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I. ABSTRACT 

 

Protein structure determination, a prerequisite for understanding structure/action correlation, 

e.g. for enzymes and drugs, requires large and perfectly ordered three-dimensional crystals. 

Growing single protein crystals with low defect density, high compositional and structural ho-

mogeneity, however, is a pertinent limitation in structure analysis by X-ray crystallography 

despite the recent technological advances provided by high-throughput crystallization tech-

niques. This situation is due to the rather poor knowledge on the mechanisms leading to bio-

macromolecular crystal formation and to creation of defects; the earlier empirical approaches 

which aimed at the induction of crystallization by statistically varying the crystallization 

parameters did not allow to establish a rationale towards protein crystallization. A detailed 

knowledge of the processes and intermolecular interactions leading to aggregation and 

crystallization of biomacromolecules is also focus of interest as they are known to cause 

severe pathologies in the human body, e.g. sickle cell anemia, Parkinson, Alzheimer. 

Although it is generally accepted that biomacromolecular and inorganic crystallization are 

governed by the same principles, the ductile and dynamic character of the biomacromolecules 

enhance the complexity of the crystallization process.  

 

The goal of this work was to contribute to the understanding to which extent different crystal-

lization processes and conditions contribute to creation of defects in protein crystals. For in-

vestigations along this line, the 1 MDa enzyme complex lumazine synthase from Bacillus 

subtilis was chosen as model system and as an example for macromolecular complexes which 

are involved in very many important cellular functions. The lumazine synthase turned out to 

be a particularly good model protein for studies on crystal growth due to several reasons: (a) 

its size and symmetry offer a big advantage for electron microscopic analyses and its structure 

is known at high resolution from earlier X-ray crystallographic analyses, (b) the recombinant 

enzyme is available in large quantities and can be purified to very high homogeneity, (c) the 

enzyme can be crystallized reproducibly, and (d) the complex can be modified by genetic 

engineering to construct “homologous impurity molecules” of defined properties enabling 

systematic studies on the influence of heterogeneities on nucleation and crystal growth.  

 

In the course of this work, lumazine synthase was crystallized in the presence of sodium 

potassium phosphate at different supersaturations and utilizing different crystallization 

methods. Determination of the crystallization diagram revealed that the enzyme complex 
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display a crystallization behaviour characteristic for small biomacromolecules and viruses, i.e. 

the crystallization diagram contained a labile zone above the metastable region which was in 

turn above the undersaturated region. The crystals showed different morphologies: hexagonal 

plates and prisms corresponding to a hexagonal modification with the space group P6322 and 

polygonal crystals corresponding to a monoclinic modification with the space group C2 were 

obtained. The number and size of the crystals were found to be determined by protein and 

precipitant concentrations while the habit of the hexagonal crystals turned out to be controlled 

by the crystallization method used and, in the case of batch crystallization, by the precipitant 

concentration. For crystals grown at high supersaturations in batch mode, the growth rate of 

the (010) faces was observed to be higher than that of the (001) faces leading to the formation 

of hexagonal prisms. However, slow mixing batch, vapour- and counter-diffusion methods 

enhanced the growth rate of (001) faces versus (010) faces independently of the crystallization 

conditions. A control of the polymorphs could not be achieved by variation of the crystalli-

zation method and/or conditions. Although lumazine synthase crystals resulted to be thermo-

stable under certain conditions, the crystallization process was altered when the experiments 

were carried out below room temperature leading to the formation of twisted, filamentous 

structures. Transmission electron microscopic examination of freeze-etched and shadowed or 

decorated fibroid aggregates revealed these structures as quasicrystals with an orthogonal 

arrangement of the molecules; however, no rotational order was detected. 

 

Crystals grown under conditions favouring the growth of both polymorphs were observed to 

possess a higher tendency to twin and to accumulate higher lattice strains as judged by the 

cracks on their surfaces. Scanning and transmission electron microscopic examinations on 

crystals grown by slow mixing batch method revealed diverse phenomena on the surfaces of 

crystals exceeding 100 µm, suggesting trapping of microcrystals and depositions of multi-

layer stacks which were perfectly aligned with the underlying crystals. Microscopic studies 

also showed that lumazine synthase crystals grow via spreading of growth layers generated by 

2-dimensional nucleation.  

 

Lumazine synthase was crystallized in space to test to what extent microgravity conditions 

influence creation of defects under otherwise the same conditions, in other words, to delineate 

the effects of changed solution transport conditions on the quality of crystals. To enable 

definitive separations between microgravity effects and the effects originating from different 

crystallization methods and hardware, a large number of terrestrial “pre-flight” experiments 
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were carried out in set-ups identical to the flight hardware, i.e. in the “Free Interface Diffusion 

Reactor” (FID) of the Advanced Protein Crystallization Facility (APCF) which ensures 

conditions for slow mixing batch experiments. From these “pre-flight” experiments, several 

correlations between the growth conditions and the crystallization behaviour of the model 

system could be established: (i) the number and the size of the crystals resulted to be 

influenced by the precipitant concentration and by reduction of convection using gels in 

reactor chambers, (ii) no clear dependence between the protein concentration and the size as 

well as the number of crystals was observed, (iii) the content of agarose in the gels influenced 

significantly the crystal size, number and crystallization times and (iv) the method supported 

exclusively the growth of hexagonal plates and polygonal crystals. These correlations 

permitted to optimize the crystallization conditions to be used in microgravity.  

 

Crystallization experiments in space were carried out on board of the International Space 

Station (ISS) in the APCF during the ISS 7.A.1. mission and in a Granada Crystallization Box 

(GCB/counter-diffusion experiment) of the Granada Crystallization Facility (GCF) during the 

Andromeda mission, in both cases for a duration of approximately three months. To establish 

similarities and differences between the qualities of microgravity- and Earth-grown crystals, 

transmission electron microscopic and X-ray diffraction studies were performed. TEM 

evaluation of freeze-etched and shadowed crystals revealed higher total point defect densities, 

i.e. mono- di- and multiple vacancies, on surfaces of microgravity-grown crystals than on the 

terrestrial counterparts. When mono-, di- and multiple vacancies were considered indepen-

dently, similar mean densities for di- and multiple vacancies were observed. Nevertheless, a 

larger population of Earth-grown crystals were found to be free of multiple vacancies. Sur-

faces of space-grown crystals presented higher monovacancy densities. Analysis of the spatial 

distributions of vacancies indicated a periodic modulation, suggesting that the instability 

created by a vacant lattice site is presumably dampened within few shells in the crystal face. 

For both populations, a clustering of vacancies was not observed. The evaluation of the rota-

tional order of individual molecules on freeze-etched and metal decorated surfaces of micro-

gravity- and Earth-grown crystals revealed that in both cases approximately 15 % of the mole-

cules adopted a wrong orientation in the lattice. X-ray diffraction studies, which are still being 

processed, did not indicate significant differences in the diffraction resolution limits of Earth- 

and microgravity-grown crystals. However, unusually high temperature factors for space-

grown crystals were observed, indicative of short range disorder presumably associated with 

microscopic mosaicity. Thus, at this point of investigation, it can be concluded that the 
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growth of lumazine synthase crystals in an environment in which the mass transport is 

diffusion-controlled, does not significantly influence the crystal properties.  

 

In protein crystallization, the formation of some defects is linked to the presence of microhe-

terogeneous impurities in the crystallizing system which cannot be fully eliminated during the 

purification procedure. Microheterogeneous impurities may have different origins, e.g. they 

may stem from conformational fluctuations and/or changes of protein molecules in a given 

environment, from genetic variants, post-translational modifications (e.g. by acetylation) and 

degradation or aggregation (e.g. dimers, trimers etc.) of the molecule. It is known that micro-

heterogeneous protein impurities adsorbed on a crystal surface or trapped in the crystal lead to 

lattice disorder and influence significantly the growth rate, shape, as well as chemical, mecha-

nical and diffraction properties of the crystals. Thus, the identification of possible sources of 

microheterogenous impurities as well as the understanding of their influence on crystal qua-

lity belong to the key problems in protein crystallization. In the course of this work, an at-

tempt was made to identify a well-defined molecule which can be used as a “homologous im-

purity” in the crystallization of lumazine synthase from B. subtilis (“host”). The “impurity” 

should have structural and hydrodynamic properties similar to those of the “host” molecule 

and resemble the naturally occurring heterogeneities in protein preparations. In addition, its 

decoration pattern should be distinguishable from the decoration pattern of the “host mo-

lecule” to enable its detection by freeze-etching/decoration technique when trapped in the host 

lattice, and consequently, the detection of the type of disorder it may cause at molecular level. 

For investigations along this line, three structurally related, icosahedral lumazine synthases 

from different organisms (Escherichia coli, Aquifex aeolicus and Spinacea oleracea) were 

purified, characterized and crystallized. To determine the characteristic decoration patterns on 

their surfaces, freeze-etched crystals were decorated with gold and silver and processed by 

correlation averaging. Two of the studied proteins, i.e. lumazine synthases from E. coli and S. 

oleracea showed a gold decoration pattern which was distinguishable from the one on the 

surface of B. subtilis lumazine synthase and were thus identified as suitable “homologous 

impurities” for electron microscopic analyses. Hexagonal B. subtilis lumazine crystals grown 

from intentionally contaminated solutions by adding known amounts of lumazine synthase 

from S. oleracea showed significant changes in their habits: the presence of the impurity 

decreased the growth rate of (010) faces compared to the characteristic growth rate observed 

for non-contaminated solutions and led to the formation of hexagonal plates instead of prisms. 

Impurity incorporation into the crystals was detected by native polyacrylamide gel electro-
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phoresis as well as by N-terminal amino acid sequencing. A direct correlation between the 

impurity content and the translational disorder created in the crystal could be established by 

comparing freeze-etched and metal shadowed surfaces of crystals grown from media contami-

nated with different amounts of impurity. Studies by decoration to elucidate the spatial distri-

bution of individual impurity molecules within the host lattice and their influence on the rota-

tional order/disorder of the host crystal are currently in progress.  
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II. INTRODUCTION 

 

Biomacromolecular structure determination has emerged as a focus of intensive investigation 

during the last 15 years in order to understand genome-structure-function correlations. Bio-

macromolecular structures are experimentally determined by nuclear magnetic resonance 

techniques (NMR) and electron or X-ray crystallographic methods. NMR techniques allow 

studies on protein structures and dynamics in solution but are limited to proteins with 

molecular weights up to 40 kDa. Electron crystallography offers the advantage of studying 

membrane proteins in their natural environment, i.e. embedded in lipid bilayer. X-ray 

crystallographic methods enable structure determination at atomic or near atomic resolution 

but require large, perfectly ordered single crystals. Obtaining single crystals as large as 

several tenths of a millimetre in all three dimensions with low defect density, high 

compositional and structural homogeneity is, however, the bottleneck towards ma-

cromolecular structure determination.  

 

Although inorganic and biomacromolecular crystallization obey the same principles 

(Chernov, 1997a; 1997b), the accuracy achieved in structural determination is still much 

higher for inorganic structures than for biomacromolecular ones. This is due to the fact that 

the biological macromolecules are extremely complex physical-chemical systems whose 

structural properties vary as a function of many parameters such as temperature, pH, ionic 

strength, contaminants and solvent contribution and are therefore structurally dynamic, 

microheterogeneous and aggregating systems. All these factors in addition to the complex 

buffers and precipitants used in conjunction with the poor knowledge of the interactions 

governing aggregation and crystal formation do not facilitate the design of strategies to obtain 

single crystals for high resolution structure determination. 

 

A detailed knowledge of biological structures is needed for rational drug design, for instance 

to paralyse the malfunctioning of a biomacromolecule partly responsible for a disease. 

Besides large single crystal growth for structure determination, condensation and 

crystallization phenomena are also focus of interest as they are known to cause different 

pathologies in the human body. Representative examples of diseases caused by protein 

aggregation are sickle cell anemia (200.000 new born children worldwide affected per year) 

(Serrano et al., 2001) and neurodegenerative diseases such as Parkinson, Huntington, 

Alzheimer (Thunecke et al., 1998; Georgalis et al., 1998; Pepys et al., 2002; Thurumalai et 
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al., 2003; Shastry, 2003; Bates, 2003). On the other hand, the crystallization of the ocular 

protein γ-crystallin causes cataract (Pande et al., 2001). Thus, a better understanding of the 

intermolecular interactions responsible for aggregate formation could provide a means to 

influence them in the human body. Moreover, a more solid understanding of crystal growth 

and dissolution would allow the design of controlled delivery of some drugs, for instance, a 

homogeneous population of larger insulin crystals would reduce the number of insulin 

injections for approximately 125 million people worldwide suffering from diabetes.  

 

1. Protein crystallization: an overview 

 

Growing crystals from a solution requires the creation of a supersaturated state to provide the 

system with a thermodynamic force for crystallization. Conventionally, supersaturation is 

created by methods such as solvent evaporation, temperature variations or addition of organic 

solvents. These strategies are, however, unsuitable and destructive for biological macro-

molecules as they drive protein denaturation precluding any hope of crystal formation. The 

strategy applied in biomacromolecular crystallization is to guide the system slowly towards a 

state of decreased solubility modifying the properties of the solution. This is accomplished by 

increasing the concentration of precipitating agents or altering physical properties, e.g. pH, 

ionic strength, etc. (McPherson, 1982; 1985a; 1985b; Wieneck, 1999; Riès-Kautt and 

Ducruix, 1997; Riès-Kautt et al., 2002). 

 

However, crystals do not grow spontaneously once the supersaturation limit is exceeded 

because the thermodynamic force of the system is not sufficient to surpass the energetic 

barrier associated to the creation of new phase. Thus, the system is allowed to penetrate 

deeper in the supersaturation area. But if the system is too supersaturated, the large chemical 

potential forces the system extremely rapid to the equilibrium leading to the formation of 

either crystals with accumulation of a large number of defects, e.g. dislocations and flaws, or 

disordered aggregates. In order to facilitate the interpretation of the supersaturation range in 

which crystals grow, the classical theories (Rosenberger, 1986; Feigelson, 1988; Boistelle and 

Astier, 1988) have divided the supersaturation zone of the phase diagram into three regions as 

shown in Figure 1: precipitation zone, labile zone and metastable zone.  

 

“Ideal” crystal growth occurs in a system driven to supersaturation slightly above the meta-

stable zone for promoting nuclei formation. By depletion, the solution is returned into the 
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metastable zone where no more nuclei can be formed but the already existent ones start 

growing to maturity until they reach the equilibrium. The evolution of a supersaturated system 

to equilibrium can be separated into three stages: (i) nucleation, (ii) post-nucleation crystal 

growth and (iii) cessation of growth.  

 

 

Figure 1. On a crystallization diagram, 
three supersaturation zones can be distin-
guished according to conventional crystalli-
zation theories: (i) metastable zone where 
crystals and nuclei or embryos can grow but 
do not form, (ii) labile zone which provide 
high enough chemical potential to form 
nuclei and (iii) precipitation zone, where the 
driving force is too high for the molecules to 
form ordered aggregates.  
 

 

The poor knowledge of the individual processes which lead to formation of biological crystals 

has led to many scientific investigations to provide a better understanding and control of the 

crystallizing systems. A short summary of the research performed nowadays on the individual 

processes of biomacromolecular crystallization is provided below.  

 

Nucleation and protein aggregation has been studied by a variety of scattering techniques, 

e.g. light scattering (dynamic, static, quasi-elastic, small-angle, multi-angle, time-resolved), 

X-ray and neutron scattering (Rosenberger and Meehan, 1988; George and Wilson, 1994; 

Eberstein et al., 1994; Lafont et al., 1997; Schaper et al., 1997; Tardieu et al., 2001;2002; 

Finet and Tardieu, 2001; Bonnete and Vivares, 2002). These methods have been used to 

characterize protein solutions under crystallization and non-crystallization conditions. From 

these experiments, informations on sample homogeneity, molecular interactions, aggregate 

sizes and even snapshots of real time behaviour of the crystallization systems have been ob-

tained. The large number of studies has served to correlate the success of crystallization with 

a narrow range of intermolecular potentials by the second virial coefficient (B2) of the 

osmotic virial expansion equation (George and Wilson, 1994; Rosenberger and Meehan, 

1988; Budayova et al., 1999; Bonnete and Vivares, 2002). The mentioned window of B2 

values leading to successful crystallization experiments, known as George and Wilson 

crystallization slot, was found to fall in the range between - 8.10-4 and - 2.10-4 mol.ml/g2. This 

slot of B2 values can be used as crystallization predictor as it is neither protein nor precipitant 

dependent. Thus, scattering experiments can be used to perform fine screening of 
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crystallization conditions by tuning the properties of the crystallization solution in such a way 

that the B2 values fall in the mentioned crystallization slot. The relation of the B2 coefficients 

with intermolecular potentials, experimentally measured by static light scattering, is the 

following (Neal et al., 1999): 
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where NA is the Avogadro’s number, M the molecular weight of the solute, Uij(r) the interac-

tion potential between the molecules i-j , k Botzmann’s constant, T temperature and r the in-

termolecular distance.  

 

All these scattering studies have successfully established a link between the interactions 

governing the early stages of biomacromolecular crystallization and studies on phase 

behaviour of hard sphere colloids under attractive potentials (Rosenbaum et al., 1996; 

Anderson and Lekkerkerker, 2002). Guided by the more solid knowledge of phase diagrams 

for colloids under potentials similar to the ones for macromolecular interactions in 

aggregation/nucleation processes, the existence of a liquid-liquid phase transition for 

biological molecules was claimed (Broide et al., 1991; Rosenbaum et al., 1996; Muschol and 

Rosenberger, 1997). This transition was suggested to play a fundamental role on 

aggregation/nucleation processes. The existence of such a transition for biomacromolecules 

has been experimentally corroborated by microscopic and scattering studies (Kuznetsov et al., 

1999; 2001; Serrano et al., 2001). The liquid-liquid phase transition has been demonstrated to 

have the potential of lowering crystal nucleation barrier, i.e. enhancing nucleation rates 

(Muschol and Rosenberger, 1997), without increasing supersaturation and, thus, favouring the 

growth of more perfect crystals. Computer simulations have corroborated the lowering of the 

energetic barrier for nucleation confirming the experimental results (ten Wolde and Frenkel, 

1997). 

 
More controversial are the interpretations of the nucleus structure, interfacial free energy and 

nucleation rates. While some authors claim the absence of sub-critical aggregates in crystal-

lizing solutions, others presume the existence of compact crystalline structures (Kam et al., 

1978; Malkin and McPherson., 1993b), fractals (Eberstein et al., 1994; Georgalis et al., 1999) 

or even quasi planar structures (Yau and Vekilov, 2000a). This controversial situation might 
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be due to the few studies which have attempted to measure the critical nucleus size in real 

space, partly due to the transient nature of the process. Recently, confocal laser optical 

microscopy and differential interference contrast (DIC) video enhanced light microscopy 

were used to follow and observe protein aggregation and crystallization pathways (Gasser et 

al., 2001; Mühling et al., 2001; Hirsch et al. 2001). More seldom are microscopic studies 

attempting to characterize these structures at molecular resolution (Durbin and Feher, 1990; 

Braun et al., 2000; Yau and Vekilov, 2001). The disagreement in nucleus structures has led to 

a discordant interpretation of the nucleation mechanisms and kinetics. While classical theories 

predict the formation of large spherical aggregates (7-80 molecules) with continuous changes 

in size (Feher and Kam, 1985; Malkin and McPherson, 1993b; 1994), the modern theories 

suggest the formation of small aggregates (2-10 molecules) whose sizes remain invariant 

within wide ranges of supersaturation (Galkin and Vekilov, 2000). 

 

Protein crystal growth involves two processes: transport of growth units from the bulk to the 

crystal surface (transport processes) and the attachment and/or incorporation of these units 

into the crystal lattice (interface kinetics) (Durbin and Feher, 1996; McPherson et al., 2000; 

2003). The slowest process determines the crystal growth rate, and, thus, the growth is either 

transport or kinetic controlled. The attachment of molecules to a crystal can proceed at least in 

two directions (Wieneck, 1999; McPherson et al., 2000; 2003): tangential and normal growth 

(Fig. 2). Tangential growth consists of the attachment of molecules to step edges, contributing 

to layer spreading. This process is energetically favoured as the attachment of molecules to 

the step edges comprises the formation of n bonds with n neighbouring molecules. This 

situation stands in contrast to the normal growth, which requires the creation of new nuclei to 

be deposited on the ancient layer in order to generate a new source of tangential growth. Thus, 

the system must be provided with high enough energy in order to surpass the energetic barrier 

associated with the creation of new nuclei. 

 

Figure 2. Schematic representation of normal and tangential growth. 
 

Normal growth 

Tangential growth 
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Atomic force (AFM) and electron microscopy (EM) have been successfully applied to 

characterize protein crystal surfaces. While the former provides in situ views of protein crys-

tallization, EM has provided and still provides the highest resolution images. These 

microscopic studies have revealed that crystals built of biological macromolecules grow by 

the same mechanisms as the inorganic ones, i.e. dislocations and two dimensional nucleation 

(Boistelle and Astier, 1988; Durbin and Feher, 1990; Durbin and Carlson, 1992; McPherson 

et al., 1995). These studies have uncovered the existence of an additional and presumably 

unique mechanism for protein crystals consisting of the tangential development of three 

dimensional nuclei which deposit on the crystal surface (Malkin et al., 1995a; 1995b; 

McPherson et al., 1995; Durbin and Feher, 1996; Yip et al., 1998; 2000). These structures 

provide several nascent layers (layer stack) above the ancient one supplying with each layer a 

source for tangential growth. Their origin and their evolution once deposited on the ancient 

layer remain still unclear, but, possible explanations have been provided. Their origin has 

been associated to either sedimented microcrystals or protein rich liquid droplets but an expe-

rimental confirmation is still lacking (Kuznetsov et al., 1999). These structures were observed 

to develop to either multi-layer plateaus or to faceted microcrystals, once deposited on the 

crystal surface (Malkin et al., 1999; Waizumi et al., 2003). These studies have revealed the 

complexity of biomacromolecular crystal growth, where the growth of crystals has been 

demonstrated to be dictated by the crystal symmetry even at unexpected levels. For instance, 

the morphology of new growth layers created by 2-dimensional nucleation were observed to 

be governed by crystal symmetry elements (Plomp et al., 2002a), but the morphology was 

easily altered in the presence of impurities (Plomp et al., 2002a; 2002b). Islands of multilayer 

stacks were observed in some cases (but not always) to exhibit characteristic orientations con-

sistent with the underlying crystal (Waizumi et al., 2003). 

 

Growth kinetics of biological crystals has been successfully investigated by Michelson inter-

ferometry and atomic force microscopy. These studies have demonstrated that biomacro-

molecular crystals grow at rates two to four orders of magnitude lower than those found for 

inorganic crystals despite the typically order of magnitude higher supersaturations (Monaco 

and Rosenberger, 1993; Chernov and Komatsu, 1995; Malkin et al., 1999, Yau et al., 2000b). 

Step kinetic coefficients, βst, which is a measure of the attachment and detachment flux of 

molecules to and from the step edges (Eq. 2), measured by interferometry were found to agree 

well with those measured by AFM. The values of the kinetic step coefficients were estimated 

in the range of 10-4 to 10-5 cm/s for biological crystals versus 10-1 cm/s of the inorganic 
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crystals. This difference was postulated to be associated to the lower probability of the 

incoming biomacromolecule to present the proper orientation for getting incorporated into the 

lattice (Chernov and Komatsu, 1995; Vekilov and Chernov, 2002).  

 

)( eststep ccv −Ω= β        (2) 
Ω: crystal volume per protein molecule 
βst: Step kinetic coefficient 
(c-ce): supersaturation 

 

Crystal growth rates, calculated as the product of the dimensionless step density on the sur-

face times the step rate (Eq. 3), present typically values between 10 -8 to 10-10 cm/s. Differen-

ces in surface free energy between biological and inorganic crystals have been commonly 

accepted to be sufficient to explain differences in normal growth rates (Chernov and 

Komatsu, 1995). 

 

stepvpR .=        (3) 
R: growth rate 
p: hillock slope (ratio of step density to 
step height) 
vstep: tangential growth rate 

 

Crystal cessation is related either to depletion of protein molecules in solution or to trapping 

of impurities which impede further crystal development. Despite the variety of surface studies 

with different proteins, it remains still unclear if impurity and/or defect accumulation in the 

lattice (Feher and Kam, 1985) or surface contamination due to adsorption of impurities 

(Malkin et al., 1999) is responsible for cessation of growth.  

 

Defects characteristic of inorganic crystals were also observed in biological macromolecular 

crystals, for instance, vacancies, dislocations, grain boundaries, twin boundaries and even 

incorporation of macromolecular impurities and/or microcrystals (Malkin et al., 1996a; 

1996b; Rosenberger et al., 1996; Malkin and McPherson, 2002; Yau et al., 2000b). These 

crystal defects have been successfully visualized by X-ray topography projections as well as 

by phase sensitive X-ray diffraction studies (Dobrianov et al., 1998; Vidal et al., 1999; 

Otálora et al., 1999b; Robert et al., 2001; Hu et al., 2001). All studies reflect the higher levels 

of strain in protein crystals as compared to inorganic ones, which cannot always be correlated 

with the presence of linear, planar or 3-dimensional defects. Such high strain levels were 

attributed to non-uniform impurity incorporation in the crystals which were associated with 

kinetic unsteadiness during crystal growth (Rosenberger et al., 1996; Vekilov et al., 1996b; 
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Vekilov and Rosenberger, 1996c). X-ray topography and fluorescence microscopy have 

supported the interferometric observations (Dobrianov et al., 1998; Caylor et al., 1999a).  

 

The degree of intrinsic perfection and/or disorder caused by defects is mainly judged by 

standard X-ray diffraction studies and measurements of the rocking width of crystal’s reflec-

tions (Helliwell, 1988; Fourme et al., 1999). Conventional X-ray crystallographic data 

provide resolution limits and thermal factors, while X-ray rocking curves permit to quantify 

crystal mosaicity. Imperfect crystals, as biomacromolecular ones, are modeled as a collection 

of subdomains -each individually perfect- which are slightly misaligned. Obtaining higher 

resolution structural data depends critically on crystal mosaicity. Widening of the rocking 

curves or high mosaicity levels represent broader diffraction peaks, thus, lower accuracy in 

the determination of the coordinates, and lower ratio of diffraction peak intensity to noise and 

hence lower resolution (Helliwell et al., 1989; Snell et al., 1995; 1997). Only if the crystal is 

built of large enough mosaics or blocks, the beam can be centred on one of them and the 

diffraction resolution remains unaffected by mosaicity (Guinier, 1998). 

 

One of the most important factors affecting crystal and diffraction quality is solution purity. 

Crystallizing solutions can contain a variety of impurities which strongly adsorb on growing 

crystal surfaces and act as stress centre inducing mosaicity. Among the numerous sources of 

impurities in crystallizing solutions introduced from the buffer salts, precipitants etc., protein 

impurities play an important role. Protein impurities may stem from structurally-related gene-

tic variants, from variants produced by point mutations, post-translational modifications, 

partial denaturation, dimerization etc. and even from structurally unrelated contaminants 

considered as microheterogeneous impurities which may be attached in irregular con-

figurations into the lattice. The higher probability for the next species to be accommodated 

also in a wrong position opens the way to correlated local violations of the short range order 

in biocrystals. Thus, conformational disorder is specific for biomacromolecular crystals. 

Macromolecular impurities have been demonstrated to cause profound effects on biomacro-

molecular crystallization such as reduced or increased solubility (Lorber et al., 1993; Skouri 

et al., 1995), suppressed or enhanced nucleation (Abergel et al., 1991; Thomas et al., 1998), 

changes in growth kinetics (Vekilov et al., 1995; 1996b; 1996c) and rate (Thomas and 

Chernov, 2001), as well as in growth habit and morphology (Provost and Robert, 1995; 

Hirschler and Fontecilla-Camps, 1996; Bhamidi et al., 1999). Light microscopic and 

interferometric studies indicated that impurities inhibit growth step motion leading to 
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macrostep formation (Vekilov et al., 1996c; Plomp et al., 2003). Fluorescence microscopy 

showed the inhomogeneous distribution of protein impurities in different growth sectors of 

lysozyme crystals (Caylor et al., 1999a). Despite the numerous studies listed above, the 

effects of impurity incorporation at molecular level have not yet been demonstrated.  

 

Rotational disorder is another type of defect which is unique for biomacromolecular crystals. 

In inorganic crystals, the selection of crystal lattice members occurs through a “trial and 

error” process which does not apply to proteins as the detachment flux from the kink sites 

approaches zero in protein crystal growth. In this case, the selection may occur stochastically, 

i.e. if a molecule approaches a kink from solution only occasionally possessing an orientation 

perfect to join the lattice. Orientational adjustment upon non-specific weak adsorption may be 

another option for correct lattice attachment. Given the facts that (i) several sets of 

intermolecular contacts of low strength may be realized in protein crystals and (ii) there is no 

correction of misaligned lattice members on the attachment-detachment level, protein crystals 

are prone to incorporate high concentrations of rotationally disordered molecules. In the 

presence of translational order, rotational disorder may fully eliminate X-ray diffraction even 

from optically birefringent and well-faceted crystals (Sazaki et al., 1993). Lattice defects 

enhance the probability of rotational disorder. Rotational disorder may even be much worse 

for crystals grown in the presence of impurities, as orientational selection, i.e. incorporation in 

the proper orientation, is not required for impurities. This enhances the trapping probability 

for impurities relative to that for regular molecules. Higher probability of the wrong 

attachment of impurities may enhance the probability for the protein molecules to be 

accommodated also in a wrong lattice site resulting in short-range disorder in 

biomacromolecular crystals. Rotational disorder was revealed by decoration assisted electron 

microscopy as described in chapter I.2 (Braun et al., 2000). 

 

The quality of biomacromolecular crystals are generally defined by standard crystallographic 

diffraction measurements, which yield diffraction resolution, B or temperature factors and 

mosaicity. The diffraction resolution is a measurement of the maximal spatial resolution 

which can be achieved when resolving the electron density map. This factor provides a poorly 

defined measure of crystal quality and/or disorder as it may be affected by several 

experimental parameters independent of the protein crystal itself, e.g. incident X-ray beam 

characteristics, flux, source size, divergence, etc. The B-factors are dominated by subtle 

molecular displacements, rotations and conformational variations and thus display a 
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measurement for short-range lattice order (Dobrianov et al., 1999). Mosaicity represents a 

more reliable parameter to establish crystal quality comparisons because it is not affected by 

external experimental parameters. Mosaicity can be determined from the width of the X-ray 

rocking curves. “Macroscopic” crystal mosaicity is due to variations in the orientation of crys-

tal domains (mosaics) at a scale comparable to the crystal size, and it is related to the presence 

of crystal defects such as twinning, grain boundaries, sectoriality and cracks. “Microscopic” 

crystal mosaicity is due to orientational variations on a scale much smaller than the crystal 

size. This type of mosaicity is caused by defects causing short-range disorder, for instance, 

point defects, inclusions, dislocations and random accumulation of molecular disorder. 

Microscopic mosaicity affects the B-factors which is a measurement of short-range disorder 

(Dobrianov et al., 1999). Mosaicity of any type can affect diffraction resolution by increasing 

the background noise, σ. 

