermore, at
time points t = 3765-, 3875-, 4390-, 4695-, 7380-, 7450-, 9430-, 9812-, 10208- and 10550 min, crystals
of different sizes at different areas in capillary were observed and photo-documented with 10 x
magnification (Figure 30). The crystal sizes at different positions in the capillaries were measured and
comparative statistically analyzed. The area in the capillary was measured from the end of capillary
(i.e. the protein). Temporarily the length of the major axis values for n = 30 dimer crystals were
measured. The average size of crystals was calculated in the 3 areas from the capillary end, 18-25 mm,
25-29 mm and 29 -34 mm with crystal sizes 117 £ 21 pm, 196 £ 29 pm and 381 + 28 pum, respectively.
Significant differences for the average crystal sizes from all 3 capillary areas (Student’s t-test: p <
0.01); Significance for the area 18-25 mm and 25-29 mm (p < 0.01); Significance for the area 18-25
mm and 29-34 mm (p < 0.01); Significance for the area 25-29 mm and 29-34 mm (p < 0.01) was
indicated (Figure 32). The average growth rate (1.8 £ 0.1 um /h) for crystals with length of major axis
303 £ 21 um were calculated (Figure 32).

Furthermore, the precipitant and protein concentrations for the capillary area with larger crystals were
estimated (Chapter 111 2.7). The average concentrations at the time point 6034 + 2768 min (Start of
crystal growth) for the capillary area 32 £ 1.1 mm were calculated to 19.9 £+ 0.8 nmol for PfGST dimer
and 1.1 £ 0.1 M for precipitant.
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150 pm Ay
t=9430min

t=9812min t= 10208min t= 10550min

Figure 30. Protein crystallization in microgravity applying counter diffusion technique in
capillary. Images were recorded using the 1SS LMM microscope. PfGST dimer crystals. (A)
Time-lapse images were recorded with 2.5 x magnification. The imaging time extended to t= 8803
min, images were taken t1 = 301 min, t2 = 824 min, t3 = 3266 and t4 = 8803 min after sample
thawing. (B) Time-lapse images were recorded for 3 differentareas (I, 11, I11) in capillary with 10
x magnification. The imaging time extended to t = 10550 min, first images were taken t = 3875
min for area I, t = 3765 min for area Il and t = 9430 min for area I11 after sample thawing.
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Figure 31. Growth of PfGST crystals in microgravity. PfGST dimer. Time-lapse images were
recorded for 3 different areas (A, B, C) in capillary using the LMM microscope with 2.5x
magnification. The imaging time extended to t = 8803 min, firstimage was taken t = 301 min after
sample thawing.

5.1.2.2 Crystal growth in 1G vs microgravity, PfGST dimer

In parallel time-lapse images for a capillary area, 7— 12 mm from the protein end, were recorded with
10 x magnification to investigate crystals growth rates for dimer crystals grown in 1G. First image was
taken t = 150 min after sample thawing. The imaging time extended to t = 3640 min, images were taken
t = 150-, t = 250-, t = 400-, t = 610-, t = 1270- and t = 1900 min after sample thawing (Figure 33). The
average growth rate for crystals with length of major axis 84 + 3 um was calculated to 3.1 £ 0.1 um/h
(Figure 34).

Since samples returned to the earth, light microscope images of crystals grown in pug and 1G were
recorded and photo-documented. Crystal images were recorded t = 25 days after sample thawing with
2.5 x and 10 x magnification (Figure 35). The crystal dimensions, length of major axis 50 - 900 pm,
vary at different areas of capillary for pug and 1G grown crystals (Figure 35).
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Figure 32. Growth of dimer crystals in pg. Comparative size distribution and growth rate values
(the length of major axis) of crystals along the capillary. Different regions (areas) along the
capillary were measured from the protein end of the capillary toward the protein-precipitant
interface. Error bars represent standard deviations of the average. Significance within a 99%
confidence interval was determined using Student’s t-test and is denoted by asterisk (* = p <0.01).
(A) Average size distribution of crystals for the areas from the capillary end, 18-25 mm, 25-29
mm and 29-34 mm. The sample sizes for crystals in the areas, 18-25 mm, 25-29 mm and 29-34
mm are n =10, n =10 and n = 10, respectively. (B) Average growth rate with standard deviation
of crystals with lengths of major axis 303 + 21 um. The sample number is n = 4 crystals.

“: S e S
A, eee - . " - -
e e SN\ FZ
e e e S\
--’\-. ‘.‘: _'; ""-“ :':'- .‘- " .'.. K,

t=250min

t=610min t=1270min t=1900min

Figure 33. Growth of PfGST crystals in 1G. PfGST dimer. Time-lapse images were recorded for
asingle area in capillary, 7-12 mm from the protein end of capillary, using the Leica M205 C light
microscope. The imaging time extended to t = 1900 min, first image was taken t = 150 min after
sample thawing.
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Figure 34. Growth of crystals in 1g. Growth rate and size values (the length of major axis) of
dimer crystals for a single area in the capillary, 7-12 mm from the protein end of capillary, were
measured. Error bars represent standard deviations of the average. (A) Average size of crystals.
The sample number is n = 4 crystals. (B) Average growth rate with standard deviation of crystals
with lengths of major axis 84 + 3 um. The sample number is n = 4 crystals.

Figure 35. Crystals of PfGST dimer grown in pg and 1G. Crystal images were recorded using a
light microscope t = 25 days after sample thawing, after pg samples returned on the earth. (A)
Crystals grown in pg, images were recorded with a 2.5 x objective. (B) Crystals grown in pg,
recorded with 10 x objective. (C) Crystals grown in 1G, recorded with a 2.5 x objective. (D)
Crystals grown in 1G, recorded with a 10 x objective
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5.1.2.3 LMM monitoring of crystal growth in microgravity, 99.8 : 0.2 ratio

PfGST needle-like crystals in the capillary area 17 - 38 mm from the protein solution end were observed
for the dimer with the addition of tetramer in 99.8 : 0.2 ratio (Figure 36). The crystal dimensions and
amount of crystals vary for several observed areas in the capillary (Figure 36). Time-lapse images for
different capillary areas were recorded with 2.5 x and 10 x magnification to investigate crystal growth
rates for crystals grown in microgravity. First image was taken t = 293 min, after sample thawing with
2.5 x magnification. The imaging time extended to t = 8666 min, images were taken t1 = 293 min, t2 =
790 min, t3 = 3258 and t4 = 8666 min after sample thawing. Protein precipitation was observed at the
time point t2 and nucleation and subsequent growth of smaller crystals was observed for the images
recorded with 2.5 x magnification (Figure 36; 37). However, at the time points t3 — t4 growth of larger
crystals was observed (Figure 36; 37). Furthermore, at time points t = 915-, 1124-, 1855-, 4033-, 4614-
, 6229-, 9355-, 9562-, 9800- and 10485 min, crystals of different sizes at different areas in capillary
were observed and photo-documented with 10 x magnification (Figure 36). The crystal sizes at
different positions in the capillaries were measured and comparative statistically analyzed. The area in
the capillary was measured from the end of the capillary (i.e. the protein). Temporarily the length of the
major axis values for n = 31 crystals were measured. The average size of crystals was calculated in the
4 areas from the capillary end, 17-25 mm, 25-30 mm, 30-35 mm and 35 -38 mm with crystal sizes 111
+ 9 um, 424 £ 26 um, 698 £ 23 um and 505 *+ 23 um, respectively. Significant differences for the
average crystal sizes from all 4 capillary areas (Student’s t-test: p < 0.01); Significance for the area 17-
25 mm and 25-30 mm (p < 0.01); Significance for the area 17-25 mm and 30-35 mm (p < 0.01);
Significance for the area 17-25 mm and 35-38 mm (p < 0.01); Significance for the area 25-30 mm and
30-35 mm (p < 0.01); Significance for the area 25-30 mm and 35-38 mm (p < 0.01); Significance for
the area 30-35 mm and 35-38 mm (p < 0.01) is indicated (Figure 38). The average growth rate for
crystals with lengths of major axis 111 £ 5 um and 425 + 14 um were calculated (Figure 38). The
average growth rate (1.8 £ 0.2 um/h) for crystals with length of major axis 111 £ 5 pum were significantly
higher (Student’s t-test: p < 0.01), than the average growth rate (1.3 = 0.1 um/h) for crystals with the
length of the major axis 425 £ 14 um (Figure 38).

Furthermore, the precipitant and protein concentrations for the capillary area with larger crystals were
estimated (Chapter Il 2.7). The average concentrations at the time point 5962 + 2704 min (Start of
crystal growth) for the capillary area 32 £ 1.1 mm were calculated to 20.7 + 0.8 nmol for PfGST dimer
and 1.1 £ 0.1 M for precipitant.
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Figure 36. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the ISS LMM microscope. PfGST dimer crystals
additionally fluorescence labeled PfGST aggregates in 99.8:0.2 total ratio. (A) Time-lapse images
were recorded with 2.5 x magnification. The imaging time extended to t = 8666 min, images were
taken t1 =293 min, t2 = 790 min, t3 = 3258 and t4 = 8666 min after sample thawing. (B) Time-
lapse images were recorded for 3 different areas (I, 11, 111) in capillary with 10 x magnification.
The imaging time extended to t = 10485 min, first images were taken t = 915 min for area I, t =
4033 min for area Il and t = 9355 min for area 111 after sample thawing.
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Figure 37. Growth of PfGST crystals in microgravity. PfGST dimer additionally fluorescence
labeled PfGST aggregates in 99.8:0.2 total ratio. Time-lapse images were recorded for 3 different
areas (A, B, C) in a capillary using the LMM microscope with 2.5x magnification. The imaging
time extended to t = 8666 min, first image was taken t = 293 min after sample thawing.

5.1.2.4 Crystal growth in 1G vs microgravity, 99.8 : 0.2 ratio
Since samples returned to the earth light microscope images of crystals grown in pg and 1G were
recorded and photo-documented. Crystal images were recorded t = 25 days after sample thawing with
2.5 x and 10 x magnification (Figure 39). The crystal dimensions, length of major axis 50 - 1600 pm,
vary at different areas of the capillaries for pug and 1G grown crystals (Figure 39). The g grown crystals
showed on average larger dimensions, with lengths of major axis for larger crystals ~ 1500 pum,
compared to 1G, with lengths of the major axis for larger crystals ~ 650 um (Figure 39).
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Figure 38. Crystals grown in pg. PfGST dimer crystals additionally fluorescence labeled PfGST
aggregates in 99.8:0.2 total ratio. Comparative growth rate and size distribution values (the
length of major axis) of crystals along the capillary. Different regions (areas) along the capillary
were measured from the protein end of the capillary toward the protein-precipitant interface.
Error bars represent standard deviations of the average. Significance within a 99% confidence
interval was determined using Student’s t-test and is denoted by asterisk (* = p < 0.01). (A)
Average size distribution of crystals for the areas from the capillary end, 17-25 mm, 25-30 mm,
30-35 mm and 35-38 mm. The sample sizes for crystals in the areas, 17-25 mm, 25-30 mm, 30-35
mm and 35-38 mm are n =10, n =10, n= 6 and n =5, respectively. (B) Average growth rates with
standard deviations of crystals with lengths of major axis 111 +5 pm and 425 + 14 uym. The
sample sizes for crystals 111 + 5 um and 425 + 14 um are n = 4 and n = 4 respectively.

Figure 39. Crystals of the PfGST dimer with fluorescence labeled PfGST aggregates in 99.8:0.2
total ratio grown in pg and 1G. Crystal images were recorded using a light microscope t = 25 days
after sample thawing, after pg samples returned on the earth. (A) Crystals grown in pg, images
were recorded with a 2.5 x objective. (B) Crystals grown in ug, recorded with a 10 x objective.
(C) Crystals grown in 1G, recorded with a 2.5 x objective. (D) Crystals grown in 1G, recorded
with a 10 x objective.
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5.1.2.5 LMM monitoring of crystal growth in microgravity, 99.5 :0.5 ratio

PfGST needle-like crystals in the capillary area 26 - 44 mm from the protein solution end were observed
for the dimer with the addition of tetramer solution in 99.5 : 0.5 ratio (Figure 40). The crystal dimensions
and amount of crystals vary for several observed areas in the capillary (Figure 40). Time-lapse images
for different capillary areas were recorded with 2.5 x and 10 x magnification to investigate crystal
growth rates for crystals grown in microgravity. First image was taken t = 301 min after sample thawing
with 2.5 x magnification. The imaging time extended to t = 8674 min, images were taken t1 = 301 min,
t2 =824 min, t3 = 3266 and t4 = 8674 min after sample thawing. Protein precipitation was observed at
the time point t1 and at the time points t3 — t4 nucleation and subsequent growth of crystals was
observed for the images recorded with 2.5 x magnification (Figure 40; 41). Furthermore, at time points
t = 900-, 1277-, 1307-, 1965-, 2012-, 2560-, 3590-, 4061-, 6435- and 10515 min, crystals of different
sizes at different areas in the capillary were observed and photo-documented with 10 x magnification
(Figure 40). The crystal sizes at different positions in the capillaries were measured and comparative
statistically analyzed. The area in the capillary was measured from the end of the capillary (i.e. the
protein). Temporarily the length of major axis values for n = 61 crystals were measured. The average
size of crystals was calculated in 4 areas from the capillary end, 26-29 mm, 29-35 mm, 35-41 mm and
41-44 mm with crystal sizes 158 + 30 um, 380 £ 54 um, 770 + 55 um and 571 + 54 pum, respectively.
Significant difference for the average crystal sizes from all 4 capillary areas (Student’s t-test: p < 0.01);
Significance for the area 26-29 mm and 29-35 mm (p < 0.01); Significance for the area 26-29 mm and
35-41 mm (p < 0.01); Significance for the area 26-29 mm and 41-44 mm (p < 0.01); Significance for
the area 29-35 mm and 35-41 mm (p < 0.01); Significance for the area 29- 35 mm and 41-44 mm (p <
0.01); Significance for the area 35-41 mm and 41-44 mm (p < 0.01) was indicated (Figure 42). The
average growth rates for crystals with lengths of major axis < 200 pm and 300-400 pm were calculated
(Figure 42). The average growth rate (2.4 +0.28 um/h) for crystals with length of major axis < 200 um
were significantly higher (Student’s t-test: p < 0.01), than the average growth rate (1.2 £ 0.13 pum/h1)
for crystals with the length of major axis 300-400 um (Figure 42).

