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Phosphorylation of Glucocorticoid Receptor tau1c Transactivation Domain 

Enhances Binding to CREB Binding Protein (CBP) TAZ2 

 

Abstract 

The glucocorticoid receptor (GR) N-terminal domain (NTD) contains a 

transactivation domain (activation function 1; AF-1). Although GR AF-1 is 

phosphorylated, effects of GR phosphorylation upon AF-1 activity and cofactor 

recruitment are not clear. Most GR AF-1 activity is confined to an unstructured 

domain called tau1c (amino acids 187-244) that contains three phosphorylation 

sites and binds to a cysteine rich fragment (CH3) of the co-activator CREB 

binding protein (CBP). Because CH3 overlaps the CBP transcriptional adaptor 

zinc binding (TAZ) 2 domain, implicated in phosphorylation dependent binding to 

other unstructured transcription factor domains, we investigated if GR interacts 

with TAZ2 and whether this binding event is modulated by phosphorylation. We 

find that GR tau1c is required for enhancement of GR function and GR/CBP 

association in cultured cells. Tau1c interacts with TAZ2 in vitro with reasonable 

affinity and peptide mapping reveals CBP binding determinants throughout tau1c. 

Phosphorylation at GR S203, not involved in transactivation, does not affect 

tau1c binding to TAZ2. However, phosphorylation at S211 and S226, markers of 

GR transcriptional activity, enhances TAZ2 binding in a synergistic fashion. We 

propose that GR tau1c phosphorylation could promote CBP recruitment and 

enhance AF-1 activity. 
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A Microfluidic, High Throughput Protein Crystal Growth Method for 

Microgravity 

 

Abstract 

The attenuation of sedimentation and convection in microgravity can sometimes 

decrease irregularities formed during macromolecular crystal growth. Current 

terrestrial protein crystal growth (PCG) capabilities are different than those used 

during the Shuttle era and those used currently on the International Space 

Station. Our focus was to demonstrate the use of a commercial off-the-shelf, 

high-throughput, microfluidic PCG method in microgravity to grow crystals of the 

regulator of glucose metabolism and adipogenesis: peroxisome proliferator-

activated receptor gamma (apo-hPPAR-γ LBD), as well as several PCG 

standards. Our samples returned with 16 of 25 microgravity cards having 

crystals, compared to 12 of 25 of the ground controls. Encouragingly, there were 

more apo-hPPAR-γ LBD crystals in the microgravity cards than the 1g controls. 

These positive results may introduce the use of standard of low sample volume 

and large experimental density to microgravity PCG researchers. 
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Chapter 1: Introduction 

1.1 Homeostasis.  

Homeostasis is the coordinated management of an organism’s internal systems 

to maintain a steady physiological state. The components of a basic homeostatic 

system are: sensors, a control region and effectors. A sensor detects deviations 

from an organism’s set physiological range and relays it to the control region. 

The central control region is responsible for setting the tolerable range of an 

organism and sending a response signal to the corresponding tissues 

responsible for restoring the system back to normal. A classic example of 

homeostasis is the regulation of body temperature (figure 1). If body temperature 

decreases below the normal limit, temperature-sensitive cells detect the change 

and this information is chemically sent to the thermoregulatory control center of 

the brain. This center then produces an effector signal telling the correct areas to 

respond, such as skeletal muscle shivering to produce heat and capillary 

vasoconstriction of the skin to reserve heat loss, until body temperature is 

restored to within the normal range. Prolonged alterations outside an animal’s 

homeostatic range can lead to illness and eventually death. 
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Figure 1. Temperature Homeostasis. Humans maintain their temperature within a set range in 
multiple ways, from muscle shivering to sweating in response to stimuli from the nervous system. 
(Figure from: © 1999-2014, Rice University under a Creative Commons Attribution 4.0 License. 
http://cnx.org/contents/b3c1e1d2-839c-42b0-a314-e119a8aafbdd:76/Concepts_of_Biology) 

 

The endocrine system in humans is an assembly of glands that use effector 

molecules called hormones to maintain homeostasis. The endocrine system 

works in coordination with the nervous system to provide information about the 

changes needed to maintain a steady state, but in contrast to the nervous system 

the effects of hormones can last from hours to weeks. The eight primary organs 

of the endocrine system are: adrenal glands, hypothalamus, ovaries 

(females)/testes (males), pancreas, parathyroid gland, pineal gland, pituitary 

gland, and thyroid gland (figure 2). The various endocrine glands release 

hormones into the circulatory system to target one or more effector cells to create 

an action specific to the stimuli. An example would be the increased production 

of insulin (a hormone) by the pancreas (endocrine gland) in response to elevated 
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glucose levels in the blood (the stimulus). Other examples include regulation of 

the immune system, biosynthesis of other hormones, circadian rhythms, the fight-

or-flight response and sexual arousal.  

 

 

Figure 2. The Human Endocrine System. Spread throughout the body, the endocrine system is 
mostly responsible for maintaining homeostasis. While the entire arrangement has functional 
overlap, the main regulators of the endocrine system are the hypothalamus and pituitary glands, 
which are themselves, stimulated by the nervous system along with feedback from the other 
endocrine glands. All of the glands are near a main circulatory portal for quick response to signal 
molecules and for dispensing their effector response. (Figure from ‘Hiller-Sturmhöfel, S., Bartke, 
A. (1998). The endocrine system: an overview. Alcohol Health Res World, 22(3), 153-64’) 

 

 



5 
 

1.2 Hormone Biosynthesis 

Depending on its role, a hormone can be made from one of several core 

backbones: a single modified amino acid, short or long-chain amino acids, or 

cholesterol variants. Each of these hormone types are synthesized in their 

corresponding tissues and either stored or immediately released, depending on 

the cell type and a specific biochemical signal. Modified amino acid hormones 

are produced from tyrosine and examples include epinephrine and 

norepinephrine (adrenal medulla), dopamine (hypothalamus) and thyroid 

hormones (thyroid gland). Protein derived hormones are the most common and 

often initially produced as pro-hormones for storage and cleaved upon endocrine 

cell stimulation for release. Lastly, cholesterol derivatives such as glucocorticoids 

and mineralocorticoids are produced in the adrenal cortex while the main sex 

steroids estrogen and testosterone are created in the gonads. 

 

1.3 Negative Feedback Regulation of the Endocrine System 

To maintain homeostasis, regulation of hormonal release is typically through 

negative feedback (figure 3). In this type of control mechanism, the product of a 

hormone response, such as cortisol, when reaching a critical concentration 

interacts with the original signal producer, in this example the hypothalamus. This 

causes the hypothalamus to decrease its production of the original signal, 

corticotropin releasing hormone (CRH). The reduction of CRH then causes the 

pituitary to slow its secretion of adrenocorticotropic hormones (ACTH), the 
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hormone responsible for signaling the synthesis and release of cortisol from the 

adrenal cortex. Other examples are glucose concentration in the blood 

stimulating insulin/glucagon production by the pancreas and calcium/phosphate 

levels maintaining bone density levels through the parathyroid gland. Overall, 

with negative feedback regulation it is not the hormone itself that regulates its 

production, but instead the end product of its stimulation that does, allowing for a 

relative hormonal balance to remain within a specific physiological range. 

 

 

Figure 3. Example of Negative Feedback in the Endocrine System. In negative feedback, the 
product of the system, in this case glucocorticoids, interacts with the original signal producer, the 
hypothalamus/pituitary glands. This fine tunes the amount of their signal, CRH or ACTH, which 
eventually modulates the amount of glucocorticoids. (Figure credit: D. Rosenbach at English 
Wikipedia [CC-BY-SA-3.0 (http://creativecommons.org/licenses/by-sa/3.0) or GFDL 
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons) 
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1.4 The Hypothalamic–Pituitary–Adrenal Axis 

The influential interactions and feedback between endocrine glands in response 

to a specific stimulus is called an axis. One such axis is called the hypothalamic–

pituitary–adrenal (HPA) axis, where changes in stress indicators such as the 

neurotransmitter noradrenaline direct the hypothalamus to respond by increasing 

levels of CRH. CRH then acts on the pituitary to enable a change in the secretion 

of adrenocorticotropic hormone, stimulating the increase of glucocorticoid 

production from the adrenal cortex (figure 4).  
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Figure 4. The Hypothalamic–Pituitary–Adrenal Axis. Activation of the HPA axis leads to 
corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) production in the 
hypothalamus. These hormones are released into the bloodstream, leading to secretion of 
adrenocorticotrophic hormone (ACTH) from the anterior pituitary. ACTH stimulates the synthesis 
and release of glucocorticoids (cortisol in humans, corticosterone in rodents) from the adrenal 
cortex into the bloodstream. Cellular effects of glucocorticoids are mediated via glucocorticoid 
receptor (GRs) and mineralocorticoid receptor (MRs). Regulatory control over the HPA axis is 
mediated via negative feedback loops at the level of the pituitary as well as from other regions of 
the brain, including the hippocampus. (Reprinted from ‘Schloesser, R. J., Martinowich, K., Manji, 
H. K. (2012). Mood-stabilizing drugs: mechanisms of action. Trends in Neurosciences, 35(1), 36-
46’ with permission from Elsevier). 
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1.5 Steroid Hormones 

Steroid hormones are a family of cholesterol-derived molecules produced by 

endocrine glands that play a variety of important roles in development and 

physiology of an organism (figure 5). Steroid hormones are hydrophobic and 

require the use of steroid carrier proteins to circulate in the bloodstream. Once at 

their target tissue they are released and transported across the cell membrane 

by free diffusion.  

Androgens and estrogens are produced by the testes or ovaries, respectively, 

and control the development and maintenance of the primary and secondary sex 

characteristics as well as in regulating skeletal muscle mass and fat deposition. 

Progesterone is a progestogen, a class of steroids created very early in the 

steroid hormone pathway and therefore present in most cells that make them. 