 

The potential of diffuse scattering as a probe of lattice defects in biomacromolecular crystals 

has been discussed only recently. The diffuse scattering, which is visible as diffuse “halos” 

surrounding Bragg peaks (due to correlated molecular displacements on lengths larger than 

the unit cell dimensions) or/and as intensity modulations extending over many reciprocal 

lattice vectors (corresponding to correlated displacements within the unit cells) can give both 

the magnitude of atomic displacements and the length scales on which these displacements 

are correlated (Wall et al., 1997). In poorly diffracting crystals, the dominant source of diffuse 

scattering is lattice defects, which may produce both static disorder and enhanced thermal 

disorder due to variations of molecular constrains in a disordered lattice. 

 

In summary, the parameters affecting biomacromolecular crystal perfection are indirectly ex-

tracted from measurements by integrating techniques. As a consequence, it is often difficult to 

correlate how particular types of defects affect X-ray diffraction properties. For investigations 

along this line, microscopic techniques may serve as a helpful tool as they allow crystal 

characterization at molecular and even submolecular resolution. Applications of microscopic 

methods in protein crystal growth and to judge crystal perfection are summarised in the next 

section. 
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2. Electron microscopic studies on protein crystallization and quality  

 

Large biological macromolecules, especially large protein complexes and viruses, are well 

within the resolution limit of atomic force microscopy (AFM) and transmission electron 

microscopy (TEM). These methods allow direct visualization and characterization of protein 

crystals at high resolution. Although AFM is meanwhile widely used to retrieve information 

on nucleation (Yau and Vekilov, 2001), growth (Durbin and Carlson, 1992; Land et al., 1995; 

Malkin et al., 1995a, 1995b; Kuznetsov et al., 2000) and imperfections (Malkin et al., 1999; 

Malkin and McPherson, 2002) of biomacromolecular crystals, studies utilizing EM techniques 

are still a minority. A great advantage of AFM is that crystal growth can be imaged in situ in 

the mother liquor. However, molecular resolution was achieved only in few cases. An 

additional limitation is that only objects attached to solid substrates can be imaged by AFM. 

Therefore, the technique is less suitable for the study of prenucleation aggregates while 

dispersed in solution and the very early stages of crystallization.  

 

TEM combined with freeze etching has been successfully applied in our laboratory to reveal 

“snapshots” of crystal surfaces at molecular or even at submolecular resolution of large, 

symmetrical enzyme complexes in their growth medium (Bachmann et al., 1985; 1989; 

Weinkauf and Bachmann, 1992). These methods are capable of providing information on 

translational and rotational parameters of individual protein molecules in the crystal lattice, as 

it was demonstrated for proteasom from T. acidophilum, GTP cyclohydrolase I from E. coli, 

catalase, riboflavin/lumazine synthase complex from B. subtilis and lumazine synthase from 

B. subtilis. Due to its size and symmetry, the latter protein turned out to be a particular good 

choice for electron microscopic investigations and has thus been selected as a model protein 

to address questions on crystallization processes of larger biological macromolecules. 

Therefore, a brief summary of the model system and the actual knowledge on its 

crystallization are given below.  

 

The riboflavin synthase/lumazine synthase complex of B. subtilis (α3β60) is involved in the 

biosynthetic pathway of the vitamin B2, catalyzing the last two steps of riboflavin synthesis 

(Bacher et al., 2000). It has a molecular weight of 106 Da and consists a core of 3 α subunits 

enclosed by a spherical capsid of 60 β subunits -154 amino acids per subunit- arranged in 

icosahedral symmetry (appr. 160 Å diameter; triangulation number T=1) (Bacher et al., 1980; 

Ladenstein et al., 1986). The protein can be described as an assembly of 12 pentons with 12 
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five-fold, 20 three-fold and 30 two-fold symmetry axes. In negative staining, the enzyme 

appears spherical with a diameter of approximately 16 nm in the presence of ligands (Bacher 

et al., 1980).  

 

Hollow, icosahedral capsids consisting of 60 β subunits (lumazine synthase, β60)  can be obtai-

ned either by inhibitor-driven renaturation of isolated β subunits or by expression in B. 

subtilis or E. coli (Fischer and Bacher, personal communication). Both the complex and the 

hollow capsid have been crystallized in three different modifications in the presence of 

sodium potassium phosphate (Na/K phosphate), pH 8.7: a monoclinic, a hexagonal and a 

second hexagonal modification with undetermined space group (Ladenstein et al. 1988a; 

1988b; Schott et al., 1990; Ladenstein, 1994; Ritsert et al., 1995). The space groups and unit 

cell dimensions of the crystals are summarised in Table 1. 

 

Table 1. Crystallographic data of B. subtilis lumazine synthase crystals. 

Morphology 
 

Hexagonal 

Plates & prisms 

Polygonal 
 

Hexagonal prisms 
 

Space group P6322 C2 ? 

Resolution (Å) 3.5 2.4 ? 

Unit cell (Å) 
a=b=156.4 , 

c=298.5, 
α=β=90°, γ=120° 

a=235.9, b=192.6, 
c=168.6, 

α=γ=90°, β = 134.4° 

a=b=156.3, 
c=622.6 

α=β=90°, γ=120° 

 

X-ray and freeze-fracture electron microscopic analyses have revealed that lumazine synthase 

(β60) crystals are isomorphous to those formed by riboflavin synthase/lumazine synthase 

complex (α3 β60) from B. subtilis and their capsids have the same structure (Bacher et al., 

1992; Ritsert et al., 1995). The space filling model is shown in Figure 3. 

 

For the investigation of frozen-hydrated crystals of riboflavin synthase/lumazine synthase and 

lumazine synthase by electron microscopy, crystal surfaces were exposed by freeze-etching in 

high vacuum at low temperatures (approximately –100°C) and were then replicated either by 

evaporation of a high-melting metal, e.g. Pt/C or Ta/W at appr. 30° angle of incidence 

(shadowing) or by evaporation of one or few monolayers of a low melting metal, e.g. Ag or 

Au, at normal incidence (decoration).  
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In general, high resolution shadowing replicas provide information about the surface topo-

graphy of a specimen (Williams and Wyckoff, 1946; Bachmann et al., 1985; Guckenberger, 

1985; Baumeister et al., 1986a). The technique relies on the modulation of the local film 

thickness depending on the angle of incidence of the evaporated material at a specific site of 

the specimen, and it assumes that the metal atoms are immobilized instantaneously upon 

striking their target. In reality, however, the process of thin film formation is more complex 

and includes events such as thermal accommodation and surface diffusion of the evaporated 

material, physicochemical interactions with the target surface, preferential nucleation, cluster 

growth and coalescence (Venables et al., 1984; Venables, 2000). Preferential metal 

nucleation, i.e. decoration, upsets the strict relation of film thickness to the local angles of 

incidence and to the relief of the specimen (a more detailed description of the methodology is 

given in chapter IV.3.2). Thus, to minimize decoration effects, high-melting metals such as 

Pt/C or Ta/W with reduced surface mobility are used as high-resolution shadowing materials. 

 

When shadowing is applied to biomacromolecular crystals, the crystal surface relief and 

consequently, the lateral positions of individual protein molecules as well as any translational 

defects caused by lateral displacements and vacancies can be detected. 

 

Freeze-etching combined with high resolution shadowing was first applied to hexagonal crys-

tals of riboflavin synthase/lumazine synthase from B. subtilis to assist X-ray diffraction 

studies in crystal packing analysis. Shadowed replicas allowed the visualization of the mole-

cular packing in the (001) and (010) crystallographic planes of hexagonal crystals belonging 

to space group P6322. Computer generated models of the molecular packing in these planes 

based on X-ray data are shown in Figure 4.  

Figure 3. Space filling model of B. subtilis lumazine syn-
thase. The subunits in one pentamer are alternately co-
loured green, orange and yellow; 5-fold symmetry is 
indicated by threonine 107 (red), 3-fold symmetry by ly-
sine 29 and phenylalanine 25 (violet), 2-fold symmetry by 
threonine 11 (red). 
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Figure 4. Crystallographic (001) and (010) planes of 
B. subtilis lumazine synthase crystals belonging to 
the space group P6322, computer generated model 
based on crystallographic data (Ladenstein et al., 
1986). Molecular symmetry axes are indicated. Due 
to the crystallographic symmetry, the orientation of 
the molecules alternates along the c-axis.  
 

 

Freeze-etched and shadowed (001) and (010) crystal planes are shown in Figure 5. From the 

observations on freeze-etched and shadowed crystals, it was concluded that crystal growth 

proceeds by two dimensional nucleation (Tack, 1997). Point defects, i.e. vacancies, steps, 

stacking faults and dislocations were also observed (Fig. 6). 

 

 

Figure 5. Hexagonal crystal modification of lumazine synthase; freeze-etched and shadowed with Pt/C 
(45°, 1.3 nm) with corresponding optical diffractograms. (a) hexagonal ab plane (001); (b) orthogonal ac 
plane (001). The crystal surfaces show monomolecular steps, adsorbed molecules and crystal defects (va-
cancies). 
 

Furthermore, freeze-etching combined with shadowing turned out to be especially suitable for 

characterization of aggregates formed during the early stages of crystallization of lumazine 

synthase as it allows the visualization of these structures in their native medium without 

immobilization on a substrate, provided that the pitfalls of cryofixation caused by phase sepa-

ration during freezing are avoided. High resolution shadowing revealed the thin filamentous 

structures of few µm length and thickness close to the resolution limit of the light microscope 
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as quasi-crystals in the shape of elongated ribbons with orthogonally packed molecules (see 

also chapter V.1.2). 

 

  

Figure 6. Crystal defects revealed on the (010) and (001) planes of B. subtilis lumazine synthase. (a) Point 
defects, i.e. vacancies, are indicated by arrows, (b) Planar defects caused by trapping of molecules at posi-
tions deviating from the ideal lattice sites (edge dislocations). The triangles indicate the shadowing direc-
tion. 
 
The information retrieved from shadowed replicas on crystal defects is limited to translational 

distortions of the lattice. Consequently, sources causing rotational disorder can not be iden-

tified by shadowing, however, this issue can be addressed by a different electron microscopic 

technique; namely by decoration. 

 
Decoration relies on the selective interaction of evaporated metal atoms with specific surface 

sites. Cluster formation occurs preferentially at specific structural motifs of the protein sur-

face with higher binding affinity to the condensing metal. On decorated specimens, the final 

distribution of the clusters of the deposited material reflects the binding profile of the 

molecules surface, i.e. surface topochemistry (Anton, 1974; Walzthöny, 1981; Usher, 1987; 

Braun et al., 2002). Since nucleation and cluster formation are stochastic processes, metal 

clusters can also be formed at random on low affinity sites of the protein surface. In order to 

obtain the “mean metal distribution” on the surface of an individual molecule, i.e. “decoration 

pattern”, electron micrographs of decorated 2- or 3-dimensional crystals are subjected to 

correlation averaging. On oligomeric protein complexes with intrinsic symmetry, the 

decoration pattern portrays this symmetry (Weinkauf and Bachmann, 1992). 

 

Figure 7 shows the decoration patterns of silver and gold on (001) planes of hexagonal crys-

tals of B. subtilis lumazine synthase. These metals decorate different surface areas. Silver 

b                a 
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decorates precisely the positions of the three- (S3) and five-fold (S5) molecular symmetry 

axes, i.e. areas where three and five of the subunits are in close proximity and form a 

depression on the surface (Ladenstein et al., 1987; 1988a). These sites are presumably filled 

with buffer under the experimental conditions. Quantitative measurements of the 

accumulation coefficients indicate (Rübenkamm et al., 1995) that the silver maxima at sites of 

five-fold symmetry are about 30% higher than those at the sites of three-fold symmetry 

emphasizing different physico-chemical properties of these two areas (Braun et al., 2002). 

Gold decorates one type of site, referred to Sg, which is located about halfway between the 

three- and five-fold axes with a slight counterclockwise offset between 0.2 and 0.6 nm from 

the direct line between the S3 and S5 when viewed along a three-fold axis from the outside of 

the molecule (Fig. 7d). The gold decoration sites do not correspond to a symmetry area. On 

three- and five-fold symmetry sites, diffuse gold deposits are observed. The molecular 

symmetry portrayed by the decoration patterns of gold and silver allows the determination of 

the molecular orientation with respect to the crystallographic axis with a precision of ≤ 5° 

(Bacher et al., 1992). 

 

  

  

Figure 7. (a) Decoration pattern of silver on the 
surface of  B. subtilis lumazine synthase on a 
(001) crystal plane, (b) with an overlay of a 
computer generated model of the molecule, (c) 
Gold decoration pattern on (001) plane of a lu-
mazine synthase crystal, (d) gold decoration 
pattern with an overlay of a computer gene-
rated model of the molecule. 
 

 

The great potential of the decoration technique was revealed by quantitative studies on the 

number and distribution of clusters in the evaporated films by multivariate statistical analysis 

(Rübenkamm, 1993; Rübenkamm et al., 1995; Braun, 1995). These studies showed that even 

the orientation of individual molecules can be recognized by decoration with high probability 

provided that the decoration pattern of the molecule is known. Based on this fact, decoration 

b 

c d 

a 
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was applied to B. subtilis lumazine synthase crystals to evaluate the rotational order/disorder 

in crystal areas at and in the immediate vicinity of defects, e.g. in unit cells adjacent to 

stacking faults, dislocations, point defects, etc. These studies, which will be shortly 

summarized below, have clearly demonstrated the potential of decoration methods to analyse 

point defects in protein crystals caused by rotational displacements, an information, which has 

not yet been accessible by any other technique.  

 

Steps were observed on shadowed growth surfaces of B. subtilis lumazine synthase crystals. 

The molecules joining the kink sites of steps have a reduced number of neighbouring mole-

cules and consequently a higher probability of assuming a wrong orientation (Chernov and 

Komatsu, 1995). The orientation of the molecules at steps has been tested by decoration on 

(001) crystal planes containing monomolecular steps (Tack, 1997; Braun et al., 2000). After 

subjecting the individual molecules along the monomolecular steps to MSA, it was found that 

the orientation of the molecules at steps do not deviate from that acquired by the remaining 

molecules of the crystal plane (Fig. 8).  

 

   

Figure 8. (a) Silver decorated (010) 
plane of a hexagonal lumazine syn-
thase crystal with several steps. The 
orientation of the individual mole-
cules along the monomolecular step 
indicated by arrows was analysed. 
(b) Averaged image of the surface 
area A including the edge mole-
cules. Note the identical orientation 
of the step and surface molecules. 
 

 

Dislocations/stacking faults are discussed to start at inclusions and at areas where two mis-

oriented domains of different growth sectors meet (Chernov and Komatsu, 1995; Giocavazzo 

et al., 2000). These types of distortions have been observed on biomacromolecular crystals by 

AFM, but their implications on rotational order/disorder have not yet been evaluated. This 

question has been addressed on dislocations and stacking faults observed on decorated (010) 

planes of B. subtilis lumazine synthase crystals. MSA analysis of the orientation of all 

molecules of a crystal plane containing visible relief perturbations (Fig. 9a) have revealed the 

existence of patches of molecules with the wrong orientation in the vicinity of the stacking 

fault, as depicted in Figure 9b. Other areas contained alternating layers of molecules 

ba

A 
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corresponding to the crystal packing. The analysis clearly indicated that relief perturbations 

may be accompanied by rotational disorder. 

 

Vacancies are point defects normally related to the incorporation of misoriented molecules, 

inclusions of crystallization liquor and remnants of charge shell. Such point defects have been 

discussed as a potential source of translational and rotational disorder as they may give rise to 

local structural distortions in neighbouring unit cells. On freeze-etched and decorated crystal 

surfaces of B. subtilis lumazine synthase, molecules surrounding vacancies were subjected to 

MSA. The analysis revealed that molecules neighbouring vacancies possess identical orienta-

tion to the molecules incorporated in undisturbed parts of the crystal. 

 

 

 

Figure 9. (a) (001) plane of a freeze-
etched and silver decorated crystal 
of lumazine synthase. The arrows 
indicate a stacking fault or a disloca-
tion. The crystallographic axes are 
indicated (b) Spatial distribution of 
the molecular orientations as deter-
mined by multivariate statistical 
analysis. The two molecular orien-
tations are indicated by the white 
and black circles. According to the 
crystal packing, the orientation of 
the molecules alternate along the c 
axis. 
 

 

To summarise, electron microscopic techniques have arisen as powerful techniques providing 

valuable information on growth and defect structures of biomacromolecular crystals. TEM 

assisted by shadowing provides information on surface topography of the examined crystal 

planes at molecular resolution. Thus, molecular packing, translational parameters, crystal 

defects and translational distortions of the lattice can be retrieved. Information on molecular 

orientation can be addressed by decoration if the proper image processing of the micrographs 

is performed. MSA analysis of decorated crystals allows the recognition of the orientation of 

individual molecules within the examined crystal plane. Consequently, this technique is 

suitable to investigate rotational disorder caused by defects. This information has not yet been 
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accessible by any other technique. Additionally, EM techniques (cryo-electron microscopy 

and freeze-fracture techniques) have turned out to be especially suitable to visualize the 

aggregates formed during the early crystallization stages in their native stage if the problems 

which may arise during cryofixation are avoided (Tack, 1997; Braun et al., 2000).  

 

3. Effects of microgravity on crystal quality 

 

Since the first successful report on protein crystallization in space in 1984 by the German 

physicist Littke (Littke and John, 1984), approximately 160 protein samples were crystallized 

under microgravity in an attempt to obtain more perfect crystals. Only 20% of the experi-

ments have resulted in more perfect crystals, i.e. they were larger and of better quality than 

their Earth-grown counterparts (DeLucas et al., 1989; 1991; Snell et al., 1995; Pan et al., 

1996; Esposito et al., 1998; Declerq et al., 1999; Borgstahl et al., 2001; Ng et al., 2002; 

Vallaza et al., 2002). In the remaining cases, either crystals of equal (Berisio et al., 2002) or 

of worse quality were obtained (Hilgenfeld et al., 1992; Broutin et al., 1997).  

 

Neither the equilibrium conditions nor the molecular processes can be affected by gravity. If 

there are any differences between crystallization processes under reduced and normal gravity 

conditions, they have to be associated with changes in mass transport processes and related 

alterations in surface processes. How these changes affect crystal quality, diffraction 

resolution and crystal size remains still unclear, and the intriguing results from space experi-

ments do not facilitate their interpretation. The major benefit of microgravity experiments is 

the elimination of density-driven convective flow that accompanies crystal growth in a 

gravitational field. Convection has two detrimental effects on crystal growth. First, it 

transports solute molecules to the surface at a rate which is incommensurate with the time-

constant required to orient a biomacromolecule properly for an ordered crystal. Second, 

because the transport is so rapid, it does not discriminate between the j-mers that 

simultaneously exist in dynamic equilibrium in supersaturated protein solution. In the nearly 

zero gravity environments, on board of a space shuttle or International Space Station, 

diffusion is the only mechanism responsible for the transport of solute molecules to the crystal 

surface. Diffusive transport is driven by concentration gradients which under isothermal 

conditions result from the depletion of solute around growing crystals. The width of this 

depletion zone depends on crystal parameters such as crystal size or kinetic coefficient. 

Consequently the supply of molecules is self-regulated by the growing crystal according to its 
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needs. Computer simulations on crystallization experiments under diffusive regimes have 

revealed the existence of undistorted depletion zones around the growing crystals (Wilcox, 

1983) which have been experimentally supported by optical microscopy and Mach-Zehnder 

interferometry studies during microgravity crystallization experiments (Chayen et al., 1997; 

McPherson et al., 1999; Otálora et al., 2001a; 2001b). Furthermore, terrestrial crystallization 

in diffusive media (gels) has confirmed the existence of the depletion zone (Chernov et al., 

2001).  

 

The depletion zone provides a means to control not only the supply of solute molecules from 

the bulk to the crystal surface, but also the transport of impurity molecules. Computer 

modelling has shown that crystals growing from a stagnant solution contain fewer impurities 

than crystal grown in convective regimes (Lin et al. 1995; 2001). This was supported by im-

provements in crystal quality of crystals grown in diffusive regimes either in contaminated 

media (Carter et al., 1999; Thomas et al., 2000; Chernov et al., 2001; Snell et al., 2001) or in 

media suffering aggregation, for instance, due to protein ageing (Yoon et al., 2001). These 

results suggest that depletion zone may be responsible for crystal quality improvements in 

space as it results in lower impurity incorporation into the crystal lattice leading to less crystal 

disorder. Another positive effect of reduced gravity environments is that sedimentation of 

crystals and newly nucleated crystallites known to cause stress in crystals is hampered 

(McPherson et al., 1995; Malkin et al., 1996a; 1996b).  

 

Having the beneficial effects of microgravity on crystal growth, the low number of 

microgravity-grown crystals of higher structural quality is surprising. This was partly related 

to fluctuations in the gravity level during the space shuttle or International Space Station (ISS) 

missions due to residual orbital accelerations. Optical observations of crystallization experi-

ments on board of a space shuttle during several missions have demonstrated the existence of 

crystal movements (García-Ruiz and Otálora, 1997b; Otálora et al., 1999a; Lorber et al., 

2000; Carotenuto et al., 2001). This has been considered as drawbacks of otherwise 

successful crystallization experiments (Snell et al., 1997). Computer simulation complemen-

ting video and interferometric experimental data from microgravity crystallization 

experiments have suggested a steady residual g value of 10-5g0 on board of a space shuttle and 

on the ISS (Carotenuto et al., 2001; Otálora et al., 2002, Vergara et al., 2002). This value was 

found not to be satisfying as model calculations have suggested that accelerations greater than 

10-6 g perturb macromolecular crystallization (Kundrot et al., 2001). For this reason, the use 
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of gels in microgravity crystallization experiments has been devoted in several missions. Gels 

have been used in terrestrial crystallization aiming to suppress convection flows. The small 

average porous size of the gel structure prevents convective mass flow while allowing 

Brownian movement of the salt ions (García-Ruiz et al., 2001a). While some authors have 

reported benefits of crystallization in gel matrix under microgravity conditions (Lorber et al., 

1999; Otálora et al., 2001a; Lorber and Giegé, 2001), others have observed a detrimental 

effect of the gels on crystal quality (Berisio et al., 2002). 

 

High resolution Michelson interferometry studies assisted by optical microscopy have proved 

that crystal quality can be enhanced by shifting the growth conditions to a more steady state 

(Lin et al., 1995; Vekilov et al., 1995; 1996a; 1998a; 1998b; Vekilov and Alexander, 2000). 

Intrinsic fluctuations in step spacing generated by the coupling of bulk transport rate (linear 

function of the bulk solute concentration) and interfacial processes (whose rates may be non 

linear functions of the interfacial concentration of the participating species) can be dampened 

by shifting the conditions to pure transport or kinetic control. The parameter controlling the 

instability can be expressed as a kinetic Peclet number which is defined as the ratio of the rate 

constant of non linear incorporation kinetics and bulk transport, as shown in equation 4. 

 

D
Pe fk

δβ ⋅=             (4) 
Βf : face kinetic coefficient 
δ: characteristic diffusion length 

(commensurate to the crystal size) 
D:  solute diffusivity 

 

Only those systems under transport controlled growth with Pek>>1 benefit from microgravity 

environments. For these systems, as the recruitment of molecules by the crystal proceeds 

faster than the supply of solute molecules to the crystal-solution interface, the solution at the 

immediate vicinity of the crystal is protein-depleted with respect to the bulk solution. The 

originated solute concentration gradient is responsible of the transport of solute from the bulk 

to the crystal-solution interface, which under gravitational fields is driven by density-driven 

convective flows. In microgravity, the transport of solute molecules is driven by diffusive 

processes, thus, the diffusivity of solute molecules is lowered under these conditions leading 

to a small value of Peclet number, i.e. to a more pure transport controlled growth. In 

kinetically controlled systems, Pek << 0.1, concentration gradients in the solution are not 

created as the attachment of molecules to the crystal proceeds slower than the transport. For 

these systems, a reduction of transport processes implies a lower solute diffusivity, leading 

the Pek to values closer to 1, and, thus, increasing the instability due to the coupling of inter-
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face and transport processes, leading to a more unsteady growth. Intermediate values of Pek 

(0.1 < Pek < 1) correspond to mixed growth control, where fluctuations and step bunching 

occur during crystal growth (Vekilov et al., 1996a). Examples of proteins growing in the 

transport limited region are canavalin and STMV, in the kinetic limited region are lysozyme 

and thaumatin. 

 

To summarise, more perfect crystals can be grown by shifting the condition to pure kinetic or 

transport control in such a way that it results in a more steady growth (Lin et al., 1995; 

Vekilov et al., 1996a). Transport controlled systems are known to benefit from microgravity 

environments as the system is driven to a more steady state, however, for kinetically 

controlled systems, the delay of the transport processes lead to higher amplitudes of the 

intrinsic fluctuations during growth, resulting in step bunching, cracks, etc. However, if 

impurities are present in the crystallizing liquor, crystal quality is enhanced in microgravity 

independently of the process controlling the growth (Vekilov et al., 1995; 1996b; 1998b; 

2000; Vekilov and Rosenberger, 1996c; 1998a; Vekilov, 1999). 
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III. SCOPE OF THE WORK 

 

In the genomic era, biomacromolecular structure determination has arisen as a focus of 

intense investigation due to the need to understand genome structure–function correlations. 

Biomacromolecular structure determination is mostly addressed by X-ray crystallographic 

methods, which requires large, uniform single crystals. Despite the technological impro-

vements in X-ray sources and detectors and the development of faster computers and efficient 

computer programs, growth of biomacromolecular crystals with a high degree of perfection is 

still a barrier in X-ray structure analysis. This situation is mainly caused by the limited know-

ledge on individual processes occurring during crystal growth: aggregation/nucleation, 

growth, creation of defects and cessation of growth. Although there are extensive empirical 

studies and a vast number of observations related to macromolecular crystallization, in par-

ticular, to growth of protein crystals, the physics of the process is still poorly understood and 

quantitative predictions of the correlation between growth conditions and protein crystal per-

fection are impossible. For only few low molecular weight proteins, e.g. insulin (2.5 kDa), 

lysozyme (14.5 kDa), thaumatin (22 kDa), canavalin (147 kDa), the fundamental thermo-

dynamic and kinetic parameters which govern the crystallization process have been estimated 

so far and there is even much more limited number of studies on larger proteins and 

multisubunit protein complexes which are highly complex to crystallize but nevertheless in-

volved in many important cellular functions.  

 

The immediate objective of the present electron microscopic study is to expand the actual 

knowledge how different crystallization processes and conditions contribute to creation of de-

fects in protein crystals. The work utilizes a multisubunit protein as model system amenable 

to both genetic manipulation and detailed visualization by electron microscopic techniques, 

namely the 1 MDa enzyme complex lumazine synthase from Bacillus subtilis. Following 

basic questions are addressed: (1) how do particular kinds of disorder affect the surface mor-

phology? (2) is it possible to establish a correlation between crystallization parameters and 

types of defects? (3) how do mass transport conditions influence the crystal quality charac-

terized by electron microscopic means? (4) what types of disorder are caused by the presence 

of structurally homologous impurities in the crystallization system?  
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IV. METHODS 

 

1. Biochemical methods 

 

1.1. Expression and purification of lumazine synthase 

 

Lumazine synthase from Bacillus subtilis was overexpressed in B. subtilis strain BR151 

[pBL1] harbouring plasmid p602/22 (Haase, 2002). Cells were grown in Luria-Bertani (LB) 

medium (10 g/l casein, 5 g/l yeast extract, 5 g/l NaCl) in the presence of the antibiotics 

erythromycin (15 mg/l) and kanamycin (20 mg/l). An overnight culture grown at 32 °C for 18 

hours under aerobic conditions was used to inoculate a large scale culture. Once the optical 

density (OD) at 600 nm reached 0.6, the culture was induced by addition of IPTG to a final 

concentration of 2 mM and incubated for further 18 hours at 32 °C. The cells were harvested 

by centrifugation (GS3-rotor, Sorvall, 5,000 rpm, 10 min), washed twice with 0.9 % (w/v) 

NaCl and stored at –20 °C. 

 

Frozen cells were suspended in a buffer containing 50 mM potassium phosphate, 0.5 mM 

EDTA, 0.5 M Na2SO3, 0.2 % (w/v) NaN3, 0.01% (v/v) PMSF, 0.7% (w/v) lysozyme and 

0.02% (w/v) DNase, and kept under agitation for 3 hours at 37°. The suspension was chilled 

on ice, lysed by sonication and centrifuged (SS34-rotor, Sorvall,15,000 rpm, 4 °C, 30 

minutes). The supernatant containing the crude cell extract was applied to a Q-sepharose 

anion-exchange chromatography column equilibrated with 20 mM potassium phosphate 

buffer, pH 7.0. The column was eluted with a linear gradient of 50-700 mM potassium 

phosphate. Protein containing fractions were pooled, analysed by SDS-PAGE (chapter IV.1.3) 

and concentrated by ultracentrifugation (70 Ti rotor, Beckmann, 32,000 rpm, 4 °C, 18 h). The 

sample was dialysed overnight at 4 °C against 50 mM potassium phosphate buffer, pH 7.0 

and applied to a Superdex 200 size permeation chromatography column (Pharmacia). The 

column was eluted with 0.1 M potassium phosphate, pH 7.0 and sample purity was examined 

by SDS-PAGE. The samples were combined and concentrated either by ultracentrifugation or 

by ultrafiltration with centrifugal concentrators (Amicons). The concentrated protein solution 

was dialysed overnight at 4 °C against 0.9 M sodium potassium phosphate buffer containing 1 

mM 5-nitro-6-ribitylamino-2,4(1H,3H)-pyrimidindione, pH 8.7. 
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Lumazine synthase from Aquifex aeolicus was overexpressed in E. coli strain XL1 har-

bouring plasmid pNCO-AQ-Lusy (Haase, 2002). Cells were grown in a LB medium con-

taining 170 mg/L ampicillin and incubated at 37 °C under aerobic conditions overnight. The 

cells were harvested, washed with 0.9 % (w/v) NaCl and frozen at –20 °C. Cells were thawed 

and suspended in 50 mM potassium phosphate, 0.5 mM EDTA, 0.5 M Na2SO3, 0.2 % (w/v) 

NaN3, pH 7.0, disrupted by sonication and centrifuged at 15,000 rpm in a SS-34 rotor. The 

isolation of the protein required only one chromatographic step as its thermostability proper-

ties enabled the heating of the sample at 85 °C for 20 min. At this temperature most of the 

proteins from E. coli were denatured and could be separated by centrifugation (15,000 rpm, 

15 min, 4 °C). The supernatant was applied to a Sephadex-400 gel chromatography column 

which was eluted with 0.1 M sodium potassium phosphate buffer, pH 7.0 and the protein 

containing fractions were analysed by SDS-PAGE, pooled and concentrated by 

ultracentrifugation at 32,000 rpm in a Ti70 rotor (Beckmann) for 16 hours. The concentrated 

protein solution was dialysed against 50 mM potassium phosphate, 10 mM EDTA, 10 mM 

Na2SO3, 0.02% NaN3, pH 7.0 overnight and stored at 4 °C. 

