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ABSTRACT 

The liver is a vital organ and is unique in that it is capable of regeneration.  The 

work presented herein is focused on the biophysical and structural characterization of the 

hepatitis B virus surface protein HBsAg (the current hepatitis b vaccine) and the protein 

Augmenter of Liver Regeneration (a growth factor isolated from weanling or 

regenerating liver). 

Hepatitis b is a blood-born-associated virus that has infected over 2 billion people 

worldwide and can lead to liver cancer.  Thus, one of the overall goals of this study is to 

provide biophysical and structural information for the hepatitis b vaccine antigen HBsAg. 

The lack of an HBsAg structure has prevented us from understanding the effects of 

mutations of the viral polymerase, which can lead to vaccine escape and has impeded the 

development of bivalent vaccines.  The goal of this work is to provide biochemical and 

structural information about HBsAg that can be used in the design of new and better 

vaccines. 

Liver damage and regeneration have been the focus of research studies for 

decades.  From these studies a growth factor called Augmenter of Liver Regeneration 

(ALR) was identified that augmented the regeneration process.  ALR was then shown to 

be homologous the yeast Saccharomyces cerevisiae protein Erv1 (Essential for Growth 



and Respiration protein 1) which has been demonstrated to be involved in the 

mitochondrial intermembrane space import (IMS) pathway. The IMS pathway has been 

well characterized in yeast and shows that Erv1 interacts with mitochondrial 

intermembrane assembly protein 40 (Mia40) and cytochrome c forming a Mia40 – ERV1 

– cytochrome c redox chain.  The goal of these studies is focused on characterizing the 

mammalian equivalent of the Mia40 – ALR – cytochrome c redox chain using Rattus 

norvegicus as a model.  These studies will include the recombinant cloning, expression, 

purification of rat Mia40 and ALR and the charaterization of interactions between the 

Mia40, ERV1 and cytochrome c proteins in solution. 

Together these studies should provide a foundation for the development of new 

tools that can be used to prevent liver damage and/or promote liver repair. 
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CHAPTER 1 
 

INTRODUCTION 
 

Purpose of the Study 
 
 

Liver damage and regeneration have been the focus of numerous research studies, 

that have lead to a wealth of knowledge about the diseases that cause liver damage and 

the key components in the liver regeneration process that aids the liver in recovery. 

However, there remain several aspects of liver disease and liver regeneration that needs 

further investigation. Among these are better understandings of the molecules that 

stimulate the liver regeneration and their role in the regeneration process and the 

development of new and better preventative methods, such as vaccines.  With this in 

mind, the research described herein focuses on (1) the biophysical characterization of the 

hepatoprotein augmenter of liver regeneration (ALR) (1, 2) and its newly discovered role 

in the mitochondrial intermambrane space import and assembly (IMS) pathway (3) and 

(2) providing structural information for the hepatitis b surface antigen (HBsAg) protein 

needed for the design of new and better prophylactics.  

ALR is a protein that has been shown to increase the rate of liver regeneration (4) 

ALR is considered an augmenter because although it cannot initiate or terminate the liver 

regeneration process it increases the rate of liver regeneration. Previous studies have 

shown that ALR is located in multiple organs in the body, can be expressed as both a 125 

(short form) and 198 (long form) residue protein and functions as a sulfhydryl oxidase (5, 

6).  

Recent studies have indicated that the long form of ALR likely functions in 

reduction oxidation reactions that occur in the IMS pathway in mammals (3). The 
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IMS pathway from S. cerevisiae was originally identified using immunoprecipitation 

assays in which yeast Mia40 (mitochondrial intermembrane space assembly protein 

40) and Erv1 (essential for respiration and viability protein) bound to Mia40 

antibodies (7). In addition, cytochrome c was identified as another vital component of 

the IMS pathway in yeast (3).  

It has been shown that ALR is the mammalian homolog of Erv1 (8) and sequence 

analyses have shown that Mia40 and cytochrome c homologs exist in all higher 

eukaryotic organisms. Thus, a major goal of the research presented is to (1) establish 

that the IMS pathway in rat and (2) to characterize the interaction between rat Mia40, 

ALR and cytochrome c using common biochemical/biophysical techniques. 

Specifically, the central hypothesis of this research is that a pathway similar to the 

IMS pathway identified in yeast is also present in R. norvegicus. The results from this 

study will aide in understanding the significance of the IMS pathway in mammals and 

the mechanism as to how ALR augments the liver regeneration process. In addition, 

the IMS pathway has been shown to play a significant role in the maturation of 

several key translocases of the inner membrane (TIM). The lack of TIM function has 

been linked to the human deafness dystonia syndrome and cell death (9, 10). Thus, a 

better understanding the IMS pathway is a necessary step in developing methods for 

the prevention of this syndrome. Finally, since regeneration is a phenomenon that is 

only observed in the liver, the more insight that can be gained into how it works and 

how different factors affect it could lead to the novel therapeutic techniques.  

The hepatitis b virus is a blood-born-associated virus that has infected over 2 

billion people worldwide (11).  The chronic form of hepatitis b can lead to liver 
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cancer (11).  One of the overall goals of this study is to provide structural information 

for the HBsAg protein, the antigenic component of the currently licensed vaccine for 

hepatitis b virus.  Despite its worldwide usage and its application as a carrier for 

epitope presentation, the tertiary structure of this important protein is still unknown.  

In addition, the lack of a HBsAg structure has (1) prevented us from understanding 

the effects of mutations on polymerase drug-resistance and on the antigenic properties 

of the HBsAg major neutralizing antigenic epitope and (2) impeded the development 

of bivalent vaccines where HBsAg is used as a carrier for foreign antigenic epitopes. 

The results of the proposed studies will provide information for aiding in the 

understanding of how various mutations and fusion of foreign epitopes may affect the 

tertiary structure of the HBsAg neutralizing epitope.  In addition, the studies should 

provide sufficient understanding of molecular recognition between the immunogenic 

site (‘a’-determinant region) of HBsAg and antibodies.  Such knowledge is necessary 

for the development of improved HBV vaccines, bivalent vaccines and understanding 

the role of drug-resistant mutations in HBV immune escape. 

  The research study described within this document provides fundamental insight 

into the cellular function of ALR and the structure of HBsAg. This research provides 

initial insight into the binding kinetics and protein-protein complex structures of 

components the IMS pathway along with solution structural information on HBsAg. 

These studies revealed information that will aide in the study of liver damage and liver 

regeneration. 
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CHAPTER 2 
 

BACKGROUND AND LITERATURE REVIEW 
 

 The liver is the largest internal vital organ in a majority of mammalian organisms. 

Structurally, the liver consists mainly of two major lobes, left and right, separated by the 

falciform ligament (Figure 2.1). The two lobes are primarily composed of hepatocyte 

cells that perform several functions including: bile production, nutrient storage, nutrient 

interconversion, detoxification, phagocytosis, and protein synthesis (12). Bile production 

is a key function of the liver. Bile plays a major role in digestion by diluting and 

neutralizing stomach acids so that pancreatic enzymes can function properly. Bile also 

emulsifies fats so that they can be properly broken down (12). Liver hepatocytes can also 

remove glucose, fats, vitamins, copper, and iron from the blood and store them on a 

short-term basis. The interconversion of nutrients is another vital function of the liver 

because ingested material is not always in proportions needed by the tissues or the 

material may not be in a form that cells can use. An example of interconversion would be 

combination of ingested fats with phosphorous and choline to produce phospholipids that 

can be used in the cell membrane (12). Liver hepatocytes also aid the kidneys in 

detoxification by altering the structure of many substances like ammonia, which allows 

them to be eliminated from the body more easily. Kupffer cells, which lie along the 

endothelium of the liver, phagocytize worn out and dying red and white blood cells from 

the blood stream which circulates through the liver (12). In addition to these numerous 

functions, the liver also is the location for the synthesis of several key blood proteins such 

as albumins, fibrinogen, globulins, heparin, and clotting factors (12). The unique 

properties and diversity of functions that the liver performs make it an organ that has 
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been the subject of numerous research studies.  

Similar to other organs, the majority of the research conducted on the liver has 

focused on investigating liver disease and liver damage. The term hepatitis refers an 

inflammation of the hepatocyte cells caused by a number of diseases and infections. 

Among the causative agents for hepatitis are the hepatotropic viruses, five unrelated 

viruses (hepatitis A, B, C, D and E) that lead to liver inflammation.   Among these 

viruses, and a focus of my research, is a member of the hepadnavirus family, Hepatitis B 

virus (HBV). Hepatitis B is a blood-born-associated virus that has infected about 2 billion 

people worldwide (11, 13).   Transmission of Hepatitis B is caused by exposure to 

infectious blood or body fluids. The most common causes of transmission are the reuse of 

contaminated needles, unprotected sexual activity and vertical transmission, 

(transmission from mother to child during childbirth) (13-15).  Despite being discovered 

more than 30 years ago, hepatitis B remains a challenging global health problem. 