Progesterone is produced in the corpus luteum of the ovaries and functions 

during the menstruation cycle and pregnancy.  
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Figure 5. Skeletal Formulae of Various Biologically Found Steroids. Top left: Core ring 
system and lettering of steroids. Top right: carbon numbering of steroids. Middle and bottom rows 
are representative steroids: estradiol = estrogen; testosterone = androgen; progesterone = 
progestogen; cortisol = glucocorticoid; aldosterone = mineralocorticoid. (Figure from: 
Biochemistry Dictionary © 2014 Jeff D Cronk, Gonzaga University, 
http://guweb2.gonzaga.edu/faculty/cronk/biochem/S-index.cfm?definition=steroids) 

 

Mineralocorticoids are produced in the zona glomerulosa of the cortex of the 

adrenal gland, influencing the biological homeostasis of an organism’s water and 

mineral levels, such as sodium and potassium, via the kidneys and thus have 

influence on blood pressure and fluid volume. Glucocorticoids are synthesized in 

the zona fasciculata of the adrenal cortex and are very diverse in their actions, 

but mainly responsible for decreasing immune activity, regulating metabolism 

and development. 
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1.6 Steroid Activated Nuclear Receptors 

The targets of steroid hormones are the steroid-activated nuclear receptor 

proteins, located in the cytoplasm or nucleus of the target cell. These receptor 

proteins are transcription factors and members of the nuclear receptor family. 

Steroid-activated nuclear receptors are modular proteins containing a ligand 

binding pocket that correlates to their specific steroid hormone as well as a hinge 

region that connects the ligand binding domain (LBD) to a DNA binding domain 

(DBD) (figure 6/table1). 

 

Figure 6 and Table 1. Schematic of Nuclear Receptor Domains and Table of Steroid 
Activated Nuclear Receptors. (A) Nuclear receptors are modular proteins commonly found with 
these domains: N-terminal domain (NTD), DNA binding domain (DBD), a flexible hinge region, a 
ligand binding domain (DBD) and a ligand-dependent transcription activation function domain 
(AF-2). (B) Table of steroid nuclear receptors: NRNC = Nuclear Receptors Nomenclature 
Committee; MW = molecular weight; aa = amino acids; kDa = kilodaltons. 

 



12 
 

The purpose of steroid nuclear receptors is to act as molecular switches, turning 

‘on’ once bound to the steroid and thereby relaying the signal from the endocrine 

system to the target tissues. The receptor generates the affiliated physiological 

response by then binding to specific genetic response elements found in the 

DNA and regulating the cell’s genetic transcription output by either increasing or 

attenuating gene activity to create the correct activity needed restore 

homeostasis (figure 7). 

 

 

Figure 7. Basic Mechanism of Steroid Hormone Action. This figure represents an ideal 

mechanism and several others possibilities exist, such as tethering to co-factors and blocking of 

binding for down regulation of transcription. 

 

1.7 Glucocorticoids 

Glucocorticoids (GC) are steroid hormones produced in the adrenal cortex. Their 

synthesis and discharge is stimulated by adrenocorticotropic hormone, which is 
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released by the pituitary. Overall, GC regulation occurs via the HPA, as 

mentioned above (figure 4). Glucocorticoids are needed for normal fetal 

development and maturation of various fetal tissues to prepare for life of the fetus 

after birth, most notably stimulation of surfactant production by the lungs (1, 2). 

Cortisol is the main glucocorticoid found in humans and most mammals. Total 

cortisol blood concentrations change in a circadian and ultradian manner with 

levels reaching a peak shortly after waking and declining over the course of the 

day. Levels eventually fall back to basal concentrations several hours after falling 

asleep (3, 4). Additional regulation of cortisol bioavailability to tissues is through 

its serum transport protein, transcortin, and locally by the enzyme 11β-

hydroxysteroid dehydrogenase which converts active cortisol to inactive 

cortisone (or vice versa) (5, 6). In an immediate stress response, GC increases 

the amount of blood glucose levels by stimulating gluconeogenesis in the liver, 

while also activating the anti-inflammatory response (7, 8). Along with other 

immediate stress chemicals, cortisol prepares the body for the flight or fight 

response.  

Disorders involving elevated (hypercortisol) or reduced (hypocortisol) cortisol 

levels are rare. Hypercortisol, also called Cushing’s syndrome, can result from a 

tumor or other cellular overgrowth condition of the adrenal glands, stimulating 

abnormal production of the hormone (9). Pituitary adenoma (Cushing’s disease) 

can cause increased amounts of ACTH, thus leading to overstimulation of the 

adrenal glands. Excess cortisol generates a number of symptoms such as bone 

loss, insulin resistance, weight gain and hypertension. Removal of the tumor or 
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pharmaceuticals to block cortisol production are common treatments for relieving 

hypercortisol symptoms. 

Hypocortisol (Addison’s disease, primary adrenal insufficiency) is rarer than 

hypercortisol and often induced by destruction of the adrenal tissue from an 

autoimmune disease (10). Other factors can be inferior levels of cortisol’s 

precursor molecule, cholesterol (hypocholesterolemia) or low production of 

ACTH, also known as secondary adrenal insufficiency. Clinical signs of 

hypocortisol are typically through effects of decreased mineralocorticoid 

production (also produced by the adrenal gland) such as low blood pressure, low 

blood sugar, weight loss and hyperpigmentation of the skin. Treatment of 

hypercortisol is often by administering glucocorticoid replacement therapies. 

Because of their immunosuppressive and anti-inflammatory actions, 

glucocorticoids have many medical treatment purposes. Dexamethasone, 

triamcinolone and betamethasone are examples of synthetic glucocorticoids that 

are longer lasting, more selective and have improved binding capabilities. 

Glucocorticoid analogs can be found in medications ranging from eye drops to 

skin creams and patients undergoing chemotherapy. Due to their far-reaching 

effects, long-term administration of glucocorticoids or their derivatives have 

limitations that can lead to a variety of complications (table 2). 
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Tissue Side Effect 

Adrenal gland Adrenal atrophy, Cushing's Syndrome 

Cardiovascular system Dyslipidemia, hypertension, thrombosis, vasculitis 

Central nervous system Changes in behavior, cognition, memory, and 
mood (i.e., glucocorticoid-induced psychoses), 
cerebral atrophy 

Gastrointestinal tract Gastrointestinal bleeding, pancreatitis, peptic ulcer 

Immune system Broad immunosuppression, activation of latent viruses 

Integument Atrophy, delayed wound healing, erythema, hypertrichosis, 
perioral dermatitis, petechiae, glucocorticoid-induced acne,         
striae rubrae distensae, telangiectasia 

Musculoskeletal system Bone necrosis, muscle atrophy, osteoporosis, retardation of 
longitudinal bone growth 

Eyes Cataracts, glaucoma 

Kidney Increased sodium retention and potassium excretion 

Reproductive system Delayed puberty, fetal growth retardation, hypogonadism 

 

Table 2. Tissue-Specific Side Effects of High-Dose or Prolonged Glucocorticoid Therapy. 
(Table reproduced with permission from “Rhen, T., & Cidlowski, J. A. (2005). Antiinflammatory 
action of glucocorticoids—new mechanisms for old drugs. New England Journal of Medicine, 
353(16), 1711-1723.” Copyright Massachusetts Medical Society)  

 

1.8 The Glucocorticoid Receptor 

The physiologic response of glucocorticoids is through binding to the aptly 

named glucocorticoid receptor (GR). GR is a member of the steroid activated 

DNA binding transcription factors and is expressed in almost every human cell. 

Activated GR has been shown to be responsible for regulating 10% to 20% of the 

human genome and can display individual, tissue and even cell cycle sensitivity 
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to glucocorticoids (11). It is believed these variations can be attributed to ligand 

and cofactor availability as well as differences in GR isoform expression (12, 13).  

GR is a modular protein composed of an N-terminal domain (NTD) with a ligand 

independent transcription activation function 1 (AF-1) region, a conserved zinc 

finger DBD responsible for binding to glucocorticoid receptor elements (GRE), a 

flexible hinge section containing the nuclear localization sequences, and a mostly 

α-helical LBD that incorporates a second activation function section (AF-2) 

known to assist in the ligand dependent binding of transcriptional co-regulators 

(Figure 8A) (14 -16). 

 

Figure 8. Domain Organization of Human Glucocorticoid Receptor α (hGRα). (A) Schematic 
of the main domains of hGRα. NTD = N-terminal domain, DBD = DNA Binding Domain, LBD = 
Ligand Binding Domain, AF-1 and AF-2 = Activation Function 1 and 2, respectively. (B) Location 
and amino acid sequence of GR tau1c found within the AF-1 region of the NTD. Boxes indicate 
putative helices I, II and III, respectively. Red letters signify phosphorylation sites (from left to 
right) S203, S211 and S226. 
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The canonical model of GR activation has the unbound receptor in the cytoplasm 

and affiliated with a multiprotein chaperone complex consisting of heat shock 

proteins (hsp70 and hsp90) and immunophilins (FKBP51 and FKBP52) that 

maintain GR in a ligand acceptable state (17, 18). Activated GR undergoes a 

conformational change, allowing for the release of the complex and exposing 

nuclear localization sequences on GR that facilitate its transport into the nucleus. 

Within the nucleus, the ligand bound GR has multiple modes of gene regulation: 

binding directly to a GRE as a monomer or homodimer, tethering itself to other 

DNA-bound transcription factors, or binding directly to DNA and interacting with 

neighboring DNA-bound transcription factors. GR can also signal in a non-

genomic manner through alterations in the activity of various kinases (19) (figure 

9). 
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Figure 9. Glucocorticoid Receptor Signaling. On binding glucocorticoids, the cytoplasmic GR 
undergoes a conformational change, becomes hyperphosphorylated (P), dissociates from 
accessory proteins, and translocates into the nucleus, where it can exert its actions through 
genomic mechanisms. Activated cytoplasmic GR is also known to exert its actions via non-
genomic mechanisms. In the nucleus, the GR enhances or represses transcription of target 
genes by direct binding to ‘simple’ or negative glucocorticoid-response elements (GREs), 
respectively, by tethering itself to other transcription factors, or in a composite manner by direct 
binding to GREs and interacting with other transcription factors. One of the mechanisms by which 
the GR suppresses inflammation is by inducing expression of tristetraproline (TTP), which in turn 
binds the mRNA of pro-inflammatory genes and destabilizes them. The GR modulates gene 
expression of arrestins 1 and 2 to alter G-protein-coupled receptor (GPCR) signaling. (Figure 
reprinted from 'Kadmiel, M., Cidlowski, J. A. (2013). Glucocorticoid receptor signaling in health 
and disease. Trends in Pharmacological Sciences, 34(9), 518–530' with permission from 
Elsevier.) 
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In contrast to the DBD and LBD, nuclear receptor’s NTD structure and 

mechanism are not clear. NTDs can vary greatly in length and amino acid 

composition, indicating possible differences in the transactivation activity required 

from each receptor (figure 10). When the amino acid sequences of GR NTDs 

from different species are aligned, there are regions that are modestly conserved 

(figure 11) implying areas of importance. Deletion studies of the hGRα NTD 

found a ~200 amino acid region called activation function 1 (AF-1, also called 

transactivation unit 1 (tau1 or τ1)) that was important for its transcription potency. 