 

Escherichia coli lumazine synthase was overexpressed in E. coli by the XL1-pNCO-EC-lusy 

system (Haase, 2002). The cells were grown in LB medium with 170 mg/L ampicillin and 

incubated overnight at 37 °C. The cells were harvested, washed with 0.9 % (w/v) NaCl and 

frozen at -20 °C. The cells were suspended in 50 mM potassium phosphate, 0.5 mM EDTA, 

0.5 M Na2SO3, 0.2 % (w/v) NaN3, pH 7.0, and lysed by sonication. The suspension was cen-

trifuged and the supernatant was applied to a DEAE anion-exchange chromatography column. 

The column was eluted with a linear gradient of 50-500 mM potassium phosphate, pH 7.0. 

The purity of protein containing fractions was examined by SDS-PAGE, they were pooled 

and concentrated before being applied to a Sephadex-400 gel chromatography column. 

Protein containing fractions were concentrated. Sample homogeneity was checked by SDS-

PAGE. The sample was dialysed against 20 mM potassium phosphate buffer, 280 mM 

potassium chloride, pH 7.2. 

 

Lumazine synthase from Spinacea oleracea was overexpressed in E. coli strain XL1 har-

bouring plasmid pNCO113-Spinach-Lusy. The recombinant E. coli strains were grown and 

isolated following the same procedure as described for E. coli lumazine synthase. After the 

final purification step, the fractions containing protein were examined by SDS-PAGE, com-

bined, concentrated and dialysed overnight against 20 mM potassium phosphate, 250 mM po-
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tassium chloride, 1 mM 5-nitro-6-ribitylamino-2,4 (1H,3H) pyrimidindion, 0.06% NaN3 pH 

7.2. 

 

1.2. Determination of protein concentration 

 

The protein concentration was quantified either by UV absorption or by Bradford assay.  

 

UV-absorption: This method is based on the absorption of light at 230-300 nm by the aroma-

tic side chains. The percentage of aromatic amino acids residues and in turn the extinction 

coefficient varies for each protein. If the extinction coefficient of a protein is known, its 

concentration can be estimated quite accurately according to the following equation: 

 

cbAbs ⋅⋅= ε          (5) ε: extinction coefficient 
b: pathlength 
c: concentration 

 

The relatively high sensitivity and low detection limit of this method permit to detect con-

centrations as low as 0.5 mg/ml. For lumazine synthases, UV-absorption was only used if the 

protein was stored in an inhibitor-free buffer, as the presence of inhibitor interfered with the 

measurement. The extinction coefficient of B. subtilis lumazine synthase is 0.8 cm-1.mg-1.ml 

(Bacher et al., 1980; Bacher and Ludwig, 1982). 

 

Colorimetric method (Bradford assay): The Bradford assay is based on the colour change of 

the dye Coomasie Brillant Blue G-250 upon binding to a protein (Bradford, 1976). The ex-

tinction coefficient at 595 nm is constant over a range of protein concentration from 0.1 to 

approximately 1 mg/ml. The assays were performed using the Bio-Rad Protein Assay (Bio-

Rad, München). The commercially available stock solution was diluted to a concentration 

between 100 and 500 µg/ml. 20 µl of diluted protein sample were mixed with 1 ml of the 

assay reagent and incubated for 5 to10 minutes at room temperature. Adsorption at 595 nm 

was determined in an Ultrospec 1,000 spectrophotometer (Amersham Biotech, Freiburg), and 

the protein concentration was calculated using a standard calibration curve of bovine serum 

albumin (BSA) in the range of 50 to 600 µg/ml. 
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1.3. Gel-electrophoresis 

 

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis, known as SDS-PAGE, is 

the most widely used denaturating electrophoretic technique to obtain mass and purity esti-

mates of protein samples (Laemmli, 1970). For the estimation of the purity of lumazine 

synthase, SDS page was used with the following reagents: 

 

Acrylamide stock solution:   30% acrylamide 29:1; T=26.5%, C=3.5% (BioRad) 

Separating gel buffer:   1.5 M Tris-HCl, pH 8.8 

Stacking gel buffer:   0.5 M Tris-HCl, pH 6.8 

Electrophoresis buffer:  25 mM Tris-HCl, pH 8.3, 192 mM glycine, 0.1 % SDS 

Sample buffer:   0.25 M Tris-HCl, pH 6.8, 2 % SDS, 20 % (v/v) glycerol,  

    2 mM DDT, 0.25 % brome phenol blue 

Separating gel (16% Acrylamide): 5.3 ml acrylamide (30% v/v, BioRad) 

2.5 ml separating buffer (1.5 M Tris-HCl, pH 8.8) 

2.0 ml deionised water 

100 µl SDS-solution (10% (w/v)) 

50 µl ammonium persulphate solution (10% (w/v)) 

(Sigma) 

5 µl TEMED (Fluka) 

 

Stacking gel ( 4% Acrylamide): 670 µl acrylamide (BioRad, München) 

3 ml deionised water  

1.25 ml stacking buffer (0.5 M Tris/HCl, pH 6.8) 

25 µl ammonium persulphate solution (10% (w/v) 

sigma) 

5 µl TEMED (Fluka) 

 

The gels were cast between the glass plates of a BioRad Miniprotean II electrophoresis unit.  

5 µl of sample buffer were added to 20 µl of the protein sample and the mixture was heated 

for 3 min at 100 °C to denature the protein. The Dalton marker VII-L (Sigma) and the dena-

tured protein solutions were loaded in the wells of the stacking gel, and a current of 20 mA 

per gel was applied for 45-60 min. Once the migration of species was finished, the gels were 

stained with 0.1 % (w/v) Coomasie Brillant Blue in 30% (v/v) methanol and 10% (v/v) acetic 
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acid for 20 min. Dye rests were removed from the gels overnight with a destain solution 

containing 30 % (v/v) methanol and 50% (v/v) acetic acid.  

 

2. Crystallization Methods 

 

All crystallization methods provide a means to exposure the samples to supersaturated state 

either by gradual evaporation of solvent, by gradual desolvation of sample by polyalcohols or 

salts or by reduction of protein solubility through variation of temperature or pH. Protein 

crystals can be grown by different crystallization methods (McPherson, 1982). The choice of 

the method depends basically on the amount of protein available and on the requirements of 

the techniques for the assessment of crystal quality. While large single crystals are used for X-

ray diffraction studies, large number of small crystals is desired for EM techniques. The 

results obtained by different methods can be completely different, even when same crystalli-

zation conditions are used and the techniques are based on the same equilibration principle, 

for instance, sitting and hanging drop techniques. Differences in the apparatus used for 

different methods force the system to follow different pathways to reach the supersaturated 

state and to evolve to equilibrium. 

 

2.1. Batch crystallization 

 

The principle of the technique is that the precipitant solution is instantaneously added to a 

protein solution until the system reaches the desired supersaturation at which crystals will 

grow (Fig. 10).  

 

 

Figure 10. Three different situations 
can occur in a batch experiment upon 
addition of a precipitating agent to a 
protein solution: (A) the system is 
undersaturated, no crystals will form, 
(C) very high supersaturation con-
ditions, amorphous precipitate will 
form, (B) the system reaches conditions 
to form nuclei and to grow crystals. At 
the conditions corresponding to the 
situation B, the system evolves to the 
equilibrium by creating a second phase 
(solid phase), decreasing the protein 
concentration in solution. 
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The method is preferable when large amounts of protein are available, if small volumes of 

crystallizing solutions are used and evaporation is to be avoided, and if processing techniques 

which require large quantities of crystals, such as EM, are to be applied. Reduction of the 

container volumes (microbatches, 250 µl), the use of oil immersions and Linbro plates with 

microbridges permit crystallization of volumes of 5 to 20 µl protein. Automated systems for 

microbatch crystallization have been designed (Chayen et al., 1992). 

 

Lumazine synthase from B. subtilis, A. aeolicus, E. coli and S. oleoracea were crystallized for 

EM purposes by batch method; final crystallization conditions are summarized in Table 2. 

Batch crystallization in Linbro plates and microbridges (Hampton Research, USA) was 

carried out to determine the crystallization diagram of B. subtilis lumazine synthase. Protein 

and precipitant solutions (20-40 µl) were pipetted onto a microbridge which was placed above 

a reservoir solution with 10 to 20 times larger volume than the volume in the drop. The condi-

tions in the reservoir and drop were kept identical. Each well was individually sealed with a 

cover slide. The method offered the possibility of screening large number of crystallization 

conditions using small volumes of protein sample. 

 

Table 2. Final conditions used for crystallization of lumazine synthases from different organisms by the 
batch method. The volumes of the crystallization samples ranged from 750 µl to 1ml. 
 

Lumazine synthase 
from : 

Protein concentration 
(mg/ml) 

Precipitating agent 
 

B. subtilis 3-6 1.3 -1.6 M Na/K phosphate, pH 8.7 

A. aeolicus 2-5 2% (v/v) PEG 400, 0.05 M HEPES, 
0.3 M MgSO4, pH 7.5 

E. coli 8-10 5% (w/v) PEG 6000, 0.05 M MgCl2,  
0.05 M Tris-HCl, pH 8.5 

S. oleracea 7.5-15 17 % (w/v) PEG 1500, 0.1M Tris-HCl,  
5% (v/v) PEG 400, pH 7.6 

 

2.2. Crystallization in “slow mixing batch” mode 

 

A variant of the batch method is the slow mixing batch crystallization. The difference to the 

conventional batch method is that homogenization of the system is delayed and that nuclea-

tion does not occur before homogenization, i.e. crystallization is not induced by creation of 

local high supersaturations as it can occur in batch experiments. This kind of behaviour is 

supported in Free-Interface-Diffusion (FID) reactors of the Advanced Protein Crystallization 
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Facility (APCF) which were used for crystallization under reduced gravity conditions and for 

parallel experiments on Earth (see chapter IV.5.1). 

 

2.3. Vapour diffusion 

 

The method relies on the slow equilibration between a small volume of concentrated protein 

solution (5-25 µl) volume and a bulk reservoir solution through the vapour phase. Due to the 

fact that the volume of the reservoir is much larger (100-200 times), the final conditions in the 

droplet upon equilibrium correspond to the ones in the reservoir. In the case of salts or non 

volatile organic precipitants, the concentration of precipitant in the drop must be lower than in 

the reservoir. During equilibrium, water is distilled out from the drop through the vapour 

phase into the reservoir. Figure 11 represents schematically the pathway of conditions in a 

vapour diffusion crystallization experiment. 

 

 

Figure 11. “Phase” diagram for a 
vapour diffusion crystallization 
experiment. Initially, the system is 
undersaturated at Cp mg/ml protein 
and C for the precipitant (A), water 
is distilled from the drop during the 
equilibration period till the reservoir 
conditions are reached (B). At this 
point the system presents super-
saturation high enough to drive the 
system to the equilibrium by creation 
of a new phase. 

 
Vapour diffusion is performed in “hanging drop” and “sitting drop” techniques. In the han-

ging drop technique, a small volume of sample solution usually mixed 1:1 with precipitant 

solution is placed onto a glass microscope slide which is then placed upside down (hanging 

drop) over a bulk crystallization solution. In sitting drop technique, a drop of a sample is 

placed in a depression on a plate which is then placed in the vapour phase of the precipitant 

solution. Both methods require only very small amounts of protein and are thus useful for 

screening a large number of crystallization conditions. In this work vapour diffusion/sitting 

drop technique was applied to grow large single crystals of the proteins under study to be 

evaluated by X-ray diffraction methods and scanning electron microscopy.  
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2.4. Crystallization by dialysis 

 

In dialysis or microdialysis techniques, the bulk precipitant solution and the concentrated 

protein solution are separated by a semipermeable membrane. As the precipitant diffuses into 

the protein volume, the properties of the protein solution are altered towards the 

crystallization conditions. Equilibration through dialysis is a relatively slow process. 

However, it offers the advantage that the protein solution is exposed to a continuum of 

conditions leading to crystal formation. The nearer is the system to equilibrium, the more 

slowly it changes. High local supersaturations are avoided. 

 

2.5. Counter-diffusion technique 

 

In this technique supersaturation conditions are created in the system by the diffusion of pro-

tein and precipitant solutions, initially separated, in opposite directions. The task is to have a 

supersaturation wave moving along the protein chamber, which creates different 

supersaturation states at different moments and at different positions of the protein chamber. 

This requires having (i) precipitants which diffuse much faster than the protein solution, (ii) 

high supersaturations, and (iii) long protein chambers. The first requisite is completely 

fulfilled in protein crystallization because biomacromolecules possess diffusion coefficients 

which are several orders lower than the diffusion coefficients of small molecules. High 

supersaturations and long protein chambers are required to ensure that nucleation will take 

place in different parts of the chamber at different moments, ensuring a screening of different 

crystallization conditions within the same system. The system evolves from very high 

supersaturation conditions, which yield amorphous precipitate, to decreasing supersaturation 

states until well ordered crystals form (García Ruiz and Otálora, 1998b; García-Ruiz et al., 

1998a; 2001b). There are three variants of the counter-diffusion technique: (i) crystallization 

in gels, (ii) Gel Acupuncture MEthod (GAME) in a commercially available Granada 

Crystallization Box (GCB) and (iii) eXtended Length (FID-XL) reactors of the APCF. Selec-

tion of the technique/facility depends on the scenarios in which crystallization is carried out 

and on the size of the crystals required. 

 

In this work, counter-diffusion technique was applied to crystallize lumazine synthase from B. 

subtilis under reduced gravity conditions and for parallel Earth experiments utilizing CGB 

and FID-XL reactors (see chapter V.2.1). 
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Figure 12.Precipitating agent diffuses into 
the protein chamber, creating different 
degrees of supersaturation in the protein 
chamber, yielding from amorphous 
precipitate (conditions A) to well ordered 
crystals (conditions D). The nearer the 
crystallization conditions from the solubility 
curve, the slower the system evolve to 
equilibrium, and the better ordered are the 
formed structures. 

 

2.6. Crystallization facilities 

 

2.6.1. Advanced Protein Crystallization Facility (APCF) 
 

The Advanced Protein Crystallization Facility (APCF), developed by the German company 

Astrium/Dornier under the European Space Agency’s contract (ESA), is a multi-user crystal-

lization facility for growing protein crystals at controlled temperature under microgravity 

conditions during a space mission. Its design enables 48 independent crystallization experi-

ments based on crystallization techniques routinely used on the laboratories on Earth. APCF 

consists of three major components: (i) process chamber with crystallization experiments, (ii) 

electronic unit (iii) tape recorder for data storage. 

 

The process chamber is a sealed containment which accommodates 48 modular protein 

chambers or reactors on four mechanical drives, video recording and a Mach-Zehnder Inter-

ferometer (MZI). Activation of the APCF results in successive activation of the reactors. Ten 

of these reactors are observed by a movable high resolution video camera. Mach-Zehnder 

interferograms are obtained from 5 of the reactors, allowing spatial and time resolved 

measurements of refraction index changes within the protein volume of the APCF reactors 

during crystal growth. Video images and interferograms are digitized by the data acquisition 

electronics and recorded on tape together with the facility’s housekeeping data. APCF can be 

operated at any fixed temperature between 4 and 20 °C. There is no independent temperature 

control for the individual reactors so that all reactors are kept at the temperature of the facility 

(Bosch et al., 1992; Lautenschlager et al., 1999).  
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Three different types of APCF reactors were designed to apply the three most common crysta-

llization techniques: (i) hanging drop reactor (HD), (ii) dialysis reactor (DIA) and (iii) free 

interface diffusion reactor (FID). 

 

In a free interface diffusion reactor, protein, precipitant and buffer solutions are separated in 

their respective volumes. Once the reactors are activated, the volumes enter in contact and the 

species start to diffuse in opposite directions. As the precipitant diffusion coefficient is much 

smaller than that of the protein, the precipitating agent will invade the protein volume 

increasing the supersaturation until the crystallization process begins. Under microgravity 

conditions, the system presents slow mixing batch behaviour (García-Ruiz and Otálora, 

1997a). Three different types of FID reactors were used for the crystallization of lumazine 

synthase from B. subtilis under microgravity conditions during the STS-105 mission.  

 

(i) APCF-FID-470 reactor (slow mixing batch): The APCF-FID-470 reactor consists of 

a glass block (quartz) as reactor housing, and three independent volumes: protein chamber, 

precipitant chamber and a chamber connecting them (plug) (Fig 13). The plug can be filled 

either with buffer or with precipitating agent. The characteristic dimensions of this reactor are 

summarised in Table 3. 

 

Table 3. Dimensions of the FID-470 reactors 
 

 Protein 
Chamber 

Lateral 
channel Plug Salt 

Chamber 
Volume (µl) 470 42 235 598 

Cross section (mm) 6.2×9.4 3 5 5 to 8 

Diameter (mm) 

Height (mm) 

6.5(+4 narrow)  

6 

 

12 

 

15 

 

The reactor is activated by 90° rotation of the plug. Upon activation, the chambers are no 

longer independent, and the diffusion of the precipitant in the protein chamber starts, there-

fore increasing the supersaturation in the protein chamber. After completion of the expe-

riment, the plug is again rotated by 90° in opposite direction and the volumes are separated 

again (deactivation).  
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Figure 13. Front (a) and side (b) view of a FID (one block) reactor. In the deactivated state (a) protein, salt 
and plug chambers are not connected. A 90° rotation of the plug (b) allows the diffusion and homogeniza-
tion of the initially separated solutions. 

 

(ii) APCF-FID-Ortho reactor (slow mixing batch): This reactor has a protein chamber 

of 180 µl and it is equipped with mirrors allowing the observation of the protein volume from 

two orthogonal directions. FID-Ortho reactor was designed to analyse three dimensional crys-

tal movements of experiments carried out under microgravity (Otálora et al., 2000). Three 

dimensional movement reconstructions require at least two images from different angles, 

which are allowed by orthogonal mirror system. The characteristic dimensions are sum-

marised in Table 4. 

 

Table 4. Characteristic dimensions of a FID-Ortho reactor. 
 

 Protein 
chamber 

Lateral 
channel Plug Salt 

Chamber 
Volume (µl) 180 42 235 295 

Cross section (mm) 4×4    

Diameter (mm) 

Height (mm) 

 

11 

3 

6 

5 

12 

5 

15 

 

(iii) APCF-FID extended length (FID-XL) reactor (counter-diffusion mode): The FID-

XL reactor possesses longer protein and salt chambers in comparison to the FID-470 reactor, 

as shown in Figure 14.  
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Figure 14. Extended length FID reactor 
(FID-XL). 

 

The extended length of both chambers allows a supersaturation wave to move spatially and 

temporally along the protein chamber resulting in crystals of different quality. In those parts 

of the protein chamber which are close to the salt chamber, very high supersaturations occur. 

The far away the supersaturation way moves along the protein chamber, crystallization occurs 

at lower supersaturation yielding better quality crystals. These reactors were designed to carry 

out counter-diffusion experiments under microgravity (García-Ruiz et al., 2001b). The dimen-

sions of an FID-XL reactor are listed in Table 5. 

 
Table 5. Dimensions of an extended length reactor 
 

 Protein 
chamber 

Lateral 
channel Plug Salt 

Chamber 
Volume (µl) 1280 42 235 2860 

Cross section (mm) 4×4   5 to 7 

Diameter (mm) 

Height (mm) 

6.5 (+ 4 narrow) 

71 

 

6 

 

12 

 

60.5 

 

2.6.2. Granada Crystallization Facility (CGF) 
 

This facility consists of a temperature controlled box in which 23 reactors (138 experiments) 

can be accommodated. The CGF is a passive facility, i.e. it only needs to be installed in a 

stable environment on the ISS. The reactors, Granada Crystallization Boxes (GCB), consist 

of a polystyrene box in which up to six glass capillaries containing protein solution can be in-

serted (García-Ruiz, 2002), as shown in Figures 15b and 15c.  

 
The bottom of the GCB is poured with a layer of gel on which the capillaries filled with 

protein are punched. Agarose (1% w/v) dissolved in protein buffer is normally used to prepare 

the gel. The precipitant solution is added onto the gel layer. The precipitating agent starts to 

diffuse through the gel pores before the launch of the orbital vehicle and during the flight. The 
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insertion depth is adjusted such that the precipitant reaches the capillary when the GCB is 

already orbiting the Earth. 

 

  

Figure 15. (a) View of a GCB ( 10 cm x 3.5 cm x 0.6 cm), (b) Schematic representation of a GCB. 

 

Lumazine synthase was crystallized in the frame of the French-Russian Mission Andromeda 

in the GCF. Capillaries containing protein solution (10-20 mg/ml) were punched in a 1% 

(w/v) agarose with 0.9 M Na/K phosphate, pH 8.7, which was set in a GCB. Afterwards pre-

cipitant (2.25 M Na/K phosphate, pH 8.7) was loaded onto the gel and the system was closed. 

Capillaries of different inner diameters (0.4-1.0 mm) were used.  

 

3. Microscopic methods 

 

3.1. Optical microscopy 

 

In this study, light microscopy was used to characterize crystal morphology, growth and 

defect structures. Crystallization experiments in Linbro plates and APCF reactors were 

observed with a stereomicroscope from the company Wild in bright field mode. Images were 

acquired either with a Wild MPS 51 camera and recorded on a video tape or photo 

documented with an Olympus camera on Agfapan APX 400 films. Micrographs were taken at 

magnifications of 1.6, 4.5, 6.5 and 12.5. More detailed observations were done with a Zeiss 

Axioscope. Image acquisition was done in the same way as for the Wild microscope with 20 × 

and 40 × objective at magnifications of 50.4 × and 104 × in either differential interference 

contrast or phase contrast mode. 

 

3.2. Transmission electron microscopy (TEM) 

 

Biological samples cannot be examined directly in an electron microscope due to their hyd-

rated state, intrinsic low contrast and high sensitivity to beam damage. Thus, it is necessary to 

    a b       

Buffered           
Gel               
Buffered           
Gel               

Precipitant

Protein       
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apply preparation methods to obtain specimens suitable for electron microscopic examination. 

The task of these methods is to prepare specimens without modifying the original structure, 

providing enough contrast in the microscope and preserving them from beam damage. 

 

3.2.1. Negative staining 
 

The principle of the technique is to embed biological samples within an electron dense 

material, i.e. salts containing heavy metal atoms, which provide high contrast and good 

preservation of the sample. The stain solution surrounds adsorbed molecules and may also 

diffuse into the specimen pores. Selective scattering of the electron beam between the adsor-

bed biological specimen and the salt solution leads to the formation of high contrast images in 

the microscope revealing the external outlines and aqueous cavities within the biological par-

ticles (Bremer et al., 1992). 

 

In this work, negative staining was applied to control the homogeneity of lumazine synthase 

samples after purification and prior to crystallization. 4-6 µl of protein solution (1-3 mg/ml) in 

a suitable low-salt buffer were adsorbed for 90 sec onto carbon coated 400 mesh copper grids 

rendered hydrophilic by glow discharge. Upon adsorption, the excess protein solution was 

blotted off with a filter paper. The grids were washed briefly with distilled water and stained 

with 1 % (v/v) uranyl acetate for 90 sec. 

 

3.2.2. Cryofixation  
 

Cryofixation offers in general the possibility to obtain information on hydrated biological 

structures without being chemically treated. The goal of cryofixation is to freeze the hydrated 

samples at high cooling rates to hinder a reorganization of the components of the sample 

during the cooling process. Freezing hydrated specimens in bulk is accompanied by segre-

gation phenomena. Differences in the thermal coefficients of the components of a sample lead 

to the formation of pure ice crystals and concentration of the remaining constituents in the 

intercrystalline regions (Plattner and Bachmann, 1982). The cooling rates achieved during the 

freezing process control this phase separation, limiting the size of the ice crystals formed and 

therefore reducing the changes in the intercrystalline zones. Formation of ice crystals can be 

neglected for cryofixation of thin specimens if cooling rates of approximately 106 K/s are 

reached as water solidifies in vitreous state at these cooling rates (Dubochet et al., 1988). 
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Protein crystals are grown in solutions containing high salt (precipitant) concentrations. When 

such a crystal suspension is frozen at a fast cooling rate, only small regions of pure ice are 

formed. As a consequence, only small continuous areas of crystal surfaces that are in contact 

with the pure ice can be uncovered by deep-etching, while other areas remain buried under the 

non-volatile buffer. However, if crystal suspensions are frozen at relatively slow cooling rates 

(102 K/s), micrometer-sized domains of pure ice are formed due to quasi-eutectic separation 

enabling the visualization and replication of large crystal surface areas which lie under the ice. 

Freezing in liquid nitrogen provides cooling rates not higher that 102 K/s and permits the for-

mation of large ice crystals. 

 

For freeze-etching, the crystal suspensions were concentrated and freed from the mother 

liquor by gentle centrifugation. The crystals were washed either with the crystallization buffer 

or with a buffer containing slightly higher precipitant concentration than the one used for 

crystallization to remove the uncrystallized monomers from the solution without dissolving 

the crystals. Concentrated crystal suspensions (approximately 3 µl) were transferred onto gold 

specimen supports (Balzers, ∅=3 mm) and frozen in liquid nitrogen.  

 

3.2.3. Freeze-etching and replication 
 

Freeze-fracture and freeze-etching replication techniques involve the production of a vacuum-

deposited replica from a fracture plane of a frozen specimen. The scheme of the process is 

shown in Figure 16. In general, the frozen specimen is transferred onto a cold-stage in a 

freeze-etching apparatus kept under high vacuum. The sample is then fractured by a 

microtome to reveal surface structures of the frozen specimen. In the case of protein crystals, 

ice crystals formed during cryofixation cover protein crystal surfaces impeding their 

visualization. However, these crystal planes can be exposed by controlled sublimation of se-

veral µm of ice under vacuum (“etching”). Crystal planes uncovered by fracturing (fracture 

planes) are usually damaged and are not subjected to further analysis. The fractured and 

etched crystal surfaces are replicated by evaporation of metals and by deposition of a carbon 

support film (Niedermayer, 1977, Bethge and Heydenreich, 1982). Heavy metal shadowing, 

i.e. evaporation of a high melting metal at an oblique angle of incidence is applied to display 

the three dimensional surface topography of the crystal surfaces. High resolution decoration, 

i.e. surface replication by evaporation of low melting metals at normal incidence, reflects the 

topology of crystal surfaces. 
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Figure 16. Scheme of freeze-etching and replication process. 

 

For freeze-etching, frozen crystal suspensions were transferred into a BAT 400 T freeze-

etching unit (Balzers) kept under high vacuum (p<10-5 Torr) and at low temperatures (-100 

°C). The specimens were then fractured using a microtome at liquid nitrogen temperature 

(196 °C) and deep-etched for 2 to 3 minutes (sublimation of approximately 200-300 nm thick 

ice layer). Depending on the experiment, the specimen temperature was lowered to –110 °C 

and the surfaces were replicated either by shadowing with Pt/C or by decoration with Au or 

Ag and by subsequent evaporation of 5-6 nm thick carbon support film at normal incidence. 

The replicas were then stripped from their substrates in distilled water, mounted on 400 mesh 

copper grids (BAL-TEC) and dried before examination in the transmission electron 

microscope. 

 

In shadowing experiments, replicas were obtained by evaporation of a 1.5 to 2 nm thick Pt/C 

film from an electron beam evaporator (EVM052 with evaporation head EK552, Balzers). 

The evaporation source was set to an angle of incidence of approximately 45 ° with respect to 

the specimen plane. Afterwards, a 4 to 6 nm thick carbon support film was evaporated on the 

sample at normal incidence. The film thickness was monitored by a quartz crystal oscillator, 

QSG 011 (Balzers) and controlled by the microtome used as shutter. The changes in the 

frequency of the oscillatory quartz monitor (∆f) can be related to the film thickness (∆d) by 

the equation 6 if the evaporator is set at normal incidence to the sample plane to be replicated. 

If the evaporator is set at any other angle different than normal incidence with respect to the 
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surface, the geometry of the system must be considered to calculate the film thickness. The 

error in the measurement of the film thickness by the oscillatory quartz monitor was estimated 

to be ± 5% (Weinkauf, 1989). 

 

dkf .=∆        (6) 
 ∆f: frequency changes of the quartz crystal (Hz) 
 k :density dependent material constant (Hz/ Å) 
kAg=5, kAu=9, kAu/Pd=8 

 d: film thickness (Å) 
 

For decoration replication, low melting metals such as Ag, Au Au/Pd (80/20) were 

evaporated from a tungsten wire at normal incidence to the sample plane via resistance 

heating. To ensure an “optimal” mobility of the adatoms, the substrate temperature was 

lowered to -115 °C immediately after etching. The thickness of the metal deposits varied 

between 1 to 5 Å corresponding to 0.5 to 2 atomic monolayers to obtain the maximum num-

ber of clusters with the minimum of coalescence which leads to continuous film formation. 

The film thickness and the evaporation rate (0.1-0.4 Å/s) were controlled by the quartz crystal 

oscillator.  

 

Evaporated thin metal films are prone to alterations and changes in the film structure may 

arise between the metal deposition and the TEM observation (Jaeger et al., 1969; Gutmann 

and Hayek, 1980). Protective coatings with platinum, gold, platinum/carbon and 

tantalum/tungsten were successfully applied to prevent these alterations (Bachmann, 1962). In 

this work, to reduce cluster diffusion and coalescence on silver-decorated replicas, a 3-4 Å 

thin film of Ta/W was deposited onto the silver layer prior to carbon backing. In the case of 

gold or gold/palladium decoration, deposition of a carbon layer is sufficient to reduce cluster 

migration.  

 

3.2.4. Cryo-electron microscopy 
 

Cryo-electron microscopy permits direct visualization of biological specimens in their physio-

logical environment without chemical treatment.  In this technique, a small volume of the 

sample adsorbed on a holey carbon film is frozen by plunging into liquid ethane (or propane) 

at -182 °C. The resulting high cooling rates (106K/s) allow solidification of water in vitreous 

state without ice crystal formation. A free-standing thin layer of vitrified sample solution 

(approx. 50-100 nm) spans the holes in the carbon film (Dubochet et al., 1988; Unger, 2001). 

Examination of cryo-specimens in a transmission electron microscope requires the use of a 
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special specimen holder which permits to keep the specimen at temperatures below the devi-

trification temperature (approx. 130 K) and the use of very low electron dose to reduce beam 

damage (Dubochet et al., 1982). Cryo-electron microscopy images show very poor contrast, 

as the contrast arises from the very small density difference between the vitrified water and 

the biological specimen.  

 

In this work, cryo-electron microscopy has been applied to visualize structures of protein 

aggregates formed in early stages of and during crystallization while they were dispersed in 

supersaturated protein solutions. The samples were adsorbed on holey carbon films 

(Quantifoil) and cryofixed by jet freezing, i.e. by shooting very fast into liquid ethane. The 

samples were transferred onto a cryo-holder (GATAN) which permitted to keep the specimen 

at temperatures of 93 K. 

 

3.2.5. Equipment 
 

Electron micrographs of shadowed and/or decorated crystal planes were taken with a Jeol 100 

CX transmission electron microscope operating at an accelerating voltage of 100 kV. Images 

were acquired at magnifications of 33,000 and 50,000 on Agfa Scientia and Imago 23 plan 

films which were developed for 4 minutes in EUKOBROM Tetenal developer. The micros-

cope magnification was calibrated using catalase crystals (Plano, W.Plannet GmbH) with 

lattice values of 8.75 and 6.85 nm and line gratings.  