Furthermore, the precipitant and protein concentrations for the capillary area with larger crystals were
estimated (Chapter 111 2.7). The average concentrations at the time point 5970 + 2704 min (Start of
crystal growth) for the capillary area 38 + 1.4 mm were calculated to 15.5 + 1.9 nmol for PfGST dimer
and 1.3 £ 0.1 M for precipitant.
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Figure 40. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the ISS LMM microscope. PfGST dimer crystals with
fluorescence labeled PfGST aggregates in 99.5:0.5 total ratio. (A) Time-lapse images were
recorded with 2.5 x magnification. The imaging time extended to t = 8674 min, images were taken
t1 = 301 min, 2 = 824 min, t3 = 3266 and t4 = 8674 min after sample thawing. (B) Time-lapse
images were recorded for 3 different areas (1, 11, I11) in capillary with 10 x magnification. The
imaging time extended to t = 10515 min, first images were taken t = 900 min for area I, t = 1307
min for area Il and t = 3590 min for area |11 after sample thawing.
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Figure 41. Growth of PfGST crystals in microgravity. PfGST dimer with fluorescence labeled
PfGST aggregates in 99.5:0.5 total ratio. Time-lapse images were recorded for 3 different areas
(A, B, C) in capillary using the LMM microscope with 2.5x magnification. The imaging time
extended to t = 8674 min. The first image was taken t = 301 min after sample thawing.

5.1.2.6 Crystal growth in 1G vs microgravity, 99.5 :0.5 ratio
Since samples returned to the earth light microscope images of crystals grown in pug and 1G were
recorded and photo-documented. Crystal images were recorded t = 25 days after sample thawing with
2.5 x and 10 x magnification (Figure 43). The crystal dimensions, length of major axis 100 - 1100 pum,
vary at different areas of capillary for pg and 1G grown crystals (Figure 43). The pg grown crystals
showed on average larger dimensions, with lengths of the major axis for larger crystals ~ 1100 pm,

compared to 1G, with lengths of major axis for larger crystals ~ 600 pm (figure 43).
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Figure 42. Crystals grown in pg. PfGST dimer crystals with fluorescence labeled PfGST
aggregates in 99.5:0.5 total ratio. Comparative growth rate and size distribution values (the
length of major axis) of crystals along the capillary. Different regions (areas) along the capillary
were measured from the protein end of the capillary toward the protein-precipitant interface.
Error bars represent standard deviations of the average. Significance within a 99% confidence
interval was determined using Student’s t-test and is denoted by asterisk (* = p < 0.01). (A)
Average size distribution of crystals for the areas from the capillary end, 26-29 mm, 29-35 mm,
35-41 mm and 41-44 mm. The sample sizes for crystals in the areas, 26-29 mm, 29-35 mm, 35-41
mm and 41-44 mm are n =15, n =20, n = 18 and n = 8, respectively. (B) Average growth rates
with standard deviations of crystals with lengths of major axis <200 um and 300 - 400 um. The
sample number for crystals < 200 um and 300 - 400 um are n = 3 and n = 3 respectively.
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Figure 43. Crystals of PfGST dimer with fluorescence labeled PfGST aggregates in 99.5:0.5 total
ratiogrown in ug and 1G. Crystal images were recorded using a light microscope t = 25 days after
sample thawing, after pg samples returned on the earth. (A) Crystals grown in pg, images were
recorded with a 2.5 x objective. (B) Crystals grown in pg, recorded with a 10 x objective. (C)
Crystals grown in 1G, recorded with a 2.5 x objective. (D) Crystals grown in 1G were recorded
with a 10 x objective.
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Figure 44. Crystals of PfGST dimer with fluorescence labeled PfGST aggregates in 90:10 and
72:25 total ratios grown in ug and 1G. Crystal images were recorded using a light microscope t=
25 days after sample thawing, after pg samples returned on the earth. (A) Crystals grown in pg
in 90:10 total ratio, images were recorded with a 2.5 x objective. (B) Crystals grown in pg in 90:10
total ratio, recorded with a 10 x objective. (C) Crystals grown in pg in 75:25 total ratio, recorded
with a 2.5 x objective. (D) Crystals grown in pg in 75:25 total ratio, recorded with a 10 x objective.
(E) Crystals grown in 1G in 90:10 total ratio, recorded with a 2.5 x objective. (F) Crystals grown
in 1G in 90:10 total ratio, recorded with a 10 x objective. (G) 1G, 75:25 total ratio, recorded with
a 2.5 x objective. (H) 1G, 75:25 total ratio, recorded with a 10 x objective.

5.1.2.7 Crystal growth in 1G vs microgravity, 90 : 10 and 75 :25 ratios
The flight cassette with the ratios 90 : 10; 75 : 25 was not installed to the LMM microscope after sample
thawing, so that the crystal growth in pg was not photo documented. Since samples returned to the earth
light microscope images of crystals grown in pug and 1G were recorded and photo-documented. Crystal
images were recorded t = 25 days after sample thawing with 2.5 x and 10 x magnification (Figure 44).
The crystal dimensions, length of major axis 50 - 900 um, vary at different areas of capillary for pg and
1G grown crystals for dimer with the addition of tetramer in 90 : 10 ratio (Figure 44). The ug grown
crystals showed on average larger dimensions, with lengths of major axis for larger crystals ~ 900 pum,
compared to 1G, with lengths of major axis for larger crystals ~ 500 um (figure 44). Furthermore,
crystals grown in pg with lengths of major axis 50 — 500 um were observed and photo documented for
the dimer with the addition of tetramer in 75 : 25 ratio (Figure 44). On the other hand crystals in 1G

capillary with similar ratio (75 : 25) were not observed (Figure 44).
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5.1.2.8 LMM monitoring of crystal growth in microgravity, lysozyme

Lysozyme crystals in the capillary area 13 - 44 mm from the protein solution end were observed (Figure
45). The crystal dimensions and amount of crystals vary for several observed areas in the capillary
(Figure 45; 46). Time-lapse images for different capillary areas were recorded with 2.5 x and 10 x
magnification to investigate crystal growth rates for crystals grown in microgravity. First image was
taken t = 253 min after sample thawing with 2.5 x magnification. The imaging time extended to t =
8725 min, images were taken t1 = 253 min, t2 = 612 min, t3 = 3214 and t4 = 8725 min after sample
thawing. At the time points t2 — t4 nucleation and subsequent growth of crystals was observed for the
images recorded with 2.5 x magnification (Figure 45; 46). Furthermore, at time points t = 1610-, 2700-
, 4145- and 10390 min crystals of different sizes at different areas in capillary were observed and photo-
documented with 10 x magnification (Figure 45). The crystal sizes at different positions in the
capillaries were measured and comparative statistically analyzed. The area in the capillary was
measured from the end of the capillary (i.e. the protein). Temporarily the length of major axis values
for n = 39 crystals were measured. The average dimensions (length of major axis) of lysozyme crystals
were calculated in the 2 areas from the capillary end, 13-25 mm and 25-44 mm with crystal sizes 277
+27 um and 495 £ 47 um, respectively. The average size of lysozyme crystals was significantly lower
(Student’s t-test: p < 0.01) for the capillary area between 13-25 mm than the average size for the
capillary area between 25-44 mm (Figure 47). The average growth rates for crystals with lengths of
major axis < 350 pum and > 350 um were calculated. The average growth rate (1.9 + 0.23 pm /h) for
lysozyme crystals with length of major axis < 350 um were significantly lower (statistical t-test: p <
0.01) than the average growth rate (2.6 + 0.24 um/h) for crystals with the length of major axis > 350
pum (Figure 47).
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Figure 45. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the ISS LMM microscope. Lysozyme crystals. (A) Time-
lapse images were recorded with 2.5 x magnification. The imaging time extended to t = 8725 min,
images were taken t1 = 253 min, t2 = 1416 min, t3 = 3214 and t4 = 8725 min after sample thawing.
(B) Time-lapse images were recorded for 3 different areas (I, 11, I11) in the capillary with 10 x
magnification. The imaging time extended to t = 10390 min. The first images was taken t = 1610
min after sample thawing.
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Figure 46. Growth of lysozyme crystals in microgravity. Time-lapse images were recorded for 3
different areas (A, B, C) in the capillary using the LMM microscope with 2.5x magnification. The
imaging time extended to t = 8725 min, first image was taken t = 253 min, after sample thawing.

5.1.2.9 Crystal growth in 1G vs microgravity, lysozyme
Since samples returned to the earth light microscope images of crystals grown in pg and 1G were
recorded and photo-documented. Crystal images were recorded t = 25 days after sample thawing with
2.5 x and 10 x magnification (Figure 48). The crystal dimensions, length of major axis 150 - 580 um,
vary at different areas of capillary for pg and 1G grown crystals (Figure 48). The g grown crystals
showed on average larger dimensions, with lengths of major axis for larger crystals ~ 550 pum, compared

to 1G, with lengths of major axis for larger crystals ~ 350 um (figure 48).
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Figure 47. Crystals grown in pg. Lysozyme crystals. Comparative growth rate and size
distribution values (the length of major axis) of crystals along the capillary. Different regions
(areas) along the capillary were measured from the protein end of the capillary toward the
protein-precipitant interface. Error bars represent standard deviations of the average.
Significance within a 99% confidence interval was determined using Student’s t-test and is
denoted by asterisk (* = p <0.01). (A) Average size distribution of lysozyme crystals for the areas
from the capillary end 13-25 mm and 25-44 mm. The sample sizes for crystals in the areas 13-25
mm and 25-44 mm are n = 24 and n = 15, respectively. (B) Average growth rates with standard
deviations of lysozyme crystals with lengths of major axis < 350 um and > 350 um. The sample
sizes for crystals < 350 um and > 350 um are n =6 and n = 9 respectively.
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Figure 48. Lysozyme crystals grown in pug and 1G. Crystal images were recorded using a light
microscope t = 25 days after sample thawing, after g samples returned on the earth. (A) Crystals
grown in pg, images were recorded with a 2.5 x objective. (B) Crystals grown in pg, recorded with

a 10 x objective. (C) Crystals grown in 1G, recorded with a 2.5 x objective. (D) Crystals grown in
1G, recorded with a 10 x objective.
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5.2 Impurity incorporation

5.2.1 LMM monitoring of impurity incorporation into crystals in microgravity

To investigate the incorporation of impurities into growing crystals fluorescently labeled protein-
aggregates were prepared which simulate protein aggregate impurities in solution. For crystallization
experiments in microgravity, samples with different protein-aggregate ratios were prepared.

The LMM fluorescence micrographs of capillaries samples containing PfGST dimer and additionally
fluorescently labeled PfGST aggregates recorded with 2.5 x magnification show the presence of
fluorescence in crystals for the dimer with the addition of tetramer in 99.5 : 0.5 ratio (Figure 49).
However, the micrographs of capillaries samples containing dimer (negative control) and dimer
additionally fluorescently labeled tetramer with 99.8 :0.2 ratio show the absence of fluorescence (Figure
49). On the other hand the micrograph of crystals with 99.8 : 0.2 ratio recorded with 10 x magnification
show week presence of fluorescence (Figure 49). Furthermore, the micrographs of crystals with 99.5 :
0.5,99:1 and 95 : 5 ratios recorded with 10 x magnification show the presence of fluorescence (Figure
49). The micrographs of crystals with dimer and dimer : tetramer in 99.9 : 0.1 ratio recorded with 10 x
magnification show the absence of fluorescence (Figure 49). Initial crystallization experiments showed
that fluorescently labeled PfGST aggregates are not crystallizing under same conditions as PfGST

dimers.