Further study showed that a 58 amino acid region called the transactivation unit 1 

core (tau1c or τ1c) is required for GR transactivation and is responsible for 60- 

70% of transcriptional activity of the entire AF-1 in the yeast S. cerevisiae (figure 

8B) (20). NMR and circular dichroism data show GR tau1c is largely 

unstructured, but is capable of forming helices in the presence of the α-helix 

stabilizing agent 2,2,2-trifluoroethanol and the osmolyte trimethylamine N-oxide 

(21, 22). Furthermore, prolines introduced into these putative helical regions 

significantly reduced the transactivation activity of the hGRα tau1c, indicating the 

formation of these helices may occur upon binding to a partner and could be 

important in GR’s ability to function as a transcription factor.   
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Figure 10. Length Variation in the NTD of Steroid Nuclear Receptors. While the lengths of 
the DBD and LBD remain fairly consistent between nuclear receptors, the span of the NTD can 
vary greatly. The reason for the variability is currently unknown. 
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Figure 11. Amino Acid Sequence Alignment of the GR NTD of Various Species. There are 
few conserved amino acid sequences between the NTD of different nuclear receptors, but as 
shown in this figure, can display modest similarity when compared among species. The GR NTD 
shows large regions of complete or similar residue conservation even between species that are 
well separated phylogenetically. This provides clues as to which areas may be important for GR 
transactivation function. Two of the three serine phosphorylation sites are completely conserved 
(asterisks) as well as hydrophobic and charged residues. Homo = Homo sapiens, Mus = Mus 
musculus, Chicken = Gallus gallus, Xenopus = Xenopus laevis. Red are identical residues, yellow 
are similar residues and absence of color means no similarity. Solid black line indicates tau1c 
region and dashed shows location of putative helices I, II and III, respectively. Asterisks show 
phosphorylation sites in tau1c: S203, S211 and S226. (Sequences from UniProt. Aligned using 
ClustalW2 and displayed with ESPript) 

 



22 
 

hGRα tau1c has a relatively high number of acidic amino acids (eight aspartic 

acids and seven glutamic acids) and was initially classified as an acidic 

transactivation domain, a family of domains such as those found in VP16, p53, 

GCN4, p65 and GAL4, which are involved in protein-protein interactions. 

Mutations that vary the amount and type of hydrophobic residues were found to 

also be significant in influencing tau1c’s transactivation activity (23-25). This 

study demonstrated that mutations reducing hydrophobicity in the first two 

presumed helical regions led to a decrease in activity, while the opposite 

increased activity. Lastly, modeling of these helices suggests the hydrophobic 

and acidic residues and their mutations align to one face of the helix, creating 

patches that could correspond to a binding surface (figure 12). These data 

underscore not only the importance of hydrophobic and acidic contributions, but 

the role the two assumed N-terminal helices may play in modulating GR’s 

transcription ability. 
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Figure 12. Hydrophobic and Acidic Residues Modeled on Putative Helices I and II of hGRα 

tau1c. (B) Amino acid sequence of helical region I of hGRα tau1c plotted on the surface of an α-

helix. Hydrophobic residues are black and acidic residues are shaded. (C) The amino acid 

sequence of helical region II in the hGRα tau1c shown as described for panel B. (Figure from 

‘Almlöf, T., Gustafsson, J.Å., and Wright, A. P. (1997). Role of hydrophobic amino acid clusters in 

the transactivation activity of the human glucocorticoid receptor. Molecular and Cellular 

Biology, 17(2), 934-945’ with permission from American Society for Microbiology.)  

  

GR is subject to multiple phosphorylation events, all of which affect the NTD (26-

28). Within the tau1c region, serine (S) 203 and 211 phosphorylation is mediated 

by cyclin/cdk2 complexes or mitogen activated protein kinases (MAPK) and is 

enhanced by agonist binding. S226 phosphorylation is mediated by c-Jun N-

terminal kinases (JNK) and is unaffected by hormone. Relationships between GR 

phosphorylation and transactivation are complex; changes in GR NTD 

phosphorylation lead to changes in the spectrum of GR target genes and 

phosphorylation is thought to influence both transcriptional activity and nuclear 

trafficking (26, 27). However, of the three phosphorylation events, S211 

phosphorylation correlates with GR nuclear localization, DNA binding and optimal 

transcriptional response at a GR-regulated minimal promoter driven reporter in 
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mammalian cells and GR activity in yeast and is therefore considered to be a 

marker for transcriptional activity (26, 29). Likewise, S226 phosphorylation is also 

associated with transcriptionally active GRs, although it can also blunt GR activity 

via enhanced GR nuclear export. By contrast, phosphorylation at S203 promotes 

GR cytoplasmic localization and is associated with transcriptional inactivity. 

Transcription factor phosphorylation often leads to changes in co-regulator 

binding (26-28) and, accordingly, GR phosphorylation enhances NTD 

interactions with mediator complex component med14 (DRIP150/TRAP170) and 

inhibits interactions with TSG101, a co-regulator with roles in cell growth (30).  

While screening for co-regulator interactions, Almlöf et al. found a cysteine-

histidine rich region of the cAMP-response element-binding protein (CREB) 

binding protein (CBP) that bound to GR tau1c (24). CBP and its paralog p300 are 

multi-domain histone acetyl transferases (HAT) observed to act as a scaffold for 

recruiting transcription factors. Recruitment of CBP to the basal transcription 

machinery is indicative of active gene expression by using its intrinsic HAT 

activity to relax chromatin.  The area found to interact with GR tau1c was named 

CBP-C2 and overlaps a small part of the CBP HAT, ZZ and TAZ2 domains 

(figure 13) (31, 32).  
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Figure 13. Schematic of Human CBP and Its Domains. CBP (and p300) have multiple 
interaction segments that flank its histone acetyltransferase domain. It is proposed that these 
segments help recruit and coordinate the HAT CBP/p300 into position with other proteins to 
assist with activating gene transcription. Three small cysteine/histidine rich regions, TAZ1, TAZ2 
and ZZ, as well as the KIX domain, have been shown to bind with dozens of proteins involved in 
gene transcription. The bromodomain binds acetylated lysines and is required for proper 
stimulation of the HAT domain. 

 

The TAZ regions of CBP have been established as important for co-activator 

function and interact with TADs from several transcription factors including p53, 

STATs, E1A, nuclear receptors and erythroid Krüppel-like factor (EKLF/KLF1) 

(33-38) (figure 14).  

Phosphorylation of p53 TAD1 enhances binding to p300 TAZ2 (33, 39), pointing 

to an important role for phosphorylation in modulation of TAD/TAZ2 interactions. 

In response to DNA damage, phosphorylation of the TAD1 region of p53 

decreases it’s interactions to some regulator proteins, while enhancing its binding 

to p300. The recruitment of p300 through this TAZ2/p53TAD interaction is 

required for accessing important gene promoters for mediation of the DNA 

damage. 
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Figure 14. Structure of TAZ2 with E1A and p53 TAD1. TAZ2 is an 88 amino acid protein that 
binds three zinc molecules. It has roughly a pyramidal shape that forms a deep hydrophobic 
pocket. Several other unstructured transactivation domains such as E1A and p53 are known to 
bind here and form small helices upon binding. There are three interaction surfaces of the E1A 
peptide (red), each in different regions of TAZ2, while p53 (yellow) is a single helix that lies 
directly in the hydrophobic pocket. Despite the binding configuration differences, E1A and p53 
have been shown to compete for this region of TAZ2. Magenta = hydrophobic residues, light blue 
= positive residues. (Composite model made in UCSF Chimera using PDB ID 3IO2, 2K8F, 2KJE). 

 

The adenovirus early region 1A (E1A) protein is involved in viral replication and 

activates the necessary genes for its replication, while also disrupting the cell 

cycle by binding and sequestering co-activators, such as CBP. E1A has been 

shown to compete with p53 for binding to CBP TAZ2; therefore inhibiting p53 

caused apoptosis (36). 

While it is understood that in GR the NTD plays a role in interacting with co-

regulators, there lacks a clear mechanism of this relationship. Since TAZ2 binds 
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intrinsically disordered TADs and contacts with p53 are regulated by 

phosphorylation (33, 39), we set out to investigate whether GR also interacts with 

TAZ2 and if this binding event is modulated by phosphorylation.  

 

Chapter 2: Materials and Methods 

2.1 Transactivation Assays 

U2-OS cells were grown to ~80% confluency in 24 well plates using no phenol 

DMEM supplemented with 5% charcoal stripped FBS at 37 ºC, 5% CO2. Cells 

were transiently transfected with Fu-Gene HD system using 300 ng of promoter 

only or 300 ng promoter and 100 ng GR (or GR Δtau1c mutant). 1 ng Renilla 

construct was added to all wells as an internal transfection control. After 6 hours, 

cells were treated with either 100% ethanol (vehicle) or 100 nM dexamethasone. 

After 18 h cells were lysed and luciferase activities measured according to the 

Promega Dual-Luciferase Reporter Assay System manual. Values reported are 

the average of three independent experiments. GR Δtau1c was constructed by 

Genscript USA, Inc. (Piscataway, NJ). 