During replication, the 42-nanometer Hepatitis B virion (Figure 2.2) binds to an 

unidentified receptor protein and enters the cell via endocytosis.  Following endocytosis, 

fusion of the cellular and viral membranes is mediated by viral envelope proteins and this 

fusion results in the release of the viral capsid into the cytoplasm. The viral capsid, which 

contains the viral DNA and a nuclear localization signal, is transported toward the 

nucleus via microtubules (16). At the nuclear membrane, the viral capsid interacts with 

the adapter proteins importin alpha and beta and is translocated into a nuclear pore. Inside 

the nuclear pore, a nuclear basket is formed which facilitates the breakdown of the viral 

capsid and the release of partially double stranded DNA into the nucleus (16) where the 

partially double stranded viral DNA is converted to covalently closed circular DNA that 
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encodes for the four viral mRNA molecules (13, 17, 18).  Host cells then synthesize the 

viral mRNAs, which are translated into the proteins that form new virions. The newly 

formed Hepatitis B virions are then released from the cell and the process is repeated.  

After the host cell has been infected, liver cell damage is caused by the host immune 

response system.  The primary response elements utilized are cytotoxic T lymphocytes, 

which destroy infected host cells and produce antivirus cytokines that can breakdown 

virions that are in viable hepatocytes (19).  Acute viral infection combined with the initial 

host immune response lead to a number of symptoms that include vomiting, liver 

inflammation, and eventually jaundice. 

Approximately 90% of the people that develop acute Hepatitis B infections are able 

to fight off the virus without any treatment (11). However, an increase in the number of 

chronic Hepatitis B infections has been observed by the World Health Organization (15, 

20). Because of the difficulty of treating chronic Hepatitis B infection, the primary 

treatment for the disease has been prevention using vaccines (21).  The vaccines that have 

been developed rely on the use of the viral envelope protein called the hepatitis B surface 

antigen (HBsAg). HBsAg, produced in yeast cells, is isolated as a 226-residue soluble 

lipoprotein particle with a spherical radius of 20 nanometers, as shown in Figure 2.3. 

Sequence analysis (www.predictprotein.org) suggests that the protein has four trans-

membrane helices and large inner and outer membrane loops (see Figure 2.4).  The 

region spanning residues 100-165 on the outer membrane loop comprises the HBsAg 

antigenic region.  HBsAg self-assembles into non-infectious particles (Figure 2.4) and 

once these particles (22) are introduced to the bloodstream, anti-HBsAg antibodies are 

produced as part of the immune response. Gilbert et al. revealed through cryo-electron 
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microscopy that these noninfectious HBsAg particles form octahedral structured particles 

containing 48 copies of HBsAg whose surface epitopes resemble that of an intact virus 

(23).  The anti-HBsAg antibodies recognize the surface epitopes, which helps promote 

resistance to the disease.  However, researchers have discovered HBsAg escape 

mutations, which cause vaccination resistance (11, 20, 21, 24).  In addition, these 

mutations often occur in or near the open reading frame for the viral polymerase (the 

target for HBV polymerase inhibitor therapies), which causes these HBV variants to be 

drug resistant.  The escape mutations likely cause a conformational change in the HBsAg 

protein in the region encoding for the HBV major conformation-dependent neutralizing 

epitope (25) resulting in vaccine resistance (see Figure 2.4).  In spite of the fact that a 

low-resolution cryo-electron microscopy structure is available, understanding the effect 

of mutations on HBsAg conformation is limited by the resolution of the technique. 

Thus, gaining additional structural knowledge of HBsAg is a necessary step towards 

understanding the effect of escape mutations on HBsAg conformation and drug 

resistance. In addition, the HBsAg structure would also provide a foundation for the 

development of new or better combination vaccines.  Combination vaccines are a single-

shot vaccine, which can provide immunity against multiple infections.  Combination 

vaccines are preferred because they are more efficient and cost effective than traditional 

vaccines.  In previous studies, a modified HBsAg carrying the immunodominant 

hypervariable region 1 (HVR1) of the hepatitis C virus envelope protein E2 within the 

exposed ‘a’-determinant region was shown to develop an immune response against the 

hepatitis C virus in mice (25). These results provided evidence that HBsAg has the 

potential to be engineered so that it can be used as a combination vaccine.   
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Although HBsAg medicines and other vaccines have proven to be an effective 

treatment for the prevention of liver diseases, a high percentage of patients recover from 

acute liver injuries without treatment due to the fact that the liver possesses the ability to 

regenerate itself. The mammalian liver is unique among organs in that it can completely 

restore its weight and architecture if it is injured or reduced to no more than 70% of its 

mass. Although the first description of liver regeneration can be attributed to the story of 

Prometheus from Greek mythology, the first observation of liver regeneration following 

partial organ removal (hepatectomy) was reported in 1931 (26). Since that discovery, 

more than a century ago, investigators have been trying to understand the unique and 

complex processes of liver regeneration and to identify the factors that are responsible for 

the liver's regenerative property. Liver regeneration is a complex process that consists of 

many stages (27). When a portion of the liver is damaged, hepatocyte metabolic activities 

increase and DNA replication starts, signaling the beginning of the priming stage of the 

regeneration process. The priming stage prepares the hepatocyte cells for regeneration by 

causing the cells to become competent and respond to growth factors (27). Research has 

shown that 185 genes are either induced or repressed during the priming process. Among 

the genes induced are those associated with the production of transcription factors, 

proteins that help to regulate cell proliferation and proteins that regulate the cell cycle 

(28). Two important cytokines, tumor necrosis factor alpha (TNFα) and interleukin 6 (IL-

6), have been shown to be essential for the priming process. Produced by Kupffer cells, 

IL-6 binds to the gp130 receptor on the surface of hepatocyte cells. This binding activates 

Janus kinases and results in the activation of signal transducer and activator of 

transcription 3 (STAT3), which mediates the response of several genes during the 
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priming process (29-31). TNFα induces stress-activated protein kinases and augments the 

production of c-myc, which regulates cell proliferation, and IL-6.  These functions allow 

TNFα to maintain specific gene expression during liver regeneration (32-34). Following 

the priming process, the hepatocyte cells can now respond to growth factors that induce 

them to begin the cell proliferation process. The main growth factors that are capable of 

directly inducing cell proliferation are transforming growth factor alpha (TGFα), 

epidermal growth factor (EGF), and hepatocyte growth factor (HGF). The growth factors 

accomplish this activation by binding to receptors with tyrosine kinase activity, which 

activate protein kinase cascades (27). High expression levels of TGFα have been shown 

to directly correlate with DNA synthesis in hepatocytes (35). The release of TGFα by 

hepatocytes is a signal for the beginning of the mitotic process in regeneration (36, 37). 

EGF and TGFα both interact with the EGF receptor, which allows them to stimulate both 

protein and DNA synthesis (38). HGF is considered to be the most important growth 

factor because it stimulates the synthesis of TGFα by binding to the protein kinase 

receptor c-Met. The binding of HGF to cMet leads to the activation of signaling 

pathways, which results in the proliferation of hepatocytes (39, 40). Even though the 

previously described major factors are now fairly well established, a large number of 

potentially important proteins and peptides remain unproven as bona fide growth factors 

for in vivo liver regeneration.  This second tier of potential growth factors includes the 

protein named augmenter of liver regeneration (ALR) (1), another research focus of this 

dissertation.  ALR is also known as hepatic stimulatory substance, (HSS) (41) and as 

hepatoprotein (HPO) (42).  

In 1931, Higgins and Anderson first demonstrated liver regeneration after partial 
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hepatectomy (26). Studies of McJunkin and Breuhaus followed shortly thereafter which 

showed that the modest mitotic response to a limited (30% - 45%) hepatectomy was 

significantly enhanced by intraperitoneal post operative injection of homogenate made 

from weanling or regenerating rat livers (43).  The homogenate injection was later found 

to be most effective when injected into weanling rats, which had naturally hyperplasic 

livers.  The injections were also found to have no effect on the normal adult liver (44, 

45).   After a lengthy lapse in interest, LaBrecque and Pesch (46) described what they 

termed the "hepatic stimulatory substance" (HSS) found in the cytosol of weanling or 

regenerating rat livers.  HSS did not affect the adult liver but it significantly augmented 

liver regeneration after partial hepatectomy.  These findings have been extended to dog 

(47).  In addition, HSS was shown to augment the heightened proliferation that is caused 

by portacaval shunt (Eck's fistula) (see Figure 2.5), and to prevent acute hepatocyte 

atrophy usually observed 4 days after surgery (48).  This heat-stable cytosolic factor was 

renamed “augmenter of liver regeneration” (ALR) by Francavilla et al., (1987) (1) who 

highly purified (830,000 fold) the suspect peptide from regenerating rat liver 

homogenate.  Once identified, ALR was cloned and expressed in COS cells (49) and later 

identified, cloned and expressed from the mouse and human genomes (50).  The 

chromosomal location (human 16p13.3-13.1) (8), genome structure (8, 50), tissue 

distribution of mRNA (8, 49, 50) and the 3-dimensional structure (51) of ALR are now 

known (Figure 2.6).  