5.2.2 Impurity incorporation in 1G vs microgravity grown crystals

Since samples returned to the Earth confocal images of crystals in the capillaries grown in pg and 1G
were recorded and photo-documented. The confocal fluorescence micrograph of PfGST dimer sample
(negative control) shows the absence of fluorescence for pg and 1G crystals (Figure 50). The PfGST
crystals grown in pg and 1G in presence of fluorescent labeled protein aggregates in 99.9 : 0.1, 99.8
:0.2,995:05,99:1,95:5,90: 10 and 75 : 25 (ug) ratios show the presence of green fluorescence
(Figure 50). In addition the lysozyme crystals show the presence of red fluorescence (Figure 50).
Based on confocal laser scanning fluorescence microscopy analysis, there appears to be presence also
incorporation of fluorescently labeled tetramers into growing dimer crystals. Therefore, incorporation
of fluorescently labeled tetramers into growing dimer crystal can be investigated applying appropriate
methods and techniques. For this purpose quantitative analyses of total fluorescence/crystal volume
were performed applying a fluorescence microplate reader. Temporarily the fluorescence intensities
values for n = 65 crystals grown in 1G and pg were measured. The average fluorescence intensities of
crystals grown in 1G for a crystal volume of um? was calculated for the 7 different ratios, dimer, 99.9
:0.1,99.8:0.2,99.5:0.5,99: 1,95 : 5and 90 : 10 with fluorescence intensity values 0-, 0.003 £ 0.001-
, 0.03 £0.01-, 0.03 + 0.02-, 0.24 + 0.06-, 0.23 £ 0.03- and 0.17 + 0.02 a.u, respectively (Figure 51).
The average fluorescence intensities of crystals grown in g for a crystal volume of um? was calculated
for the 8 different ratios, dimer, 99.9 :0.1,99.8:0.2,99.5:0.5,99:1,95:5,90: 10 and 75 : 25 with
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Figure 49. Crystals grown in ug. Crystals of PfGST with additionally fluorescence labeled (Alexa
fluor 488) aggregates in 5 different ratios. Crystal images were recorded on ISS using the LMM
microscope 2.5 x and 10 x objective with FITC fluorescence filter. (A;B;C) Images were recorded
with 2.5 x objective t = 8742 min after sample thawing. (A) dimer. (B) dimer additionally tetramer
in 99.8:0.2 ratio. (C) dimer additionally tetramer in 99.5:0.5 ratio. (D;E;F;G;H;l) Images were
recorded with a 10 x objective. (D) dimer, t =4709 min. (E) dimer additionally tetramerin 99.9:0.1
ratio, t = 5807 min. (F) dimer additionally tetramer in 99.8:0.2 ratio. t = 4900 min. (G) dimer
additionally tetramer in 99.5:0.5 ratio. t = 10500 min. (H) dimer additionally tetramer in 99:1
ratio. t = 7286 min. (I) dimer additionally tetramer in 95:5 ratio. t = 7349 min.
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0.08 =

0.10 £ 0.01-,
0.01-, 0.04 £0.01 and 0.11 £ 0.09 a.u, respectively (Figure 51). Significant difference for the average

fluorescence intensity values 0-, 0.002 + 0.001-, 0.001 + 0.0004-, 0.01 + 0.002-,

Significance for the ratio

fluorescence intensities from 4 ratios 1G vs ug (Student’s t-test: p < 0.01);
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99.8 : 0.2 (p < 0.01); Significance for the ratio 99 : 1 (p < 0.01); Significance for the ratio 95: 5 (p <
0.01); Significance for the ratio 90 : 10 (p < 0.01) was indicated (Figure 51). In the other hand, not
significant difference for the average fluorescence intensities from 2 ratios 1G vs pg (Student’s t-test:
p <0.01; p <0.05); Not significance for the ratio 99.9 : 0.1 (p > 0.05); Not significance for the ratio
99.5:0.5 (p> 0.05 was indicated (Figure 51).

Measured fluorescence intensities
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Figure 51. Comparative analysis of fluorescence intensities of crystals grown in pg versus 1G
grown PfGST crystals. In total n=5 1G grown and n =5 g grown crystals in similar sizes from
each dimer : tetramer ratio (in total n =65 crystals) were 2 x washed in native buffer and resolved
in 1xPBS buffer for fluorescence intensity measurements. Fluorescence intensities were measured
applying a fluorescence microplate reader. Error bars represent standard deviations of the
average. Significance within a 99% confidence interval was determined using Student’s t-test and
is denoted by asterisks (* = p < 0.01 ). Measured average fluorescence intensities correspond to a
crystal volume of um®. Data of dimer and 7 different dimer/tetramer ratios are shown.

5.3 X-ray diffraction data collection, processing and structure of PfGST
Diffraction data of PfGST crystals grown in 1G and g were collected at 100 K temperature at PETRA
111, beamlines P11 and P13 EMBL at DESY, Hamburg. X-ray data for dimer and dimer : tetramer in 8
different ratios were collected and statistical (via crystal quality factors) analyzed. Data for crystals with
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approximately similar dimensions for each ratio were collected. For cryoprotection the crystals were
soaked with precipitant solution supplemented with 14 % (v/v) glycerol. Diffraction data were
subsequently indexed, integrated and scaled with XDS and ccp4 graphic programs. Datasets for n = 58
crystals grown in 1G and pg were analyzed (Figure 52; 53 ). Datasets were cut individual for each
crystal dataset monitoring Rmeas, Rsym, I/c and CC1/2. The crystals belonged to the monoclinic space
group P21 with unit cell dimensions ~61 A, ~69 A, ~ 100 A and p angle of ~92.0° (Tables 21-28). The
g grown crystals for dimer and for the ratios 99.8 : 0.2,99.5: 0.5, 95 : 5 diffracted to higher resolutions
compared to the 1G (Tables 21; 22; 23; 25 ). To investigate the quality differences of 1G vs pg grown
crystals the average signal-to-noise ratios (I/o(l)) vs resolutions for each crystal was calculated and
statistical analyzed (Figure 52; 53). Significant difference for the average I/o(l) values from dimer and
1 ratio 1G vs pg (Student’s t-test: p < 0.05); Significance for the resolution range 2.26 — 5.94 A for
dimer (p < 0.05); Significance for the resolution range 2.1 —3.0 A for the ratio 99.8 : 0.2 (p < 0.05) was
indicated (Figure 52; 53). However, no significant difference for the average I/o(l) values from 4 ratios
1G vs pg (Student’s t-test: p < 0.05); No significance for the ratio 99.5 : 0.5 (p > 0.05); No significance
for the ratio 99 : 1 (p > 0.05); No significance for the ratio 95 : 5 (p > 0.05) and No significance for
the ratio 90 : 10 (p > 0.05) was indicated (Figures 52; 53). Additionally to investigate the number of
protein molecules in unit cell and the structure, one dataset each of 1G and pg grown crystals were
analyzed. Data were cut individual for 1 x 1G and 1 x pg crystal datasets to 2.3 A and 2.1 A,
respectively. The crystals belonged to the monoclinic space group P21 with unit cell dimensions of 61.6
A, 69.6 A, 101.6 A and P angle of 92.3° for 1G crystals and with unit cell dimensions of 61.5 A, 69.6
A, 101.6 A and a, B, y angles 0£90.0°, 92.3°,90.0° for ug crystals (Table 29). The homologue structure
of the PfGST dimer (PDB code: 3FRC) was used as a search model for molecular replacement. The
Matthews coefficient was determined for both dataset, 1G and pg, 2.18 A% Da* and 2.17 A? Da™
respectively. The solvent content was calculated to be 43 % for each dataset with 4 PfGST monomers
in the respective asymmetric unit. Data collection parameters are summarized in Table 29. The
asymmetric unit for 1G and pg consist 2 x PfGST homodimer with 4 identical monomer chains (Figure
54A, B).
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Table 22. Data collection statistics (via XDS) for PfGST crystals in dimer : tetramer 99.9:0.1
ratiogrown in 1G vs pg. In total X-ray data for n=6 1G grown and n =1 pg grown crystals
with similar dimensions were analyzed.

PfGST dimer additionally tetramer in 99.9/ 0.1 total ratio

Data collection 1G Mg
statistics
Crystal 1 Crystal 2 Crystal 3 Crystal 4 Crystal 5 Crystal 6 Crystal 1

Wavelength 1.0332 1.0089 1.0332 1.0332 1.0332 1.0332 1.0089
Space group P2, P2, P2, P2, P2, P2, P2,
Unit cell 60.7 61.2 60.8 61.1 60.1 61.0 61.7
parameters 69.1 68.7 69.7 69.9 69.7 69.5 69.7
a/ble [A] 93.5 89.9 98.3 99.2 98.4 99.5 100.7

B[] 90.1 90.2 92.1 92.2 91.8 92.4 92.6
Total reflections 143428 132439 126837 132694 91440 83046 63621
Unique reflections 21563 41537 18759 19429 21850 12459 19114
Resolution range 50-2.69 50-2.11 50-2.88 50-2.86 50-2.74 50-3.32 50-2.87
[A] (2.85-2.69) (2.24-2.11) (3.05-2.88) (3.04-2.86) (2.90-2.74) (3.52-3.32) (3.05-2.87)
R means [%] 5.5 (54.6) 11.8 (57.3) 12.3 (54.3) 11.3 (55.2) 8.4 (50.1) 15.4 (51.9) 13.0 (56.5)
R symm [%)] 5.1 (50.2) 9.9 (47.3) 11.4(50.1) 10.5 (51.0) 7.3 (43.6) 14.2(47.6) 10.9 (47.7)
Mean l/o (I) 22.21(3.22) 9.21(2.20) 12.97 (3.48) 14.02 (3.41) 12.51 (2.90) 9.44 (3.40) 9.22 (2.36)
CC (1/2) [%] 100 (93.3) 99.8 (99.7) 99.8 (96.0) 99.9 (95.5) 99.9 (93.5) 99.9 (92.8) 99.6 (87.0)
Average mosaictiy 0.27 0.18 0.29 0.26 0.39 0.19 0.12
[
Completeness [%6] 99.6 (98.0) 97.0 (87.3) 99.4 (97.1) 99.7 (98.9) 99.4 (97.8) 99.5 (97.6) 97.0 (92.9)
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Table 24. Data collection statistics (via XDS) for PfGST crystals in dimer : tetramer
99.5:0.5 ratio grown in 1G vs pg. In total X-ray data for n =3 1G grown and n =4 ug

grown crystals with similar dimensions were analyzed.

PfGST dimer additionally tetramer in 99.5/ 0.5 total ratio

Data collection 1G HY
statistics
Crystal 1 Crystal 2 Crystal 3 Crystal 1 Crystal 2 Crystal 3 Crystal 4

Wavelength 1.0332 1.0332 1.0332 1.0332 1.0332 1.0332 1.0332
Space group P2, P2 P2 P2, P2 P2 P2
Unit cell 61.4 61.3 61.3 61.2 61.2 61.3 61.2
parameters 69.6 69.5 69.4 69.5 69.5 69.5 69.5
a/b/c [A] 99.7 99.5 98.9 98.9 99.5 99.8 99.5

B[] 92.1 92.1 92.0 92.1 92.2 92.1 92.1
Total 132494 126894 155924 118946 311846 42903 139130
reflections
Unique 19432 18609 22691 34075 45654 16198 20225
reflections
Resolution 50-2.87 50-2.91 50-2.71 50-2.94 50-2.15 50-2.96 50-2.82
range [A] (3.04-2.87) (3.08-2.91) (2.88-2.71) (3.12-2.94) (2.28-2.15) (3.14-2.96) (2.99-2.82)
R means [%)] 11.5 (53.0) 12.5 (54.3) 11.4 (54.9) | 16.4 (57.8) 7.8 (53.1) 18.1(58.7)  12.7(51.2)
R symm [%] 10.7 (49.1) 11.5 (50.3) 10.6 (50.7) | 13.8 (49.1) 7.2 (48.9) 14.6 (47.2) 117 (47.4)
Mean I/o (I) 15.77 (3.94)  14.64(3.87) 1453(3.29) | 7.64(241) 17.60(3.37) 6.33(2.14)  13.34(3.68)
CC (1/2) [%] 99.9 (95.6) 99.9 (95.3) 99.9 (94.7) | 99.6(91.5)  99.9(92.4)  99.0(90.7)  99.9 (95.1)
Average 0.38 0.37 0.17 0.22 0.09 0.12 0.18
mosaictiy [°]
Completeness 99.6 (98.1) 99.7 (98.7) 99.8 (99.3) 98.1 (93.8) 99.9 (99.7) 91.9 (90.8) 99.8 (99.5)
[%0]
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Table 25. Data collection statistics (via XDS) for PfGST crystals in dimer : tetramer
99:1 ratio grown in 1G vs pg. In total X-ray data for n =3 1G grown and n = 3 ug
grown crystals with similar dimensions were analyzed.

PfGST dimer additionally tetramer in 99/ 1 total ratio

Data collection 1G ug
statistics
Crystal 1 Crystal 2 Crystal 3 Crystal 1 Crystal 2 Crystal 3

Wavelength 1.0089 1.0089 1.0089 1.0089 1.0089 1.0332
Space group P2, P2 P2, P2 P2, P2
Unit cell 61.4 61.1 61.8 60.7 60.1 61.4
parameters 69.7 69.6 69.9 69.3 69.9 69.9
a/blc [A] 100.6 98.7 102.5 97.6 99.5 99.4

B ] 91.1 92.2 92.6 89.9 91.2 91.7
Total 32777 27846 71134 37077 29252 104867
reflections
Unique 9870 9467 40196 21271 9039 15536
reflections
Resolution 50-3.53 50-3.59 50-2.73 50-3.27 50-3.62 50-3.09
range [A] (3.75-3.53) (3.81-3.59) (2.90-2.73) (3.47-3.27) (3.84-3.62) (3.28-3.09)
R means [%] 29.4 (57.9) 29.4 (63.8) 17.2 (68.9) 23.2 (64.9) 23.3(58.1) 10.1 (54.9)
R symm [%] 24.6 (48.0) 24.0 (52.1) 12.2 (48.8) 16.5 (46.0) 19.4 (48.1) 9.3 (50.7)
Mean I/o (I) 4.07 (2.33) 4.35(1.71) 6.75 (1.59) 5.38 (1.46) 4.82(1.90) 14.88 (3.82)
CC (1/2) [%0] 97.2 (69.0) 97.4 (77.7) 98.3 (75.7) 97.4 (79.6) 99.3 (92.2) 99.9 (96.3)
Average 0.37 0.44 0.51 0.77 0.61 0.25
mosaictiy [°]
Completeness 94.1 (74.4) 96.2 (89.7) 88.4 (85.7) 87.1(70.3) 92.9 (60.2) 99.4 (97.0)
[%0]
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Table 26. Data collection statistics (via XDS) for PfGST crystals in dimer : tetramer 95:5
ratio grown in 1G vs pg. In total X-ray data for n=3 1G grown and n =4 pug grown crystals
with similar dimensions were analyzed.