 

2.2 Western Analysis and Immunoprecipitation 

Immunoprecipitation was performed using extracts of HeLa cells transfected with 

1 mg HA tagged CBP and GR wild type or GR Δtau1c expression plasmids. Cells 

were treated +/-10 nM dexamethasone for 6 h following transfection and 
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harvested in RIPA cell lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.5 

mM EGTA, 1% NP-40, protease inhibitor cocktail (Roche)). Whole-cell lysate 

(400 µg) was incubated with 2 µg of anti-GR (P-20, sc-1002, Santa Cruz 

Biotechnology, Inc. Dallas, Texas) antibody conjugated agarose bead slurry 

(Sigma Aldrich) for 12 h at 4 ºC. Antibody conjugated agarose beads were 

washed three times with RIPA buffer at 4 ºC, and bound proteins were separated 

by SDS-PAGE. Proteins were transferred to a PVDF membrane (Bio-Rad), 

subjected to Western blot analysis with anti-HA (#2999, Cell Signaling 

Technology, Inc.) and anti- GR (Santa Cruz Biotechnology, Inc. Dallas, Texas), 

and then detected with an ECL kit (GE Healthcare Life Sciences, Pittsburgh, PA). 

 

2.3 Purification of GR tau1c, CBP TAZ2 and CBP ZZ 

We ligated cDNAs for human GR tau1c (amino acids 187-244), CBP ZZ (amino 

acids 1701-1741) and TAZ2 (amino acids 1741-1870) into pET 41a(+). All three 

constructs have a polyhistidine tag and TEV consensus site (ENLYFQ^G) 

inserted N-terminally to the protein sequence. GR tau1c C223 was mutated to 

alanine and an extra cysteine residue introduced downstream of the TEV site to 

facilitate fluorophore labeling.  GR tau1c was labeled with Alexa Fluor® 488 C5 

maleimide as directed by the manufacturer (Molecular Probes®, Life 

Technologies, Grand Island, NY). TAZ2 non-zinc binding cysteines 1775, 1826, 

1827 and 1883 were mutated to alanine to facilitate expression and prevent 

aggregation, as previously described (40). Proteins were expressed in E.coli 
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BL21 DE3, purified according to previously published methods and treated with 

TEV protease at 4 ºC overnight. Cleaved product was passed over a 5 mL nickel 

charged IMAC and GSTrap HT column in tandem and flow-through collected, 

concentrated to 5 mL and purified over a HiLoad Superdex 75 prep grade 

column. Peak purity was verified by SDS-PAGE and peaks were pooled, 

concentrated and snap frozen with liquid nitrogen and stored at -85 ºC until use. 

 

2.4 Fluorescence Anisotropy 

GR tau1c was expressed and labeled as above or synthetic peptides (described 

in each figure) and p53 peptide (amino acids 1-39) were purchased from 

GenScript USA, Inc. (Piscataway, NJ) as 98% pure and N-terminally labeled with 

FITC, C-terminally amidated and phosphorylated, if noted. CBP domains were 

titrated into 120 µL of 10 nM peptide solution in 25 mM Tris pH 7.4, 150 mM 

NaCl, 1 mM DTT. Anisotropy was measured at 25 ºC on an ISS, Inc (Champaign, 

IL) PC-1 Spectrophotometer while excited at 490 nm and emission read at 520 

nm with a slit width of 2 nm and 1 nm respectively. Anisotropy (r) was converted 

to fraction bound using the equation  

fbound = (robserved - rfree) / (rbound - rfree) 

where robserved is the observed anisotropy for any protein concentration,  rfree is 

anisotropy with no protein titrated and rbound is anisotropy at saturation. Values 

were plotted in Prism and fit using the “One site- Total binding” model. 
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Chapter 3: Results and Discussion 

3.1 GR tau1c Mediates Glucocorticoid Response and CBP Interactions 

We verified that GR tau1c is important for GR activity in cultured cells. 

Transfection of a GR expression vector into U2-OS osteosarcoma cells, which 

contain low levels of endogenous GR (41), enhanced dexamethasone response 

at a minimal reporter driven by three copies of the tyrosine aminotransferase 

(TAT) GRE and the GRE-dependent mouse mammary tumor virus (MMTV) long 

terminal repeat (Fig. 15A, B) (42). No increase in dexamethasone response was 

observed with a GR mutant that lacked tau1c (GR Δtau1c). Instead, this GR 

mutant exerted weak dominant negative activity upon dexamethasone response 

observed with endogenous GR. 
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Figure 15. The tau1c Region of GR is Needed for Optimal GR Activity and CBP 
Association. (A) Represents luciferase assays performed on extracts of U2-OS cells transfected 
with TAT-Luc reporter +/- control vector, GR expression vector or GR Δtau1c. (B) Same as fig. 
1A, except MMTV-Luc was used. (C) Panels represent western blots of co-immunoprecipitations 
from HeLa transfected with expression vectors for HA tagged CBP and GR and treated +/- 10 nM 
dexamethasone for 6 hr. Antibody used for immunoprecipitation is indicated at top and antibody 
used for western analysis is indicated at the side. Panel below represents western blots of input 
CBP. 

 

We also determined whether GR tau1c played a role in CBP binding (figure 15C). 

We introduced an expression vector for full length GR or GR Δtau1c with an 

expression vector for epitope (HA) tagged CBP into HeLa cells. 

Immunoprecipitation of GR followed by assessment of CBP pull-down revealed 

that CBP binds to full length GR but not GR Δtau1c and that GR/CBP interaction 

was hormone-dependent (upper panels). Control CBP westerns confirmed that 
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equivalent amounts of CBP were present in each input sample (lower panel). 

Thus, tau1c is necessary for GR/CBP association.  

 

3.2 GR tau1c Binds CBP TAZ2 and Not ZZ 

We next used fluorescence anisotropy (FA) based assays to recapitulate 

GR/CBP interactions in vitro and to define whether GR bound to either the TAZ2 

or ZZ domain. We incubated fluorescently labeled, bacterially expressed GR 

tau1c peptide (amino acids 187-244) with increasing amounts of unlabelled CBP 

TAZ2 or ZZ domains. While we did not detect specific interactions between GR 

tau1c and the ZZ domain, the GR tau1c peptide displayed saturation binding to 

the TAZ2 domain with calculated affinity of 9.3 +/- 1.8 µM (figure 16A). As 

mentioned, previous studies revealed that the CBP TAZ2 domain binds to the 

p53 acidic TAD and we verified that a p53 TAD peptide bound to CBP TAZ2 with 

an affinity of 4.6 +/- 2.4 µM in this system (figure 16B), comparable to previous 

results (33, 34). Thus, GR tau1c binds to the CBP TAZ2 domain with slightly 

weaker affinity than un-phosphorylated p53. 
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Figure 16. GR tau1c Binds CBP TAZ2. (A) Fluorescence anisotropy shows GR tau1c binding 
CBP TAZ2 and not CBP ZZ. CBP TAZ2 (closed circles) showed saturation binding with a 
calculated Kd of 9.1 +/- 1.8 μM, while CBP ZZ (closed triangles) showed no measurable binding. 
(B) Using the unphosphorylated TAD (1-39) of p53 from Jenkins et al. as a positive control, we 
measured the binding of CBP TAZ2 (closed circles) with a binding value of 4.6 +/- 2.4 µM, which 
is close to the Jenkins published Kd of 3.8 µM (39). 

 

3.3 Multiple GR tau1c Peptides Bind to CBP TAZ2 

To define possible GR tau1c contact regions for CBP TAZ2, we synthesized a 

series of short fluorescently labeled peptides corresponding to different regions 

of tau1c that superimpose predicted helical and non-helical regions (24, figure 

17A). We then measured affinity of each peptide for TAZ2 using FA. 

Interestingly, several GR peptides displayed significant affinity for TAZ2 (figure 

17B). Peptide p1, which overlaps tau1c H1, bound to TAZ2 with Kd approximately 

2 µM affinity whereas a peptide (p2) that overlaps the neighboring non-helical 

region bound to TAZ2 with much lower affinity (Kd = 24.5 µM). Peptides p3-4, 

which cover H2, also bound TAZ2 with reasonable affinity (Kd = 2.3 and 1.7 µM, 
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respectively). Finally, peptides p5 and p6, which superimpose predicted short 

helix H3, bound TAZ2 with Kd values of 3 and 3.6 µM, respectively.  

 

Figure 17. GR TAZ2 Binding Determinants Are Found Throughout tau1c. (A) GR schematic 
showing position of tau1c and sequence. Individual test peptide (p1-p6) sequences and positions 
are outlined below. Boxes indicate putative helices H1, H2 and H3. Red letters signify 
phosphorylation sites (from left to right) S203, S211 and S226. (B) The panel represents average 
Kd values determined for binding of each GR peptide for CBP TAZ2.  
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The fact that several GR tau1c peptides display affinity for TAZ2 suggests that 

CBP interaction determinants may be found throughout the tau1c transactivation 

domain. This has been seen for the binding of E1A to CBP TAZ2, where there 

were multiple contacts and three helices bound along the 38 amino acid E1a 

peptide. It is also noteworthy that tau1c peptides display improved affinity for 

CBP TAZ2 relative to intact tau1c (figure 16). This may imply that TAZ2 binding 

determinants are partially masked in the context of a full length tau1c peptide. 

Alternatively, mutation of C223, needed for fluorophore labeling of the full length 

GR tau1c (see Methods) but not for the synthesized peptides, could reduce 

affinity for TAZ2. Finally, GR tau1c peptides bind bacterially expressed TAZ2 with 

Kd values in the low micromolar range, comparable to the VP16 TAD peptide 

(33). This suggests that tau1c peptides make high affinity interactions with TAZ2 

that could be relevant for function.  

Interestingly, previous structural studies have revealed that TAZ2 forms a 

scaffold comprised of a four α-helix core structure linked by 3 short loops that 

comprise zinc binding motifs (33, 40, and 43). Further, structures of TAZ2 in 

complex with p53, STAT1 and E1a reveal that α-helical TAD segments dock 

against different surfaces of the TAZ2 α-helical core with different binding modes 

(33-36).  