ALR is not restricted to the liver but is also found in high concentration (as indicated 

by Northern blots) in kidney and testes (49).  This finding is interesting since 16p13 has 

been shown to contain genes responsible for some kidney diseases (52) and ALR mRNA 
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levels are high in kidney. ALR has been reported to reduce the activity of liver-resident 

natural killer (NK) cells (4, 53), which have been postulated to be involved in termination 

and initiation of liver regeneration (54).  This effect on NK cells, which is also observed 

with HGF and insulin-like growth factor (IGF-II), occurs only in vivo and not in vitro, 

suggesting that this factor is only one component of a complex physiological system.  In 

addition to its role in liver regeneration, there is now evidence that ALR may function in 

vivo as a more general trophic factor.  Adams et al. (1998) (55) have published data 

demonstrating that ALR significantly enhances the success rate of fetal rodent pancreas 

transplantation.  In this study it was found that ALR alone was approximately 100-times 

more potent on a per weight basis than IGF-I in the fetal rat pancreas model and that 

ALR plus IGF-I were not synergistic.  

ALR has been shown to be involved in the regulation of mitochondrial gene 

expression through the stimulation of the production of the mitochondrial transcription 

factor mtTFA (56), involved in the export of iron/sulfur (Fe/S) clusters from the 

mitochondrial matrix (57), and plays a role in the early stages of spermatogenesis (58). In 

addition, results from a recent study investigating ALR influence on the proliferation of 

hepatocytes and hepatic tumor cells suggests that ALR could also play an important role 

in the development of herpatocellular carcinoma (59). The above data suggest that ALR's 

overall role in vivo is much broader than just as an augmenter of liver regeneration and, 

because of potential therapeutic applications related to these studies, a closer look at the 

molecular mechanism of ALR action was warranted.  

ALR homologues (ERV1 and ERV2) have also been identified in yeast 

(Saccharomyces cerevisiae).  ERV1 has recently been identified as a key component in a 
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pathway that is responsible for protein transport and folding in the mitochondrial 

intermembrane space. Many proteins found in the mitochondria are synthesized in the 

cytosol and then imported into the mitochondria where they are folded. These proteins 

are transported to the intermembrane space, the inner membrane, or the mitochondrial 

matrix (60). In S. cerevisiae, among these peptides are a group of small cysteine rich 

proteins, which are targeted to the intermembrane space. Many of these proteins are 

transported from the cytosol to the intermembrane space via the IMS Pathway (61-63). 

Once the peptides have been synthesized in the cytosol, they are targeted to a translocase 

of the outer membrane (TOM) channel, which translocates them through the outer 

membrane of the mitochondria. Once in the mitochondrial intermembrane space, the 

protein Mia40 binds to them and promotes the formation of intramolecular disulfide 

bonds leading to correct protein folding and disulfide pairing (61, 64). The process leaves  

Mia40 in a reduced state and the protein must be reoxidized in order carry out its function 

again on incoming peptides. It is thought that this is accomplished through an interaction 

with Erv1, which is a sulfhydryl oxidase (catalyzes the formation of disulfide bonds) that 

leaves ERV1 in a reduced state. It has been proposed that Erv1 is reoxidized via 

interaction with cytochrome C (61, 64). This pathway, shown in Figure 2.7, is essential in 

yeast because removal of any component leads to an accumulation of unfolded peptides 

within the intermembrane space (63, 65) leading to growth arrest and death. 

With the identification of the IMS pathway in S. cerevisiae, a search for protein 

homologs located in other eukaryotic organisms was carried out using bioinformatic 

analyses. Sequence analyses showed that Erv1, Mia40, and cytochrome c all have 

homologs.  Since these proteins are conserved in higher eukaryotic organisms it suggests 
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that IMS pathway could be conserved among eukaryotes. Although work has been done 

to characterize the eukaryotic homologues of Erv1, Mia40, and cytochrome c 

individually, which suggests that they could function in a eukaryotic IMS pathway (5, 7, 

61, 66, 67), to date there has not been a study focused on identifying components and 

confirming the existence of the IMS pathway in, higher eukaryotic organisms.  

ALR/Erv1 

As stated above, ALR has been identified as the mammalian homologue of S. 

cerevisiae Erv1 (68). Interestingly, rat ALR contains multiple splicing sites indicating 

that it could be found in two forms. ALR exists in the cell as a long form version (lrALR) 

containing 195 residues and a smaller 126 residue (srALR) version. Erv1 shares a 34% 

and 40% sequence identity (Figure 2.8) with srALR and lrALR, respectively.  (check this 

to see if it is correct)  Both ERV1 and ALR have a similar predicted secondary structure 

(all-helix): a conserved CxxC motif and a non-covalently bound flavin adenine 

dinucleotide (FAD) molecule (69). From the 3-dimensional structure determined in our 

laboratory, some insight into ALR’s possible function was gained  (51). ALR contains a 

unique alpha helical FAD binding motif which explains its yellow color (51). In addition,  

spectroscopic experiments monitoring ALR action on disulfide bond formation in 

lysozyme showed that ALR, similar to Erv1, was a sulfhydryl oxidase (5, 51).  

In order to test the possibility of functional homology between the mammalian ALR 

and yeast Erv1 proteins, a chimeric gene for expression of human ALR in S. cerevisiae 

was constructed (8). In this experiment conducted by Lisowsky et al., the yeast 

mitochondrial targeting sequence was fused to residues 26-125 of the human ALR 

sequence (8).  This gene was then introduced into dying yeast cells lacking Erv1 and the 
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cell division cycle was restored. Restoration of the yeast life cycle by the human ALR 

chimera indicated that ALR could be described as the functional equivalent of Erv1 (8). 

This Lisowsky study combined with the bioinformatic data suggests that ALR may be 

performing a role similar to Erv1 in mammals.  

Mia40 

Originally identified in 2004, Mia40 was determined to be essential for the import 

and proper folding of the small TIM (translocase of the intermembrane space) proteins of 

the mitochondrial intermembrane space (60). Sequence analysis shows that Mia40 is 

conserved among eukaryotic organisms (Figure 2.9), however characterization studies 

have mainly been conducted on the S. cerevisiae version of the protein. The majority of 

the research on Mia40 has focused on how Mia40 functions. In the initial experiments, S. 

cerevisiae, which contained a mutant form of Mia40, were not able to properly import 

TIM proteins into the intermembrane space (60). Following this study, 

immunoprecipitation and dithiothreitol sensitivity assays were conducted and they 

determined that Mia40 interacted with Erv1 via disulfide bonding (7). Later studies 

showed that Mia40 was reduced during the folding and disulfide pairing process and that 

Erv1 would then oxidize Mia40 resetting the system (7, 61). In addition to the functional 

studies, inductively coupled plasma atomic emission spectroscopy  (ICP-AES) and 

trypsin digest assays indicated that recombinantly expressed Mia40 bound and was 

stabilized by zinc and copper ions (66). These findings lead to the belief that Mia40 may 

also play a role in inserting metal ions into TIM proteins.  In addition to the studies done 

on Mia40 from yeast, a characterization study of the human form of the protein was 

recently conducted in which they concluded that, similar to the yeast version of the 
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protein, human Mia40 is also synthesized in the cytosol and the Cx9C motif within it is 

essential for its transport into the mitochondria (67). The yeast and human studies suggest 

that Mia40 is likely functioning in a similar manner in both organisms.  However, further 

studies are needed to confirm that Mia40 from these organisms is performing a similar 

function.  

Cytochrome c 

Cytochrome c has been characterized as an electron transport protein which functions 

in the mitochondrial electron transport chain (70). Cytochrome c is highly conserved 

(~90% sequence identity) among eukaryotic organisms and it is located in the 

intermembrane space. Based on the previous findings that cytochrome c oxidizes some 

sulfhydryl oxidases, a double mixing stopped flow experiment was conducted in which 

equine heart cytochrome c was shown to oxidize short-form human ALR (71). These 

findings along with the mitochondrial location of cytochrome c suggested that 

cytochrome c might be the final electron acceptor for the IMS pathway. In addition, 

through spectroscopic studies, it was established that Erv1 readily reduced equine heart 

cytochrome c after being reduced by DTT (64). The above studies, although interesting, 

show that further research on the role of these proteins in the IMS pathway is warranted. 

Recently numerous laboratories have focused on gaining insight into the mammalian IMS 

pathway. Klissenbauer et al. provided evidence that the long form of ALR is the 

mitochondrial functional form of the protein (58). With this in mind, research has focused 

on providing evidence demonstrating electron transfer between mia40, long form ALR 

and cytochrome c. In 2009, Daithankar et al. published work showing transfer of 

electrons from human Mia40 to long form ALR to cytochrome c in vitro. The work 
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demonstrated that the long form of ALR was capable of accepting electrons from Mia40 

while the short form, which is lacking an extra CxxC motif, did display this ability. The 

catalytic data indicated that the electrons were transferred from Mia40 to long form ALR 

at a rate of 13 min-1 with a catalytic efficiency of 11025 M-1s-1 (3). Additionally, it was 

shown that the transfers of electrons from long form ALR to cytochrome c is less 

efficient than the transfer from short form ALR (3). The study further speculated that the 

reduced electron transfer efficiency for long form ALR was due to steric effects produced 

by the 70 residue N-terminal extension found in long form ALR that inhibits cytochrome 

c from getting close to the flavin molecule.  Although this work provided important 

evidence about the electron transfer pathway for the Mia40 – ALR – cytochrome system, 

more studies are needed to fully characterize the molecular interactions that occur 

between the proteins.   