PfGST dimer additionally tetramer in 95/ 5 total ratio

Data collection 1G Hg
statistics

Crystal 1 Crystal 2 Crystal 3 Crystal 1 Crystal 2 Crystal 3 Crystal 4
Wavelength 1.0089 1.0089 1.0089 1.0089 1.0089 1.0332 1.0332
Space group P2 P2 P2 P2 P2, P2 P2
Unit cell 61.3 61.4 61.4 61.8 60.4 61.3 61.2
parameters 70.2 70.0 70.5 70.2 69.4 69.7 69.8
a/ble [A] 101.2 97.6 99.0 99.4 94.2 99.6 99.3
B I°] 92.2 91.9 91.6 91.7 89.8 92.2 91.6
Total 31396 48626 41703 68641 39688 155774 74350
reflections
Unique 10453 27761 24230 39050 22787 32601 11248
reflections
Resolution 50-3.48 50-3.08 50-3.23 50-2.74 50-3.17 50-2.41 50-3.42
range [A] (3.69-3.48) (3.26-3.08) (3.42-3.23) (2.91-2.74) (3.37-3.17) (2.55-2.41) (3.63-3.42)
R means [%0] 19.6 (54.9) 10.9 (68.5) 14.9 (69.6) 20.5 (64.6) 15.5 (66.4) 7.5 (53.9) 16.1 (55.1)
R symm [%] 16.0 (44.9) 7.8 (49.2) 10.7 (50.4) 14.7 (46.3) 11.1 (47.8) 6.7 (48.0) 14.8 (50.5)
Mean /o (I) 5.91 (2.36) 7.93 (2.01) 5.35 (1.43) 3.91 (1.77) 5.09 (1.37) 14.42 (3.05) 8.85 (3.29)
CC (1/2) [%] 91.1 (98.6) 99.6 (71.6) 99.0 (77.3) 98.1 (82.0) 98.8 (64.5) 99.9 (92.0) 99.9 (95.2)
Average 0.48 0.52 0.73 0.25 0.65 0.15 0.51
mosaictiy [°]
Completeness 93.5(74.2) 92.0 (79.6) 90.7 (79.8) 89.5 (80.4) 88.3 (61.5) 99.5 (98.2) 98.0 (88.5)
[%]
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Figure 52. Comparative analysis of the merged X-ray diffraction datasets of pg grown vs 1G
grown PfGST crystals. Distribution of signal-to-noise ratio (I/o’(1)) vs resolution. Data of dimer
and 5 different dimer/ tetramer ratios are shown. In total X-ray datasets for n = 22 microgravity
grown and n = 22 1G grown crystals (in total n = 44 crystals) were analyzed. Line graphs with
whiskers. Error bars represent standard deviations of the average. Significance within a 95%
confidence interval was determined using Student’s t-test and is denoted by asterisks (* = p <
0.05). (A) PFfGST dimer crystals. (B) Dimer/tetramer in 99.8:0.2 ratio. (C) Dimer/tetramer in
99.5:0.5 ratio. (D) Dimer/tetramer in 99:1 ratio. (E) Dimer/tetramer in 95:5 ratio. (F)
Dimer/tetramer in 90:10 ratio.
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Figure 53. Comparative analysis of the merged X-ray diffraction datasets of ug grown vs 1G
grown PfGST crystals. Distribution of signal-to-noise ratio (I/o(1)) in total for each ratio. Data of
dimer and 5 different dimer/ tetramer ratios are shown. In total X-ray datasets for n = 22
microgravity grown and n = 22 1G grown crystals (in total n = 44 crystals) were analyzed. Error
bars represent standard deviations of the average. Significance within a 95% confidence interval

was determined using Student’s t-test and is denoted by asterisks ( *= p < 0.05).
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Table 29. Data collection statistics for PfGST crystals grown in 1G vs g .

Data collection statistics 1G ug

Beamline/Source PETRA Ill, P11 PETRAIIl, P11

Wavelength [A] 1.0332 1.0332

Space group P2 P2

Unit cell parameters: a, b, ¢ [A] 61.6,69.6, 101.6 61.5, 69.6, 101.6
B[] 92.3 92.3

Resolution [A] 46.1-2.3(2.38-2.30) 46.1-2.1(2.16 - 2.10)

Temperature [K] 100 100

Rmerge [%] 9.8 (45.0) 5.7 (36.7)

Rmeas [%] 10.8 (49.4) 6.2 (40.2)

Measured reflections 258897 341906

Unique reflections 38378 50213

Average I/o(l) 14.4 (4.4) 22.3 (5.1)

Mn(1) half-set correlation CC(1/2) [%] 99.8 (96.5) 99.9 (96.6)

Completeness [%] 99.9 (99.9) 99.9 (99.8)

Mosaicity [°] 0.25 0.11

Redundancy 6.7 (6.8) 6.8 (6.8)

Nr. of atoms

Protein 6778 6778

Brom 4 4

Matthews coefficient [A3Da] 2.18 2.17

Solvent content [%] 43 43

Molecules in the asymmetric unit 4 4

*Values in parentheses are for the highest resolution shell. Rmerge: Thkl Xi | li (hkl) — <1 (hkl) |/ZmiZi
li (hkl), where I (hkl) is the mean intensity of the reflections hkl, Znw is the sum over all reflections and
>i is the sum over i measurements of reflection hkl.
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Figure 54. Structure of PfGST 1G vs g .

Cartoon representations of the PfGST structure. (A) Structure in 1G, 2 x PFGST homodimer with
4 identical monomer chains. Gold is used for chain A, blue for chain B, brown for chain C and
cyan for chain D; labels of the N- and C-terminus are shown. (B) Structure in pg, 2 x PfGST
homodimer with 4 identical monomer chains. Red is used for chain A, gold for chain B, green for
chain C and purple for chain D; N- and C-terminus are indicated.
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6 Biophysics 4

Complementary crystallization experiments were performed in 1G and pg. Experiments were
performed using the counter/liquid-liquid diffusion technique in capillaries of 200mm in length, 3mm
in width and 0.3mm inner diameter (VitroCom). Capillaries were filled with 37ul of precipitant
solution, 2.8 M AmSQa, 0.1M NaHPO., 15% glycerol, pH 6.7 and 37pl of protein solution, 0.1 M
NaHPOs, pH 6.7 (doped with different percentages of fluorescently-labelled PfGST aggregate) using
syringes (Hamilton). Initial crystallization screens of PfGST dimer (25 mg ml™) as well PfGST dimer
additionally with different percentage of fluorescence (Alexa Fluor 488) labeled PfGST aggregates (10
mg ml™) were performed (Table 30).

Table 30. Crystallization of PfGST applying counter diffusion technique in capillaries 200mm in

length, 3mm in width and 0.3mm inner diameter. Calculated molar quantities of dimer
additionally tetramer solutions with different molar ratios in 37 pl protein solutions.

PfGST dimer : tetramer Molar quantity [nmol]
molar ratio [%0] Dimer Tetramer
100 (dimer) 185 -
100 (dimer) + 0.5 (tetramer) 185 0.0925
100 (dimer) + 1 (tetramer) 185 0.185

6.1 LMM monitoring of crystal growth in microgravity, PFGST dimer
The flight cassettes were installed to the LMM microscope after sample thawing to perform and monitor
crystallization experiments. PfGST crystals grown in g showed nearly similar morphologies in each
capillary and were photo-documented in the LMM. PfGST needle-like crystals in the capillary area 22
- 38 mm from the protein solution end were observed for the dimer (Figure 55). The crystal dimensions
and amount of crystals vary for several observed areas in capillary (Figure 55). Time-lapse images for
different capillary areas were recorded with 2.5 x magnification to investigate crystal growth rates for
crystals grown in microgravity. The first image was taken t = 8510 min, after sample thawing with 2.5
X magnification. The imaging time extended to t = 17713 min, images were taken t1 = 8510 min, {2 =
8942 min, t3 = 11840, t4 = 14769 and t5 = 17713 min after sample thawing. Protein precipitation was
observed at the time point t1. At the time points t1 — t4 nucleation and subsequent growth of crystals
was observed (Figure 55). The crystal dimensions at different positions in the capillaries were measured
and comparative statistically analyzed. The area in the capillary was measured from the end of capillary
(i.e. the protein). Temporarily the length of major axis values for n = 29 crystals were measured. The
average dimensions (length of major axis) of microgravity grown crystals were calculated in the 4 areas
from the capillary end, 22- 28 mm, 28 — 31 mm, 31 — 34 mm and 34 — 38 mm with crystal sizes 146
26 pum, 340 +36 pum, 715 +62 um and 355 + 30 um, respectively (Figure 57).
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8510 min 8942 min 11840 min 14769 min 17713 min

Figure 55. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the 1SS LMM microscope. PfGST dimer crystals. (A)
Time-lapse images were recorded with 2.5 x magnification. The imaging time extended to t =
17713 min, images were taken t1 = 8510 min, t2 = 8942 min, t3 = 11840, t4 = 14769 min and t5 =
17713 min after sample thawing. (B) Time-lapse images were recorded for 3 differentareas (1, 11,
111) with 2.5 x magnification.
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1045 min 4155 min 11515 min 20160 min

Figure 56. Protein crystallization in 1G applying the counter diffusion technique in capillaries.
Images were recorded using a light microscope. PFGST dimer crystals. (A) Images were recorded
t = 20160 min after sample thawing with 2.5 x magnification. (B,C,D,E) Images were recorded for
4 different areas in the capillary with 10 x magnification. (F) Time-lapse images were recorded
for 3 different areas (1, I1, 111) in capillary with 2.5 x magnification. The imaging time extended
to t = 20160 min, first image was taken t = 1045 min, after sample thawing.

Significant difference for the average microgravity grown crystal sizes from capillary areas (Student’s
t-test: p < 0.01); Significance for the area 22 — 28 mm and 28 -31 mm (p < 0.01); Significance for the

area 22 -28 mmand 31 - 34 mm (p < 0.01); Significance for the area 22 -28 mm and 34 — 38 mm (p <
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0.01); Significance for the area 28 — 31 mm and 31 — 34 mm (p < 0.01); No significance for the area 28
—31 mmand 34 — 38 mm (p > 0.05); Significance for the area 31 — 34 mm and 34 — 38 mm (p < 0.01)
is indicated (Figure 57). The average growth rate for crystals with lengths of major axis 446 + 63 pum
was calculated to 0.017 + 0.003 pm h* (Figure 57).

Furthermore, the precipitant and protein concentrations for the capillary area with larger crystals were
estimated (Chapter Ill 2.7). The average concentrations at the time point 8726 + 216 min (Start of
crystal growth) for the capillary area 32 £ 1.1 mm were calculated to 17.2 + 0.6 nmol for PfGST dimer
and 1.1 £ 0.1 M for precipitant.

6.2 Crystal growth in 1G vs microgravity, PfGST dimer

PfGST dimer crystals grown in 1G showed nearly similar morphologies in each capillary and were
photo-documented with a light microscope. PfGST needle-like crystals in the capillary area 4 - 35 mm
from the protein solution end were observed for dimer (Figure 56). The crystal dimensions and amount
of crystals vary for several observed areas in capillary (Figure 56). Time-lapse images for different
capillary areas were recorded with 2.5 x magnification to investigate crystal growth rates for crystals
grown in microgravity. First image was taken t = 1045 min after sample thawing with 2.5 X
magnification. The imaging time extended to t = 20160 min, images were taken t1 = 1045 min, t2 =
4155 min, t3 = 11515 and t4 = 20160 min after sample thawing. Protein precipitation was observed at
the time point t1. At the time points t2 — t4 nucleation and subsequent growth of crystals was observed
(Figure 56). The crystal dimensions at different positions in the capillaries were measured and
comparative statistically analyzed. The area in the capillary was measured from the end of capillary
(i.e. the protein). Temporarily the length of the major axis values for n = 37 crystals were measured.
The average dimensions (length of major axis) of 1G grown crystals were calculated in the 4 areas from
the capillary end, 2- 4 mm, 4 — 12 mm, 12 — 20 mm and 20 — 35 mm with crystal sizes 124 +14 um,
347 £76 um, 683 £56 um and 498 + 19 um, respectively (Figure 57). Significant difference for the
average ground grown crystal sizes from capillary areas (Student’s t-test: p < 0.01); Significance for
the area 2 — 4 mm and 4 -12 mm (p < 0.01); Significance for the area 2 -4 mm and 12 - 20 mm (p <
0.01); Significance for the area 2 -4 mm and 20 — 35 mm (p < 0.01); Significance for the area 4 — 12
mm and 12 — 20 mm (p < 0.01); Significance for the area 4 — 12 mm and 20 — 35 mm (p < 0.01);
Significance for the area 12 — 20 mm and 20 — 35 mm (p < 0.01) is indicated (Figure 57). The average
growth rate for crystals with lengths of major axis 545 + 34 um was calculated to 0.022 + 0.003 um h"
! (Figure 57).
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Figure 57. Comparative growth rate and size distribution values (the length of major axis) of
PfGST dimer crystals along the capillary. Different regions (areas) along the capillary were
measured from the protein end of the capillary toward the protein-precipitant interface. Error
bars represent standard deviations of the average. Significance within a 99% confidence interval
was determined using Student’s t-test and is denoted by asterisk (* = p < 0.01). (A) Average size
distribution of crystals grown in pg for the areas from the capillary end, 22- 28 mm, 28 -31 mm,
31 — 34 mm and 34 — 38 mm. The sample numbers for crystals in the areas, 22 -28 mm, 28 — 31
mm, 31 -34 mmand 34 —38 mm are n=10, n=11, n =4 and n = 4, respectively. (D) Average size
distribution of crystals grown in 1G for the areas from the capillary end, 2 - 4 mm, 4 — 12 mm, 12
— 20 mm and 20 — 35 mm. The sample sizes for crystals in the areas, 2 -4 mm, 4 — 12 mm, 12 — 20
mm and 20 — 35 mm are n = 10, n =12, n =5 and n = 10, respectively. (C) Average growth rate
with standard deviations of crystals grown in pg with lengths of major axis 446 + 63 um. The
sample number for crystals 446 £ 63 um is n = 5. (D) Average growth rate with standard deviation
of crystals grown in 1G with lengths of major axis 545 + 34 um. The sample number for crystals
545+ 34 umisn=12.
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6.3 Crystal growth in 1G vs microgravity, PfGST dimer plus 0.5% tetramer

PfGST needle-like crystals grown in pg were observed for the dimer with addition of 0.5 % tetramer
(Figure 58). The capillary with growing crystals indicated damages, thus the solution have been
evaporated as well running out over the time (figure 58). Time-lapse images for different capillary areas
were recorded with 2.5 x and 10 x magnification to investigate crystal growth rates for crystals grown
in pg. First image was taken t = 8511 min after sample thawing with 2.5 x magnification. The imaging
time extended to t = 17725 min, images were taken t1 = 8511 min, t2 = 8952 min, t3 = 11848, t4 =
13408 and t5 = 17725 min after sample thawing. A subsequent growth of crystals with dimensions 100
— 400 um was observed for the images recorded with 2.5 x magnification (Figure 58). Furthermore, at
time points t = 9325 — 17891 min, crystals of different dimensions, 100-400 um, at different areas in
the capillary were observed and photo-documented with 10 x magnification (Figure 59).