 

Cryo-electron microscopy was performed with a Jeol 2010 equipped with a LaB6 filament and 

operating at 120 KV. Images were recorded at a magnification of 62.500 at the screen level 

and 50,000 at the negative level either using a slow scan CCD camera (TVIPS GmbH) or on 

Kodak SO 163 negatives, which were developed at room temperature for 12 minutes in full-

strength D19 developer (KODAK). 

 

3.3. Scanning electron microscopy (SEM) 

 

The weak forces holding the protein molecules in protein crystals and their high water content 

- nearly 50 to 80 % of the total volume of the crystal is constituted by bulk water- are respon-

sible for their instability under anhydrous environments. Therefore observation of protein 

crystals under SEM is only possible after chemical fixation and controlled dehydration which 
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will prevent them from degradation by beam heating or radiation damage and uncontrolled 

dehydration in high vacuum.  

 

During this work, protein crystals were chemically fixed in a 5 % (v/v) glutaraldehyde solu-

tion in crystallization buffer at 4 °C for approximately 12 hours. The crystals were then 

treated with buffers of decreasing phosphate concentration (1.7-0.1 M). The crystals were 

washed twice with water to remove the remaining phosphate and treated with an increasing 

gradient of ethanol mixtures (50-100% (v/v) EtOH) to speed up the drying process. The crys-

tal suspensions were loaded on a glass cover slide and dried at atmospheric pressure and room 

temperature for 2 to 3 hours. For avoiding charging effects on the specimen surface, a gold 

film of appr. 10 nm was sputtered onto the dry specimens in a SCD 005 sputter coater 

(Balzers). The specimens were examined in a Jeol SM 5900 scanning electron microscope in 

secondary electron imaging mode.  

 

4. Image Analysis 

 

4.1. Optical diffraction 

 

Optical diffraction is used to assess the image quality and to select the micrographs to be 

processed (Misell, 1978; Horne, 1978). The optical diffractograms enable the examination of 

the contrast transfer function (CTF), specifically the determination of the 1st transfer gap in 

the CTF which indicates the level of detailed retained in the micrograph. Defocus, 

astigmatism or drift can be detected by the shape of the contrast transfer rings (Fig. 17), for 

instance, elongated rings are characteristic of astigmatic micrographs. 

 

   

Figure 17. Optical diffractogram of micrographs taken at (a) optimal defocus, (b) 150 nm defocus and (c) 
250 nm defocus. The far away from focus the images are acquired, the higher is the number of transfer 
gaps, therefore the larger is the amount of lost information. 

c b a 
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In case of crystalline specimens, optical diffraction pattern provides information on their 

crystalline character. Sharp and high order diffraction spots indicate a well ordered crystalline 

specimen; their arrangement serves for identification of the crystal symmetry and their spa-

cing to calculate the lattice vectors.  

 

The lattice constants of a periodical object can be calculated from its optical diffractogram by 

equation 7. 

 

sp
sp R

fd λ⋅=       (7) 
dsp:  lattice constant of the specimen 
f: apparatus constant 
λ:  wavelength 
Rsp:  reciprocal lattice constant 

 

When a line grating with known periodicity (dst) is used as a calibration standard, the lattice 

vectors of the sample can be calculated by equation 8. 

 













 ⋅
=

sp

stst
sp R

Rd
d       (8) 

dst: lattice constant of the calibration standard 
Rst:  reciprocal lattice constant of the calibration 

standard 
dsp:  lattice constant in the specimen 
Rsp:  reciprocal lattice constant of the specimen 

 

The optical diffraction bench used during this work consisted of a He-Ne laser of 633 nm 

wavelength (Melles Griot) as illumination system, two apertures and two lenses with focal 

lengths of 50 and 130 cm respectively. The diffractograms were recorded with an Olympus 

OM2N photo camera on Agfapan 100 films.  

 

4.2. Digitization 

 

Digitization or sampling of an image consists of its transformation from the continuous space 

I(x,y) into a digital image in the discontinuous space I(p,q). A two dimensional image is 

sampled in P rows, P= {0,….,p} and Q columns, Q={0,….,q}, their intersection represents a 

picture element or pixel in the digital image. The number of rows and columns is usually 

identical, and it is normally a power of two (2n). Standard values of rows and columns are 

256, 512, 1024 and 2048 pixels. For digitization of an electron microscopic image, the 

micrograph is scanned with a photometer with a fixed raster and the optical density of each 

raster point is measured and stored as a picture element (quantization process). The optical 
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density (Equation 9) facilitates the estimation of the metal mass thickness directly from the 

micrographs of replicated specimens (Rübenkamm, 1993) if the optical density values are not 

higher than 1.5 (Reimer, 1967).  

 









−=−=

0

loglog
I
ITOD         (9) 

OD: optical density 
T:  transmittance 
I0: illumination source intensity 
I:  transmitted intensity 

 

The resolution achievable in an electron micrograph is determined by the sampling raster 

values used for image digitization, i.e. the detail level which can be retained in the digital 

image is different if the image is decomposed in 128 or 512 pixels. According to Shannon’s 

sampling theorem (Equation 10) a resolution R is achievable from a digitized image if the 

scanning step size is one half of the desired resolution. In practice, step sizes of one third or 

even one fourth of the desired resolution are recommended for scanning the images (Missel, 

1978). 

ionMagnificat
PixelSizeR ×= 2lim        (10) 

For example, on basis of the Shannon’s sampling theorem a resolution of 10 Å is achievable 

for an electron microscopic image at 33,000 magnification if the scanning step size is equal or 

lower to 16.5 µm.  

 

In this work, suitable areas of electron micrographs were digitized with a Flextight II Imacon 

Scanner at 16-Bit resolution and a 15.8 µm sampling raster. Upon grey scale correction, the 

images were saved as 8-Bit images. At nominal magnifications of 33,000 and 50,000 the pixel 

size at the specimen level corresponds to 0.48 and 0.32 nm, respectively.  
 

4.3. Image processing 

 

Electron micrographs contain information on the object under study but also large amounts of 

noise not related to the object. In most cases, image processing is required to increase the 

signal to noise ratio (SNR) and to retrieve high resolution information from electron 

micrographs. While some image processing operations aim at improving the image quality, 

others serve to automatically extract information from electron micrographs (Frank, 1996).  
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In this work, image processing has been applied to calculate the averaged cluster distributions 

on metal decorated crystal planes (decoration pattern), to quantitatively analyse cluster distri-

butions and to gain information on defect distributions on freeze-etched and heavy-metal 

shadowed planes of crystals grown under different conditions.  

 

4.3.1. Correlation averaging 
 

Averaging methods rely on the enhancement of signal to noise ratio (SNR) in electron micro-

graphs by averaging a large number of copies of the object under study. For crystalline 

specimens, two alternative routines can be used: (i) Fourier methods (Amos et al., 1992) and 

(ii) procedures based on cross correlation functions (Saxton, 1979; 1982; Baumeister et al., 

1986b). Fourier methods rely on a perfect crystalline character of the specimen, i.e. 

determination of the lattice vectors of the crystal plane permit the identification of the unit 

cell positions and their subsequent addition. Cross correlation methods identify the positions 

which match with a predefined reference by cross correlation functions, enabling the 

identification of unit cell displacements, and therefore elimination of the positions which does 

not contribute to the signal enhancement (Engelhardt, 1988; Saxton, 1996). Standard 

correlation averaging procedure is shown in Figure 18. 

 

The program routine is the following: the power spectrum of the selected area is calculated 

via Fourier transform. The power spectrum serves to calculate the reciprocal and real lattice 

vectors. A small area of the source image, comprising a number of unit cells ranging between 

1 and 3, is extracted and embedded into a structureless image of identical size as the source 

image (reference image). Both reference and original images are then Fourier transformed and 

cross-correlated in Fourier space, i.e. the reference is centred in every pixel of the source 

image, and the correlation coefficients between the reference and the corresponding subframe 

of the image are calculated. The output is a text file containing correlation coefficients and the 

coordinates of the positions (correlation peaks). Where reference and original image match 

closely, high correlation coefficients result. Next, a peak search is performed, i.e. the coor-

dinates of the peaks above a threshold value which is normally twice the standard deviation of 

the correlation coefficients are stored in a peak list. This first peak list contains all found 

molecule positions, however, some of them may not correspond to real lattice positions. Thus, 

in a next step, the “false” peaks are discriminated by accepting only those that are located on 

perfect lattice positions. 
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Figure 18. Correlation averaging routine. 
 

This refinement is done by fitting all found positions into a perfect lattice with the lattice 

constants estimated from power spectrum. Those positions which are displaced about 20% 

from their positions on the ideal lattice are eliminated from the peak list, and a “refined peak 

list” is calculated. The averaging is performed in real space. Two independent averages are 

calculated by addition of small extracted subframes at the odd and even peaks positions. 

These two independent averages serve to estimate the resolution obtained with respect to 

criteria such as “radial correlation function (RCF)” or “phase residual” (Saxton and 
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Bausmeister, 1982; Radermacher et al., 1986;). Finally even and odd averages are added to 

obtain the final average image, which can be rotationally symmetrized. 

 

The routine makes use of the correction of lattice displacements, as well as of the high sensi-

tivity of the cross correlation function to noise to improve SNR. The CCF (Equation 11) is 

defined as the multiplication of the images which have to be correlated (Saxton and Frank, 

1979).  

 

( ) ( )rrgrfCCF ii +⋅Σ=       (11) ( )irf : grey value at the position ri 
g(ri+r): grey value at the position ri+r 
r : translation vector in the source image 

 

Any reduction of the noise in the original and/or in the reference image, e.g. via Fourier 

filtering, neglects all the noise contribution to the final image of the average, as it can be 

deduced from the equation 12. 

 

)()()()()()()()( rrigrifrifrrigrirgrifrigrif SSNSNSNNCCF +++ ⋅+⋅+⋅+⋅=     (12) 

 

For correlation averaging of decorated crystal planes, suitable areas of 1024×1024 or 

2048×2048 pixels were selected as described in the chapter IV.4.1, digitized and processed in 

a Silicon graphics workstation (Irix, 5.3) using the program correlation averaging (version 8) 

which was run under the SEMPER system (Saxton et al., 1979; 1996). No rotational 

symmetry was imposed. 

 

4.3.2. Cluster analysis 
 

In this work, quantification studies on silver and gold decoration replicas of S. oleracea syn-

thase were performed for a comparison with the available data for its counterparts on 

lumazine synthase from B. subtilis (Weinkauf, 1989; Braun, 1995). Micrographs were scan-

ned using an Imacon Flextight scanner at 1600 dpi (pixel size: 0.428 nm). The selected areas 

of 1024×1024 pixels to be processed were split in 64 areas of 128×128 pixels which were pro-

cessed according to the routine described below. 

 

In the first step of the program routine for cluster analysis, the metal clusters in the 

micrographs were identified. The discrimination between features and background was based 
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on the automatic identification of pixel areas with grey values above an arbitrary selected 

threshold. The validity of the arbitrarily threshold was checked visually by comparison of the 

original image and the segmentation map of the resulting analysis (Fig. 19).  

 

    

Figure 19. Original image (a) with the corresponding segmentation maps obtained with different thres-
holds (b-d). 

 

Once the features of interest were identified, parameters such as diameter, surface, centre of 

mass, positional fidelity and transmission values were calculated. The cluster size was calcu-

lated as the diameter of a circle whose area is equivalent to that occupied by the cluster. As 

the clusters were not always circular, this procedure led frequently to errors when calculating 

metal cluster sizes but it enabled a comparison between the clusters and their distributions. 

The output of the program was a text file containing the statistical analysis of the evaluated 

particles, population of clusters of certain sizes, cluster areas, transmission values for the 

individual areas analysed and graphic representation of size distributions of clusters for all 

areas investigated.  

 

4.3.3. Point defect distribution: “Patterson” analysis 
 

A quantitative comparison of defects observed on freeze-etched surfaces of crystals grown 

under different conditions is a prerequisite for the correlation of surface crystal quality to 

growth conditions. For investigations along this line, densities and distributions of point de-

fects, i.e. vacancies, were determined on electron micrographs of freeze-etched and shadowed 

crystal surfaces. 

 

The positions of vacant lattice sites on the plane were selected manually using SEMPER. 

Automated particle selection could not be performed because the search algorithm did not 

discern between missing molecules and shadows of adsorbed molecules. The defect positions 

were listed in a file containing the coordinates referred to a Cartesian coordinate system with 

b c d a   
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its origin in the centre of the image and with its x-axis coinciding with one of the lattice 

vectors of the crystal plane. Doing so, the angles determined by the intervacancy vectors 

corresponded to angles characteristic for the crystal lattice (Fig. 20). 

 

  

Figure 20. (a) Cartesian coordinate system whose x-axis is coincident with one lattice vector. The angle de-
fined by the intervacancy vector 1 and 2 are 36° and 60° respectively(b) in a non-coincident Cartesian 
coordinate system the angles determined are 66° and 90°. 

 
From the peak list, all vectors between the point defects (intervacancy vectors) were deter-

mined by trigonometric relations using SEMPER. The outputs of this program step were a 

text file and an image. The text file contained information on the components of the vector 

(origin and terminus), module and direction of the vectors as well as its relative occurrence in 

terms of intensity. The image, “Patterson map” (Fig. 21), was generated by the presentation of 

each vector as a point of an arbitrarily chosen intensity value 5 at the location of its terminus, 

while keeping its origin at the image centre (vector elements in a vector space). This resulted 

in a cloudy image structure, formed by points at different distances from the centre and whose 

differences in intensity were associated with the frequencies of the vectors in the image. At 

this point, two alternative sub-routines followed: (i) algebraic treatment of the text file, (ii) 

processing of the “Patterson map” in order to obtain angles and distances.  

 

(i) Algebraic routine: This routine consisted in the determination of the number of 

lattice vectors comprised by the components of the intervacancy vectors in the crystallo-

graphic directions. Those values leading to a fractional number of unit cells were due to pixel 

errors by particle selection and were corrected by mean of the angle formed between the vec-

tor and the x coordinate axis. Therefore, this method enabling simultaneous retrieval of 

distances and angles for each intervacancy vector yielded more accurate results for non-auto-

mated particle selection of periodic structures. Besides, absolute occurrence of distances and 
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angles in the sample can be calculated if proper statistical analysis is performed. In this work, 

statistical treatment of the output Semper file was performed using SIGMA PLOT (version 8). 

 

   

Figure 21. (a) Schematic representation of features whose distribution must be analysed by “Patterson 
analysis”. (b) “Patterson map”, each point of the cloud represents the terminus of an intervacancy vector. 
The intensity is proportional to the occurrence of the corresponding vector in the sample. (c) Rotational 
average of the Patterson map. A line scan from the image centre to its periphery provides radius and grey 
values of each ring. 

 

(ii) Patterson map: In this routine, spatial and angular distribution of defects were ob-

tained independently by processing the “Patterson map” in IMAGIC. To obtain information 

on radial distribution of defects, the “Patterson map” was rotationally averaged. The output 

image contained concentric rings of different brightness (Fig. 21c). The radius of each ring 

represented the module of an intervacancy vector, and the brightness was proportional to the 

occurrence of the corresponding distance in the sample. Radius, distances and brightnesses 

were retrieved by a line scan of the image which resulted in a text file containing both data. 

 

To retrieve the angular distribution of defects, the Patterson map was transformed into 

cylindrical coordinates and line projections from different directions were calculated 

generating a sinogram image. The grey values along the projected images permitted to 

identify the relative occurrence of the different angles.  

c   b  a 
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V. RESULTS AND DISCUSSION 

 

For all experiments carried out in this work, lumazine synthase from B. subtilis was used as a 

model system. The protein was overexpressed in B. subtilis and purified as described in 

methods (see chapter IV.1.1) 

 

1. Crystallization of lumazine synthase from B. subtilis  

 

The goal in protein crystallization is to establish solution conditions at which a crystalline 

(solid) and solution (liquid) phase coexist in equilibrium. In general, phase diagrams define 

states of a system as a function of system variables enabling the identification of conditions 

(temperature, chemical composition, etc.) at which the system reaches a steady state or 

equilibrium. However, as solutions used for protein crystallization are in general highly com-

plex, phase diagrams are difficult to obtain. Other barriers for their determination are the long 

time scales needed for the systems to reach the equilibrium and the large amounts of protein 

needed. Thus, the number of phase diagrams known for biological macromolecules, although 

increasing, is very poor compared to inorganic systems. 

 

The solubility of a protein, defined as the concentration of the soluble protein in the super-

natant in equilibrium with the crystalline phase in a given solvent at given temperature and 

pH, depends on a wide range of factors such as precipitant concentration, nature of particular 

anion or cation used for crystallization, presence of organic solvents, small additives, etc. 

Solubility is often presented as a function of one of these parameters, e.g. precipitant concen-

tration, all other parameters being constant. Solubility curve defines conditions at which solid 

and liquid phases coexist in equilibrium. When the system is brought to conditions above the 

solubility curve, the system is provided with sufficient chemical potential favouring the 

creation of a 2nd phase, the crystalline one. At conditions below the solubility curve, the 

system is thermodynamically stable and no solid phase forms. This straightforward 

thermodynamic interpretation is only valid if the solubility is determined at equilibrium. 

Many of the protein solubility diagrams reported in the literature, however, do not reflect 

equilibrium states making their interpretation as phase diagrams ambiguous.  

 

From a practical point of view, “crystallization diagrams”, which only represent experimental 

observations and show whether crystals appear under tested conditions or not, offer an alter-
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native to phase or solubility diagrams and enable a more rational design of further crystal-

lization experiments.  

 

At the beginning of this work, the knowledge on the crystallization behaviour of lumazine 

synthase from B. subtilis was limited to a few conditions –determined by trial-and-error- 

which led to well diffracting crystals. Thus, the first task was to carry out systematic and 

detailed studies to better define possible crystallization zones.  

 

1.1. Crystallization diagram 
 

To determine the crystallization behaviour of lumazine synthase from B. subtilis, it was crys-

tallized at varying protein and Na/K phosphate concentrations at constant temperature and 

pH. As crystallization method, sitting drops in batch mode was used. Microdrops of 40 µl 

volume containing unfiltered protein and precipitant (Na/K-phosphate, pH=8.7) at desired 

concentrations were filled in the depressions of microbridges which were placed in the wells 

of Linbro plates (each plate contains 24 wells). 600 µl of Na/K-phosphate, pH=8.7 were filled 

in the well as reservoir. The precipitant concentrations in the drop and in the reservoir were 

kept identical. Each well was immediately sealed and the plates were kept at room 

temperature. 40 different conditions were screened by these experiments varying the protein 

concentration in a range from 2 mg/ml to 10 mg/ml and the concentration of the precipitating 

agent from 0.5 M to 2.5 M. All microdrops were controlled using a Wild stereomicroscope at 

4.5 × and 12.5 × magnification. Images were recorded on a video tape just after the drop was 

set, then every 30 minutes for the next three days (except overnight) and once per day for 

another week. After 10 days, the wells were opened and samples from the microbridges were 

examined in the Zeiss Axioscope at 52 × and 104 × magnifications. 

 

Nearly half of the drops were observed to precipitate immediately after mixing protein and 

precipitant solution. This indicated that the crystallization areas above and below the 

saturation were covered. 
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Figure 22. Graphic representation of the relationship protein versus precipitant concentrations for the 
crystallization of lumazine synthase from B. subtilis. The data plotted in the graphic correspond to the 
data available after 10 days of the experiment start. Conditions represented by two symbols imply the 
coexistence of two phases. The solid curve separates the undersaturated from saturated zone and the 
dashed curve divides the crystallization area from the precipitation area. The scale bar represents 20 µm. 

 
Clear boundaries between undersaturated area and crystal formation zone as well as between 

the precipitation and crystal formation area have been established as revealed in Figure 22. 

For B. subtilis lumazine synthase, the precipitation zone was found above the crystallization 

and undersaturation area in agreement to that found for small molecular weight proteins and 

viruses (Casselyn et al., 2001). The conditions represented in the diagram correspond to the 

initial conditions at which the crystallization experiments were carried out. Therefore, the 

diagram must not be confounded with a phase diagram as the specified concentrations do not 

correspond to equilibrium concentrations. 
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Growing lumazine synthase crystals from a solution was not strictly dependent on the protein 

concentration as crystals grew in the whole range of protein concentrations studied (2-10 

mg/ml). But, protein concentration determined the number of nuclei formed and conse-

quently, the number of crystals as well as their sizes. However, a clear dependence was obser-

ved for the precipitant concentration. Solutions with Na/K-phosphate concentrations only 

slightly below 1.25 M to undersaturation conditions while concentrations above 2.25 M led 

the system to formation of unordered precipitates, but not to crystal formation. The crystal-

lization time, i.e. the time required for the crystals to grow to a visible size, depended on the 

level of supersaturation. It varied from 30 minutes (6 mg/ml and 1.5 M) to 36 hours (2 mg/ml 

and 1.5 M). The crystallization time was presumably shorter in drops at high protein and pre-

cipitant concentrations, where precipitation obstructed the visualization of the drop. The crys-

tals exhibited hexagonal and polygonal morphology (Fig. 23). For hexagonal crystals, two 

crystal habits were observed: prisms and plates. According to the literature (Schott et al., 

1990; Ritsert et al., 1995), hexagonal prisms and plates belong to the crystallographic space 

group P6322 and polygonal crystals to the monoclinic C2. 

 

  

Figure 23. (a) Hexagonal plates and 
polygonal lumazine synthase crystals 
grown at 6 mg/ml and 1.25 M Na/K 
phosphate, pH 8.7. The polygonal 
crystals are indicated by white 
arrows. (b) hexagonal prisms grown 
at 4 mg/ml lumazine synthase and 
1.75 M Na/K phosphate, pH 8.7. The 
scale bar represents 50 µm. 
 

 

Based on the optical microscopic data, it was for the first time possible to establish a link 

between crystal morphology and crystallization conditions for lumazine synthase from B. 

subtilis. The habit of the hexagonal crystals was observed to be controlled by the precipitant 

concentration at which the crystals were grown, but resulted to be independent of the protein 

content, as shown in Figure 24. Crystals grown from solutions containing precipitant 

concentrations above 1.5 M presented hexagonal prismatic habit, i.e. the crystallization 

conditions obviously enhanced the growth rate of the (001) faces versus the (010) ones. Those 

crystallization trials containing less than 1.5 M of the precipitating agent but high protein con-

centrations (above 6 mg/ml) yielded crystals with polygonal and hexagonal plate morphology 

(growth rate of the (010) face faster than the (001)). At 1.5 M Na/K-phosphate, both hexa-

gonal crystal forms were observed to coexist. 

a   b 
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Figure 24. Dependence of crystal morphology on crystallization conditions for batch experiments and 
schematic representation of the observed crystal morphologies. Conditions with two symbols indicate the 
coexistence of two crystal morphologies.  

 
The results indicate that at lower supersaturations, tangential growth proceed much faster as 

the system is not provided with sufficient energy to create new nuclei to deposit on the an-

cient layer. The opposite is valid for high supersaturations. Figure 25 shows the habit of crys-

tals grown at constant protein concentration and variable precipitant content. 

 

   

  

Figure 25. Lumazine synthase 
crystals grown by batch at 6 
mg/ml and at Na/K phosphate 
concentrations of (a) 1.25 M, 
(b) 1.5 M, (c) 1.75 M , (d) 2.0 
M and (e) 2.25 M. The scale 
bar represents 50 µm for a, b 
and d and 20 µm for c and e. 
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As already mentioned, the protein concentration was not observed to significantly influence 

the crystal morphology, as seen in Figure 24, but it determined the crystal size and number of 

crystals. Figure 26 shows crystals grown from solutions containing the same precipitant con-

centration and different protein contents.  

 

   

 

Figure 26. Lumazine synthase crystals grown at 1.75 M Na/K 
phosphate, pH 8.7 and (a) 2mg/ml, (b) 4 mg/ml, (c) 6 mg/ml and 
(d) 8 mg/ml protein concentration. The scale bar represents 50 
µm for images a and d and 20 µm for b and c. 

 

The results reported so far were obtained from batch crystallization experiments. They should 

not be generalized for other crystallization methods which provide different pathways to reach 

the equilibrium, leading to the formation of different crystals forms. Indeed for lumazine syn-

thase from B. subtilis, crystallization methods driving the system gradually into the super-

saturated state, e.g. vapour diffusion, slow mixing batch and counter-diffusion, favoured the 

growth of hexagonal plates and polygonal crystals (Fig. 27). In batch crystallization, 

hexagonal prisms were grown exclusively at Na/K phosphate concentrations above 1.25 M 

and protein concentrations in a range from 2 mg/ml to 10 mg/ml. However, within a narrow 

range (protein concentration above 6 mg/ml and precipitant concentration 1.25 M), both poly-

morphs, i.e. hexagonal plates and polygonal crystals, were observed to coexist within the 

same crystallization liquor. Contrary to other proteins, such as lysozyme and amylose 

(Legrand et al., 2002; Finet et al., 2002), B. subtilis lumazine synthase polymorphs 

(hexagonal (P6322) and monoclinic (C2) crystals) could not be resolved by temperature, pre-

cipitant concentration or crystallization method used. The experiments showed that both 

b   a c  

d 
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polymorphic crystals were thermostable within the studied range of temperatures (4 °C-55 °C) 

as none of them did dissolve. At this point of this investigation, the parameters controlling the 

growth of polymorphs remain still unknown. These observations are summarised in Fig. 27. 

 

1.2. Influence of temperature on crystallization of lumazine synthase 

 

Temperature can be a significant parameter in biomacromolecular crystallization. It often in-

fluences nucleation and crystal growth affecting the solubility and the supersaturation of the 

sample (McPherson, 1982; Wieneck, 1999; Christopher et al., 1998). Thus, control and 

variation of the temperature is often a pre-requisite for successful and reproducible crystal 

growth. A representative example is the case of glucagons which does not crystallize at tem-

peratures below 60° C. If the solubility of a biomacromolecule is temperature dependent, a 

reversible control of supersaturation is provided. Consequently, thermal cycles have been 

successfully applied to the crystallization samples to dissolve and regrow crystals attempting 

to increase crystal size and/or to improve crystal quality or morphology as well as to resolve 

polymorphism, e.g. amylase (Veesler and Astier, 2002) and to induce nucleation and crystal 

growth (Demattei and Feigelson, 1992). Each system presents characteristic temperature solu-

bility dependence. While some proteins show direct dependence, others have retrograde 

dependence (Vekilov et al., 2002). Even very weak or no dependence were reported as well 

(Petsev et al., 2001).  

 

To test the influence of temperature on nucleation/crystallization of lumazine synthase from 

B. subtilis, a set of batch crystallization experiments at different temperatures under otherwise 

identical crystallization conditions have been performed. The crystallization conditions were 

adjusted to 7.8 mg/ml and 1.6 M Na/K-phosphate, pH= 8.7 on the basis of the crystallization 

diagram and the crystallization time (chapter V.1.1) and the range of temperature studied was 

varied from 20 to 8 °C in steps of 2 °C. Before being mixed, unfiltered protein and precipitant 

solutions were stored for 2 hours in a MERCK minifridge at the required temperature. The 

precipitating agent was added to the protein solution without retrieving the solution caps from 

the refrigerator to avoid temperature fluctuations. Two hours after the experiment onset, 

aliquots of crystallization liquor were retrieved for examination in a Zeiss axioscope and 

photographed at final magnifications of 104 × and 52 ×. 
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Figure 27. Influence of crystallization methods and conditions on size and morphology of B. subtilis 
lumazine synthase crystals. The letters in the upper left corner indicate the method used to grow the 
crystals: SB slow mixing batch, B batch, SD sitting drops and CD counter diffusion. 
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Crystals with hexagonal prismatic habit were observed in the aliquots retrieved from the 

experiment carried out at room temperature (20°C) (Fig. 28a). At temperatures below 20 °C, 

hexagonal crystals and aggregate structures were detected in the crystallization liquors (Fig. 

28 b, c). The aggregates consisted of spherulitic domains made of filamentous structures (Fig. 

28d) which turned out to be the major crystallization product of experiments performed at 

temperatures below 16 °C in which the presence of crystals was nearly undetectable. The 

morphology of the aggregates remained invariable for the whole range of temperatures 

studied. 

 

  

 

Figure 28. Light microscopic images from 
crystallization experiments carried out at 20 
°C (a) 16 °C (b) and 14 °C (c). Hexagonal 
prisms were observed at 20 °C as the major 
product of the crystallization. Temperatures 
below 20 °C resulted in the formation of 
spherulitic structures consisting of filaments. 
(d) Higher magnification of aggregates. The 
scale bar represents 50 µm in a, b and c and 
20 µm in d.  

 

To provide a more detailed characterization of these assemblies, aliquots of experiments per-

formed at 14 °C, 12 °C and 10 °C were retrieved 30 minutes after mixing protein and 

precipitant. Light microscopic examinations revealed the presence of aggregates which 

presented identical morphologies to those already described. The samples were frozen in 

liquid nitrogen as described in chapter IV.3.2.2, freeze-etched and shadowed. The replicas 

revealed twisted linear structures of 3-4 molecules width and 20-70 molecules length. The 

molecules were observed to be orthogonally packed. Domains of these structures consisting 

of 2-4 individual ribbons were observed frequently in the replicas (Fig. 29). 

 

    d 

b c a 
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Figure 29. Electron micro-
graphs of freeze-etched and 
Pt/C shadowed samples from 
crystallization experiments per-
formed at 14 °C and 10 °C, 
respectively. The scale bar re-
presents 100 nm. 
 

 

To provide evidence that the described structures did not arise from segregation effects during 

freezing, two additional experiments were performed. First, one fraction of a 30 minutes after 

mixing retrieved aliquot was prepared for cryo-electron microscopy which also revealed 

filamentous structures of 3 to 4 molecules width and over 20 molecules length (Fig. 30). 

 

  

Figure 30. Cryo-microscopic images of the filamentous structures observed in the crystallization experi-
ment performed at 14 °C. The scale bar indicates 100 nm. 

b   

a       
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In a second experiment, samples were retrieved in a very early stage of the crystallization 

before aggregate formation (5 minutes after the experiment onset), photographed under the 

optical microscope and cryofixed for shadowing experiments. Neither crystals nor aggregates 

were detected by optical microscopy. The frozen sample was freeze-etched and replicated. 

Replicas showed arrangements of molecules with completely different shape and molecular 

packing (Fig. 31). Neither twisted linear structures nor associations of orthogonally packed 

molecules were observed. Consequently, it can be concluded that the filamentous structures 

observed here are a product of the crystallization and they are not formed during the 

cryofixation process. 

 

  

Figure 31. Aggregate assemblies formed during the cryofixation process using liquid nitrogen as coolant. 
Scale bars indicate 100 nm. 

 

The experiments described here provide evidences that nucleation/crystallization process of B. 

subtilis lumazine synthase is altered by temperature. Temperatures below room temperature 

have turned out to either delay or obstruct crystal formation but they favoured the formation 

of a different phase. The origin of these twisted ribbon structures as well as their role in the 

crystallization remains at this point unclear. 

