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Abstract 
 

The ability to solve the structures of important proteins can be enhanced by 

increasing the probability of obtaining suitable crystals. Co-crystallization of the proteins 

with metal-chelate complexes (MCCs) show promise in achieving this goal. In this study, 

six lanthanide ligand complexes, [Tb(HDPA)3]
3- , [Tb(DPA)3]

3-, [Tb(HDPA)3-

n(DPA)n]n=0-3, [Gd(DTPA)]2-, [Eu(DOTA-4Amc)]- and [Tm(DOTP)]5-  were used in 

crystallization trials with eight test proteins, concanavalin A, glucose isomerase, beta 

amylase, alpha lactalbumin, thermolysin, lipase B, lysozyme and streptavidin under 

customized grid screens to observe their ability to enhance crystallization of the proteins. 

A new crystal form of the streptavidin-biotin complex (C222) was facilitated by co-

crystallization with [Tb(DPA)3]
3- under conditions that were not previously reported for 

the protein. The crystal composed of sheets of streptavidin molecules held together by 

[Tb(DPA)3]
3- complexes along the vertical 2-fold axes. Likewise this type of symmetric, 

rigid complexes can favor the bridging of symmetry related protein molecules and 

provide a symmetry point for the crystal on which to build. Also, it is evident that the 

[Tb(DPA)3]
3- complexes are involved in interactions important to expand the lattice in the 

third dimension.  Similarly a novel crystal form for concanavalin A was obtained in the 

presence of [Tb(HDPA)3]
3- in the tetragonal space group P43212. The 4-hydroxyl groups 

of the ligands in [Tb(HDPA)3]
3- could allow these complexes to interact with each other 

in addition to protein molecules. These inter-complex Interactions formed a network of 

[Tb(HDPA)3]
3- complexes in the concanavalin A crystal, providing a stronger surface for 

the protein molecules to interact with and to build into a lattice. In addition, [Tb(HDPA)3-
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n(DPA)n]n=0-3, [Gd(DTPA)]2-, [Eu(DOTA-4Amc)]- and [Tm(DOTP)]5- promoted 

crystallization of the proteins under conditions, different from that of previously reported 

crystal structures. Co-crystallization with the metal-chelate complexes has the added 

advantage of incorporating lanthanides, which are strong anomalous scatterers that can be 

used to solve the structure by anomalous dispersion. Additionally, fluorescence 

microscopy could be used to separate protein crystals from small molecule crystals of 

certain MCCs. In conclusion, the lanthanide chelate complexes can enhance protein 

crystallization via introducing crystal contacts and/or by promoting nucleation. 
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1.1 Protein crystallization 

X-ray crystallography is an important method used to determine the structure of 

proteins and it has the ability to reveal atomic level details of the protein structures. From 

all the structures deposited in Protein Data Bank (PDB) about 90% are solved using X-

ray crystallography, which confirm the importance of this method (Rupp, 2010). 

Determining the structure of proteins helps to unravel their molecular mechanism, 

leading towards the understanding of their function. Furthermore, the structural details 

are essential in studying the interactions of proteins with other proteins, nucleic acids or 

signaling molecules.  This information can provide insights into the role of the proteins in 

signaling, metabolic and gene regulatory pathways.  The knowledge of the protein 

structure is also invaluable in determining the novel applications of proteins in any 

related field (Lu et al., 2003). In addition, protein crystallography is used in 

pharmaceutical industry to lead the discovery and optimization of ligand based drugs that 

are interacting with target proteins (Tickle et al., 2004). There are several drugs currently 

in the market and in clinical trials that are successfully developed with this approach. 

Examples of two such enzyme inhibitory drugs include Viracept for HIV and Relenza to 

treat Influenza (Tickle et al., 2004). 

The most essential step towards obtaining the structure of a protein via X-ray 

crystallography is crystallization of the protein.  Protein crystals are composed of 

periodic arrangement of protein molecules.  This ordered arrangement is facilitated by 

few intermolecular interactions that are made at specific surface areas in protein 

molecules (Figure1.1). But finding the optimal conditions to crystallize proteins is a trial 
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and error process, owing to the complexity of these macromolecules. In the past few 

years, Great advancements were observed in the field of protein crystallization due to the 

use of high throughput techniques (Chayen, 2004). These techniques have allowed the 

fast screening of thousands of crystallization conditions and the usage of nanoliter 

volumes in crystallization trials which were impossible few years back. But these high 

throughput techniques have not lead towards a high success rate in obtaining crystals due 

to difficulties in finding the right conditions (Chayen, 2004). Therefore, it is evident that 

there is a great necessity to find a scientific solution to solve the problem of protein 

crystallization. 

Crystallization usually occurs through two discrete steps called nucleation and 

growth.  The process of nucleation occurs via a phase transition from solution phase to 

solid crystalline phase. In protein crystallization, nucleation pass through less ordered 

aggregations called paracrystalline intermediates, which develop into ordered complexes 

known as critical nuclei.  Scientists are actively researching to understand the mechanism 

behind nucleation and one idea is that the formation of an initial “liquid protein phase” in 

the protein solution leads towards the ordered critical nuclei (Haas and Drenth, 1999; Ten 

Wolde and Frenkel, 1997).  The crystal growth is rather well understood process 

involving dislocation and two-dimensional nucleation as major mechanisms (McPherson, 

2004). The growth can also occur through two less common mechanisms called normal 

growth and three dimensional nucleation (Malkin et al., 1995). However in order to 

achieve these two steps in crystallization, a solution of protein has to reach 

supersaturation after which the protein molecules come out of the solution and may 

assemble into crystals regaining the equilibrium with the solution, under favorable 
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conditions. The supersaturation is driven by addition of precipitants and varying other 

parameters like temperature, pH and protein concentration that affect the solubility limit 

of protein (McPherson, 2004). 

 

 
 
Figure 1.1: Shows the two dimensional periodic packing of irregular shape protein 

molecules (green) in to a crystal. Arrows indicate intermolecular interactions made with 

protein molecules in interacting distance. Different colored arrows indicate specific 

interactions at different surface areas of protein molecules. The spaces between protein 

molecules are filled with different components of solutions used in crystallization (circles 

and diamonds); major component being water (blue circles).   

 

1.1.1 Solubility diagrams 

Solubility diagrams indicate how the solubility of a protein changes with the 

solution conditions. These diagrams are useful tools in addressing the problems in protein 

crystallization that includes getting no crystals, formation of aggregates or precipitation 
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and obtaining poor quality crystals. The solubility diagram in Figure 1.2 illustrates how 

the protein solubility varies with the precipitant concentration, when the other variables 

affecting solubility such as pH, temperature, ionic strength, etc. are kept constant. These 

types of solubility diagrams are useful in understanding the phase equilibrium that occurs 

during crystallization and provide insights into the level of precipitant concentration 

needed to achieve supersaturation. The solubility line in the diagram designates the 

margin between an undersaturated region and a supersaturated region (Figure 1.2). In the 

undersaturated region, amount of protein in the solution remains below the solubility 

limit of the solution. The supersaturation is a non-equilibrium condition where the 

amount of solute in the solution is exceeding the solubility limit of the system at a given 

physical and chemical condition (Asherie, 2004; McPherson and Gavira, 2014).  The 

equilibrium of the system is regained upon formation of a solid state such as crystals or 

precipitates. Generally, a high level of supersaturation is required to exceed the free 

energy barrier for the formation of critical nuclei. If the level of supersaturation is too 

low, the nucleation occurs at a slow rate, avoiding crystal formation in a reasonable time 

frame. This region of the solubility diagram is called the metastable zone. In the labile 

zone of the solubility diagram, the supersaturation level is large enough and spontaneous 

nucleation can take place leading to crystals. But if the protein concentration is further 

increased, protein can form disordered aggregates or precipitates. This region in the 

solubility diagram is called the precipitation zone and it is not favorable for crystal 

formation as aggregation or precipitation occurs faster compared to crystal formation 

(Asherie, 2004). 
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1.1.2 Thermodynamics of protein crystallization 

A protein solution can contain certain amount of protein molecules moving 

among the solvent molecules. At typical physiological conditions, nucleation occurs in 

the protein solution at constant temperature and pressure. Under these conditions 

formation of crystals from the protein molecules in the solution is driven by Gibbs free 

energy of the system (Vekilov, 2010). The randomly moving protein molecules can 

collide with each other, leading to formation of clusters. The process of crystallization is 

mainly driven by the difference of chemical potential between the protein molecules in 

the crystal and the solution (Kierzek and Zielenkiewicz, 2001). In a supersaturated 

solution the chemical potential (µ) of the solute in the solution is higher than that in the 

crystal. Then, for a solution containing bio minerals and complex salts, supersaturation 

can be given as Δµ = RTln (a+a-/Ksp), where R is the universal gas constant, T is absolute 

temperature, Ksp is the solubility product and a+ and a- are the activities of the cations and 

anions, respectively. So if we consider formation of a cluster with n molecules of size a, 

the free energy loss can be given as -nΔµ. This energy loss is a result of bond formation 

between molecules within the cluster and it is proportional to the volume of the cluster. 

On the other hand, formation of a cluster with area S leads to a free energy gain of Sα, 

where α is the surface free energy at the phase boundary created between the cluster and 

the solution. This term is positive due to the unshared bonds present on the surface of the 

cluster. If we assume that the cluster is cubic, S can be given as 6a2n2/3 and the coefficient 

6a2 change according to the shape of the cluster, whereas 2/3 value will be there for all 

three dimensional clusters. Therefore, the total free energy difference can be given as 

ΔG(n) = -nΔµ+6a2n2/3 α.  This shows that the stability of these clusters depend on the 
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energy forces within the cluster that are acting to bridge the molecules together and the 

forces at the cluster- solution surface, acting to pull apart the cluster.  The cluster size n* 

for which ΔG reaches the maximum ΔG* can be found by differentiating ΔG(n). Here n* 

represents the size of the critical nuclei and ΔG* represents the activation energy barrier 

for the formation of a critical nuclei. After differentiation, n*= 64Ω2α3/Δµ3 and 

ΔG*=32Ω2α3/Δµ2 where Ω=a3 or the volume of a one molecule in the cluster. According 

to this, the n* and ΔG* change inversely with the supersaturation (Δµ) and high 

supersaturation is required to exceed the energy barrier for nucleation. Then at very high 

supersaturation, activation energy barrier disappears and formation of amorphous 

material or precipitation occurs. Also formation of a cluster smaller than n*, tend to 

increase the free energy, making it unfavorable. The clusters with size n* has similar 

counteracting forces acting on it and they have a similar chance to be dissolved and to 

grow. Then the clusters larger than the size n*, tend to grow spontaneously into a crystal 

(Manuel Garcı́a-Ruiz, 2003; Vekilov, 2010). 

When consider the overall crystallization process, the standard Gibbs free energy 

change of crystallization can be given by the equation ΔG˚= ΔH˚ -TΔS˚, where ΔH˚ 

represents change in enthalpy and ΔS˚ represents change in entropy and T indicates 

absolute temperature. When protein molecules in the solution come together to form a 

solid crystal, the water molecules associated with them will undergo rearrangements and 

the protein molecules get more ordered leading to changes in entropy. Therefore, the 

above equation can be rewritten as ΔG˚= ΔH˚ - TΔS˚protein - TΔS˚water. When the protein 

molecules arrange into a crystal, they lose the translational and rotational freedom, 

leading to entropy loss. Hence, the TΔS˚protein term in the above expression becomes less 
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than zero. But the change in entropy due to rearrangement of water molecules can be 

either negative or positive as some water molecules will be released while others will be 

trapped in the crystal. Peter G. Vekilov (2003) conducted some experiments with 

hemoglobin C, apoferritin and lysozyme to study the thermodynamics of protein 

crystallization. From those experiments it was proven that the release or trapping of water 

during crystal formation, plays a crucial role in driving protein crystallization.  In 

hemoglobin C and apoferritin, the entropy gain from release of water around protein 

molecules during their assembly, was found to be the major driving force in 

crystallization. In the studies with lysozyme, restructuring of water has led to a loss in 

entropy under the conditions used, leading to higher solubility of protein. In all cases 

entropy change due to rearrangements in water molecules was overwhelming compared 

to negative enthalpy imparted by few weak intermolecular interactions formed between 

protein molecules (Vekilov, 2003). Therefore, it is clear that releasing or trapping of 

water plays an important role in driving protein crystallization. 

 

1.1.3 Kinetics of Protein Crystallization 

During crystallization, the phase transition from the supersaturated solution into 

the protein rich phase is driven by both thermodynamics and kinetics. Although the 

process of nucleation and crystal growth of proteins is not fully understood, some 

theories were suggested based on experimental evidence (Vekilov, 2010). The rate of 

nucleation is found to be affected by the parameters such as temperature, pressure, level 

of supersaturation as well as by the activation energy barrier for the formation of a 

critical nuclei (ΔG*). According to the equations derived in the previous section, the ΔG* 
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is determined by the size of the critical nuclei (n*). Therefore, the nucleation rate is also 

dependent on n*.  Vekilov (2010) has shown that when the supersaturation of the solution 

is increased, at one point a “spinodal” is reached where the energy barrier for nucleation 

become negligible. Then the increase of supersaturation beyond that level do not increase 

the nucleation rate any further and at the vicinity of the spinodal, the nucleus will contain 

only few protein molecules. He also suggest a two-step mechanism for nucleation, which 

includes the formation of a dense liquid cluster, followed by the formation of crystal 

nuclei inside this liquid cluster. The second step of formation of nuclei inside the liquid 

cluster is the rate determining step of the process. This type of two step nucleation 

mechanism was shown to exist during the nucleation of HbS polymers. Furthermore, the 

nucleation of A-β-peptide involved in Alzheimer and nucleation of yeast prion proteins 

have displayed a similar two-step mechanism with a small variation (Vekilov, 2010).  
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Figure 1.2: A solubility diagram for a protein solution at a given temperature. It shows 

different phases attained by the protein solution as the precipitant concentration and the 

protein concentration change in a crystallization experiment. The solubility line (blue) 

separates the protein solution in a single phase from the supersaturation region which is 

not at equilibrium. The equilibrium of the system is regained upon formation of a solid 

state such as crystals or aggregates. In the metastable zone of the diagram, nucleation 

does not occur at a reasonable rate to form critical nuclei, but crystal growth can occur in 

this region.  Spontaneous nucleation can occur in the labile zone leading to crystal 

formation. If the system is driven towards precipitation zone (red curve) due to too high 

protein concentration then the supersaturated solution will form precipitates or 

aggregates. 

 

1.2 Techniques in protein crystallization 

Crystallization of the protein of interest is the starting point towards structure 

determination by X-ray crystallography. Therefore, researchers have developed multiple 

techniques to achieve this goal. When considering the techniques in crystallization, it is 

important to note that living systems containing macromolecules are centered on an 
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aqueous environment with a limited pH and temperature ranges.   Therefore, 

macromolecule crystals have been grown only from aqueous solutions under conditions 

that could be tolerated by those molecules. These aqueous solutions containing 

precipitants and buffers are termed ‘mother liquors’ in crystallization (McPherson and 

Gavira, 2014). Some of the commonly used methods in the field include vapor-diffusion, 

batch method, free-interface diffusion and dialysis. Each of these methods can have its 

own advantages and drawbacks and some methods like vapor-diffusion are often used 

over the others due to their reliability in producing good quality crystals with least 

amount of proteins. Anyway, the researchers can select the best method that is most 

suitable for their work, based on the literature reviews of the protein and available 

resources. 

 

1.2.1 Vapor-diffusion 

The vapor-diffusion method is the most commonly used crystallization technique. 

In this method, protein solution is mixed with the mother liquor at some ratio (commonly 

1:1) and let it equilibrate in a closed system with a large volume of a reservoir solution. 

The reservoir solution usually contains the same mother liquor at a higher concentration 

compared to the solution drop containing protein, as mixing with the protein in the drop 

dilutes the mother liquor. The concentration gradient created between the drop and the 

reservoir, drives the diffusion of water vapor from the drop with protein (having higher 

water concentration compared to reservoir) towards the reservoir. Therefore, protein in 

the drop slowly gets concentrated and can reach supersaturation leading to crystallization. 
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The vapor-diffusion technique is divided into two types as hanging-drop vapor-diffusion 

and sitting-drop vapor-diffusion, based on the method of setting up the experiment. 

 

1.2.1.1 Hanging-drop vapor-diffusion 

During a hanging-drop vapor-diffusion experiment, a drop of protein solution is 

combined with the mother liquor on a siliconized cover slip (Figure 1.3).  Then the 

coverslip is flipped using forceps and carefully placed on a well with a greased rim 

containing the reservoir solution with precipitants. The grease provides a good seal 

making it a closed system that can attain equilibrium. As indicated by the name, the drop 

containing protein remains hanging from the top of the well due to the surface tension. As 

the wells are sealed with grease, the coverslip can be removed and resealed without a 

problem. This is valuable for handling of the crystals or for soaking with heavy metals. 

The major drawbacks of this method include the possibility of the drop falling into the 

reservoir due to low surface tension, high cost of the siliconized cover slips and necessity 

to grease the rims of the wells (or have to pay extra to buy pre-greased plates).  

 

1.2.1.2 Sitting-drop vapor-diffusion 

This method involves the same principal as described above under vapor-

diffusion. Here the drop containing the protein and the precipitant cocktail (mother 

liquor) is sitting on a depression above the reservoir solution (Figure 1.3). Hence, this 

setup can be used even for solutions with low surface tension. After setting all the drops, 

the plate is covered with clear adhesive tape to create a closed system. Therefore, 

expensive cover slips or greasing plates is not necessary for this technique. But as the 
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whole plate is covered after setting all drops, the first drops can start to dry out when 

using small volumes. To avoid this, small amount of water can be added to the drops 

according to the rate of evaporation during the setup. Harvesting the crystals from drops 

can also be difficult compared to the hanging-drop method as they tend to stick to the 

bottom of the drop. This technique is often used with automated robotic systems capable 

of dispensing even nanoliter volumes. These systems are invaluable in research to setup 

larger number of crystal trials with small volumes of valuable proteins. 

 

 

Figure 1.3:  Schematic representations of the vapor-diffusion techniques used in protein 

crystallization. A) Shows the setup of hanging-drop vapor-diffusion method where a drop 

of protein solution is combined with the precipitant solution on a siliconized cover slip 

and equilibrated with a large reservoir solution containing precipitants. B) The sitting- 

drop vapor-diffusion method has the protein and the precipitant cocktail sitting on a 

depression above the reservoir solution. 
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1.2.2 Batch crystallization 

During the batch crystallization, the concentrated protein solution is directly 

mixed with the mother liquor at a concentration enough to achieve supersaturation. The 

mixture is then kept in a closed vial or placed in an oil covered plate, undisturbed to 

allow crystallization (Figure 1.4). The traditional batch method involves mixing large 

protein volumes of 1 ml or above with the precipitant solution. But recent advancements 

in this technique allow using even nanoliter drop volumes that can be dispensed with the 

aid of robots. In this microbatch method protein and precipitant are mixed under oil to 

prevent the evaporation of the sample. The advantages of this method include easy 

handling, low cost and no sealing requirements. But there is slow evaporation of water 

that occurs through the layer of oil over time, leading to an increase in the concentration 

of protein and the precipitant which may cause precipitation of the protein or formation 

of salt deposits disrupting the growth of the crystals. Moreover, certain components in the 

mother liquor, such as alcohols, detergents and lipids can diffuse into the oil reducing 

their concentration in the drop containing protein. Also the microbatch plates used in 

manual set up are not compatible with the storage and observation devices and initial 

knowledge of protein and precipitant concentration is needed to achieve supersaturation 

upon mixing (Rayment, 2002; Russo Krauss et al., 2013). Recently, a different way of 

setting microbatch experiments without using oil has been developed. In this method 

after mixing protein and the precipitant it is stored with a reservoir solution at the same 

precipitant concentration as the drop. This could prevent problems associated with slow 

evaporation of the water from the drop (Russo Krauss et al., 2013). 
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Figure 1. 4: Schematic representations of batch crystallization technique used in protein 

crystallization. A) The microbatch method where the protein and precipitant are mixed 

under oil. The solvent vapor can pass through the layer of oil allowing concentration and 

crystallization of the protein and sealing is not required in this method. B) Traditional 

batch method which involves direct mixing of large protein volumes with the precipitant 

solution. 

 

1.2.3 Dialysis 

Dialysis method of crystallization involves dialyzing an undersaturated protein 

solution in a dialysis button against a precipitant solution (Figure 1.5). The dialysis 

membrane used is semipermeable and allow the movement of certain precipitants of 

small size and salts across the membrane but not the protein. The protein solution inside 

the membrane can achieve super saturation and crystallization upon the movement of 

these molecules into the dialysis button. Although this method requires large protein 

volumes, it can produce large protein crystals. The main advantage of this method 

includes, the ability to move the dialysis button across different precipitant solutions, 

until it achieves the right conditions for supersaturation and crystallization. Also the rate 

of the dialysis can be controlled by varying the concentration inside and outside the 

dialysis membrane. But the precipitants like poly ethylene glycol (PEG) cannot be used 

with this method, as they tend to draw out the water from the button, leading to 

precipitation of the protein (Russo Krauss et al., 2013). 
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1.2.4 Free-interface diffusion 

Free-interface diffusion involves layering of protein solution and precipitant 

solution in contact with each other in a narrow glass capillaries or a vessel without 

mixing. Then the solutions are let to diffuse through the interface until the system reach 

equilibrium by counter-diffusion (Figure 1.5). At the beginning of the diffusion, protein 

at the interface is exposed to high precipitant concentration that is required to gain 

supersaturation and spontaneous nucleation. The system can slowly reach equilibrium 

decreasing the level of supersaturation as it diffuses away from the interface and facilitate 

the growth of the nuclei into large crystals.  Use of this method can result in high quality 

crystals due to the separation of the area of nucleation, from the area of crystal growth. 

The draw backs of this method include necessity of large sample volumes, difficulty in 

setting a good interface and the possibility to disrupt the interface due to the convection 

currents created by the density differences of the two solutions. The problem with 

convective currents can be reduced by layering the denser solution at the bottom or by 

freezing one of the two solutions. Also the experiments can be conducted under micro 

gravity to prevent the problems associated with gravity induced convection (Russo 

Krauss et al., 2013). 

Free-interface diffusion can also be used with gels containing precipitants. Here 

the protein solution in a capillary is stabbed into the gel and the gel seals the end of the 

tube while allowing slow diffusion of the precipitants in to the capillary. During the 

diffusion of precipitants into the capillary, a high supersaturation is achieved promoting 
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nucleation and the supersaturation decreases upon further diffusion, allowing the growth 

of the crystals. This technique is developed to be used with expensive semi-automated 

systems where microliter volumes are used on multilayered lithography chips. The 

crystals grown inside the capillaries can be directly subjected to X-rays under room 

temperature without using cryoprotection. During this method, one experiment set up can 

cover a range of supersaturations due to the concentration gradient created across the 

capillary (Dhouib et al., 2009; Garcia-Ruiz, 2003; Otálora et al., 2001). 

 

Figure 1.5: Schematic representations of dialysis and free-interface diffusion technique 

used in protein crystallization. A) Dialysis method involves dialyzing a protein solution 

in a dialysis button against a precipitant solution until the supersaturation and 

crystallization of the protein is achieved. B) Free-interface diffusion involves layering of 

protein solution and precipitant solution in contact with each other in a narrow glass 

capillary or a vessel. 1) The first tube indicates the layering of the two solutions during 

the experimental setup. 2) The second tube shows the diffusion of the solutions across the 

interface, allowing nucleation of protein. 3) The third tube shows the system at the 

equilibrium where the growth of the nuclei into large crystals is facilitated. 
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1.3 Statistics in protein crystallization  

The advancement in genomic sequencing projects has lead toward sequencing of 

multiple genomes of different organisms. This has increased the necessity to obtain the 

structures of the proteins encoded by those genes to provide insights into their 

functionality, which leads towards establishment of Structural Initiatives worldwide. The 

Protein Structural Initiative (PSI) in the United States was established in the year 2000, 

sponsored by the National Institute of General Medical Sciences (NIGMS) which is a 

part of the National Institute of Health (NIH).  The goal of the NIGMS-NIH PSI is to 

“make 3D atomic-level structures of most proteins easily obtainable from knowledge of 

their corresponding DNA sequences” with the focus on solving the structures of proteins 

with no available structural information (Burley et al., 2008; Carter et al., 2008). It 

includes four large-scale centers, ten specialized or technology-development centers and 

two homology-modeling centers. Also a PSI Knowledgebase and a PSI Material 

Repository were established to provide information about expression clones and other 

structural, functional and experimental details to the scientific community (Markley et al., 

2009). The four large-scale centers, also known as production centers, include Joint 

Center for Structural Genomics (JCSG), Midwest Center for Structural Genomics 

(MCSG), Northeast Structural Genomics Consortium (NESG) and New York SGX 

Research Center for Structural Genomics (NYSGXRC). These centers are mainly 

involved in determining the structures of selected target proteins and they also contribute 

to the technology development during the process. The target proteins are selected from 

large protein sequence families that has no solved protein structures and from large 
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phylogenetically diverse protein families that have very few available structures. 

Additionally, target proteins are also selected based on biological/biomedical interest and 

from the nominations of scientific community. Then these experimentally determined 

structures can be used as models to determine the structures of related homologs via 

computational modeling, providing structural coverage for most of the sequenced genes. 

The PSI centers have used both X-ray crystallography and Nuclear Magnetic Resonance 

(NMR) as the methods for structure determination and the structures were made available 

to public via deposition in Protein Data Bank (PDB). The four large-scale centers have 

deposited 2130 structures in PDB during the time period from September 1, 2000 and 

October 31, 2007, with the average of 619 structures in the year from 2006-2007. Also 

from the novel structures deposited in PDB between July 2006 and June 2007, 39% or 

519 structures came from PSI centers worldwide. From those 519 structures, 73% were 

deposited by U.S. centers. However, from the tens of thousands of clones that are 

expressed at PSI centers, only 12% have made towards the PDB deposition (Burley et al., 

2008). When considering the method of structure determination, X-ray crystallography 

has been used for solving majority of the structures at the PSI centers.  The process of 

obtaining the structures by X-ray crystallography includes cloning the gene of interest, 

expression, purification, crystallization, data collection and structure deposition in PDB. 

According to the statistics from three large scale PSI centers as shown in Figure 1.6, it 

can be clearly observed that crystallization of the proteins has been a major bottleneck in 

this process. The graph showing the progress statistics (Figure 1.6) is scaled according to 

the number of clones expressed at each center. As obtained from the websites of those 

centers, at NYSGRC (http://kiemlicz.med.virginia.edu/nysgrc/statistics) only 324 
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proteins were crystallized from the total of 6847 clones expressed. At MCSG 

(http://kiemlicz.med.virginia.edu/mcsg/progresses) from 5453 clones expressed, crystals 

were harvested only from 549 clones. Finally at NESG 

(http://www.nesg.org/statistics.html) from 78063 clones expressed, crystal hits were 

obtained only from 4474 cases. Moreover, from these protein crystals, only a fraction 

could provide a good enough diffraction to solve the structures. It is further noticeable 

from Figure 1.6 that limitations in the overall process of crystallization also exist at the 

stages of solubility and purification. Anyway, the process of structure determination is 

highly limited due to the inability in crystallizing certain proteins and obtaining 

diffraction quality crystals. 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Progress statistics for three protein structure initiative centers (PSI centers) 

scaled according to the number of clones used to test the expression of proteins. This 

shows that from the clones used to test the expression of the proteins only about 10% 

could be crystallized, indicating the hardness of obtaining protein crystals for structural 

studies. 
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1.3.1 Reasons for the bottleneck in protein crystallization 

As mentioned above and experienced by the researchers throughout the world, the 

difficulty in obtaining protein crystals greatly limits the structure determination by X-ray 

crystallography. Looking into the process of crystallization can provide some 

explanations for this limitation.  

Proteins are usually large, dynamic macromolecules composed of flexible regions 

and some have more than one subunit. Even the small proteins like cytochrome c, 

contains approximately thousand atoms giving rise to thousands of bonds and thousands 

of degrees of freedom (McPherson and Gavira, 2014). Therefore, packing these 

molecules in to an ordered crystal structure with few specific interactions can be a 

difficult process due to the thermodynamic barriers as explained before (1.1.1 

thermodynamics). Proteins also have specific three dimensional structures due to their 

distinct amino acid sequences and end up having unique surface properties (Leunissen, 

2001a). The surface properties of these large macromolecules are usually affected by the 

interactions made with the solution components like ions and molecules, making the 

prediction of surface properties even harder (Chernov, 2003). Under these conditions, 

crystallization of one particular protein gives little insights into crystallization of a 

different protein.  Protein crystallization is also affected by parameters like temperature, 

pH, protein concentration, humidity etc. and each protein reacts differently to those 

conditions. Therefore, large number of conditions must be tested before identifying the 

optimal conditions for crystallization (Chayen, 1999; Leunissen, 2001a). In addition, as 

described above, kinetic parameters such as rate of equilibrium, crystal growth, 
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nucleation and molecular interactions also control crystallization. Crystallization kinetics 

are also affected by the technique used for the crystallization and even by the variables 

like size of the drop used during the experiment. These factors are hard to control owing 

to the limited knowledge in this area (Rupp and Wang, 2004). Due to these reasons and 

other factors that are not yet identified, crystallization has become a major bottle neck in 

solving the structures of proteins by X-ray crystallography.  

 

1.4 Methods to enhance crystallizability of proteins 

Researchers have come up with many different approaches to enhance the 

crystallizability of proteins. These methods include systematic truncation, methylation of 

lysine residues, fusing carrier proteins with target protein, co-crystallizing target proteins 

with other proteins, mutation, using additives etc. (Dong et al., 2007; Jaroszewski et al., 

2008; Lawson et al., 1991; McPherson and Cudney, 2006; Peng et al., 2005; Rypniewski, 

1993; Smyth et al., 2003). Despite these efforts, still there is no magic bullet that can lead 

to crystallization of a particular protein. But these methods have shown to be successful 

with certain proteins. 

 

1.4.1 Truncation of disordered regions 

The disorder is an intrinsic property of some proteins that occurs due to lack of 

properly folded, stable 3-D structure. Although it is known that properly folded 3-D 

structure is essential for the functions of the proteins, the disordered proteins were also 

found to be involved in important functions like molecular recognition, molecular 
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assembly and protein modification. Furthermore, having a disordered structure is found 

to be a requirement to carry out these functions (Peng et al., 2005). Removal of 

disordered regions of the partially disordered proteins by protease cleavage is a method 

commonly used to enhance the crystallizability of these proteins (Dong et al., 2007; 

Pantazatos et al., 2004). Some proteins contain domain regions that can be crystallized 

after removing the unstructured regions. For example, crystallization of alpha crystallin 

proteins which belong to the heat shock family has been problematic for a long time. But 

the truncation of the terminal segments have lead towards the crystallization of alpha 

crystallin domains of the protein from bovine, mouse and human (Laganowsky et al., 

2010). Generally, the proteins can become more stable by removing the disordered 

regions and increase the packing efficiency of protein molecules into an ordered crystal. 

Hence, the thermodynamics and kinetics of crystallization can become more favorable 

after truncation. The crystals can be of higher diffraction quality after the removal of the 

disordered regions, as the flexibility of these regions can cause poor diffraction and may 

not be detected in the electron density maps when determining the structure.  For the 

systematic truncation of disordered regions a method called limited proteolysis is used. 