With this in mind, the focus of the research outlined herein will be aimed at (1) 

gaining a better understanding of the molecular interactions of key IMS pathway proteins 

Mia40, ALR and cytochrome c using Rattus norvegicus as a model organism and (2) 

providing structural information about HBsAg needed for the development of next 

generation vaccines against Hepatitis B and other liver impacting viruses 
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Figure 2.1: Illustration of the liver depicting the two major lobes, left and right. The 

lobes are separated by the coronary ligament and falciform ligament. Also the image 

shows that the gallbladder is located under the right lobe. 
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Figure 2.2: A cartoon representation of the Hepatitis B virion (8). 
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Figure 2.3:  Electron micrographs of HBV particles observed in the blood stream.  Left  

– the intact 42-nanometer double-shelled virus particle.  Center – filaments of the extra 

envelop protein HBsAg.  Right – 20 nanometer spherical HBsAg particle (11). 
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Figure 2.4: Top – amino acid sequence and structure prediction of HBsAg showing the 

proposed transmembrane helices and loop regions of the protein. Bottom left – sequence 

of the Rituximab escape mutant, mutations shown as red letters (after Schaefer, 2001).  

Bottom right – A cartoon representation of the HBsAg structure based on sequence and 

secondary structure (after Gerlich, 2003)  
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Figure 2.5: Portacavul shunt assay: A portacaval shunt is made when a connection is 

made between the portal vein (PV) and the inferior vena cava (IVC). The shunt cuts off 

blood and nutrient supply to the right lobe but not the left lobe. This allows nutrients, 

protein, and other substances to be added to the right lobe independent of the left lobe. In 

the assay, the left lobe is used as a control while the right lobe is observed to monitor 

how it responds to outside factors. 
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Figure 2.6: Structure of short rat ALR showing the FAD binding site at the mouth of the 

cone.   
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Figure 2.7: Depicts how imported cysteine rich proteins are folded by the IMS pathway 

in Saccharomyces cerevisiae (63).  
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Figure 2.8: Amino acid sequence alignment of Erv1 from S. cerevisiae and both short 

and long forms of ALR from R. norvegicus.  Identical cysteine residues highlighted 

yellow and the remaining identical amino acids highlighted red.. 
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Figure 2.9: Sequence alignment of the C-terminal region (216-403) of Mia40 from S. 

cerevisiae and the Mia40 sequence from R. norvegicus with identical amino acids 

highlighted.   
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CHAPTER 3 

EXPERIMENTAL METHODS 

The following section describes the experiments that were conducted as part of 

the research described herein. In addition, experimental data is provided for the 

experiments which where not included in the accompanying manuscripts.  

3.1 Cloning of R. norvegicus and C. elegans short and long form ALR  

For the studies described, the cDNA needed for the expression of short and long 

form R. norvegicus ALR was a gift from Drs. Antionio Francavilla and Thomas Starzl, 

University of Pittsburgh Medical School.  The cDNA encoding C. elegans long form 

ALR was a gift from Dr. Ming Luo, University of Alabama at Birmingham.  The cDNA 

was used as a template for PCR (polymerase chain reaction).  The reaction was carried 

out using a set of primers designed to incorporate the necessary restriction sites as well as 

an N-terminal hexahistidine purification tag followed by a tobacco etch virus (TEV) 

protease cleavage site  to aid in purification (72).  The PCR fragment was then ligated 

into a pTrcHis expression vector (Invitrogen) and the resulting vectors were named 

pHHlrALR (rat) and pHHcALR (C. elegans).  The complete DNA sequence for all ALR 

constructs were verified by DNA sequencing.   

3.2 Cloning of R. norvegicus Mia40  

Template cDNA for rat Mia40 was purchased from ATCC (Manassas, VA) and 

used for PCR. Since Mia40 was to be cloned using Gateway® cloning (73), the primers 

used were engineered to contain attb1 and attb2 recombination sites required by the 

Gateway recombination reaction.  The first step in Gateway® cloning, is the BP reaction 

in which BP clonases or flipases insert the PCR product into a DONR vector that allows 
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for rapid transfer into other various expression vectors.  In this experiment, the Mia40 

PCR product was inserted into pDONR 221, which is a holding vector with kanamycin 

resistance. The second step in Gateway® cloning is the LR reaction in which LR clonases 

or flipases insert the gene of interest into a destination vector for expression. Here, Mia40 

was inserted into several destination vectors, which contained a variety of different 

purification/solubility tags such as a hexahistidine, maltose binding protein (MBP) or 

glutathione S-transferase (GST).  All LR products were sequenced to ensure that the gene 

had been cloned correctly. In addition, Mia40 constructs were engineered to contain a 

TEV protease cleavage site between the purification tags and the Mia40 protein so that 

after purification the tags can be easily removed. 

 

3.3 Expression and Purification of R. norvegicus and C. elegans short and long form 

ALR 

To express the ALR proteins a 1-L culture of Circlegrow® media (MP 

Biomedicals) containing 100 mg of ampicillin was inoculated with E. coli JM109 that 

had been transformed with the selected plasmid.  The culture was grown at 37°C for 18 

hours.  Cells were then harvested by centrifugation. The cell pellets were resuspended in 

30 ml of a solution containing 20 mM Hepes pH 7.4, 150 mM NaCl, and 0.1mM PMSF 

(phenylmethylsulphonyl fluoride), sonicated, and then centrifuged to separate the soluble 

protein from the cell debris.   The histadine tagged ALR proteins were isolated from the 

soluble protein fraction using metal affinity chromatography by running the supernatant 

over a column containing a nickel-NTA resin (GE Healthcare). After loading, the Ni-

NTA column was washed (3 column volumes) using 20mM Hepes buffer, pH 7.4 
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containing 150 mM NaCl and 0.1 mM PMSF.  The ALR protein was then eluted using 

the above buffer containing 300 mM imidazole. Following Ni-NTA chromatography, the 

protein was further purified using size exclusion chromatography. The purified protein 

fraction  from the Ni-NTA column was loaded onto a Superdex200 column (GE 

Healthcare) and eluted using 20mM Hepes buffer, pH 7.4 containing 150 mM NaCl. The 

fractions containing the ALR protein (OD 270), were collected and concentrated by 

centrifugation using a Centracon concentrator (Millipore). In cases where removal of the 

histidine purification tag was required TEV protease cleavage was carried out. For the 

TEV protease cleavage reaction the Superdex200 purified ALR protein was combined 

with 0.5 mg of TEV protease (Sigma-Aldrich), 1mM dithiothreitol (DTT) and allowed to 

incubate at 30°C over night. Ni-NTA column chromatographyas described above was 

then used to separate the purified proteins away from the remaining histidine tagged TEV 

protease.  Quality control employing sodium dodecyl sulfate polyacrylamide gel 

electrophoresis  (SDS-PAGE) and UV/vis spectroscopic monitoring was applied during 

various stages of the expression and purification process as shown in Figure 3.3.1.  The 

above procedure generally yielded 5 mg of pure ALR protein 

 

3.4  Expression and Purification of Mia40 

To determine the optimal expression strategy, small-scale expression tests were 

carried out using the three purification/solubility tags described above (see Section 3.3). 

For these experiments, 1 mL cultures of Circlegrow® media (MP Biomedicals) 

containing 0.1 mg of ampicillin were inoculated with E. coli BL21DE3 cells which had 

been transformed with the His6, MBP or GST containing plasmids. The cell cultures 
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where then allowed to grown for 1-2 hours at 37°C followed by induction with 1µL of 

1M isopropyl β -D-1-thiogalactopyranoside (IPTG).  After induction, the cells were 

allowed to grow for an additional 2-3 hours. The cells pellets were isolated by 

centrifugation and analyzed for protein expression using SDS PAGE. From the SDS 

PAGE analysis, it was determined that the only the pDEST 566 vector containing both an 

N-terminal hexahistidine-MBP tag successfully expressed soluble protein.  Following 

small-scale expression, large-scale expression using 1L cultures were carried out to 

produce milligram quantities of the Mia40 protein.  After large-scale expression the 

Mia40 protein was purified using the same buffers and procedures described previously 

in Section 3.3 for the ALR proteins (see Figure 3.1). Initial attempts to remove the MBP 

tag by TEV protease cleavage using the protocol described above (Section 3.3) failed.  

TEV protease cleavage was then attempted using different concentrations (.5 mM to 

10mM) of DTT, and different TEV protease sources.  In addition the cleavage reaction 

was carried out at different temperatures (4°C - 25°C). However, these attempts also 

failed to produce the cleaved Mia40 protein suggesting that that MBP-Mia40 construct 

might be folded in a way that restricts access to the TEV protease cleavage site.  The 

above procedure generally yielded 7 mg of pure MBP tagged Mia40 protein. 