 

As already mentioned, the temperature can not only manipulate nucleation and crystallization 

but also the solubility. Temperature dependence of solubility can be established by applying 

temperature gradients to samples containing crystals. Crystal dissolution upon temperature 

change is indicative of a solubility change. Each protein represents a characteristic tempera-
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ture dependence of its solubility and must be characterized individually. Representative 

examples are haemoglobin C whose solid phase dissolves at temperatures below 15 °C 

(Hirsch et al., 2001) and lysozyme crystals whose triclinic and monoclinic form are stable at 

temperatures between 4 °C and 23 °C (Sieker, 1988). The lack of information on temperature 

dependence of the solubility of B. subtilis lumazine synthase motivated to briefly address this 

question.  

 

Hexagonal plates and polygonal crystals of B. subtilis lumazine synthase were grown from so-

lutions containing 8 mg/ml protein and 1.2 M Na/K-phosphate, pH=8.7 at 20°C by vapour 

diffusion method (sitting drops). The crystals were allowed to grow for more than two weeks 

until they reached their terminal size. The drop was then examined in a Wild stereo micros-

cope and photographed at 6.5 × and 12.5 × magnifications. The sample was stored at 4 °C for 

10 days, periodically examined and photographed (twice per day). Neither changes in crystal 

size nor rounding of the crystal edges were observed during the experiment period (Fig. 32). 

Therefore, a retrograde temperature dependence of solubility was discarded. The crys-

tallization sample was then placed in an oven at 50 °C. The sample was examined and 

photographed with the same frequency and for the same period as described above (Fig. 32).  

 

  

 

Figure 32. (a) Crystals grown at room tempe-
rature by sitting drop method (8 mg/ml protein 
and 1.2 M Na/K phosphate, pH 8.7). (b) Crys-
tallization sample after incubation for 10 days at 
4 °C. Crystal size and shape were observed to re-
main constant (c) Final appearance of the crystals 
after the temperature cycles at 4 °C and 50 °C. 
Crystals did not dissolve at any of the tempera-
ture studied. The scale bar represents 200 µm. 
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During the experiment, no signs of crystal dissolution were observed, their size remained 

unchanged and no rounding of crystal edges was found. These experiments show that 

lumazine synthase crystals grown at 8 mg/ml protein concentration and 1.2 M Na/K phos-

phate, pH 8.7 were not sensitive to temperature changes. Whether the solubility of the protein 

depends on temperature or not is still to be addressed in systematic studies. 

 

1.3. Etching and dissolution 

 

Controlled dissolution experiments are valuable to delineate crystal defect structures to iden-

tify sites of impurity incorporations and to reveal their effects on surface morphology. 

Dissolution occurs much faster at defect and impurity incorporation sites than in ordered areas 

as these sites accumulate higher stress levels. Experimental evidences have been shown for 

thaumatin, catalase or glucose isomerase (Malkin et al., 1999; McPherson et al., 2000). 

Moreover, etching is used to dissolve outer layers of imperfect crystals to be re-grown in 

order to increase their degree of perfection.  

 

In this work, etching was applied to dissolve outer crystal growth layers facilitating the 

characterization of inner layers of lumazine synthase crystals. Etching rates in different sol-

vents were determined to perform controlled crystal dissolution. Etching experiments were 

performed by gradually creating undersaturation conditions in microdrops containing crystals 

by vapour diffusion method. A microbridge (Hampton research) was placed in a box con-

taining a reservoir solution at lower Na/K phosphate concentration than the one in the 

crystallization liquor. The system was sealed with vacuum grease and equilibrated overnight. 

To create undersaturation conditions in the microdrop, water, 0.75 M Na/K phosphate, pH 

8.7, and 0.9 M Na/K phosphate, pH 8.7 were used as reservoir solutions. After the saturation 

period of the box, 5µl of suspension of crystals grown at 10 mg/ml protein and 1.66 M Na/K 

phosphate on gold supports (∅=3 mm; BALZERS) were introduced into the cell through an 

opening in the lid of the box and the system was again sealed. Etching experiments were 

repeated three times under the same experimental conditions. The samples were observed 

overtime and photographed regularly with a Wild stereomicroscope. Figure 33 shows the 

mean variation of crystal sizes with time for each reservoir solution.  



Results 

 

69

 

Figure 33. Evolution of crystal sizes 
with etching time for experiments in 
which either water (blue), 0.75 M phos-
phate (red) or 0.9 M phosphate (black) 
were used to create undersaturation 
conditions.  
 
 

The changes in crystal size during the etching experiments can be separated into three diffe-

rent stages, as seen in Figure 33: (i) the crystals dissolve very fast during the first 20 to 30 mi-

nutes, (ii) during the next 100 minutes, the etching rates decrease considerably, as it can be 

seen from the plateau obtained during this time in the graphic, (iii) during the last 20 to 50 

minutes crystal life time, the etching rates increase to similar levels found at the beginning of 

the experiment which finally lead to crystal breakage.  

 

  

  

Figure 34. Crystal etched against 0.75 M phosphate at different stages of the experiment: (a) t=0, (b) t=20 
minutes, (c) t=65 minutes and (d) t=210 minutes. 
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The increasing etching rates observed at the end of the experiments agree well with the 

microscopic observations: after long periods of time, crystal etching pits appear in the 

crystals; these etching pits provide channels through which the undersaturated buffer of the 

drop can flow. This leads to deterioration of the crystal core which creates an instable 

energetic situation for the crystal leading to crystal breakage (García-Ruiz et al., 2000; 

Chernov, 2003). 

 

To ensure that the etched crystals were still suitable for electron microscopic analysis and 

image processing, crystal suspensions etched for 5-20 minutes in water, in 0.75 M or in 0.9 M 

Na/ K phosphate were frozen in liquid nitrogen, freeze-etched and replicated with Pt/C. No 

remarkable structural differences between etched and non-etched crystal surfaces were de-

tected (Fig. 35). 

 

  

  

Figure 35. (a) A non-etched crystal surface. (b) Crystals etched in water for 10 minutes (c) crystal etched 
in water for 20 minutes and (d) crystal etched in 0.9 M Na/K phosphate for 20 minutes. The scale bars 
represent 100 nm. 

a b 

c d 
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In any case, etched pits were not observed as the etching time was probably too short for 

revealing these paths. The main difference was in the larger number of adsorbed molecules on 

the etched crystals surfaces than on non-etched crystal surfaces.  

 

In the replicas of etched crystals, ribbon structures similar to those observed in crystallization 

experiments at low temperatures described in chapter V.2 were detected (Fig. 36). Their 

origin is unknown as they may be either parts of broken crystals due to the undersaturation 

conditions created, or may be formed by a re-association of dissolved molecules increasing 

the molecules content in the bulk. Further experiments applying an in-situ technique are 

necessary to address this question.  

 

    

  

Figure 36. Lumazine synthase crystal suspensions cryo-fixed and freeze-etched after: (a) 0 min etching. 
Scale bar represents 200 nm. (b) Higher magnification of the filament indicated by the ellipsoid in (a), (c) 
20 minutes etching in water (d) 20 minutes etching in 0.9 M Na/K phosphate. The scale bars in (b), (c) and 
(d) represent 100 nm. 
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1.4. Defect structures observed on surfaces of lumazine synthase crystals 

 

On growth surfaces of B. subtilis lumazine synthase crystals several defects have been 

observed. 

 

Crystal twinning was frequently observed in crystallization experiments performed by 

vapour-, counter-diffusion and slow mixing batch (APCF) methods, but never in batch 

crystallization experiments.  

 

Cracks are signs of dissipations of internal stress levels generated either due to defect 

accumulation or to kinetic fluctuations during crystal growth (Chernov, 1997a; 2003; Vekilov 

et al., 199). Lumazine synthase crystals with visible cracks were observed only for hexagonal 

plates which were grown by vapour-diffusion, counter-diffusion and slow mixing batch 

methods and whose sizes exceeded 50 µm (Fig. 37). It is known that large crystals accumulate 

higher concentration of crystal defects. Besides, the strain energy of the crystals is 

proportional to the crystal volume and, thus, to the crystal size (Chernov, 1997a; 2003). 

Cracks on lumazine synthase crystals of sizes above 50 µm appeared probably due to the fact 

that the internal strain of the crystals exceeded the strength limit. Smaller crystals, grown by 

batch methods, seldom reached final sizes of 25 µm, and therefore, the internal strain levels 

did not exceed the strength limit.  

 

   

Figure 37. (a) Cracks on a crystal grown at 10 mg/ml protein concentration and 1.66 M Na/K phosphate, 
pH 8.7 by slow mixing batch (FID-470). Scale bar is 100 µm (b) twinned crystals grown under identical 
conditions and crystallization method. Scale bar represents 200 µm. (c) Cracks are seen on the surface of 
the lowest part of the twinned crystal. Scale bar represents 100 µm. 

 
To gain further insights into the causes inducing cracks on surfaces of crystals grown at 1.66 

M Na/K-phosphate, pH=8.7 and 10 mg/ml protein concentration in APCF-FID 470 reactors 

the crystals were further investigated by scanning electron microscopy (SEM) and 

c    b a   
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transmission electron microscopy (TEM). The former method provides surface information at 

an intermediate resolution between high resolution transmission electron microscopy and 

optical microscopy.  

 

For SEM examination, the crystals were fixed with glutaraldehyde (5% (v/v)) and prepared as 

described in chapter IV.2.5. While crystals with a final size smaller than 100 µm appeared to 

be free of defects visible under SEM (Fig. 38 a, b), several phenomena and defect structures 

have been observed on surfaces of larger ones (Fig. 38c).  

 

  

 

Figure 38. SEM images of lumazine synthase crystals grown by slow mixing batch method in an APCF-
FID-470 reactor (10 mg/ml lumazine synthase, 1.66 M Na/K phosphate, pH 8.7). Smaller crystals appear 
free of defects (a, b), while the surfaces of larger crystals display several growth phenomena and defect 
structures (c). 

b a 

c 
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SEM images suggested that the growth of lumazine synthase crystals proceed via the 

spreading of growth layers created by 2-dimensional nucleation as the new growth layers 

were observed to be randomly formed over the surface and step morphology appeared to be 

regular (Fig. 39 e, f). The orientation of the nascent layers was observed to be perfectly in 

register with the underlying ones (Fig 39 a, f). However, step heights up to 100 nm corres-

ponding to 2-3 unit cells estimated from images acquired by sample tilting in the microscope, 

were somehow contradictory and suggested that some crystals grow via 3-dimensional 

nucleation. As previously mentioned, SEM does not provide molecular resolution; therefore, 

accurate determination of step heights was not possible.  

 

  

  

  

Figure 39. Crystal growth layers observed on lumazine synthase crystals.  

f

a 

c 
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Occasionally, growth layers created by adsorption of newly formed crystallites on the 

growing crystal surfaces were observed (Fig. 40a). The orientation of these layers, however 

were not in register with the underlying crystal layers causing a discontinuity between 

sequential layers (Fig. 40b). 

 

  

Figure 40. Growth layers created by adsorption of newly formed crystallites. Crystals were grown by slow 
mixing batch method. 

 

A very frequent observation on surfaces of growing large crystals of lumazine synthase was 

the incorporation of sedimented microcrystals which in most cases were clearly misoriented 

with respect to the underlying layers (Fig. 41 a, d). The incorporation gave rise to subsequent 

planar defects, e.g. Figure 41c, or to formation of cavities around their incorporation sites, e.g. 

Figure 41a. Similar phenomena have been observed by AFM with other proteins and viruses, 

e.g. thaumatin, canavalin and STMV (Malkin, 1996a; 1996b, Kuznetsov et al., 1999). The 

SEM images strongly suggest that larger lumazine synthase grow at the expense of smaller 

crystals indicative of Oswald’s ripening which had been reported for other 

biomacromolecular crystals (Ng et al., 1996). 

 

 

 

 

ba
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Figure 41. Incorporation of smaller crystals into a large crystal, despite the completely different 
orientation with respect to the substrate crystal.  

 

A closer inspection of the SEM images has revealed the existence of another crystal habit 

which was not detected under the light microscope (Fig. 42). The size of these crystals did not 

exceed 5 µm and they did not represent more than 10% of the total population of the crystals 

contained in the preparation. 

 

  

Figure 42. A non-identified crystal morphology detected by SEM.  
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In order to gain further insights into the surface morphology, growth mechanisms and defect 

structures of lumazine synthase crystals, views of crystal surfaces at molecular resolution 

were acquired by TEM of shadowed crystal surfaces. TEM images revealed on both (001) and 

(010) crystal faces nascent layers of monomolecular height which were perfectly aligned with 

the underlying lattice (Fig. 43). Neither multi-layer stacks generated by 3-dimensional 

nucleation nor screw dislocations as sources of nascent layers were observed. These results 

suggest - in agreement with observations from SEM- that the growth of lumazine synthase 

crystals proceed by spreading of growth layers generated by 2-dimensional nucleation. 

Nevertheless, it cannot be excluded that other mechanisms apply under different conditions. 

 

 

   

Figure 43. Crystal surfaces of lumazine synthase freeze-etched and shadowed with Pt/C. (a) Growth layers 
observed on (010) crystal faces. (b) Nascent crystal growth layers formed on the (001) face. Note the 
perfect alignment of the nascent growth layer with the underlying crystal (c). Scale bars indicate 200 nm 
for (a) and 100 nm for images (b) and (c). 

 

a 

b c 
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Point defects, adsorbed molecules and aggregates were frequent phenomena on shadowed 

surfaces of lumazine synthase crystals, as depicted in Figure 44a. Besides, edge 

dislocations/stacking faults with the subsequent violation of the translational order of the 

lattice as well as incorporation or trapping of microcrystals were observed in electron 

micrographs (Fig. 44 b, c), in accordance with the SEM observations.  

 

  

 

Figure 44. Defects observed on surfaces of B. 
subtilis lumazine synthase crystals. (a) altera-
tion of the crystal packing due to the attach-
ment of a protein molecule at the wrong lattice 
site presumably caused by a vacancy, (b) edge 
dislocations indicated by arrows, (c) incorpo-
ration of hexagonal microcrystals by a larger 
one. Notice the lattice mismatch between the 
microcrystal and the underlying lattice. The 
scale bar represents 100 nm.  

 

1.5. Summary and discussion 

 
At the beginning of this work, the knowledge on the crystallization behaviour of lumazine 

synthase from B. subtilis was limited to a few crystallization conditions. For a more rational 

design of crystallization experiments, a crystallization diagram was established by microbatch 

experiments. This “pseudo-phase” diagram allowed identifying a range of conditions at which 

crystals of lumazine synthase can be grown from solution. As for many other proteins and 

viruses, the nucleation zone was found to be above the metastable zone which was above the 

undersaturated region. Crystallogenesis studies of the microbatch crystallization experiments 

a 

c 

b 



Results 

 

79

enabled to establish correlations between crystallization conditions and crystal number, size 

and morphology. While protein concentration was observed to slightly influence crystal num-

ber and size, the precipitant concentration determined the crystal habit in batch crystallization 

experiments. Concentrations above 1.25 M Na/K phosphate were found to increase the growth 

rates of (010) faces compared to the (001) faces, leading to the growth of hexagonal prisms. 

However, hexagonal plates (faster growth rates of the (001) faces) and polygonal crystals were 

grown at 1.25 M Na/K phosphate.  

 

Crystal habit was found to be controlled by the crystallization method. During this work, 

lumazine synthase was crystallized by four different methods based on different equilibration 

principles (slow mixing batch, vapour-, counter-diffusion and batch methods). Hexagonal 

prisms grew exclusively in batch experiments at high precipitant concentrations. This result 

suggested that the local high supersaturations enhanced the normal growth rate of the (010) 

faces versus their tangential growth rate. 

 

The polymorphs (hexagonal plates and polygonal crystals) could not be resolved by crystal-

lization conditions and/or method. Conditions favouring the growth of hexagonal plates 

yielded also polygonal crystals. Based on the fact that polymorphism for other proteins has 

been resolved by temperature variations, lumazine synthase crystals (hexagonal plates and 

polygonal crystals) grown at 1.6 M Na/K phosphate and 10 mg/ml protein were subjected to 

temperature cycles (4 °C -55 °C) expecting the dissolution of the instable one in a certain tem-

perature range. However, both lumazine synthase crystal polymorphs resulted to be 

thermostable within the studied temperature range. Neither crystal dissolution nor edge roun-

ding was observed.  

 

In order to characterize the influence of temperature on the crystallization of lumazine syn-

thase, samples were crystallized at 7.8 mg/ml protein and 1.6 M Na/K phosphate in a range of 

temperatures between 8 to 20 °C. The crystallization behaviour resulted to be significantly 

altered at temperatures below 16 °C as crystal formation was dramatically delayed and the 

presence of a second phase consisting of filaments was detected. High resolution electron 

microscopic studies revealed that the filaments were formed by orthogonally packed mole-

cules without rotational order. The filaments, sometimes twisted, showed variable widths (2 

to 4 molecules) and lengths (up to 50 molecules). Filamentous structures with hexagonally 
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packed molecules were never observed. The origin of the twisted ribbon structures is still un-

certain although four different possibilities might be speculated: 

 

- The ribbon structures might have been formed inside protein enriched droplets upon 

a liquid-liquid phase separation. Those droplets have been claimed to generate aggregates 

with short range order or crystalline structures. During the course of this work, liquid-liquid 

phase transitions for B. subtilis lumazine synthase have not yet been observed. Systematic 

studies are currently in progress in order to check the existence of such a transition for this 

system which might be useful to explain the observed twisted ribbon structures.  

- The ribbon structures might have been formed during the early stages of 

crystallization and might present embryos for crystals. However, rotational order in these 

structures is missing as shown in earlier studies. The ribbon-like structures resemble 

somehow the fractal aggregates postulated by Georgalis and Saenger (Georgalis et al., 1999). 

It was speculated that a restructuring of the fractals may lead to crystals. Although crystal 

growth of some macromolecules has been observed to be governed by the presence of pre-

existing precipitate particles (Ng et al., 1996), in the case of lumazine synthase, even after 

long periods of time, nearly no crystals formed in the dispersions dominated by the described 

linear aggregates questioning the speculation that these structures act as nuclei or even pre-

nuclei for crystallization. 

- Temperature reduction might have changed the solubility of lumazine synthase, 

thus, leading to the precipitation of the protein. The ribbon-like aggregates might reflect pre-

cipitate structures.  

- The observed aggregates might be a product of spherulitic growth. Despite the large 

number of materials which present this kind of growth, e.g. polymers (Hunter and 

Bechhoefer, 2000, Magill, 2001, Chow et al., 2002), organic materials, biological materials, 

there is no generally accepted theory of spherulitic growth. It is commonly accepted that 

spherulites consist of a radial array of microcrystals arranged at non-crystallographic angles 

within a spherical envelope. This definition agrees relatively well with the microscopic 

appearance of the observed structures. Therefore, this possibility should not be discarded. 

 

To determine crystal dissolution rates, etching experiments were performed with lumazine 

synthase crystals by creating undersaturation conditions in the crystallizing sample by equili-

bration against less concentrated reservoir solutions. The etching rates were observed to be 

controlled by the concentration gradients between the reservoir and the crystallizing solution, 
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as they determined the chemical potential responsible for the equilibration. Crystal dissolution 

was observed to proceed very fast during the first 20 to 30 minutes due to the large concentra-

tion gradient between the reservoir and the crystallization sample. Afterwards, the dissolution 

process is slowed down significantly for approximately 60 to 100 minutes, and finally, 

increased again as the crystal was no longer stable probably due to the formation of etch pits 

and exchange of solution from the bulk with the solution trapped by the crystal. Electron mi-

croscopic studies of lumazine synthase crystals subjected to controlled etching for short 

periods of time (5-20 minutes) revealed no significant differences between the inner and outer 

crystal layers. 

 

Large lumazine synthase crystals (several hundred µm) grown by methods by which gradual 

supersaturation of the system is achieved, were observed to present cracks on their surfaces; 

signs of high levels of internal stress accumulated in the crystals, and in turn, of low quality. 

The cracks may not be related to the crystallization method itself but to the final dimensions 

reached by the crystals. Internal strain increases proportional to the crystal volume, thus, large 

crystals of dimensions above 100 µm tend to accumulate higher internal stress than the 

smaller ones (~25 µm). If the accumulated stress exceeds the crystal elasticity limit, cracks 

appear on crystal surfaces in order to partly deliberate this stress. Lumazine synthase crystals 

with dimensions above 100 µm grew exclusively by methods offering a controlled pathway 

into the supersaturation state.  

 

SEM and TEM images provided valuable information on crystal defect structures and on 

sources creating disorder. B. subtilis lumazine synthase crystals were observed to grow via 

spreading of growth layers generated by 2-dimensional nucleation, as confirmed by the 

monomolecular step heights observed on shadowed crystal surfaces. The nascent layers were 

observed to be in perfect alignment with the lattice of the underlying crystals. When foreign 

particles or microcrystals were deposited on the surface, they did not orient in register with 

the underlying lattice. Due to the trapping of microcrystals in completely different orienta-

tions than the underlying crystal, cavities were generated. Trapping of microcrystals has been 

observed to be a representative phenomenon which occurs during the growth of lumazine syn-

thase crystals. 
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2. Effects of solution transport conditions on growth and perfection of lumazine 

synthase crystals 

 

Crystallization from solution requires molecular transport to the surface of the growing crys-

tal. Any perturbation occurring in the solution, e.g. convection due to density gradients 

resulting from differences in temperature and/or concentration, leads to uncontrolled 

molecular transport and in turn, to growth rate fluctuations and deterioration of the crystal 

perfection. These phenomena are minimized in convection-free solutions, i.e. when mass 

transport processes are governed by diffusion. Diffusive transport conditions in crystallization 

experiments can be achieved in microgravity scenarios or on Earth using gels. 

 

To delineate the effects of solution transport conditions on the quality of lumazine synthase 

crystals, a set of crystallization experiments to be performed in microgravity using lumazine 

synthase as model system was proposed by our laboratory and positively evaluated by the 

European Space Agency (ESA) within the “Physical Sciences and Microgravity Applications 

Promotion” (MAP) Programme. The experiments addressed following scientific objectives.  

 

(i) Growth of lumazine synthase crystals for electron microscopic analyses on crystal 

quality: The experiment aimed at the comparison of the molecular order/disorder of Earth- 

and microgravity-grown lumazine synthase crystals utilizing electron microscopic techniques. 

Defects observed on surfaces of crystals grown under reduced gravity should be identified at 

molecular resolution by freeze-etching, heavy metal shadowing and decoration, quantified 

and compared to Earth-based controls. As electron microscopic studies require a large number 

of small crystals, FID-470 reactors of APCF were considered as the most suitable flight 

hardware.  

 

(ii) Growth of lumazine synthase crystals using counter-diffusion-techniques: In 

counter-diffusion experiments with sufficiently long protein chambers, nucleation occurs at 

different supersaturations in different locations of the chamber; the resulting crystals differ in 

their growth rates, final sizes and in their qualities. Earlier studies of Prof. García-Ruiz’s 

group (García-Ruiz and Otálora, 1997a) have shown that the APCF reactors were too short to 

explore the properties of counter-diffusive methods. Thus, the same group designed extended 

length-FID-reactors (FID-XL) with protein chambers long enough to sustain a supersaturation 

gradient and tested them in a previous flight. For the ISS 7.A.1 mission, crystallization of 
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lumazine synthase in a FID-XL reactor was proposed as a joint experiment together with Prof. 

García-Ruiz’s group to test the universality of the counter-diffusion technique with a large 

protein that will diffuse very slowly compared to its precipitating agent and that would serve 

as a case limit of the technique. The quality of the resulting crystals was planned to be tested 

by X-ray diffraction techniques.  

 

(iii) Observation of crystal movements on board of ISS: During earlier space missions, 

movements of protein crystals were observed while they were growing in a FID reactor of 

APCF (Snell et al., 1997; Otálora et al., 1999a; 2000). The collective movement of the 

crystals at a given time was attributed to mechanisms working at a supra-reactor length scale, 

e.g. residual accelerations or g-jitters. The analysis also indicated crystal movements with 

uncorrelated directions, possibly due to a process acting at sub-reactor scale. These ob-

servations questioned the applicability of ideal diffusive mass transport scenario for 

experiments on board of a space shuttle or ISS and clearly showed the necessity of further 

data. Thus, together with Prof. García-Ruiz’s group (LEC-Granada), an experiment for crystal 

motion studies in the orthoscopic FID reactors, which allow the reconstruction of three-

dimensional motion paths, was proposed where lumazine synthase from B. subtilis should 

serve as model system. To meet the requirements of the experiment, crystallization conditions 

should be chosen in such a way that few, but large crystals would grow during the mission. 

The quality of the resulting crystals was planned to be assessed by X-ray diffraction 

techniques.  

 

Flight opportunities were provided by ESA for the above experiments in: 

- one APCF unit on board of a NASA space shuttle for a duration of two weeks (STS-

107 Mission), 

- one APCF unit to be launched with the space shuttle STS-105 to be accommodated 

in the International Space Station (ISS) for 10 weeks and to be downloaded with the space 

shuttle STS-108, (ISS 7.A.1-Mission, Increment-3), 

- one GCB unit to be launched with a Russian Progress craft and to be accommodated 

in the ISS for 10 weeks.  

 

Following reactors were allocated: 

- Two FID-470 reactors (without diagnostics) 

- One FID-ortho reactor with video and interferometric observation 
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- One FID-XL reactor (without diagnostics) 

 

As testing of the hardware specifically designed for microgravity experiments and a careful 

selection of experimental conditions were important for a successful implementation of the 

planned work, detailed terrestrial crystallization studies were carried out prior to space 

experiments. 

 

2.1. Search for crystallization conditions for microgravity experiments 
 

It is well known that crystallization methods themselves influence the crystallization process 

resulting in different crystal morphologies, sizes and numbers even under otherwise identical 

conditions (McPherson, 1990). To ensure definitive separations between microgravity effects 

and the effects originating from different crystallization methods, a large number of terrestrial 

preparatory experiments were carried out in set-ups identical to the flight hardware. These 

studies helped to optimize the experimental conditions to individually meet the specific requi-

rements of proposed microgravity experiments with different scientific objectives. Gels have 

been used in some of the experiments to partly mimic reduced gravity conditions. Gels have 

been used previously with the purpose of reducing convective-mixing not only on Earth 

(García-Ruiz et al., 2001a; García-Ruiz, 2002; López-Jaramillo et al., 2003) but also in space 

shuttle missions to avoid the effects of residual accelerations (Lorber et al., 1999; Dong et al., 

1999). From all chemical additives used to prepare gels, agarose (1, 4, 3, 6-anhydro-α-L-

galactopiranose) is the most widespread utilized in biomacromolecular crystallization (García-

Ruiz et al., 2001a). Interferometric and rheological studies of agarose gels have revealed that 

concentrations of agarose above 0.12 % (w/v) are able to prevent convection and sedimen-

tation (García-Ruiz et al., 2001a). But, the interactions of gels with protein solutions and their 

influence on nucleation and crystallization processes are not yet well understood. Despite this 

limitation, the use of gels in crystallization experiments provides the best way to prevent con-

vection on Earth and to optimize crystallization conditions for performing microgravity 

experiments. 

 

2.1.1. Crystallization in APCF-FID reactors 
 

The experiments described herein were designed to explore the influence of the following 

parameters on B. subtilis lumazine synthase crystallization in slow mixing batch experiments: 
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(i) protein concentration, (ii) precipitant concentration, (iii) suppression of convection using 

gels and (iv) concentration of the gelling agent. The results permitted to establish differences 

and similarities to batch crystallization experiments and to optimize the crystallization 

conditions for later microgravity experiments.  

 

(i) Variation of protein concentration: Protein concentration was expected to influence 

crystal size, morphology and number in slow mixing batch experiments in a similar way as it 

was observed in batch crystallization. In order to address this question, slow mixing batch ex-

periments were performed at a constant precipitant concentration (1.6 M Na/K phosphate, pH 

8.7) which was selected on the basis of the crystallization diagram described in chapter V.1. 

Protein concentration was varied between 5 mg/ml and 10 mg/ml. The plug, i.e. the channel 

connecting the volumes for protein and precipitating agent, was filled with a 2 % (w/v) 

agarose gel buffered with 0.9 M Na/K phosphate, pH 8.7. Doing so, the precipitant is forced 

to diffuse through the gel matrix before getting in contact with the protein solution. Protein 

and precipitant chambers were filled with their respective solutions (non-gelled). 

 

  

  

Figure 45. Crystals grown in FID-470 reactors at 1.66 M Na/K phosphate and at protein concentrations 
of: (a) 5 mg/ml, (b) 6 mg/ml, (c) 8mg/ml, (d) 10 mg/ml. The scale bar represents 200 µm. The crystals were 
photographed after 6 (a), 5 (b), 5 (c) and 7(d) days. 
 

d  c 

a b 
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A large number (>100) of hexagonal and polygonal crystals with sizes ranging from 5 to 150 

µm were obtained (Fig. 45) over the whole range of the conditions studied. The large number 

of grown crystals obstructed an exact quantification of the total number and further a 

quantitative comparison between the experiments. Crystals were detected 5 to 7 days after the 

experiment onset. The data revealed that a final phosphate concentration of 1.66 M permits to 

growth crystals suitable for TEM but not for X-ray or interferometric analysis (Fig 45). 

However, no direct correlation between the protein concentration and the crystal size was 

observed. 

 

(ii) Variation of precipitant concentration: In these experiments, the protein 

concentration was kept constant and the precipitant concentration was varied. To grow large 

quantities of small crystals, the formation of a large quantity of nuclei is required 

(McPherson, 1990; Durbin and Feher, 1996). This is achieved by creating high 

supersaturation conditions. Consequently, the protein concentration was set to the highest 

value screened for batch crystallization experiments, i.e. 10 mg/ml. Protein and precipitant 

chambers were filled with the respective solutions and the plug was filled with 2 % (w/v) 

agarose gel buffered with 0.9 M Na/K phosphate, pH 8.7. Precipitating agent (Na/K 

phosphate) concentration was screened from 1.3 M to 1.78 M. Crystals were obtained in 

reactors with precipitant concentrations above 1.4 M, i.e. 1.56, 1.66 and 1.78 M. Despite the 

small differences in the precipitant concentration in individual experiments (0.2 M), 

significant variations in crystal size were observed. 

 

   

Figure 46. Crystals grown in FID reactors at 10 mg/ml lumazine synthase and at precipitant 
concentrations: (a) 1.56 M (b) 1.66 M and (c) 1.78 M Na/K phosphate, pH 8.7. The scale bar represents 
200 µm. 
 

At 1.56 M Na/K phosphate (Fig. 46a), a heterogeneous population of more than 100 crystals 

with sizes ranging between 5 µm and 200 µm were observed one week after the experiment 

onset. A slight increase of the precipitant concentration to 1.66 M resulted in significant varia-

a b c 
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tions in numbers and sizes of the grown crystals. The quantity of grown crystals was at least 

twice as large as the one obtained at 1.56 M, and their sizes did not exceed 100 µm (Fig. 46b). 

Differences in the crystallization time were not observed. For 1.78 M, the number of grown 

crystals was equivalent to that found at 1.66 M but they reached final sizes only up to 25 µm 

(Fig. 46c). The crystallization time was reduced to four days. 

 

To summarise, the experiments described under (i) and (ii) revealed that with decreasing 

supersaturations, fewer but larger crystals were grown which required longer crystallization 

periods. Slow mixing batch experiments showed slight protein concentration dependence as 

crystal sizes, numbers and crystallization times remained nearly constant. On the other hand, 

significant variations of the mentioned parameters were observed upon slight changes of pre-

cipitant concentration. 