Here the protein is subjected to proteases under controlled conditions (temperature, time, 

etc.) to cleave off the disordered regions while keeping the structured protein intact. Mass 

spectrometry can be used to determine the sizes of the cleaved fragments after proteolysis 

and could recognize the cleavage sites.  Then these cleavage products can be also cloned 

and expressed using recombinant DNA technology to produce homogeneous protein 

suitable for crystallization. Proteolysis is also observed to take place autonomously 

during protein purification and crystallization due to contaminant proteases in the culture, 
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leading to crystallization of the structured protein domains (Campbell et al., 2002; 

Sawaya et al., 1994). 

 

1.4.2 Reductive methylation of lysine 

Reductive methylation is a method commonly used to enhance protein 

crystallization. The methylation of the solvent exposed ɛ-amino group of lysine residues 

has shown to affect the protein characteristics like isoelectric point, solubility and 

hydropathy (Kim et al., 2008). Hence, these changes may enhance crystallization by 

promoting the packing interactions between protein molecules. Importantly, the 

methylation was not shown to disrupt the structure or the function of the protein 

compared to that of the native protein. In a large scale study of reductive methylation to 

improve protein crystallization, researchers found that methylation has increased the 

interaction radius of Lys, allowing it to form stronger molecular interactions with the 

solvent and the other protein residues (Kim et al., 2008). Reductive methylation involves 

a simple chemical modification of the primary amine groups of surface Lysine residues 

into tertiary amines by methylation. The reaction involves formation of a Schiff base 

between the ɛ-amino group of Lys with a ketone or an aldehyde, which is then reduced to 

form a methylated amine. Usually formaldehyde is used as the aldehyde in the reaction 

with the reducing agents sodium-borohydride and dimethylamine borane (Rypniewski, 

1993). This procedure can be carried out on the purified and folded protein without 

disrupting the structure. The method has proven to be successful in crystallizing some 

proteins that had failed crystallization trials in the past (Kobayashi et al., 1999; Kurinov 
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et al., 2000; Rayment et al., 1993; Saxena et al., 2006; Schubot and Waugh, 2004; Walter 

et al., 2006). 

 

1.4.3 Mutating surface residues 

Mutation of surface residues with flexible side chains into residues with short side 

chains is another method used to reduce the surface entropy of the protein. The mutation 

of the amino acids with flexible side chains to a smaller residues have shown to improve 

the crystallizability and the quality of the protein crystals (Lawson et al., 1991). The 

mutation is carried out at the gene level using site-directed mutagenesis and involves 

mutation of three to four amino acids like lysine, glutamine and glutamate into alanine or 

leucine. This method is also called surface entropy reduction (SER). The selection of the 

residues to be mutated can be carried out with the aid of software (Goldschmidt et al., 

2007), which can predict the secondary structure of the protein and avoid residues buried 

within the core and the residues that are evolutionally conserved (Longenecker et al., 

2001). Synthetic symmetrization is another method that involves mutating surface 

residues of proteins to drive symmetric self-assembly of the protein molecules 

(Laganowsky et al., 2011). The tendency of proteins to crystallize in space groups with 

higher symmetry could have been an initiative for this method. Some approached used in 

this method include introducing a cysteine residue on the surface to mediate 

intermolecular disulfide bonds, mutation of the residues of a surface exposed helix into 

leucine to drive leucine zipper dimerization and introducing metal binding sites on the 

surface to promote intermolecular interactions through the metals. These methods have 
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been successfully used to enhance crystallization of certain proteins (Laganowsky et al., 

2011). 

1.4.4 Fusing carrier proteins and co-crystallization with other proteins 

Some proteins lack the ability to introduce sufficient intermolecular contacts to 

build the crystal lattice or they are not stable in solution. These proteins may not possess 

enough hydrophilic surface residues capable of interactions. Fusion of a carrier protein or 

co-crystallizing with another protein capable of complex formation with the target protein 

can provide necessary contact sites for those proteins to crystallize. The fusion of a 

carrier protein has to be done at the gene level using recombinant DNA technology.  Co-

crystallization of the target protein with a scaffolding protein needs mixing of the two and 

allowing to form complex before setting up the crystal trials. The researchers have 

successfully used these methods to enhance protein crystallization (Smyth et al., 2003; 

Warke and Momany, 2007). 

 

1.4.5 Screening for homologs  

Determination of the structure of a homolog in a protein family can provide 

insights into the structure and function of the other important members of the family.  

The structure of a homologous protein in a family can be used as a blueprint to study and 

understand the function of most of the other members and to build model structures for 

the other members via computational modeling. Furthermore, if the structures of multiple 

proteins in a family are available, they can be used to analyze the diversity and 

conservation in the family, directing to build better models for the other proteins in the 
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family. Screening for homologs is also used at PSI as a strategy to overcome 

crystallization bottleneck and to increase structural coverage of protein families 

(Jaroszewski et al., 2008). Usually the homologs are screened when the original target 

protein fails to produce crystals. This method of using multiple genomes as set of target 

proteins in expression and crystallization of proteins is termed “genome pool strategy”. In 

the protein families, at least few members would have favorable characteristics for 

crystallization, even if the other members are resistant to crystallization. Under this 

situation, screening for homologs can be useful in determining the protein structures. 

According to the data from PSI, this genome pool strategy has significantly increased the 

number of structures solved in each protein family (Jaroszewski et al., 2008).  

 

1.4.6 Additives 

Additives are molecules or ions added to the crystallization cocktail to enhance 

the crystallizability of proteins. Protein crystals contains about 25%-90% of solvent and 

the amount of solvent is based on a particular protein.  These large solvent channels 

allows the diffusion of small molecules and solvents into the protein crystals giving the 

possibility to incorporate additives into the crystal structure. Certain additives like 

detergents, cofactors and specifically bound ions (Zn2+, Ca2+, Mg2+, etc.) can be carried 

with the protein through purification steps. Other additives such as ligands and metal ions 

can be added directly to the protein or buffer solution to promote crystallization. 

Sometimes the precipitating agents like MPD and glycerol or buffer components like 

acetate and tris are observed to be interacting with protein molecules. Hence, these can 

also be considered as additives. Additives may act in different ways to enhance protein 
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crystallization. Some of them can interact with disordered loop regions or flexible surface 

residues and stabilize them. Some may affect the solubility of the protein or change the 

dielectric constant of the solution. Others could promote intermolecular interactions of 

proteins and aid in building the crystal lattice. McPherson and Cudney (2006) has carried 

out a nice experiment to test the ability of commonly found additives to enhance 

crystallization with the goal of looking for a “silver bullet” that can be used to crystallize 

many proteins. They have used mixtures of 200 different additives to crystalize 81 

different proteins by vapor-diffusion with only two major crystallization conditions. 

Therefore, the major variation in these experiments is the presence or absence of 

additives. The results have shown that the crystals were observed for 85% of the proteins 

and 54% has crystallized only in the presence of additives (McPherson and Cudney, 

2006). It was found that the mixtures containing small molecules with carboxylate and 

diamine functional groups have higher success rate in promoting crystallization. Also, 

when analyzing the crystal structures of proteins, these charged functional groups were 

observed to be involved in intermolecular protein interactions, supporting the crystal 

lattice formation.  In some cases, proteins could bind certain small molecules in the 

mixture while eliminating others, indicating their ability to be selective in binding 

compounds that favors the crystal formation.  Also, certain additives promoted 

crystallization of proteins without incorporating into the crystal (Larson et al., 2007). 

These additives could have somehow induced nucleation as they promoted crystallization 

over the control experiments that did not contain those additives. These experiments have 

created strong statistical evidence to support the power of additives to enhance 

crystallization. 
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Metal ions are also used as additives during crystallization of proteins to promote 

intermolecular interactions (Quistgaard et al., 2013).  But lack of suitable metal binding 

sites on the surface of some proteins have lead towards surface engineering of the 

proteins to provide metal binding sites to drive crystallization via metal mediated 

interactions (Laganowsky et al., 2011). In addition to metals, metal-chelate complexes 

have shown to be successful in introducing crystal contacts between protein molecules 

(Pompidor et al., 2008). These type of complexes can be easily introduced into the 

crystals via co-crystallization and the chelate molecules can provide functional groups for 

interacting with variety of residues on the protein surface.  During a study of interactions 

between lanthanide-chelate complexes and proteins, hen-egg white lysozyme was used in 

crystallization trials with tris-dipicolinate lanthanide complex (Pompidor et al., 2008). 

The crystal structure revealed the possibility of tris-dipicolinate lanthanide complex to be 

involved in intermolecular interactions with the protein molecules. Also, from the 

experiments done in solution state, using ethylguanidinium ions to mimic Arginine 

residues, tris-dipicolinate lanthanide complexes were shown to be interacting with these 

Arginine like moieties (Pompidor et al., 2008). When comparing the interactions of 

metals with the protein to that of metal-chelate complexes, it is clear that the complexes 

can make weaker interactions, similar to the ones already existing in the protein structure, 

providing more flexibility and less disruption in the crystal. The interactions made with 

the metals are stronger and rigid and requires specific surface properties of proteins. 

Furthermore, having the ligands associated with the metal, allow them to reach out to the 

side chain residues at longer distance compared to the metals. By using lanthanide metals 

like Tb and Eu in these complexes, it is possible to identify the derivative crystals due to 
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their luminescence under UV light (ʎex =254 nm).  Moreover, lanthanides are a good 

choice of metal to be used in crystallization of proteins as their LIII absorption edge lies 

within the wavelength range of CuKα radiation used at in house X-ray diffractometers 

and can produce an intense anomalous signal for phasing by anomalous dispersion. 

Therefore, using lanthanide chelate complexes in protein crystallization is beneficial over 

using metals or small molecules alone.  

 

1.5 Project hypothesis and objectives 

This project was initiated with the aim of reducing the bottleneck in protein 

crystallization using metal-chelate complexes as additives. Metal-chelate complexes were 

previously used to introduce lanthanides into the protein lattice to enable phasing by 

anomalous dispersion method (Girard et al., 2002; Girard et al., 2003b; Pompidor et al., 

2010).  But the use of metal-chelate complexes to promote crystallization has not been 

very well explored.  Pompidor et al., (2010) has used tris-dipicolinate lanthanide 

complexes to introduce lanthanide metals to hen-egg white lysozyme, turkey-egg white 

lysozyme, thaumatin, urate oxidase, pancreatic elastase and xylanase proteins. They have 

observed crystallization of hen-egg white lysozyme and xylanase in new space groups in 

the presence of this metal chelate complex. Furthermore, these protein structures show 

interactions between carboxylate groups of metal-chelate complexes and hydrogen bond 

donor groups of amino acids at the surface of the protein molecules. It can be clearly seen 

that the additional interactions introduced via these metal-chelate complexes have driven 

the crystallization of those two proteins in new space groups.  
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Other than the pyridine based ligands, cyclen ligands have also been used with 

lanthanides in protein crystallization (Girard et al., 2002; Girard et al., 2003b). The 

complex of Gd with 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic 

acid has been used to crystallize hen egg white lysozyme. This complex was incorporated 

into crystals at concentrations ranging from 10 mM-100 mM and the structures displayed 

hydrophobic interactions between tetraazacyclododecane macrocycle of ligand and 

Tryptophan residues of protein. Also, hydrogen bonding interactions were observed 

between ligand and protein molecules.  Moreover, derivative crystals of β-lactamase and 

chimeric ornithine carbamoyl transferase were obtained with this and other cyclen 

lanthanide complexes (Girard et al., 2003b). These structures showed us the capability of 

this type of metal-chelate complexes to enhance protein crystallization by introducing 

additional lattice contacts.  

Therefore, we hypothesized that the metal-chelate complexes will enhance protein 

crystallization through bridging contacts made by the protruding functional groups. 

Lanthanides were used as the choice of metal as they provide the added advantage of 

phasing the structures by anomalous dispersion with the use of in house X-ray 

diffractometer available in the lab. Furthermore, using symmetric complexes as observed 

in the paper by Pompidor et al., (2010) can help to accommodate preferred higher 

symmetry in protein crystals by providing an axis of symmetry to build the lattice.  

The first objective of the project is to see whether metal-chelate complexes allow 

crystallization of the test proteins under conditions where they do not crystallize in the 

absence of those metal-chelate complexes. This can indicate the ability of these 

complexes to promote nucleation and crystal growth under wide range of conditions. The 
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second aim is to see whether metal-chelate complexes can bind to protein molecules and 

introduce contacts and whether these crystal contacts help to build the protein lattice. If 

the contacts made with the aid of these complexes help to build the crystal lattice, it 

shows their value in enhancing protein crystallization. The final aim is to crystallize hard 

to crystallize proteins in the presence of these complexes. This will show the ability of 

these complexes to promote crystallization of proteins that could not be crystallized due 

to lack of sufficient crystal contacts.  

During this project, initially we have used tris-dipicolinate lanthanide complex in 

crystallization trials with streptavidin, to assess the ability of this metal chelate complex 

(MCC) to enhance crystallization of the protein. The tris-dipicolinate lanthanide complex 

could promote the crystallization of streptavidin in a new space group by introducing new 

crystal contacts as described in Chapter 3. Afterwards, we selected a set of test proteins 

and lanthanide chelate complexes with varying functional groups to setup more 

crystallization experiments. The proteins and the metal-chelate complexes (MCCs) used 

are described in Chapter 2 in the Sections 2.1 and 2.2 respectively. These proteins and 

MCCs were used in customized grid screens consisting of six precipitants to test our 

hypothesis. The first grid screen had 96 conditions with pH ranging from 5.5-7.0. Then 

we expanded the pH range used from 5.5-9.0 and created a larger grid screen with 192 

conditions. The design of the grid screens used, is described in Chapter 2 under Section 

2.3.  The 96 condition grid screen was used in crystallization trials with four test proteins 

and five MCCs and the results are described in Chapter 4. During the crystallization 

trials, other than proteins, MCCs were also crystallized under some conditions. 

Therefore, each and every crystal had to be analyzed by X-rays to differentiate protein 
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crystals from small molecule crystals, which was very time consuming. By the time of 

using the large screen with 192 conditions, we could develop a fluorescence microscope 

based method to distinguish between protein crystals and MCC crystals as described in 

Section 2.5.  The large screen was used with eight test proteins and five metal-chelate 

complexes and the results of these experiments are described in Chapter 5. The overall 

results indicated that the MCCs can promote crystallization of the proteins under 

conditions where they do not crystallize in the absence of those MCCs. Also, the MCCs 

that were incorporated into protein crystals had introduced crystal contacts between 

protein molecules further proving our hypothesis. In the future experiments it is possible 

to expand the library of metal-chelate complexes and those can be used in crystallization 

trials with proteins that are difficult to crystallize as described in Chapter 6.  
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Chapter 2: Experimental design   
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2.1 Selection of test proteins 

A set of readily crystallizable proteins was selected to test the ability of the metal-

chelate complexes (MCCs) to introduce new crystal contacts during crystallization. Using 

readily crystallizable proteins can indicate whether the crystal forms obtained in the 

presence of MCCs are different from those of published ones, which could have been 

promoted by new crystal contacts. Also, these proteins are known to be well behaved and 

avoid additional problems in crystallization that may not be addressed by the presence of 

chelate complexes.  

Streptavidin from Streptomyces avidinii was expressed and purified in the lab 

according to the protocol described in the methods section of the Chapter 3. Purified 

streptavidin (10 mg/ml) was incubated overnight with 2 molar excess biotin powder, 

before using for crystallization trials with grid screens (described in Section 2.3). The 

proteins concanavalin A from jack bean, beta-amylase from sweet potato, lysozyme from 

hen egg white and alpha lactalbumin from bovine milk were purchased from Sigma-

Aldrich. Glucose isomerase from Streptomyces rubiginosus, thermolysin from Bacillus 

srearothermophilus and lipase B from Candida antarctica were purchased from Hampton 

Research. The proteins concanavalin A, beta amylase and alpha lactalbumin were 

prepared for crystallization by dissolving the dry powder in 0.01 M Bis-Tris buffer at pH 

7.0 and dialyzing two times against the same buffer to remove any salts or impurities. 

The concentrations of the final protein solutions of concanavalin A, beta amylase and 

alpha lactalbumin proteins were at 15-17 mg/ml, 13-16 mg/ml and 23-25 mg/ml, 

respectively. Glucose isomerase suspension was dialyzed two times against 0.01 M Bis-
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Tris buffer at pH 7.0 to remove excess salts and the final concentration of the protein 

solution was from 11-14 mg/ml. During the dialysis of beta amylase and glucose 

isomerase proteins, beta mercaptoethanol (BME) was added to the buffer as a reducing 

agent, to reduce the free cysteine residues in those proteins. The dry powder of lysozyme 

and lipase B was directly used after dissolving in 0.01 M Bis-Tris buffer at pH 7.0 to a 

concentration of 50 mg/ml and 45-50 mg/ml, respectively.  The protein thermolysin was 

prepared for crystallization at the concentration of 17-20 mg/ml. During preparation of 

thermolysin, crystalline powder was suspended in filtered deionized water and let it stand 

for 10-15 minutes at room temperature. Then a similar volume of 0.1 M NaOH was 

added little by little and gently swirled to dissolve the material. A brief description of 

each protein used during the experiments is given in the following sections. 

 

2.1.1 Concanavalin A from Canavalia ensiformis (Jack bean) 

Concanavalin A is a carbohydrate binding protein (lectin), which specifically 

binds to glucose or mannose. It displays the highest binding affinity towards methyl-3,6-

di-O-(α-D-mannopyranosyl)-α-D-mannopyranoside (Loris et al., 1996). It has two sites 

for binding with bivalent metal ions, Ca2+ and Mn2+, which are necessary for the 

interactions with the substrate. The protein predominantly exists as a dimer below pH 5.5 

and a tetramer form is observed close to the physiological pH (Christie et al., 1978). Each 

subunit has the molecular weight of 25500 Da and the extinction coefficient (E0.1%) at 

280 nm is 1.14 (mg/ml)-1 cm -1 (Agrawal and Goldstein, 1968; Christie et al., 1978). The 

aromatic amino acid content of the protein includes four tryptophans, seven tyrosines and 
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eleven phenylalanine (Phe) residues and tryptophans and tyrosines are mainly responsible 

for the absorbance of the protein at 280 nm. 

The isoelectric point of concanavalin A is in the range of 4.5-5.5 as it exists as a 

mixture of different isoforms (Entlicher et al., 1971). The protein does not contain any 

cysteine residues and reducing agents were not used during crystallization experiments.  

The Table 2.1 shows the space groups reported in literature for concanavalin A from 

Canavalia ensiformis. The sequence of the concanavalin A protein from Canavalia 

ensiformis is given in Figure 2.1.  

        10         20         30         40         50         60  

ADTIVAVELD TYPNTDIGDP SYPHIGIDIK SVRSKKTAKW NMQNGKVGTA HIIYNSVDKR  

 

        70         80         90        100        110        120  

LSAVVSYPNA DSATVSYDVD LDNVLPEWVR VGLSASTGLY KETNTILSWS FTSKLKSNST  

 

       130        140        150        160        170        180  

HETNALHFMF NQFSKDQKDL ILQGDATTGT DGNLELTRVS SNGSPQGSSV GRALFYAPVH  

 

       190        200        210        220        230  

IWESSAVVAS FEATFTFLIK SPDSHPADGI AFFISNIDSS IPSGSTGRLL GLFPDAN  

Figure 2.1: The amino acid sequence of the concanavalin A protein from Canavalia 

ensiformis. 
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Table 2.1: The space groups reported in literature for concanavalin A from Canavalia 

ensiformis. 
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2.1.2 Beta amylase from Ipomoea batatas (sweet potato) 

Beta amylase belongs to the glycoside hydrolase 14 family and it catalyzes the 

cleavage of 1-4 glycosidic bonds from non-reducing ends of polysaccharides, yielding β-

anomeric maltose (Fazekas et al., 2013; Hirata et al., 2004). The beta amylase protein 

from sweet potato exists as a homotetramer composed of 56kDa monomeric units (Toda 

et al., 1993). The protein has an extinction coefficient of 1.77 (mg/ml)-1 cm -1 (E0.1%) at 

280 nm (Takeda and Hizukuri, 1969) and the aromatic amino acid content of this protein 

includes twelve tryptophans twenty-two tyrosines and twenty-three phenylalanine 

residues. The theoretical isoelectric point calculated using the ExPASy Bioinformatics 

Resource Portal (http://web.expasy.org/cgi-bin/protparam/protparam) (Wilkins et al., 

1999) is 5.17. During crystallization, TCEP in 10 mM Bis-Tris buffer at pH 7.0 was 

added to the protein solution and BME was added to the reservoir solution as the protein 

contains free cysteine residues. There is only one record found in PDB (PDB ID IFA2) 

for crystallization of beta amylase from sweet potato and it was crystallized in the space 

group P42212 (Table 2.2).  But other crystal forms in space groups I422 and P4122 (or 

P4322) were reported to diffract beyond 3 Å (Cheom Gil et al., 1995). The sequence of 

the protein beta amylase from sweet potato is given in Figure 2.2.  

 

 

 

 

 

 

http://web.expasy.org/cgi-bin/protparam/protparam
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   10         20         30         40         50         60  

APIPGVMPIG NYVSLYVMLP LGVVNADNVF PDKEKVEDEL KQVKAGGCDG VMVDVWWGII  

 

        70         80         90        100        110        120  

EAKGPKQYDW SAYRELFQLV KKCGLKIQAI MSFHQCGGNV GDAVFIPIPQ WILQIGDKNP  

 

       130        140        150        160        170        180  

DIFYTNRAGN RNQEYLSLGV DNQRLFQGRT ALEMYRDFME SFRDNMADFL KAGDIVDIEV  

 

       190        200        210        220        230        240  

GCGAAGELRY PSYPETQGWV FPGIGEFQCY DKYMVADWKE AVKQAGNADW EMPGKGAGTY  

 

       250        260        270        280        290        300  

NDTPDKTEFF RPNGTYKTDM GKFFLTWYSN KLIIHGDQVL EEANKVFVGL RVNIAAKVSG  

 

       310        320        330        340        350        360  

IHWWYNHVSH AAELTAGFYN VAGRDGYRPI ARMLARHHAT LNFTCLEMRD SEQPAEAKSA  

 

       370        380        390        400        410        420  

PQELVQQVLS SGWKEYIDVA GENALPRYDA TAYNQMLLNV RPNGVNLNGP PKLKMSGLTY  

 

       430        440        450        460        470        480  

LRLSDDLLQT DNFELFKKFV KKMHADLDPS PNAISPAVLE RSNSAITIDE LMEATKGSRP  

 

       490  

FPWYDVTDMP VDGSNPFD  

 

Figure 2.2: The amino acid sequence of Beta-amylase from Ipomoea batatas. 

 

Table 2.2: The space groups reported in literature for beta amylase from sweet potato 

 

2.1.3 Glucose isomerase, Streptomyces rubiginosus  

Glucose isomerase is an enzyme, which is commonly used in industry for the 

production of high fructose corn syrup. This enzyme is also known as xylose isomerase 

and it catalyzes the isomerization of glucose to fructose and xylose to xylulose. The 

native enzyme requires Mn2+ or Mg2+ as cofactors to be functional. These metals can be 
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replaced by divalent transition metal ions like Co2+ and still maintain enzyme activity. 

But the enzyme can be inhibited by the binding of other metals like Cd2+ (Ramagopal et 

al., 2003b). The protein exists as a homotetramer with the molecular weight of 173kDa 

(Carrell et al., 1989). The theoretical isoelectric point of the protein is 5.0 and the 

theoretical extinction coefficient at 280 nm in water is 46410 M-1 cm-1 or 1.074 (mg/ml)-1 

cm -1 as calculated by ExPASy (Wilkins et al., 1999). This protein contains six 

tryptophans nine tyrosines and twenty-three phenylalanine residues as aromatic amino 

acids. It has one cysteine residue in the sequence as shown in Figure 2.3 and BME was 

used in the reservoir and the protein solution during crystallization. Glucose isomerase 

from Streptomyces rubiginosus was previously crystallized in the space groups given in 

Table 2.3.  

 10         20         30         40         50         60  

MNYQPTPEDR FTFGLWTVGW QGRDPFGDAT RRALDPVESV RRLAELGAHG VTFHDDDLIP  

 

        70         80         90        100        110        120  

FGSSDSEREE HVKRFRQALD DTGMKVPMAT TNLFTHPVFK DGGFTANDRD VRRYALRKTI  

 

       130        140        150        160        170        180  

RNIDLAVELG AETYVAWGGR EGAESGGAKD VRDALDRMKE AFDLLGEYVT SQGYDIRFAI  

 

       190        200        210        220        230        240  

EPKPNEPRGD ILLPTVGHAL AFIERLERPE LYGVNPEVGH EQMAGLNFPH GIAQALWAGK  

 

       250        260        270        280        290        300  

LFHIDLNGQN GIKYDQDLRF GAGDLRAAFW LVDLLESAGY SGPRHFDFKP PRTEDFDGVW  

 

       310        320        330        340        350        360  

ASAAGCMRNY LILKERAAAF RADPEVQEAL RASRLDELAR PTAADGLQAL LDDRSAFEEF  

 

       370        380  

DVDAAAARGM AFERLDQLAM DHLLGARG  

 

Figure 2.3: The amino acid sequence of glucose isomerase from Streptomyces 

rubiginosus. 
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Table 2.3: The space groups reported in literature for glucose isomerase from 

Streptomyces rubiginosus. 

 

  
 

2.1.4 Alpha lactalbumin from Bos taurus (bovine milk) 

Alpha lactalbumin is a globular milk protein that is produced in lactating 

mammary glands. This enzyme is part of the lactose synthase enzyme system and it 

interacts with a galactosyltransferase called UDPgalactose:N-acetylglucosamine‚-1,4-

galactosyltransferase to synthesize lactose in milk (Chandra et al., 1998). The enzyme 

complex catalyzes the transfer of a galactosyl group from a donor substrate, UDP-

galactose, to the acceptor substrate D-glucose. In this reaction alpha lactalbumin acts as a 

specifier protein which increases the specificity and the affinity of the 

galactosyltransferase enzyme towards glucose (Berger and Rohrer, 2003). Alpha 

lactalbumin contains a tight binding site for Ca2+ and binding of Ca2+ helps to maintain 

the native conformation of the protein. But other metal ions like Zn2+, Al3+ and Na+ were 

also observed to bind to the protein instead of Ca2+ (Ren et al., 1993). In addition, the 

protein contains another weaker Ca2+ binding site in the structure (Chandra et al., 1998).  

The monomeric protein has an isoelectric point of pH 5.0 (Brew et al., 1967) and a 

molecular weight of 14.2 kDa with an extinction coefficient at 280 nm of 2.01 (mg/ml)-1 

cm -1 (Takase and Ebner, 1981). The protein contains three tryptophans, four tyrosines 

and four phenylalanine residues that are responsible for the absorbance in the UV region. 
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It contains eight cysteine residues that are bridged by four disulfide linkages; hence, 

reducing agents are not used during crystallization. The amino acid sequence of alpha 

lactalbumin from Bos taurus is shown in the Figure 2.4. Alpha lactalbumin from Bos 

taurus was previously crystallized in the space groups P41212, P21212 and P21 as shown 

in the Table 2.4. 

 

     10         20         30         40         50         60  

KQFTKCELSQ LLKDIDGYGG IALPELICTM FHTSGYDTQA IVENNESTEY GLFQISNKLW  

 

        70         80         90        100        110        120  

CKSSQVPQSR NICDISCDKF LDDDITDDIM CAKKILDIKG IDYWLAHKAL CTEKLEQWLC  

 

 

EKL  

 

Figure 2.4: The amino acid sequence of alpha lactalbumin from Bos taurus. 

 

Table 2.4: The space groups reported in literature for alpha lactalbumin from Bos taurus. 

 

2.1.5 Thermolysin, Bacillus srearothermophilus (Bacillus 

thermoproteolyticus Rokko) 

Thermolysin is a heat stable metalloprotease that belongs to the zinc 

endopeptidase family (O'Donohue et al., 1994). It cleaves the peptide bonds at the amino 

side of hydrophobic amino acids and has an extinction coefficient of 61000 M-1 cm-1 or 
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1.77 (mg/ml)-1 cm -1 at 280 nm (Burstein et al., 1974). The aromatic amino acid content 

of this protein includes three tryptophans twenty-eight tyrosines and ten phenylalanine 

residues.  It contains one zinc ion and four calcium ions as cofactors and has the 

molecular weight of 34.4 kDa (Holmes and Matthews, 1982; O'Donohue et al., 1994). 

The zinc ion bound at the active site is necessary for the enzyme function and the calcium 

ions are important for the thermostability of the enzyme (Feder et al., 1971; Holmes and 

Matthews, 1982). The theoretical isoelectric point of the protein is 5.14 as calculated 

from the ExPASy server (Wilkins et al., 1999). The sequence does not contain any 

cysteine residues; therefore, reducing agents were not used during crystallization.  The 

amino acid sequence of this protein is shown in Figure 2.5. Thermolysin from Bacillus 

srearothermophilus have been previously crystallized in few space groups as shown in 

the Table 2.5. 

 

 10         20         30         40         50         60  

ITGTSTVGVG RGVLGDQKNI NTTYSTYYYL QDNTRGNGIF TYDAKYRTTL PGSLWADADN  

 

        70         80         90        100        110        120  

QFFASYDAPA VDAHYYAGVT YDYYKNVHNR LSYDGNNAAI RSSVHYSQGY NNAFWNGSQM  

 

       130        140        150        160        170        180  

VYGDGDGQTF IPLSGGIDVV AHELTHAVTD YTAGLIYQNE SGAINEAISD IFGTLVEFYA  

 

       190        200        210        220        230        240  

NKNPDWEIGE DVYTPGISGD SLRSMSDPAK YGDPDHYSKR YTGTQDNGGV HINSGIINKA  

 

       250        260        270        280        290        300  

AYLISQGGTH YGVSVVGIGR DKLGKIFYRA LTQYLTPTSN FSQLRAAAVQ SATDLYGSTS  

 

       310  

QEVASVKQAF DAVGVK  

 

Figure 2.5: The amino acid sequence of thermolysin from Bacillus srearothermophilus. 
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Table 2.5: The space groups reported in literature for Thermolysin from Bacillus 

srearothermophilus. 