 

3.5 Spectroscopic Studies of Components of the IMS pathway 
  

In order to provide insight into Erv1/ALR mitigated electron transfer 

spectroscopic assays were developed to monitor thio group oxidation using reduced 

lysozyme (5). By monitoring absorbance peaks at 412 nm, these assays showed that the 

reduced thiol groups were oxidized and formed disulfide bonds in the presence of the 

ALR homologue Erv1 (5). Based on these assays and the spectroscopic studies described 
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by Wu, et al (2003) for short-form rat ALR (srALR), spectroscopic assays were 

developed to monitor the reduction of ALR by dithiothreitol (DTT).  In addition, we used 

a similar spectroscopic approach to characterize the electron transfer from Mia40 to ALR 

to cytochrome c to provide evidence supporting ALR’s role as part of the IMS pathway. 

The parameters and results for these experiments are described below.  

UV-visible spectra were obtained using a Cary 1G spectrophotometer.  The initial 

spectroscopic analysis of the ALR FAD reduction by dithiothreitol (DTT) was monitored 

with an Olis RSM 1000 spectrophotometer.  The UV/visible spectrum (Figure 3.5.1) of 

purified srALR (120µM) features an absorbance peak at 450 nm, a characteristic feature 

of flavin molecules such as FAD. Once 1mM DTT was added to the ALR solution, 

reduction of srALR was observed as indicated by the loss of the oxidized flavin peak at 

450 nm.  The 450 nm peak did not return for at least 10 minutes (Figure 3.5.2). The 

experiment was then repeated with additional amounts of DTT added protein solution and 

the same results were obtained. With the reduction of srALR by DTT established, the 

assay could then be used to provide initial insight into ALR’s possible role in the IMS 

pathway. In the IMS pathway from Saccharomyces cerevisiae, the electron transport 

pathway involves the oxidation of Mia40 by Erv1leaving Erv1 in a reduced state.  Erv1 is 

then oxidized by cytochrome c leaving cytochrome c in a reduced state.  Cytochrome c is 

then oxidized by cytochrome c oxidase resetting the redox chain.  

Since ALR is the mammalian Erv1 homolog, an experiment was designed to see 

if srALR oxidation rate in the above system is increased by the addition of cytochrome c. 

The experiment was carrier out in a similar manner as described above but 100µM 

cytochrome c was added to the ALR/DTT solution after ALR had been reduced. 
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Unfortunately, cytochrome c addition had no effect on the srALR spectrum. The only 

observable change in the spectra was the appearance of absorbance peaks at 415 nm, 520 

nm, and 550 nm, a characteristic of reduced cytochrome c indicating that cytochrome c 

was immediately reduced by the DTT in the solution.  A second experiment was then 

carried out in which 100µM cytochrome c and 120µM srALR were mixed together and 1 

mM DTT was added to the solution (see Figure 3.5.3). In the first spectrum, which was 

recorded before the DTT addition, absorbance peaks were observed at 405 nm and 450 

nm indicating that oxidized forms of srALR and cytochrome c were present in the 

solution. After the DTT addition, the 415 nm, 520 nm, and 550 nm reduced cytochrome c 

peaks that were observed as in the previous experiment. However, after 5 minutes the 

Figure 3.5.3 shows that peak at 450 nm, corresponding to oxidized flavin, begins to 

appear indicating that srALR was being re-oxidized. The 450 nm peak was observed to 

increase with time accompanied by peaks indicating the presence of reduced cytochrome 

c. The results of the experiment indicate that cytochrome c could play a role in the 

oxidation of ALR.  

To further investigate the electron transfer between Mia40, ALR and cytochrome 

c, it was determined that the redox reactions need to be monitored in an anaerobic 

environment absent of oxygen. With this in mind, Mia40 and the short form of ALR 

where isolated using the previously described protocols (Section 3.3). Following 

purification, the proteins where degassed and purged with nitrogen gas before being 

placed in a anaerobic chamber (Coy Laboratory Products), which maintains an oxygen 

concentration of less then 2ppm. Since Mia40 must be in the reduced form for the 

electron transfer between Mia40 and ALR to occur, Mia40 was reduced by 1mM sodium 
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dithionite. The reducing agent was removed from the Mia40 solution by passing the 

solution over a 10mL Sephadex G25 column that had 5mL of Dowex resin (Sigma-

Aldrich)  layered on top of it.  The sodium dithionite was removed from the solution by 

the Dowex resin leaving Mia40 in a reduced state. For the spectroscopic assays oxidized 

short rat ALR (100µM) was placed in an anaerobic cuvett and reduced Mia40 was added 

at increasing (10µM, 30µM, 60µM, and 90µM) concentrations.  The results are presented 

in Figure 3.5.4 and shows that the addition of 90µM of reduced Mia40 fully reduced the 

FAD absorbance peak at 450nM implying  electron transfer from Mia40 to srALR.  

 

3.6 AlphaScreen Studies 
 

Since the IMS pathway is based on oxidation/reduction reactions, which involve 

protein-protein interaction, experiments to study these possible interactions were carried 

out. The initial experiments aimed at studying ALR-cytochrome c interactions were 

conducted using the AlphaScreen technology (PerkinElmer) (74, 75). In an AlphaScreen 

experiment, one protein is bound to an acceptor bead and its putative binding partner is 

bound to a donor bead by reductive amidation or other techniques.  The protein coated 

donor and acceptor beads are then mixed together in a variety of potential stabling 

solutions in a 384 well screening plate. An EnVision® (PerkinElmer) plate reader 

modified for AlphaScreen is used to analyze the solutions contained in the wells of the 

screening plate for the presence of an AlphaScreen signal at 520-620 nm. The plate 

reader excites each well in the screening plate using 680 nm photons that generates 

singlet oxygen on the donor bead.  If the donor and acceptor beads are in close proximity 
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(less than 200 nm) the singlet oxygen can interact with the acceptor bead generating 

florescence in the 520-620 nm range, which is recorded by the reader. 

AlphaScreen experiments were carried out to test for the interaction between 

horse heart cytochrome c and short-form rat ALR. For the analyses 20µM ALR and 

20µM cytochrome c were covalently attached to the AlphaScreen acceptor and donor 

beads (four separate experiments) via reductive amination using the manufacturers 

protocols (74, 75). Reductive amination links the carbonyl groups on the peptide 

backbone of the protein to the surface of the respective bead. The protein-linked donor 

and acceptor beads were added to the wells of a 384-well screening plate containing, each 

containing one of the buffer systems to be analyzed.  For each buffer condition analyzed, 

two experiments were carried out.  The first experiment used ALR bound to the 

AlphaScreen donor bead and cytochrome c bound to the AlphaScreen acceptor bead.  In 

the second experiment cytochrome c was bound to the AlphaScreen donor bead and ALR 

was bound to the acceptor bead.  Each experiment was then carried out in triplicate. 

The initial screening was used to identify buffer systems that promoted ALR-

cytochrome c interaction. (Figure 3.6.1).  For those buffer systems that showed that the 

two proteins were interacting (high AlphaScreen signal) further analyses were carried 

out.  In these experiments unconjugated cytochrome c (or ALR) were was titrated into the 

solution to compete with the bound protein. The unconjugated protein should disrupt the 

interaction of the two beaded proteins and cause the AlphaScreen signal to decrease, as 

more protein is added, similar to a competitive binding experiment. Although in general 

theses analyses showed a decrease in AlphaScreen signal upon addition of unconjugated 

protein, only some of the competitive binding experiments showed the expected 
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continued decrease in AlphaScreen signal as more unconjugated protein was added to the 

system. An example of the contrasting results is presented in Figure 3.6.2. These results 

provide qualitative support for the interaction of cytochrome c with short form ALR. 

 

3.7 Surface Plasmon Resonance  

 AlphaScreen provided initial evidence that a physical interaction occurs between 

ALR and cytochrome c. In order to quantitative data about the interaction between the 

two proteins, surface plasmon resonance (SPR) experiments where carried out utilizing a 

Biacore3000 (GE Healthcare). SPR occurs when light interacts with a metal surface, 

normally gold or silver, and causes the formation of surface plasmons (coherent electron 

oscillations) on the interface between the metal and another material (76). In the Biacore 

experiment, a ligand is immobilized to the metal material and solution of containing the 

analyte under study is passed over the ligand. If interaction between the ligand and 

analyte occurs, the mass of the ligand molecule interacting with the surface changes and 

this alters the distribution of the surface plasmons (76).   The Biacore analyses utilizes 

this phenomena, in this case the change in the distribution of the surface plasmons due to 

a mass change of the ligand molecule interacting with the surface is measured by the 

change observed in the angle of light reflected from the surface. The change in angle of 

the reflected light is measured and recorded as resonance units by the Biacore3000 (76).  

By monitoring the real time changes of the  resonance units, information can be gained 

about the association rate, dissociation rate, and equilibrium constants associated with the 

system under study.  