 

The crystallization behaviour of B. subtilis lumazine synthase differed significantly for batch 

and slow mixing batch experiments. Substantial differences in crystal sizes, morphologies and 

crystallization times were detected. For instance, at 1.5 M Na/K phosphate and 10 mg/ml, 

lumazine synthase crystals up to 200 µm were grown within 4 days by slow mixing batch 

while crystals up to 20 µm were grown within 30 minutes by batch (chapter V.1.1). The size 

of the batch grown crystals did not change in the following days. The most interesting 

difference was associated to crystal morphology. Slow mixing batch experiments in FID 

supported the growth of hexagonal plates and polygonal crystals, while similar conditions in 

batch experiments supported exclusively the growth of hexagonal prisms. This suggested that 

the growth of hexagonal prisms is probably induced by formation of locally very high 

saturations due to the addition of concentrated precipitant solutions (e.g. 4 M Na/K 

phosphate). 

 

(iii) Delay of crystallization using gels: In a set of experiments, the solutions in the plug 

and precipitant chamber of the FID-470 reactors were gelled with 2 % (w/v) agarose. The pro-

tein solution could not be gelled due to the high temperatures (T > 60 °C) required for gel 

preparation. Consequently, the crystallization time was delayed although the experiments did 

not proceed under strictly diffusive regimes as in microgravity. However, the results 

facilitated the identification of a range of conditions useful for microgravity experiments. 
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A first set of experiments in FID-470 reactors with gelled solutions in plug and precipitant 

chamber were carried out at a constant final precipitant concentration of 1.66 M Na/K 

phosphate, pH 8.7. The protein concentration was tuned from 6 mg/ml to 10 mg/ml. The 

solutions filled in each chamber of the reactor are listed in Table 6. 

 

Table 6. Chemical compositions of the solutions and gels filled in each chamber of FID-470 reactors. 
 

 Composition 

Protein chamber* [mg/ml] 6 8 10 

Plug and lateral channel** 

[M] Na/K phosphate 
0.9 0.9 0.9 

Precipitant chamber** 

[M Na/K phosphate] 
1.8 2.0 2.25 

 

* Lumazine synthase stored in 0.9 M Na/K phosphate, 1 mM 5-nitro-6-ribitylamino-2,4-pirimidinedione, 
0.1% sodium azide, pH 8.7. 
** Phosphate buffer in 2% (w/v) agarose gel. 
 

Unexpectedly, crystals grew only in the reactor which contained a protein concentration of 10 

mg/ml. In the remaining reactors, crystals did not appear even after two months. The crystal 

morphology did not vary compared to experiments where only the plug was gelled, i.e. 

hexagonal plates and polygonal crystals but no hexagonal prisms were detected. The crystals 

usually reached and exceeded 200 µm; the time required for crystallization was about 11 

days. The number of crystals was significantly reduced; only 40 crystals were counted in this 

reactor (Fig. 47).  

 

  

Figure 47. Crystals grown in a FID-470 reactor where the plug and 
precipitant chamber were gelled (1.66 M Na/K phosphate, pH 8.7, 
and 10 mg/ml lumazine synthase). The scale bar represents 200 
µm. 
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In a second set of experiments, protein concentration was kept at 10 mg/ml while the final 

precipitant concentration was screened from 1.3 M to 1.66 M Na/K phosphate, pH 8.7. The 

solution compositions in different volumes of the reactors are listed in Table 7.  

 

Table 7. Chemical compositions of the solutions and gels filled in each chamber of FID-470 reactors. 
 

 Composition 

Protein chamber* [mg/ml] 10 10 10 10 

Plug and lateral channel** 

[M] Na/K phosphate 
0.9 0.9 0.9 0.9 

Precipitant chamber** 

[M Na/K phosphate] 
1.8 2.0 2.25 2.5 

 

* Lumazine synthase stored in 0.9 M Na/K phosphate, 1 mM 5-nitro-6-ribitylamino-2,4-pirimidinedione, 
0.1% sodium azide pH 8.7. 
** Phosphate buffer in 2% (w/v) agarose gel. 

 

At 1.4 M and 1.66 M final precipitant concentrations, large hexagonal plates and polygonal 

crystals grew. The time elapsed between the experiment onset and crystal formation ranged 

between 11 and 14 days. The number of crystals was noticeably reduced and their sizes were 

considerably increased as compared to the reactors filled with one gel in plug but under 

otherwise identical conditions. Crystals with dimensions up to 400 µm were observed at 1.66 

M Na/K phosphate (Fig. 48). At lower phosphate molarity, 1.44 M Na/K phosphate, even lar-

ger crystals were expected. However, the crystals in these reactors seldom exceeded 100 µm 

and even very small crystals with dimensions between 5 µm and 25 µm were observed. This 

was attributed to the formation of air bubbles in the protein chamber creating Marangoni 

convection. At 1.3 M, no crystals grew as in the experiments where only the plug was filled 

with gel.  

 

  

Figure 48. Effect of precipitating 
agent concentration on crystal-
lization at 10 mg/ml protein and 
1.66 M (a) and 1.44 M (b) Na/K 
phosphate. The scale bar repre-
sents 200 µm. 
 

a b 
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Because the quantities of grown crystals as well as their sizes were not suitable for EM tech-

niques, the protein concentration was decreased and the precipitant concentration was 

increased. The protein concentration was set to 8 mg/ml and the molarity of Na/K phosphate 

was increased to 1.87 and 1.95. Large quantities (>100) of small crystals (5-25 µm) were 

obtained within 14 and 18 days.  

 

To summarize, the delay of crystallization time and the effects of partial suppression of con-

vective flows were reflected on crystal sizes and crystallization times for experiments carried 

out in FID-470 reactors with one or two volumes gelled under otherwise identical conditions 

as shown in Figures 49 a-c, respectively.  

 

  

 

Figure 49. Crystals of lumazine synthase grown at 10 mg/ml protein concentration and 1.66 M Na/K phos-
phate, pH 8.7, in: “two-gels-reactor” (a) and “one-gel-reactor” (b). (c) Differences in crystallization time 
for “one-” and “two- gels reactor” containing 10 mg/ml protein and the indicated molarities of Na/K phos-
phate, pH 8.7. 
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On the basis of the obtained data and considering that crystals should grow larger in 

microgravity, 10 mg/ml protein and 1.66 M Na/K phosphate concentrations were identified as 

optimal conditions to grow suitable crystals for X-ray diffraction studies. Precipitant 

concentrations above 1.8 M supported the growth of crystals suitable for EM analysis. For 

reactors under interferometric observation, it was desirable to grow few but larger crystals 

within the first seven days because during this period images are recorded at the highest 

frequency possible. Although the size and number of crystals grown at the mentioned 

conditions would be optimal for being used in the FID-ortho reactor, the crystallization 

proceeded too slowly conflicting with the requirements for image acquisition. 

 

(iv) Optimization of agarose concentration in the gel: Agarose forms a porous network 

when it is polymerized; the pore diameter depends on the agarose concentration (García-Ruiz 

et al., 2001a). Therefore, the diffusion rate of species through the gel is controlled by the 

properties of the gel, i.e. by the agarose concentration (Henisch, 1970). The concentration of 

the gelling agent was elucidated by performing experiments at crystallization conditions in the 

previous section (two gels reactors) but reducing the agarose content in the gel to 0.5 % (w/v). 

The only observed difference was related to the crystallization time which was reduced to the 

half of the previous one, i.e. at 0.5 % (w/v) agarose concentration, crystals were observed one 

week after the experiment onset. To recapitulate, several crystallization conditions (Fig. 50) 

have been screened for slow mixing batch experiments. From the results, several guidelines 

have been extracted to facilitate the design of microgravity crystallization experiments: 

- Protein concentrations between 8 mg/ml and 10 mg/ml supported the growth of 

crystals suitable for performing X-ray and EM analyses, respectively. 

- In experiments where convective flows were partially suppressed, precipitant con-

centrations equal or below 1.66 M resulted to favour the growth of large crystals suitable for 

X-ray studies. Concentrations above 1.78 M resulted in the growth of a large number of small 

crystals. In microgravity, convective flows are practically suppressed except for the residual 

accelerations. Consequently, larger crystals than those obtained in the “two-gels-reactors” on 

Earth should be expected to be grown in microgravity. 

- Gelling the solution in the plug chamber allows to hinder turbulences which may be 

created by mixing of two solutions during reactor activation and therefore, ensures diffusive 

conditions in the reactor. The concentration of the gelling agent determines the diffusion rate 

of the precipitant, and therefore, optimization of this parameter according to the duration of 

the space mission is critical. For agarose, it was observed that concentrations up to 1% (w/v) 
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can be used for short space missions (14 days duration) while up to 2% (w/v) can be used for 

long space mission durations (up to 3 months). 

 

Figure 50. Conditions screened in FID 
reactors on the basis of the crystallization 
diagram. The empty triangles represent 
experiments performed with gel only in 
the plug, and the filled triangles indicate 
the “two-gels-reactors” experiments. Ex-
periments carried out with one and two 
gels under otherwise identical conditions 
are not shown. 

 

2.1.2. Crystallization in Granada Crystallization Box (GCB) 
 

The design of crystallization experiments in GCB needs entirely different considerations than 

the design of the experiments in FID reactors. Besides the differences in equilibration prin-

ciples and apparatus, the passive character of this facility adds another factor which has to be 

taken into account carefully. The facility does not need activation, i.e. once the GCB is filled, 

the precipitant starts to diffuse through the gel layer until it reaches the capillaries containing 

the protein. Thus, optimization of the concentration of gelling and precipitant agent as well as 

the gel height and capillary insertion into the gel are crucial factors in order NOT to obtain the 

crystals before the space vehicle enters the orbit. As the GCB is based on counter-diffusion 

methods, the initial conditions are selected far away from the equilibrium. The supersaturation 

wave moving through the capillary permits the system by itself to reach different supersatu-

ration states at which very different quality crystals grow along the capillaries (López-

Jaramillo et al., 2003). Three cm height of gel layer is recommended to be used in GCB expe-

riments. The capillaries should be inserted at least one cm deep into the gel layer to ensure 

that they do not move during the space mission and the GCB should be filled with precipi-

tating agent up to capillary guide height. Capillaries with inner diameters larger than 1 mm 

should not be used to avoid convective flows within the capillaries (Garcia-Ruiz, 2003). 
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The experiments in GCB were performed in capillaries of inner diameter of 0.4 mm. The pro-

tein concentration was varied between 32 mg/ml and 4 mg/ml and the final concentration of 

precipitant from 1.6 M to 1.9 M. Within the first one third of the capillary crystals appeared 

after 4 days; along the whole capillary after 14 days (Fig. 51).  

 

  

Figure 51. B. subtilis lumazine synthase crystals grown by the GAME method in a GCB. The capillary 
diameter is 0.4 mm, and the initial protein and precipitant concentrations are 6 mg/ml and 2.25 M Na/K 
phosphate (a) lower part of the capillary, (b) upper part of the capillary. 

 

2.2. Crystallization of lumazine synthase in microgravity 
 

Lumazine synthase was crystallized under microgravity during three space missions: (i) ISS 

7A.1 Mission of the International Space Station (Increment-3), (ii) STS-107 of the NASA 

space shuttle and, (iii) French-Russian Andromeda mission of the ISS.  

 

2.2.1. ISS 7.A.1 Mission (Increment-3) 
 

2.2.1.1. Mission profile 
 

The first European utilization of the ISS was inaugurated with the stay of the APCF on the 

ISS during the ISS 7.A.1 mission (Increment-3). The APCF was transported to the ISS with 

the space shuttle flight (STS-105) whose launch was scheduled for August 10th, 2001 at 5:10 

p.m. EDT (east daylight time). APCF reactor filling procedure was started at the Florida 

Technology Institute in Melbourne (Florida, USA) on August 3rd, 2001 at 11:00 a.m. EDT for 

reactors filled with gels containing more than 1 M Na/K phosphate. Protein and salt chambers 

were filled with their corresponding solutions and only plug and lateral channel were filled 

with gels. The protein was stored in 0.9 M Na/K phosphate, pH 8.7, and the concentration of 

a b
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agarose used to prepare the gels were 2% (w/v) for both FID-470 reactors and 0.5% (w/v) for 

the remaining ones. Following conditions were selected (Table 8):  

 

Table 8. Crystallization conditions selected for microgravity experiments. 

 FID-470 FID-470 FID-ortho FID-XL 

Protein chamber 
(mg/ml) 

8 7 10 10 

Plug and lateral 

channel (M Na/K-P) 
1.2 1.2 0.9 0.9 

Precipitant chamber 

(M Na/K-P) 
3.2 3.0 2.5 2.5 

 

After three days and five hours gel equilibration, with two buffer exchanges per day, protein 

and precipitant solutions were filled in their respective FID-470 reactor chambers. The filling 

procedures for FID-ortho and FID-XL were started on August 6th, 2001 at 14:00 and 6:00 

p.m. EDT, respectively. The agarose content in the gels was set to 2 % (w/v) for FID-470 

reactors and 0.5 % (w/v) for FID-ortho and FID-XL reactors. The reactors were loaded in a 

passive reactor transport box at 18 °C ± 1 °C for transportation to the Kennedy Space Center 

(KSC) after the technical inspection by ASTRIUM/DORNIER.  

 

Once at the KSC, the reactors were photographed at the Space Station Processing Facilty 

(SSPF) and mounted into the APCF-Flight Model 2 (APCF-FM-2) which was handed over on 

August 8th, 2001 for its integration into the space shuttle middeck for launch with the STS-

105 mission. The space vehicle was launched on 10th August, 5:10 p.m. EDT, it docked on the 

ISS on 12th of August, 2:42 p.m. EDT and the transfer of the APCF to the Locker 5 of the US 

lab Destiny located in express rack 1 (final location) occurred nearly 24 hours later. During 

the transfer, the APCF was without power, i.e. without temperature control, for approximately 

18 minutes. The APCF was activated on August 13th, 2001 at 2:15 p.m. EDT. The reactors 

were activated on the same day at 7:25 p.m. EDT.  

 

Reactor deactivation was performed on November 29th at 8:15 p.m. EDT resulting in a total 

activation time of 108 days, 6 hours and 45 min. During its stay on the ISS, three outages of 

power in the APCF were registered. One for 54 minutes at 172 hours and 24 minutes after the 

APCF activation, a second one for 26 minutes at 196 hours and 34 minutes and the last one 

for 2 minutes at 238 hours and 14 minutes. The temperatures registered in the process 
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chamber after power retrieval were 22 °C, 21.4 °C and 20.6 °C, respectively. It is very 

probable that temperature fluctuations neither denatured the protein as B. subtilis lumazine 

synthase is stable up to 40 °C (Bacher et al., 1982) nor altered the solubility (chapter V.1).  

 

The European crystallization facility APCF was returned to Earth with the STS-108 mission. 

The space shuttled landed at the KSC (Florida, USA) on December 17th, 2001 at 12:55 p.m. 

EDT. The APCF was returned six hours later to ESA at the SSPF, where the reactors were 

dismounted for photo documentation. The reactors were transported to Europe (Amsterdam) 

via aircraft and from Amsterdam to Munich on December 21st, 2001 by car, in both cases in a 

transport box kept at (18±1) °C. Figure 52 summarizes schematically the sequence of events 

during the mission. 
 

Figure 52. Sequence of events during the Increment-3 mission. The reactor activation period on board of 
the ISS is emphasized by the grey background. The grey rectangle indicates the filling period. Images of 
the reactors were acquired on 6th of August, 17th and 21st of December respectively. 

 

2.2.1.2. Earth-based control experiments 
 

Reference experiments were performed in our laboratory only for FID-470 reactors under 

identical crystallization conditions, equilibration and activation periods. Buffers and precipi-

tating agents were identically prepared and protein from the same purification batch was used. 

The reactors were kept undisturbed in a temperature controlled room at 20 °C ± 2 °C. 

 

2.2.1.3. Post-flight observations 
 

Upon retrieval of the reactors, microgravity-grown crystals and their terrestrial counterparts 

were subjected to comparative analysis in terms of crystal numbers, sizes and morphologies. 

The non-crystallized protein was quantified by Bradford method. 
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(i) Light microscopic observations: The pre-flight photographs revealed that no crystal-

lization occurred during the period between reactor handover to ESA team and their mounting 

in the APCF. One day after the landing of STS-108 mission, all APCF reactors were 

photographed at the KSC (Florida, USA) (Fig. 53). Crystals were obtained in all reactors.  

 

  

 

 

Figure 53. Photographs of the reactors right after retrieval of the APCF. The upper image is an overview 
of each reactor and the lower image corresponds to a higher magnification. For FID-XL reactor, higher 
magnification images were not recorded. (a) FID-470 reactor containing 8 mg/ml lumazine synthase (b) 
FID-470 reactor containing 7 mg/ml lumazine synthase (c) FID-ortho and (d) FID-XL. The scale bar of 
the upper images represents 1 mm and it represents 0.5 mm for the lower ones.  

 
Figure 54 shows images five days after the space shuttle landing acquired at the Technical 

University Munich (TUM). Differences in crystal sizes were not detected suggesting that the 

b a   

c d
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crystals did not continue growing during the 6 days elapsed between the space shuttle landing 

and their arrival at Munich.  

 

  

Figure 54. Crystal images acquired 6 days after their landing with the STS-108 mission. (a) FID-470 
reactor containing 8 mg/ml protein, (b) FID-470 reactor containing 7 mg/ml protein. The scale bar 
represents 200 µm. 

 

Significant differences in crystal sizes and/or morphology were also not detected between 

microgravity-grown crystals and ground controls. Again, the large population of grown crys-

tals hindered a quantitative analysis and comparison. The terrestrial crystals are shown in 

Figure 55.  

 

  

Figure 55. Crystals grown in 
ground control experiments at 
(a) 8 mg/ml protein (b) 7mg/ml 
protein. The scale bar repre-
sents 200 µm. 
 

 

In the Earth control reactor containing the highest precipitant concentration and 8 mg/ml 

protein (Fig. 55a) more non-crystalline material was observed than in its microgravity 

counterpart. 

 

(ii) Crystal harvesting and cryofixation: Crystals grown in FID-470 reactors were har-

vested and loaded in eppendorf caps to prepare samples for freeze-fracture experiments. 

Crystal suspensions were concentrated by gentle centrifugation. One half of the concentrated 

crystal suspensions was loaded on gold holders and frozen in liquid nitrogen. The remaining 

a 

b a   

b 
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crystals were etched for five to eight minutes by creating undersaturation conditions with 

water and 0.9 M Na/K phosphate, pH 8.7. After the etching, the crystals were immediately 

frozen in liquid nitrogen. The crystals grown in FID-XL and FID-Ortho reactors were kept at 

18 °C at the TUM for approximately four and a half months until their transportation to 

Hamburg where they were harvested and mounted for diffraction studies at the EMBL-DESY 

(European Molecular Biology Laboratory-Deutsches Synchrotron). Diffraction studies have 

been carried out in collaboration with Prof. Garcia-Ruiz’s group (LEC, University of 

Granada). 

 

(iii) Determination of the concentration of  non-crystallized protein : The residual pro-

tein concentration in the supernatant of microgravity and ground control FID-470 reactors 

was determined by Bradford assay. The long duration of the ISS 7.A.1 (Increment-3) mission 

was expected to favour the consumption of most of the protein material in the solution. The 

concentration of non-crystallized protein was estimated by calculating the mean value of three 

absorbance measurements at three different dilutions of the crystallization supernatant. The 

results are summarised in Table 9. 

 

Table 9. The residual protein concentration in FID reactors (% 100× ([prot] final / [prot] initial)). 
 

Residual protein concentration in 
supernatant Initial protein 

concentration 
(mg/ml) Space (%) Earth (%) 

 
7 

 
1 

 
3 

 
8 

 
2.6 

 
0.5 

 

Up to 95% of the initial material was crystallized. For the experiments performed at 7 mg/ml 

lumazine synthase, the residual protein concentration in the supernatant of microgravity reac-

tor was lower than the terrestrial control. However, at 8 mg/ml, the amount of non-crystallized 

protein was measured to be lower in ground control than in the space experiment which was 

attributed to the significantly larger degree of precipitation in the ground control.  
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2.2.2. STS-107 Mission 
 

Experiments were carried out during the space shuttle mission STS-107 (flight duration 16 

days). The scientific objectives as well as the flight hardware were identical to those in the 

ISS 7.A.1 (Increment-3) mission. The reactor filling was performed on 10th - 12th January 

2003 at the Technical University Munich. The reactors were transported via aircraft to Florida 

(USA) in a transport box at constant temperature 18 °C. STS-107 was launched in Cape Cana-

veral (Florida, USA) on 16th January 2003 at 10:39 a.m. EST. The crystallization conditions 

were identical to those during the ISS 7.A.1 (Increment-3) mission, except that the agarose 

content was reduced to 0.5 % (w/v) due to the short mission duration. Unfortunately, the 

space vehicle disintegrated during reentry, less than 15 minutes before its scheduled arrival at 

the KSC on 1st February. Neither the crew nor the scientific samples could be saved. 

 

2.2.3. Andromeda Mission  
 

The 2nd European scientific utilization of the ISS was started on 23rd August 2001 with the 

accommodation of a GCF containing 20 GCBs with 22 proteins to be crystallized in micro-

gravity. The GCF was delivered to the ISS on board of the unmanned Russian cargo spacecraft 

Progress 5 launched on 21st August 2001 at 5:24 a.m. EDT from Baikonur in Kazakhstan. The 

GCBs for the flight were filled in the previous days (18th –21st August) in Kazakhstan by 

members of Prof. García-Ruiz’s group. Two GCBs were filled with B. subtilis lumazine 

synthase in which capillaries of 0.4, 0.7 and 1mm inner diameter were used per protein 

concentration used. The capillaries were filled with protein solutions of 10 and 20 mg/ml and 

the final precipitant concentration was set to 1.9 M Na/K phosphate, pH 8.7. The capillaries 

were punched one cm deep on the 2.7 cm agarose ( 1% (w/v)) gel layer and 5.3 cm precipitant 

were added onto the top 20 hours before the launch. The temperature in the GCF was constant 

(18 °C) during the flight. The CGF was returned to Kazakhstan on 31st October 2001 on board 

of the Soyuz Taxi flight (Andromeda Mission). The GCF was transported via aircraft to 

Granada (Spain) where the reactors were kept at room temperature before being diffracted at 

the DESY (Hamburg, Germany) on 6th December, 2001 for crystal quality comparisons with 

X-ray methods. The diffraction experiments were performed in collaboration with the 

Laboratorio de Estudios Cristalográficos (LEC, Granada). 
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2.3. Assessment and comparison of quality of Earth- and microgravity-grown 

crystals 

 

2.3.1. Electron microscopic analyses  
 

Electron microscopic studies aimed at the visualization and quantification of defects on crys-

tal surfaces as well as at the characterization of their distribution. Decoration has been applied 

to evaluate the influence of solution flows in the creation of rotational order/disorder. 

 

2.3.1.1. Point defect densities 
 

Vacant lattice sites or vacancies are known to create short range disorder in the crystal lattice 

and, thus, to deteriorate crystal quality. Atomic force microscopic studies have revealed that 

biomacromolecular crystals display vacancy densities in the range of 105-106 cm-2. However, 

some protein crystals were found to have point defect densities as large as 1010 cm-2, e.g. cata-

lase (McPherson et al., 1996, Malkin et al., 1995a; 1995b; 1999). Atomic force studies have 

also indicated that the concentration of point defects in growth layers determines crystal surfa-

ce morphology (Plomp et al., 2002a; Yau et al., 2000b). The origin of vacancies is still 

uncertain, although they are attributed to wrong oriented molecules incorporated in the lattice, 

trapping of mother liquor and adsorption of molecular clusters at growth interfaces. Besides, 

the mechanisms which lead to formation of vacancies may be specific for each crystallizing 

system, e.g. adsorption of apoferritin dimers was observed to lead to the formation of mono-

vacancies (Yau et al., 2001). Nevertheless, for several proteins and viruses studied, the in-

fluence of vacancies on crystal quality has been observed to be similar. The vacancies seem to 

alter step morphology and the spreading of the nascent layers at positions above the missing 

molecules in the underlying lattice, i.e. they propagate along several growth layers (Malkin et 

al., 1999; McPherson et al., 2000). Recently, it was suggested that domain misorientation in 

biomacromolecular crystals is caused by the stress induced by point defects (Chernov, 2003). 

However, up to now, only one study by atomic force microscopy demonstrated that crystals 

with lower defect densities resulted in an improved diffraction limit (Plomp et al., 2002a). 

The visualization of point defects, e.g., vacancies on surfaces of protein crystal by AFM relies 

on the interaction of a tip with the soft biomacromoleculal crystal surface. However, the role 

of this interaction on the creation of defects, particularly point defects, has not yet been fully 
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understood. The situation is rather different for freeze-fractured and shadowed crystal surfa-

ces. By this technique, images of unaltered crystal surfaces at molecular even submolecular 

resolution can be achieved provided that the pitfalls of cryofixation are avoided. 

 

In this work, defect structures on surfaces of lumazine synthase crystals grown in the FID-470 

reactor containing 7mg/ml protein and 1.8 M Na/K phosphate, pH 8.7 during the ISS 7.A.1 

(Increment-3) mission and crystals from corresponding ground control experiments were ana-

lyzed. The non-etched crystals were freeze-etched and shadowed. In shadowed replicas, (010) 

and (001) planes were detected. For the analysis of crystal defect densities, discrimination 

between these two faces was intended as different defect trapping probabilities may exist for 

different crystal faces. However, due to the crystal habit (hexagonal plates), only a very limi-

ted number of (010) planes was observed in freeze-etching (22 hexagonal vs. 3 orthogonal 

faces) so that a statistically significant, independent evaluation of the (010) faces, and in turn, 

a statistically significant comparison of defect densities on different crystal faces was not 

possible. For the determination of point defect densities (mono-, di- and multiple- vacancies) 

on (001) planes, a total of 44 views -each corresponding to a surface area of 0.76 µm²- were 

extracted from 13 Earth- vs. 12 space grown crystals and analysed (22 views each) (Fig. 56). 

Total point defect densities are shown and compared in Figure 57.  

 

   

   

Figure 56. Upper row shows planes of microgravity-grown crystals and the lower one planes of terrestrial 
crystals. Scale bar represents 100 nm. 
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Figure 57. Total point defect densities ordered according to increasing defect densities on surfaces of 
space- (a) and Earth-grown (b) crystals. (c) Comparison between terrestrial and microgravity-grown 
crystals. No discrimination was made between mono-, di- and multiple- vacancies. 
 

Earth- and microgravity-grown B. subtilis lumazine synthase crystals presented defect densi-

ties in the range of 109 cm-2; similar values have been encountered for catalase during etching 

experiments (Malkin et al., 1999). Unexpectedly, microgravity-grown crystals were observed 

to have higher defect densities than their terrestrial counterparts. The best but also the worst 

crystal, in terms of point defect densities, was grown in the absence of gravity (Fig. 57). In 

order to estimate mean defect densities as well as the variance between different sub-

populations of analysed surfaces, the whole population was divided into three groups: low, 

medium and higher total point defect density surfaces (Fig. 58). In all three groups, 

microgravity grown crystals presented higher total point defect densities. 
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Figure 58. Mean total point defect 
densities for subpopulations of mi-
crogravity- and Earth-grown crys-
tals. The surfaces were grouped into 
three classes of low (1), medium (2) 
and high (3) total defect densities. 
The mean total defect densities for 
the whole populations are: 3.19××××109 
cm-2 and 2.52××××109 cm-2 for space-
grown and terrestrial crystals, res-
pectively. 
 

To gain further insight into the distribution of point defects, discrimination was made between 

mono-, di- and multiple- vacancies (Fig. 59).  

 

 

Figure 59. Shadowed (010) plane of a lumazine synthase crystal on which mono-, di- and multiple vacan-
cies are indicated by one, two and multiple arrows, respectively. 

 
Figure 60 shows the defect density for mono-, di- and multiple-vacancies. Very similar 

densities for divacancies were found for crystals grown under normal and reduced 

gravitational fields but significantly higher monovacancy densities were determined for the 

microgravity-grown crystals. In the case of multiple vacancies, again similar densities have 

been observed for both crystal populations. 
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Figure 60. Defect densities for 
mono- (MV), di- (DV) and mul-
tiple- vacancies (MUV) of 
microgravity- and Earth-grown 
crystals according to increasing 
defect densities. The filled 
symbols correspond to micro-
gravity- grown crystals and 
empty symbols to their terres-
trial counterparts. Circles re-
present mono-, triangles di- and 
squares multiple vacancies. 

 
However, while 45 % of terrestrial crystals were free of multiple vacancies, only 27 % of 

microgravity-grown crystals did not display multiple vacancies. To establish similarities and 

differences and similarities between subpopulations of Earth- and microgravity-grown 

crystals with low, medium and high mono-, di- and multiple- defect densities, the analysed 

surfaces were again grouped into three classes (Fig. 61; Table 10).  

 

 

Figure 61. Mean mono- di- and multiple-vacancy 
defect densities for Earth- and microgravity- 
grown crystals after classification into three 
groups. 
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Table 10. Mean defect densities of mono-, di- and multiple- vacancies of Earth- and microgravity-grown 
crystals. (MV: monovacancies, DV: divacancies, MUV: multiple vacancies). 
 

Point defect density 

(cm-2) 

Earth-grown crystals 

(mean value) 

Space-grown crystals 

(mean value) 

MV 1.62×109 2.06×109 

DV 7.43×108 7.67×108 

MUV 1.60×108 3.44×108 

TOTAL 2.52×109 3.19×109 

 

To summarise, B. subtilis lumazine synthase crystals grown in microgravity and on Earth 

possess point defect densities in the range of 109 cm-2, which correspond approximately to 1% 

unoccupied surface lattice sites in a hexagonal crystal plane (in the hexagonal crystal packing, 

one cm² surface area contains 4.1×1011 molecules). Crystals grown under microgravity 

trapped more vacancies than their terrestrial counterparts. Differences were found for 

monovacancy densities as well as in the population of crystals containing multiple vacancies. 

The defect densities observed for di- and multiple- vacancies were similar.  

 

2.3.1.2. Spatial and angular distribution of point defects 
 

For the analysis of the spatial and angular distribution of point defects on surfaces of 

microgravity- and Earth-grown B. subtilis lumazine synthase crystals, the same crystal areas 

subjected to point defect density analysis were processed, i.e. a total of 44 (001) 

crystallographic planes stemming from 12 microgravity- and 13 Earth-grown crystals were 

evaluated. For the analysis, vacant surface lattice sites observed on the shadowed (001) crystal 

surfaces of lumazine synthase were selected manually in SEMPER. Their positions were 

referred to a Cartesian coordinate system with origin in the image centre and stored in a peak 

list. The intervacancy vectors were then calculated applying trigonometric relations under the 

SEMPER system. A total of 6700 intervacancy vectors (microgravity and terrestrial surfaces) 

were calculated, containing the corresponding module and direction information. For the 

analysis of the spatial distribution, the defects located within a circular area of 300 nm 

diameter (20 times the lattice vector) around a point defect were considered, i.e. 20 crystal 

layers were analysed. From the calculated 6700 intervacancy vectors, 3950 were within this 
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area, the remaining 2980 vectors exceeded the upper distance considered for the spatial distri-

bution analysis. The 3950 vectors corresponded to 2096 intervacancy vectors on surfaces of 

22 microgravity-grown crystals and to 1854 vectors on surfaces of 22 terrestrial crystals. 