 

 

Table 2.5 is continued on pages 46-47 
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Space 

Group a b c α β γ PDB ID Citation

P6122 92.79 92.79 130.65 90.00 90.00 120.00 3F2P Englert et al., 2010

92.96 92.96 130.66 90.00 90.00 120.00 3FB0 Englert et al., unpublished

92.96 92.96 127.49 90.00 90.00 120.00 3FBO Englert et al., unpublished

92.72 92.72 129.96 90.00 90.00 120.00 3FCQ Englert et al., 2010

92.60 92.60 128.67 90.00 90.00 120.00 3FGD Pfeffer et al., unpublished

92.66 92.66 130.48 90.00 90.00 120.00 3FLF Englert et al., 2010

93.09 93.09 129.28 90.00 90.00 120.00 3FOR Wang et al., unpublished

92.83 92.83 130.69 90.00 90.00 120.00 3FV4 Englert et al., 2010

92.31 92.31 129.48 90.00 90.00 120.00 3FVP Englert et al., unpublished

92.89 92.89 128.54 90.00 90.00 120.00 3FXP Englert et al., unpublished

93.18 93.18 128.95 90.00 90.00 120.00 3FXS Englert et al., unpublished

93.10 93.10 130.20 90.00 90.00 120.00 3LS7 Behnen et al., unpublished

93.03 93.03 129.65 90.00 90.00 120.00 3MS3 Behnen et al., 2012

93.11 93.11 128.73 90.00 90.00 120.00 3MSA Behnen et al., 2012

92.61 92.61 128.70 90.00 90.00 120.00 3MSF Behnen et al., 2012

93.09 93.09 129.15 90.00 90.00 120.00 3MSN Behnen et al., 2012

93.14 93.14 128.62 90.00 90.00 120.00 3N21 Behnen et al., 2012

92.95 92.95 129.95 90.00 90.00 120.00 3NN7 Behnen et al., 2012

93.22 93.22 128.61 90.00 90.00 120.00 3P7P Juers et al., unpublished

93.26 93.26 128.69 90.00 90.00 120.00 3P7Q Juers et al., unpublished

93.31 93.31 128.73 90.00 90.00 120.00 3P7R Juers et al., unpublished

93.35 93.35 128.78 90.00 90.00 120.00 3P7S Juers et al., unpublished

93.56 93.56 128.94 90.00 90.00 120.00 3P7T Juers et al., unpublished

93.75 93.75 128.84 90.00 90.00 120.00 3P7U Juers et al., unpublished

93.85 93.85 128.74 90.00 90.00 120.00 3P7V Juers et al., unpublished

93.94 93.94 128.68 90.00 90.00 120.00 3P7W Juers et al., unpublished

93.07 93.07 128.17 90.00 90.00 120.00 3QGO Birrane  et al., 2014

92.50 92.50 130.10 90.00 90.00 120.00 3QH1 Birrane  et al., 2014

92.69 92.69 128.76 90.00 90.00 120.00 3QH5 Birrane  et al., 2014

92.70 92.70 130.10 90.00 90.00 120.00 3T73 Biela et al., 2012

92.60 92.60 131.00 90.00 90.00 120.00 3T74 Biela et al., 2012

92.70 92.70 131.10 90.00 90.00 120.00 3T87 Biela et al., unpublished

92.60 92.60 130.40 90.00 90.00 120.00 3T8C Biela et al., unpublished

92.80 92.80 130.10 90.00 90.00 120.00 3T8D Biela et al., unpublished

92.40 92.40 131.20 90.00 90.00 120.00 3T8F Biela et al., 2012

92.70 92.70 130.80 90.00 90.00 120.00 3T8G Biela et al., 2012

92.80 92.80 130.10 90.00 90.00 120.00 3T8H Biela et al., unpublished

93.99 93.99 130.88 90.00 90.00 120.00 3TLI English et al., 1999

94.10 94.10 131.40 90.00 90.00 120.00 3TMN Holden et al., 1988

92.75 92.75 129.22 90.00 90.00 120.00 3ZI6 Ferrer et al., 2013

93.43 93.43 129.92 90.00 90.00 120.00 4D91 Biela et al., unpublished

93.10 93.10 130.90 90.00 90.00 120.00 4D9W Biela et al., unpublished

92.45 92.45 129.78 90.00 90.00 120.00 4H57 Biela et al, 2013

92.56 92.56 131.11 90.00 90.00 120.00 4MTW Krimmer et al., 2014

92.52 92.52 130.98 90.00 90.00 120.00 4MWP Krimmer et al., 2014

92.57 92.57 130.78 90.00 90.00 120.00 4MXJ Krimmer et al., 2014

92.49 92.49 131.18 90.00 90.00 120.00 4MZN Krimmer et al., 2014

92.50 92.50 131.49 90.00 90.00 120.00 4N4E Krimmer et al., 2014

92.49 92.49 130.89 90.00 90.00 120.00 4N5P Krimmer et al., 2014

92.17 92.17 130.10 90.00 90.00 120.00 4N66 Krimmer et al., 2014

92.37 92.37 130.27 90.00 90.00 120.00 4OI5 Krimmer et al., 2014

92.89 92.89 130.44 90.00 90.00 120.00 4OW3 Hattne et al., 2014

94.14 94.14 130.80 90.00 90.00 120.00 4TLI English et al., 1999

94.20 94.20 131.40 90.00 90.00 120.00 4TLN Holmes et al., 1981

94.10 94.10 131.40 90.00 90.00 120.00 4TMN Holden et al., 1987

93.04 93.04 130.41 90.00 90.00 120.00 4TNL Kern et al., 2014

94.23 94.23 131.03 90.00 90.00 120.00 5TLI English et al., 1999

94.20 94.20 131.40 90.00 90.00 120.00 5TLN Holmes et al., 1981

94.10 94.10 131.40 90.00 90.00 120.00 5TMN Holden et al., 1987

94.12 94.12 130.68 90.00 90.00 120.00 6TLI English et al., 1999

94.10 94.10 131.40 90.00 90.00 120.00 6TMN Tronrud et al., 1987

93.27 93.27 130.36 90.00 90.00 120.00 7TLI English et al., 1999

94.20 94.20 131.40 90.00 90.00 120.00 7TLN Holmes et al., 1983

93.04 93.04 130.42 90.00 90.00 120.00 8TLI English et al., 1999

94.10 94.10 131.40 90.00 90.00 120.00 8TLN Holland et al., 1992
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2.1.6 Lysozyme, Hen egg white (Gallus gallus) 

Lysozyme is a bacteriolytic enzyme that is present in variety of different 

organisms including human and plants (Newman et al., 1974). It is a monomeric protein 

that belongs to the glycosyl hydrolase 22 family and involves in cleavage of β-1,4 

glycosidic linkages of polymeric material, which include peptidoglycan in bacterial cell 

wall, chitin and N-acetyl-D-glucosamine (Kumagai et al., 1992). Hen egg white 

Lysozyme is a 14307 Da protein (Canfield, 1963), with the isoelectricpoint of 11.35 

(Wetter and Deutsch, 1951). The enzyme activity of lysozyme is dependent on both pH 

and the ionic strength. It is active in the pH range from 6.0- 9.0 and at pH 6.2, the enzyme 

activity is observed in a broad ionic strength range from 0.02 M - 0.1 M (Davies et al., 

1969). The theoretical extinction coefficient of the protein at 280 nm is 2.653 (mg/ml)-1 

cm -1 as calculated using ExPASy (Wilkins et al., 1999) and this protein contains six 

tryptophans three tyrosines and three phenylalanine residues. The sequence contains eight 

cysteine residues that form four disulfide linkages; hence, reducing agents were not used 

during crystallization. Lysozyme has been commonly used in crystallization experiments 

due to the ease of crystallization of the protein and thousands of records exist in the PDB. 

Lysozyme from Gallus gallus was previously crystallized in several space groups as 

shown in Table 2.6 and the space group C2 was reported by Pompidor et al. (2010) when 
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crystallized in the presence of tris-dipicolinate complex. The amino acid sequence of the 

protein is shown in Figure 2.6.  

 

 10         20         30         40         50         60  

KVFGRCELAA AMKRHGLDNY RGYSLGNWVC AAKFESNFNT QATNRNTDGS TDYGILQINS  

 

        70         80         90        100        110        120  

RWWCNDGRTP GSRNLCNIPC SALLSSDITA SVNCAKKIVS DGNGMNAWVA WRNRCKGTDV  

 

 

QAWIRGCRL  

 

Figure 2.6: The amino acid sequence of lysozyme from Gallus gallus. 

 

Table 2.6: The space groups reported in literature for lysozyme from Gallus gallus. 

 

Table 2.6 is continued on pages 49-59 
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Space 

Group a b c α β γ PDB ID Citation

P43212 78.61 78.61 37.29 90.00 90.00 90.00 3AGG Ito et al., 2011a

78.30 78.30 37.28 90.00 90.00 90.00 3AGH Ito et al., 2011a

78.03 78.03 37.75 90.00 90.00 90.00 3AGI Ito et al., 2011a

78.51 78.51 36.96 90.00 90.00 90.00 3AJN Ito et al., 2011b

76.74 76.74 37.08 90.00 90.00 90.00 3ATN Ito et al., 2011b

77.17 77.17 36.90 90.00 90.00 90.00 3ATO Ito et al., unpublished

79.48 79.48 37.89 90.00 90.00 90.00 3AW6 Takayama and Nakasako 2011

78.25 78.25 37.33 90.00 90.00 90.00 3AW7 Takayama and Nakasako 2011

78.70 78.70 36.73 90.00 90.00 90.00 3AZ6 Abe et al., 2012

78.41 78.41 36.56 90.00 90.00 90.00 3AZ7 Abe et al., 2012

77.60 77.60 37.57 90.00 90.00 90.00 3B6L Michaux et al., 2008

77.90 77.90 37.53 90.00 90.00 90.00 3B72 Michaux et al., 2008

76.83 76.83 38.87 90.00 90.00 90.00 3E3D Beck et al., 2008

78.36 78.36 37.31 90.00 90.00 90.00 3EMS Ito et al., unpublished

78.68 78.68 36.92 90.00 90.00 90.00 3EXD Guimaraes et al., 2009

79.06 79.06 37.54 90.00 90.00 90.00 3IJU Pechkova et al., unpublished

76.47 76.47 36.12 90.00 90.00 90.00 3IJV Pechkova et al., unpublished

77.00 77.00 37.00 90.00 90.00 90.00 3J4G Shi et al., 2013

75.96 75.96 37.22 90.00 90.00 90.00 3J6K Nannenga et al, 2013

78.71 78.71 36.99 90.00 90.00 90.00 3KAM Binkley et al., 2010

78.69 78.69 38.00 90.00 90.00 90.00 3LYM Kundrot et al., 1987

78.78 78.78 36.90 90.00 90.00 90.00 3LYO Wang et al., 1998

79.10 79.10 37.90 90.00 90.00 90.00 3LYZ Diamond, 1974

79.10 79.10 38.11 90.00 90.00 90.00 3M3U Varshney and  Sitaramam unpublished

79.29 79.29 37.89 90.00 90.00 90.00 3N9A Newman et al.,, unpublished

79.41 79.41 38.01 90.00 90.00 90.00 3N9C Newman et al.,, unpublished

79.29 79.29 38.00 90.00 90.00 90.00 3N9E Newman et al.,, unpublished

78.76 78.76 36.95 90.00 90.00 90.00 3OJP O'Meara et al., unpublished

79.03 79.03 37.91 90.00 90.00 90.00 3OK0 O'Meara et al., unpublished

78.58 78.58 37.12 90.00 90.00 90.00 3P4Z Wei et al., 2011

78.57 78.57 36.95 90.00 90.00 90.00 3P64 Wei et al., 2011

78.64 78.64 37.13 90.00 90.00 90.00 3P65 Wei et al., 2011

78.54 78.54 37.15 90.00 90.00 90.00 3P66 Wei et al., 2011

78.40 78.40 37.22 90.00 90.00 90.00 3P68 Wei et al., 2011

78.34 78.34 36.55 90.00 90.00 90.00 3QNG Zobi and  Spingle 2012

79.15 79.15 38.02 90.00 90.00 90.00 3QY4 Stojanoff et al., unpublished

78.24 78.24 36.99 90.00 90.00 90.00 3RNX Sharma et al., unpublished

77.93 77.93 36.96 90.00 90.00 90.00 3RT5 Sharma et al., unpublished

77.80 77.80 37.63 90.00 90.00 90.00 3RU5 Panzner et al., 2011

78.22 78.22 36.89 90.00 90.00 90.00 3RW8 Sharma et al., unpublished

77.20 77.20 36.70 90.00 90.00 90.00 3RZ4 Peretoltchine et al., unpublished

76.85 76.85 37.60 90.00 90.00 90.00 3SP3 Sharma et al., unpublished

77.61 77.61 37.48 90.00 90.00 90.00 3T6U Sharma et al., unpublished

80.05 80.05 38.64 90.00 90.00 90.00 3TMU Kmetko et al., 2011

79.88 79.88 38.74 90.00 90.00 90.00 3TMV Kmetko et al., 2011

79.55 79.55 37.61 90.00 90.00 90.00 3TMW Kmetko et al., 2011

79.68 79.68 37.65 90.00 90.00 90.00 3TMX Kmetko et al., 2011

78.66 78.66 39.96 90.00 90.00 90.00 3TXB Tanley et al., 2013

78.87 78.87 36.98 90.00 90.00 90.00 3TXD Tanley et al., 2013

78.51 78.51 37.44 90.00 90.00 90.00 3TXE Tanley et al., 2013

78.44 78.44 36.97 90.00 90.00 90.00 3TXF Tanley et al., 2013

78.08 78.08 37.11 90.00 90.00 90.00 3TXG Tanley et al., 2013

78.85 78.85 37.04 90.00 90.00 90.00 3TXH Tanley et al., 2013

78.02 78.02 36.97 90.00 90.00 90.00 3TXI Tanley et al., 2013

78.53 78.53 36.72 90.00 90.00 90.00 3TXJ Tanley et al., 2013

79.46 79.46 36.96 90.00 90.00 90.00 3TXK Tanley et al., 2013
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2.1.7 Lipase B from Candida antarctica 

Lipase B belongs to the group of enzymes that are capable of hydrolyzing 

triglycerides at the lipid water interface. The enzyme is believed to undergo 

conformational change upon binding to lipids, leading to increased activity. The 

specificity of these enzymes can vary depending on the length of the fatty acids on the 

substrate triglycerides. Lipase B from Candida antarctica has the molecular weight of 

33kDa and an isoelectric point of 6.0. This lipase B acts stereospecifically on chiral 

substrates, but it is not as efficient as other lipases (Uppenberg et al., 1994). This protein 

has five tryptophans nine tyrosines and ten phenylalanine residues and the theoretical 

extinction coefficient of the protein at 280 nm is 1.25 (mg/ml)-1 cm -1. The protein 

contains 6 cysteine residues that are involved in disulfide bridges. Therefore, reducing 

agents were not used during crystallization. The amino acid sequence of the protein 

Lipase B from Candida Antarctica is given in the Figure 2.7. Lipase B from Candida 

antarctica has been crystallized in the space groups C21, P21, P3221, P 65, C2221, and 

P212121 as shown in the Table 2.7.  
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10         20         30         40         50         60  

 

LPSGSDPAFS QPKSVLDAGL TCQGASPSSV SKPILLVPGT GTTGPQSFDS NWIPLSTQLG  

 

        70         80         90        100        110        120  

YTPCWISPPP FMLNDTQVNT EYMVNAITAL YAGSGNNKLP VLTWSQGGLV AQWGLTFFPS  

 

       130        140        150        160        170        180  

IRSKVDRLMA FAPDYKGTVL AGPLDALAVS APSVWQQTTG SALTTALRNA GGLTQIVPTT  

 

       190        200        210        220        230        240  

NLYSATDEIV QPQVSNSPLD SSYLFNGKNV QAQAVCGPLF VIDHAGSLTS QFSYVVGRSA  

 

       250        260        270        280        290        300  

LRSTTGQARS ADYGITDCNP LPANDLTPEQ KVAAAALLAP AAAAIVAGPK QNCEPDLMPY  

 

       310  

ARPFAVGKRT CSGIVTP  

 

Figure 2.7: The amino acid sequence of lipase B from Candida antarctica.  

 

Table 2.7: The space groups reported in literature for lipase B from Candida Antarctica 

 

2.1.8 Streptavidin from Streptomyces avidinii 

Streptavidin is a homotetramer, synthesized by the bacterium Streptomyces 

avidinii and has a molecular weight of ~15 kDa (tetramer 60 kDa). It has a very high 

affinity for the vitamin, biotin (vitamin H) with the dissociation constant of about 10-15 M 

and each monomer of the protein contains a biotin binding site. Streptavidin is thought to 
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function as an antibiotic by binding and removing biotin from the surroundings, which is 

an essential vitamin for bacterial growth (Weber et al., 1989). The isoelectric point of the 

protein is around pH 6.0.  Streptavidin is also known to be a highly stable protein at 

different conditions like high temperatures, extreme pH and high denaturants and organic 

solvent concentrations, and has a high resistance to proteases.  All these remarkable 

properties of streptavidin, makes it useful as a versatile affinity tag for various biological 

applications (Sano et al., 1998). This protein contains six tryptophans, six tyrosines and 

two phenylalanine residues and the extinction coefficient of the protein at 280 nm is 3.2 

(mg/ml)-1 cm -1 (Suter et al., 1988). It does not contain any cysteine residues in the 

tertiary structure and reducing agents were not used during crystal trials.  The amino acid 

sequence of the protein is given in the figure 2.8. The space groups reported for 

Streptavidin from Streptomyces avidinii in the presence of biotin and related ligands are 

shown in Table 2.8 and the C 2 2 2 space group is reported in this dissertation.  

 

 10         20         30         40         50         60  

GAAEAGITGT WYNQLGSTFI VTAGADGALT GTYESAVGNA ESRYVLTGRY DSAPATDGSG  

 

        70         80         90        100        110        120  

TALGWTVAWK NNYRNAHSAT TWSGQYVGGA EARINTQWLL TSGTTEANAW KSTLVGHDTF  

 

 

TKVKPSAAS  

 

Figure 2.8: The amino acid sequence of streptavidin (from Streptomyces avidinii) 

expressed and purified in the lab.  
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Table 2.8: The space groups reported in literature for streptavidin from Streptomyces 

avidinii, co-crystallized with biotin or biotin derived ligands.  

 

 

Space 

Group a b c α β γ PDB ID Ligand Citation

I222 46.20 93.90 104.60 90.00 90.00 90.00 1DF8 Biotin Hyre et al., 2000

46.03 93.54 104.17 90.00 90.00 90.00 1LUQ Biotin Merritt et al., unpublished

46.31 93.41 103.93 90.00 90.00 90.00 1MK5 Biotin Hyre et al., 2006

46.39 93.81 104.45 90.00 90.00 90.00 2F01 Biotin Le Trong et al., 2006

46.39 93.81 104.45 90.00 90.00 90.00 2GH7 Biotin Le Trong et al., 2006

95.00 105.34 47.19 90.00 90.00 90.00 2IZF Biotin Katz 1997

95.31 106.04 47.88 90.00 90.00 90.00 2IZG Biotin Katz 1997

95.24 105.34 47.12 90.00 90.00 90.00 2IZH Biotin Katz 1997

95.04 104.82 49.02 90.00 90.00 90.00 2RTD Biotin Katz 1997

95.15 106.24 49.21 90.00 90.00 90.00 2RTE Biotin Katz 1997

95.13 105.02 49.54 90.00 90.00 90.00 2RTF Biotin Katz 1997

94.80 104.75 48.73 90.00 90.00 90.00 2RTG Biotin Katz 1997

95.41 106.54 48.31 90.00 90.00 90.00 2RTN 2-iminobiotin Katz 1997

95.06 105.84 48.01 90.00 90.00 90.00 2RTO 2-iminobiotin Katz 1997

94.97 105.40 47.53 90.00 90.00 90.00 2RTP 2-iminobiotin Katz 1997

94.82 105.27 47.22 90.00 90.00 90.00 2RTQ 2-iminobiotin Katz 1997

95.41 106.54 48.31 90.00 90.00 90.00 2RTR 2-iminobiotin Katz 1997

46.43 94.06 104.61 90.00 90.00 90.00 3RY2 Biotin Le Trong et al., 2011

46.61 94.11 104.60 90.00 90.00 90.00 3T6F Biotin Baugh et al., 2012

46.81 94.03 104.28 90.00 90.00 90.00 4GDA Biotin Le Trong et al., 2013

47.12 95.16 105.30 90.00 90.00 90.00 1I9H Biotinyl-p-

nitroanilide

Huberman et al., 2001

P21 50.65 97.86 52.17 90.00 112.28 90.00 1MEP Biotin Hyre et al., 2006

52.18 97.20 51.58 90.00 112.60 90.00 1N43 Biotin Le Trong et al., 2003

58.43 63.20 74.82 90.00 92.80 90.00 1N9M Biotin Le Trong et al., 2003

58.40 87.30 47.10 90.00 99.00 90.00 1NC9 2-iminobiotin Le Trong et al., 2003

51.30 98.40 52.80 90.00 112.90 90.00 1NDJ Biotin Le Trong et al., 2003

50.43 100.41 52.51 90.00 112.12 90.00 1NQM Biotin Pazy et al., 2003

57.79 85.19 46.60 90.00 100.13 90.00 1SWD Biotin Freitag et al., 1997

59.30 64.60 76.00 90.00 93.00 90.00 1SWK Biotin Freitag et al., 1998

59.60 88.70 48.00 90.00 98.80 90.00 1SWN Biotin Freitag et al., 1998

53.80 100.00 51.80 90.00 112.60 90.00 1SWP Biotin Freitag et al., 1998

52.80 99.90 50.90 90.00 112.70 90.00 1SWR Biotin Freitag et al., 1998

50.91 97.53 52.68 90.00 112.30 90.00 3MG5 Biotin Baugh et al., 2010

46.35 85.08 57.69 90.00 98.17 90.00 1RXJ Biotinyl-p-

nitroanilide

Eisenberg-Domovich et al., 

2004

I4122 57.70 57.70 186.07 90.00 90.00 90.00 2IZI Biotin Katz 1997

57.97 57.97 185.36 90.00 90.00 90.00 2IZJ Biotin Katz 1997

58.20 58.20 173.31 90.00 90.00 90.00 2RTL 2-iminobiotin Katz 1997

58.17 58.17 174.46 90.00 90.00 90.00 2RTM 2-iminobiotin Katz 1997

57.44 57.44 173.96 90.00 90.00 90.00 3RDM Biotin Magalhaes et al., 2011

57.36 57.36 184.07 90.00 90.00 90.00 3RDO Biotin Magalhaes et al., 2011

P6522 56.38 56.38 238.57 90.00 90.00 120.00 1RXH Biotinyl-p-

nitroanilide

Eisenberg-Domovich et al., 

2004

C2221
80.33 81.58 90.53 90.00 90.00 90.00 1RXK Biotinyl-p-

nitroanilide

Eisenberg-Domovich et al., 

2004

P42212 57.34 57.34 77.55 90.00 90.00 90.00 2Y3F Biotin Chivers et al., 2012

57.07 57.07 70.19 90.00 90.00 90.00 4EKV Biotin O'Sullivan et al., 2012

P212121 71.90 78.60 90.80 90.00 90.00 90.00 1SWG Biotin Chu et al., 1998

54.72 85.89 100.14 90.00 90.00 90.00 4GD9 Biotin Le Trong et al., 2013

61.12 64.06 108.49 90.00 90.00 90.00 4JNJ Biotin Demonte et al., 2013

P21212 55.7 84.8 50.00 90.00 90.00 90.00 1SWT Biotin Freitag et al., 1999

C222 64.42 71.39 55.49 90.00 90.00 90.00 4IRW Biotin Bandara et al., unpublished
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2.2 Selection of metal-chelate complexes  

Metal-chelate complexes (MCCs) have been used in the literature to introduce 

lanthanides into the protein lattice to enable phasing by anomalous dispersion method 

(Girard et al., 2002; Girard et al., 2003; Pompidor et al., 2010).  But the use of metal-

chelate complexes to promote crystallization has not been very well explored.  By 

observing the reported structures with MCCs bound, we saw the possibility of using 

MCCs to introduce intermolecular contacts between protein molecules during 

crystallization. Therefore, we hypothesized that the metal-chelate complexes will 

enhance protein crystallization through bridging contacts made by the protruding 

functional groups. During this project we used the lanthanide chelate complexes Terbium 

(III)tris(pyridine-2,6-dicarboxylate) ([Tb(DPA)3]
3-), Terbium(III)tris(4-hydroxy pyridine-

2,6-dicarboxylate) ([Tb(HDPA)3]
3-), Diethylenetriaminepentaacetic acid gadolinium(III) 

([Gd(DTPA)]2-), Thulium(III)1,4,7,10tetraazacyclododecane1,4,7,10-

tetra(methylenephosphonate) [Tm(DOTP)]5-, Europium(III)1,4,7,10-

Tetraazacyclododecane-1,4,7,10 tetrakis(acetamidoacetic acid) [Eu(DOTA-4Amc)]- 

(Figure 2.9) and [Tb(HDPA)3-n (DPA)n]n=0-3 consisting of both DPA and HDPA ligands 

complexed with Tb3+.  In the structure reported by Pompidor et al., (2010) the 

carboxylate oxygens of [Tb(DPA)3]
3- has shown to make hydrogen bonding interactions 

with hydrogen bond donor groups of protein side chains. Hence, we selected it as a MCC 

to be used in our project. [Tb(DPA)3]
3- was initially used in crystal trials with streptavidin 

under few conditions to assess its ability to promote protein crystallization. [Tb(DPA)3]
3-

could induce crystallization of streptavidin in a new space group by introducing new 
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crystal contacts, as described in Chapter 3. Then we used 4-hydroxypyridine-2,6-

dicarboxylate (HDPA) as a ligand to synthesized [Tb(HDPA)3]
3- complex.  The HDPA 

ligand was selected due to its ability to act as a hydrogen bond donor and an acceptor 

through the 4-hydroxyl group and the carboxylate oxygens respectively. Hence, we 

thought, the HDPA ligand can provide additional anchor sites on the surface of protein 

molecules. Also, we believed that the MCCs containing a mixture of DPA and HDPA 

ligands will be able to bind with the proteins at the sites that are not accessible to the 

MCCs containing only one of those ligands. Therefore, we synthesized [Tb(HDPA)3-

n(DPA)n]n=0-3 complexes by mixing both DPA and HDPA ligands with Tb3+. Other than 

the pyridine based ligands, cyclen ligands have also been used with lanthanides in protein 

crystallization, to enable phasing of the structures by anomalous dispersion (Girard et al., 

2002; Girard et al., 2003). These ligands were also shown to introduce hydrogen bonding 

and hydrophobic interactions with side chain residues of the protein molecules in the 

crystal structures as described in the Section 1.5. Therefore, we used MCCs with cyclen 

ligands containing different functional groups to promote crystallization of the proteins. 

We used lanthanides as the choice of metal as they provide the added advantage of 

phasing the structures by anomalous dispersion with the use of in house X-ray 

diffractometer available in the lab. Furthermore, using this type of symmetric MCCs can 

help to accommodate preferred higher symmetry in protein crystals by providing an axis 

of symmetry to build the lattice.  The chelate complexes [Tb(HDPA)3]
3- and [Tb(DPA)3]

3-  

and [Tb(HDPA)3-n(DPA)n]n=0-3 were synthesized in the lab and [Tm(DOTP)]5- and 

[Eu(DOTA-4Amc)]- were purchased from Macrocyclics. [Gd(DTPA)]2- was purchased 

from Sigma-Aldrich. 
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Figure 2.9: The lanthanide ligand complexes used. [Tb(DPA)3]
3-, Terbium (III) 

tris(pyridine-2,6-dicarboxylate); [Tb(HDPA)3]
3-, Terbium (III) tris(4-hydroxy pyridine-

2,6-dicarboxylate);[Gd(DTPA)]2-, Diethylenetriaminepentaacetic acid gadolinium(III) ; 

[Tm(DOTP)]5-,Thulium(III)1,4,7,10-tetraazacyclododecane1,4,7,10-

tetra(methylenephosphonate);[Eu(DOTA-4Amc)]-,Europium(III)1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetrakis(acetamidoacetic acid), 

 

2.2.1 Synthesis of terbium tris-dipicolinate complex ([Tb(DPA)3]3-) 

The synthesis method for [Tb(DPA)3]
3- was adapted from Tancres et al. (2005). In 

a 50 ml round bottom flask, 2.51g pyridine-2,6-dicarboxylic acid (15 mmol, MW 167.12) 

and 1.59 g Na2CO3 (15 mmol, MW106) were suspended into 20 ml DI water and the 

reaction was stirred. The pH was adjusted to 7 with HCl or Na2CO3 and stirred 
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continuously until everything dissolved at room temperature. Then 1.33 g of TbCl3 (5 

mmol, MW 265.28) was added and the reaction was stirred at room temperature for 2 

more hours. The solution was filtered with 0.22 µm disposable syringe filter (Millipore) 

and lyophilized. The white solid was dissolved in 5-6 ml of boiling water and the 

complex was purified by three crystallizations at 4 ˚C.  The yield was 76% (3.2g over 

4.2g by calculation).  

  

2.2.2 Synthesis of terbium tris-4-hydroxydipicolinate complex 

([Tb(HDPA)3]3-) 

In a 50 ml round bottom flask, 1.100g 4-Hydroxypyridine-2,6-dicarboxylic acid 

(6 mmol, MW 183.12) and 0.636 g Na2CO3 (6 mmol, MW106) were suspended into 30 

ml DI water and the reaction was stirred at room temperature. The pH was adjusted to 7 

with HCl or Na2CO3 and continued stirring until everything dissolved. Then 0.531 g of 

TbCl3 (2 mmol, MW 265.28) was added and the reaction was stirred at room temperature 

for 2 more hours. The solution was filtered with 0.22µm disposable syringe filter 

(Millipore) and lyophilized.  The light yellow solid was dissolved in 5-6 ml of boiling 

water and the complex was purified by three crystallizations at 4 ˚C. The yield was 58% 

(0.89 g white powder, 1.54g by calculation). 

 

2.2.3 Synthesis of Tb-DPA/HDPA Mix [Tb(HDPA)3-n (DPA)n]n=0-3 

In a 25 ml round bottom flask, 0.167 g pyridine-2,6-dicarboxylic acid (1 mmol, 

MW 167.12), 0.183 g 4-Hydroxypyridine-2,6-dicarboxylic acid (1 mmol, MW 183.12) 

and 0.212 g Na2CO3 (2 mmol, MW 106) were suspended into 15 ml DI water and stirred 
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at room temperature.  The pH of the solution was adjusted to 7 with HCl or Na2CO3 and 

stirred until everything dissolved. Then 0.177 g of TbCl3 (0.667 mmol, MW 265.28) was 

added and reaction was stirred at room temperature until everything dissolved. The 

solution was filtered with 0.22 µm filter and directly used in crystallization trials. The 

solution was not lyophilized and crystallized to preserve the random association of DPA 

and HDPA ligands with Tb and to avoid association of complexes with only one type of 

ligand.  

 

2.2.4 Synthesis of additional dipicolinate ligands 

In order to have ligands with varying functional groups, derivatives of dipicolinic 

acids were synthesized by a collaboration with Dr. Scott Gilbertsons’ lab. These 4-aryl 

dipicolinic ligands were synthesized using 4-bromo dipicolinic acid and aryl boronic 

acids via Suzuki cross coupling. The synthesis protocols and chemical characterizations 

are described in the thesis of Nguyen, T. S (2013).   The structures of the ligands 

provided to us are given in the Figure 2.10. The chelators provided were not soluble in 

water. Hence, the solubility of these chelators were examined in 5%-50% methanol, 

acetone and isopropanol solutions in order to make complexes of those chelators with Tb 

3+. The chelators (a), (c), (d), (e) and (f) had significant solubility in 50% acetone and 

isopropanol solutions.  After dissolving the chelators in those solvents, TbCl3 was added 

and stirred at room temperature for few days. But TbCl3 did not show any solubility in 

those solvents and heavy precipitation was observed. The chelator (b) did not show a 

significant solubility even with 50% acetone and isopropanol solutions due to its high 
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hydrophobicity and could not be made into a complex with Tb3+. Therefore, the chelators 

provided could not be used in crystallization experiments.  