 Biacore experiments where designed to determine the binding kinetics of the 
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interaction between rat ALR (both short- and long-forms) and horse cytochrome c. In 

these experiments long-form ALR (120µM in 20mM HEPES buffer, containing 150mM 

NaCl, and 0.1% Triton-X 100,pH 7.4) was covalently linked to a Biacore Sensor chip 

CM4 (channel 2) using 70µL of a 1:1 mixture of N-hydroxysuc- cinimide (NHS) and N-

ethyl-N'-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) according to 

manufacturer protocols. The remaining activated dextran molecules on the CM4 chip 

where then blocked with 70µL of ethanolamine (77). The reaction resulted in a resonance 

unit (RU) change of 200 (100RU = 1ng/mm2). For control purposes, channel 1 of the 

CM4 chip was activated with a 70µL 1:1 NHS-EDC mixture and blocked with 70µL of 

ethanolamine. The above immobilization process was then repeated using short-form 

ALR (158µM in 20mM HEPES, containing 150mM NaCl, and 0.1% Triton-X 100,pH 

7.4). srALR was bound to channel 4 of the CM4 chip and channel 3 was used as the 

control for the short-form ALR interaction experiments. The srALR immobilization 

resulted in a 2000RU change.  

 The running buffer used for all experiments was 20mM HEPES buffer containing 

150mM NaCl, and 0.1% Triton-X 100, pH 7.4. All experiments were run under oxidizing 

conditions at 25°C using the Biacore 3000 software.  For the interaction analyses, 

cytochrome c (0.4µM, 0.8µM, 1µM, 2µM, 4µM, 5µM, 6µM, 8µM, 10µM and 12µM) 

dissolved in running buffer was injected into the appropriate channels of the CM4 chip 

using a flow rate of 15µL/min for 3 minutes to monitor association of the ALR ligand 

and cytochrome c analyte. After injection, running buffer alone was for 10 minutes to 

monitor the dissociation. After each experiment the chip was regenerated using a 30 

second injection of 30µL of Glycine-HCl, pH of 3.96. All data analysis and binding 
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kinetic information was obtained using BIAevaluation software from GE Healthcare. 

 

3.8 Small Angle X-Ray Scattering 

Small-angle X-ray scattering (SAXS) is a simple experiment that can be used to 

characterize the solution properties of macromolecules, such as proteins, and their 

interactions (78, 79). Recently, SAXS has recently been used to characterize transient 

protein-protein complexes in solution (80, 81). Unlike an X-ray crystallography, a SAXS 

profile represents the simultaneous scattering measurement of the macromolecule in all 

orientations (82). The scattering data is transformed from reciprocal space to real space 

yielding the P(r)-distribution, which is a histogram of the interatomic vectors within the 

macromolecule. The P(r)-distribution (pair distance distribution) gives an estimate of the 

maximum dimension (dmax) of the particles in solution (79). 

 In addition, SAXS experiments allow for the calculation of the radius of gyration 

(Rg) of the molecules in solution. An increase in Rg, which provides an indication of the 

mass distribution of a macromolecule about its center of gravity, is an indication that the 

macromolecule is opening or unfolding (82). Additionally, SAXS data can be used to 

determine the volume of the scattering particle. Using these SAXS parameters, 

information can be gained about the dynamics of protein molecules in solution. 

Additionally, electron density envelopes are generated which give a visual model of the 

molecules in solution.    

 Since the SAXS experiments conducted for this research focused on monitoring the 

interaction of rat ALR with horse heart cytochrome c, several SAXS experiments were 

carried out using different protein combinations and buffer conditions as described 
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below. SAXS data were collected on beamline 12.3.1 (SIBYLS), Advanced light Source, 

Lawernce-Berkeley National Laboratory in collaboration with Dr. Jeffrey Habel 

(Lawrence-Berkely Laboratory). All experiments solutions were prepared under 

oxidizing conditions. For the SAXS analyses all proteins (short-form ALR, long-form 

ALR, cytochrome c, the short-form ALR-cytochrome c mixture, and long-form ALR-

cytochrome c mixture) were diluted with 20mM HEPES buffer containing 150mM NaCl, 

pH 7.4 buffer to give a 20µL sample with a final protein concentration of 5mg mL-1. For 

each protein sample analyzed, a buffer blank was also recorded (same exposure time) for 

buffer subtraction.  For the initial experiments SAXS data (both protein solution and 

blank) were collected, in duplicate using a 0.5 sec exposure time 

 To analyze the ALR-cytochrome c interactions under reducing conditions solutions 

were prepared using 20mM HEPES buffer containing 150mM NaCl, 1mM tris(2-

caboxyethyl) phosphine hydrochloride (TCEP), pH 7.4 and concentrated to give a protein 

concentration of 5mg mL-1. As stated in Habel et al. (83), the buffer-subtracted data were 

analyzed using PRIMUS (84) and the GNOM (85).  The P(r) output data was then used to 

calculate electron-density envelopes (see Figures 5.1 and 5.2). Each envelope is the 

product of 16 GASBOR (86) runs averaged with DAMMAVER (87).  

 

3.9 Crystallization of long-form C. elegans ALR  

 Due to problems encountered in the crystallization of long-form ALR (both human 

and rat protein) alternate sources of the long-form protein were investigated.  Secondary 

structure predictions using the long-form human ALR sequence showed that the N-

terminal extension was largely unstructured. Sequences of long-form ALR like proteins 
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from other organisms were then investigated using the presence of predicted secondary 

structure in the N-terminal extension as a guide.  The analysis showed that the C. elegans 

protein F56C11.3 (product of ORF F56C11.3) was a short 161 residue long-form ALR-

like protein whose N-terminal extension contained a CxxC motif and some regions of 

predicted helical structure. Initial crystals of the long-form C. elegans ALR were 

obtained using the sitting drop vapor diffusion method.  A 16 head Cartesian Honey Bee 

screening robot was used to set up 384 screening experiments using crystallization kits 

purchased from various sources ((Crystal Screens 1, 2, Cryo, Membfac, and Peg/Ion 

(Hampton Research), Wizard Screens 1 and 2 (Decode Genetics) and Classic screens 1 

and 2 (Nextal Biotechnologies)) as previously reported (88). In the initial screening 

experiments, 200 nL sitting drops composed of equal volumes of protein and precipitant 

cocktail were set up using Greiner’s square-well Crystal Quick plates (Cat.-No.: 609120).  

The plates were incubated at 18°C and imaged (day 1,3,7,15,30) using a CrystalFarm 

imaging system (Bruker AXS, Madison WI).  

From the initial screen, crystals were observed in wells containing the Membfac 

#29 screen (0.1 M ammonium Sulfate, 0.1 M HEPES – Sodium, pH 7.5, 0.5 M di-sodium 

hydrogen Phosphate dihydrate/ 0.5 M di-Potassium hydrogen phosphate).  The crystals, 

although large did not diffract, and could not be used for structure determination.  

 After obtaining the initial long-form C. elegans ALR crystals, more protein was 

purified to obtain better quality crystals. For these experiments, the 384 crystallization 

screens were set up using the Douglas Oryx8 robot, which prepares microbatch 

crystallization experiments (89). In microbatch crystallization, equal volumes (0.5 µL) of 

protein and precipitant cocktail are added to the bottom of a well of a NUNC MiniTray ( 
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Cat. No.: 470378) plate (89) and then the aqueous droplet is covered by a mixture of 80% 

to 20% paraffin/silicon oil.  The setups were then incubated at 18°C. As the plate 

incubates, the paraffin-silicone oil mixture will allow water to evaporate from the drop 

causing the concentration of the protein and precipitant to increase and hopefully as this 

happens crystals will form. From the microbatch set ups that were prepared, crystals 

(Figure 3.9.1 left) were obtained from Crystal Screen 1 #20 (100mM HEPES pH 7.5, 

10% Isoproponal, 20% PEG 4000) but these crystals were small brittle needles which 

could not be mounted. Using this condition as a guide, crystal optimization experiments 

were set up. From these screens, crystals (Figure 3.9.1 right) with better morphology and 

size were obtained in multiple conditions but again, these crystals did not diffract using 

rotating anode X-rays. 

3.10 Structure determination of hexahistidine tagged rat short-form ALR 

 The Rose lab has previously reported the crystallization of rat short-form ALR (90) 

containing a 14 residue (MGGSHHHHHHGMAS) N-terminal purification tag.  These 

crystals were obtained by vapor diffusion using 2 µL hanging drops containing equal 

amounts of protein (20 mg mL-1) and precipitant cocktail.  The best crystals were 

obtained using a precipitant cocktail containing 20% PEG methyl ether (PEGMME) 

2000, 0.1 M sodium acetate, pH 4.6 with 50 mM cadmium chloride added just prior to 

setup.  A data set to 2.4Å consisting of 720 one-degree oscillation images recorded at 

cryogenic temperatures (~100K) on a MAR Research 300 mm image plate system was 

collected using rotating anode generated Cu Ka X-rays. The data were recorded in 30° 

wedges so the cadmium anomalous signal could be optimized. The data were indexed, 

integrated and scaled (in 90° batches) using HKL 1.9.1 (91).  Data collection and 
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processing parameters are collected in Table 4.1. 