Because our studies raise the possibility that GR helical segments could be 

responsible for binding to the TAZ2, it is intriguing to suggest that tau1c may 

adopt similar binding modes to other α-helical TADs. 
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3.4 Phosphorylation at S211 and S226 Enhances GR tau1c Peptide Binding to 

CBP TAZ2 

Because tau1c contains three GR phosphorylation sites, we assessed effects of 

modification at each site upon affinity of individual tau1c peptides for TAZ2. To 

do this, we compared binding of phosphorylated and non-phosphorylated 

versions of GR tau1c peptides to TAZ2. S203 phosphorylation, not associated 

with GR transactivation capacity or other markers of GR activity, did not increase 

the capacity for TAZ2 binding (Kd un-phosphorylated 2.1 µM, phosphorylated 1.8 

µM) (figure 18).  
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Figure 18. Phosphorylation at S211 and S226 Enhances GR tau1c/CBP TAZ2 Interactions. 
(A) Peptide sequence of tau1c with serine phosphorylation sites S203, S211 and S226 marked 
and peptides p1 and p2 used in binding shown (black lines). (B) Panel represents average Kd 
values determined for binding of unphosphorylated GR peptides (p1 and p2) for CBP TAZ2 
versus phosphorylated forms (p1-S203p, p2-S211p). 

 

By contrast, phosphorylation at S211 and S226 both enhanced CBP TAZ2 

binding. Un-phosphorylated peptide bound TAZ2 with a Kd of approximately 2.3 

µM, whereas peptides that were phosphorylated at S211 or S226 bound TAZ2 

with Kd values of approximately 0.8 and 0.7 µM respectively. This represents a 

threefold increase in affinity versus the un-phosphorylated form, similar to that 

seen with a monophosphorylated form of the p53 TAD (S15p) for the p300 TAZ2 

domain but less than an eleven-fold increase in affinity of another 

monophosphorylated form of p53 TAD (T18p) (33). The fact both GR 
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phosphorylation events enhance CBP TAZ2 binding is consistent with 

suggestions that they are markers of transcriptional activity (26).  

Strikingly, diphosphorylated GR p2 (S211p, S226p) bound TAZ2 with a Kd value 

of approximately 0.2 µM, four times higher than either monophosphorylated form 

and around 11 times higher than un-phosphorylated peptide. This is different 

from effects of double phosphorylation of the p53 TAD, which yields an affinity for 

TAZ2 that is intermediate between both forms of monophosphorylated p53 (33). 

However, p53 phosphorylation sites are closely juxtaposed, whereas GR S211 

and S226 are separated by fifteen amino acids and bracket a predicted α-helix. 

Our findings propose that dual phosphorylation at S211 and S226 could result in 

synergistic enhancement of CBP recruitment and also suggest that effects of 

multiple phosphorylation events upon TAZ2 binding will depend upon the 

particular TAD.  

Previous analysis of a p53 TAD/TAZ2 complex structure allowed interpretation of 

effects of p53 T18 phosphorylation upon binding to TAZ2 in terms of enhanced 

electrostatic interactions with TAZ2 arginine residues (33). While it is not yet 

possible to explain why GR phosphorylation enhances TAZ2 binding, we propose 

two (non-mutually exclusive) explanations for enhanced affinity of 

phosphorylated GR peptides. Perhaps phosphorylation promotes local helical 

organization of the unstructured GR TAD, enhancing binding of GR tau1c helical 

segments to TAZ2. Alternatively, phosphorylation could enhance electrostatic 

interactions with charged or polar TAZ2 residues, as seen with p53 T18p (33). 
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While it may be possible to dissect contributions of phosphorylation events upon 

hydrophobic and electrostatic interactions with isothermal titration calorimetry, a 

detailed description of the role of GR phosphorylation in CBP binding awaits 

structures of the complex. 

 

Chapter 4: Summary and Future Directions 

4.1 Summary 

The role glucocorticoids play in homeostasis is wide and complex. Upon their 

release into the circulatory system, they not only encounter different tissue types, 

but can experience cells in diverse stress environments and/or can be at various 

stages of their life cycle. For example, epidermal and gastrointestinal cells are 

constantly shedding and renewing and therefore exist in heterogeneous states of 

division, all while continually encountering external stress such as UV light and 

pathogens. In contrast, neurons can be very stable for years or even decades 

and have mostly consistent cellular conditions. 

It is known that eukaryotic proteins holding central positions in a signaling 

pathway (i.e., collaborating with a wide variety of proteins and changing signals) 

often have modular designs interspersed with intrinsically unstructured regions. 

Intrinsically unstructured (IU) domains or proteins are well suited for interaction 

hubs in several ways: compared to a well defined domain, their conformation 

flexibility lets the protein survey a large volume of space to find their binding 
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partners (the ‘fly-casting’ model); their plasticity allows IU proteins to mold into 

the various, yet specific conformations required to interact with many partners; 

multiple sites for post translational modifications gives additional levels of 

regulation and fidelity in their interactions; the entropic cost of binding often 

creates weak affinity binding, perfect for a protein in a control hub to permit quick 

adaptation to changing conditions (44, 45). 

The combination of differential effects resulting from several GC types and the 

incongruous mix of tissues and stress environments requires the GR to be a very 

malleable hormone receptor. GR’s NTD is an IU region shown to be responsible 

for hormone independent transcription activity. A small, but potent section within 

the NTD, called GR tau1c, overlaps three GR phosphorylation sites that we have 

shown is needed for optimal GR activity and absolutely required for 

enhancement of GR function and GR/CBP association in cultured cells. We have 

localized the GR tau1c binding site to the TAZ2 domain of CBP and found that 

interaction determinants are spread throughout GR tau1c and may coincide with 

putative helical regions. While phosphorylation at S203 does not affect CBP 

binding, phosphorylation at S211 and S226 enhances CBP TAZ2 binding in a 

synergistic fashion.  

While phosphorylation has been shown to alter the interaction and transcription 

activity of nuclear receptors, there has yet to be a demonstration of why this may 

happen. From our results we propose a potential mechanism of GR 

transactivation (figure 19): a phosphorylated GR recruits CBP by way of its TAZ2 
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domain and this interaction assists in activating genes involved in the proper 

response pathway. 

 

Figure 19. Model of GR/CBP Interaction. We propose that ligand activated GR recruits CBP 
through its phosphorylated tau1c region. For sake of clarity, GR is shown as a monomer, but 
could also be a dimer. 

 

It is estimated that 400 different proteins bind to CBP/p300, as many cell 

signaling pathways converge at its recruitment (44), making CBP/p300 a limited 

resource. It is possible the ability to phosphorylate GR helps modulate its 

response to different tissues and various stress states encountered throughout 

an organism, by directly changing its ability to select co-regulators.  As we 

investigate further, it may eventually be found that this is a common means of 

fine tuning most nuclear receptor’s activity. 

 

4.2 Future Directions 

While this work answered a few questions, others still need to be addressed: 
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1. What are the molecular interactions between the GR tau1c and CBP 

TAZ2?  

2. How do these interactions compare to those seen with other TAD/TAZ2 

binding partners? 

3. How does altering phosphorylation at S211 and/or S226 affect GR/CBP 

interaction and transcription activity in cells?  

4. Are any phosphorylation mediated effects of the CBP/GR transactivation 

promoter specific? 

5. Which phosphorylation combinations are needed (if any) for recruiting 

CBP versus other co-regulators? 

Questions 1 and 2 could be supported with a structure of TAZ2 in complex with 

GR tau1c phosphorylated and unphosphorylated forms. This would be the first 

structure of a NR NTD in complex with a co-regulator and would provide crucial 

insight into which hydrophobic and electrostatic residues are involved in binding, 

as well as determining if GR tau1c binds to the same region(s) as shown 

previously in other TAD/TAZ2 structures. We attempted to obtain a crystal 

structure with a GR tau1c peptide phosphorylated at S211 in complex with CBP 

TAZ2 and initially acquired microcrystals. Optimization of the microcrystal 

conditions eventually lead to a larger crystal, but it diffracted poorly and yielded 

no information. In light of this, we believe that structural data may be best 

achieved through NMR. 15N labelled TAZ2 with titrated GR tau1c peptide in 

several forms (unphosphorylated, S211p, S226p and S211p/S226p) would 

display any residue interactions through HSQC chemical shifts. This process 
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may be expedited through the use of existing NMR structures of TAZ2 and if the 

interaction is stable enough, may lead to a full complex structure. 

Given the lack of clarity in GR NTD involvement with transactivation it is 

beneficial to dissect its role in how CBP engagement alters the transactivation 

response and if this influence is gene specific. Questions 3 and 4 may provide 

some insight to this by continuing our experiments from figure 15 (A and B) and 

using serine to alanine mutants for S211 and S226 either with several promoter 

constructs (i.e. TAT, MMTV) to detect changes in transcription or by creating cell 

lines that express equivalent levels of wild type or mutant GRs and examination 

of response of endogenous genes. We would then employ co-IP and ChIP to 

understand if the mutations are altering CBP’s interaction with GR tau1c. 

Lastly, addressing question 5 could be beneficial to understand if the CBP/GR 

tau1c interaction is a common or unique mechanism for co-regulator recruitment.  

Furthermore, while other co-activators (TBP, ADA2) are known to interact with 

the GR tau1c, these relationships have not been evaluated in a phosphorylation 

dependent manner. We would establish if this were true, by using the same 

methods from figures 16 and 17.  
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A Microfluidic, High Throughput Protein Crystal Growth Method for 
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Chapter 5: Introduction 

Biochemical macromolecules are fundamental components of all living things. 

Understanding a macromolecule’s three-dimensional structure provides a deeper 

understanding of its function and relationship to other components that are 

responsible for maintaining life. Throughout the field’s history, structural biology 

has been a leading contributor to the areas of biotechnology, pharmaceuticals, 

and academia. For example, efforts with recent structural data from G protein 

coupled receptors holds promise for novel treatments for cardiovascular disease, 

obesity and cancer (1, 2). 