 

 

Figure 2.10: 4-aryl dipicolinic ligands synthesized by the collaboration with Dr. Scott 

Gilbertsons’ lab to be used in complexes with lanthanides. (a) 4-Phenylpyridine-2,6-

dicarboxylic acid (b) 4-(Biphenyl-4-yl)pyridine-2,6-dicarboxylic acid (c) 4-p-

Tolylpyridine-2,6-dicarboxylic acid (d) 4-Mesitylpyridine-2,6-dicarboxylic acid (e) 4-

(3,5-bis(trifluoromethyl)phenyl)pyridine-2,6-dicarboxylic acid (f) 4-(4-

Fluorophenyl)pyridine-2,6-dicarboxylic acid.  

 

2.3 Screen design 

Generally, there are two major approaches used in screening for suitable 

crystallization conditions (McPherson and Gavira, 2014). In one of the approaches, the 
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variables assumed to be important, such as the precipitant type and concentration, pH, 

temperature etc. are systematically varied. In the other approach some conditions that are 

known to provide crystal hits in the past are used in crystallization trials.  The second 

method, which is also called shotgun approach, usually requires less protein, but it has a 

higher chance of missing useful crystallization conditions for the protein in trial. 

Therefore, in this project we used the systematic approach in crystallization trials with a 

custom made screen. 

Initially, we developed a screen consisting of 96 different conditions by varying 

the concentrations of six commonly used precipitants and the pH.  The precipitants 

include ammonium sulfate, polyethylene glycol 3350 (PEG 3350), 2-methyl-2,4-

pentanediol (MPD), 2-propanol, polyethylene glycol monomethyl ether 2000 (mPEG 

2000) and glycerol.  The concentration of PEG 3350 and mPEG 2000 were varied from 

5%-35%. The concentration range used with ammonium sulfate was 0.5 M-2.0 M and 

MPD concentration was varied from 30%-60%. Finally, both 2-propanol and glycerol 

concentrations were varied from 5%-20%. We chose the pH range from 5.5 -7.0 with the 

above mentioned concentration range of precipitants to accommodate 96 conditions as 

shown in Figure 2.11. The pH was maintained using 0.1 M Bis-Tris buffer. This screen 

was used in crystallization trials with four test proteins and five metal-chelate complexes 

as discussed in Chapter 4.  

Afterwards we expanded the pH range used in the initial screen from pH 5.5-9.0 

to provide more space for crystallization of the proteins. Here, 0.1M Bis-Tris was used to 

maintain the pH from 5.5-6.5 and 0.1 M Bis-Tris propane was used to maintain the pH 

from 7.0-9.0. When choosing the pH range, extreme acidic pH and extreme basic pH 
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conditions were avoided. In highly acidic pH, the ligands can be protonated and 

dissociate from the metal and very basic pH may cause precipitation of metal hydroxide. 

Hence, the pH range from 5.5-9.0 was selected. In the expanded screen the same six 

precipitants were used at the same concentration range as in the initial screen. These new 

screens consist of 192 (96*2) conditions (Figure 2.12).  The screens were made in 96 

well deep well blocks (1ml) from Greiner Bio-One using Rigaku Alchemist II solution 

handling robot. For the expanded screen, two 96 well blocks were used to make the full 

screen.  

For the crystallization trials, similar screens with an added ionic substituent 

(NaCl) were also prepared. These screens with the ionic substituent were used as the 

reservoir solution during crystallization to balance the ionic strength imparted by the 

metal-chelate complexes in the drop.  The concentration of the ionic substituent in the 

block was determined based on the ionic strength contribution from each metal chelate 

complex. Therefore, deep well blocks with an ionic substituent added were made 

separately for each chelate complex. The usage of the screens with and without an ionic 

substituent during crystal trials is explained in the following section. 

 

2.3.1 Selection of chelate concentration 

The concentration of the chelate complexes to be used in the crystal trials with 

proteins was determined after using those chelate complexes alone in the crystallization 

experiments with the screens.  At high MCC concentrations the crystallization screen 

conditions would promote the formation of MCC crystals, even in the absence of protein. 

Crystallization trials were carried out for a series of MCC concentrations and the highest 
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MCC concentration that did not provide any MCC crystals in the absence of proteins was 

initially selected. The results of the initial experiments carried out with 96 well small 

screen had only few conditions where the MCCs were incorporated into the protein 

crystals. Therefore, the concentration of MCCs were further increased during the 

experiments carried out with 192 condition large screen. At the concentrations used with 

large screens, only few conditions have shown crystallization of MCCs in the absence of 

the protein.  

 

 

Figure 2.11: The first crystallization grid screen used to test the crystallizability of test 

proteins with metal-chelate complexes. In the screen ammonium sulfate concentration 

was varied from 0.5 M-2.0 M with 0.5 M increments. PEG 3350 and mPEG 2000 

concentrations were varied from 5%-35% with 10% increments. MPD concentration was 

varied from 30%-60% with 10% increments. 2-propanol and glycerol concentrations 

were varied from 5%-20% with 5% increments. The pH was maintained in the range 5.5 -

7.0 using 0.1 M Bis-Tris buffer.  

 

0.1 M Bis-Tris Buffer 
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Figure 2.12: The crystallization grid screen consisting of expanded pH range from 5.5-

9.0. The precipitants and their concentrations used are similar to that of the initial screen. 

In this screen, o.1M Bis-Tris was used to maintain the pH from 5.5-6.5 and 0.1 M Bis-

Tris Propane was used to maintain the pH from 7.0-9.0. 
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2.4 Experimental design of the crystal trials 

The crystallization experiments were carried out with Intelli-plate 96 well 3 drop 

low-profile crystallization plates bought from Hampton Research. From the three drops 

associated with each reservoir, one drop was used as the experimental drop (drop 1) and 

two drops were used as controls (drops 2 & 3). The experimental drop contained both 

protein and MCC, whereas control drops contained only the protein. Drop 2 is a control 

that has an ionic substituent (NaCl) added to compensate for the ionic strength of the 

reservoir (which is similar to ionic strength of MCC in drop 1), to see whether 

crystallization is dependent on the ionic strength or the physical properties of the MCC. 

Drop 3 did not have an ionic substituent. Hence, it has an ionic strength close to reported 

crystallization conditions for those proteins to observe their ability to crystallize close to 

published conditions. Also, the difference between drop 2 and drop 3 can indicate the 

effect of the ionic substituent on crystallization of a particular protein.  This experimental 

setup is clearly shown in the Figure 2.13. The crystallization trials were carried out for 

the proteins with MCCs by sitting-drop vapor-diffusion method, Using Rigaku/ Art 

Robbins Pheonix RE Crystallization Robot.  
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Figure 2.13: The schematic representation of the experimental setup associated with the 

each reservoir in the 96 well three-drop plates used in crystallization trials. The well 

containing the reservoir solution is shown in light blue and the drops are shown in light 

green. 

 

2.5 Fluorescence microscopy based method to differentiate 

protein from small molecule crystals  

The presence of protein promoted crystallization of MCCs under some conditions 

where these complexes did not crystallize in the absence of protein. This required a 

development of a method to distinguish between protein and small molecule crystals. 

Initially X-ray diffraction experiments were carried out to distinguish between protein 

and small molecule crystals, but it was a very laborious process. It was observed that 

crystals of [Tb(DPA)3]
3-, [Tb(HDPA)3]

3-  and [Tb(HDPA)3-n(DPA)n]n=0-3 fluoresce 

under the FITC filter of the Nikon Inverted Research Microscope ECLIPSE Ti (excitation 

465-495 nm, emission 515-555 nm) while MCC solutions or protein solutions and 
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crystals (except thermolysin), do not fluoresce significantly in this wavelength range 

(Figures 2.14-2.18). Furthermore, the protein crystals were observed to fluoresce under 

the DAPI filter of the fluorescence microscope (excitation-340-380 nm, emission-435-

475 nm) at varying intensities, with thermolysin having the highest intensity, while the 

MCCs do not show significant fluorescence under the DAPI filter (Figures 2.16-2.18). 

Fully-grown thermolysin crystals displayed significant fluorescence under FITC filter 

even in the control drops without MCCs added (Figure 2.16). We do not know the exact 

reason for this fluorescence. But thermolysin has the highest number of Tyr residues 

(twenty-eight) from the proteins used, and we observed that the thermolysin structure 

contains clusters of Tyr residues with ring stacking interactions (Figure 2.19). This could 

be the reason for the fluorescence of thermolysin crystals under FITC filter, which is not 

observed with other proteins. But thermolysin crystals could be differentiated from MCC 

crystals as the MCC crystals did not fluoresce under the DAPI filter of the microscope. 

The crystals of [Tm(DOTP)]5- and [Gd(DTPA)]2- did not show any significant 

fluorescence over the protein crystals under the filters used in the fluorescence 

microscope. The crystals/solutions of the complex [Eu(DOTA-4Amc)]- could not be 

analyzed by fluorescence microscope as it ran out of the stock during the time of this 

analysis. Therefore, observation of the crystals under DAPI and FITC filters enable us to 

differentiate protein crystals from [Tb(DPA)3]
3-, [Tb(HDPA)3]

3- and [Tb(HDPA)3-n 

(DPA)n]n=0-3 crystals. Also, when the protein crystals were covered with the chelate 

crystals on top of them, as observed for glucose isomerase, alpha lactalbumin and 

streptavidin in Figure 2.18, this method enable the identification of those protein crystals. 
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Figure 2.14: Fluorescence microscopic images of [Tb(DPA)3]
3-, [Tb(HDPA)3]

3- and 

[Tb(HDPA)3-n (DPA)n]n=0-3 crystals under bright field, FITC filter (excitation 465-495 

nm, emission 515-555 nm) and DAPI filter (excitation-340-380 nm, Emission-435-475 

nm). All the fluorescent images were recorded with 300 ms exposure.   



77 
  

 

 
 

Figure 2.15: Fluorescence microscopic images of [Tb(DPA)3]
3-, [Tb(HDPA)3]

3- and 

[Tb(HDPA)3-n (DPA)n]n=0-3 solutions under bright field, FITC filter (excitation 465-495 

nm, emission 515-555 nm) and DAPI filter (excitation-340-380 nm, Emission-435-475 

nm). All the fluorescent images were recorded with 300 ms exposure.  
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Figure 2.16: Fluorescence microscopic images of thermolysin under bright field, FITC 

filter (excitation 465-495 nm, emission 515-555 nm) and DAPI filter (excitation-340-380 

nm, Emission-435-475 nm). The fluorescent images were recorded with 300 ms 

exposure. Thermolysin crystals grown in the experimental drop (drop1) and the control 

drop (drop 2) show fluorescence under both DAPI and FITC filters. Thermolysin crystals 

shown here were grown with [Tb(HDPA)3]
3-  and 0.5 M Ammonium sulfate at pH 7.0.  
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Figure 2.17: Fluorescence microscopic images of lipase B, beta amylase, concanavalin A 

and lysozyme proteins under bright field, FITC filter (excitation 465-495 nm, emission 

515-555 nm) and DAPI filter (excitation-340-380 nm,  Emission-435-475 nm). All the 

fluorescent images were recorded with 300 ms exposure. These protein crystals show 

fluorescence under DAPI filter and not under FITC filter. Lipase B crystals grew with 

[Tb(HDPA)3-n (DPA)n]n=0-3 15% mPEG 2000, pH 6.0. Beta amylase crystals grew with 

[Tb(HDPA)3-n (DPA)n]n=0-3 and 15% mPEG 2000, pH 8.0. Concanavalin A crystals 

shown grew with [Tb(HDPA)3-n (DPA)n]n=0-3 and 2.0 M ammonium sulfate, pH 9.0. 

Lysozyme crystallized with [Tm(DOTP)]5- and 5% PEG 3350, pH 5.5.  
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Figure 2.18: Fluorescence microscopic images of glucose isomerase, alpha lactalbumin 

and streptavidin proteins that have crystallized in the presence of MCCs in the 

experimental drop. The images were recorded under bright field, FITC filter (excitation 

465-495 nm, emission 515-555 nm) and DAPI filter (excitation-340-380 nm, Emission-

435-475 nm) with 300 ms exposure. The MCC crystals in the drop fluoresce under FITC 

filter of the microscope while protein crystals fluoresce under the DAPI filter. This 

enable to recognize protein crystals that are masked by MCC crystals grown on top of 

them. Glucose isomerase was grown with [Tb(HDPA)3]
3- and 25% PEG 3350, pH 8.0. 

Alpha lactalbumin was grown with [Tb(DPA)3]
3- and 2.0 M ammonium sulfate, pH 8.0. 

Streptavidin was grown with [Tb(HDPA)3]
3- and 25% mPEG 2000, pH 8.0. 
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Figure 2.19: The structure of thermolysin protein (PDB ID-1KEI). The protein back bone 

is shown in ribbon representation and the Tyr residues are indicated as spheres. The Tyr 

residues are clustered together in the structure and display ring stacking interactions. 

These ring stacking interactions can be the reason for the fluorescence of the protein 

under both FITC filter (excitation 465-495 nm, emission 515-555 nm) and DAPI filters of 

the fluorescence microscope.  

 

2.5.1 Spectroscopic analysis of metal-chelate complexes 

The UV-visible absorbance spectra for solutions of [Tb(DPA)3]
3-, [Tb(HDPA)3]

3- 

and [Tb(HDPA)3-n (DPA)n]n=0-3 show that these MCCs have no absorbance in the 

excitation wavelength range for FITC or DAPI filters (marked with a red box in figures 

2.20-2.22 (A)). But analyzing the crystalline powders of these MCCs using a 

fluorescence spectrophotometer (PTI QuantaMaster QM4 CW) showed that there is a 

peak in the excitation scans of those MCCs from 465-495 nm that falls under the 

excitation wavelength range of FITC filter (marked with a red box in Figures 2.20 - 2.22 

(B)). Also, there is an emission peak from 535-545 nm wavelength range in the emission 

scans of all three MCCs that falls under the emission wavelength range of FITC filter 

(marked with a red box in Figures 2.20-2.22 (B)). This has enabled the usage of this filter 
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to distinguish between those MCC crystals and protein crystals and reduce the time used 

to analyze MCC crystals by X-ray diffraction. 

 

 

Figure 2.20: Absorbance and emission spectra of [Tb(DPA)3]
3- complex. The red box 

indicates the wavelength range corresponding to FITC filter in each spectrum. A) UV-

visible absorbance spectrum of [Tb(DPA)3]
3- solution. The inset shows the blown up 

view from 400 nm - 600 nm. The solution does not show any absorbance under the 

excitation wavelength of the FITC filter (465 nm - 495 nm). B) The excitation and 

emission scans of [Tb(DPA)3]
3- crystalline powder show peaks in the excitation and 

emission wavelength ranges of the FITC filter, which are from 465 nm - 495 nm and 515 

nm - 555 nm, respectively. The emission wavelength was fixed at 542 nm for the 

excitation scan and the excitation wavelength was fixed at 489 nm for the emission scan. 
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Figure 2.21: Absorbance and emission spectra of [Tb(HDPA)3]
3- complex. The red box 

indicates the wavelength range corresponding to FITC filter in each spectrum. A) UV-

visible absorbance spectrum of [Tb(HDPA)3]
3- solution. The inset shows the blown up 

view from 400 nm - 600 nm. The solution does not show any absorbance under the 

excitation wavelength of the FITC filter (465 nm- 495 nm). B) The excitation and 

emission scans of [Tb(HDPA)3]
3- crystalline powder show peaks in the excitation and 

emission wavelength ranges of the FITC filter, which are from 465 nm  - 495 nm and 515 

nm - 555 nm, respectively. The emission wavelength was fixed at 541 nm for the 

excitation scan and the excitation wavelength was fixed at 486 nm for the emission scan. 
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Figure 2.22: Absorbance and emission spectra of [Tb(HDPA)3-n (DPA)n]n=0-3 complex. 

The red box indicates the wavelength range corresponding to FITC filter in each 

spectrum. A) UV-visible absorbance spectrum of [Tb(HDPA)3-n (DPA)n]n=0-3 solution. 

The inset shows the blown up view from 400 nm - 600 nm. The solution does not show 

any absorbance under the excitation wavelength of the FITC filter (465 nm - 495 nm). B) 

The excitation and emission scans of [Tb(HDPA)3-n (DPA)n]n=0-3 crystalline powder 

show peaks in the excitation and emission wavelength ranges of the FITC filter, which is 

from 465 nm - 495 nm and 515 nm - 555 nm, respectively. The emission wavelength was 

fixed at 541 nm for the excitation scan and the excitation wavelength was fixed at 486 nm 

for the emission scan. 
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2.6 SH3 protein: a protein difficult to crystallize 

Src Homology 2 and 3 domains (SH2 and SH3) are small proteins containing 

about 100 and 60 amino acid residues, respectively. These proteins are important in 

signal transduction pathways to mediate protein-protein interactions.  The family of small 

adaptor proteins consisting of Sem-5 from Caenorhabditis elegans, mammalian Grb-2 

and Drk from Drosophila have one SH2 domain and two SH3 domains in their structure. 

These proteins were found to play a role in signal transduction pathways involving 

receptor protein tyrosine kinase (PTK) and the activator G protein Ras. When a signal is 

received by PTK it undergoes autophosphorylation of tyrosine residues in the 

cytoplasmic region. SH2 proteins are capable of interacting with these phosphorylated 

tyrosine residues and SH3 proteins interact with guanine nucleotide exchange factor Sos 

through a proline rich sequence. This process enables the membrane localization of Sos 

and activation of membrane-associated Ras protein by exchanging GTP for GDP (Lim et 

al., 1994a; Lowenstein et al., 1992). The SH3 domain of SEM-5 protein bound to a 

peptide sequence derived from Sos (PPPVPPRR) has been crystallized in the lab in 1994 

(Lim et al., 1994b). But this and similar SH3-peptide complexes had multiple failed 

crystallization trials afterwards until recent years. Also, SEM-5 SH3 domain has not been 

crystallized before. Therefore, we have used SH3 protein purified in the lab alone and 

with some interacting peptides in crystal trials with chelate complexes, [Tb(DPA)3]
3-, 

[Tb(DPA)3]
3- and [Tb(HDPA)3-n (DPA)n]n=0-3  using the expanded grid screens made in 

the lab. The interacting peptides used in co-crystallization include LIM peptide 

(PPPVPPRRR), MF1a (PPPVPPRGGGGCLYTRYWCGRK) and MF1b 
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(PPPVPPRGGGCLYTRYWCGRK). But these crystal trials did not yield any protein 

crystals yet.  This SH3 domain has a theoretical PI of 4.77 and the extinction coefficient 

is 2.058 (mg/ml)-1 cm -1. The amino acid sequence of the SH3 protein is given in the 

Figure 2.23. 

 

10         20         30         40         50  

ETKFVQALFD FNPQESGELA FKRGDVITLI NKDDPNWWEG QLNNRRGIFP SNYVCPYN  

 

 

Figure 2.23: The amino acid sequence of the SH3 protein. 

 

 

 

 

 

 

 

 



87 
  

 

 

 

 

Chapter 3: Co-crystallization of streptavidin-

biotin complex with a metal chelate complex gives 

rise to a novel crystal form 
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3.1 Introduction  

Crystallization of proteins has become a major bottleneck in determining their 

structures. Therefore, a variety of methods has been implemented to overcome this 

problem (Bolanos-Garcia and Chayen, 2009; Le Trong et al., 2006; Mahmud et al., 2008; 

Zheng et al., 2003) Among these methods, addition of certain small molecule compounds 

has shown to increase the thermal stability of proteins and improve their ability to 

crystallize (McPherson and Cudney, 2006; Vedadi et al., 2006). Amino acids like Arg 

and their derivatives (Ito et al., 2010), nonamphiphilic organic molecules with fused 

aromatic rings (Simon et al., 2011), osmolytes (Bolen, 2004), detergents, and sulfobetains 

(Goldberg et al., 1996) are some of the compounds that can be utilized as additives in 

crystallization. According to the nature of these compounds, they could affect 

crystallization in several different ways.  While some compounds can interconnect 

protein molecules through electrostatic, hydrogen bonding or hydrophobic networks and 

support crystal lattice formation (McPherson and Cudney, 2006), others may increase the 

solubility of proteins (Goldberg et al., 1996; McPherson and Cudney, 2006), stabilize the 

macromolecular structure (Bolen, 2004; Collins, 2004; Trakhanov and Quiocho, 1995), 

or affect their interaction with solvents (Bolen, 2004; Collins, 2004; Schein, 1990; 

Tancrez et al., 2005).  

After crystallizing and collecting X-ray diffraction data for the proteins, correct 

phasing is necessary to solve the structure. To provide a method for phasing, various 

lanthanide complexes have been introduced into crystals via co-crystallization or soaking 

methods (Girard et al., 2003a; Pompidor et al., 2010). Due to the intense white lines at 
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their LIII absorption edge, lanthanide ions can serve as strong anomalous scatterers to 

solve the phase ambiguity by anomalous dispersion.   Guillaume Pompidor, et al., (2010) 

have used Eu tris-dipicolinate in co-crystallization and/or soaking of some proteins with 

the idea of solving the phases by anomalous dispersion. They reported the observation of 

a new space group for hen-egg lysozyme and xylanase, when co-crystallized with a Eu 

tris-dipicolinate complex. Hence, we thought these types of complexes could be good 

candidates in promoting protein crystallization by cross-linking protein molecules. Here 

we discuss the usage of a terbium tris-dipicolinate complex, [Tb(DPA)3]
3-, as a small 

molecule in crystallization attempts of streptavidin in the presence of biotin. The 

streptavidin-biotin complex crystallized with [Tb(DPA)3]
3- at a condition that was not 

previously observed to crystallize apostreptavidin or streptavidin with biotin. The tris-

dipicolinate complex bridges the protein molecules via hydrogen bonding interactions 

and assists in crystal lattice formation giving rise to a novel crystal form for streptavidin. 

Additionally, the terbium atom provides a tool in solving the phase ambiguity using the 

anomalous dispersion method.  

 

3.2 Results 

Co-crystallization of streptavidin with biotin and [Tb(DPA)3]
3- (Figure 1) gave 

rise to crystals in a new space group, C222. This orthorhombic crystal form was not 

previously observed for apostreptavidin or streptavidin-biotin co-crystal structures.  Also, 

the condition used for this crystallization was not reported to crystallize apostreptavidin 
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or streptavidin with biotin. Therefore, it indicates that the small molecule [Tb(DPA)3]
3-  

plays a major role in facilitating this crystallization.  

 

 

  

 

 
 

 

 

 

 

Figure3.1: Ligand and metal chelate complex used in crystallization A) pyridine-2, 6-

dicarboxylate (dipicolinate) ligand B) tris-dipicolanate terbium complex. 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

A) B) 



91 
  

Table3.1: Summary of data collection and refinement statistics for streptavidin co-

crystallized with [Tb(DPA)3]
3-  and biotin.  

 

Wavelength (Å) 1.5418 

Resolution range (Å) 27.86  - 1.396 (1.445  - 1.396) 

Space group C 2 2 2 

Unit cell (Å, ˚) 64.423 71.395 55.494, 90 90 90 

Mosaicity (˚) 1.72 

Total reflections 131718 

Unique reflections 131718 

Unique reflections 21044 (583) 

Multiplicity 6.26   (2.08) 

Completeness (%) 81.46 (22.85) 

Mean I/sigma(I) 15.4   (1.8) 

Wilson B-factor 19.77 

R-meas 0.071 (0.377) 

R-measA 0.046 (0.357) 

R-work 0.1275 (0.2949) 

R-free 0.1538 (0.3096) 

Number of non-hydrogen atoms 1193 

macromolecules 927 

ligands 151 

water 115 

Protein residues 123 

RMS (bonds) 0.009 

RMS (angles) 0.009 

Ramachandran favored (%) 97 

Ramachandran outliers (%) 0 

Clashscore 2.01 

Average B-factor 25.30 

macromolecules 23.20 

ligands 29.20 

solvent 36.90 
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3.2.1 Phasing with heavy atom Tb 

The program AUTOSOL in PHENIX (Adams et al., 2010) was used to solve the 

phases of the structure using SAD method. It could build 121 of 129 residues with Rfree 

of 24.03% and Rwork of 23.58%. It also found 7 Tb sites of which 5 had significant 

anomalous difference density in an anomalous difference Fourier map (Figure 3.2). A 

Figure of Merit (FOM) of 0.566 indicated the phasing was successful.  

 

       

 
 

 

 

Figure3.2: Protein structure was solved with SAD phasing.  Anomalous difference 

Fourier map (green mesh) of five Tb atoms shown as purple spheres, contoured at 5σ.  
 

 

3.2.2 Interactions of [Tb(DPA)3]3- with streptavidin 

In the crystal structure, one copy of streptavidin was found in the asymmetric unit 

and was bound to five [Tb(DPA)3]
3- complexes.  The interactions from [Tb(DPA)3]

3- 
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were mediated via the carboxylate oxygens of dipicolinate ligands. These carboxylate 

oxygens formed hydrogen bonds with hydrogen bond donor groups of the protein such as 

Arg, His, Lys and amide nitrogen. From the five terbium atoms, three were bound at a 

crystallographic two-fold axis (referred to as first, second, and fourth) and two were 

located at general positions (referred to as third and fifth sites) (Figure 3.3 and Figure 3.4, 

respectively). From the three [Tb(DPA)3]
3- on the two fold axis, one DPA of each 

complex was positioned on the two fold, while other two DPAs were located on the sides 

of the two fold axis. The pyridine N and C4 of the DPA on the two fold, sat on the two-

fold axis; therefore, half of this DPA was related by symmetry to the other half. Likewise, 

only one of the other two DPA ligands was unique, symmetry generating the other ligand.  

The MCC at the first site was found associated with two symmetry related protein 

molecules. Two free carboxylate oxygens of the DPA on the two fold crystallographic 

axis was linked to symmetry related streptavidin molecules at (-X+1/2, -Y+1/2, Z) and 

(X, Y, Z) via a hydrogen bond with backbone amide N of Ser 42 of both proteins.  Each 

of the other two ligands form hydrogen bonds to Nη2 of Arg 43 at (-X+1/2, -Y+1/2, Z) 

and  (X, Y, Z) (Figure 3.3).  

The second site was located close to the first site. At this site, two symmetry 

related oxygens on opposite ends of the ligand about the two fold were hydrogen bonded 

to Nη2 of Arg 43 of symmetry related protein molecules at (-X+1/2, -Y+1/2, Z) and (X, 

Y, Z).  In the other two ligands, one oxygen from each was linked to backbone N of Ala 2 

at (-X+1/2, Y+1/2, -Z) and (X, -Y, -Z). Also, each ligand was associated with two water 

molecules (Figure 3.3). 
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The third [Tb(DPA)3]
3- site displays one ligand linked to Nξ2 of His 77 at (X, Y, 

Z).  A second ligand was linked to Nδ2 of Asn 75 at (X, Y, Z). The third ligand was 

hydrogen bonded to amide N of ASN 75 at the same position (Figure 3.4). 

The fourth [Tb(DPA)3]
3- site was associated with two symmetry related protein 

molecules at (X, Y, Z) and (-X, Y, -Z).  Through its free caboxylate oxygens, the DPA on 

the two fold was bound to Nη2 of ARG 49 of two symmetry related protein molecules. 

Each symmetry related ligands at this site was bound to Nη1 of ARG 49 and to amide N 

of ASP 26 of each protein molecule. A water molecule exists as an alternate 

conformation to the ligand close to O1 position of symmetry related DPA (Figure 3.3). 

At the fifth [Tb(DPA)3]
3- site, one DPA ligand was linked to Nξ of Lys 111 at (-

X, Y, -Z). The second ligand had a water molecule bound, and a third ligand did not 

show any contacts. Also, a water molecule was bound as an alternative conformation to 

the second ligand (Figure 3.4).  
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Figure 3.3: Interactions of three [Tb(DPA)3]
3- complexes on two fold crystallographic 

axis with streptavidin molecules (generated using pymol). Ligands are shown in yellow 

and Tb is shown as a purple sphere. The water molecules are shown as small red spheres. 

Residues discussed in the text are labeled and dashed lines indicate the interactions 

between atoms. A) The MCC at the first site is interacting with streptavidin molecules at 

(-X+1/2, -Y+1/2, Z) and (X,Y,Z) (indicated in pale green and wheat, respectively). B) At 

the second site MCC is interacting with four streptavidin molecules. Two of the protein 

molecules, indicated in pale green and wheat (at (-X+1/2, -Y+1/2, Z) and (X,Y,Z), 

respectively), are the same protein molecules, showing interactions at the first site. 

Additionally, protein molecules at (-X+1/2, Y+1/2, -Z) and (X,-Y,-Z) (shown in salmon 

pink and violet, respectively) are interacting with the MCC. C) At the fourth site, MCC is 

interacting with two symmetry related protein molecules at (X,Y,Z) and (-X,Y,-Z) 

(shown in wheat and teal, respectively).   
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Figure 3.4: Interactions of two [Tb(DPA)3]
3- complexes on general crystallographic 

positions with streptavidin molecules (generated using pymol). Ligands are shown in 

yellow and Tb is shown as a purple sphere. The water molecules are shown as small red 

spheres. Residues discussed in the text are labeled and dashed lines indicate the 

interactions between atoms. D) The third site ligands are interacting with protein 

molecule at (X,Y,Z), which is shown in wheat. E) At this fifth site, ligands show only one 

interaction with protein (Lys 111) at (-X,Y,-Z), which is  shown in teal. 

 

 

3.2.3 Fitting ligands of chelate complexes into the density map  

Dipicolinate is a tridentate ligand which coordinates Tb3+ via pyridine N and two 

carboxylate oxygens. Therefore, during the coordination, it forms three bicyclic rings 

around Tb3+, which can rotate in right or left-handed directions. Hence, this complex can 

exist in two enantiomeric forms (VanMeervelt et al., 1997). At four out of five Tb sites, 

clear density could be seen for ligands after few refinements. We fitted individual ligands 

into the density, obtaining the correct enantiomeric form at each site, guided by the 2Fo-

Fc map. However, at the fifth site the ligand density was not very well defined compared 

to the other sites. We fitted the ligands to the density observed around the Tb at the fifth 



97 
  

site. But we cannot completely rule out the possibility of having the opposite enantiomers 

at this site, due to lower occupancy and low visibility of the ligands at this site. 

 

 

3.2.4 Bridging of protein molecules by [Tb(DPA)3]3- on two fold 

crystallographic axis 

As stated above, three of the five [Tb(DPA)3]
3- complexes were located on 

crystallographic two-fold axes and held together sheets of streptavidin molecules along 

these 2-fold axes (Figure 3.3). In [Tb(DPA)3]
3-, carboxylate oxygens, act as arms to bring 

protein molecules together. Protein molecules connected by [Tb(DPA)3]
3- at first and 

fourth Tb sites did not show any intermolecular protein interactions, other than through 

the [Tb(DPA)3]
3- moieties. Furthermore, in the direction that the [Tb(DPA)3]

3- at the 

fourth site connects protein molecules, intermolecular interactions were not observed 

between protein molecules in the unit cell (Figure 3.5). This shows the ability of 

[Tb(DPA)3]
3- to extend the protein lattice in the third dimension. Ligands at the second 

Tb site are involved in connecting two protein molecules that are also connected by first 

Tb site ligands and another two protein molecules that have few intermolecular 

interactions. Hence, ligands around second Tb site are further strengthening the 

interactions between protein molecules, while bringing four protein molecules close 

together. Also, as these [Tb(DPA)3]
3- are charged complexes, they are located away from 

the hydrophobic subunit interfaces of Streptavidin, without disrupting the assembly of the 

tetramer. 
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Figure 3.5:  Packing of protein molecules in the unit cell with bridging [Tb(DPA)3]
3-. Tb 

is shown as purple spheres and ligands are shown as yellow sticks A) Side view of the 

unit cell indicating how the metal-chelate complexes are involved in interactions, 

arranged as sheets between protein molecules. B)The blown up view along a side of the 

unit cell shows that the protein molecules shown in dark green and red do not show 

intermolecular interactions with the protein molecules shown in purple and wheat, other 

than through [Tb(DPA)3]
3- (generated using pymol). 