PfGST dimer crystals with addition of 0.5 % tetramer grown in 1G showed similar dimensions in
capillary and were photo-documented with a light microscope. A total of 5 - 6 crystals in the capillary
area 2 - 25 mm from the protein solution end were observed (Figure 60). Time-lapse images for different
capillary areas were recorded with 2.5 x and 10 x magnification to investigate crystal growth rates for
crystals grown in pug. Firstimage was taken t = 1045 min after sample thawing with 2.5 x magnification.
The imaging time extended to t = 20160 min. Images were taken t1 = 1045 min, t2 = 4155 min, t3 =
11515 and t5 = 20160 min after sample thawing. At time point t4 a subsequent growth of crystals with
dimensions 100 — 300 pum was observed for the images recorded with 2.5 x and 10 magnifications
(Figure 60).

6.4 Crystal growth in 1G vs microgravity, dimer plus 1% tetramer

Time-lapse images for different capillary areas with dimer plus 1 % tetramer were recorded with 2.5 x
magnification to investigate crystal growth rates for crystals grown in pg. First image was taken t =
8972 min, after sample thawing with 2.5 x magnification. The imaging time extended to t = 16204 min,
images were taken t1 = 8972 min, t2 = 11856 min, t3 = 13414, t4 = 14796 and t5 = 16204 min, after
sample thawing. A subsequent growth of crystals was not observed for the images recorded with 2.5 x
magnification (Figure 61).

PfGST dimer crystals with the addition of 1 % tetramer grown in 1G showed similar dimensions in the
capillary and were photo-documented with a light microscope. A total of 5 - 6 crystals in the capillary
area 2 - 20 mm from the protein solution end were observed (Figure 62). Time-lapse images for different
capillary areas were recorded with 2.5 x and 10 x magnification to investigate crystal growth rates for
crystals grown in pg. Firstimage was taken t = 1045 min after sample thawing with 2.5 x magnification.
The imaging time extended to t = 20160 min, images were taken t1 = 1045 min, t2 = 4155 min, t3 =
11515 and t5 = 20160 min after sample thawing. At time point t4 a subsequent growth of crystals with
dimensions 300 — 450 um was observed for the images recorded with 2.5 x and 10 magnifications
(Figure 62).
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8511 min 8952 min 11848 min 13408 min 17725 min

Figure 58. Protein crystallization in microgravity applying the counter diffusion technique in
capillaries. Images were recorded using the 1SS LMM microscope. PfGST dimer crystals plus
fluorescence labeled PfGST aggregates in 0.5 %. (A) Time-lapse images were recorded with 2.5 x
magnification. The imaging time extended to t = 17725 min, images were taken t1 = 8511 min, t2
= 8952 min, t3 = 11848, t4 = 13408 min and t5 = 17725 min after sample thawing. (B) Time-lapse
images were recorded for 3 different areas (1, 11, 111) in the capillary with 2.5 x magnification.
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1045 min 4155 min 11515 min 20160 min

Figure 60. Protein crystallization in 1G applying the counter diffusion technique in capillaries.
Images were recorded using a light microscope. PfGST dimer crystals plus fluorescence labeled
PfGST aggregates in 0.5 %. (A) Images were recorded t = 20160 min after sample thawing with
2.5 x magnification. (B,C,D,)Images were recorded for 3 different areas in the capillary with 10 x
magnification. (E) Time-lapse images were recorded for 3 different areas (I, Il, 111) in the

capillary with 2.5 x magnification. The imaging time extended to t = 20160 min, first image was
taken t = 1045 min after sample thawing.
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A

8972 min 11856 min 13414 min 14796 min 16204 min

Figure 61. Images were recorded using the ISS LMM microscope. PfGST dimer plus fluorescence
labeled PfGST aggregates in 1 %. (A) Time-lapse images were recorded with 2.5 x magnification.
The imaging time extended to t = 16204 min, images were taken t1 =8972 min, t2 = 11856 min, t3
= 13414, t4 = 14796 min and t5 = 16204 min after sample thawing. (B) Time-lapse images were
recorded for 3 different areas (I, 11, 111) with 2.5 x magnification.
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1500 pm
1045 min 4155 min 11515 min 20160 min

Figure 62. Protein crystallization in 1G. Images were recorded using a light microscope. PfGST
dimer crystals plus fluorescence labeled PfGST aggregates in 1 %. (A) Images were recorded t =
20160 min after sample thawing with 2.5 x magnification. (B,C,) Images were recorded for 2
different areas in the capillary with 10 x magnification. (D) Time-lapse images were recorded for
3 different areas (I, 11, 111) with 2.5 x magnification. The imaging time extended to t = 20160 min,

first image was taken t = 1045 min after sample thawing.
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6.5 Analysis of ug grown crystals after returnto the earth

After samples returned to the earth light microscope images of crystals in the capillaries grown in pg
were recorded and photo-documented. Images were recorded t = 28 days after sample thawing with 2.5
x and 10 x magnification (Figure 63). The crystal dimensions, length of major axis 80 ~1300 pum, vary
at different areas of capillary for the dimer crystals (Figure 63). The dimensions, length of major axis,
for larger crystals were measured to 1200 ~1300 um. Crystals lengths of major axis 80 ~700 um were
observed and photo documented for the dimer with addition of 0.5 % tetramer (Figure 63).
Furthermore, 8-10 crystals with lengths of major axis 80 ~300 um were observed and photo documented
for the dimer with addition of 1 % tetramer (Figure 63).

a 250 pm

Figure 63. PfGST crystals grown in pg. Dimer and dimer plus fluorescence labeled PfGST
aggregates in 2 different ratios. Images were recorded using a light microscope t = 29 days after
sample thawing, after pg samples returned on the earth. (A) Dimer crystals in capillary, images
were recorded with a 2.5 x objective. (B,C,D,E,F) Dimer crystals, recorded with a 10 x objective
in different areas in the capillary. (G) Dimer plus tetramer in 0.5 % ratio, recorded with a 2.5 x
objective. (H,1,J) Dimer plus tetramer in 0.5 % ratio, recorded with a 10 x objective. (K) Dimer
plus tetramer in 1 % ratio, recorded with a 2.5 x objective. (L,M,N,O) Dimer plus tetramer in 1
% ratio, recorded with a 10 x objective.
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6.6 Impurity incorporation into crystals grown in 1G vs microgravity

To investigate the incorporation of impurities into growing crystals for each protein fluorescently
labeled protein-aggregates were prepared, which simulate protein aggregate impurities in solution. For
crystallization experiments in pug and 1G samples with different protein-aggregate ratios were prepared.
Initial crystallization experiments showed that fluorescently labeled PfGST aggregates are not
crystallizing under same conditions as PfGST dimers. Since samples returned to earth confocal images
of crystals in the capillaries grown in pg and 1G were recorded and photo-documented. The confocal
fluorescence micrograph of PfGST dimer sample (negative control) shows the absence of fluorescence
for pug and 1G crystals (Figure 64). The PfGST crystals grown in pg and 1G in presence of fluorescent
labeled protein aggregates in 0.5 % and 1 % ratios showed the presence of green fluorescence (Figure
64).

Based on confocal laser scanning fluorescence microscopy analysis, the incorporation of fluorescently
labeled tetramers into growing dimer crystals was analyzed. Therefore, incorporation of fluorescently
labeled tetramers into growing dimer crystal can be investigated applying appropriate methods and
techniques. For this purpose quantitative analyses of total fluorescence/crystal volume were performed
applying a fluorescence microplate reader. Temporarily the fluorescence intensities values for n = 20
crystals grown in 1G and g were measured. The average fluorescence intensities of crystals grown in
1G for a crystal volume of um® was calculated for the dimer and dimer plus 1 % tetramer with
fluorescence intensity values 0 and 0.57+0.16 a.u, respectively (Figure 65). The average fluorescence
intensities of crystals grown in pg for a crystal volume of um? was calculated for the dimer and dimer
plus 1 % tetramer with fluorescence intensity values 0 and 0.22+0.11 a.u, respectively (Figure 65).
Significant difference for the average fluorescence intensities for the samples with 1 % tetramer 1G vs
pg (Student’s t-test: p < 0.01); Significance (p < 0.01) was indicated (Figure 65).
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Figure 64. Crystals grown in 1G vs pg. Images were recorded after return of the samples to the
earth. Crystals of PfGST dimer plus fluorescence labeled, Alexa Fluor 488, aggregates in different
ratios. Crystal images were recorded using a confocal laser microscope 2.5 x and 10 x objective
with FITC (PfGST) fluorescence filter. (A) Dimer crystals grown in 1G. (B) Dimer crystals grown
in pg. (C) Dimer : tetramer in 0.5 % ratio, 1G. (D) Dimer : tetramer in 0.5 % ratio, pg. (E) Dimer
: tetramer in 1 % ratio, 1G. (F) Dimer : tetramer in 1 % ratio, pg.
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Figure 65. Comparative analysis of fluorescence intensities of crystals grown in microgravity
versus 1g grown PfGST crystals. In total n =5 1G grown and n =5 pg grown crystals with similar
dimensions from each PfGST tetramer ratio (in total n = 20 crystals) were 2 x washed in native
buffer and resolved in 1xXPBS buffer for fluorescence intensity measurements. Fluorescence
intensities were measured applying a fluorescence microplate reader. Error bars represent
standard deviations of the average. Significance within a 99% confidence interval was determined
using Student’s t-test and is denoted by asterisks (* = p < 0.01). Measured average fluorescence
intensities correspond to a crystal volume of um?®. Data of the dimer (0) and the tetramer ratio
(1%0) are shown.

6.7 X-ray diffraction data collection, processing and structure of PfGST
Diffraction data of PfGST crystals grown in 1G and pug were collected at 100 K temperature at the
PETRA IlI, beamline P11 EMBL. X-ray data for dimer and dimer plus 0.5 % tetramer were collected
and statistical (via crystal quality factors) analyzed. Data for crystals with approximately similar
dimensions for each ratio were collected. For cryoprotection the crystals were soaked with precipitant
solution supplemented with 14 % (v/v) glycerol. Diffraction data were subsequently indexed, integrated
and scaled with XDS and ccp4 programs. Datasets for n = 17 crystals grown in 1G and g were analyzed
(Tables 31; 32). Datasets were cut individual for each crystal dataset monitoring Rmeas, Rsym, I/c and
CC1/2. The crystals belonged to the monaclinic space group P21 with unit cell dimensions ~ 61 A, ~ 69
A, ~ 100 A and B angle of ~ 92.0° (Tables 31; 32). However, two g grown crystals with 0.5 % ratio
belonged to orthorhombic space group P2:P2:P2: with unit cell dimensions 57.9 A, 69.1 A, 123.8 A
and B angle of 90.0° (Table 32; 33). To investigate the quality differences of 1G vs ug grown crystals
the average signal-to-noise ratios (I/o(1)) vs resolutions for each crystal was calculated and statistical
analyzed (Figure 66). Significant difference for the average I/o(1) values for dimer 1G vs pg (Student’s
t-test: p < 0.05); Significance for the resolution range 5.96 A (p < 0.05) was indicated (Figure 66).

However, no significant difference for the average I/o(I) values 1G vs pg (Student’s t-test: p < 0.05);
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No significance for the resolution ranges 2.11 - 4.23 A (p > 0.05) was indicated (Figure 66). To
investigate the number of protein molecules in unit cell and the structure of crystals with 2 different
space groups one dataset each of crystals were analyzed. Data were cut individual 1 x for crystals with
space group P2:P2:P2: and 1 x for crystals with space group P2:t0 1.8 Aand 2.1 A, respectively (Tables
31-33). The homologue structure of PfGST dimer (PDB code: 3FRC) was used as a search model for
molecular replacement and Matthews coefficient probability. The Matthews coefficient was determined
for both datasets, P21P2:P2: and P21, to 2.48 A®* Datand 2.19 A® Da™ respectively. The solvent content
was calculated to be 50 % for dataset 1 with 2 PFGST monomers in the respective asymmetric unit. The
solvent content was calculated to be 43 % for dataset 2 with 4 PfGST monomers in the respective
asymmetric unit. Data collection parameters are summarized in Table 33. The asymmetric unit for
crystal 1 consists 1 x PfGST homodimer with 2 identical monomer chains and the asymmetric unit for

crystal 2 consists of 2 x PfGST homodimers with 4 identical monomer chains (Figure 67A, B).