 The his-tagged ALR crystals were found to belong to space group I41 with a = 

99.8Å and c = 113.4 with four molecules in the asymmetric unit, based on Matthews 

analysis (92).  Analysis of the Bijvoet difference gave four Cd positions, however the 

structure could not be solved using cadmium signal present in the 2.4 Å single 

wavelength anomalous scattering (SAD) data set.  Although a reasonable model could be 

obtained by Molecular Replacement (C.K. Wu personal communication) problems during 

refinement of the structure suggested that there were significant differences between the 

his-tagged structure and the ALR model (PDB entry 1OQC) used for the molecular 

replacement analysis.   Thus, renewed attempts at solving the structure using the 

cadmium SAD data were initiated since and accurate crystal structure of his-tagged ALR 

would aid in the interpretation of the SAXS results. 

 

3.11 Phasing Experiments 

3.11.1 SAD Phasing 

 In order to complete the structure determination process, the phase problem must be 

addressed.  For a review see Wang, 1985 (93). Briefly, in the X-ray diffraction 

experiment protein crystals are placed into an X-ray beam and the diffracted X-rays, 

which result when a lattice pass through the Ewald Sphere and Bragg’s Law is satisfied, 

are collected with an X-ray area detector.  From the recorded image the intensities of the 

reflections (defined by the Miller index hkl) and positions of the reflections in x, y and φ 

can be measured. The intensities are proportional to the square of the structure amplitudes 

(factors) |Fhkl| for the given reflection.  
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Ihkl ∝ |Fhkl|2 

The structure factor F(hkl) for a reflection h, k, l is a complex number  and can be 

represented as follows:  

 

where  2π(hxj+kyj+lzj) is the phase (φ) of reflection hkl and  f (j) is the scattering factor of 

atom j and depends on the element and the diffraction angle (sinθ/λ) of the corresponding 

reflection (h,k,l). The above formula implies that if the atom types and positions (x,y,z) 

are known the structure factor can be calculated for each reflection (hkl) in units of 

electrons. Because the formula for the structure factor is a periodic function a Fourier 

transformation (FT) can be applied to it giving the electron density at any point (x,y,z) in 

the crystal lattice.  

  

In the Fourier transform, reciprocal space is being transformed into real or direct space 

(the electron density at a real point x,y,z in space). The value  ρ(xyz) is the electron density 

at point x,y,z because F(hkl) is in units of electrons and the sum is divided by the cell 

volume V. In other words the diffraction pattern (an image of the reciprocal space) is 

transformed into the real space of electron density (an image of the protein). So in theory 

if the structure factors (obtained from the diffraction experiment) are known the structure 

(the density of the electrons in real space) corresponding to the diffraction pattern can be 
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determined provided we know the phases. In order to perform the Fourier transform, the 

complex structure factors F(hkl) are needed but only their magnitude |Fhkl| can be measured 

since phase information is lost in the experiment. In terms of physics this means that the 

absolute value of the complex vector F(hkl) is known but not its phase, α(hkl). This results 

in what is called the Phase Problem. So a better equation for the electron density is: 

 

  

So every part of the above equation except α(h,k,l) can be measured.  To get an estimated 

of the phase however in order to calculate the phase other methods must be employed.  

Theses include multi-wavelength anomalous dispersion (MAD) (94) and single-

wavelength anomalous scattering (SAD) (93). For the purpose of the research presented 

in this dissertation we will focus on SAD phasing using Wang’s approach as an example. 

 In the SAD experiment, a single dataset collected at a specific wavelength will 

generate both a true phase and a false phase for each reflection (Figure 3.11.1).  Wang 

has shown that the phase ambiguity associated with SAD data can be resolved using an 

iterative approach employing both real and reciprocal space filters and the fact that the 

electron density at any point in the lattice can not be less than zero. Wang’s “Solvent 

flattening” approach resolves the SAD phase ambiguity problem by taking advantage of 

the fact that when heavy atoms are not in special positions or related by a center of 

symmetry, the Fourier map produced by the false phases will contain no structural 

information and will be in a form of general background noise. This background noise is 

generally lower than the correct protein density in the map. As seen in the flow chart 
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describing Wang’s method (Figure 3.11.2) initial phases from the data are calculated and 

Fourier transformed to produce electron density. The key to solvent flattening is the 

process of accurately defining the boundary between a molecule and solvent in an 

electron density map. Programs that perform solvent flattening choose the boundary 

based on the assumption that except in certain cases the population and strengths of 

signals detected for the protein region are higher than that of the solvent. This boundary 

is a summation of density around a point. This summation is used as a mask and then the 

electron density outside of the mask, presumably only solvent, is flattened to 0 leaving 

only protein electron density. This improved electron density map is then inverse Fourier 

transformed back to calculated phases. Using a phase filter, original phases and the 

calculated phases are combined through phase averaging to generate improved phases. 

The improved phases are then cycled back with the structure factors from the data and the 

process cycles through again. This iterative cycling between real and reciprocal space 

occurs four times, and at the end of the fourth cycle, the electron density filter is saved 

and the process starts back up with the original phases and original amplitudes, as to not 

over bias the phases towards the inverse Fourier calculated phase value. This continues 

on for another four rounds and then that final density filter is used with the original 

phases and amplitudes. The density filter from the second cycling is used for a final four 

iterations to optimize the phase and the last step is three rounds of phase extension. The 

final phases, after phase extension, are used to calculate the final electron density map. 

 

3.11.2 Cadmium-SAD phasing of the his-tagged short-form ALR structure 

 For the renewed attempt at Cd-SAD phasing the merged 720° SAD data set to 2.4Å 
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resolution described by Wu, et al., (2000) was used.  The latest version (1.6.4) of the 

PHENIX software suite (95) was downloaded and installed on a Mac Pro computer (8 

processors, 12 GB memory and 4 Tbytes disk storage) running OSX version 10.6.4.  The 

PHENIX Reflection file editor was used to convert the SCALEPACK formatted (96) 

reflection file to MTZ format  keeping the Bijvoet pairs separate and setting Rfree flags 

needed for refinement.  The PHENIX AutoSol wizard was then used to setup and carry 

out the initial SAD phasing.  A flow chart describing the inner workings of the AutoSol 

wizard is provided in Figure 3.11.3.  

 Phenix.Autosol takes in anomalous and/or isomorphous data and corrects it for 

directional dependence in diffraction quality (anisotropy) if it is necessary. The data is 

scaled and a substructure is located using phenix.hyss. The handedness of the 

substructure is scored and then phased using Phaser (97) or Solve (98). Statistical density 

modification and initial model building are completed using Resolve (98).  

 AutoSol was able to both phase the data and fit 441 of the 556 residues in the 

asymmetric unit.  Briefly, SOLVE was able to identify 9 potential Cd sites (Table 

3.11.2), four of which corresponded to the Cd sites reported by Wu, et al. (2000).  The 

solution had an Overall Score of 44.98 +/-9.58 and a Figure of Merit of 0.43.  RESOLVE 

and Buccaneer were used to fit the sequence into the resulting SOLVE phased electron 

density map. The initial model (441 residues, 13 segments and 85 solvent molecules) had 

an R value of 0.3208, an Rfree value of 0.3487 and a map to model correlation 

coefficient of 0.72.  The model was then rebuilt using the PHENIX AutoBuild. After the 

rebuilding step the model (462 residues, 19 segments and 114 solvent molecules) had an 

R value of 0.2750, an Rfree value of 0.2950 and a map to model correlation coefficient of  
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0.74.  At this point manual inspection using COOT (99) was carried out.  Initial fit of the 

four FAD (flavin adenine dinucleotide) molecules in the asymmetric unit (one per 

monomer) was achieved using the 1OQC structure as a guide using CHIMERA (100) to 

superimpose the 1OQC structure onto the model produced by PHENIX AutoBuild.  

Correct placement of the FAD molecules was then confirmed using 2Fo-Fc electron 

density maps displayed using COOT.  The AutoBuild structure also showed that there 

were two different Cd environments, three Cd-X4 moieties and what appeared to be a 

Cd2-X6 moiety.  Bijvoet difference Fourier analyses indicated that four of the atoms in 

the Cd2-X8 moiety were most probably chlorine since chloride was present in high 

concentration in the crystallization setup and chloride has a small but measurable (ΔF”= 

0.84e-) anomalous scattering signal using Cu Kα X-rays.  In addition, the Cd-X bond 

lengths (~2.6Å) observed for these ligands agreed better with a Cd-Cl bond (bond length 

2.6Å) than a Cd-O bond (bond length 2.3Å).   Two of the remaining four cd ligands came 

from the side chains of Glu A 74 (XX) and Glu B 74 (XX).  The remaining two ligands 

were modeled as water since they lacked anomalous scattering signal and the Cd-X bond 

distance of (2.3Å) fits a Cd-O bond. 

  

3.11.3 Refinement of the his-tagged short-form ALR structure 

The manually rebuilt ALR model including the four FAD molecules, three CdO5 moieties 

and the Cd2Cl4O2 cluster was then refined using the PHENIX Refine wizard. A flow chart 

describing the inner workings of the PHENIX Refine wizard is provided in Figure 3.11.4. 