 

3.3 Discussion 

Usage of [Tb(DPA)3]
3-  in co-crystallization of streptavidin with biotin, has aided 

in formation  of a novel crystal form of streptavidin. These chelate complexes were 

located at the sites rich of positively charged amino acid side chain groups. Therefore, the 

free carboxylate oxygen groups must be the key for driving the interactions. Also, the 

size of this chelate complex must be good enough to fit at specific locations on protein 

molecules. Hence, the complex could introduce new contacts between protein molecules 

and stabilize crystal lattice formation without disrupting it. The lanthanide-chelate 

complex, [Eu(DPA)3]
3-, has been shown to crystallize hen egg white lysozyme(HEWL) 

and xylanase  in new space groups, in the literature (Pompidor et al., 2010).  Therefore, it 

is evident that these metal-chelate complexes can be used to enhance the crystallization 
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of some proteins.  Also, the fact that these crystals were obtained at a novel 

crystallization condition that was not previously reported for streptavidin or streptavidin 

with biotin, indicates the potential of this metal chelate complex in enhancing 

crystallization under different conditions.   Moreover, Pompidor et al., showed that the 

crystals of xylanase and HEWL obtained by co-crystallizing with [Eu(DPA)3]
3-   has 

diffracted to higher resolution, compared to the native crystals grown under the same 

conditions.  

In addition to enhancing crystallization, heavy atom Tb provides a way of solving 

the phases. The LIII absorption edge of Tb lies close to the CuK radiation. Therefore, 

the structure could be solved by single anomalous dispersion method with high quality 

phasing (FOM=0.566). This eliminates the need of expressing Se-Met proteins for 

anomalous scattering or usage of multiple isomorphous crystals with and without heavy 

atoms, for data collection. Also, scattering contribution from Tb is much higher than that 

of Se, giving rise to higher phasing power. 

Also, [Tb(DPA)3]
3- is a luminescent complex, which has several applications in 

Biodefense and detection of microbes (Barnes et al., 2011). Tb has low fluorescence 

intensity range, whereas this intensity can be amplified 104 fold by the DPA ligand 

binding (Burley et al., 2008). Due to this luminescence properties of [Tb(DPA)3]
3-, it may 

be possible to study the interactions of [Tb(DPA)3]
3- with macromolecules using 

fluorescence based methods. Moreover, this provides a method for verifying the 

incorporation of [Tb(DPA)3]
3- into the protein crystal, before data collection, by 

observing the crystals under UV radiation (Pompidor et al., 2010).  
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3.3.1 Conclusion 

 The streptavidin-biotin complex crystallized in a new space group that was 

not reported in literature for the protein, with the aid of [Tb(DPA)3]
3- complexes. The 

interactions of the carboxylate oxygen groups of the MCCs with hydrogen bond donor 

groups of the protein molecules were the major driving force in formation of the crystal 

lattice. Some of the protein molecules in the crystal did not show intermolecular 

interactions, other than through [Tb(DPA)3]
3-.  Additionally, in the direction that the 

[Tb(DPA)3]
3- at the fourth site connects protein molecules, intermolecular interactions 

were not observed between protein molecules in the unit cell. Therefore, it is clear that 

the interactions provided by [Tb(DPA)3]
3- were critical to build the crystal lattice in three 

dimensions. Therefore, this type of metal-chelate complexes can be good candidates to 

improve the probability of crystallization of proteins. 

 

 

3.4 Materials and Methods 

3.4.1 Expression and purification of streptavidin 

A 2 L LB broth containing 100 ug/ml ampicilin was inoculated with an O/N 

culture (50 ml) of Rosetta (DE3) Ecoli strain containing a pjexpress vector encoding for 

His tagged streptavidin with a Tev cleavage site. The culture was grown for 3-4 hrs at 37 

˚C in a shaker (~200 rpm) until the OD at 600 nm reach 0.8. Protein expression was 

induced by adding 2 ml of 1M IPTG and incubated at the room temperature (~26 ˚C) 

overnight.  The cells were centrifuged at 4000 rpm for 15 min at 4C  and 100 ml of a 
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buffer containing 50 mM Tris, 100 mM NaCl, 5 mM imidazole and 5 mM BME at pH 

8.0 (buffer A), was used to dissolve the pelleted cells.  The cell suspension was sonicated 

and was centrifuged at 18000 rpm, 30 min at 4 ˚C. The supernatant was discarded and the 

inclusion body containing the protein was dissolved in ~50 ml of a buffer containing 6M 

guanidine-HCl, 50 mM tris,100 mM NaCl, 5 mM imidazole and  5 mM BME at pH 8 

(buffer B). Then it was sonicated again and centrifuged 17000 rpm for 30 min. The 

supernatant was applied to a Ni-NTA column pre-equilibrated with buffer B, and the 

column was washed with 3-5 column volumes (45-75 ml) of buffer B. Protein was eluted 

with 1M imidazole in buffer B and collected the peak fraction containing His tagged 

streptavidin. The Ni column elute was diluted 1:5 with a buffer containing 50 mM Tris, 

100 mM NaCl and 5 mM BME to obtain a 1 M guanidine solution. Then it was dialyzed 

against a buffer containing 1M guanidine, 50 mM Tris, 100 mM NaCl and 5 mM BME at 

pH 8.0 to reduce imidazole to ~5mM and cleaved overnight with Tev protease with 20:1 

protein: Tev ratio. Afterwards the mixture was ran on a Ni column equilibrated with 

above dialysis buffer and collected the flow through containing His tag cleaved 

streptavidin.  

The Tev cleaved streptavidin was dialyzed against a buffer containing 25 mM 

Tris at pH 8 to reduce guanidine concentration to about 5 mM. Then, it was ran on a 20ml 

MonoQ column equilibrated with 5 column volumes (CV) of above dialysis buffer (pH8) 

at 5ml/min, washed with 5 CV of same dialysis buffer and carried out a two-step gradient 

elution using a buffer (pH8.0) containing 1M NaCl and 25 mM Tris with the first 

gradient of 0-20% buffer for 20 CV and the second gradient of 20-100% buffer for 10 

CV. The protein that was eluted at 6-12% of the above buffer gradient was collected and 
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concentrated using a 10 kDa cut off concentrator to about 7 ml and ran on a preparative 

sizing column (180 ml column volume and 2 ml/min flow rate) equilibrated with 25 mM 

Tris  and 25 mM NaCl buffer (pH 8) to purify protein tetramer. The sizing column was 

previously calibrated using protein standards.  

 

3.4.2 Crystallization 

Crystals of streptavidin containing biotin and [Tb(DPA)3]
3- were grown using 

hanging-drop vapor-diffusion method. Crystallization trials were carried out with 24 well 

Linbro plates purchased from Hampton Research. The reservoir solutions had 50% MPD 

and 20 mM potassium acetate buffer at pH 4.5 or 5.0. Crystals appeared in six days in a 

drop composed of 1.5 ul protein solution (pH 8.0), 1.5 ul of 200 mM [Tb(DPA)3]
3- in 

water and 3 ul of 60% (v/v) MPD.  The protein solution was prepared by an overnight 

incubation of 18 ul of 27 mg/ml streptavidin in 25 mM Tris and 25 mM NaCl, pH8 with 

12 ul of saturated biotin solution in water (~10 mM).  The reservoir contained 20 mM 

potassium acetate (pH 4.5) and 50% (v/v) MPD.  

 

3.4.3 Data collection  

The crystal was placed in 3M malonate for few seconds as the cryoprotectant and 

plunged directly into liquid nitrogen. Data collection was carried out using an in-house R-

AXIS IV++ image plate detector on a Rigaku MicroMax-007HF high intensity 

microfocus rotating-anode generator with copper anode (wavelength-1.5418 Å). To 

obtain a high redundancy dataset, a wedge of 180° was collected with an oscillation range 
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of 0.5° and exposure time of 2 minutes per image using a single crystal. The program 

d*TREK within Crystal Clear 2.0 (Rigaku) was used to process the data (Pflugrath, 

1999). The crystal diffracted to 1.4 Å (81.5% completeness) and indexed in the space 

group C222 with unit cell dimensions a = 64.42 Å, b = 71.39 Å, c = 55.49 Å and α = β = 

γ = 90°. Structure solution and refinement confirmed this choice. 

 

Following equations were used in d*trek for calculation of merging R statistics.  

Rmerge = Ʃh Ʃi ǀIhi - ˂Ih˃| / Ʃh Ʃi ˂Ih˃ 

˂Ih˃ = Average intensity for all averaged reflections 

Ihi = ith observation for a reflection h 

Rmeas = Rrim= Ʃh ([N/ (N-1)] 1/2ƩN-j | Ihj - <Ih>|)/ƩhƩj <Ih> 

Ihj = intensity of the jth measurement for a reflection h 

N= number of measurements with the same hkl h, that is j goes from 1 to N 

Rmeas A keeps the Bijvoet mates (I+ and I- reflections) separate.  

Rmeas A = {Ʃh+ ([N+/ (N+-1)] 1/2ƩN
+

 - j
+ | Ih+j+ - <Ih+>|) +  

        Ʃh-([N
-/ (N--1)] 1/2ƩN

-
 - j

-
 | Ih

-
 j

- - <Ih>|)}/ ƩhƩj <Ih> 

As shown in the data collection statistics of the streptavidin crystal with bound 

[Tb(DPA)3]
3-, the crystal diffracted to 1.4 Å. The quality of the data can be assessed by 

Rmerge, % completeness, redundancy and I/sigI parameters. Rmerge indicates the 

average error in intensity measurements as shown in the equation above. Rmerge value of 

0.05 (5%) or below can be considered as excellent data. If the value is greater than 0.2 

(20%) the data quality is considered to be poor. This data set has an Rmerge of 0.066 

indicating it is a good data set.  
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Completeness (%) indicates the percentage of reflections measured from the 

reflections possible for a particular unit cell. Usually about 90% completeness is expected 

for a good dataset with at least 50% completeness in the highest resolution shells. This 

data set is only 81.46% complete and only 22.85% complete at highest resolution shell. 

The low completeness is due to inability to collect most of the high resolution reflections 

as the crystal diffracted to 1.4 Å. The highest resolution data were recorded only at the 

edges of the square detector used with the X-ray diffractometer, reducing the 

completeness of the data. 

Redundancy indicates the average number of times each reflection is measured. If 

the redundancy is high the data set is more reliable and usually good data set have a 

redundancy of 3.0 or higher. This data set had an average redundancy of 6.26 indicating 

high reliability.  

I/sigI ratio gives the intensity of the spots compared to background. These values 

are reported for data before and after averaging. Normally the cutoff point is the 

resolution where I/sigI unaveraged go below 2.0.  High I/sigI in this dataset (15.4) 

indicates high signal/noise ratio.  

 

3.4.4 Structure solution and refinement 

The reflection file containing anomalous data and the streptavidin sequence file 

were used as inputs in PHENIX GUI (Adams et al., 2010).  The AUTOSOL wizard was 

initially used to solve the experimental phases by SAD and to locate heavy atom (Tb) 

sites. Model building was carried out using AUTOBUILD in PHENIX using the phases 

from AUTOSOL including the heavy atom sites. LIGAND FIT in PHENIX was used to 
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fit the ligands to the density around Tb sites found by AUTOSOL. The geometry 

restraints of the ligands were generated via ELBOW in PHENIX by inputting the 

SMILES string of the ligand. In the resulting cif file of the ligand, dihedral angles were 

manually edited to obtain a planar ligand structure. After including the ligands into the 

density map using Ligand fit, each ligand was manually moved into the exact area of 

ligand density using Coot.  A parameter file was used to give the distances between Tb 

and the interacting ligand atoms. Three out of five Tbs in the [Tb(DPA)3]
3- complexes 

were located on a crystallographic two fold axes. In those three complexes, since XYZ 

atom coordinate refinement moved the ligands out of density, the ligands were fixed on 

the two fold and not refined. Periodic checks and manual movements were made to 

confirm the ligand position within the density.  All the atoms other than water were 

refined anisotropically.  
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Chapter 4: Crystallization of proteins in the 

presence of metal-chelate complexes under the 

screen containing 96 conditions   



107 
  

4.1 Introduction 

Determining the structure of proteins is an essential step towards identifying their 

molecular mechanism. Even though the genes related to various diseases are identified, 

protein products of those genes are the key players in many diseases (Chiti and Dobson, 

2006; Qi et al., 2006). Therefore, to identify the role of proteins in diseases and to 

discover drug targets, solving the structure of proteins is indispensable. The ability to 

crystallize proteins has become a major limitation in determining the structure of proteins 

using diffraction methods.  According to the records of structural genomic programs, 

from the proteins they have attempted to crystallize, only 10%-12% had given rise to 

diffraction quality crystals (Chen et al., 2004; Claverie et al., 2002; Ding et al., 2002; 

Price et al., 2009; Sulzenbacher et al., 2002), indicating the difficulty of obtaining good 

quality crystals to solve structures.  Limited proteolysis (Banner et al., 1996; Holden et 

al., 1996; Leppanen et al., 1999; McPherson, 1982; Sogabe et al., 2002), point mutations 

of certain residues (Charron et al., 2002; D'Arcy et al., 1999; Lawson et al., 1991; 

McElroy et al., 1992), truncations and deletions of flexible regions (Milburn et al., 1991; 

Yeh et al., 1996) are some of the techniques used to enhance crystallization of proteins.  

When considering crystallization, hydrogen bonds, Van der Waal and ionic interactions 

assist in intermolecular packing of a protein crystal and random protein-protein 

interactions are a major driving force for crystallization (Carugo and Argos, 1997; Janin 

and Rodier, 1995; Jelsch et al., 1998). Therefore, methods for increasing the protein-

protein interactions are a possible way of enhancing the crystallization ability of proteins.   
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It is known that addition of small molecules to proteins during crystallization can 

support crystal formation by affecting protein-protein interactions (McPherson and 

Cudney 2006).  Depending on the sequence and the structure of proteins, different 

proteins may require small molecules with different functional groups to drive the 

intermolecular interactions leading to crystallization. With this idea in mind we have used 

metal-chelate complexes, [Tb(HDPA)3]
3-,  [Tb(DPA)3]

3-, [Gd(DTPA)]2-, Eu-DTPA-4Amc 

and [Tm(DOTP)]5- (Figure 2.1) as additives in crystallizing  four different proteins which 

include concanavalin A, glucose isomerase, beta amylase and alpha lactalbumin. We 

thought that this type of symmetric, rigid ligand complexes can help accommodate higher 

symmetry in crystals and the protruding functional groups may help to build the crystal 

lattice by providing necessary contacts. Additionally, the anomalous diffraction of 

lanthanides in the complex can be used to phase the structures by anomalous dispersion 

method using in-house (CuKα) X-ray diffractometer or at a synchrotron. 

 

4.2 Results 

During this project, four different proteins were used in a crystallization grid 

screen with five metal-chelate complexes; Tb(HDPA)3]
3-,  Tb(DPA)3]

3-, [Gd(DTPA)]2-, 

Eu-DTPA-4Amc and [Tm(DOTP)]5- (Figure 2.1) to assess the ability of the metal-chelate 

complexes (MCCs) to enhance protein crystallization. From the proteins used 

concanavalin A and glucose isomerase gave crystals with bound MCCs, [Tb(HDPA)3]
3-   

and [Gd(DTPA)]2-, respectively, (shown in red in the Table 4.1). Interestingly in both 

cases crystals were not obtained in the control drops without chelate complexes under the 
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same conditions as shown in the Table 4.1. This indicates that the crystal formation was 

driven by crystal contacts introduced by the MCCs. Concanavalin A crystallized in 

tetragonal space group P43 21 2, which was not previously reported for this protein and 

the structure is described below. Glucose isomerase crystallized in the space group I222, 

which was previously observed for this protein. Five Gd sites were found in this structure 

(Figure 4.1) and only one site showed clear electron density for the DTPA ligand (Figure 

4.2). At the second Gd site weak electron density was observed for the ligand, whereas 

the third site did not show electron density for the ligand. The other two Gd sites were 

found at the metal binding sites of the protein. This structure is currently under 

refinement. Some proteins that crystallized only in the presence of the MCCs did not 

show incorporation of MCCs in the crystals (shown in yellow in the Table 4.1). This 

shows that the MCCs are capable of promoting nucleation and growth indirectly, even 

without binding with the protein molecules. Furthermore, there were protein crystals with 

low-resolution (<4 Å) diffraction (shown in purple in the Table 4.1) and others were too 

small to be analyzed by X-rays (shown in pink in the Table4. 1).   These conditions can 

be considered for further optimization and growth of better crystals. In some situations 

these proteins showed crystallization only in the control drops and not in the drop with 

the MCC.  Therefore, the MCCs may be disrupting crystal formation under these 

conditions although they have been shown to induce crystallization under different 

conditions.  

 

Table 4.1:  Summary of crystallization attempts with four proteins showing number of 

hits from total 96 conditions each with 3 drops. First column for each chelate complex 

indicates number of conditions where crystals were seen only in drop 1 & not in control 
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drops.  Second column for each complex indicates number of conditions where crystals 

were seen for drop1 & 2 &/or 3 control drops. Third column shows number of conditions 

where crystals were seen only in control drops 2 &/or 3.  
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Figure 4.1: The anomalous difference map (contoured at 5.00 sigma and magenta color) 

showing Gd sites of glucose isomerase monomer and Tb sites of concanavalin A dimer. 

A) Total of five Gd sites was found in glucose isomerase structure and Gd 1 had clear 

electron density for the ligand DTPA around it. At Gd 2 site weak electron density was 

observed for the ligand. Gd3 site did not display electron density for the ligand and has 

very low occupancy. Gd 4 and 5 are located at metal binding sites of the protein and were 

coordinated by protein side chains. B) In concanavalin A total of four Tb sites were 

found. Tb1, 2 and 3 sites displayed clear electron density for DPA ligands. At Tb4 site 

the electron density for ligands was week. 

 

 

 

A) B) 
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Figure 4.2: Electron density observed for [Gd(DTPA)]2- complex in glucose isomerase 

structure. The green color electron density map represents the difference density (Fo-Fc) 

for ligand around the Gd atom at Gd1 site. The Fo-Fc map is contoured at 3.00 sigma. 

The blue color electron density map represents the 2Fo-Fc map contoured at 5.00 sigma. 

Note that at 5.00 sigma level the 2Fo-Fc map is only visible around the Gd atom due to 

its strong scattering. The figure is generated from COOT during refinement. 

 

4.2.1 Ability of different metal-chelate complexes to enhance protein 

crystallization 

From the five chelate complexes used, [Tb(HDPA)3]
3- promoted crystallization of 

all four proteins used, as all the proteins gave some crystals only in the drop containing 

[Tb(HDPA)3]
3- (drop 1) without showing crystals in the control drops. Also, 

[Tb(HDPA)3]
3- was incorporated into concanavalin A protein and showed interactions 

with protein molecules as described later in this chapter. The [Tb(DPA)3]
3- complex 
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could also induce crystallization of three of the proteins and binding of the complex was 

not observed in those crystal structures as described in the Section 4.2.2. The two chelate 

complexes, [Tb(HDPA)3]
3- and [Tb(DPA)3]

3-, differ by having a hydroxyl group at the 

fourth position of the pyridine ring in the [Tb(HDPA)3]
3- complex. Therefore, this 

additional group must be playing an important role in interactions made with the proteins. 

[Gd(DTPA)]2- crystallized glucose isomerase by binding to the protein molecules, but 

crystals were not obtained for other proteins in drop 1 alone in the presence of this 

complex. Showers of tiny crystals were observed for both [Gd(DTPA)]2- and [Eu(DOTA-

4Amc)]-. These crystals can either be protein or small molecules as they were too small 

for X-ray analysis. Therefore, it is hard to conclude about the overall efficiency of those 

complexes in promoting crystallization. But [Eu(DOTA-4Amc)]- gave crystals that were 

proven to be protein by X-ray analysis, in drop1 only and in drop1 and control drops. 

This indicates that this MCC also has the ability to promote crystallization of the proteins 

although the complex was not bound in those protein structures. [Tm(DOTP)]5- complex 

did not show much success in promoting crystallization, as only micro crystals were 

observed in the presence of the complex.   
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Table 4.2: Summary of data collection statistics for glucose isomerase crystallized in the  

presence of [Gd(DTPA)]2- and 30% MPD, pH 7.0 (RG60_A12). Values in parentheses 

refer to the highest resolution shell. 

 

 

4.2.2 Data collection statistics of the proteins without bound MCCs 

Some of the crystals analyzed by X-ray diffraction, did not show incorporation of 

MCCs into the crystals of those proteins as shown in Table 4.1 (yellow color). The LIII 

absorption edge of most lanthanides used in complexes lies within the wavelength range 

of CuKα radiation of the in-house X-ray diffractometer.  The LIII absorption edges for 

Tb, Eu, Gd and Tm lie at 1.6500 Å, 1.7771 Å, 1.7118 Å and 1.4337 Å, respectively 

(http://skuld.bmsc.washington.edu/scatter/AS_periodic.html).  The anomalous scattering 

factor (fʺ) for Eu, Tb, Gd and Tm at CuKα wavelength are 25.00 e, 24.78 e, 23.66 e and 

Wavelength (Å) 1.5418 

Resolution range (Å) 29.58 - 1.70    (1.76 - 1.70) 

Space group  I222 

Unit cell (Å, ˚) 92.69   97.89   102.49, 90.00   90.00   90.00 

Mosaicity (˚) 1.34 

Total reflections 288816 

Unique reflections 51078 

Multiplicity 5.65 (2.89) 

Completeness (%) 99.2 (92.8) 

Mean I/sigma (I) 14.2 (2.7) 

R-merge 0.062 (0.304) 

R-meas 0.067 (0.364) 

R-measA 0.058 (0.346) 

http://skuld.bmsc.washington.edu/scatter/AS_periodic.html
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23.89 e respectively, as given by the above web site. Although the LIII edge of Tm 

(1.4337 Å) lies little below the wavelength of the X-rays used, it has a high anomalous 

scattering factor at the CuKα wavelength. Therefore, at the wavelength of X-rays used 

(CuKα 1.5417Å), these atoms should give a large anomalous signal. The presence of an 

anomalous signal is indicated by the difference in Rmeas (where Bijvoet I+ and I- 

reflections are averaged) and RmeasA (where Bijvoet I+ and I- reflections are kept 

separate) in the data collection statistics. A Lower RmeasA value compared to Rmeas 

indicates an anomalous signal (Pflugrath, 1999). The Rmeas and RmeasA values 

obtained for streptavidin crystals that had [Tb(DPA)3]
3- bound were 0.071 and 0.046, 

respectively, which had a difference of 0.025. Also, the structure displayed very large 

anomalous difference map peaks for five Tb sites at 84.05 sigma, 55.45 sigma, 38.12 

sigma, 30.93 sigma and 23.91 sigma and clear density was observed for ligands around 

first four sites. The Rmeas and RmeasA values for concanavalin A crystallized with 

Tb(HDPA)3]
3- were 0.071 and 0.056 respectively, with the difference being 0.015. For 

this concanavalin A structure anomalous difference map peaks for four Tb sites were at 

45.08 sigma, 43.66 sigma, 19.32 sigma and 15.07 sigma. There was clear ligand density 

at the first three sites with weak density at fourth site. For glucose isomerase that 

crystallized with [Gd(DTPA)]2- bound, the Rmeas and RmeasA values were 0.067 and 

0.058, respectively, with a difference of 0.009.  It had 58.85 sigma peak at Gd site with 

ligand density. Peaks were found at metal binding sites of the protein with 43.28 sigma 

and 27.55 sigma indicating that Gd replaced those metals. Two more peaks were found at 

26.43 sigma and 12.45 sigma with weak ligand density and no ligand density, 

respectively. In this structure anomalous difference peaks from 6.33-5.7 sigma were 
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found for sulfur atoms of methionine residues. The data collection and processing 

statistics for the crystals that did not show bound MCCs for the proteins used with this 

screen are given in Tables 4.3-4.6. The data of crystal structures reported in Tables 4.3 

and 4.4, did not show a significant anomalous signal as indicated by small difference 

between Rmeas and Rmeas A values. Also, the anomalous difference maps of these 

structures did not show evidence for bound MCCs as anomalous difference peaks with 

high sigma levels (compared to structures with bound MCCs), were not observed. These 

structures were not further refined as they did not show binding to MCCs. The data of 

crystals structures reported in Tables 4.5 and 4.6 showed significant anomalous signal as 

indicated by comparatively high difference between Rmeas and RmeasA. Furthermore, 

these structures had significant anomalous difference map peaks as described below. 
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Table 4.3: Summary of data collection statistics for concanavalin A and beta amylase crystals, analyzed by X-rays and had no 

MCC bound. Values in parentheses refer to the highest resolution shell. Four crystals of concanavalin A, analyzed by X-rays are 

denoted as A, B, C and D. All concanavalin A crystals grew in the presence of [Tb(DPA)3]
3- under different conditions. 

Concanavalin A crystals denoted by A and B grew with 0.5 M ammonium sulfate, pH 5.5 and 10% glycerol, pH 5.5, respectively. 

Crystals denoted by C and D grew with 15% glycerol, pH 5.5 and 35% mPEG 2000, pH 6.0, respectively. Crystals of beta amylase 

were grown in the presence of [Tb(HDPA)3]
3- with 5% PEG 3350, pH 5.5.  

 

 
 

 

  

Parameters Beta amylase

A B C D

Wavelength (Å) 1.5418 1.5418 1.5418 1.5418 1.5418

Resolutioin range (Å) 21.98 - 1.70 (1.76 - 1.70) 26.18 - 1.55 (1.61 - 1.55) 20.80 - 1.56 (1.61 - 1.56) 20.81 - 1.65 (1.71 - 1.65) 31.25 - 3.46    (3.59 - 3.46)

Space group I222 I222 I222 I222 P21212

Unit cell lengths (Å) 62.25   86.69   88.93  62.07   86.64   89.20  61.91   86.62   89.08 61.96   86.14   89.19   124.50   129.06   70.19

Unit cell angles (˚) 90.00   90.00   90.00  90.00   90.00   90.00  90.00   90.00   90.00 90.00   90.00   90.00 90.00   90.00   90.00

Mosaicity (˚) 1.06 0.47 0.99 1.33 3.27

Total reflections 172351 164870 183587 156619 55166

Unique reflections 26288 29061 28436 27246 14020

Multiplicity 6.56 (3.63) 5.67 (1.55) 6.46 (1.98) 5.75 (2.85) 3.93 (3.58)

Completeness (%) 98.0 (83.6) 83.1 (16.9) 81.8 (15.4) 93.8 (58.3) 91.6 (76.2)

Mean I/Sigma (I) 11.9 (2.7) 14.8 (1.7) 8.2 (1.1) 12.0 (2.2) 4.7 (0.5)

Rmerge 0.062 (0.413) 0.052 (0.406) 0.090 (0.567) 0.056 (0.396) 0.208 (0.567)

Rmeas 0.067 (0.480) 0.057 (0.536) 0.097 (0.726) 0.061 (0.484) 0.240 (0.659)

RmeasA 0.065 (0.459) 0.054 (0.491) 0.098 (0.741) 0.061 (0.506) 0.237 (0.677)

Concanavalin A
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Table 4.4: Summary of data collection statistics for glucose isomerase crystals, analyzed by X-rays and had no MCC bound. 

Values in parentheses refer to the highest resolution shell. Five crystals of glucose isomerase, analyzed by X-rays are denoted as 

A, B, C, D and E. Crystals denoted as A grew in the presence of  [Tb(HDPA)3]
3-. The crystals denoted as B, C, D and E grew in 

the presence of [Eu(DOTA-4Amc)]- under different conditions. Glucose isomerase crystals denoted as A grew with 1 M 

ammonium sulfate, pH 6.0. Crystals   denoted as B and C, grew with 25% PEG 3350, pH 6.5 and 25% mPEG 2000, pH 6.0, 

respectively. Crystals denoted as D and E grew with 35% mPEG 2000, pH 6.0 and 35% mPEG 2000 pH 7.0, respectively. 
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Table 4.5: Summary of data collection statistics for concanavalin A crystallized in the 

presence of [Tb(HDPA)3]
3- and 15 % glycerol, pH 5.5. Values in parentheses refer to the 

highest resolution shell. 

 

 

 

The data for concanavalin A crystallized with [Tb(HDPA)3]
3- (Table 4.5) indicate 

the presence of a significant anomalous signal as the difference between Rmeas and 

RmeasA is 0.016, which is close to the values observed for structures with bound MCCs. 

The anomalous difference peaks in the structure were located close to protein side chains 

with 21.05 sigma, 16.74 sigma, 13.35 sigma and 12.26 sigma. These peaks were within a 

distance that is possible to make direct interactions with protein side chains and clear 

density for ligands was not observed around these peaks (Figure 4.3). Therefore, these 

can be Tb ions have dissociated from the ligands due to protonation of the ligands. Then 

Wavelength 1.5417Å 

Resolution range  34.38 - 2.60 (2.69 - 2.60) 

Space group  P43212 

Unit cell 102.43   102.43   103.14 

90.00   90.00   90.00 

Mosaicity 1.34 

Total reflections 162207 

Unique reflections 17486 

Multiplicity 9.28 (9.41) 

Completeness (%) 100.0 (100.0) 

Mean I/sigma (I) 13.4 (3.9) 

R-merge 0.077 (0.431) 

R-meas 0.082 (0.456) 

R-measA 0.066 (0.448) 
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peaks at 6.39 sigma and 3.54 sigma were observed at Mn and Ca binding site of the 

protein and rest of the peaks were in noise level. 

 

 

 

 

Figure 4.3: The electron density maps around the tallest anomalous difference map peaks 

in concanavalin A structure. The 2Fo-Fc map contoured at 1.00 sigma is shown in blue. 

The Fo-Fc map contoured at 3.70 sigma is shown in green and red. The anomalous 

difference map contoured at 5 sigma is shown in yellow. The protein side chain residues 

pointing towards the peaks with interacting distances indicate possible interactions with 

those metals. 
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Table 4.6: Summary of data collection statistics for glucose isomerase crystallized in the 

presence of [Eu(DOTA-4Amc)]- and 35% mPEG 2000, pH 5.5. Values in parentheses 

refer to the highest resolution shell. 