P
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I/ SIGMA ratio in total
21G
. 50 - B1G
+pg Oue
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0 Trrrrr . T r..r. ..., 1111 0
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Figure 66. Comparative analysis of the merged X-ray diffraction datasets of ug grown vs 1G
grown PfGST dimer crystals. In total X-ray datasets for n =5 microgravity grown and n =6 1G
grown crystals (in total n = 11 crystals) were analyzed. Error bars represent standard deviations
of the average. Significance within a 95% confidence interval was determined using Student’s t-

test and is denoted by asterisks ( *= p < 0.05). (A) Line graph with whiskers. Distribution of
signal-to-noise ratio (I/o(1)) vs resolution. (B) Distribution of signal-to-noise ratio (I/o(1)) in total.
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Table 32. Data collection statistics (via XDS) for PfGST crystals in tetramer total ratio 0.5 %
grown in pg. In total X-ray data for n =5 pg grown crystals with similar dimensions were
analyzed.

Data collection

PfGST tetramer total ratio 0.5 %

i Hg

statistics

Crystal 1 Crystal 2 Crystal 3 Crystal 4 Crystal 5
Wavelength 1.0332 1.0332 1.0332 1.0332 1.0332
Space group P2 P2,2,2; P2,2,2 P2 P2
Unit cell parameters 61.3 57.9 57.9 61.4 61.5
a/b/c [1&] 69.6 69.1 69.0 69.9 69.9

99.84 123.8 123.8 101.4 101.9

Bl 925 90.0 90.0 925 925
Total reflections 110852 395543 215.759 99518 164867
Unique reflections 29214 55299 29621 26571 43934
Resolution range [1&] 50-2.50 50-1.70 50-1.70 50-2.60 50-2.20

(2.65-2.50) (1.80-1.70) (2.23-2.10) (2.76-2.60) (2.33-2.20)
R means [%] 8.4 (47.5) 3.8(3L.7) 2.9 (7.7) 8.1 (46.9) 7.9 (47.0)
R symm [%0] 7.2 (40.8) 3.5(29.0) 2.7(7.1) 6.9 (40.0) 6.8 (40.2)
Mean I/o (I) 13.37 (3.29) 31.10 (4.84) 48.90 (21.95) 15.42 (2.87) 15.17 (3.08)
CC (1/2) [%0] 99.9 (92.1) 100.0 (97.3) 100.0 (99.8) 99.9 (90.9) 99.9 (92.5)
Average mosaictiy [°] 0.12 0.05 0.06 0.19 0.21
Completness [%] 99.6 (98.5) 99.7 (98..4) 99.9 (99..6) 99.6 (98.9) 99.6 (98.9)
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Table 33. Data collection statistics for PfGST in two different space groups.

Data collection statistics

Beamline/Source PETRA Ill, P11 PETRA I, P11

Wavelength [A] 1.0332 1.0332

Space group P21212; P2,

Unit cell parameters: a, b, ¢ [A] 57.9,69.1,123.9 61.5, 69.8, 101.8
B[] 90.0 92.4

Resolution [A] 46.1-1.8 (1.84 — 1.80) 46.1-2.1(2.16 - 2.10)

Temperature [K] 100 100

Rmerge [%] 3.1(20.5) 5.5 (34.5)

Rmeas [%] 3.6 (23.7) 7.4 (46.1)

Measured reflections 343330 191581

Unique reflections 46831 50458

Average I/o(l) 33.9(7.6) 14.3 (3.4)

Mn(l) half-set correlation CC(1/2) [%] 100 (98.4) 99.8 (91.4)

Completeness [%] 99.8 (98.2) 99.5(97.2)

Mosaicity [°] 0.05 0.09

Redundancy 7.3(7.4) 3.8 (3.8)

Nr. of atoms

Protein 3389 6778

Brom 2 4

Matthews coefficient [A3Da] 2.48 2.19

Solvent content [%] 50 43

Molecules in the asymmetric unit 2 4

*Values in parentheses are for the highest resolution shell. Rmerge: Thkl Xi | li (hkl) — <1 (hkl) |/ZmiZi
li (hkl), where I (hkl) is the mean intensity of the reflections hkl, Znw is the sum over all reflections and
>i is the sum over i measurements of reflection hkl.
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A B

Chain A Chain B Chain A Chain B Chain C Chain D

Figure 67. Structure of PfGST homodimer in 2 different space groups. (A) Cartoon
representation of the PFGST homodimer structure for space group 19. Blue is used for chain A,
gold for chain B; labels of the N- and C-terminus are shown. (B) Cartoon representation of the
PfGST homodimer (2 x homodimer) structure for space group 4. Blue is used for chain A, gold
for chain B, green for chain C and red for chain D; N- and C-terminals are indicated.

7 Multichannel DLS system

The major advantage of a multichannel DLS system in comparison to other DLS systems (Chapter Il
2.2.7.2), ispossibility rapid determine the translational diffusion constant and simultaneously in several
positions in a capillary. The protein solution are filled in capillaries 2100mm in length, 3mm in width,
0.3mm inner diameter and the measurements are performed with a multichannel DLS system. The
dispersity and particle radius distribution of Glucose isomerase (10 mgml™?), PfGST dimer
(10 mg ml™) and a sample of synthetic gold nanoparticles (10 mg ml™) were determined and analyzed
at room temperature by the multichannel DLS system. The samples were analyzed by DLS
measurements to verify the purity and dispersity of protein and also to determine the adequate
hydrodynamic radius (Rn). Time resolved measurements of hydrodynamic radius, verified the
monodispersity of Glucose isomerase, PFGST dimer and synthetic gold nanoparticles solutions (Figures
68; 69; 70). The observed data showed similar values of hydrodynamic radii for entirely 8 channels for
each protein/particles (Table 34).

Further multichannel DLS experiments were performed to investigate the protein crystallization (Figure
71). The observed data showed similar values of hydrodynamic radiuses, about 4 + 30nm, for entirely

6 channels (Figure 71).
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Figure 68. Real-time observation of glucose isomerase sample at a concentration of 10 mg mL™,
using in situ multichannel DLS system. (A) The graphs in 8 boxes show the protein radius
distribution dependence on time with a constant radius in the capillary. (B) Summary graphs of
radius distribution of a measurement series: a representative mean autocorrelation function; a
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Figure 69. Real-time observation of PfGST dimer sample at a concentration of 10 mg mL™, using
in situ multichannel DLS system. (A) The graphs in 8 boxes show the protein radius distribution
dependence on time with a constant radius in the capillary. (B) Summary graphs of radius
distribution of a measurement series: a representative mean autocorrelation function; a
representative mean radius distribution; a representative radius plot.
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Figure 70. Real-time observation of synthetic nanoparticles sample at a concentration of
50 mg mL™, using in situ multichannel DLS system. (A) The graphs in 8 boxes show the protein
radius distribution dependence on time with a constant radius in the capillary. (B) Summary
graphs of radius distribution of a measurement series: a representative mean autocorrelation
function; a representative mean radius distribution; a representative radius plot.
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Table 34. Hydrodynamic radius (Rn) and count rate with standard deviations for glucose
isomerase, PfGST and synthetic nanoparticles measured applying multichannel DLS system.

Glucose isomerase PfGST Synthetic gold

nanoparticles
Channel Hydrodyna | Countrate | Hydrodyna | Countrate | Hydrodyna | Count rate

mic radius [kHZ] mic radius [kHZz] mic radius [kHz]
[nm] [nm] [nm]
1 50+05 93105 9.1+16 45+0.8 224+0.4 75.6+45

2 49+0.2 249+0.8 7.4+0.6 123+1.0 222+1.2 157.3+8.6
3 49+ 0.1 30.1+0.8 75+04 21.7+14 229+238 2089+11.8
4 53+0.2 26.6 £1.2 7.6+0.9 23.4+23 224+1.38 213.7+12.9
5 53+0.2 55.3+2.8 7.1+04 529+3.1 21.9+05 547.9 +28.8
6 49+0.2 344134 7205 451+ 3.6 21.9+11 | 446.1+214
7 48+0.3 17.5+0.6 74106 272+138 219+0.2 2549+ 13.2
8 5905 20.3+1.1 79+1.1 199+24 23.1+1.3 1475+ 8.4

For the crystallization experiment the capillary containing 37 pl PfGST solution (25mg/ml) was
injected additionally with 37pl precipitant (2.8M AmSO4; 0.1M PO4 Buffer, pH 6.7) and immediately
set for multichannel DLS measurements. In comparison to the hydrodynamic radius (4nm + 0.30) of a
protein solution before adding the precipitant (Figure 71), after the addition of the precipitant, an
increase of hydrodynamic radii to 10-12nm was detected in entirely 6 channels (Figure). Furthermore,
the hydrodynamic radii of aggregates remained constant afterwards for 20-22h. However from a certain
point in time, after 20 - 22h, the radius distribution started to disperse or disappear and the Rn rapidly
increased for all channels between 100nm and 1pum comparably (Figure 71). The indicated ratio
between small oligomers and larger assemblies with R+ > 100 nm remains approximately constant for
all channels (Figure 71). Furthermore, the PfGST crystals obtained in the capillary were observed using
a light microscope (Figure 71).
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Figure 71. Real-time observation of PfGST crystallization in capillary using multichannel in situ
DLS system. Summary of radii observed for 6 channels in two measurements series. (A) The
graphs in 6 boxes show the protein radius distribution dependence on time with a constant radius
in the capillary before adding the precipitant. (B) The capillary with PfGST protein solution. (C)
The graphs show the formation of aggregates after adding the precipitant solution to the capillary
and the start of nucleation/crystallization process after 20-22 hours. (D) Crystals in the capillary
are shown.
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V Discussion

1 Effect of Macromolecular mass transport on crystal growth
Since 1984 protein crystallization experiments have been conducted in microgravity to obtain crystals
of higher X-ray diffraction quality (DeLucas et. al. 1986; Kundrot et al., Littke et John, 1984;
McPherson et al., 1999; Snell et al., 1997). It is assumed that a convection-free, diffusion-controlled
environment will support growth of crystals of higher quality, which can be achieved using
microgravity. For example, the crystals of the collagen-like polypeptide (PPG) grown in 1G and
microgravity conditions revealed on average larger dimensions for microgravity grown crystals
(Vergara et al., 2002). The capillary counter diffusion method is an efficient technique to investigate
diffusion-limited mass transport phenomena in macromolecular crystallization (Garcia-Ruiz et al.,
2001; Garcia-Ruiz, 2003).
This investigation addresses the following hypothesis:
Improved quality of microgravity-grown protein crystals is the result of two macromolecular
characteristics that exist in a buoyancy-free, diffusion-dominated solution:
1) Slower crystal growth rates, due to slower protein transport to the growing crystal surface.
2) Predilection of growing crystals to incorporate protein monomers versus higher protein aggregates
due to differences in transport rates.
Experiments were performed in microgravity and in laboratory controls to compare the effect of
diffusional mass transport on crystal growth rate, crystal size, impurity incorporation and crystal
quality. The results for both proteins, lysozyme and PfGST, reveal growth of crystals with different
sizes at different positions along the capillary. The concentration variations of the protein-precipitant
solution along the length of the capillary influences the interaction of protein precipitation. In addition,
the diffusive macromolecular mass transport leads to a supersaturation gradient along the capillary
resulting in crystals of different size ranges along the length of the capillary (Garcia-Ruiz, 2003; Garcia-
Ruiz et al., 2016). This is due to a gradient of crystallization conditions produced along the capillary.
Changes in average size of the lysozyme crystals was only observed in 2 areas within the capillary.
Crystals growing between 25-44 mm along the capillary (from the capillary end) are on average,
significantly larger compared to crystals grown in the area between 13-25 mm. Analogous to the
lysozyme crystallization results, changes in the average sizes of the PfGST crystals grown in 1G and
pg were observed such that the average sizes of PfGST dimer crystals grown in pg increase in the
capillary area from 18 -34 mm from the capillary end, the average sizes of pg grown crystals for dimer
with the addition of tetramer in 99.8 : 0.2 and 99.5 : 0.5 ratios increase in the capillary area from 17 -
35 mm and 26 -41 mm, respectively, from the capillary end (also it starts to decrease again in the area
from 35 -38 mm and 41-44 mm, respectively, along the capillary). Furthermore, the complementary
crystallization experiments performed in the context of biophysics 4 project showed analogous results.
Because of technical problems with the imaging system of the LMM microscope onboard the ISS, the

image analysis was available only after 8500 min after sample thawing. Therefore, more than 90 % of
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images proved poor quality recorded with 10 x magnification. Changes in the average sizes of the
PfGST crystals grown in 1G and pg were observed, such that the average sizes of PfGST dimer crystals
grown in pg increase in the capillary area from 22-34 mm from the capillary end, also it starts to
decrease again in the area from 34-38 mm (Chapter 1V 6.2). On the other hand, the average sizes of
PfGST dimer crystals grown in 1G increase in the capillary area from 2-20 mm from the capillary end,
also it starts to decrease again in the area from 20-35 mm (Chapter 1V 6.2). As the counter diffusion
method in capillary is based on mixing protein and precipitate solution by diffusion in opposite
directions, it is assumed that protein molecules diffuse an order of magnitude more slowly than the
precipitant. This is caused by the fact that proteins reveal lower diffusion coefficient values in liquid
environments compared to the diffusion coefficient values of the small molecule (salt ions) precipitant
(Brune and Kim, 1993; Tyn and Gusek, 1990). Therefore, the concentration of precipitant in a capillary
containing protein increases at a faster rate than the concentration reduction of protein in the same area
of the capillary. In this context, the concentration of protein in the area of the capillary initially
containing the precipitant increases at a slower rate than the reduction of concentration of the precipitant
in the same area of the capillary. This process produces an initial supersaturation wave in the protein
area/side of the capillary, subsequently generating nucleation events and crystal growth (Garcia-Ruiz
et al., 2001). This explains the observed growth of lysozyme and PfGST crystals in the initial protein
area within the capillaries. It is supposed that nucleation and subsequent crystal growth occurs at high
protein and precipitant concentration values (at the interface between the protein and precipitant), also
at a high value of supersaturation and nucleation degree (Otélora et al., 2009). The supersaturation
degree as well as the diffusion coefficient values change along the capillary over time, generating
additional nucleation events. The supersaturation rate decreases with time and the nucleation process
and crystal growth occurs at slower rates (Otalora et al., 2009; Garcia-Ruiz et al., 2016). This effect of
diffusional mass transport on nucleation and crystal growth is responsible for the observation of
different crystal dimensions and different average growth rates for crystals in different positions along
the capillary. In addition, PfGST crystals grown in g in the capillary area 22-38 mm from the protein
solution end were observed for dimer. However, the crystals grown within the same time period in 1G
in the capillary area 2-35 mm from the protein end were observed. It is assumed that in comparison to
convection-controlled environment, in a convection-free, diffusion-controlled environment due to
slower macromolecular mass transport rates thereby slower particle/protein transport to the growing
crystal surface the crystals will grow slower. This effect explains the difference of the distribution areas
of crystals in the 1G and g capillaries, namely 33 mm for 1G and 16 mm for pg grown crystals, for
the same time period. Furthermore, the experimental observations indicate that the crystal growth for
1G grown crystals starts prior to the crystal growth of pg grown crystals. For example from the time
point 4155 min after sample thawing nucleation and subsequent growth of crystals grown in 1G was
observed. However, from the time point 8510 min after sample thawing growth of crystals grown in pg