Previously, it required years of expensive laboratory and computational effort to 

create a three dimensional macromolecular model using X-ray crystallography. A 

small number of options were available for the expression of target proteins and 

relatively few conditions were screened to determine solubility and crystal 

growth. Completion of the Human Genome Project in 2003 led to the formation of 

large structural genomic programs such as the NIH’s Protein Structure Initiative, 

Japan’s RIKEN and the Structural Genomics Consortium. These collaborative 

“structure factories” have been crucial in reducing the cost of determining a 

macromolecular model as well as driving the production of effective technology 

and methodologies (3, 4). Some of their accomplishments include: more efficient 

cloning, expression, and purification methods; low volume, high throughput 

screening for solubility and crystal growth; fluid handling robots; and 

computational programs for collecting data and solving structures. These 

developments have quickly altered the landscape of pharmaceutical and 
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academic structure laboratories, allowing for unprecedented contributions to the 

body of structural knowledge (5-7).  

Despite these advances, there continue to be areas needing improvement. A 

recent publication cites that of 125,316 genes cloned for a structural genome 

project, only 6.9% led to structural models, with most of the failures arising from 

an absence of diffraction quality crystals (7). One possibility to improve this 

statistic is to utilize microgravity to increase the yield of quality crystals. As a 

crystal forms on Earth it depletes the surrounding solution of protein, creating 

areas of lower density. Because of this, buoyancy driven convection results in the 

growing crystal rising and falling in the crystallographic solution, inducing uneven 

growth rates. Another concern in terrestrial growth conditions is sedimentation. 

As a crystal becomes larger, its increasing mass causes it to settle against a 

drop’s liquid/air interface (i.e. hanging drop method) or a growth chamber wall. 

This orientation can prevent consistent three-dimensional growth and may lead 

to distortions in the crystal. Acting together, these effects create a highly dynamic 

environment that can cause imperfections in a crystal lattice. In microgravity, 

buoyant convection and sedimentation are negligible; therefore crystals move 

very little and grow at a more uniform rate, which may result in a better quality 

crystal (8-12). 

Microgravity protein crystal growth (μg PCG) experiments flown on NASA’s 

Space Shuttle between 1983 and the early 2000’s provided evidence that it is 

feasible to grow crystals that demonstrate improved diffraction, increased signal 

to noise, and/or lower mosaicity (8) compared to those grown under 1g 
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conditions. Often-cited examples of these results are lysozyme (13-17) and 

insulin (18, 19) while there exist almost two dozen other microgravity protein 

structure examples currently deposited in the Protein Data Bank (8). Some of 

these pharmacologically important successes include: the crystallization and 

increased diffraction quality of the proto-oncogene EGF receptor (EGFR/HER1) 

which led to the first time a space group could be determined for this important 

protein (20). A crystal grown in microgravity of the antibiotic target and 

metabolically important NAD+ synthetase provided improved data sufficient to 

propose a never seen before second catalytic step as well as the design of new 

drug targets (21). Finally, optimal microgravity crystallization conditions for the 

large dimeric, multidomain aminoacyl-tRNA synthetase were obtained over the 

course of several spaceflights. This iterative process resulted in crystals with 

superior intensity, lower mosaicity and higher resolution (22, 23) than previously 

obtained. 

During the Space Shuttle era a variety of unique devices were created for 

growing and studying the μg PCG process (24-31). Yet, while a technological 

revolution was occurring in terrestrial labs during the 2000’s, the evolution of 

microgravity PCG technology stalled. With the retirement of the Space Shuttle 

program in 2011 and the International Space Station (ISS) being declared “open 

for business” (32), commercial companies such as NanoRacks, LLC or the non-

profit Center for the Advancement of Science in Space (CASIS) are currently 

providing unprecedented research access to the ISS. Realizing there is a clear 

need to revitalize microgravity crystallography research with current technology 
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and methods, we partnered with NanoRacks to demonstrate a commercial off-

the-shelf (COTS) candidate for μg PCG. In comparison with usual 1g labs, 

Shuttle era microgravity PCG devices require large volumes of protein (100’s of 

μL) and typically allow for only a single sample parameter in each well. In 

contrast, Protein BioSolutions’ Plug Maker™ (33, 34) requires a small volume of 

protein (~4 μL), that enables testing of a large experimental sample space (400-

800 individual experiments) in a self-contained card the size of a microscope 

slide. Because of these parameters, the Plug Maker™/CrystalCard™ system 

seemed like an excellent COTS choice to test for μg PCG.  

The purpose of this pilot experiment was to test PCG using the Plug Maker™/ 

CrystalCard™ system in a microgravity environment. Despite their importance, 

there are only a few unbound structures of nuclear receptors available and 

knowledge of their 3D structure is critical to understanding receptor-ligand and 

co-regulator interactions, as well as bound allosteric effects (35, 36). Using the 

unbound ligand binding domain of the metabolically important nuclear receptor 

peroxisome proliferator-activated receptor gamma (apo-hPPAR-γ LBD) and five 

model proteins, we set up cards in a variety of protein, buffer and precipitate 

conditions around their usual terrestrial crystal growing conditions. Once 

demonstrated that crystals can be obtained using this method, we hypothesize 

that using µg crystals grown on future flights will decrease the mosaicity of our 

current apo-hPPAR-γ LBD structure, leading to a better quality model. The 

additional control proteins for this project were chosen because of their 
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experimental history as standards for 1g and μg PCG as well as presenting 

differing levels of crystallization difficulty.  

In coming years, as NASA, CASIS and commercial companies create reliable, 

more cost effective access ISS National Lab facilities, we feel a successful 

method like this could supplement the number of macromolecular structures 

acquired or improve existing data sets, creating more opportunities for academic 

and pharmacological discoveries. 

 

Chapter 6: Materials and Methods 

6.1 Proteins Used for Crystallization.  

The apo ligand binding domain (amino acids 315-505) of hPPAR-γ was 

expressed from pET 28a transformed into E. coli BL21 (DE3). Transformed 

bacteria were grown in 3 L SOB media and induced at an OD600 = 0.8 with 0.750 

mM IPTG/1.5 L for 18h at 18 °C. After centrifugation and decanting of media, 

bacterial pellets were re-suspended in 50mM Tris pH 7.4, 500 mM NaCl, 20 mM 

imidazole, and 20 mM β-mercaptoethanol. The cell suspension was sonicated on 

ice until viscosity was reduced. Cell lysate was applied to a 5 mL IMAC HiTrap 

FF charged with nickel, washed until A280 returned to baseline, and then eluted 

with a gradient of 50 mM Tris pH 7.4, 500 mM NaCl, and 500 mM imidazole. 

Eluted sample was concentrated and applied to a HiPrep 26/10 desalting column 

equilibrated with 50 mM Tris pH 8.0, 10 mM NaCl. Sample was then applied to a 

6 mL RESOURCE Q column and eluted with a gradient of 50 mM Tris pH 8.0, 
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1M NaCl. Eluted sample was concentrated to 15 mg/mL, sterilized using a 0.22 

μm filter, aliquoted and frozen in liquid nitrogen until needed. 

Lyophilized chicken egg white lysozyme (Sigma-Aldrich, St. Louis, MO. Catalog 

number L6876) was re-suspended in 0.1 M sodium acetate pH 4.5 to a final 

concentration of 100 mg/mL. Glucose isomerase, lipase B, xylanase, and 

thermolysin were purchased from Hampton Research (Aliso Viejo, CA. Catalog 

numbers HR7-100, HR7-099, HR7-104 and HR7-098, respectively) and prepared 

as stated in supplier’s instructions. All samples were sterilized using a 0.22 μm 

filter and snap frozen in liquid nitrogen until needed.  

 

6.2 Initial Concentrations of Precipitants  

apo-hPPAR-γ LBD: 2.0 M sodium citrate; chicken egg white lysozyme: 1.1 M 

NaCl; glucose isomerase: 2.5 M ammonium sulfate pH 7.0; lipase B: 20% 2-

propanol, 20% PEG 3350, 0.1 M sodium acetate pH 5.5; thermolysin: 1.5 M 

ammonium sulfate, 12% glycerol, 0.1 M Tris pH 8.5; xylanase: 1.0 M ammonium 

sulfate, 0.1 M sodium citrate pH 4.3. 

 

6.3 Filling and Freezing of CrystalCards™ 

All frozen protein, buffer and precipitant samples were shipped overnight on dry 

ice to the Emerald Bio facility at Bainbridge Island, WA. Upon thawing, glucose 

isomerase was observed to have precipitated and therefore was not used. The 

CrystalCards™ were filled using Protein BioSolutions, Inc.’s (Gaithersburg, MD) 

Plug Maker™ with the parameters provided in Table 1. Two cards of each protein 
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sample were made, one for microgravity and one as a 1g control, for a total of 50 

cards (25 for flight and 25 for ground controls). After each card was filled (~30 

seconds) it was immediately submerged in liquid nitrogen and then placed in a 

microscope slide box on dry ice until all cards were filled. Afterwards, all cards 

were stored at -80 °C.  

 

 

Table 3. Protein Samples, Plug Maker Parameters and Crystallization Results. “Sample  #” 
is the assigned sample number during the experiment. “Plug Maker Flow Rate” describes the four 
parameters programed on the Plug Maker to fill the cards. “Crystals?” show the results and “Yes” 
(Y) indicating there was at least one crystal present or “No” (N) where no crystals were found. 