 

 

In above data set (Table 4.6), the difference between Rmeas and RmeasA is 0.006 

and it indicates the presence of an anomalous signal. The structure had two protein 

molecules in the asymmetric unit. Two tallest anomalous difference map peaks with 

19.49 sigma and 16.58 sigma were observed at the same Mg binding site of the two 

protein molecules coordinated by Glu 181, Glu 217, Asp 287 and Asp 245 residues. Then 

peaks with 14.32 sigma, 10.88 sigma and 7.99 sigma were scattered in the solvent 

channels between protein molecules. But they did not show interactions with surrounding 

residues and ligand density was not observed around them (Figure 4.4).  These can be 

partially occupied MCC, but it cannot be confirmed as no ligand density was observed 

Wavelength 1.5417Å 

Resolution range  41.22 - 2.20 (2.28 - 2.20) 

Space group  P21212 

Unit cell 82.48   95.18   97.68   90.00   90.00   90.00 

Mosaicity 1.31 

Total reflections 153242 

Unique reflections 39563 

Multiplicity 3.87 

Completeness (%) 99.6 (100.0) 

Mean I/sigma (I) 6.4 (2.3) 

R-merge 0.108 (0.401) 

R-meas 0.125 (0.468) 

R-measA 0.119 (0.476) 
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around. Peaks with 5.14 sigma and 4.38 sigma were found on sulfur atoms of methionine 

residues and rest of the peaks were noise. 

 

Figure 4.4: The difference map peaks observed between two protein molecules of the 

glucose isomerase structure (RG61_H05). The 2Fo-Fc map contoured at 1.00 sigma is 

shown in blue. The Fo-Fc map contoured at 3.70 sigma is shown in green and red. The 

anomalous difference map contoured at 5 sigma is shown in yellow. The peaks at 14.32 

sigma and 10.88 sigma are shown in the figure.  There is no clear density for ligands 

around those peaks, although they are located close to protein side chains that have the 

possibility of making interactions. Therefore, these peaks may indicate partially occupied 

MCCs.   
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4.2.3 Concanavalin A structure with bound [Tb(HDPA)3]3- 

Concanavalin A crystallized in drop 1 alone in the presence of [Tb(HDPA)3]
3- had 

MCCs bound in the crystals. In the structure, four Tb sites were found (Figure 4.1) by 

AUTOSOL in PHENIX (Adams et al., 2010). Clear density was observed for the ligands 

around Tb1 and Tb2 sites, and individual ligands could be fitted in to the observed 

density. But arount Tb3 site, clear density was observed only for one ligand and little 

density for another ligand was observed. The third ligand could not be fitted around Tb3 

without clashing with the surrounding protein residues.  Also, Glu 192 Oξ2 of chain A 

was observed at 2.93 Å from Tb3, coordinating the metal.  Therefore, Glu 192 side chain 

must have replaced one ligand at this site.  This can be possible due to tautomerization of 

the ligand, which cause protonation of the pyridine N involved in metal coordination, 

leading to loosen the interactions of the ligand with the metal.  

At the fourth site there was a clear peak observed for Tb, but the positions of the 

ligands around it was not clearly defined. Therefore, at this site there may be more than 

one enantiomer of the MCC or the occupancy of the ligands could be too low to be 

detected.  
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Table 4.7: Summary of data processing and refinement statistics for concanavalin A. 

Values in parentheses refer to the highest resolution shell.                    

 

 

Wavelength (Å) 1.5418 

Resolution range (Å) 34.18  - 2.4 (2.486  - 2.4) 

Space group  P43212 

Unit cell (Å, ˚) 101.952 101.952 103.285,  90 90 90 

Mosaicity (˚) 1.17 

Total reflections 301455 

Unique reflections 21872 (2146) 

Multiplicity 13.78 (13.38) 

Completeness (%) 99.96 (99.86) 

Mean I/sigma (I) 21.7 (5.7) 

Wilson B-factor 64.75 

R-meas 0.071 (0.496) 

R-measA 0.056 (0.491) 

R-factor 0.1868 (0.2658) 

R-free 0.2428 (0.3331) 

Number of atoms 3857 

Macromolecules 3608 

Ligands 157 

Water 92 

Protein residues 473 

RMS (bonds) 0.009 

RMS (angles) 1.78 

Ramachandran favored (%) 95 

Ramachandran outliers (%) 0.64 

Clashscore 2.53 

Average B-factor 82.60 

Macromolecules 82.20 

Ligands 102.70 

Solvent 64.80 
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4.2.4 Interactions of metal-chelate complexes with concanavalin A 

protein 

[Tb(HDPA)3]
3- at Tb1 site was interacting with three protein molecules in the unit 

cell (Figure 4.6) via hydrogen bonds. Those three protein molecules include NCS related 

chain A and chain B at X, Y, Z and symmetry mate of chain A at ½+Y, ½ -X, ¼+Z. At 

Tb2 site, [Tb(HDPA)3]
3-  was involved in bridging chain A and the symmetry mate of 

chain A (Figure 4.6).  [Tb(HDPA)3]
3- at the third site was involved in interactions with 

chain A and symmetry mate of chain A (Figure 4.6). At all three sites carboxylate 

oxygens and 4-hydroxyl oxygens of HDPA ligands in [Tb(HDPA)3]
3- complex, were 

involved in hydrogen bonding interactions with protein side chains (Figure 4.6). 

When looking at the interactions of concanavalin A protein molecules with each 

other and with MCCs, it could be observed that these complexes were involved in 

strengthening the existing interactions between protein molecules to build the lattice. For 

instance, there were only two intermolecular protein interactions between chain A and 

symmetrymate of chain A (sym A) in the structure. In chain A, His 51 and Glu 192 were 

interacting with Leu 99 and Lys 101 of sym A, respectively, Then in all three complexes, 

some ligands were involved in interactions with chain A and symA, strengthening the 

connectivity between these two molecules. Interestingly, Glu 192 side chain of chain A, 

which was H bonding to Lys 101 Nζ of symA, also acts as a ligand to Tb3 replacing one 

of the three ligands around Tb. In addition, His 51 of chain A, which was involved in 

intermolecular protein interactions, was hydrogen bonded with a Tb3 complex ligand. 

Therefore, His 51 and Glu 192 were tethered to a position via Tb3-chelate complex to 
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enable them to form intermolecular H bonds.  When considering chains A and B, six of 

the amino acid residues in chain A (Asn 124, Ala 125, His 127, Met 129, Asn 131 and 

Gln 132) were interacting with seven residues in chain B (Gln 132, Asn 131, Met 129, 

His 127, Ala 125, Thr 123 and Asn 124). Therefore, chain A and B were well connected 

by intermolecular hydrogen bonds and few interactions between chain A and B were 

mediated via two ligands of Tb1 complex, further enhancing chain A and B interactions 

(Figure 4.6). 

 

4.2.5 Interactions between chelate-complexes at different sites 

Other than interacting with protein molecules, [Tb(HDPA)3]
3- complexes also 

make interactions between each other (Figure 4.7). The 4-hydroxyl group of a ligand at 

the first site was interacting with a carboxylate oxygen of a ligand at the second 

[Tb(HDPA)3]
3- site. Two other carboxylate oxygens of the ligands at the first site were 

hydrogen bonding to 4-hydroxyl group of the ligands at the second and third site MCCs. 

These inter-complex interactions formed a network of [Tb(HDPA)3]
3- in concanavalin A 

crystals, providing a stronger surface for protein molecules to interact and build into a 

lattice (Figure 4.7). This small chemical difference between [Tb(HDPA)3]
3- and 

[Tb(DPA)3]
3- can be the cause for the crystallization of concanvalin A in a new space 

group only in the presence of [Tb(HDPA)3]
3-.  
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Figure 4.6: Interactions of [Tb(HDPA)3]
3- complexes with concanavalin A protein 

molecules. Chain A is depicted with light green color, chain B is in dark green color and 

chain A symmetry mate is given in orange color. Water molecules are indicated by red 

spheres. 2Fo-Fc map for the chelate complex at each site is shown by the gray color 

mesh, contoured at 1 sigma. A) [Tb(HDPA)3]
3- at Tb1 site is interacting  with three 

protein molecules, chain A, chain B and chain A symmetry mate. The carboxylate 

oxygens of ligands at these sites are hydrogen bonding with His 127 NƐ2 and Thr112 Hɣ 

of chain B and Ser 160 Hɣ of chain A symmetry mate. The 4-hydroxyl oxygen is 

hydrogen bonding with His 127 Nƍ1 of chain A. B) Interactions of [Tb(HDPA)3]
3- with 

chain A and chain A symmetry mates were observed at Tb2 site. The carboxylate 

oxygens of the ligands are hydrogen bonding with Thr 123 amide N of chain A. 

Furthermore, the ligands are interacting with Asn 162 Nδ2 and Ser 161 amide N, of chain 

A symmetry mate. Also, the 4-hydroxyl groups of ligands are interacting with the Arg 

158 NH2 from chain A symmetrymate. C) At Tb3 site only two ligands were observed 

and they show interactions with chain A and chain A symmetry mate. At this site the 

carboxylate oxygen of a ligand is contacting Ser 110 Oγ of chain A and a water molecule. 

The 4-hydroxyl group of the same ligand is interacting with Thr 194 Oγ1 and His 51 Nδ1 

of chain A.  The carboxylate groups of the two ligands are also bridging with Ser 164 Oγ 

and Asp 203 Oδ2 of chain A symmetry mate. 
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Figure 4.7: Interactions of [Tb(HDPA)3]
3- in concanavalin A structure. A) [Tb(HDPA)3]

3- 

complexes in the concanavalin A structure form Hydrogen bonding interactions between 

each other via 4-hydroxyl group and carboxylate oxygens of the ligands. Chain A is 

depicted with light green color, chain B is in dark green color and chain A symmetry 

mate is given by orange color. Hydrogen bonds are indicated by black dotted lines. B) 

Enhanced view of [Tb(HDPA)3]
3- complexes forming inter-complex interactions. The 

proteins molecules are not shown here for clarity. 

 

 

A) B) 
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4.3 Discussion 

In all the experiments carried out with proteins and MCCs, one experimental drop 

and two control drops were used for each condition. The experimental drop (drop 1) 

contained the protein and the MCC. Drop 2 is a control without MCC and had ionic 

substituents (NaCl) added to compensate for the ionic strength of MCC in drop1. This 

control is helpful to understand whether crystallization is dependent on ionic strength or 

the physical properties of the MCC. Drop 3 had ionic strength close to the standard 

crystallization conditions, to observe the ability of the proteins to crystallize under 

conditions close to published conditions. Also, drop 3 would indicate any effect from the 

ionic substituent on crystallization in comparison with drop 2. According to the results 

obtained, at the conditions proteins crystallized in all three drops, there was no significant 

difference in crystallization between drops 2 and 3 as both of them showed crystals under 

most of the conditions (Table 4.1). This shows that the ionic strength may not have 

affected the crystallization under those conditions. However, some conditions yielded 

crystals only in drops 1 and 2 or only in drops 1 and 3. Crystallization of proteins only in 

drops 1 and 2 indicates that the ionic strength is important in driving crystallization under 

those conditions. Crystallization of proteins only in drops 1 and 3 can indicate that the 

salt component in drop 2 is disrupting crystal formations. But crystallization of proteins 

only in drops 1 and 2 or drops 1 and 3 can be also caused due to random errors in solution 

dispensing, during the experiments. Crystallization in drop 1 alone indicates the ability of 

MCCs to promote crystallization. Furthermore, the interactions made by bound MCCs in 

the protein crystals, show the capability of MCCs to introduce new crystal contacts. In 
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some instances proteins crystallized in drop 1 alone without incorporation of the MCCs 

into the protein crystals. We think that under those conditions, the MCCs might be 

involved in promoting nucleation of the proteins as the controls did not show any 

crystals. Therefore, the MCCs can be enhancing protein crystallization via bridging the 

protein molecules together, as well as by promoting nucleation.  

Crystallization of the proteins in drop 1 and the control drops, shows that the 

presence of the MCC had not specifically enhanced or inhibited the crystallization at 

those conditions. On the other hand, if no crystals were observed in drop 1, and drop 2 

or/and drop 3 had crystals, presence of the MCC could be disrupting the crystal formation 

at those conditions.  But such situations do not rule out the possibility of using that metal 

chelate complex in promoting crystallization, as it may be capable of inducing 

crystallization of a different protein with different surface properties or the same protein 

at different conditions. This was observed during our experiments as given in the Table 

4.1. For example, the proteins concanavalin A and glucose isomerase crystallized in 

control drops alone under many conditions. But in the presence of complexes 

[Tb(HDPA)3]
3- and [Tb(DPA)3]

3- those proteins could also crystallize only in drop 1 

under different conditions. Glucose isomerase showed a similar result in the presence of 

[Gd(DTPA)]2-, where it was crystallized only in drop 1 under one condition and in both 

control drops under many conditions. Therefore, different conditions used can affect the 

surface properties of the proteins, altering the interactions with the MCCs.  

According to the results of the screens, varying number of crystallization hits 

were observed in control experiments for the same protein. One reason for this can be the 

batch to batch variation of protein samples used in the experiments. Moreover, the 
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control experiments without the chelate complexes had different ionic strengths in the 

reservoir solutions to compensate for the difference in the ionic strengths imparted by 

each complex. Therefore, the control conditions can vary from complex to complex, 

causing different results for the same protein. 

The structure of concanavalin A shows that [Tb(HDPA)3]
3- complexes were 

capable of promoting crystallization by introducing intermolecular contacts between 

protein molecules. These complexes were involved in strengthening the intermolecular 

interactions between protein molecules and bringing them together to build the protein 

lattice. The [Tb(DPA)3]
3- complex was also shown to introduce crystal contacts between 

protein molecules in previous work (Chapter 3) where streptavidin protein was used 

(PDB ID 4IRW). In addition, in a study of Pompidor et al., it was observed that 

[Tb(DPA)3]
3- could introduce contacts between hen egg white lysozyme protein 

molecules and enable the crystallization of the protein in a new space group (Pompidor et 

al., 2010). But this complex did not show binding with concanavalin A during this 

experiments. The difference could be caused by the presence of 4-hydroxyl group in 

[Tb(HDPA)3]
3- which provided additional interactions with protein molecules. 

Interestingly, [Tb(HDPA)3]
3- also formed a network of MCCs  in the crystal due to inter-

complex interactions between the 4-hydroxyl group and the carboxylate groups of the 

ligands. The [Gd(DTPA)]2- complex was also shown to bind with glucose isomerase, but 

the interactions of the complex with the protein are not yet determined due to the 

difficulty in fitting the ligands to the density. The MCCs that show binding with proteins 

can be used as compounds to be optimized to synthesize new MCCs that can bind with 

proteins with higher affinity in an approach similar to fragment based drug design. 
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[Tb(HDPA)3]
3- complexes can be given priority in such an approach to find suitable 

complexes that can promote intermolecular contacts and crystal growth, due to its ability 

to form network of complexes. These complexes can provide a stronger surface to build 

the protein lattice compared to the individual complexes that cannot form inter-complex 

interactions. Also, it is worthwhile to consider that these complexes could promote 

crystallization even without binding to the crystal. This indicates their ability to promote 

nucleation and both [Tb(HDPA)3]
3-  and [Tb(DPA)3]

3-are shown to be better candidates 

in this manner as they could promote nucleation of most of the proteins used.  In a search 

for small molecules that can enhance protein crystallization, McPherson et al., showed 

that addition of mixtures of small molecules promoted crystallization of proteins 

(McPherson and Cudney, 2006). They observed that some small molecules were involved 

in interactions with the protein molecules and stabilize the structure or tethered protein 

molecules together to build the lattice. Some crystals obtained in the presence of the 

small molecules did not show incorporation into the crystals in their study (Larson et al., 

2007). In such situations, the small molecules can be just involved in promoting 

nucleation as we have observed in our work. Their study used only two crystallization 

conditions and mixtures of small molecules made out of 200 different chemicals with 81 

proteins. Therefore, the small molecule type and the protein type were the major 

variables in their experiment. In our experiment we used only four   proteins and five 

complexes under a grid screen made by varying concentrations of 6 common precipitants 

and 4 pH values.  Even with the small variability of the proteins and the MCCs, we could 

observe that these complexes induced crystallization by providing intermolecular 

contacts and by promoting nucleation.  We can use our grid screens to come up with a 
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library of ligands with different functional groups that show successful results and to 

select conditions that have given crystal hits frequently. Then we can narrow down the 

number of conditions while increasing the number of ligands and proteins used.  

Some of the protein structures classified as no bound MCCs may have partially 

occupied complexes bound, as there were anomalous difference map peaks with 

significant peak heights, located at possible binding sites in those structures. Also, the 

proteins glucose isomerase (RG20_B1) and beta amylase (RG31_A05) were crystallized 

in new space groups, even though the MCCs were not bound in the crystals. This 

indicates that the addition of MCC may have altered the conditions to support this crystal 

formation. 

 

4.3.1 Conclusion 

The protein crystals obtained with metal-chelate complexes bound demonstrate 

that these type of complexes can be used to introduce new crystal contacts between 

protein molecules. Some of the proteins that crystallized only in the presence of MCCs 

did not show incorporation of the complex in the structures indicating they are capable of 

promoting nucleation without insertion into the crystal. From the five complexes used 

[Tb(DPA)3]
3- and [Tb(HDPA)3]

3- showed the most success in promoting crystallization 

and [Tb(HDPA)3]
3- complexes have the ability to form inter-complex interactions, further 

strengthening their localization in crystals. [Gd(DTPA)]2- was also found to be a good 

candidate in enhancing crystallization and these complexes can be used as lead 

compounds to synthesize new MCCs to be used in similar studies. The structures of 
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proteins with MCCs bound, could be solved easily by anomalous diffraction methods, 

which is an added advantage. 

 

4.4 Materials and Method 

The preparation of concanavalin A, glucose isomerase, beta amylase and alpha 

lactalbumin protein solutions and the 96-well screen was carried out as described in 

Chapter 2. 

 

4.4.1 Crystallization 

The Tb(DPA)3 and Tb(HDPA)3 chelate complexes were dissolved in miliQ water 

to obtain 50 mM and 40 mM solutions respectively,  [Gd(DTPA)]2-, [Tm(DOTP)]5- and 

[Eu(DOTA-4Amc)]- were dissolved in 10 mM Bis-Tris buffer at pH 7.0 to obtain 100 

mM solutions. Crystallization trials were carried out for proteins with chelate complexes 

with sitting-drop vapor-diffusion method, Using Rigaku/ Art Robbins Pheonix RE 

Crystallization Robot.  96-well plates containing three drops associated with each well, 

were used for crystal trials with two drops serving as control experiments without the 

metal-chelate complex.  The crystallization trays were visualized with Rigaku Minstrel 

microscope robot and images were recorded.  Concanavalin A crystals with 

[Tb(HDPA)3]
3- were observed with at 20% glycerol in 0.1 M Bis-Tris, pH5.5.  Glucose 

isomerase crystals with [Gd(DTPA)]2- were observed at 30% MPD in 0.1 M Bis-Tris, 

pH7.0. 
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4.4.2 Data collection  

Data collection was carried out using an in-house R-AXIS IV++ image plate 

detector on a Rigaku MicroMax-007HF high intensity microfocus rotating-anode 

generator with copper anode (wavelength 1.5417 Å). Diffraction data were collected with 

an oscillation range of 0.5° and exposure time of 2 minutes per image using single 

crystals. The program d*TREK within Crystal Clear 2.0 (Rigaku) was used to process the 

data (Pflugrath, 1999).   

Following equations were used in d*trek for calculation of merging R statistics.  

Rmerge = Ʃh Ʃi ǀIhi - ˂Ih˃| / Ʃh Ʃi ˂Ih˃ 

˂Ih˃ = Average intensity for all averaged reflections 

Ihi = ith observation for a reflection h 

Rmeas = Rrim= Ʃh ([N/ (N-1)] 1/2ƩN-j | Ihj - <Ih>|)/ƩhƩj <Ih> 

Ihj = intensity of the jth measurement for a reflection h 

N= number of measurements with the same hkl h, that is j goes from 1 to N 

Rmeas A keeps the Bijvoet mates (I+ and I- reflections) separate.  

Rmeas A = {Ʃh+ ([N+/ (N+-1)] 1/2ƩN
+

 - j
+ | Ih+j+ - <Ih+>|) + 

         Ʃh-([N
-/ (N--1)] 1/2ƩN

-
 - j

-
 | Ih

-
 j

- - <Ih>|)}/ ƩhƩj <Ih> 

As shown in the data collection statistics of the concanavalin A crystal with 

bound [Tb(HDPA)3]
3-, diffracted to 2.4 Å. The quality of the data can be assessed by 

Rmerge, %completeness, redundancy and I/sigI parameters. Rmerge indicates the 

average error in intensity measurements as shown in the equation above. Rmerge value of 

0.05 (5%) or below can be considered as excellent data. If the value is greater than 0.2 
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(20%) the data quality is considered to be poor. This data set has an Rmerge of 0.068 

indicating it is a good data set.  

Completeness (%) indicates the percentage of reflections measured from the 

reflections possible for a particular unit cell. Usually about 90% completeness is expected 

for a good dataset with at least 50% completeness in the highest resolution shells. This 

data set is 99.86% complete at the highest resolution shell indicating high quality.  

Redundancy indicates the average number of times each reflection is measured. If the 

redundancy is high the data set is more reliable and usually good data set have a 

redundancy of 3.0 or higher. This data set had an average redundancy of 13.78 indicating 

high reliability.  

I/sigI ratio gives the intensity of the spots compared to background. These values 

are reported for data before and after averaging. Normally the cutoff point is the 

resolution where I/sigI unaveraged go below 2.0.  High I/sigI in this dataset indicates 

high signal/noise ratio.  

 

4.4.3 Structure solution and refinement 

The reflection files of concanavalin A and glucose isomerase containing 

anomalous data were input to PHENIX GUI with corresponding sequence files.  The 

AUTOSOL wizard was initially used to solve the experimental phases by SAD and to 

locate heavy atom (Tb or Gd) sites. Model building was carried out using AUTOBUILD 

in PHENIX using the phases from AUTOSOL including the heavy atom sites.  

For the concanavalin A structure, LIGAND FIT in PHENIX was used to fit the 

ligands to the density around Tb sites found by AUTOSOL. The geometry restraints of 
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the ligand were generated via ELBOW in PHENIX by inputting the SMILES string of the 

ligand DPA. In the resulting cif file of the ligand, dihedral angles were manually edited to 

obtain a planar ligand structure. After including the ligands into the density map using 

Ligand fit, each ligand was manually moved into the exact area of ligand density using 

Coot. Periodic checks and manual movements were made to confirm the ligand position 

within the density.  The metal atoms were refined anisotropically.  

The geometry restraints of [Gd(DTPA)]2- were generated via ELBOW in 

PHENIX by inputting the structure file of ([Gd(DTPA)]2-)2 complex (Inoue et al., 1995). 

We are still carrying out the structure refinement and ligand fitting for this structure. 

The data collected for the other crystals with good diffraction, could not be solved 

by SAD phasing as they did not have a strong anomalous signal. These structures were 

solved by molecular replacement and found that the chelate complexes are not 

incorporated into the crystals.  
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Chapter 5: Crystallization of proteins in the 

presence of metal-chelate complexes under the 

screen containing expanded pH range  
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5.1 Introduction 

Proteins are complex macromolecules with different physical and chemical 

properties. Each protein has a unique three-dimensional structure, giving rise to different 

surface properties. Therefore, the conditions that produce crystals of one protein would 

not lead towards the crystallization of a different protein.   The arrangement of the protein 

molecules into a crystal is dependent on the properties of the protein as well as its 

surrounding. During crystallization, interactions are made between protein molecules 

through different chemical groups. Hence, even small changes in the protein environment 

could have a large impact on the crystallization process by influencing the properties of 

those chemical groups.  Therefore, protein crystallization can be affected by many 

different parameters including temperature, pH, precipitants, additives, ionic strength etc. 

These factors are usually interconnected with each other and changing one factor may 

have a dramatic effect on the crystallization of proteins (Leunissen, 2001b). 

Temperature affects the crystallization by changing the solubility of the protein in 

solution. This occurs due to the changes in the pK values of the amino acid side chains of 

a protein. The pK values are also dependent on the ionic strength of the medium. If the 

protein has a normal level of solubility that can be further increased with the increase of 

temperature in a low ionic strength medium and decrease with high ionic strength 

medium. The precipitants used in crystallization can reduce the solubility of the protein 

and increase the interaction between protein molecules to drive crystallization. The 

precipitants like salts can act by reducing the activity coefficient of the water and organic 

solvent precipitants act by changing the dielectric constant of the medium. The high 
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molecular weight compounds like polyethylene glycol (PEG) act as crowding agents. 

Furthermore, the changes in pH by even 0.5 units can change the solubility of the 

proteins by affecting the ionizable side chains of the amino acids. The variation of pH has 

the ability to affect the formation of electrostatic and hydrogen bonding interactions 

between protein molecules by altering the protonation state of side chains (Russo Krauss 

et al., 2013). Hence, pH is an important factor in driving the interactions between protein 

molecules through small molecules like the metal-chelate complexes that have the ability 

to provide hydrogen bonding and electrostatic interactions with protein molecules.    

Previously, we limited the upper range of pH to 7.0 due to conclusion that higher 

pH values would lead to metal hydroxide formation, disrupting the chelate complex. 

Studies have indicated that the complexes were stable to pH 9.0, allowing us to explore a 

greater range of pH conditions (Geraldes et al., 1995; Jenkins and Murray, 1996; Sherry 

et al., 1996). Therefore, we have chosen to expand the pH range used in our screens from 

5.5- 9.0 to provide a greater range of conditions for the crystallization of the proteins. 

These screen still contains the same precipitants and the concentrations used in the 

previous screen as described in Chapter 2. Also, we have included some additional test 

proteins in these expanded screens. This would enable us to see if the chelate complexes 

used will enhance crystallization of wider range of proteins. The metal-chelate complexes 

[Tb(HDPA)3]
3-,  [Tb(DPA)3]

3-, [Gd(DTPA)]2-, [Tm(DOTP)]5- and a mixture of DPA and 

HDPA ligands complexing with Tb [Tb(HDPA)3-n (DPA)n]n=0-3 were used with these 

screens. The [Tb(HDPA)3-n (DPA)n]n=0-3 is thought to be a good candidate to provide 

crystal contacts for proteins that are unable to interact with Tb(HDPA)3]
3- and  

Tb(DPA)3]
3- complexes alone. During this experiment above mentioned metal-chelate 
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complexes were used in crystallization trials with the proteins concanavalin A, glucose 

isomerase, beta amylase, alpha lactalbumin, thermolysin, lysozyme, lipase B and 

streptavidin proteins using the expanded screens. 

 

5.2 Results 

During this experiment the screens with expanded pH (5.5-9.0) were used with 

the proteins, concanavalin A, glucose isomerase, beta amylase, alpha lactalbumin, 

thermolysin, lysozyme, lipase B and streptavidin and with metal-chelate complexes 

(MCCs), [Tb(HDPA)3]
3-,  [Tb(DPA)3]

3-, [Gd(DTPA)]2-, [Tm(DOTP)]5- and [Tb(HDPA)3-

n (DPA)n]n=0-3 in crystal trials. The summary of crystallization experiments is given in 

Tables 5.1 and 5.2. All the crystals suitable for X-ray analysis, could not be analyzed by 

X-rays due to technical issues and time limitation. From the crystals that were analyzed 

by X-rays, some crystals did not have any bound MCCs (shown in yellow in the tables 

5.1& 5.2) while others had poor diffraction (shown in purple in the tables 5.1&5.2) 

limiting the structure analysis.  The crystals of sufficient size that could not be analyzed 

by X-rays are shown in green in Tables 5.1 & 5.2. According to the tables it can be 

observed that the crystals obtained under most of the conditions were too small to be 

analyzed by X-rays (shown in pink), similar to the results observed for the smaller screen 

described in the previous Chapter (Table 4.1). These crystals might be optimized by a 

fine-grid screen in the future. During the time of setting the crystal trials with expanded 

screens a fluorescence microscope based method to differentiate protein crystals from 

small molecule crystals of [Tb(HDPA)3]
3-, [Tb(DPA)3]

3- and [Tb(HDPA)3-n (DPA)n]n=0-
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3 was established as described in Chapter 2, Section 2.5. With this method, the protein 

crystals obtained with Tb(HDPA)3]
3-, Tb(DPA)3]

3- and [Tb(HDPA)3-n (DPA)n]n=0-3 

could be identified away from the small molecule crystals of those complexes using the 

fluorescence under DAPI and FITC filters. Furthermore, as the protein crystals fluoresce 

under the DAPI filter with varying intensities, even the tiny crystals/plates could be 

recognized as crystalline protein without X-ray diffraction analysis. Also, the crystals 

large enough for X-ray analysis, that fluoresce under the DAPI filter were always 

confirmed to be protein crystals from X-ray diffraction, further validating this method. 
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Table 5.1: Summary of crystallization attempts with four proteins concanavalin A 

(ConA), glucose isomerase (GI), beta amylase (βamy) and alpha lactalbumin (αlac). This 

shows the number of conditions that gave crystals from total of 192 conditions used, each 

with 3 drops. First column for each chelate complex indicates number of conditions 

where crystals were seen only in drop 1 (the experimental condition with MCC) & not in 

control drops.  Second column for each complex indicates number of conditions where 

crystals were seen for drop1 & 2 &/or 3 control drops (lacking MCCs). Third column 

shows number of conditions where crystals were seen only in control drops 2, 3 or both 2 

&3(b).  
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Table 5.2: Summary of crystallization attempts with four proteins thermolysin (Tln), 

lysozyme (Lys), lipase B from Candida antarctica (CalB) and streptavidin (Stv). This 

shows the number of hits from total of 192 conditions each with 3 drops. First column for 

each chelate complex indicates the number of conditions where crystals were seen only in 

drop 1 (the experimental condition with MCC) & not in control drops.  Second column 

for each complex indicates number of conditions where crystals were seen for drop 1 & 2 

&/or 3 control drops (lacking MCC). Third column shows number of conditions where 

crystals were seen only in control drops 2 &/or 3.  
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5.2.1 The ability of the metal-chelate complexes to promote protein 

crystallization 

According to the results shown in Tables 5.1 & 5.2, in the presence of 

[Tb(DPA)3]
3- all the proteins used could crystallize in the experimental drop alone, 

without showing crystals in the control drops showing its high capability to promote 

crystallization of the proteins. The complex [Tb(HDPA)3]
3- enabled crystallization of five 

proteins out of eight only in drop 1. In the presence of [Tb(HDPA)3]
3- complex, the 

protein beta-amylase did not show any  crystals in drop1 alone, but it was crystallized in 

drop 1 and the control drops, indicating that the complex is not inhibiting the 

crystallization of the protein. Alpha lactalbumin and lipase B did not show any crystals in 

the presence of [Tb(HDPA)3]
3-. These two proteins crystallized only under few 

conditions used in the screen, indicating the lower crystallization probability of those 

proteins under the conditions used. Also, lipase B protein did not show any crystals even 

in the control experiments with the conditions used with 50 mM Tb(HDPA)3]
3-. This 

indicates that the [Tb(HDPA)3]
3- complex did not specifically promote or inhibit the 

crystallization of this protein. Alpha lactalbumin crystallized in drop 1 alone with 

[Tb(HDPA)3]
3- in a previous experiment (Table 4.1), where only 40 mM [Tb(HDPA)3]

3- 

was used. This proves that the complex [Tb(HDPA)3]
3- is not inhibiting the 

crystallization of alpha lactalbumin. The third complex [Tb(HDPA)3-n (DPA)n]n=0-3 

promoted the crystallization of the proteins glucose isomerase, alpha lactalbumin, 

lysozyme, lipase B and streptavidin in drop 1 alone while other three proteins showed 

crystals in drop 1 and the control drops. This points out that [Tb(HDPA)3-n (DPA)n]n=0-3 
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is a good candidate to promote crystallization of the proteins. Also, the proteins alpha 

lactalbumin and lipase B which did not crystallize in the presence of [Tb(HDPA)3]
3-, 

crystallized in the presence of [Tb(HDPA)3-n (DPA)n]n=0-3 indicating the importance of 

such ligand mixtures in promoting crystallization of wider range of proteins. The 

[Gd(DTPA)]2- complex enhanced crystallization of the proteins, concanavalin A, 

lysozyme and streptavidin in drop 1 under conditions that did not yield crystals in control 

drops. Glucose isomerase, thermolysin and beta amylase crystallized in drop1 and control 

drops in the presence of this complex. The protein lipase B did not crystallize in the 

presence of [Gd(DTPA)]2- even in the control drops showing that the complex was not 

inhibiting or promoting the crystallization of this protein. Alpha lactalbumin crystallized 

under few conditions in control drops alone, demonstrating that this complex may be 

inhibiting the crystallization of the protein. Four proteins out of eight could crystallize in 

the presence of [Tm(DOTP)]5-, in drop 1 alone. The other four proteins which include, 

alpha lactalbumin, thermolysin, lipase B and streptavidin did not crystallize in the 

presence of [Tm(DOTP)]5-.  The proteins lipase B and streptavidin did not show 

crystallization, even in the control drops under the conditions used with [Tm(DOTP)]5-, 

indicating that the complex was neither promoting nor inhibiting the crystallization of 

these proteins. [Tm(DOTP)]5- seems to inhibit the crystallization of alpha lactalbumin 

and thermolysin as those proteins crystallized only in control drops in a significant 

number of conditions. This indicates that the same complex may promote crystallization 

of some proteins while inhibit crystallization of others, showing the importance of using a 

larger library of MCCs in crystal trials.  According to this results [Tb(DPA)3]
3- could 

promote crystallization in all test proteins while other MCCs promoted crystallization in 
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some of the proteins used indicating the ability of all the complexes to promote 

crystallization. Also, the proteins glucose isomerase, lysozyme and streptavidin 

crystallized in drop 1 alone at significantly higher number of conditions compared to 

controls in the presence of some MCCs. This further clarifies the importance of these 

MCCs in promoting crystallization of the proteins. 