was observed.
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Since samples were returned to earth, light microscope images of earth-grown (1G-grown) and
microgravity-grown (pg-grown) crystals in capillaries were recorded and photo-documented for the
purpose of identifying and quantifying the positions in the capillary that had the largest crystals. The
2D measurements of the crystals in the capillaries were performed using a light microscope with an
integrated measurement software. The dimensions of a total of 4 earth-grown and 4 microgravity-grown
crystals from each PfGST dimer/tetramer ratio were measured. For the measurements, the largest
crystals in terms of the length of the major axis for each ratio of the 1G and pg-grown crystals was
preferably selected. Changes in the length of the major axis of the PIGST crystals were observed in all
dimer/tetramer ratios for 1G and pg-grown crystals. Compared to the 1G-grown crystals, the pg-grown
crystals were, on average, larger. Within the diffusional gradients, crystal dimensions presumably
change proportionally to changes in nucleation and the growth rates of the crystals. As a result, the
gradient concentration of the precipitant naturally results in a position in the capillary with specific
nucleation and growth rates that produce larger and improved crystal quality. For example, for
lysozyme, the estimated position with the specific conditions optimal for crystallization corresponds to
the area 25-44 mm from the capillary end. The size distribution of the PfGST dimer crystals grown in
Kg shows that, on average, the largest crystals were grown in the 29-34 mm area; for the dimer with
tetramer addition in a 99.8/0.2 ratio, the largest crystals were grown in the 30-35 mm area and for the
dimer/tetramer ratio of 99.5/0.5, the largest crystals were grown in the 35-41 mm area (see Figures X).
In addition, the complementary crystallization experiments performed in the context of the biophysics
4 project showed analogous results. The size distribution of PfGST dimer crystals grown in pg shows
that, on average, the largest crystals were grown in the 31-34 mm area. In comparison, the size
distribution of dimer crystals grown in 1G shows that, on average, the largest crystals were grown in
the 12-20 mm area. It is assumed that in these areas, conditions optimal for crystallization originated
over time through diffusion-controlled macromolecular mass transport for pg-grown crystals, and
through convection/diffusion-controlled macromolecular mass transport for 1G-grown crystals. The
effect of slower macromolecular mass transport rates and thus slower particle/protein transport to the
crystal growth surface in a convection-free, diffusion-controlled environment is likely to be the reason
for the difference in the areas between the larger crystals grown in the 1G and ug capillaries with similar
start conditions and the same time period.

In conclusion, the comparative crystallization experiments at the ISS LMM facility were successfully
performed in 1G and pg using an innovative capillary counter-diffusion technique. The effect of
macromolecular mass transport in protein crystallization in the context of the counter-diffusion method
when growing crystals in different dimensions with correspondingly different growth kinetics along the
capillary areas could be investigated. For the crystallization samples with similar start conditions for
both 1G and pg, assuming optimal crystallization conditions, the diffusion-controlled mass transport
and thus the slower crystal growth in g led to the growth of larger crystals. The experiments indicate

that the growth of crystals with different dimensions in different areas of the capillary were successful
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for different time periods. Furthermore, for the growth of crystals with similar dimensions, the crystals
grown in 1G started prior to the crystals grown in pg. Determining growth rate values for crystals with
different dimensions due to different growth Kinetics in different areas of the capillary is required for a

further precise quantitative analysis of crystal growth of 1G vs g crystals,.

2 Impurity incorporation into crystals grown in 1G vs microgravity

In previously studies, crystallization experiments were performed to investigate the relationship
between impurity incorporation and protein crystal growth and quality (Adawy et al., 2015; Carter et
al., 1999; Snell et al., 2001). In these studies, hen egg white lysozyme (HEWL) crystals were grown in
1G and pg in the presence of various amounts of a lysozyme dimer acting as an impurity. In most
crystallization experiments, the vapor-diffusion, liquid-liquid-diffusion and dialysis methods were
used. To characterize the incorporation and distribution of the impurity in the crystals, quantitative
impurity portioning partitioning analysis was conducted to calculate the effective partitioning
coefficient (Keff) as a ratio of the concentration of the impurity in the solid crystal relative to the major
protein concentration in the crystal divided by the same ratio in a solution (Carter et al., 1999; Snell et
al., 2001; Thomas et al, 1998; Vekilov et al, 1996).

Our study involves fluorescently labeling protein aggregates to represent the impurities in the growth
solution for first time. The PfGST protein solutions contained different ratios of fluorescently labeled
PfGST aggregates. The analyzed data with respect to impurity incorporation into the growing crystals
is given in chapter IV 5.2 and 6.6. The LMM fluorescence micrograph together with the confocal
microscopy images of PfGST and lysozyme crystals shows the presence of fluorescence in the crystals.
This initial data indicates that the crystals incorporated notable quantities of fluorescently labeled
impurities. Initial crystallization experiments showed that fluorescently labeled PfGST aggregates do
not crystallize under same conditions as PfGST dimers. Therefore, the incorporation of fluorescently
labeled tetramers into the growing dimer crystal could be investigated using the appropriate methods
and techniques. For this purpose, a quantitative analyses of total fluorescence/crystal volume was
performed using a fluorescence microplate reader. The statistical analysis of the percentage
incorporation of impurities (via a quantitative analysis of total fluorescence/crystal volume) for g vs
1G-grown crystals indicated that the crystals with the addition of different ratios of fluorescently labeled
aggregates incorporated different quantities of impurities. Compared to the earth-grown PfGST
crystals, the microgravity-grown crystals, on average, had a significantly lower (Student’s t-test, p <
0.05) fluorescence intensity in samples with different impurity ratios. In 1G conditions, there is regular
density-driven convective mixing in the crystallization solution. In the microgravity environment, there
is no convective mixing of the crystallization solution and protein and impurity transport are dominated
solely by diffusion. It has been suggested that while a crystal grows from solution, a draft of the protein
and salt molecules from the surrounding solution generates a depletion zone resulting in areas with
different concentrations. Therefore, the concentration of protein near the crystal is lower than that of

131



Discussion

the bulk solution and the crystal grows in an environment with a lower supersaturation. In the absence
of gravity in adiffusion-controlled microgravity environment, the transport of protein molecules occurs
in the quasi-stable depletion zones and the protein molecules diffuse slowly towards the growing crystal
surface (McPherson et al., 1999). In addition, large impurity molecules diffuse even more slowly than
the monomeric protein molecules, thus the development of depletion zones act as a diffusion filter that
prevents the incorporation of impurities into the growing crystals. This diffusion-controlled effect on
its own could explain the occurrence of a decreased amount of impurities in the PfGST crystals grown
in microgravity.

In addition, the data of the earth and microgravity-grown crystals were statistically evaluated and
graphically represented in order to investigate the relationship between the quantity of the incorporated
impurity (via fluorescence intensity values) and the crystal quality parameters. As reported, the
incorporation of impurities into growing crystals in different quantities increased the mosaicity of the
crystals and decreased the signal-to-noise ratio of the X-ray data. For example, CEWL crystals grown
in 1G and pg with the addition of different ratios of naturally occurring dimers showed, on average,
increased mosaicity and decreased signal-to-noise values in crystallization samples with a higher
percentage of dimers (Snell et al., 2001).

A total of 49 earth-grown and 50 space-grown crystal data sets were analyzed. The relationships
between fluorescence intensity values and crystal mosaicity as well as the signal-to-noise (I/0(I)) values
were evaluated using the Pearson correlation. The correlation between fluorescence intensity (impurity
quantities in the crystals) and the I/o(T) values for 1G and pg-grown crystals were determined from the
negative correlation coefficients: r = -0.84 (84%) and r = -0.96 (96%), respectively (Figure 72). The
I/o(I) values decrease with increasing values of fluorescence intensity (Figure 72). Furthermore, the
correlation between fluorescence intensity (impurity quantities in the crystals) and mosaicity values for
1G and pg-grown crystals were determined from the positive correlation coefficients: r = 0.75 (75%)
and r = 0.92 (92%), respectively (Figure 72). The mosaicity values increase with increasing values of
fluorescence intensity (Figure 72). The correlation between fluorescence intensity and I/o(I) values
suggested a fairly strong relationship between fluorescence intensity values and crystal quality
parameter values, and therefore the importance of the incorporated impurity effect on crystal quality
for both 1G and pg-grown crystals. Additionally, the pg-grown crystals proved to be more sensitive to
incorporated impurity. In previous experiments with the target impurity effect on the quality of the
growing crystal, the highest signal-to-noise ratio for the highest diffraction resolution data and the
lowest symmetry-related reflection mosaicity was reported for lysozyme and thaumatin and was
observed for crystals grown from pure solution (Carter et al., 1999; Ng et al., 1997; Snell et al., 1995;
Snell et al., 2001).
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Figure 72. Effect of impurity on crystals grown in 1G and pg.

Correlation between average of fluorescence intensity values and the corresponding average of
crystal quality parameters derived from measured values 49 crystals grown in 1G and of 50
crystals grown in pg. The correlation level was determined using Pearson correlation coefficient
(0 < r <1; -1< r <0). (A) Correlation between fluorescence intensity values and signal-to-noise
ratio (I/o(1)) for crystals grown in 1G. (B) Correlation between fluorescence intensity values and
signal-to-noise ratio (l/o(l)) for crystals grown in pg. (C) Correlation between fluorescence
intensity and mosaicity values for crystals grown in in 1G. (D) Correlation between fluorescence
intensity and mosaicity values for crystals grown in in pg.

In conclusion, the observed microscopic and measured intensity data indicated that the crystals
incorporated notable quantities of fluorescently labeled impurities. Thus, the effect of impurities in a
protein crystallization experiment on the quality of crystals grown in 1G and g, in context of the
counter-diffusion method could be investigated. The crystals with higher amounts of incorporated
impurities had substantially decreased signal-to-noise and increased mosaicity values. Consequently,
purifying the crystallization solutions to the highest level possible could increase the possibility of
obtaining crystals with improved quality. For an additional precise quantitative analysis of impurities
effect on the quality of growing crystals, in the context of the counter-diffusion method in a capillary,

the determination of the incorporated impurity quantities and thus the corresponding crystal quality
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parameter values for crystals with different dimensions and different growth kinetics, and probably
also with different quantities of incorporated impurities in different areas of capillary, is required.

3 X-ray diffraction data collection and crystal quality

Comparative protein crystallization experiments in microgravity and on earth were conducted in a large
number of studies with the purpose of investigating the effect of a diffusion-controlled environment in
microgravity on crystal growth and the improvement of crystal quality (Eschenburg et al., 2000; Evrard
et al., 2007; Snell and Helliwell, 2005). Furthermore, most studies performed in microgravity reported
an improvement in the specific quality parameters. These includes a high degree of diffraction data
measured throughout a higher resolution range, enhanced signal-to-noise ratios, improved electron
densities and water structure, improvements in data agreement between the model and experimental
data and notable improvements in the crystals mosaicity (Carter et al., 1999, Eschenburg et al., 2000;
McPherson et al., 1999; Vergara et al., 2003).

In our study, comparative protein crystallization experiments in microgravity and on earth were
performed. X-ray data for dimer crystals and dimer with the addition of tetramer in different ratios were
collected and statistically (using crystal quality parameters) analyzed. Data sets for individual crystal
data sets were measured for Rmeas, Rsym, I/ and CC1/2. Statistical analysis of the diffraction data
showed that the microgravity-grown dimer crystals and the dimer with the lower quantities of impurities
delivered, on average, significantly enhanced signal-to-noise ratios (I/o(I)) vs resolution than the
reference crystals grown in 1G.

However, no significant difference for the average 1/0(I) values from crystals with the addition of higher
quantities of impurities for 1G vs pg was found. The improvement of the crystal quality parameters for
the pg-grown crystals may be associated with the diffusion-controlled microgravity environment effects
since the transport of protein molecules occurs in the quasi-stable depletion zone and the protein

molecules diffuse slowly towards the growing crystal surface (McPherson et al., 1999).
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Figure 73. X-ray data quality analysis for crystals grown in 1G and ug.

Correlation between mosaicity and the corresponding signal-to-noise ratio (I/o’(1)) values derived
from 20 crystals grown in 1G and 21 crystals grown in pg. The correlation level was determined
using Pearson correlation coefficient (0 < r <1; -1<r <0). (A) Correlation between mosaicity and
signal-to-noise ratio (I/o’(l)) for crystals grown in 1G. (B) Correlation between mosaicity and
signal-to-noise ratio (1/o(1)) for crystals grown in ug.