 

 

6.4 Storage and Transport to the ISS  

Frozen samples were shipped overnight on dry ice from the Emerald Bio facility 

to The Houston Methodist Research Institute in Houston, Texas where they were 

Protein μg 1g Start Finish Start Finish Start Finish Start Finish μg 1g

989 990 2 2 0.5 1.5 2 1 5 5 N N

991 992 3 1 0.5 0.5 1 3 5 5 N N

1015 1016 2 2 0.5 0.5 2 2 0.1 0.1 N N

993 994 2 2 0.5 0.5 2 1 6.5 5.5 Y N

995 996 3 1 0.5 0.5 1 3 5.5 5.5 N N

997 998 2 2 0.5 0.5 2 2 8 1.5 N N

1027 1028 2 2 0.5 0.5 2 2 0.1 0 N N

1029 1030 2 1 0.5 1.5 2 2 5.5 5.5 N N

999 1000 2 2 0.5 1.5 2 1 5.5 5.5 Y Y

1001 1002 3 1 0.5 0.5 1 3 5.5 5.5 Y Y

1003 1004 2 2 0.5 0.5 2 2 8 1.5 Y Y

1005 1006 2 2 0.5 0.5 2 2 0.5 0.5 Y Y

1031 1032 2 1 0.5 1.5 2 2 5.5 5.5 Y Y

1033 1034 2 2 0.1 2 2 0.1 0.1 0 Y Y

1017 1018 1 3 0.5 0.5 3 1 8 8 Y N

1019 1020 1 2 1.5 0.5 2 2 8 8 Y N

1021 1022 2 2 0.5 1.5 2 1 8 8 Y N

1023 1024 2 2 0.5 0.5 2 2 0.1 0 N N

1025 1026 1 3 0.5 0.5 3 1 8 8 Y N

1035 1036 2 2 0.1 2 2 0.1 0.1 0 Y Y

1037 1038 5 0.1 0.5 0.5 0.1 5 0.1 0 N Y

1007 1008 2 2 0.5 1.5 2 1 5.5 5.5 Y Y

1009 1010 1 3 0.5 0.5 3 1 5.5 5.5 Y Y

1011 1012 2 2 0.5 0.5 2 2 8 1.5 Y Y

1013 1014 2 2 0.5 0.5 2 2 0.1 0.1 Y Y

Lysozyme

apo-hPPAR-γ LBD

Thermolysin

Sample #
Plug Maker Flow Rate (μL/minute)

Crystals?

Lipase B

Xylanase

Protein Buffer Precipitate Carrier Fluid
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stored at -80 °C. Ten days before launch all cards were placed in card frames, 

inserted into individual zip closure plastic bags and placed into two attached 1.5U 

NanoRacks NanoLab modules (called NR PCG1, see figure 20) and shipped 

overnight in dry ice to the SpaceX launch facility at Kennedy Space Center, 

Florida. NR PCG1 was kept at -80 °C until moved to the -95 °C General 

Laboratory Active Cryogenic International Space Station (ISS) Experiment 

Refrigerator (GLACIER) on the SpaceX Dragon capsule ~12 hours before 

launch. Launch occurred on March 1, 2013 at 15:10 UTC. On March 4, 2013 at 

19:00 UTC, NR PCG1 was removed from the GLACIER and stowed in Expedite 

the Processing of Experiments for Space Station (EXPRESS) rack #4 on the 

Japanese Experiment Module of the International Space Station. The experiment 

was allowed to free float and thaw at ambient station temperature (23-24 °C) 

while in the EXPRESS rack locker. 
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FIGURE 20. CrystalCards™, Frames and Packaging of NR PCG1. A) CrystalCard™ alone 
(top) and CrystalCard™ in frame (bottom); B) Frames containing CrystalCards™ stored vertically 
in two attached 1.5U NanoRacks NanoLabs; C) The fully assembled NanoRacks NanoLab NR 
PCG1. 
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An identical NanoLab module was filled with the ground control sample cards 

and treated to the same changes in temperature (dry ice, -80 °C) as flight 

samples. Controls were removed from -80 °C on March 4, 2013 and allowed to 

thaw in a 24 °C incubator. Samples were stowed in the incubator at that 

temperature until the end of the experiment and only removed for surveying. 

 

6.5 On-Orbit Microscope Survey of CrystalCards™  

Cards were surveyed on the ISS while in their frames on April 29, 2013 ~09:00 

UTC (56 days) using NanoRacks’ USB microscope (Celestron 2MP Handheld 

Digital Optical Microscope, #44306). About 7-8 pictures were taken of each slide 

with the microscope at low magnification. A second survey of a single slide at 

high magnification while removed from the frame occurred on May 8, 2013 

~10:00 UTC (65 days).  

 

6.6 Return of Samples from the ISS  

After 70 days of exposure to microgravity, the samples returned aboard Soyuz 

TMA-07M, undocking from the ISS on May 13, 2013, 23:08 UTC and landing in 

southern Kazakhstan on May 14, 2013 at 02:31 UTC. The samples were 

documented again upon arrival in Houston, Texas on May 15, 2013 06:00 UTC 

(27.5 hours after returning to Earth). During the return journey the microgravity 

samples were subjected to high g-forces several times and multiple temperature 

changes: ~24 °C on the ISS, max ~31-32 °C on Soyuz during re-entry, ~10 °C at 
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the landing area, unknown return transport helicopter and aircraft temperatures, 

~22 °C during transport to the lab and 22 °C at the lab. The 1g control samples 

were also reviewed at this time also. 

 

Chapter 7: Results and Discussion 

7.1 Filling and Freezing of Plug Maker™ CrystalCards™ 

Similar to other available high-throughput fluid handling devices (e.g. TTP 

Labtech's Mosquito®, Art Robbins Instruments’ Gryphon, etc.) the Plug Maker™ 

system provided a straightforward, process of creating a large variety of 

conditions for PCG using about 10 nL of protein per plug (~2-4 μL/card). The 

parameters chosen for each protein were determined to test if variations of the 

four solutions (protein, buffer, precipitate and carrier fluid) would produce crystals 

of different size or morphologies than those in 1g. 

Previously, almost all methods of μg PCG required samples to be stable in 

solution and was subjected to weeks of storage before loading, launch and travel 

to the microgravity environment. This prerequisite decreased opportunities for the 

investigation of proteins that are unstable in solution for long periods of time. 

Freezing of the filled CrystalCards™ was advantageous in making it possible to 

store the samples at -80 °C indefinitely, increasing our experiment flexibility with 

uncertain or scrubbed/aborted launches. This method may exclude proteins that 

cannot tolerate being frozen. It may therefore be beneficial on future projects to 

experiment with temperature gradient PCG, which has been shown to work well 

in microgravity (8, 23), using the Plug Maker™ method. 
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7.2 On-Orbit Microscope Survey of CrystalCards™ 

The first survey of all 25 cards was completed with the USB microscope 

accidently set at the low magnification setting (figure 21A). While the astronaut 

was performing the survey, it was not apparent if the microscope was in the 

correct (high-magnification) mode and this error was not discovered until ground 

acquisition of the data several hours later. Furthermore, for unknown reasons, 

the quality of the images received from the ISS was very poor compared to our 

1g photographs taken by an identical microscope at the same low magnification 

setting (figure 21B). Unfortunately, at this magnification and data quality the 

microgravity images were not sufficient to conclusively determine if crystals were 

present. 

 

FIGURE 21. Comparison of Low Magnification Pictures Taken with USB Microscope. 
An example of one of the survey pictures taken with the USB microscope at low magnification 
taken while in orbit (A) and with an identical USB microscope on the ground using the same 
setting of the corresponding control card (B). While still difficult, it was much easier to see 
possible crystals in the pictures taken with the USB microscope of the ground control card than of 
those pictures returned to us from the ISS. 
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Future Plug Maker™ μg PCG flights will have a more thorough protocol to clarify 

the correct microscope setting to prevent future misunderstandings, also possibly 

incorporating an automated surveying process. While it is not absolutely 

necessary to observe the crystals on orbit, doing so provides evidence that the 

crystals were grown in microgravity and not on the return journey to the lab. In 

situ observation would also be important in determining if the crystals have 

reached a sufficient size for return or if more time in orbit is required. 

While gaining impromptu access to tightly scheduled astronaut time is not easy, 

due to the coordination provided by NanoRacks we were granted time a week 

later to document one lysozyme sample card (table 3, #1033). This second 

survey was completed using the microscope’s high magnification setting and 

allowed us to conclude that crystal growth had occurred in microgravity for this 

card. Upon examination of these pictures (figure 22A), the lysozyme crystals 

appeared to vary in size and quantity comparable to pictures of the 

corresponding 1g control card (table 3, #1034) with many ~100-150 μm crystals 

found in both. Because crystals were observed in other 1g control protein 

samples, we feel confident in assuming that crystal growth of the microgravity 

samples had occurred on the ISS as well. 
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FIGURE 22. Examples of Pictures Taken During the Second Survey With the USB 
Microscope Set to High Magnification. (A) High magnification picture of lysozyme crystals 
grown in microgravity and (B) high magnification picture of lysozyme crystals grown in the ground 
control samples. 
 

7.3 Crystal Samples After Returning to Earth  

During the 31-hour trip from the ISS to the lab in Houston, Texas, the 

microgravity samples were subjected to high g-loads (possibly up to 9g’s) as well 

as multiple climate conditions. Despite the absence of temperature control, 

numerous crystals were observed in these samples. Inspection of the cards after 

their return revealed that 16 of the 25 microgravity and 12 of the 25 ground 

control CrystalCards™ had crystals present (table 3). None of the cards or 

frames appeared damaged and no signs of leakage were present. Although 

future Plug Maker™ μg PCG units will be adapted with active temperature 

control, these results emphasize the robustness of this relatively simple PCG 

method.  

 

7.4 Comparison of Microgravity and Ground Control Crystals.  

7.4.1 Human apo-PPAR-γ LBD.  
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Five out of seven apo-hPPAR-γ LBD cards flown in microgravity formed single 

crystals. At 200+ μm, the three largest crystals were from microgravity card 

number 1035 with the other microgravity crystals being ~100 μm. The 

corresponding ground control of 1035, 1036, was one of only two ground control 

cards that had crystals (see figure 23). The largest and visually deformation free 

crystals were from the microgravity cards that kept the protein concentration 

constant with non-uniform plug sizes. As is common with apo-PPAR-γ LBD 

crystals grown in our lab, the majority of the plugs had skin and/or heavy, 

amorphous precipitate.  

 

FIGURE 23. Examples of apo-hPPAR-γ LBD Crystals. (A) Returned from microgravity and (B) 
ground control crystals. Red bar indicates 200 μm. 
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Since apo-hPPAR-γ LBD is not a model protein, the growth of these crystals in 

microgravity is very encouraging. This member of the nuclear receptor family has 

been shown to play roles in glucose and lipid metabolism (35). The function of 

nuclear receptors in gene regulation, as well as the hydrophobic pocket of their 

ligand binding domains, naturally make them candidates for drug design and 

highly sought after disease regulation targets (36). However, challenges in 

forming high quality apo and full length structures of nuclear receptors, such as 

hPPAR-γ have led to uncertainties when discriminating between possible 

endogenous ligands from bacterial contaminants during purification (37), possibly 

creating an overly simplistic view of their allosteric mechanisms (38). Success 

with these samples may encourage other researchers to optimize their 

therapeutic target structures using μg PCG. 