 

5.2.2 Crystallization of the proteins in the experimental drop (drop 1) 

alone, under new conditions  

In the presence of MCCs, the proteins crystallized under conditions that were not 

reported in the literature for those proteins.  Interestingly, this was observed with all the 

proteins used in the screens as described below. This clearly show the ability of the 

MCCs to promote crystallization under wider range of conditions.  

 

5.2.2.1: Crystallization of concanavalin A under new conditions  

Crystallization of concanavalin A in drop 1 alone, under new conditions was 

observed in the small screen (the screen with 96 conditions described in Chapter 4) and in 

the large screen (in the screen with 192 conditions), in the presence of the MCCs 

(Appendix). Crystals of concanavalin A from Canavalia ensiformis was previously 

reported using  2.0-2.1M ammonium sulfate, pH 5.0-7.0 (Freire et al., unpublished (PDB 

ID-4DPN); Salviano et al., unpublished (PDB ID-4H55); Delatorre et al., unpublished 

(PDB ID-4I30); (Bouckaert et al., 1995) and with ammonium sulfate in combination with 

PEG 4000/5000 (Bouckaert et al., 2000; Bouckaert et al., 1996).  But concanavalin A 
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crystallized under different conditions in the presence of [Gd(DTPA)]2-, [Tb(DPA)3]
3-, 

[Tb(HDPA)3]
3- and [Eu(DOTA-4Amc)]-. In the presence of [Gd(DTPA)]2- this protein 

gave crystals with 15%-35% mPEG 2000 at pH 9.0 in the large screen. In the presence of 

[Tb(DPA)3]
3- the protein was crystallized with 5% mPEG 2000 pH 7.0 in the small 

screen and with 10%-15% glycerol pH 5.5 and 10%-15% 2-propanol, pH 5.5-7.0 in the 

large screen. Similarly the protein was crystallized with [Tb(HDPA)3]
3- with 15%-

20%glycerol in the both screens and 5%-20% 2-propanol at pH 5.5 in the large screen. 

Additionally, [Eu(DOTA-4Amc)]- promoted crystallization of the protein with 10% 2-

propanol, pH 5.5-7.0, 15% mPEG 2000, pH 5.5-6.0 and 10% glycerol, pH 6.5 in the 

small screen.   Concanavalin A also  crystallized with similar conditions used in literature 

(0.5 M -1.5 M ammonium sulfate) in drop 1 alone, with [Gd(DTPA)]2- A, [Tm(DOTP)]5- 

and [Tb(DPA)3]
3- from pH 6.5-9.0. But as the control drops did not show crystals under 

above conditions in our hands, the MCCs must be essential for crystal formation. 

 

5.2.2.2: Crystallization of beta amylase under new conditions  

  Beta amylase crystallized in drop 1 alone under new conditions in the presence of 

[Tb(DPA)3]
3- and [Tm(DOTP)]5-. According to PDB records beta amylase from sweet 

potato was grown using 20% Polyethylene glycol 1500, 50 mM CaCl2, 150 mM sodium 

4-touene sulfonate, 1mM DL-dithiothreitol, pH 6.5 (Cheong et al., 1995). Crystals were 

also reported to grow with ammonium sulfate at pH 4.0 and 7.5 during early studies 

(Cheong et al., 1995). But in our experiments, this protein crystallized in drop 1 alone, 

with [Tb(DPA)3]
3- under 40% MPD, pH6.5 in the small screen and with 15% mPEG 

2000, pH9.0 in the large screen. Also, in the presence of [Tm(DOTP)]5- it was 



149 
  

crystallized in drop 1 alone with 35% mPEG 2000 at pH 7.0 and with 0.5 M – 1.5 M 

ammonium sulfate, pH 6.0 in the expanded screen. 

 

5.2.2.3: Crystallization of glucose isomerase under new conditions  

Glucose isomerase crystallized in the presence of  [Tb(HDPA)3]
3-, [Tb(DPA)3]

3-, 

[Eu(DOTA-4Amc)]- and [Tb(HDPA)3-n (DPA)n]n=0-3 under conditions that were not 

reported in the literature. Crystallization of glucose isomerase from Streptomyces 

rubiginosus was previously carried out with 12 % MPD, 0.1 M MgCl2, 50 mM Tris 

buffer pH 7.0 (Ramagopal et al., 2003) and with 0.76 M ammonium sulfate, 0.01 M Pipes 

at pH 7.4 (Carrell et al., 1989). According to the Hampton Research User Guide 

(https://hamptonresearch.com/documents/product/hr002558_web_100,102.pdf ), glucose 

isomerase could also be crystallized with more precipitant conditions used in our screens, 

which include 1.5-2.5 M Ammonium sulfate, pH 6.0-9.0, 10-20% MPD with 0.2 M salt 

and 10-20% 2-propanol with 0.2 M salt in the pH range 6.0-9.0. In our experiments, 

glucose isomerase crystallized in drop 1 alone under different condition depending upon 

the MCCs used. The protein crystallized in the presence of [Tb(HDPA)3]
3- with 5% and 

15% PEG 3350 at pH 5.5, 8.5 and 9.0 and with 5%-35% mPEG 2000 at pH 5.5 and pH 

8.0-9.0 in the large screen. Also, [Tb(DPA)3]
3- gave crystals under 15% mPEG 2000, 

from pH 8.5-9.0 in the large screen. [Eu(DOTA-4Amc)]- yielded crystals of glucose 

isomerase with 25% PEG 3350, pH 6.5 in the small screen. [Tm(DOTP)]5- gave crystals 

with 35% PEG 3350 at pH 6.5 in the large screen. Also, the protein could crystallize in 

the presence of [Tb(HDPA)3-n (DPA)n]n=0-3 with 15% PEG 3350, pH 8.5 and 15% 

mPEG 2000 from pH 8.5-9.0 in drop1 alone. Glucose isomerase was also crystallized in 
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drop 1 alone with ammonium sulfate, 2-propanol and MPD precipitants (Appendix) that 

were used in literature as cited above.  

 

5.2.2.4: Crystallization of alpha lactalbumin under new conditions 

Alpha lactalbumin crystallized in drop 1 alone, in the presence of [Tb(DPA)3]
3-, 

[Tb(HDPA)3]
3- and [Tb(HDPA)3-n (DPA)n]n=0-3 under conditions different from the 

literature. Alpha lactalbumin from Bos taurus was previously crystallized using 2.0 M 

ammonium sulfate at pH 6.0 (Chrysina et al., 2000). Other than that higher molecular 

weight PEG compounds such as PEG 4000 and PEG 8000 were used to crystallize the 

protein in the pH range 5.5-6.5 (Chrysina et al., 2000; Mueller-Dieckmann et al., 2007). 

During our experiments, this protein was crystallized under a few different conditions in 

drop 1 alone with some MCCs. In the presence of [Tb(DPA)3]
3- the protein crystallized 

with 35% PEG3350, pH 7.0 in the small screen. Then with [Tb(HDPA)3]
3- it crystallized 

under 15% PEG 3350, pH 7.0 and 30% MPD, pH 8.0 with the small screen. The 

[Tb(HDPA)3-n (DPA)n]n=0-3 enabled the crystallization of the protein with 35% mPEG 

2000 at pH 8.5. This protein also crystallized in drop 1 alone with 2M ammonium sulfate 

from pH 8.0-9.0 with [Tb(DPA)3]
3-. 

 

5.2.2.5: Crystallization of thermolysin under new conditions  

Crystallization of themolysin in drop 1 alone was observed with [Tb(DPA)3]
3- and 

[Tb(HDPA)3]
3- under new conditions. In comparison to the precipitants used in our 

screens, thermolysin from Bacillus thermoproteolyticus was previously crystallized using 

ammonium sulfate in combination with DMSO at pH 6.0 (Pechkova et al., unpublished,  
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PDB IDs-3DNZ and 3DO2). According to the user guide from Hampton Research 

(https://hamptonresearch.com/documents/product/hr000655_7-098_user_guide.coa_-

_website_version.pdf), themolysin can also be crystallized by using polyethylene glycols, 

salts and 2-propanol in combination with different salts and/ or polyethylene glycols. 

According to these reported conditions, thermolysin was not crystallized with single 

precipitants as used in our screens. But, themolysin crystallized in the presence of all of 

the six precipitants we used and in the pH range from 5.5-9.0, in both control and 

experimental drops. Also, thermolysin was crystallized in drop 1 alone, with 

[Tb(DPA)3]
3-, under 15% mPEG 2000, pH7.5 and 5% mPEG 2000, pH 8.5. Then in the 

presence of [Tb(HDPA)3]
3- it crystallized with 35% PEG 3350, pH9.0, 15% mPEG 2000, 

pH 8.0, 20% 2-propanol, pH 8.5 and with 10% 2-propanol, pH 9.0. The MCCs must have 

promoted the crystallization of thermolysin under above mentioned conditions, as 

crystals were not observed in the control drops. 

 

5.2.2.6: Crystallization of lysozyme under new conditions  

Lysozyme crystallized in drop 1 alone under new conditions, in the presence of 

[Tb(DPA)3]
3-, [Tb(HDPA)3]

3-, [Gd(DTPA)]2- and [Tm(DOTP)]5-.  A search of the PDB 

with the macromolecule name of hen egg white lysozyme gave some precipitants used in 

crystallization, which are common with some of the precipitants used in our screens. But 

those precipitants were mostly used with salts like NaCl or MgCl2. Also, from our 

experience in the lab, lysozyme from hen egg white can be easily grown using 0.6 M- 1.1 

M NaCl and sodium acetate buffer in the pH range 4.5-6.0. The precipitants used in 

literature that are overlapping with our screen include 30% glycerol with 2.0 M sodium 
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chloride (Miyatake et al., 2006), 60% MPD (Stauber et al., unpublished (PDB ID-4B4E)), 

25% PEG 3350 with 0.2 M MgCl2 (Ogata et al., 2013) and 2-propanol with 0.15 M NaCl 

(Sharma et al., unpublished (PDB ID-3RT5).  According to the results of our screens, 

lysozyme was crystallized with [Tb(DPA)3]
3- under 2.0 M ammonium sulfate, pH 8.0 and 

with [Tb(HDPA)3]
3- under 0.5 M-1.0 M ammonium sulfate at pH 7.0 and 7.5. The 

[Gd(DTPA)]2- complex enabled the crystallization of the protein with 35% mPEG 2000, 

pH 6.0 and in the presence of [Tm(DOTP)]5- complex, the protein was crystallized with 

5% and 15% mPEG2000 in the pH range 5.5-8.5.  

Lysozyme crystals were also grown in drop1 alone with 30% and 60% MPD, 5% 

and 10% glycerol, 15%-20% 2-propanol and 5% and 35% PEG 3350, which are similar 

to reported conditions as mentioned above. 

 

5.2.2.7: Crystallization of lipase B under new conditions  

During our experiments, lipase B crystallized with [Tb(DPA)3]
3- and 

[Tb(HDPA)3-n (DPA)n]n=0-3 in drop 1 alone, under new conditions. Crystals of lipase B 

from the yeast Candida antarctica was previously grown with 25% PEG 3350, 0.2M 

sodium acetate and 0.1M Tris-Bis pH6.5 (Xie et al., 2014). Also, 1M ammonium sulfate 

has been used with 10% dioxane at pH 4.0 (Uppenberg et al., 1995). Crystals of a 

circularly permuted lipase B from Candida Antarctica had been grown using 25% PEG 

3350 at pH 5.5 and with 20% PEG 3350 and sodium dihydrogen phosphate at pH 4.5 

(Qian et al., 2009). The user guide from Hampton research 

(https://hamptonresearch.com/documents/product/hr000649_7-099_user_guide.coa.pdf), 

suggests the use of salt mixes like ammonium sulfate with sodium acetate and organic 
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precipitants like dioxane or dimethyl formamide. Also, 2-propanol can be used in 

combination with PEG 3350 and sodium acetate.  This clearly shows that wild type lipase 

B from Candida antarctica had not been crystallized using one precipitant and a buffer 

solution as we have used in our screens. This could be the reason for low crystallization 

probability of the protein in our screens.  But, we observed crystallization of lipase B 

with six conditions used in our screens and five of those conditions gave crystals in drop 

1 alone. The five conditions include 60% MPD, pH 8.5 and 9.0, 40% MPD pH 9.0, 25% 

mPEG 2000, pH6.0 and 15% PEG 3350 pH 5.5. From those conditions crystallization 

was promoted by [Tb(DPA)3]
3- with MPD precipitant and by [Tb(HDPA)3-n (DPA)n]n=0-

3 with PEG and mPEG precipitants. Therefore, the MCCs must play significant role on 

promoting crystallization of lipase B under precipitants used in our screens. 

 

5.2.2.8: Crystallization of streptavidin under new conditions  

Streptavidin crystallized in the presence of  [Tb(DPA)3]
3-, [Tb(HDPA)3]

3-,  

[Tb(HDPA)3-n (DPA)n]n=0-3 and [Gd(DTPA)]2- in drop 1 alone, under new conditions, 

during our experiments. Streptavidin-biotin complex from Streptomyces avidinii was 

previously crystallized using 40% saturated ammonium sulfate (~1.7 M), pH 4.5 (Hyre et 

al., 2000) and 38% saturated ammonium sulfate (~1.6 M) with 0.2M NaCl (Le Trong et 

al., 2006). Also, 60% saturated ammonium sulfate (~ 2.6 M) was used with 5% 2-

propanol at pH 7.0 to crystallize a mutated streptavidin with biotin (Baugh et al., 2012). 

Streptavidin-biotin complex crystals were also grown with 25% PEG 3350 and 0.2 M 

MgCl2, pH 5.5 (Magalhaes et al., 2011). Furthermore, 10% isopropanol was used with 

0.1 M sodium citrate and HEPES buffer at pH 7.5 (Huberman et al., 2001) to crystallize 
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streptavidin with biotinyl p-nitroanilide. 50% MPD has given crystals of the protein at pH 

4.5 (Freitag et al., 1997). Also, 10% glycerol was used in combination with 50% 

tacsimate at pH 6.0 to crystallize a mutant form of streptavidin with biotin (O'Sullivan et 

al., 2012). It is noticeable that when using single precipitants like ammonium sulfate and 

MPD with buffer, crystals were obtained at pH values below 5.0. Therefore the single 

precipitants and higher pH values (5.5-9.0) used in our screens may have been the reason 

for the crystallization of the protein under very few conditions in the control drops. 

Despite this expectation, crystals/plates were observed in drop 1 alone under precipitant 

conditions, 15%-35% PEG 3350 from pH 5.5-9.0  and 15%-35% mPEG 2000 from pH 

5.5-9.0 in the presence of  [Tb(DPA)3]
3-, [Tb(HDPA)3]

3- and [Tb(HDPA)3-n (DPA)n]n=0-

3. Also, [Tb(HDPA)3]
3- gave crystals with 5% glycerol at pH 8.0 and [Gd(DTPA)]2- gave 

crystals with 15%-25% mPEG 2000 from pH 7.0-8.0.  The precipitants used in the 

literature, such as MPD and ammonium sulfate, also produced crystals with streptavidin 

in drop 1 alone in the pH range used in the screen (Appendix). The crystallization of the 

protein in drop 1 alone under most of the conditions, even though most of the crystals 

were plate like material, indicate the importance of those MCCs used, in promoting 

crystallization of this protein.  

 

5.2.3 Proteins without bound MCCs 

Some of the crystals analyzed from large screens, did not contain bound MCCs as 

indicated by the data collection statistics (difference between Rmeas and Rmeas A 

values) and the anomalous difference maps, as described in Chapter 4, Section 4.2.2. The 

data collection statistics for the crystals that did not show bound MCCs are given in 
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Tables 5.3 and 5.4. The data of crystal structures reported in Tables 5.3 and 5.4 (except 

thermolysin denoted as E in Table 5.4), did not show a significant anomalous signal as 

indicated by small difference between Rmeas and Rmeas A values. Also, the anomalous 

difference maps of these structures did not show evidence for bound MCCs as anomalous 

difference peaks with high contour levels (compared to the structures with bound MCCs 

as described in Section 4.2.2) were not observed. Thermolysin crystals denoted as E in 

Table 5.4 contain a significant anomalous signal, with the difference between Rmeas and 

Rmeas A being 0.008. The anomalous difference map of this thermolysin structure 

showed a 48.91 sigma peak coordinated with Asp 138, Glu 177, Asp 185, Glu 187 and 

Glu 190. A second peak at 4.24 sigma indicated a metal binding site coordinated by Asp 

57, Asp 59 and Gln 61. Then, a 4.17 sigma peak was observed on a sulfur atom of a 

methionine residue. Rest of the peaks observed were mostly negative or too small to be 

well occupied Tb atoms, indicating the absence of MCCs. 

  Despite the absence of MCCs in the crystal structure, glucose isomerase (Table 

5.3) and thermolysin (denoted as G in Table 5.4) crystallized in drop 1 alone in the 

presence of  [Tb(HDPA)3]
3-, while no crystals were observed in the control drops. This 

indicates that the MCC promoted crystallization of those proteins, although they were not 

incorporated into the crystals. Moreover, glucose isomerase crystallized in P21212 space 

group (Table 5.3) with different unit cell lengths compared to that of P21212 crystals 

obtained in literature as shown in Table 2.3 of Chapter 2.  This further indicates that 

[Tb(HDPA)3]
3- had an impact on formation of those crystals. These structures were not 

further refined as they did not show binding with the complexes. 
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Table 5.3: Summary of data collection statistics for concanavalin A and glucose isomerase crystals, analyzed by X-rays and had no 

MCC bound. Values in parentheses refer to the highest resolution shell. Five crystals of concanavalin A, analyzed by X-rays are 

denoted as A, B, C, D and E. Crystals denoted by A and B were grown in the presence of [Tb(DPA)3]
3- and [Tb(HDPA)3]

3-, 

respectively under different conditions and the crystals denoted by C, D and E were grown with [Tb(HDPA)3-n (DPA)n]n=0-3. 

Crystals denoted by A and B were crystallized with 2M ammonium sulfate at pH 6.5 and 1.5 M ammonium sulfate at pH 8.0, 

respectively.  Crystals denoted by C and D were grown with 2 M ammonium sulfate at pH 8.5 and 1.5 M ammonium sulfate at pH 

9.0, respectively. Crystals denoted by E were crystallized with 2 M ammonium sulfate at pH 7.0. Glucose isomerase crystallized 

with [Tb(HDPA)3]
3- and 5% mPEG 2000, pH 9.0.  
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Table 5.4: Summary of data collection statistics for thermolysin crystals, analyzed by X-rays and had no MCC bound. Values in 

parentheses refer to the highest resolution shell. Seven crystals of thermolysin, analyzed by X-rays are denoted as A, B, C,D, E, F 

and G. Crystals denoted by A. B and C were grown in the presence of [Tb(DPA)3]
3-, under different conditions whereas crystals 

denoted by D, E, F and G were grown with [Tb(HDPA)3]
3-. Crystals denoted by A and B were grown with 15% PEG 3350, pH 5.5 

and 1 M Ammonium sulfate, pH 8.5, respectively. Crystal denoted by C and D were obtained with 25% mPEG 2000, pH 8.0 and 

1M ammonium sulfate, pH 5.5, respectively. Crystals denoted by E and F were grown with 0.5 M ammonium sulfate, pH 6.5 and 

1 M ammonium sulfate, pH 7.0, respectively. Crystals denoted by G were grown with 35% PEG 3350, pH 9.0. 
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The crystals of lysozyme and lipase B crystallized in the presence of 

[Gd(DTPA)]2- and [Tb(HDPA)3-n (DPA)n]n=0-3, respectively, show significant 

anomalous signal as indicated by the data (Tables 5.5 and 5.6) and the anomalous 

difference maps (Figure 5.3 and 5.4).  

 

Table 5.5: Summary of data collection statistics for lysozyme crystallized in the presence 

of [Gd(DTPA)]2- and 15% mPEG 2000, pH 5.5 (RG265_A06). Values in parentheses 

refer to the highest resolution shell. 

 

The data of lysozyme crystals (Table 5.5) show an anomalous signal by having 

0.021 difference between Rmeas and RmeasA. When look at the anomalous difference 

map, peaks were observed at 18.32 sigma, 16.82 sigma, 13.90 sigma in the structure. 

These peaks can be partially occupied Gd ions, but ligand density was not observed 

around those peaks. These peaks were located close to protein side chains and had some 

space around them to fit ligands that could be interacting with protein side chains. It is 

Wavelength (Å) 1.5418 

Resolution range (Å) 18.46 - 1.85 (1.92 - 1.85) 

Space group  P43212 

Unit cell (Å, ˚) 76.88 76.88 36.87 90.00   90.00   90.00 

Mosaicity (˚) 1.13 

Total reflections 48069 

Unique reflections 9689 

Multiplicity 4.96 (4.90) 

Completeness (%) 98.2 (100.0) 

Mean I/sigma (I) 9.9 (2.5) 

R-merge 0.078 (0.492) 

R-meas 0.086 (0.547) 

R-measA 0.065 (0.537) 
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possible that the occupancy of the ligands around these metals were too low to be 

detected. When compare the peak heights with that of previous glucose isomerase 

structure with [Gd(DTPA)]2- bound, it could be seen that these have much lower peak 

heights. Therefore, these peaks cannot be confirmed as [Gd(DTPA)]2- complexes due to 

lower peak heights and lack of visible density for ligands. 

 

 

Figure 5.3: The electron density maps of lysozyme showing the anomalous difference 

peaks observed at 18.32 sigma, 16.82 sigma, and 13.90 sigma in the structure. The 2Fo-

Fc map contoured at 1.00 sigma is shown in blue. The Fo-Fc map contoured at 3.70 

sigma is shown in green and red. The anomalous difference map contoured at 5 sigma is 

shown in yellow. The anomalous difference peaks do not show the possibility of direct 

interactions with protein side chains. Hence it is possible that the occupancy of the 

ligands around these metals were too low to be detected in the map.  
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Table 5.6: Summary of data collection statistics for lipase B crystallized in the presence 

of [Tb(HDPA)3-n (DPA)n]n=0-3 and 15% PEG 3350, pH 5.5 (RG219_A06). Values in 

parentheses refer to the highest resolution shell. 

 

 

The data of lipase B crystals (Table 5.6) indicate the presence of an anomalous 

signal as the difference between Rmeas and Rmeas A is 0.006. The structure showed an 

anomalous difference peak at 26.65 sigma and it was directly interacting with the oxygen 

of Thr 316 residue close to the C-terminal with 2.28Å bond length.  Also, some weak 

density was observed close to the metal, which could be of the ligands. It is possible that 

some ligands around the metal were replaced by the interactions made by Thr. Also, the 

space group of this structure was not observed before for lipase from Candida antarctica 

and the crystals were obtained in drop 1 alone in the presence of MCC. This indicates 

that this can be a bound MCC although it cannot be confirmed as clear ligand density was 

Wavelength (Å) 1.5418 

Resolution range (Å) 18.69 - 2.15 (2.23 - 2.15) 

Space group  P6322 

Unit cell (Å, ˚) 89.71 89.71 137.48 90.00   90.00   120.00 

Mosaicity (˚) 1.91 

Total reflections 92764 

Unique reflections 17962 

Multiplicity 5.16 (5.10) 

Completeness (%) 97.5 (99.6) 

Mean I/sigma (I) 7.2 (2.6) 

R-merge 0.101 (0.472) 

R-meas 0.113 (0.525) 

R-measA 0.107 (0.519) 
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not observed. This further proves the ability of MCCs to promote crystallization of 

proteins. 

 

 

 

Figure 5.4: The electron density maps around the 26.65 sigma peak in lipase B structure. 

The 2Fo-Fc map contoured at 1.00 sigma is shown in blue. The Fo-Fc map contoured at 

3.70 sigma is shown in green and red. The anomalous difference map contoured at 5.00 

sigma is shown in yellow. The high sigma level of the anomalous difference peak 

(yellow) indicates the atom is Tb and the green difference density around the Tb shows 

possible ligands around the Tb atom. 
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5.3 Discussion 

According to the results obtained with the screens, the complexes used promoted 

crystallization of the proteins in drop 1 alone at the conditions that controls did not yield 

crystals. From the MCCs used in the screens it can be observed that [Tb(DPA)3]
3- has a 

good capability in promoting crystallization of the proteins used as it could yield crystals 

in drop 1 alone with all the proteins. Also, the complexes [Tb(HDPA)3]
3- and 

[Tb(HDPA)3-n (DPA)n]n=0-3 promoted crystallization of five proteins used in the 

experimental drop, while no crystals were shown in the control drops. In addition, the 

complex [Tb(HDPA)3]
3- showed successful results in promoting crystallization of 

proteins used with the smaller screen (Chapter 4). Therefore, the MCCs with pyridine-

2,6-dicarboxilic acid derivatives can be good candidates to promote protein 

crystallization.  [Gd(DTPA)]2- was observed to interact with glucose isomerase used with 

the small screen while it could promote crystallization of three other proteins in drop 1 in 

the expanded screen. The complex [Tm(DOTP)]5- promoted crystallization of four 

proteins in the expanded screens, although it did not show successful results with the 

small screen, under overlapping conditions. This can occur due to batch to batch variation 

of the protein stocks used for crystallization. However, this reveals that [Tm(DOTP)]5- is 

successful in promoting crystallization of proteins under certain conditions. In addition, 

some proteins crystallized in drop 1 alone, with higher number of conditions compared to 

controls, clarifying the importance of these MCCs in promoting protein crystallization. 
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The results showed that the proteins could be crystallized in drop 1 alone under 

new conditions that are different from those used in the literature. This displays the 

ability of these MCCs to crystallize proteins under wider range of conditions. Some of 

the conditions where the proteins gave crystals in drop 1 alone were close to the 

conditions used in literature to crystallize those proteins, in our hands.  However, crystals 

were not observed in the control drops under these conditions. This can be due to small 

variation of certain factors important in crystal formation. Therefore, crystallization of 

the proteins in drop 1 alone under these conditions shows the ability of these MCCs to 

promote crystallization under conditions that are not otherwise favorable.  

 

5.3.1 Comparing the results obtained for the experimental drop alone in 

the large and small screens. 

According to the results obtained for the four proteins used with the small screen 

(con A, GI, βamy and αlac), [Tb(DPA)3]
3- promoted crystallization of three of the 

proteins used in drop 1 alone, except GI (Table 4.1). But the large screen has enabled 

crystallization of glucose isomerase in drop 1 alone under three conditions. The 

conditions include, 15% mPEG 2000 at pH 8.5 and pH 9.0 and 20% 2-propanol at pH 

9.0, which are pH conditions that were not used in the small screen.  Beta amylase 

crystallized in drop 1 alone in the large screen with 15% mPEG 2000, pH 9.0 and alpha 

lactalbumin crystallized in drop 1 alone in the large screen, with 2M ammonium sulfate 

at pH 9.0. Therefore, the expanded pH range could promote the crystallization of these 

proteins with [Tb(DPA)3]
3-.   
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Crystallization of concanavalin A with [Tb(DPA)3]
3- in the small screens gave 

crystals in drop1 alone under 10%-15% glycerol, pH 5.5, 10% 2- propanol, pH 6.5 and 

7.0 and 15% 2-propanol from pH 5.5-7.0. In the expanded screen this protein-MCC 

combination crystallized only in control drops with 10% 2-propanol, pH 6.5 and 15% 2-

propanol, pH 6.5, while it did not give crystals under the other conditions. Also, the same 

protein-MCC combination crystallized in drop1 alone in the expanded screen with 1M 

ammonium sulfate, pH 9.0 and 5% mPEG pH 7.0 while the small screen gave crystals in 

all three drops under 5% mPEG, pH 7.0. This inconsistency in crystallization can be due 

to the difference in the concentration of [Tb(DPA)3]
3- used in small and large screens (50 

mM and 80 mM respectively). The reservoir ionic strength was adjusted to match the 

ionic strength of the MCC in the drop during the experimental setup. Hence the protein 

crystallization in the experimental and control drops could have been affected by this 

change.   

  The protein beta amylase yielded crystals with [Tb(DPA)3]
3- in drop 1 alone in the 

small screen with 40% MPD, pH 6.5 and only metal chelate complex crystals were 

observed in large screen under this condition. Also, the protein alpha lactalbumin was 

crystallized with [Tb(DPA)3]
3- in drop 1 alone in the small screen under 35% PEG 3350, 

pH 7.0 while only small molecule crystals of the complex was observed in the large 

screen at the same condition. This can be due to higher [Tb(DPA)3]
3- concentration used 

in the expanded screen (80 mM) compared to the small screen where only 50 mM 

concentration was used. But the high concentration of [Tb(DPA)3]
3- can be the reason for 

getting the crystals in drop 1 alone with the proteins used in expanded screen whereas the 
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low concentration could have driven crystals in drop1 with the small screen.  Therefore, it 

is better to use a concentration gradient of the chelate complexes in crystal trials. 

The complex [Tb(HDPA)3]
3- promoted crystallization of all four proteins in drop 

1 alone, in the small screen. But alpha lactalbumin and beta amylase did not show 

crystals in drop 1 alone with [Tb(HDPA)3]
3- in the large screen. The protein alpha 

lactalbumin was crystallized with [Tb(HDPA)3]
3- in the small screen with 15% PEG 3350 

at pH 7.0 while beta amylase was crystallized with 5% PEG 3350 pH 5.5 in drop 1 alone. 