Furthermore, to investigate the relationship between mosaicity and signal-to-noise ratio values, the data
of the earth and microgravity-grown crystals were statistically evaluated and graphically represented.
As reported previously, the incorporation of different quantities of impurities into growing crystals
increased crystal mosaicity and reduced the signal-to-noise ratio of the X-ray data. A total of 20 earth-
grown and 21 space-grown crystal datasets were analyzed. The relationship between crystal mosaicity
and signal-to-noise (I/o(I) values was evaluated using the Pearson correlation. The correlation between
mosaicity and I/o(I) values for 1G and pg-grown crystals was determined from the negative correlation
coefficients: r = -0.66 (66%) and r = -0.78 (78%), respectively (Figure 73). The I/o(I) values decreased
with increasing values of mosaicity (Figure 73). The correlation between crystal mosaicity and I/o(I)
values suggested a strong to moderate relationship between the crystal quality parameters for both 1G
and pg-grown crystals. Additionally, ug-grown crystals proved to be more sensitive in the context of
the relationship between the crystal quality parameters. Previous studies indicated a potential
correlation of changes in crystal mosaicity with changes in the other (resolution and signal-to-noise-
ratio) diffraction data quality parameters and that the crystals grown in pg were more sensitive to
changes in the quality parameters (Carter et al., 1999; Evrard et al., 2007; Snell et al., 2001).

In addition, complementary crystallization experiments were performed on the ISS during the
“Biophysics 4” project. The analysis of diffraction data reveals changes in space groups for crystals
from the same capillary grown in pg (Chapter IV 6.7). The 3 crystals measured belonged to space group
P21, while the other 2 crystals measured belonged to space group P2:P2:P21, having similar space group
parameters to the crystals obtained in the hanging drop method in the experiments performed on earth

(laboratory). All crystals measured showed similar shapes and dimensions. The solvent content in the
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unit cell was calculated to be 50% with 2 PfGST monomers (homodimer) for the crystals in space group
P2:P21P2:. On the other hand, the solvent content was calculated to be 43% for 4 PfGST monomers (2
homodimers) in space group P2:. It should be noted that the capillary with growing crystals had some
damaged areas, thus solution evaporated over time. The crystals in space group P2:P2:P2: were grown
in the immediate vicinity of the capillary area with the cracks, while the crystals in space group P21
were grown in the capillary area away from the cracks. Therefore, the crystals were grown in the
presence of different crystallization conditions. In other words, two different techniques were used:
vapor-diffusion for the crystals growing near the cracked area and counter-diffusion for the crystals
growing away from cracked areas. This could also be responsible for the different rates at which
supersaturation was achieved in different areas of the capillary (Garcia-Ruiz et al., 2016; Zegers et al.,
2006). For example, a change of space group in vapor and counter-diffusion samples was observed for
the anti-polyQ antigen-binding fragment (MW1 Fab) and for Thermotoga maritima triosephosphate
isomerase (TIM) crystals grown in 1G and pg (Evrard et al., 2007; Owens et al., 2016).

In conclusion, the results of the diffraction data indicated that diffusion-limited mass transport in
crystallization can be beneficial for the quality of growing crystals. Furthermore, the statistical analysis
of diffraction data indicated a fairly strong relationship between the crystal quality parameter values for
both 1G and pg crystals. Depending on the crystallization technique used the space group changed.
Further quantitative analysis of diffraction data for crystals with different dimensions and different
growth kinetics, and probably with different qualities in different areas of the capillary, is required to
investigate the effect of macromolecular mass transport on crystal quality in the context of the counter-

diffusion method.

4 Multichannel DLS system
A multichannel DLS system was developed to improve the experimental investigation of the
macromolecular crystallization process. The major use of the multichannel DLS system compared to
other DLS systems is the rapid determination of the translational diffusion constant in a short period,
simultaneously and in several positions for macromolecules in solution in capillaries. To study
macromolecular protein transport in the crystallization process in the counter-diffusion method, the
protein solution was filled into the capillaries and measurements were performed with the multichannel
DLS system. Glucose isomerase, a PfGST dimer and synthetic gold nanoparticles were analyzed using
multichannel dynamic light scattering measurements to verify the purity and dispersity of protein and
also to determine the adequate hydrodynamic radius (Rn). Time-resolved measurements of the
hydrodynamic radius verified the monodispersity of glucose isomerase, the PfGST dimer and the
synthetic gold nanoparticle solutions. The data showed similar values of hydrodynamic radiuses for all
8 channels for each protein/particle solution. The stable and similar hydrodynamic radii over time in all
8 channels demonstrated that the protein/particles were stable in solution. Based on this observation,

these protein solutions represent a high degree of monodispersity and do not form protein aggregates
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or oligomers with higher hydrodynamic radiuses. GST or PfGST is well known to form stable dimers
in solution, having a hydrodynamic radius of about 3.7 nm (gyration radius of 2.9 nm), calculated using
the assumption of a globular molecular shape (Bulone et al. 2006; Perbandt et al. 2004; Perbandt et al.
2015). The experimental radius measured for PIGST (4 + 0.30 nm) is therefore in excellent agreement
with the presence of the dimer in solution. Further multichannel DLS experiments were performed to
investigate protein crystallization as well as macromolecular mass transport. For the crystallization
experiment, the capillary containing 37 pl of PfGST solution (25 mg/ml) was injected with an additional
37 ul of precipitant (2.8M AmSO4; 0.1M PO4 buffer, pH 6.7) and multichannel DLS measurements
were performed immediately. In comparison to the hydrodynamic radius (4 nm £ 0.30) of the protein
solution before adding the precipitant, an increase in the hydrodynamic radiuses (about 10-12 nm) was
detected in all 6 channels after the addition of the precipitant. An increase in the hydrodynamic radiuses
is associated with the formation of larger aggregates after adding the precipitant. This change could be
caused by a change in the protein diffusivity, which in tumn is caused by a change in the ionic
environment or due to precipitation. In previous experiments performed using 1 channel DLS and
lysozyme and glucose isomerase crystallization solutions, similar behavior of the hydrodynamic radii
was observed (Dierks et al. 2008; Oberthuer et al. 2012). Furthermore, the hydrodynamic radii of
aggregates remained constant for 20-22 h afterwards. However, after a certain point in time (i.e. after
20-22 h) the radius distribution started to disperse or disappear and the Rn rapidly increased for all
channels between 100 nm and 1 um. The rapid dispersion or disappearance and consequent formation
of larger aggregates indicated the start of nucleation as well as the start of the crystallization process
(Dierks et al. 2008). The ratio of small oligomers and larger assemblies with Rn > 100 nm remained
approximately constant for all channels. In addition, the light microscope crystal images of the capillary
area with increased or disappeared radii confirms that the technique for the investigation of protein
crystallization in fluid systems using a multichannel DLS system is appropriate.

Further development and optimization of the multichannel DLS system is required to establish
measurement procedures for the systematical measurements of radius distribution and transport of
particles in protein/crystallization solutions.
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VI Summary
To investigate the effect of macromolecular transport and the incorporation of protein aggregate
impurities in growing crystals, experiments were performed on the International Space Station (ISS)
and compared with control experiments perform in a 1G laboratory environment. Crystal growth
experiments for hen egg lysozyme (HEWL) and Plasmodium falciparum Glutathione S-Transferase
(PfGST) were monitored using the ISS Light Microscopy Module (LMM). Crystallization solutions
containing different protein-aggregate ratios were prepared. Experiments were performed applying the
liquid-liquid counter diffusion crystallization method using rectangular, optically transparent
capillaries. The crystallization samples were launched to the ISS via SpaceX-10 and SpaceX-15
missions. Three series of crystallization experiments were performed on ISS, one during 26.02.2017
until 10.03.2017, second during 16.06.2017 until 23.06.2017 (both Biophysics 1) and a third during
12.07.2018 until 24.07.2018 (Biophysics 4).
A comparison of crystal growth rates and size showed different calculated average growth rates, as well
different dimensions for crystals growing in different positions along the capillary. The effect of
macromolecular mass transport on crystal growth in microgravity was experimentally investigated. For
the crystallization samples with similar start conditions for both 1G and pg, assuming optimal
crystallization conditions, the diffusion-controlled mass transport and thus the slower crystal growth in
Kg led to the growth of larger crystals. The experiments indicate that the growth of crystals with
different dimensions in different areas of the capillary were successful for different time periods.
Furthermore, for the growth of crystals with similar dimensions, the crystals grown in 1G started prior
to the crystals grown in pg.
In parallel, the percentage of incorporated fluorescent aggregate into the crystals was monitored
utilizing the fluorescent Light Microscopy Module (LMM) and ground-based fluorescent microscopes.
The observed microscopic and measured intensity data indicated that the crystals incorporated notable
quantities of fluorescently labelled impurities. Thus, the effect of impurity in protein crystallization on
the quality of crystals grown in 1G and pg in the context of the counter-diffusion method could be
investigated. The crystals with higher amounts of incorporated impurities had substantially decreased
signal-to-noise and increased mosaicity values. Consequently, purifying the crystallization solutions to
the highest level possible could increase the possibility of obtaining crystals with improved quality.
The results of the diffraction data indicated that diffusion-limited mass transport in crystallization can
be beneficial for the quality of growing crystals. The statistical analysis of diffraction data indicated a
fairly strong relationship between the crystal quality parameter values for both 1G and pg crystals.
The hydrodynamic radii of three different proteins in capillary samples were determined using
a multichannel DLS system. Furthermore, the crystallization process of a PfGST sample were
observed using multichannel DLS system. The observations confirm that the technique for the

investigation of protein crystallization in fluid systems using a multichannel DLS system is appropriate.
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VIl Zusammenfassung
Um den Effekt des makromolekularen Transports und damit auch den Einbau von
Proteinverunreinigungen in wachsende Protein Kristalle zu untersuchen, wurden Experimente auf der
Internationalen Raumstation (ISS) durchgefuhrt und mit Kontrollexperimenten auf der Erde verglichen,
Zu diesem Zweck wurden Hihnerei-Lysozym (HEWL) und Plasmodium falciparum Glutathion-S-
Transferase (PfGST) ausgewéhlt. Kristallwachstum wurde unter Verwendung des ISS—
Lichtmikroskopiemoduls tberwacht und dokumentiert. Kristallisationsansétze mit unterschiedlichen
Protein-Verunreinigungs-Verhaltnissen wurden hergestellt. Die Experimente wurden mit der Counter
— Diffusions-Methode unter Verwendung von rechteckigen, optisch transparenten Kapillaren
durchgefihrt. Die Kristallisationsproben wurden mit SpaceX-10- und SpaceX-15-Missionen zur 1SS
gebracht. Drei Reihen von Kristallisationsexperimenten wurden auf der ISS durchgefiihrt, eine vom
26.02.2017 bis 10.03.2017, eine zweite vom 16.06.2017 bis 23.06.2017 (beide Biophysik 1) und eine
dritte vom 12.07.2018 bis 24.07.2018 (Biophysik 4).
Ein Vergleich der Kristallwachstumsrate und auch der GroRe ergab unterschiedliche berechnete,
durchschnittliche Wachstumsraten sowie unterschiedliche Dimensionen fiir Kristalle, die an
unterschiedlichen Positionen entlang der Kapillare wuchsen. Die Auswirkung des makromolekularen
Massentransports auf das Kristallwachstum in den Mikrogravitdtsbedingungen wurde experimentell
berechnet. Bei den Kiristallisationsproben mit ahnlichen Startbedingungen sowohl fiir 1G als auch fir
Kg fuhrte der diffusionskontrollierte Massentransport und damit das langsamere Kristallwachstum in
Hg bei optimalen Kristallisationsbedingungen zum Wachstum groRerer Kristalle. Die Experimente
zeigten, dass das Wachstum von Kristallen mit unterschiedlichen Dimensionen in verschiedenen
Bereichen der Kapillare fur verschiedene Zeitrdume erfolgreich war. Das Wachstum von in 1G
gewachsenen Kristallen mit dhnlichen Abmessungen im Unterschied zu den in pg gewachsenen
Kristallen begann zu einem friiheren Zeitpunkt.
Parallel dazu wurde der Prozentsatz der in die Kristalle eingebauten fluoreszierenden Aggregate unter
Verwendung des Lichtmikroskopiemoduls (LMM) und bodenbasierter Mikroskope ermittelt. Die
absolvierten mikroskopischen Bilder und gemessenen Intensitatsdaten zeigten, dass die Kristalle
bemerkenswerte Mengen fluoreszenzmarkierter Verunreinigungen enthielten. So konnte der Einfluss
von Verunreinigungen bei der Proteinkristallisation auf die Qualitat von in 1G und pg gewachsenen
Kristallen im Rahmen der angewendeten Methode untersucht werden. Die Kristalle mit héheren
Mengen an eingebauten Verunreinigungen hatten ein wesentlich geringeres Signal-Rausch-Verhaltnis
und erhohte Mosaizitatswerte. Folglich kann die Reinigung der Kiristallisationslésungen auf das
hochstmogliche Niveau die Moglichkeit erhdhen Kristalle mit verbesserter Qualitat zu erhalten.
Die Ergebnisse der Beugungsdaten zeigten, dass nur der diffusionsgefihrte Massentransport bei der
Kristallisation fiir die Qualitat wachsender Kristalle vorteilhaft sein kann. Die statistische Analyse der
Beugungsdaten zeigte eine ziemlich starke Beziehung zwischen den Kristallqualitatsparametern sowohl

fur 1G als auch fur pg Kristalle.
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Zusammenfassung

Der hydrodynamische Radius von drei verschiedenen Proteinen in Kapillarproben wurde unter
Verwendung eines Mehrkanal-DLS-Systems bestimmt. Weiterhin wurde die Kristallisation einer
PfGST-Probe unter Verwendung eines Mehrkanal-DLS-Systems beobachtet. Die Beobachtungen
bestatigen, dass die Technik zur Untersuchung der Proteinkristallisation in Fluidsystemen geeignet ist.
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