Samples of apo-hPPAR-γ LBD were flown in 2011 on the last two space shuttle 

missions (STS-134 and STS-135) using another μg PCG method that required 

much larger volumes of protein/precipitant and which also had ambient 

temperature control. Both flights returned with only amorphous precipitate and no 

exact cause for the failure was determined. Possible reasons were temperature 

fluctuations during loading and/or delivery to the orbiter, unsteady orbiter cabin 

temps, etc. It was also not possible to determine if the device was activated 

properly or if crystals may have grown in orbit, but melted on the return trip to the 

lab. Because of our previous shuttle results and the fact that NR PCG1 was also 

passively temperature controlled, we did not anticipate having any crystals 

returned to us and therefore decided only to test if this method will work for μg 
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PCG before committing to testing for diffraction quality. In light of our positive 

results and since subsequent flights using this method will have active 

temperature control, we plan on flying these same samples again using the 

optimized conditions from this experiment and then examine the microgravity 

grown crystals for better diffraction quality/lower mosaicity. 

 

7.4.2 Lysozyme  

Lysozyme has been shown to grow very well in microgravity (13-17). For this 

experiment, lysozyme had the greatest number, variety of crystal size and 

morphology of all the protein samples. Due to the large number of crystals (each 

card had hundreds) it was not possible to compare them all. Figure 24 shows 

representatives of crystals from the microgravity and ground control samples. 
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FIGURE 24. Examples of Lysozyme Crystals. (A) Returned from microgravity and (B) ground 
control crystals. Red bar indicates 200 μm. 

 

Cards numbered 1033 and 1034 produced the most single large (300-450 μm x 

150-200 μm) crystals with cards 1031 and 1032 as the second best. The 

remaining four cards had either showers or clusters of small crystals ranging 

from 10 μm to 50+ μm. While there seemed to be slightly more large crystals in 

the microgravity samples, overall, the microgravity cards appeared to be similar 

to their corresponding ground controls. 

The difference between these cards is that 1033/1034 had a constant protein 

concentration, with varied buffer, precipitate and carrier fluid flow rates, while 

cards 1031/1032 varied only the protein and buffer flow rates (see Table 3). A 
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possible explanation for the larger crystals in 1033/1034 could be that the very 

slow flow rate of the carrier fluid in 1033/1034 created non-uniform, large plug 

volumes leading to more protein available in each plug for crystal growth.  

As seen in figure 24, some lysozyme crystals grew wide along the channel width 

direction, which could cause crystal deformations. Since this experiment focused 

on crystal growth and not diffraction quality, the effect of this on data quality is 

unknown. In μg PCG’s Shuttle and Mir days (late 1980’s to early 2000’s), it was 

common to grow very large crystals, but currently, due to the availability of highly 

collimated and powerful synchrotron beam lines, it is now not uncommon to 

diffract useful data from much smaller crystals (25-10 μm) (39-42).  With the Plug 

Maker™ method, depending on the crystal morphology, it is possible to grow 

crystals of at least ~150 μm wide (channel width is 200 μm) before deformations 

could occur, yielding crystals that are certainly large enough to obtain high quality 

diffraction data. Secondly, crystal size can easily be controlled by altering the 

ratio of protein/buffer/precipitate through changes in the machine’s flow rate 

parameters.  

 

7.4.3 Thermolysin  

All thermolysin cards had hexagonal rod shaped crystals present (figure 25), with 

microgravity cards 1007 and 1013 displaying about 20 single crystals each, 1011 

had 14 crystals and 1009 had six. The number of crystals found in the respective 

ground controls was less, with 1014 (ground control for 1013) having the most at 

12 crystals. The largest crystals were seen in microgravity cards 1011, 1012, 
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1013, and 1014 at ~200+ μm. All drops were clear for both microgravity and 

ground control cards.  

 

FIGURE 25. Examples of Thermolysin Crystals. (A) Returned from microgravity and (B) 
ground control crystals. Red bar indicates 200 μm. 

 

The parameters for 1013/1014 that created the most crystals in both flight and 

ground controls (22 and 12 crystals, respectively) had the flow rates of all four 

channels fixed, creating one long plug in both cards. It is interesting to note that 

these parameters were also used on lysozyme, but with dissimilar results, 

underscoring the importance of a large variety of sample conditions for optimal 

PCG results.  

A search of the literature shows that thermolysin μg PCG was performed twice 

before on unmanned 8 and 14 day flights (43, 44). Both missions yielded crystals 

that were almost 10X larger than those grown in their 1g controls, but diffraction 

for the microgravity samples were not as good as the 1g crystals. Our 
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microgravity and ground controls crystals were of smaller size (due to less 

volume of protein) and were grown for a longer amount of time, with a different 

technique, and another precipitant than previously. Because of these differences, 

it will be interesting on future flights to determine if our crystals will have the 

same diffraction quality as these unmanned missions. 

 

7.4.4 Xylanase 

Only one large irregularly shaped xylanase crystal was found in microgravity card 

993 (figure 26). No crystals were seen in any ground control cards. The crystal is 

~250 μm x ~190 μm and appears to be twinned, growing from a common 

nucleus with one side growing around the other. All other drops in the 

microgravity and 1g PCG cards were clear, with some phase separation and no 

visible precipitate. 



71 
 

 

FIGURE 26. Xylanase Crystal. This was the only xylanase crystal found in the returned 
microgravity card. Red bar indicates 200 μm. 

 

A report of xylanase crystals grown in microgravity appears at least once, but it is 

unclear what the morphology of those crystals were (45). Our results are possibly 

because of under optimized conditions or intolerance to freezing.  

 

Chapter 8: Summary and Conclusions 

The goal of this experiment was to test the ability of growing protein crystals in 

microgravity using a COTS high throughput method. Overall, our results were 

very promising with 16 of 25 microgravity containing crystals, compared to 12 of 

25 of the ground controls. Due to the very favorable results for the apo-hPPAR-γ 

LBD we will continue to test this protein as well as other nuclear receptors using 
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the PlugMaker™/CrystalCard™ µg PCG method to determine if we can improve 

our existing 3D models.   

Due to unclear on-orbit microscope pictures, we are only absolutely certain that 

one card contained protein crystals grown in microgravity. Yet, because the small 

possibility of crystallization occurring during the many temperature variations that 

occurred during their transportation from the ISS to the lab, we are confident our 

goal has been achieved. As for the samples that did not grow crystals, this could 

be due to several variables, such as optimizing the protein starting concentration, 

exploring the time required for μg crystal growth using this method or providing 

stable temperature control.   

Without diffraction information, we are not absolutely certain that the crystals 

observed is this study are indeed from protein, but could be from reagents found 

in the buffer and/or precipitant. That being said, with our experience in growing 

apo-PPAR-γ LBD (46, 47) and lysozyme crystals, we are certain that the 

morphology of the crystals found in this experiment is the same as those we 

have obtained diffraction data from in the past. The morphology of thermolysin is 

also the same as others have observed from this well-known standard. The odd 

morphology of xylanase is the only real uncertainty, as it does not match any 

previous crystal structure we have seen. 

It is possible that buoyancy-driven convection may already be reduced in 1g 

microfluidic devices (8, 48, and 49). The dimensionless Grashof number is a ratio 

between buoyant and viscous forces in a fluid, providing an approximate scale of 

buoyancy driven convection: 
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Gr = L3β1Δcgν
-2 

where L is characteristic container length (cm), Δc is the concentration difference 

(mg/cm3), β1 the solutal expansion coefficient (cm3/mg), g is the acceleration due 

to gravity (cm/s2) and ν is the kinematic viscosity (cm2/s). A small value for Gr 

predicts a decreased influence of convection on a system and it can be seen 

from the equation that there are three possible ways to do this: increase viscosity 

(ν), decrease the acceleration due to gravity (g) or, as in microfluidic devices, 

decrease sample volume (L). While methods capitalizing on varying the 

equation’s coefficients have shown promise (8, 50, and 51), calculation of the 

Grashof number depends on initial system values and may not always correctly 

estimate what is occurring during the dynamic and complex process of protein 

crystal growth. After creating a computational simulation using the Grashof 

equation demonstrating that smaller drops may lead to reduced convection, 

Carter et al. had equivocal results when comparing the resolution and mosaicity 

of 1g crystals grown in small (nL) and large (μL) volume drops. Another group 

growing triose phosphate isomerase crystals using agarose to increase viscosity 

failed to grow better quality 1g crystals than those grown in an identical system in 

microgravity (53). Most important to this experiment and for us a marker of 

success since this protein is not a standard and has never been grown in 

microgravity before, was that there were 17 μg apo-PPAR-γ LBD crystals 

compared to 4 in the 1g cards. While this experiment needs repeating and quality 

of diffraction determined having more crystals than were grown on the ground 

demonstrates a possible advantage to using this system in microgravity. Future 
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research is needed in determining if microfluidic devices can consistently mimic 

the benefits of μg PCG or even possibly enhance it. 

Overall, by combining Protein BioSolutions’ Plug Maker™, CrystalCards™ and 

NanoRacks’ NanoLab, this method creates the ability to use a small quantity of 

protein to evaluate hundreds of microgravity crystal growth conditions. Additional 

advantages to this approach include: 1. the sample is enclosed within the 

CrystalCards’™ channels, alleviating two previous microgravity PCG difficulties 

of fluid containment and the required layers of biohazard safety restriction. 2. 

Retrieval of crystals is easily performed by removing the card seal, or if the 

investigator desires, X-ray diffraction data can be collected while the crystal stays 

in the card. 

In light of these encouraging results, with future modifications such as active 

temperature control and automated documentation systems, we believe this 

method will provide new opportunities for researchers to use microgravity protein 

crystal growth as a tool for creating improved or novel models. 
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