 

In order to reduce the errors caused during manual particle selection, algebraic treatment was 

selected for quantitative analysis. The vector modules, i.e., distances between vacancies, were 

transformed into equivalent lattice vectors in the corresponding crystallographic directions of 

the studied planes. This permitted to identify the number of crystal shells between both va-

cancies, e.g. for a unidirectional trivacancy in a (001) plane of a lumazine synthase crystal, 15 

nm corresponded to the first shell, 30 nm correspond to the second shell and so on (Fig. 62).  

 

  

Figure 62. (a) Schematic representation of a hexagonal crystal plane. Vacancies are indicated by coloured 
circles. (b) Equivalent shells for the corresponding intervacancy vectors. For the divacancy formed by the 
green molecules, the distance corresponds to the first crystal shell (green layer). The distance between the 
green molecule located in the centre of the coordinate system and the blue and red molecules correspond 
to two (blue) and three (red) crystal shells, respectively. 

 
The transformation of distances in equivalent shells offers two advantages: (i) the comparison 

of point defect distributions on different crystal surfaces can be easily done as the new 

parameter is dimensionless and (ii) a considerable data reduction is achieved without loosing 

any information. In the studied case, i.e. (001) crystal planes, the amount of information was 

reduced from 210 non-equivalent theoretically possible distances in the lattice, to 20 unit 

cells. This corresponds to a data reduction of 90 %.  

 

After the transformation of distances in equivalent shells, the data were statistically treated in 

SIGMA PLOT for determining intervacancy density distributions (occurrence of each 

intervacancy vector) for 20 shells. The occurrence was weighted by a function inversely 

proportional to the number of molecules in each shell as the occurrence of a vacant lattice site 

X 

Y a   Y 

X 

b 
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at a certain crystal shell is proportional to the number of molecules within this shell. For 

instance, in the hexagonally packed (001) crystal plane of lumazine synthase, the probability 

to find a molecule in the 1st crystal shell is one half of that in the 2nd one, one third of that in 

the 3rd one and so on (Fig. 62b). Figure 63 shows the weighted spatial distribution of all point 

defects (mono-, di- and multiple vacancies) of the analysed planes of microgravity- and 

terrestrial-grown crystals.  
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Figure 63. Spatial density distri-
bution of point defects for Earth- 
and microgravity-grown crystal 
surfaces. No discrimination was 
made between mono-, di-, and 
multiple vacancies. 
 

 

The graphic reveals that one fifth of the total inter-vacancy vectors present modules 

equivalent to the lattice vector, i.e. the distance between the vacancies with the highest 

frequency corresponded to that defined by two adjacent missing molecules. This is due to the 

fact that mono-, di- and multiple vacancies on crystal surfaces were considered for the 

analysis. The surfaces of space-grown crystals presented higher frequency of point defects 

within the first 3 shells than the terrestrial ones (Fig. 63). This agrees well with the point 

defect density analysis which showed that only 27 % of microgravity-grown crystals were 

free of multiple vacancies versus 45 % of the terrestrial crystals. However, when the outer 

shells were considered, terrestrial crystals were observed to present higher point defect 

densities in these shells compared to microgravity-grown ones, i.e. Earth-grown crystals 

presented more “isolated” point defects than space-grown ones. At intermediate shells (5-14), 

no significant differences in spatial defect distributions were observed.  

 

To gain a global overview, the point defect distributions were fitted by Gaussian functions, 

excluding di-vacancies. Figure 64a and 64b show the fits of the weighted spatial distributions 

of Earth- and microgravity-grown crystals with their corresponding fitting parameters.  
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Figure 64. Gaussian fitting of the spatial point defect distribution on surfaces of (a) Earth-grown and (b) 
microgravity-grown lumazine synthase crystals. 

 

Both data sets were fitted well by the Gaussian functions as indicated by the regression 

coefficients. The fits revealed that the defects were slightly more dispersed on surfaces of 

terrestrial crystals than on microgravity- grown ones, as judged by the calculated Gaussians 

width (4.7 vs. 5.3). The gaussian peaks were located in the 10th (9.8) and 9th shell (9.2) for 

terrestrial and microgravity crystals respectively, i.e. the peak maximum was shifted by one 

shell. Figure 65 shows graphically differences and similarities of the distributions.  

 

Figure 65. Gaussian fits of the total point 
defect distributions, i.e. mono-, di- and 
multiple vacancies of Earth- and space- 
grown crystals. 

 

Interestingly, already by visual inspection of the distributions shown in Figures 64a and 64b, 

it was noted that the data grouped into four blocks consisting of four to five shells, suggesting 

periodic modulations of the point defect distribution. To test this, the distribution of 
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monovacancies on surfaces of Earth and microgravity- grown crystals was analyzed. The 

weighted distributions are shown in Figure 66. 
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Figure 66. Spatial distributions of monovacancies on surfaces of Earth- and microgravity-grown crystals. 
 

The analysis of monovacancies revealed the existence of 4 peak maxima for microgravity and 

terrestrial distributions which were located at the 4th, 7th , 12th and 16th shell and 4th , 8th , 12th 

and 17th shell, respectively. Thus, monovacancy distributions for both populations were fitted 

by four individual gaussian functions keeping peak widths and positions of the maxima 

constant. In a second run, the experimental points were fitted without imposing prior 

conditions to the fitting. The new data set converged satisfactorily providing practically 

identical fit parameters to the ones obtained in constrained fitting confirming its validity. The 

functions describing the complete defect distribution for each crystal population were 

obtained by addition of the individual gaussian functions. This allowed to observe differences 

and similarities in the distributions of monovacancies on surfaces of microgravity-grown and 

terrestrial crystals as well as to establish local maxima, as depicted in Figure 67.  
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Figure 67. Spatial distributions of monovacancies on surfaces of crystals grown (a) in microgravity, (b) on 
Earth. The thin lines correspond to the individual Gaussian fittings and the continuos line the addition of 
the individual fittings.  

 

The main difference between the monovacancy distributions on surfaces of terrestrial and mi-

crogravity crystals was found within the first five shells (Fig. 68). Slight displacements of 

peak maxima were found when larger distances (5-20 shells) were considered. 

 

Figure 68. Monovacancy distributions on surfaces of  Earth- and microgravity-grown crystals. 
 

The desplacive modulation of the distribution every four to five unit cell suggests that the 

instability created by a vacant lattice site is dampened within the next three to four shells, i.e. 

its influence is compensated when it is surrounded by a defect-free equivalent to the area 

defined by three lattice vectors in the proper crystallographic directions.  
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The angular distributions of point defects did not result in any preferential direction, except 

those characteristic for the lattice, i.e. on the hexagonal (001) planes, the preferential angles 

were 0° and 30° (0 and 60° are equivalent due to the symmetry elements in the plane). Signi-

ficant differences in angular distributions were not observed between microgravity- and 

Earth-grown crystals either for total (Fig. 69) or individual point defect distributions (data not 

shown). 
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Figure 69. Angular distribution of 
point defects on (010) planes of 
Earth- and space-grown lumazine 
synthase crystals. 

  

 

To summarise, the influence of convective transport on creation or hampering of point defects 

in lumazine synthase crystals was evaluated by analysing their spatial distribution in a 

significant population of surfaces. The data indicated that microgravity-grown crystals 

presented higher population of point defects at short distances (4 shells) than their terrestrial 

counterparts. When only monovacancies were subjected to the analysis, the same tendency 

was observed. The spatial distribution of point defects has indicated that the presence of point 

defects in a crystal shell influences the attachment of further molecules in a very short range. 

 

2.3.1.3. Evaluation of rotational disorder of B. subtilis lumazine crystals grown under 

different transport regimes 

 

In order to analyse the rotational order of individual lumazine synthase molecules on surfaces 

of crystals grown in the presence and absence of gravitational fields, the crystals were freeze-

etched and decorated with silver. The replicated crystal surfaces were examined in the Jeol-

CX 100 transmission electron microscope. Suitable micrographs of (001) and (010) crystal 
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planes were scanned and subjected to correlation averaging. Figure 70 shows averaged images 

of (001) and (010) planes of B. subtilis lumazine synthase crystals grown in microgravity. 

  

  

Figure 70. Averaged decoration pattern of silver on a (001) (a) and (010) (b) crystallographic plane. The 
arrows indicate the crystallographic directions. Notice the alternation of the molecular orientation on the 
(010) plane in the direction of the crystallographic c axis. 

 

To test the molecular order on (010) planes of lumazine synthase crystals, the orientation of 

individual molecules was determined by multivariate statistical analysis (van Heel and Frank, 

1981; van Heel, 1984; van Heel et al., 1996). The (010) planes were not subjected to this 

analysis as the sensitivity by which misorientations can be detected by decoration is lower on 

these faces. For the analysis, the molecules were selected by cross correlation function and 

their positions were stored in a peak list during correlation averaging. The grey scale of the 

individual images was subjected to a normalization to eliminate shadowing effects. Subse-

quently, the images were masked and subjected to multivariate statistical analysis without fil-

tering and translational and rotational alignment in IMAGIC (Frank and van Heel, 1982). The 

molecule population was classified by the first 12 eigenvectors resulting in exclusively two 

classes, in accordance with the molecular orientations corresponding to the crystal packing 

(Figure 71).  

 

 

Figure 71. Class averages of the molecules within a (010) plane 
obtained by MSA. 

a 

b 

a b



Results 

 

113

The spatial distribution of the molecular orientations on a (010) face of a microgravity-grown 

crystal is shown in Fig. 72.  

 

  

Figure 72. (a) (010) plane of a space-grown lumazine synthase crystal decorated with silver. No relief 
perturbations are visible. (b) Spatial distribution of the two molecular orientations as obtained from MSA. 
The two orientations are shown as black and white circles. Note the areas of uniform molecular 
orientation violating the crystal symmetry.  

 

From the 618 molecules of the surface, 278 were found to belong to class 1 and the remaining 

ones to the 2nd class, which are indicated as white and black circles in Fig. 72b. In some areas 

of the surface, rows of black and white circles alternated as expected from the crystal packing 

(two alternating molecular orientations). However, in some areas, small patches of uniform 

orientation were found violating the rotational order. A quantitative analysis showed that 14 

% of the molecules did not adopt the “right” orientation dictated by the crystal symmetry 

elements. It should be noted, however, that the actual orientation of the molecules on (010) 

planes can be determined by decoration only with 90 % certainty. 

 

Figure 73 shows the (010) face of a terrestrial crystal. In this case, from the 626 molecules 

analysed, 16 % adopted the wrong orientation. 
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Figure 73. (a) (010) plane of an Earth-grown lumazine synthase crystal decorated with silver, (b) spatial 
distribution of molecular orientations as determined by MSA. The two orientations are indicated as black 
and white circles. 

 

2.3.2. X-ray diffraction studies 
 

Crystals grown during the Andromeda mission and their terrestrial counterparts were ana-

lysed by X-ray diffraction using highly monochromatic synchrotron radiation at the European 

Molecular Biology Laboratory (EMBL), outstation Hamburg, beam line X13. The space-crys-

tals grown during the ISS 7.A.1 (Increment 3) mission were also analysed by X-ray 

diffraction at the EMBL, outstation Hamburg, beam line BW7b. The images were recorded on 

image plate detectors and data reduction was performed with the program package XDS. The 

diffraction parameters and space groups for the crystals from Andromeda and ISS 7.A.1 mis-

sions as well as for their Earth-counterparts are summarised in Tables 11 and 12, respectively.  

 

At this point of this investigation, no clear conclusions can be drawn from the X-ray 

diffraction studies due to several reasons. For several crystals, an unambiguous space group 

assignment and a reliable refinement of the unit cell parameters was not possible as depicted 

by the high penalties obtained during data indexing.  
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Table 11. Crystallographic data of lumazine synthase crystals grown in GCB during Andromeda mission 
versus ground controls 
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Table 12. Crystallographic data of lumazine synthase crystals grown  in APCF-XL reactors during the 
ISS 7.A.1 mission versus Earth-grown crystals. 
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Two of the diffracted crystals were assigned to a space group, which has never been reported 

before; however, the uncertainties in the determination of unit cell vectors did not allow a 

clear conclusion. Some crystals seemed to display perfect twinning, i.e., perfect overlapping 

of domains with different orientations, which normally leads to the assignment of a higher 

symmetry space group. New diffraction data and further systematic studies are needed to 

identify the problems underlying lumazine synthase crystals. Nevertheless, no significant 

differences in the diffraction resolution limit were observed for terrestrial and space-grown 

crystals. For crystals grown in APCF-XL reactors during the ISS 7.A.1 mission (Increment-

3), unusually high temperature factors were found (up to 60 % higher than the common values 

of about 5-100 A2) which is an indication for molecular displacements, rotational and 

conformational variations and for microscopic mosaicity.  

 

2.4. Summary and discussion 
 

Crystallization from solution requires molecular transport to the surface of the growing 

crystal. Any perturbations across the solution volume related to sedimentation and buoyancy-

driven convection lead to uncontrolled molecular transport and to growth rate fluctuations. 

Thus, the local growth environments for crystals obtained from identical experiments may be 

quite different; a fact, which may explain the lack of correlation between the quality of 

crystals grown from identical or very similar crystallization experiments. Flow perturbations 

are minimized in convection-free solutions, i.e. when mass transport processes are purely go-

verned by diffusion. Diffusive transport conditions can be achieved in microgravity or on 

Earth using gels. To test the effects of solution transport conditions on the structural perfec-

tion of lumazine synthase crystals and to correlate growth conditions with crystal quality, 

experiments were carried out in microgravity on board of the International Space Station. As 

space experiments required a well-characterized and predictable behaviour of the protein 

under study, a wide range of preparatory experiments were performed on Earth in FID-

reactors designed for microgravity experiments within the APCF unit. In these slow mixing 

batch experiments, a direct correlation between the protein concentration and the numbers and 

sizes of the grown crystals could not be established. However, these parameters were 

influenced drastically by the precipitant concentration while crystal morphologies remained 

unaffected. The use of gels in the precipitant chamber and in other smaller, connecting 

volumes of the reactors determined the crystallization times as well as the crystal numbers 

and sizes. Based on these observations, proper crystallization conditions for microgravity 
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experiments for growing a large number of small crystals suitable for electron microscopic 

analyses and a small number of large crystals suitable for X-ray methods were selected.  

 

Hexagonal plates and polygonal crystals were grown in microgravity and in parallel experi-

ments on Earth in FID-XL, FID-ortho and FID-470 reactors during ISS 7.A.1 mission for a 

duration of approx. 3 months. During this period of time, the crystallization temperature was 

kept at 20°C in ground controls. In microgravity experiments, however, three outages of 

power on the ISS led to minor temperature changes. Nevertheless, based on previous observa-

tions, it can be assumed that these fluctuations led neither to dissolution nor to regrowth of 

microgravity crystals. Upon their arrival on Earth, space-grown crystal populations were com-

pared to their terrestrial counterparts in terms of crystal numbers, sizes and morphologies. No 

significant differences were found.   

 

For a quantitative comparison of the point defect densities, i.e. mono-, di- and multiple vacan-

cies, and distributions on surfaces of microgravity- and Earth-grown crystals, crystals ob-

tained in the FID-470 reactors during the ISS 7.A.1 mission and their respective ground con-

trols were subjected to a detailed electron microscopic analysis utilizing freeze-etching and 

metal shadowing techniques. On shadowed crystal surfaces, no signs indicative of surface re-

construction were found. The analysis revealed for both crystal populations relatively high 

total point defect densities of approx. 109 cm-2. The best but also the worst crystal surfaces in 

terms of point defects were found in the space-grown population. When the mean total defect 

densities were considered, microgravity-grown crystals turned out to have approx. 30 % 

higher defect densities, i.e. 3.2x109 cm-2 vs. 2.5x109 cm-2 for terrestrial counterparts. Although 

this difference appeared large at a first sight, its significance in terms of crystal quality was 

questioned as the difference corresponds to only 0.3 % more unoccupied surface lattice sites 

on surfaces of microgravity-grown crystals. To gain further insights in point defect 

distributions, mono-, di- and multiple vacancies were evaluated independently. Compared to 

ground controls, space-grown crystals presented higher monovacancy densities. The mean 

densities for di- and multiple vacancies in both populations were comparable. However, a 

larger subpopulation of space-grown crystals contained multiple vacancies (73% vs. 55%).  

 

The spatial distributions of point defects, especially of monovacancies in both crystal popula-

tions revealed periodic modulations every four to five unit cells suggesting that the instability 

created by a vacant lattice site is dampened within the next three to four shells. From the 
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spatial distributions, it was concluded that vacancies replicate only within a short range 

limited to four to five crystal shells. Similar observations were reported for apoferritin (Yau et 

al., 2001) and thaumatin (McPherson et al., 2000). The angular distributions of point defects 

observed on surfaces of microgravity- grown and terrestrial crystals did not result in any 

preferential directions, except those characteristic for the hexagonal lattice.   

 

To test the rotational order on surfaces of space-grown and ground-control crystals, freeze-

etching and metal decoration techniques were applied. The analysis of the molecular orienta-

tions of individual molecules on crystal surfaces by multivariate statistics (MSA) revealed 

patches consisting of several misoriented molecules. Within the experimental limits of the 

method, i.e. that the actual molecular orientation can be determined by decoration only with 

90% certainty, approx. 14 % of the molecules on surfaces of terrestrial crystals were found to 

have a wrong orientation vs. 16 % found for microgravity grown-crystals. These values 

correspond to defect densities of approx. 1010 cm-2 (an order of magnitude higher than va-

cancy densities) and reflect the fact that 10 % of the surface lattice sites are occupied by mis-

oriented molecules. These results are unique as information on rotational disorder in biomac-

romolecular crystals is so far only accessible by the decoration technique.  

 

In order to assess and compare the overall qualities of crystals grown under different transport 

regimes, X-ray diffraction studies were performed on crystals grown in Granada Crystal-

lization Box during the Andromeda mission and in FID-XL-reactors during the 7A.1 mission 

as well as on their terrestrial counterparts. No significant differences were observed in 

diffraction resolution limits. While crystals grown in capillaries of the GCB either on Earth or 

in space showed B-factors of 20-60 Å2, which are relatively high but still fall into the typical 

range between 5 and 100 Å2 observed for other proteins, the crystals grown on Earth in 

hanging drops and in the FID-XL reactor in space displayed up to 60 % higher values 

indicating severe microscopic mosaicity.  

 

To summarize, lumazine synthase crystals show relatively high point defect densities on their 

surfaces irrespective of solution transport conditions. The observed vacancy densities (~ 109 

cm-2) correspond to approx. 1 % unoccupied surface lattice sites. However, rotational disorder 

appears to be even much more drastic: 10 % of the lattice sites are occupied by misoriented 

molecules corresponding to a defect density of approx. 1010 cm-2. Taken together, the 

observed point defect densities including vacancies and misoriented molecules may be 
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sufficient to explain the relatively high B-values and the low diffraction resolution limits 

observed with lumazine synthase crystals. Earlier AFM studies on model proteins such as 

canavalin, lysozyme and thaumatin reported point defect densities in the order of 105-106 cm-

2. However, these values were considered to be too low to account for the high B-factors 

typical for protein crystals. It was further discussed that the dominant disorder limiting protein 

crystal B-values may stem from conformational variations, chemical microheterogeneities and 

small translational and/or rotational molecular displacements which cannot be resolved by 

AFM. The observations reported herein are in good agreement with these suggestions and 

indicate that protein crystals may present rotational disorder at densities which are several 

orders of magnitude higher than those of other point defects. This result is not surprising 

given the facts that several sets of intermolecular contacts of low strength can be realized in 

protein crystals and that there is no correction of misaligned molecules on the attachment-

detachment level. Thus, protein crystals are prone to incorporate high concentrations of 

rotationally disordered molecules. The presence of impurities even enhances the probability 

for rotational disorder.   

 

Within the investigations of this work, significant quality differences between Earth- and 

microgravity-grown crystals were not found either by X-ray crystallographic analysis or by 

EM methods. For a meaningful interpretation of this result, several factors and possible 

pitfalls must be considered carefully:  

(i) Surfaces of microgravity-grown lumazine synthase might have been altered and 

even regrown upon re-entry: The long duration of the ISS 7A.1 mission suggests that the 

crystals reached their equilibrium state. In this state, dissolution and/or regrowth require 

changes in protein solubility either due to temperature fluctuations or changes in solution 

composition and/or pH. As the FID-reactor is a closed system, any changes in solution 

composition and/or pH can be ruled out. Solubility changes and thus, crystal dissolution and 

regrowth due to temperature changes are also not likely, as no temperature fluctuations in 

FID-reactors were observed for the time period between re-entry and sample preparation for 

electron microscopy. In addition, previous experiments with crystals grown on Earth under 

otherwise identical conditions indicated that lumazine synthase crystals are not sensitive to 

temperature changes even within a large range. However, alterations of crystal surfaces due to 

sedimentation under gravitational forces upon re-entry cannot be ruled out. Nevertheless, it 

seems also less likely that vacancies and rotational disorder can be created by crystal 

sedimentation. To summarize, although there are sufficient number of arguments against the 
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possibility that “Earth-grown surfaces” of “microgravity-grown” crystals might have been 

subjected to comparative analyses, this possibility can be ruled out with 100 % certainty only 

by looking at “etched-surfaces” of microgravity-grown crystals. Investigations along this line 

are currently under way. Analysis of “etched” crystal surfaces may even become more crucial 

for space missions with a short duration.  

(ii) Fluctuations in the gravity level might have occurred during the space mission 

violating diffusion-controlled mass transport scenario: During the ISS 7A.1 mission, severe 

crystal motions were observed in FID-ortho reactors due to residual accelerations or g-jitters 

(Otálora, personal communication) indicating that the pure diffusive mass transport scenario 

was severely disrupted for this mission. For protein crystals growing in transport-controlled 

regimes, fluctuations in supply of bulk molecules are likely to produce growth instabilities 

which may give rise to creation of defects. Assuming that lumazine synthase crystals grow in 

transport-controlled regimes (see below), the instabilities in transport conditions would 

explain why no significant differences were found between defect densities, B-factors and 

diffraction resolution limits of Earth- and microgravity-grown crystals for experiments 

performed in FID-reactors of APCF. On the other hand, crystals grown either on Earth by the 

gel acupuncture method (GAME) or in microgravity in capillaries of GCF (Andromeda 

mission) were observed to be of higher quality in terms of B-factors. As capillaries with 

diameters below 1 mm suppress convective flows, an enhancement of crystal quality can be 

expected. The better quality of lumazine synthase crystals grown in capillaries either on Earth 

or in space supports this assumption. Experiments for a quantitative evaluation of defect 

densities by electron microscopy on surfaces of capillary-grown lumazine synthase crystals 

are in progress.  

(iii) The growth of lumazine synthase crystals is controlled by interface kinetics and thus 

is not influenced by changes in solution transport conditions: Protein crystal growth involves 

two processes: transport of growth units from the bulk to the crystal surface (transport 

processes) and the attachment and incorporation of these units into the crystal lattice 

(interface kinetics). It is known that only systems under transport controlled growth may 

benefit from environments with diffusive mass transport conditions, e.g. microgravity. 

Unfortunately, lumazine synthase is not yet sufficiently characterized in terms of kinetic 

parameters required to predict its growth mode (transport or kinetic controlled). At this point 

of investigation, it cannot be excluded that lumazine synthase crystal growth is controlled by 

interface phenomena and hence insensitive to changes in solution flow conditions although 

the better quality of capillary-grown crystals contradicts this assumption. 
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3. Effects of impurities on growth and perfection of lumazine synthase crystals 

 

Impurities adsorbed on a crystal surface or trapped in a crystal are known to influence growth 

rate, shape and perfection of inorganic and biomacromolecular crystals grown from solution, 

as well as their chemical, mechanical and diffraction properties. The dynamic character of 

protein molecules in combination with the achievable level of protein purity (90-95 %), 

increases the percentage of heterogeneities in a protein crystallization experiment. For several 

systems, improved protein purifications have been shown to lead to better diffraction 

resolutions, lower thermal factors, narrow rocking curves and more perfect step morphologies 

(Thomas et al., 2001; Chernov et al.,2001; Plomp et al., 2002a). Most of these recent studies 

have focused their attention on the quantification of impurity incorporation in crystals 

(Chernov et al., 2001; Thomas et al., 2000) and their influence on crystal quality as judged by 

integral methods (Thomas et al., 1998). However, little work has been done so far to directly 

visualize impurities when they are trapped in crystals. Up to now, this aspect has been 

addressed by fluorescence spectroscopy (Kurihara et al., 1999; Caylor et al., 1999a; 1999b).  

 

To characterize the effects of protein impurities on crystal growth and perfection, it is a pre-

requisite to use systems, for which the impurities can be qualitatively and quantitatively 

defined. In this context, lumazine synthase from B. subtilis offers a big advantage as it can be 

modified by genetic engineering to construct “impurity molecules” of defined properties. 

Thus, it is possible to introduce “known amounts” of “known impurities” to systematically 

study the relation between heterogeneities and crystal quality. In addition, if the decoration 

pattern of the impurity differs from that of the B. subtilis protein, the location of individual 

impurity molecules on the crystal surface, or clustering of impurities, as well as their 

influence on the short-range translational and rotational order of neighbouring molecules can 

be observed. Decoration technique offers the advantage that labelling of the impurity 

molecules, e.g. genetic variants of lumazine synthase from B. subtilis or homologous, icosa-

hedral lumazine synthases from other organisms, is not required. 

 

Within the frame of the present work, B. subtilis lumazine synthase was selected as “host” 

protein as its physical-chemical properties, crystallization behaviour, and X-ray structure were 

well known (Schott et al., 1990; Ladenstein et al., 1994; Ritsert et al., 1995) and as decoration 

patterns of different metals on its surface were studied in detail (Weinkauf et al., 1991; Braun 

et al., 2002). Other icosahedral, structurally related lumazine synthases of similar size, pI and 



Results 

 

123

hydrodynamic properties were considered as “homologous” impurities as these impurities are 

known to be trapped by a growing crystal to a much larger extent than the heterogeneous ones 

enhancing the probability for detection by decoration. 

 

3.1. Search for a “homologous” impurity 

 

Icosahedral lumazine synthases from three different organisms were selected to test their 

applicability as “homologous” impurities. The proteins were characterized by negative 

staining, crystallized and studied by freeze-etching in combination with metal shadowing and 

decoration. 

 

3.1.1. Lumazine synthase from Aquifex aeolicus 

 

Lumazine synthase from the hyperthermophilic bacterium Aquifex aeolicus is a 1 MDa enzy-

me consisting of 60 identical subunits arranged in icosahedral symmetry (T=1). The primary 

structure of the subunit comprises 154 amino acids with 48% sequence identity to its counter-

part from B. subtilis. The molecular weight of the subunit was estimated to be 16,750 Da and 

its theoretical pI to be 5.82. X-ray crystallographic studies revealed the high structural simila-

rity of this protein to the lumazine synthase from B. subtilis (Zhang et al., 2001; 2003) (Fig. 

74).  

 

 

Figure 74. Three dimensional structure of the icosahedral capsid of A. 
aeolicus lumazine synthase. The molecule is oriented such that the 5-
fold symmetry axes are perpendicular to the paper plane. Colour 
codes are: red for asp, glu; blue for lys, his, arg; green for asn, gln, 
ser, thr, cys, tyr, gly. 
 

 

The protein was crystallized in the presence of 12% (w/v) PEG 4000, 0.1 M LiSO4, 0.1 M Na 

citrate, pH 5.6 in form of cubic-shaped crystals which were attributed to the cubic space 

group I23 with cell dimensions a=b=c=180 Å (Zhang et al., 2001). The molecule is oriented 

in the unit cell in such a way that the 2- and 3-fold molecular axes coincide with the 
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crystallographic 2-fold axes along the main axes and with the 3-fold axes along the body 

diagonals. The asymmetric unit of the unit cell contains one pentamer (Zhang et al., 2001). 

 

At the beginning of this work, information on decoration patterns of different metals on the 

surface of A. aeolicus lumazine synthase was not available. Thus, the protein was purified as 

described in section IV.1 and the sample homogeneity was controlled by negative staining 

prior to crystallization. The crystallization was followed by optical microscopy and crystal 

surfaces were characterized at molecular resolution by freeze-etching, shadowing and 

decoration techniques. 

 

Quaternary Structure: Electron micrographs of negatively stained (1% w/v uranyl acetate) A. 

aeolicus lumazine synthase solutions containing 1 mg/ml protein revealed a homogeneous po-

pulation of hollow spherical molecules of approximately 16 nm diameter in the absence of 

ligands, as shown in Figure 75. The quaternary structure is thus identical to lumazine synthase 

from B. subtilis (Haase, 2002).  

 

 

Figure 75. A. aeolicus lumazine syn-
thase molecules negatively stained 
with 1% (w/v) uranyl acetate. The 
scale bar is 100 nm. 
 

 

Crystallization: Purified protein solutions were concentrated to 30 mg/ml and stored in a 

buffer containing 50 mM Na/K phosphate, 0.5 M Na sulphite, 0.5 mM EDTA and 0.06% Na 

azide. Protein concentrations were estimated by Bradford assay and UV measurements 

(ε=0.882 ml/mg). The protein was crystallized in 4% (v/v) PEG 400, 0.6 M magnesium 

sulfate, 0.1 M HEPES, pH=5.6, by batch method at room temperature (20° C). Three weeks 

after the experiment onset, spherical envelopes consisting of several radially oriented domains 

(sea urchin architecture) were observed. The spherical envelopes existed in associations of 

two to five individual entities (Figs. 76a, 76b). About ten days after their detection, the 

structures were observed to present cracks on their surfaces, originating at the centre and 
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propagating to the periphery (Fig. 76c). The radial domains of the envelope were further 

observed to transform into thicker and more compact, needle-like structures as shown in 

Figure 76d. This transformation led to the formation of cubic, spherical and needle-like 

crystals (Figs. 76e, 76f). The resulting spherical crystals had very smooth surfaces without 

visible radial domains as observed in the initial sea urchin-like assemblies. The observations 

suggest that the crystallization pathway of this protein occurs via metastable, kinetically 

favoured states, which evolve into energetically more favoured states (cubic, spherical and 

needle-shaped crystals). 

 

   

   

Figure 76. (a, b) Spherical envelopes formed by radially oriented domains (sea urchin architecture) obser-
ved 3 weeks after the experiment onset, (c) Association of spherical envelopes with cracks spreading from 
their centre to the periphery (d) transformation of the inner structure of the spherical envelopes into more 
compact needle-like structure (e, f) cubic, needle-like and spherical shaped crystals. The scale bar 
represents 20 µm. 

 

In order to reduce the crystallization time of approximately 40 days and to eventually obtain 

homogeneous crystal populations, the crystallization strategy was altered by: (i) increasing 

protein and/or precipitant concentration, (ii) using different crystallization methods and (iii) 

changing the precipitant. The first two strategies did not lead to any reduction of the crystal-

lization time. Furthermore, the results were often not reproducible, i.e. only spherical structu-

res similar to those revealed in Figures 76e and 76f were obtained which resulted to be stable 

and remained unaltered even after two months. Sea urchin assemblies as shown in Figure 76a 

d 

b           a   c 

        e f 
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were never detected in these experiments. As a third alternative, Na/K phosphate, pH=8.7, 

was used as precipitating agent. Within four days, spherical structures identical to the ones re-

vealed in Figure 76e were detected using batch and vapour diffusion methods (Figs. 77 a, b). 