Interestingly, these were the only two conditions that gave any crystals for those two 

proteins in the small screen. For alpha lactalbumin, any crystals were not obtained under 

the same condition with [Tb(HDPA)3]
3- in the large screen. Also, this protein crystallized 

in drop1 alone in the large screen with 30% MPD at pH 8.0, which was not used in small 

screen, indicating the importance of the expanded pH. But, beta amylase crystallized in 

both drops 1 and 3 in the expanded screen under the same condition it gave crystals only 

in drop1 in the small screen with Tb(HDPA)3]
3- (Appendix). Also, for beta amylase, the 

crystals obtained in the small screen in drop 1 alone belonged to a new space group, 

although [Tb(HDPA)3]
3- did not show binding with the protein. The concentration of 

[Tb(HDPA)3]
3- used with the small screen was 40 mM while 50 mM concentration was 

used with the expanded screen. This change in the variables must have affected the 

crystallization of beta amylase in the two different experiments as the ionic strength of 

the reservoir was adjusted to balance the ionic strength coming from the MCC in the 

drop.  

In the presence of Tb(HDPA)3]
3-, concanavalin A crystallized in drop1 alone in 

the small screen with 15% glycerol pH 5.5 and 20% glycerol pH, 5.5. In the expanded 
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screen same protein-MCC combination yielded crystals in drop 1 alone with 5%-10% 

glycerol, pH 5.5. Also, [Tb(HDPA)3]
3- yielded crystals in drop 1 alone with glucose 

isomerase under 1.0 M ammonium sulfate, pH 5.5 in both small and expanded screens. 

Also, the expanded screen gave crystals of this protein in drop 1 alone with a wider range 

of ammonium sulfate concentrations under same and higher pH values. This 

reproducibility in the results indicate that this complex is certainly involved in promoting 

crystallization of these proteins. Then [Tb(HDPA)3]
3- also gave crystals in the large 

screen with concanavalin A with 5%-20% 2-propanol, pH 5.5 where the small screen did 

not show crystals at all.   

The protein glucose isomerase crystallized in drop 1 alone with [Gd(DTPA)]2- in 

the small screen with 30% MPD, pH 7.0 and the complex was observed to be bound with 

the protein. In the expanded screen any crystals were not obtained for glucose isomerase 

with [Gd(DTPA)]2- under the same condition (Appendix).  The [Gd(DTPA)]2-complex 

must be involved in promoting the crystallization of the protein under the given condition 

in the small screen as the control drops did not show crystals at the same condition in any 

of the screens. On the other hand concanavalin A has crystallized in drop 1 alone in the 

large screen with [Gd(DTPA)]2- and not in the small screen. This crystallization was 

observed with 5%-35% PEG 3350 at pH 8.5, 15% -25% PEG 3350, pH 9.0, 35% mPEG 

2000, pH 9.0 and 2.0 M ammonium sulfate at pH 9.0 indicating an effect of the pH used 

in the expanded screens.  

In the presence of [Tm(DOTP)]5-, crystals were obtained only with beta amylase 

in the small screen. Also, glucose isomerase and alpha lactalbumin did not yield any 

crystals with this complex and concanavalin A gave crystals only in control drops. But in 
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the expanded screen, [Tm(DOTP)]5- gave crystals in drop 1 alone for concanavalin A, 

glucose isomerase and beta amylase. The concanavalin A crystals were obtained with 0.5 

M -1.0 M ammonium sulfate from pH 6.5-8.0 in the large screen while overlapping 

conditions in the small screen did not give protein crystals. Glucose isomerase gave 

crystals only at two conditions with [Tm(DOTP)]5- in the large screen while no crystals 

were observed in the small screen. However, glucose isomerase yielded very few crystals 

in both small and large screens in the presence of [Tm(DOTP)]5-, indicating that the high 

ionic strength of the reservoir solution used with [Tm(DOTP)]5- may have an effect on 

crystallization of glucose isomerase with this MCC. Beta amylase was crystallized with 

[Tm(DOTP)]5- in the small screen, only with 25% mPEG 2000, pH 5.5 in drops 1 & 2. 

The same condition gave crystals in the large screen with [Tm(DOTP)]5- in all three 

drops. Also, the crystals of the same βamy-MCC combination were obtained in large 

screens in drop 1 alone, with 35% mPEG 2000, pH 7.5 and 0.5 M- 1.0 M ammonium 

sulfate at pH 6.0. However, beta amylase did not show crystallization under overlapping 

conditions in the small screen. Therefore, [Tm(DOTP)]5- could be involved in promoting 

crystals under these conditions in the large screen, as it was not crystallized under the 

same conditions in the small screen. 

According to these results it can be observed that the expanded pH has played an 

important role in promoting the protein crystallization in the presence of MCCs. Also, the 

difference in some MCC concentrations in small and large screens, has lead towards 

variable results in crystallization at certain conditions.  Therefore, it is better to use a 

concentration gradient of the MCCs in the crystal trials and it could result in 

crystallization of more proteins in drop 1 alone. 
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Furthermore, the differences in results obtained for the same protein under same 

conditions can be due to small changes in certain parameters like temperature, humidity, 

ionic strength, etc. and experimental errors as the crystallization can be affected by even 

slight changes in the parameters.  

 

5.3.2 Conclusion 

The metal-chelate complexes used, enhanced crystallization of the proteins under 

the large screen containing 192 conditions.  Also, the MCCs promoted crystallization of 

the proteins under new conditions that were not reported in the literature. Furthermore, 

some proteins were crystallized in new space groups in the presence of MCCs, although 

the MCCs were not incorporated into crystals. This show the ability of the MCCs to 

induce crystallization under a wider range of conditions. The expanded pH, resulted in 

crystallization of the proteins in the experimental drop alone under additional conditions 

that were not reported with the small screen. Therefore, the pH can be involved in 

altering the protonation state of the functional groups in both protein side chains and the 

MCCs. The different concentrations of the same MCC promoted protein crystallization 

under different conditions. Hence, it is better to use a concentration gradient of MCCs in 

crystal trials in order to obtain more crystal hits. 
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5.4 Method 

The crystallization experiments were designed as described in Chapter 2 using 96 

well three drop plates. During crystallization two 96 well plates were used for each 

protein-MCC combination to cover 192 conditions. Therefore, ten plates were set for 

each protein with five chelate complexes. 

 

5.4.1 Crystallization 

The preparation of the screens and the proteins for crystallization is described in 

Chapter 2. The metal-chelate complexes [Tb(HDPA)3]
3-, [Tb(DPA)3]

3- and [Tb(HDPA)3-n 

(DPA)n]n=0-3 were synthesized in the lab as explained in Chapter 2 and [Gd(DTPA)]2- 

and [Tm(DOTP)]5- were purchased from Sigma-Aldrich and Macrocyclics respectively. 

The complexes [Tb(HDPA)3]
3- and  [Tb(DPA)3]

3- were dissolved in distilled water to a 

concentration of 50 mM and 80 mM respectively. The [Tb(HDPA)3-n (DPA)n]n=0-3 

solution was directly used in crystal trials and  [Gd(DTPA)]2- and [Tm(DOTP)]5- were 

dissolved in distilled water to a concentration of 100 mM. Crystallization trials were 

carried out for proteins with chelate complexes with sitting-drop vapor-diffusion method, 

Using Rigaku/ Art Robbins Pheonix RE crystallization Robot.  The crystallization plates 

were imaged using Rigaku Minstrel Imager according to a pre-defined schedule. The 

images were viewed using CrystalTrak software linked to the system. The conditions 

giving crystals were recorded on excel spread sheets (Appendix). Each and every plate 

with crystals were observed under the fluorescence microscope to differentiate between 

protein and MCC crystals as described in Chapter 2 and some of the suitable protein 
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crystals could be analyzed using X-ray diffractometer. All the crystals large enough for 

X-ray diffraction could not be analyzed by X-rays due to technical issues and the time 

limitation.  

 

5.4.2 Data collection  

Data collection was carried out using an in-house R-AXIS IV++ image plate 

detector on a Rigaku MicroMax-007HF high intensity microfocus rotating-anode 

generator with copper anode (wavelength-1.5417A). Diffraction data were collected with 

an oscillation range of 0.5° and exposure time of 2 minutes per image using single 

crystals. The program d*TREK within Crystal Clear 2.0 (Rigaku) was used to process the 

data (Pflugrath, 1999).  

 

5.4.3 Structure solution and refinement 

Diffraction data were used to solve the structures of those proteins by molecular 

replacement via PHASER in PHENIX. The reflection file of a particular protein was used 

with a PDB file and a sequence file of the protein as inputs. The structures were refined 

only once using PHENIX and further refinements were not carried out as they did not 

contain bound MCCs. 
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Chapter 6: Concluding summary and future 

directions  
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6.1 Summary 

In this project, the lanthanide chelate complexes, [Tb(HDPA)3]
3-,  [Tb(DPA)3]

3-, 

[Tb(HDPA)3-n (DPA)n]n=0-3, [Gd(DTPA)]2-, [Tm(DOTP)]5- and [Eu(DOTA-4Amc)]- 

were used in crystal trials with eight test proteins using two grid screens. The proteins 

used, crystallized under different conditions of the grid screens and a few proteins 

showed incorporation of the MCCs into the crystals. The protein crystals obtained with 

metal-chelate complexes bound, clearly showed that these type of complexes can be used 

to introduce new crystal contacts between protein molecules. From the complexes used 

[Tb(HDPA)3]
3-, [Tb(DPA)3]

3- and [Gd(DTPA)]2- were incorporated into the protein 

crystals of concanavalin A, streptavidin and glucose isomerase, respectively. 

Furthermore, the proteins concanavalin A and streptavidin crystallized in new space 

groups in the presence of the MCCs driven by the crystal contacts made between those 

protein molecules through [Tb(HDPA)3]
3- and [Tb(DPA)3]

3- complexes.  The structure of 

streptavidin showed the involvement of [Tb(DPA)3]
3- in bridging protein molecules that 

are not otherwise connected.  Hence, this can be a good method to be used to crystallize 

proteins that are unable to grow in 3-dimensions by providing needed crystal contacts. 

Also, in the concanavlin A structure, [Tb(HDPA)3]
3- was observed to be involved in  

inter-complex interactions, other than the interactions with protein molecules. Therefore, 

these types of complexes can provide a stronger surface to build the protein lattice 

compared to the individual complexes that cannot form inter complex interactions. Some 

of the proteins that crystallized only in the presence of metal-chelate complexes did not 

show incorporation of those MCCs in the structure. Also, some proteins crystallized in 
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new space groups in the presence of MCCs, although the MCCs did not show binding 

with the crystals. This indicates that these MCCs are also capable of promoting 

nucleation without insertion into the crystals. Further, all the MCCs used in crystal trials 

could enhance protein crystallization in drop 1 alone, under conditions that were not used 

in literature. This further confirms their ability to promote crystallization of proteins 

under a wider range of conditions. From the MCCs used in crystal trials, the pyridine-2,6-

dicarboxylic acid based complexes showed the most success in promoting protein 

crystallization. But the other complexes used also promoted crystallization of certain 

proteins under different conditions. We can use these grid screens to come up with a 

larger library of ligands with different functional groups that show successful results and 

to select conditions that give crystal hits frequently. Then we can narrow down the 

number of conditions while increasing the number of ligands and proteins used.   

The results of our experiments, clearly showed that some MCCs are capable of 

introducing crystal contacts between protein molecules via hydrogen bonding 

interactions. Therefore, MCCs can be used as a valuable tool, to crystallize proteins that 

need additional contacts to arrange into an ordered lattice. Crystallizability of proteins 

can also be limited due to formation of aggregates, which are disordered clusters of 

protein molecules. The ability of MCCs to make interactions with the surface residues on 

protein molecules, can enable this type of proteins to arrange into ordered crystals. 

Finally, the structures of proteins with bound MCCs, could be solved easily by 

anomalous dispersion methods, due to anomalous scattering by lanthanide metals. This 

can be useful to solve the structures of novel proteins that do not contain model structures 

to use in molecular replacement.  
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6.2 Expanding the library of metal-chelate complexes 

It is possible to expand the library of MCCs used in this project, by choosing 

MCCs with different functional groups displayed away from the metal. Derivatives of 

pyridine-2,6-dicarboxylic acid with different functional groups substituted at the fourth 

position can be synthesized. Also, the solubility of these complexes in aqueous solutions 

has to be considered when choosing the ligands. Figure 6.1 indicates synthesis method of 

4-(hydroxymethyl)pyridine-2,6-dicarboxylic acid (1) starting from pyridine-2,6-

dicarboxylic acid (Tang et al., 2006).  Synthesis of different 4-substituted derivatives 

using chelidemic acid as the starting material has been shown in the literature (Lamture et 

al., 1995) and the ligands are shown in Figure 6.2.  

 

 
 

Figure 6.1: Reaction scheme showing the synthesis of 4-(hydroxymethyl) pyridine-2,6-

dicarboxylic acid (1). 
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Figure 6.2: 4-substituted dipicolinate derivatives that can be used as ligands to complex 

lanthanides. (2) 4-bromopyridine-2,6-dipicolinate. (3) 4-chloropyridine-2,6-dipicolinate 

(4) 4-acetamidopyridine-2,6-dicarboxylic acid. 

 

 

Figure 6.3: 4-arylpyridine-2,6-dicarboxylate ligands that can be synthesized via Suzuki 

coupling, using 4-bromopyridine-2,6-dipicolinate and boronic acids as starting materials. 

R can be polar functional groups such as CO2H, NH2, OH, CONH2 and SO3H. 

 

Also, 4-bromopyridine-2,6-dipicolinate (2) can be used with boronic acids to synthesize 

4-arylpyridine-2,6-dicarboxylates via Suzuki coupling. We have synthesized similar 

complexes in a collaboration with Dr. Scott Gilbertsons’ lab. But they could not be used 

in complexes due to low solubility as described in Chapter 2, Section 2.2.4. Hence, polar 

4-arylpyridine-2,6-dicarboxylates can be synthesized using this method to further expand 
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the library of ligands as suggested by Nguyen T.S. (2013) (Figure 6.3). Other than these 

compounds, 4-azidopyridine dipicolinic acid compounds and secondary amines 

substituted at 4th position of dipicolinic acid can be synthesized using click chemistry and 

Schiff base based methods as described by Nguyen T.S. (2013) and in the literature 

(Talon et al., 2012). In addition, pyridine-tetrazolate ligands capable of complexing 

lanthanides were found in the literature (Andreiadis et al., 2012) as shown in Figure 6.4. 

Furthermore, dipicolinic acid complexes with lanthanides and DO2A (1,4,7,10-

tetraacyclododecane-1,7-diacetate) (Figure 6.5) has been used in bacterial spore detection 

in complex with DPA (Cable et al., 2007). This type of complexes can be good 

candidates in promoting protein crystallization.  

 

 
 

Figure 6.4: Pyridine-tetrazolate ligands used in complexes with lanthanide metals. 
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Figure 6.5: Dipicolinic acid complexes with lanthanides and DO2A.  A) The structure of 

1,4,7,10-tetraacyclododecane-1,7-diacetate (DO2A). B) Dipicolinic acid complex of Tb3+ 

and DO2A, which can be used as a MCC.  

 

 

The transition metals like Hg, Pt, Au, and Ag have also been successfully used to 

phase the protein structures during X-ray crystallography (Agniswamy et al., 2008; Joyce 

et al., 2010). Therefore, other than ligands complexing with lanthanides, we can also 

choose ligands that are capable of complexing with such heavy metals to obtain similar 

MCCs without losing the ability to phase the structures with the MCCs used. Crown 

ethers can be good candidates to complex transition metals. The cavity size of crown 

ethers can be selected to bind certain metal ions and also it is possible to tailor made 

crown ether ligands containing functional groups capable of interacting with protein side 

chains (Castro-Juiz et al., 2009). Therefore, MCCs of crown ethers and transition metals 

is another area that can be explored when expanding the library of MCCs used in protein 

crystallization. 

 

A) B) 
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Furthermore, mixtures of different complexes can be used other than single MCCs. By 

using this method, the proteins may selectively bind one or more MCCs at different sites 

to facilitate their crystallization. 

 

6.3 Choosing more proteins to crystallize with metal-chelate 

complexes 

During our project we used eight test proteins that are readily crystallizable, to assess 

the ability of MCCs to enhance protein crystallization. Using readily crystallizable 

proteins allowed us to avoid additional problems associated with protein crystallization, 

such as presence of flexible regions and unstructured domains. Presence of MCCs may 

not assist in crystallization of such problematic proteins as providing crystal contacts may 

not solve those issues. However, in order to validate the effect of MCCs on protein 

crystallization, these MCCs must be used with proteins that are difficult to crystallize. 

Therefore, proteins that had failed crystallization trials in the past, despite being well 

behaved or the proteins that could not yield good quality crystals can be chosen to test the 

ability of these MCCs to promote crystallization and to grow better quality crystals. The 

PSI database is a good resource in this manner as it contains large repertoire of proteins 

used in crystallization trials.  We will search the target database of PSI centers to choose 

the proteins that were in crystallization trials for a long time without success or the ones 

that did not diffract well. The following proteins are few examples of such proteins, 

which were selected from PSI TargetTrack database (http://sbkb.org/tt/). The following 

http://sbkb.org/tt/
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proteins were selected by setting the reported progress as crystallized and trial stop status 

as crystallization failed. Also, these proteins had available clones.  

 Gtlf3b protein [Mus musculus]-Target ID:CESG-GO.34220 

 Homo sapiens proteasome (prosome, macropain) activator subunit 3-Target ID: 

CESG-GO.37904 

 Danio rerio APAF1 interacting protein (apip)-Target ID: CESG-GO.73937 

The following proteins were selected by setting the reported progress as crystallized and 

trial stop status as poor diffraction. 

 Domain of unknown function (DUF87) from Idiomarina baltica -Target ID: 

NYSGXRC-10990q 

 Uncharacterized protein from Picrophilus torridus-Target ID: NYSGXRC-10513c 

 Anti-sigma-V factor RsiV from Bacillus subtilis -Target ID: NYSGXRC-10495a 

 Uncharacterized protein from Bifidobacterium adolescentis -Target ID: 

NYSGXRC-10475b 

 SPP1 family phage portal protein from Enterococcus faecalis - Target ID: 

NYSGXRC-10464a 

 Conserved protein Methanosarcina mazei- Target ID:NYSGXRC-10462e 

These proteins can be used with a larger library of MCCs in crystal trials to assess the 

ability of those MCCs to promote protein crystallization. Afterwards, MCCs with high 

level of success in crystallizing those proteins can be selected to use as lead compounds 

to synthesize more metal-chelate complexes. Then, a library of MCCs with promising 
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results can be used with more proteins under narrow range of crystallization conditions to 

promote crystallization of the proteins. 
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Appendix 

The results of crystallization experiments carried out using a small screen 

containing 96 conditions (Figure A.1) and large screen containing 192 conditions (Figure 

A.2) with eight test proteins and six Metal-chelate complexes (MCCs) are given below. 

The tables represent a 96-well plate with three drops at each condition. The experimental 

drop containing the MCC (d1) and the control experiments (d2 & d3) without crystals are 

indicated by white cells. The conditions that gave crystal hits are highlighted in the tables 

with different colors. The conditions that gave crystals with bound MCCs are given in red 

and the conditions that gave protein crystals that were analyzed by X-rays and found to 

have no MCC bound are given in yellow. The conditions with crystals that were too small 

to shoot X-rays are given in pink. Then the conditions with protein crystals suitable for 

X-ray analysis, but not yet analyzed are given in green and the conditions that gave 

crystals with poor diffraction are given in purple.  
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Figure A.1: The precipitants and the pH used with the small screen containing 96 

conditions. 
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Figure A.2: Precipitants and the pH used with large screens containing 192 conditions. 
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Table A.1: The summary of crystallization experiments for 96 well small screen carried 

out with concanavalin A and [Tb(DPA)3]
3-.  

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.2.1: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tb(DPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. Also the conditions with small molecule crystals are 

indicated by brownish green color. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.2.2: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tb(DPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. Also the conditions with small molecule crystals are indicated 

by brownish green color. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.3: The summary of crystallization experiments for 96 well small screen carried 

out with concanavalin A and [Tb(HDPA)3]
3-.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 P43212 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 P43212 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.4.1: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tb(HDPA)3]
3-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants.  

 

 

 

 

 

 

 

 

 

  

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.4.2: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tb(HDPA)3]
3-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 

2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.5: The summary of crystallization experiments for 96 well small screen carried 

out with concanavalin A and [Gd(DTPA)]2-. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.6.1: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.6.2: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.7: The summary of crystallization experiments for 96 well small screen carried 

out with concanavalin A and [Tm(DOTP)]5-. 
 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.8.1: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tm(DOTP)]5-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.8.2: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tm(DOTP)]5-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 
 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.9: The summary of crystallization experiments for 96 well small screen carried 

out with concanavalin A and [Eu(DOTA-4Amc)]-. 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.10.1: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tb(HDPA)3-n (DPA)n]n=0-3. The table represents 

the results of 96 well 3 drop plates used with the expanded pH screen containing 

Ammonium sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 C2221 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 C2221 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 C2221 Protein + Chelate

d2 Protein + Salt

d3 Protein



212 
 

Table A.10.2: The summary of crystallization experiments for 192 well large screen 

carried out with concanavalin A and [Tb(HDPA)3-n (DPA)n]n=0-3. The table represents 

the results of 96 well 3 drop plates used with the expanded pH screen containing 2-

propanol, mPEG 2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.11: The summary of crystallization experiments for 96 well small screen carried 

out with glucose isomerase and [Tb(DPA)3]
3-. 

 

 

 

 

 

 

The crystal trials carried out with glucose isomerase and [Tb(DPA)3]
3- with the expanded 

pH screen containing 2-propanol, mPEG 2000 and glycerol precipitants did not yield any 

protein crystals. 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.12.1: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Tb(DPA)3]
3-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants. 

 

 

 

 

 

In the crystallization experiments for 96 well small screen carried out with glucose 

isomerase and [Tb(HDPA)3]
3- crystals were obtained only with 1M ammonium sulfate, 

pH 5.5. 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.13.1: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Tb(HDPA)3]
3-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.13.2: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Tb(HDPA)3]
3-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 

2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 P21212 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.14: The summary of crystallization experiments for 96 well small screen carried 

out with glucose isomerase and [Gd(DTPA)]2-. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.15.1: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Gd(DTPA)]2-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.15.2: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Gd(DTPA)]2-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 

2000 and glycerol precipitants. 

 

 

 

 

 

The protein glucose isomerase did not show any crystals with [Tm(DOTP)]5- in 96 well 

small screen. In the large screen with 192 conditions, glucose isomerase showed crystals 

in drop 2 alone with 15% PEG 3350, pH 5.5 and crystals were observed in drop 1 alone 

with 35% PEG 3350, pH 6.5.  

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.16: The summary of crystallization experiments for 96 well small screen carried 

out with glucose isomerase and [Eu(DOTA-4Amc)]-. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1  I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1  I222 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 P21212  I222  I222 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.17.1: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents 

the results of 96 well 3 drop plates used with the expanded pH screen containing 

Ammonium sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.17.2: The summary of crystallization experiments for 192 well large screen 

carried out with glucose isomerase and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents 

the results of 96 well 3 drop plates used with the expanded pH screen containing 2-

propanol, mPEG 2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.18: The summary of crystallization experiments for 96 well small screen carried 

out with beta amylase and [Tb(DPA)3]
3-. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.19.1: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tb(DPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.19.2: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tb(DPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

The protein beta amylase has given crystals with [Tb(HDPA)3]
3- only under one condition 

in the 96 well small screen. This condition was 5% PEG 3350, pH 5.5. 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.20.1: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tb(HDPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.20.2: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tb(HDPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.21: The summary of crystallization experiments for 96 well small screen carried 

out with beta amylase and [Gd(DTPA)]2-. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.22.1: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.22.2: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

In the 96 well small screen beta amylase has given crystals only under one condition with 

[Tm(DOTP)]5-. The protein has crystallized win drop 1 alone under this condition, which 

is 25% mPEG 2000, pH 5.5. 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.23.1: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tm(DOTP)]5-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 
 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.23.2: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tm(DOTP)]5-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 
 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.24: The summary of crystallization experiments for 96 well small screen carried 

out with beta amylase and [Eu(DOTA-4Amc)]-. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.25.1: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing Ammonium 

sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.25.2: The summary of crystallization experiments for 192 well large screen 

carried out with beta amylase and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing 2-propanol, 

mPEG 2000 and glycerol precipitants. 

 

 

 

 

During the crystallization experiments for 96 well small screen carried out with alpha 

lactalbumin and [Tb(DPA)3]
3- theprotein has crystallized only under two conditions. It 

showed crystals in drop 1 alone under 35% PEG 3350, pH 7.0. Crystals were obtained in 

drop 2 alone with 25% PEG 3350, pH 7.0. In the presence of [Tb(HDPA)3]
3- this protein 

has crystallized only under one condition in the small screen. It has given crystals in drop 

1 alone with 15% PEG 3350, pH 7.0. Alpha lactalbumin has not given any crystals with 

other MCCs in the small screen. 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.26.1: The summary of crystallization experiments for 192 well large screen 

carried out with alpha lactalbumin and [Tb(DPA)3]
3-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants. 

 

 

 

 

 

Alpha lactalbumin has not yielded any protein crystals with 2-propanol, mPEG 2000 and 

glycerol precipitants in the presence of [Tb(DPA)3]
3- with the large screen. 

The protein alpha lactalbumin has crystallized only under two conditions with 

[Tb(HDPA)3]
3- in the large screen. The crystals were observed in drop 3 alone with 2.0 M 

ammonium sulfate at pH 6.5 and pH 7.5. 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.27.1: The summary of crystallization experiments for 192 well large screen 

carried out with alpha lactalbumin and [Gd(DTPA)]2-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants. 

 

 

 

 

Alpha lactalbumin has not yielded any protein crystals with 2-propanol, mPEG 2000 and 

glycerol precipitants in the presence of [Gd(DTPA)]2- with the large screen. 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.28.1: The summary of crystallization experiments for 192 well large screen 

carried out with alpha lactalbumin  and [Tm(DOTP)]5-. The table represents the results of 

96 well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, 

PEG 3350 and MPD precipitants. 
 

 

 

 

 

 

 

Alpha lactalbumin has not yielded any protein crystals with 2-propanol, mPEG 2000 and 

glycerol precipitants in the presence of [Tm(DOTP)]5- with the large screen. 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.29.1: The summary of crystallization experiments for 192 well large screen 

carried out with alpha lactalbumin and [Tb(HDPA)3-n(DPA)n]n=0-3.  The table represents 

the results of 96 well 3 drop plates used with the expanded pH screen containing 

Ammonium sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

Alpha lactalbumin has yielded protein crystals with 2-propanol, mPEG 2000 and glycerol 

precipitants in the presence of [Tb(HDPA)3-n(DPA)n]n=0-3 only under one condition. 

The protein was crystallized in drop 1 alone with 35% mpEG 3350, pH 8.5.  

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.30.1: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tb(DPA)3]
3-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.30.2: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tb(DPA)3]
3-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 and 

glycerol precipitants. 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.31.1: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tb(HDPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 P6122 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.31.2: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tb(HDPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.32.1: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.32.2: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.33.1: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tm(DOTP)]5-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.33.2: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tm(DOTP)]5-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.34.1: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tb(HDPA)3-n (DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing Ammonium 

sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.34.2: The summary of crystallization experiments for 192 well large screen 

carried out with thermolysin and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing 2-propanol, 

mPEG 2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.35.1: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Tb(DPA)3]
3-. The table represents the results of 96 well 3 

drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 3350 

and MPD precipitants. 

 

 

 

 

 

Crystallization of lysozyme with [Tb(DPA)3]
3-  and 2-propanol, mPEG 2000 and glycerol 

precipitants has yielded crystals only under one condition. Tiny protein crystals were 

observed with 10% glycerol, pH 5.5 in drop 1 alone. 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.36.1: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Tb(HDPA)3]
3-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

Crystallization of lysozyme with [Tb(HDPA)3]
3-  and 2-propanol, mPEG 2000 and 

glycerol precipitants has yielded crystals only in control drop 2 under three conditions. 

The conditions that gave crystals include 5% mPEG 2000, pH 6.0, 25% mPEG 2000, pH 

7.0 and 5% mPEG 2000, pH 9.0. 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.37.1: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Gd(DTPA)]2-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.37.2: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Gd(DTPA)]2-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 and 

glycerol precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 P4212 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.38.1: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Tm(DOTP)]5-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.38.2: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Tm(DOTP)]5-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 and 

glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.39.1: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing Ammonium 

sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.39.2: The summary of crystallization experiments for 192 well large screen 

carried out with lysozyme and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing 2-propanol, 

mPEG 2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.40.1: The summary of crystallization experiments for 192 well large screen 

carried out with lipase B and [Tb(DPA)3
]3-. The table represents the results of 96 well 3 

drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 3350 

and MPD precipitants. 

 

 

 

 

 

 

Crystallization of lipase B with [Tb(DPA)3]
3-  and 2-propanol, mPEG 2000 and glycerol 

precipitants has not yielded any protein crystals. Furthermore, lipase B was not 

crystallized with [Tb(HDPA)3]
3- [Gd(DTPA)]2-  and [Tm(DOTP)]5- under any of the 

screen conditions. 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.41.1: The summary of crystallization experiments for 192 well large screen 

carried out with lipase B and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing Ammonium 

sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

Lipase B has crystallized only under one condition with [Tb(HDPA)3-n (DPA)n]n=0-3 and 

2-propanol, mPEG 2000 and glycerol precipitants. Tiny crystals were obtained in drop 1 

alone with 25% mPEG 3350, pH 6.0. 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 P6322 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.42.1: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Tb(DPA)3]
3-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.42.2: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Tb(DPA)3]
3-. The table represents the results of 96 well 

3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 and 

glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.43.1: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Tb(HDPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing Ammonium sulfate, PEG 

3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.43.2: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Tb(HDPA)3]
3-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.44.1: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Gd(DTPA)]2-. The table represents the results of 96 

well 3 drop plates used with the expanded pH screen containing 2-propanol, mPEG 2000 

and glycerol precipitants. 

 

 

 

 

 

 

Streptavidin has crystallized only in control drops under two conditions with 

[Gd(DTPA)]2- and ammonium sulfate, PEG 3350 and MPD precipitants. The protein gave 

crystals in drop 2, with 20% 2-propanol, pH 6.0 and in drop3 with 15% mPEG 2000, pH 

8.0. 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.45.1: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Tb(HDPA)3-n (DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing Ammonium 

sulfate, PEG 3350 and MPD precipitants. 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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Table A.45.2: The summary of crystallization experiments for 192 well large screen 

carried out with streptavidin and [Tb(HDPA)3-n(DPA)n]n=0-3. The table represents the 

results of 96 well 3 drop plates used with the expanded pH screen containing 2-propanol, 

mPEG 2000 and glycerol precipitants. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12

A d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

B d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

C d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

D d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

E d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

F d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

G d1 Protein + Chelate

d2 Protein + Salt

d3 Protein

H d1 Protein + Chelate

d2 Protein + Salt

d3 Protein
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