These structures did not show any sign of instability i.e. cracks as the previously described 

spherical envelopes with radial domains. Needle- or square-shaped crystals were never 

obtained using Na/K phosphate. 

 

  

Figure 77. Spherical structures grown at 
1.6 M Na/K phosphate (pH=8.7) by 
batch (a) and sitting drop (b) methods. 
The scale bar represents 20 µm. 
 

 

Freeze-etching experiments: The crystal suspensions containing spherical, needle- and 

square-shaped crystals (Fig. 76e, 76f) were cryofixed in liquid nitrogen, freeze-etched and 

replicated with 1.4 nm Pt/C. TEM micrographs showed crystal surfaces revealed by etching 

which lacked of any translational order or showed very poor order (Fig. 78a). Further 

examination indicated that regions showing regular arrangement of molecules corresponded 

to inner crystal layers. These regions are depicted in Figure 78b by arrows. 

 

  

Figure 78. Crystal surfaces of lumazine synthase from A. aeolicus as revealed by freeze-etching and 
shadowing (Pt/C, 1.4 nm, 45°). The scale bar represents 100 nm. 

 

In order to dissolve the disordered outer layers, the crystals were resuspended twice in a 

lower concentrated buffer (3.5% PEG 400, 0.5 Mg sulphate in 0.1 M HEPES, pH=5.6), 

cryofixed in liquid nitrogen, freeze-etched and shadowed with Pt/C. In “etched” preparations, 

a b 

a   b   
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more crystal planes with ordered arrays of molecules were observed (Fig. 79). However, 

these areas were still too small to be useful for image processing. 

 

  

Figure 79. Crystal planes of A. aeolicus lumazine synthase after dissolving the outer layers. The scale bar 
represents 100 nm. 

 

Decoration experiments on crystals of lumazine synthase from A. aeolicus could not be per-

formed due to the lack of order in the etched crystal planes and due to the non-reproducible 

crystallization behaviour. 

 

3.1.2. Lumazine synthase from Escherichia coli 

 

Lumazine synthase from Escherichia coli has been only partially characterized so far and its 

crystal structure has not yet been solved. Primary structure determination revealed that the 

subunit of this enzyme consists of 156 amino acids and shows 52 % sequence identity to lu-

mazine synthase B. subtilis. Analytical ultracentrifugation and electron microscopy were 

applied to retrieve information on the molecular weight and the quaternary structure of the 

complex. Sedimentation equilibrium studies indicated a homogeneous population of particles 

with a molecular weight of approximately 977 kDa. SDS-PAGE revealed the existence of one 

single band corresponding to a molecular weight of 16,156 Da, indicating an assembly of 60 

identical subunits in the complex, in agreement with the data obtained from analytical 

centrifugation (Mörtl, 1998). Its pI has been theoretically calculated to be 5.15. Electron 

microscopy of negatively stained protein solutions revealed almost hollow spherical particles 

with an outer diameter of approximately 17 nm. The icosahedral molecular symmetry was 

confirmed by silver decoration of adsorbed and freeze-dried single protein molecules. Silver 

clusters were accumulated at comparable surface positions as for B. subtilis, i.e. at the 3- and 
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5-fold symmetry areas. The fact that both molecules are indistinguishable showed evidences 

for the icosahedral symmetry of E. coli lumazine synthase based on the proved icosahedral 

symmetry of its counterpart from B. subtilis (Mörtl et al., 1996; Tack, 1997). 

 

Quaternary structure: E. coli lumazine synthase (1 mg/ml) was adsorbed on carbon-coated 

glow-discharged specimen grids and stained with 1% uranyl acetate. The micrographs 

revealed a homogeneous population of hollow spheres with a diameter of approx. 17 nm in 

absence of ligands (data not shown). 

 

Crystallization: Lumazine synthase from E. coli purified according to the protocol described 

in chapter V.1 was concentrated to 22 mg/ml and stored in 20 mM K2HPO4/ KH2PO4, 280 

mM KCl, 0.06% NaN3, pH=7.2. 10% PEG 6000, 50 mM MgCl2 dissolved in 100 mM Tris 

HCl, pH=8.5 was used to grow hexagonal shaped crystals by batch and vapour diffusion me-

thods (sitting drops). Crystals with dimensions up to 20 µm were observed five days after the 

experiment onset. A significant amount of precipitate, probably crystalline, was also observed 

in batch crystallization experiments as shown in Figure 80c.  

 

   

Figure 80. E. coli lumazine synthase crystals grown by batch. (c) Significant amount of precipitate, 
probably crystalline, was observed upon the addition of PEG mixture. The scale bar represents 20 µm.  

 

Freeze-etching/shadowing: Suspensions of hexagonal crystals, grown by batch method at 10 

mg/ml and at the above specified precipitant concentration, were cryofixed in liquid nitrogen, 

freeze-etched and shadowed with 1.4 nm Pt/C. The crystallinity was controlled by optical 

diffraction. Shadowed crystals showed diffraction spots of 4th order, revealing the level of 

periodic details retained in the micrograph. Upon correlation averaging, two-dimensional 

lattice vectors for crystal planes with apparent hexagonal packing of the molecules were 

determined to be a=145.3 nm, b=145.2 nm and γ=61°. The examined crystals presented 

c  b  a   
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smooth and nearly defect-free crystal planes (Fig. 81a). Crystal growth was observed to 

proceed by two dimensional nucleation as shown in Figure 81b. 

 

  

Figure 81. Pt/C shadowed planes of E. coli lumazine synthase crystals. The triangle indicates the 
shadowing direction. (a) a defect-free crystal surface. (b) Crystal growth proceeds by two-dimensional nu-
cleation as depicted in the image. The scale bar represents 100 nm. 
 

Freeze-etching/ decoration: The reproducible crystallization behaviour and ordered arrange-

ment of molecules in the observed planes allowed to perform decoration experiments on 

crystals of lumazine synthase from E. coli. As silver decoration experiments were previously 

carried out on adsorbed single molecules (Mörtl et al., 1998; Tack, 1997) and the silver 

decoration pattern was found to be identical to that on the surface of lumazine synthase from 

B. subtilis, only gold decoration experiments were performed within the frame of this work. 

The crystals were freeze-etched, decorated with Au of nominal thickness of 0.22 nm and the 

replicas were examined in TEM. Suitable micrographs, showing higher crystallinity and 

optimal focus conditions, as judged by optical diffractometry, were digitized for image 

processing. Areas of 512×512 or 1024×1024 pixels were subjected to correlation averaging. 

The lattice vectors of the analysed decorated crystal planes agreed well with the planes 

already observed in shadowed replicas. Figure 82 shows the gold decoration pattern on the 

surface of lumazine synthase from E. coli. Contrary to the gold decoration pattern on the 

surface of lumazine synthase from B. subtilis, the distribution of gold clusters appears to be 

more diffuse (Fig. 82a). A comparison with the molecular model shows that sites of 3- and 5- 

fold symmetry on the surface present metal accumulation minima, i.e. lowest affinity binding 

sites (Fig. 82b). This can be seen more easily upon grey scale inversion of the averaged image 

(Fig. 82c). 
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Figure 82. (a) Gold decoration 
pattern on the surface of E. coli lu-
mazine synthase obtained by corre-
lation average processing, (b) with 
a computer generated overlay of 
the molecular model, (c) inverted 
grey scale image. 
 

  

 

The lack of the crystallographic symmetry from X-ray analysis hindered the indexing of the 

crystal plane under study as well as the determination of the molecular orientation with 

respect to the crystallographic symmetry axes. However, from the decoration pattern it can be 

concluded that all molecules of the plane present the same orientation which may be either 

associated to the absence of a screw axis or to a screw axis which leads to equivalent 

molecular positions within the plane as the 63 screw axis of B. subtilis lumazine synthase crys-

tals. If 2- or 3-fold axes are present, they must be coincident with the 2- and 3-fold molecular 

symmetry axes. The molecules are oriented within the observed crystal plane in a very similar 

fashion as in the (001) plane of B. subtilis lumazine synthase crystals suggesting a similar 

packing. However, at this point of this investigation, the lack of X-ray diffraction data and the 

observation of only one crystal plane lead to an unambiguous characterization of the crystal-

lographic symmetry. Possible space groups are centred monoclinic, tetragonal or 

orthorhombic and a primitive hexagonal one as shown in Figure 83. 

 

a 
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Figure 83. Possible unit cells: (a) centred, (b) hexagonal. 

 

To summarize, the gold decoration pattern on the surface of lumazine synthase from E. coli 

differs from that on the surface of lumazine synthase from B. subtilis (Fig. 84). Thus, the for-

mer protein is a potential candidate to be used as a homologous impurity in the crystallization 

of its counterpart from B. subtilis for electron microscopic analyses. 

 

  
Figure 84. Mean gold cluster distribution on the surface of lumazine synthase from (a) B. subtilis and (b) E. 
coli. The gold clusters are accumulated at different surface sites. 
 

3.1.3. Lumazine synthase from Spinacea oleracea 

 

Among lumazine synthases from different organisms, the protein from Spinacea oleracea is 

the only one of plant origin which has been completely characterized up to now. Its primary 

structure was deduced from its nucleotide sequence predicting a polypeptide of approximately 

16,535 Da in agreement with the value found by electrospray ionization mass spectroscopy. A 

molecular mass of approximately 991 kDa was determined by gel filtration chromatography 

and sedimentation equilibrium studies, a value very close to the one predicted for a 60-mer by 

a 
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nucleotide sequence (Jordan et al., 1999). The primary structure of S. oleracea lumazine syn-

thase possesses 49 % sequence identity to its counterpart from B. subtilis and its theoretical pI 

was estimated to be 6.46. Electron micrographs of negatively stained S. oleracea lumazine 

synthase molecules have revealed spherical particles with a central depression suggesting 

hollow spheres similar or identical to the morphology of the molecules from B. subtilis and E. 

coli. The size distribution of S. oleracea lumazine synthase molecules ranged between 17.5 

nm to 18.5 nm diameter in the absence of ligands. Its three dimensional structure, obtained by 

X-ray diffraction methods, revealed high structural similarities in the assembly of the 

pentamer subunits to its B. subtilis counterpart (Persson et al., 1999). The enzyme has been 

reported to form crystals belonging to the cubic space group P213 with unit cell dimensions 

a=b=c=208 Å.  

 

 

Figure 85. Three dimensional structure of the icosahedral cap-
sid of S. oleracea lumazine synthase viewed along a 5-fold sym-
metry axis.  
 

 

Quaternary structure: The protein solution (1 mg/ml) containing 1 mM of the ligand 5-nitro-

6-ribitylamino-2,4-pyrimidindione was adsorbed on carbon-coated and glow-discharged 

specimen grids and negatively stained with 1 % (w/v) uranyl acetate. The micrographs 

revealed a homogeneous population of spherical molecules of approximately 17 nm diameter 

(Fig. 86). Molecules of larger diameter were not observed presumably due to the presence of 

the ligand in the protein solution.  
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Figure 86. S. oleracea lumazine synthase 
molecules negatively stained with uranyl 
acetate. The scale represents 100 nm. 
 

 

Crystallization: 15 mg/ml protein solution containing 1 mM 5-nitro-6 ribitylamino-(2,4)-

pyrimidindione was crystallized in the presence of 17 % PEG 1500, 0.1 M Tris-HCl, 5 % 

PEG 400, pH= 7.6 by batch method. Octahedral and rod-shaped crystals were observed under 

the light microscope two days after the experiments onset (Fig. 87). Their dimensions seldom 

exceeded 80 µm. In several experiments, significant amounts of precipitate, presumably 

microcrystals, were observed.  

 

  

Figure 87. Crystals of lumazine 
synthase from S. oleracea grown by 
batch method. (a) Octahedral crystals. 
The scale bar represents 20 µm. (c) 
rod-shaped crystals indicated by 
arrows. The scale bar represents 50 
µm. 
 

 

Freeze-etching/shadowing: Crystal suspensions containing large amounts of “precipitate” 

were concentrated, freeze-etched and shadowed with Pt/C. The replicas showed large quanti-

ties of small crystals. Thus, crystalline nature of the “precipitate” was concluded. The addition 

of PEG with or without salts to solutions of large biomacromolecules has already been 

reported to be responsible for formation of microcrystals. A representative example is brome 

mosaic virus (BMV) (T=3) for which time resolved scattering studies demonstrated the crys-

talline nature of the microcrystals (Casselyn et al., 2002; Tardieu et al., 2002).  

 

Freeze-etched and Pt/C-shadowed crystal surfaces revealed hexagonally packed molecules 

within the observed crystal planes (Fig. 88). From optical diffractograms, the two-dimen-

a   b   
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sional lattice vectors were determined to be a=294.1 Å, b=296.0 Å and γ=122°. Diffraction 

images showed spots up to 7th order.  

 

 

Figure 88. Pt/C shadowed crystal surfaces showing he-
xagonal packing of the molecules. The two dimensional 
lattice vectors determined from the optical diffrac-
togram are a=294.1 Å, b=296.0 Å and γ=122°. The scale 
bar indicates 100 nm. 
 

 

For indexing the crystal planes observed in freeze-etched replicas, an analysis of the crystal 

cell in real space based on the information from X-ray crystallography (space group and cell 

dimensions) was performed first, i.e. the two-dimensional lattice vectors of a P213 cell for all 

densely-packed, non-equivalent crystal planes with Miller indices up to 3 were calculated 

using the program INDEX. The comparison of the calculated values with the values obtained 

from optical diffractograms strongly indicated that the examined crystal planes correspond to 

(111) planes of the cubic P213 crystals. Octahedral crystals with space group P213 have a 

primitive cubic lattice and are faceted by (111) planes with a hexagonal arrangement of the 

molecules (Fig. 89a). The particles are oriented such that the molecular, non-crystallographic 

3-fold axes are coincident with the 3-fold axes along the body diagonals of the unit cell and 

the three pairs of non-intersecting 2-fold screw axes are parallel but non-coincident with the 

2-fold crystallographic axis. Thus, the molecules centred in non-parallel faces present 

different orientations because the molecules are rotated by 180° along different directions 

(Fig. 89 b-d). The asymmetric unit of the unit cell contains four pentamers. 
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Figure 89. (a) Representation of the (111) face of a P213 crystal. The molecules centred in (100), (010) and 
(001) planes present different orientations as it can be seen in images (b), (c) and (d). (b) (100) plane in 
which the centred molecule is oriented such that the 3-fold axis lies perpendicular to the paper plane. (c) 
(010) plane. The face centred molecule has the 5-fold axis perpendicular to the paper plane. (d) (001) 
plane in which the molecule is oriented such that the 2-fold lies nearly perpendicular to the paper plane. 

 

From the considerations above and the hexagonal packing of the molecules in the observed 

crystal plane, it was concluded that the planes indeed corresponded to (111) planes of the 

cubic P213 lattice. 

 

In freeze-etched replicas of S. oleracea lumazine synthase crystals, few planes with 

orthogonal packing of the molecules were observed. These planes, characterized by two-

dimensional unit cell vectors a= 210.2 Å, b=299.2 Å and γ= 90°, showed diffraction spots up 

to 10th order (Fig. 90). The observed lattice vectors could not be correlated with any of the 

planes of P213 calculated by the program INDEX. This suggested the existence of a second 

crystal form belonging to a different space group than the octahedral crystals (P213) which 

would be in accordance with the optical microscopic observation of a second crystal 

morphology (rod-shaped crystals). 
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Figure 90. Crystal planes of S. oleracea lumazine 
snythase with orthogonal packing of the molecules. 
Scale bar represents 100 nm.  
 

 

The Pt/C shadowed S. oleracea lumazine synthase crystal planes were observed to be nearly 

defect-free. Neither stacking faults nor dislocations were detected; vacancies occurred very 

rarely. From electron microscopic observations, it was further concluded that crystal growth 

proceeds by two-dimensional nucleation on the (111) plane and layer development by attach-

ment of molecules to the nascent step (tangential growth).  

 

Freeze-etching/ Decoration with silver: For the elucidation of the decoration behaviour of sil-

ver on the surface of lumazine synthase from S. oleracea, silver was evaporated onto freeze-

etched crystal planes. The replicas were examined in TEM. Suitable crystal areas of 512×512 

or 1024×1024 pixels were subjected to correlation averaging. Figure 91a shows the silver 

decoration pattern on the surface of lumazine synthase from S. oleracea obtained by correla-

tion averaging of a silver decorated (111) plane. The two-dimensional unit cell and the 

molecular model are shown as overlays in Figures 91b and 91c, respectively. 

 

Silver decorates the positions of the 3- and 5-fold molecular symmetry axes, where the 

molecule has depressions, which are presumably filled with water under the experimental 

conditions. Although the decoration pattern has not been quantitatively evaluated yet, the 

areas of 3-fold symmetry seem to have a higher decoration contrast. Work is currently in 

progress to correlate the sites with different decoration efficacies with the underlying surface 

structures of lumazine synthase from S. oleracea. The distribution of silver clusters clearly 

displays the four different rotational orientations of the molecules within the unit cell due to 
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the crystallographic 21 axis. To summarize, the average distributions of silver clusters on 

lumazine synthase from B. subtilis and S. oleracea are indistinguishable.  

 

   

Figure 91. (a) Mean silver distribution on a (111) surface of a P213 crystal of lumazine synthase from S. 
oleracea. (b) Crystal plane with an overlay of the corresponding unit cell with dimensions a=294.5 Å, 
b=296.6 Å and γγγγ=120°. The different colours of the circles indicate differently oriented molecules. Note 
that silver decorates the positions of the 3- and 5-fold molecular symmetry axes. 

 

Freeze-etching and decoration with gold: Freeze-etched S. oleracea lumazine synthase crystal 

planes were decorated with 2.2 Å gold evaporated at normal incidence with respect to the 

fracture plane of the sample. The replicas were examined in the Jeol-CX 100 microscope. Sui-

table micrographs were selected and processed by correlation averaging. The two-dimensional 

lattice vectors of the processed planes agreed well with the (111) planes of crystals belonging 

to the space group P213. Figure 92 shows the averaged decoration pattern of gold on a (111) 

crystal plane. Unexpectedly, gold decorates the same surface sites as silver, i.e. the clusters 

are located at the 3- and 5-fold molecular symmetry axes. The decoration contrast seems to be 

similar to that observed with silver, i.e. the positions of the 3-fold axes are decorated more 

strongly than the positions of the 5-fold symmetry axes. 

 

b   c a   
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Figure 92. (a) Mean gold distributions on a surface of a P213 crystal of lumazine synthase from S. oleracea. 
(b) Crystal plane with an overlay of the corresponding unit cell.  

 

Figure 93 compares gold decoration patterns on surfaces of S. oleracea and B. subtilis luma-

zine synthase molecules. While on the surface of lumazine synthase from S. oleracea, gold 

clusters are accumulated at the positions of the 3- and 5-fold molecular symmetry axes, on the 

surface of lumazine synthase from B. subtilis, gold clusters are located at non-symmetric sur-

face sites between 3- and 5-fold molecular symmetry axes. As both molecules have 

significantly different gold decoration patterns, the technique can be used as a label to distin-

guish between lumazine synthase from B. subtilis and S. oleracea in a mixed population. 

Consequently, lumazine synthase from S. oleracea is a strong candidate to be used as a 

“homologous impurity” in crystals of lumazine synthase from B. subtilis. 

 

  

Figure 93. Gold decoration patterns on the surface of lumazine synthase from B. subtilis (a) and from S. 
oleracea (b) lumazine synthase. 

 

b

b a 
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Freeze-etching/ decoration with gold/palladium: Crystal surfaces of lumazine synthase from 

S. oleracea were decorated with gold/palladium (80/20). In analogy to B. subtilis protein, no 

significant differences were found between the decoration patterns of pure gold (99.99) and 

gold/palladium (80/20), i.e. gold/palladium clusters were stabilized at the 3- and 5-fold mole-

cular symmetry axes.  

 

Quantitative evaluation of cluster distributions on the surface of lumazine synthase from S. 

oleracea: The structure of thin metal films, i.e. the cluster densities (number per area), cluster 

sizes and the surface coverage (fraction of the area covered by metal), reflects the specific 

interactions of the deposit with the underlying substrate. Consequently, thin metal deposits on 

surfaces with different physico-chemical properties have different structures, i.e. the size, 

shape and area density of the clusters are different. To delineate the differences in the struc-

tures of gold and silver films deposited on surfaces of lumazine synthases from B. subtilis and 

S. oleracea, a quantitative analysis of gold and silver decoration replicas was performed. The 

results are shown in Figure 94 and Table 13. 

 

 

Figure 94. Size distri-
bution (diameters of 
equivalent circles) of 
metal clusters on the de-
coration replicas of 
freeze-etched S. oleracea 
lumazine synthase crys-
tals. Straight line: Ag; 
dotted line: Au. 
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Table 13. Quantitative comparison of gold and silver deposits on the surface of lumazine synthase from S. 
oleracea and from B. subtilis.  

Cluster density 
Protein Decorating 

metal 

Metal 
film 

thickness 
(nm) 

Mean 
cluster 

diameter 
(nm) 

Per cm² Per 
molecule 

Surface 
coverage 

(%) 

Ag+Ta/W* 0.4 2.1 1.45×1012 3.3 5 Lumazine 

synthase from 

S. oleracea 
Au 0.22 2.0 3.17×1012 7.1 9.9 

Ag+Ta/W* 0.4 2.2 4.2×1012 7 18 

Au 0.16 1.1 5.8×1012 11 8.3 

Lumazine 

synthase from 

B. Subtilis*** Au 0.26 1.5 4.7×1012 9 5.5 

* Ta/W was evaporated at a film thickness of 0.35 nm to reduce coalescence 
** The surface area covers 2.26××××10-12 cm-2 (lumazine synthase from S. oleracea) and 1.91××××10-12 cm-2 
(lumazine synthase from B. subtilis) 
*** Weinkauf, 1989; Rübenkamm et al., 1995 
 

On the surface of lumazine synthase from S. oleracea, the mean cluster diameters for gold 

and silver were found to be similar, 2.0 nm and 2.1 nm, respectively, when similar amounts of 

metal were evaporated (3-4. 10-27 g/cm²). A higher cluster density was observed for gold than 

for silver (3.17×1012 vs. 1.45×1012 clusters/cm²) (Table 13). Accordingly, the surface 

coverage for gold was higher than for silver (Table 13). The analysis of the spatial distribution 

of different-sized clusters in gold and silver deposits has indicated no significant site-

dependence of cluster sizes. 

 

Considerable differences in cluster size, density and surface coverage were detected when 

gold and silver deposits at similar film thicknesses were compared on surfaces of lumazine 

synthases from S. oleracea and B. subtilis (Table 13). For instance, gold clusters formed on 

the surface of lumazine synthase from S. oleracea were substantially larger (2.0 nm vs. 1.5 

nm, up to 33% larger) than those on lumazine synthase from B. subtilis. Significant 

differences were also found in cluster densities: on the surface of S. oleracea lumazine 

synthase, lower cluster densities were found for both metals studied. 

 

To summarise, differences in physico-chemical surface properties of both molecules under 

study are somehow reflected in specific features of gold and silver deposits. On the surface of 

lumazine synthase from S. oleracea, surface sites with high binding affinity for both gold and 

silver are located at identical molecular positions. To compare the decoration efficacies of 
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these sites, further analyses for a quantitative determination of decoration contrast in terms of 

accumulation-, and cluster –density-coefficients and –contrast are currently in progress.  

 

3.2. Growth and characterization of “impurity-doped” lumazine synthase crystals 

 

To test the effects of S. oleracea lumazine synthase as a homologous impurity in the crystal-

lization of its counterpart from B. subtilis in terms of crystal morphology and surface topo-

graphy, B. subtilis lumazine synthase solutions in 0.9 M Na/K phosphate and 1 mM 5-nitro-6-

ribitylamino-2,4-pyrimidindione, pH 8.7 were intentionally contaminated with different 

amounts of S. oleracea lumazine synthase and crystallized. The impurity content in the 

crystallization liquor varied from 5 to 20 % (w/w). The total amount of protein (host + 

impurity) was kept constant at approx. 10 mg/ml. Crystals were grown in the presence of 1.6 

M Na/K phosphate at 20°C by batch method. In order to judge objectively the effect of 

impurity on the crystallization, an impurity-free B. subtilis lumazine synthase sample was 

crystallized in parallel under identical conditions as the contaminated samples. The protein 

concentrations are summarised in Table 14. Crystals were observed two days after the 

experiment onset in impurity-free and impurity-doped solutions, as depicted in Fig. 95. 20 µm 

size hexagonal prisms, in accordance with the previous observations were grown in pure B. 

subtilis lumazine synthase samples. Hexagonal prisms were also observed in the solutions 

containing 5 % impurity (Fig. 95b), however, solutions containing higher amounts of impurity 

yielded hexagonal plates (Fig. 95c). In the presence of 20% of impurity, small crystals and 

precipitation were observed. From light microscopic observations, it can be concluded that 

impurity content in the sample influences decisively the crystal morphology, as it reduces the 

growth rate of the (010) faces compared to (001) faces. This resulted in a shortening of the 

prism habit yielding hexagonal plates instead of prisms for those solutions containing more 

than 5 % impurity. 

 

One week after the experiment start, crystals were harvested by gentle centrifugation. The 

pellets were washed three times with 1.6 M Na/K phosphate buffer and redissolved in 50 mM 

Na/K phosphate, pH 8.7. Dissolved pellets and supernatants were analysed by native gel 

electrophoresis and protein concentrations were determined by Bradford method. The results 

are summarised in Table 14.  
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Figure 95. B. subtilis lumazine synthase crys-
tals grown in the presence of (a) 0 %, (b) 5 % 
and (c) 10 % of impurity in the crystallization 
liquor.  
 

 

Table 14. Residual protein concentrations determined by Bradford method. 
 

S. oleracea 
lusy (imp.) 

(%) 

B. subtilis 
lusy (host) 
(mg/ml) 

S. oleracea 
lusy 

(mg/ml) 

Total protein 
concentration 

(mg/ml) 

Residual 
protein 

concentration 
0 9.2 --- 9.2 ? 

5 9.4 0.5 9.9 0.6 

10 8.9 1.0 9.9 1.1 

20 7.8 1.9 9.7 2.0 

 

Surprisingly, 80-90 % of the initial protein material had already crystallized one week after 

the experiment onset. The amount of non-crystallized protein was observed to depend on the 

initial impurity content in the crystallizing liquor; the amount of residual protein in the 

supernatant increased with increasing impurity content in the crystallization liquor. Together 

with the observation that in experiments with 20 % impurity content only small crystals grew, 

this finding indicated that impurity adsorption on crystal surfaces and/or incorporation led to 

an “early” cessation of growth. As a consequence larger amounts of non crystallized protein 

remained in solution.  

a b

c 
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The incorporation of S. oleracea lumazine synthase into the host crystals was verified by 

native polyacrylamide gel electrophoresis. Host and impurity molecules have different 

isoelectric points facilitating their separation. Pure B. subtilis and S. oleracea lumazine 

synthases were used as standards. In the gels, the bands with less mobility correspond to those 

with the least charge, i.e. S. oleracea lumazine synthase. Dissolved crystals, crystallization 

supernatant and initial crystallization liquors were subjected to NATIVE-PAGE (Fig. 96). 

 

  

Figure 96. Native polyacrylamide gels of contaminated protein solutions, supernatants and dissolved 
crystals. BS: lumazine synthase from B. subtilis, SP: lumazine synthase from S. oleracea 

 

The dissolved crystals grown from solutions containing 5, 10 and 20 % of lumazine synthase 

from S. oleracea (Fig. 96b, gel lanes 3, 4 and 5) showed bands in the native gel corresponding 

to lumazine synthase from S. oleracea indicating the incorporation of the impurity into the 

crystals. As judged from the gels, the content of impurity in the crystals resulted to be nearly 

independent of the initial impurity content in the crystallization liquor. The lanes 6, 7 and 8 in 

Fig 96b, corresponding to the supernatants of the crystallization experiments with 5, 10 and 

20 % of impurity contents, respectively, presented bands corresponding to S. oleracea 

lumazine synthase, however no B. subtilis protein was detected. N-terminal amino acid 

sequencing of dissolved crystals grown from contaminated media corroborated the 

incorporation of S. oleracea lumazine synthase (impurity) into the host crystals (data not 

shown). For a quantitative determination of the amount of incorporated impurity and for 

determination of impurity distribution coefficients, immunochemical methods were applied. 

However, due to the cross reaction of the specific antibody against lumazine synthase from B. 

subtilis with its counterpart from S. oleracea, a reliable quantitative analysis could not be 

achieved yet. Biochemical studies are under way to eliminate the cross-reaction.  

BS 
Sp 

BS 

a 

Ref 5 %   10 %   20 %
pre-crystallization 

b 

BS 

BS 

Sp 

Ref 5%  10% 20% 
crystal pellet 

5%  10%  20% 
supernatant 
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To characterize the surfaces of impurity-doped lumazine synthase crystals, the crystals were 

washed twice with crystallization buffer (1.6 M Na/K phosphate, pH 8.7), frozen in liquid 

nitrogen, freeze-etched and shadowed. The micrographs showed an increasing number of 

observed defects as well as of adsorbed molecules and/or small aggregates on the crystal 

surfaces with increasing impurity content (Fig. 97). 

 

  

  

Figure 97. Pt/C shadowed surfaces of B. subtilis lumazine snythase crystals grown from solutions 
containing (a) 0 %, (b) 5 %, (c) 10 % and (d) 20 % of S. oleracea lumazine synthase.  

 
 
 
 
 
 
 
 
 

c 

a b

d
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3.3. Summary 

 

In search for a suitable molecule to be used as a “homologous” impurity, three lumazine 

synthases were characterized and tested with respect to their gold and silver decoration 

patterns. Lumazine synthase from A. aeolicus turned out not to be suitable due to its non-

reproducible crystallization behaviour and the poor molecular order on its crystal surfaces. In 

the case of lumazine synthase from E. coli, gold decoration resulted in a different pattern than 

on the surface of lumazine synthase from B. subtilis. However, the lack of well defined, sharp 

gold decoration maxima questioned the suitability of E. coli protein to be used as a 

homologous impurity as this factor may limit its detectability in a mixed population with B. 

subtilis lumazine synthase molecules. Lumazine synthase from S. oleracea turned out to be 

the strongest candidate as it met the requirements for the planned electron microscopic 

analyses on the influence of impurities on crystal growth: (i) its gold decoration pattern 

differs significantly from that on B. subtilis lumazine synthase, (ii) the protein has very 

similar hydrodynamic properties (size, shape) to that of B. subtilis lumazine synthase 

enhancing the probability for its incorporation into host crystals. Figure 98 summarizes the 

findings from above studies. 
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Au Ag Lumazine synthase from:

  

B. subtilis 

  

S. oleracea 

  

E. coli 

Figure 98. Silver and gold decoration patterns of lumazine synthases from different organisms with a 
computer generated overlay of the molecular model. 
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