Phenix.refine increases the quality of the structure by repeating a series of refinement 

tools. Among these tools used are bulk solvent, rigid body, atomic displacement 
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parameter, and occupancy refinement. These refinement tools utilize the refinement of 

individual atoms as well as sections of the protein to produce higher quality structures. 
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Figure 3.3.1: SDS PAGE analysis of purified srALR, lrALR, and Mia40 following the 

completion of the metal affinity and gel filtration chromatography..  
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Figure 3.2.1: UV-VIS spectra of srALR showing the characteristic absorbance peak at 

450nm. The peak corresponds to a flavin adenine dinucleotide that is coordinated by 

amino acids. 
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Figure 3.5.1: The spectra show the reduction of the FAD molecule in srALR by 

dithiothreitol. The absorption peak at 450nm is reduced and does not return for at least 10 

minutes. 
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Figure 3.5.2: Absorption spectra for srALR and cytochrome c. When dithiothrietol is 

added to the sample, the 450nm peak for srALR is reduced and 415nm, 520nm, and 

550nm peals appeared. These peaks correspond to cytochrome c being present in the 

reduced form. Unlike when srALR was reduced without cytochrome c present, the 

450nm peak returns after 3 minutes and increases over time. 
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Figure 3.5.3: Absorption spectrum showing that srALR is reduced when reduced Mia40 

is added too the solution.  
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Figure 3.6.1: Alphascreen results for the interaction of srALR with cytochrome c. The 

fluorescence unit signals observed for srALR and cytochrome c are more than three times 

higher than the signals observed for control experiments using bovine serum albumin 

protein.  
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Figure 3.6.2: (Left) Alphascreen results showing the interaction of ALR and cytochrome 

c along with how the interaction is affected when unbeaded cytochromce c is added. In 

this condition, the signal is random. (Right) Results showing an alternative condition in 

which the signal decreases in a linear manner. 
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Figure 3.9.1: (Left) Initial crystals of long-form C. elegans ALR obtain from a 

microbatch experiment in 100mM HEPES pH 7.5,10% Isoproponal, 20% PEG 4000; 

(Right) Optimization of the initial condition in which crystals with better morphology are 

seen.(100mM HEPES pH 7.3,10% Iso-proponal, 15% PEG 4000) 
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Figure 3.11.1: Adapted from Wang, 1985, this figure is a harker construction for phase 

calculation by single anomalous scattering (SAS) method.  
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Figure 3.11.2 ISAS Flow Chart: Adapted from Wang’s Methods in Enzymology 

manuscript. The flow chart is a diagram representing the various procedures that are 

utilized in the ISAS phasing method.  
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Figure 3.11.3: AutoSol Flow Chart showing the programs that are utilized to determine 

the initial model. After AutoSol scales the data, phenix.hyss is utilized to locate 

substructure. Heavy atoms are found and the substructure is phased using Phaser (101, 

102) or Solve (98). Resolve produces the initial model that can then be refined.    
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Figure 3.11.4: Phenix.Refine flow chart depicting the procedures that are carried out to 

refine the structure to a publishable quality. Phenix.refine allows users to choose multiple 

refinement strategies that refine individual atoms as well as fragments of the structure. 

The programs refine the structure based on calculated and observed data to produce the 

highest quality structure. 
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CHAPTER 4 

SOLUTION STRUCTURE ANALYSIS OF THE HEPATITIS B SURFACE ANTIGEN 

PROTEIN 

 

Hepatitis B virus (HBV) is a blood-born-associated virus that has infected over 2 

billion people worldwide.  It is also one of the major causes of liver cancer.  The overall 

goal of this study is to derive the 3-dimensional crystal structure of the HBsAg protein, 

the antigenic component of the currently licensed vaccine for HBV.  Despite its 

worldwide usage and its application as a carrier for epitope presentation, the tertiary 

structure of this important protein is still unknown.  In addition, the lack of a HBsAg 

structure has (1) prevented us from understanding the effects of mutations on polymerase 

drug-resistance and on the antigenic properties of the HBsAg major neutralizing 

antigenic epitope and (2) impeded the development of bivalent vaccines where HBsAg is 

used as a carrier for foreign antigenic epitopes. 

Due to the importance of the HBsAg structure the proposed research falls under a 

number of the Center for Disease Control’s national health protection goals including (1) 

“Healthy People in Every Stage of Life” where new and better vaccines will impact 

disease in infants, children, adults and the aged, (2) “People Prepared for Emerging 

Health Threats” where again new and better vaccines will strengthen our resources to 

prevent, mitigate and control disease, and (3) “Healthy People in a Healthy World” where 

better vaccines developed based on the HBsAg structure would greatly impact the health 

of people in Asia and Africa. 
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In order to achieve the overall goal of the project, experiments were conducted to: (1) 

Produce diffraction quality crystals of HBsAg (either the native HBsAg protein or 

HBsAg – antibody complex) that can be used for X-ray diffraction studies. (2) Carryout 

single crystal X-ray diffraction experiments on the HBsAg crystals necessary to produce 

a crystal structure. (3) Refine the HBsAg crystal structure to the highest resolution 

possible 

Crystallization of macromolecules requires homogenous samples of very high purity.  

However, SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) 

analysis of the initial HBsAg samples supplied by CDC showed that the protein samples 

were not pure enough for crystallization trials (data not shown).  In addition, the amount 

of sample was small preventing further purification.   The CDC lab then sent two new 

preparations: one sample purified by ultracentrifugation (HBsAg-UF) and another sample 

purified by hydrophobic interaction chromatography (HBsAg-HIC).  The purity of theses 

samples was much improved (see Figure 4.1) and was deemed suitable for crystallization 

trials.  The new samples were then concentrated to 6 mg/mL in 10 mM phosphate buffer, 

pH 8.5 using centrifuge concentrators.   

Initial crystallization setups were prepared using the sitting drop vapor diffusion 

technique and a Cartesian Honeybee crystallization robot according to protocols (88, 103) 

developed by the Southeast Collaboratory for Structural Genomics (SECSG) (104).  The 

SECSG screen is based on of eight popular commercial screens: Crystal Screen I & II, 

Peg/Ion, Cryo, and MembFac from Hampton Research, the Wizard I & II screens from 

Emerald Biosystems and Memsys from Molecular Dimensions Ltd.  An advantage of this 

approach is that the protein requirements are low (0.384 mg) due to the 400-nanoliter 
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drop size afforded by the Honey Bee.  The disadvantage of using the SECSG screen is 

that it was not designed for membrane proteins.  

As an alternate approach the two HBsAg samples were sent to the High Throughput 

Screening Laboratory (HTSLAB) at the Hauptman Woodward Medical Research 

Institute where they were developing a membrane protein crystallization screening 

service.  The HTSLAB uses the micro batch under oil technique (89) and automated 

solution handlers to quickly setup 1536 crystallization experiments in a single 1536 well 

plate.  In the micro batch crystallization setup (see Figure 4.2), the protein and precipitant 

cocktail solutions (usually in a 1:1 ratio) are injected into one well of the 1536 well plate 

that has been partially filled with paraffin oil or a paraffin/silicone oil mixture.  Once the 

all wells in the plate have been setup, the plate is then placed in an 18°C incubator.  An 

image of each well in the plate is then recorded periodically over a period of six weeks 

and made available to the user via the Internet as illustrated in Figure 4.3. 

From the HTSLAB screening (24,576 images) six conditions were observed to yield 

small crystals (see Figure 4.4 and Table 4.1).  These crystals, although encouraging, were 

too small for diffraction analysis and these conditions must be further optimized.  From 

Table 1, magnesium chloride hexahydrate is present in four out the five leads.  Based on 

these results optimization experiments were set up utilizing the five leads that were 

obtained in from the HTSLAB screens. Optimization screens were setup utilizing the 

microbatch crystallization method (105, 106) and the conditions were optimized around 

pH, precipitant concentration, and protein concentration. Despite the initial success, these 

setups did not produce any diffraction quality protein crystals.  
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During the optimization process, additional crystallization screening was conducted 

using the HBsAg antibody in complex with HBsAg. Preparation of a protein-antibody 

complex is a common means of stabilizing a proteins conformation for crystallization 

trials.  For example, the technique has recently been used in the structure determination 

of the Ebola virus glycoprotein (107). The complex was screened using the SECSG 

screen (103) conditions that were used on HBsAg protein. Similarly, these conditions did 

not lead to the production of diffraction quality crystals. In addition to the SECSG 

screens, microbatch and hanging drop crystallization experiments were setup-using 

conditions (MBC Class Suite (Qiagen), Membrane System (Molecular Dimensions), and 

Lipid Sponge Phase (Jena Bioscience)) that were engineered specifically for membrane 

proteins. These setups also did not produce any diffraction quality crystals. The failures 

that were experienced in crystallization trials for HBsAg redirected the immediate goals 

of the research project. 

Although the overall goal of the project is to determine a high resolution X-ray 

crystal structure of HBsAg, the immediate focus of the project termed to attempting to 

gain some structural information about HBsAg. In order to accomplish this goal, small 

angle x-ray scattering experiments (SAXS) were conducted. Small-angle X-ray scattering 

(SAXS) is a simple experiment that can be used to characterize the solution properties of 

macromolecules, such as proteins, and their interactions (78, 79). Recently, SAXS has 

recently been used to characterize transient protein-protein complexes in solution (80, 

81). Unlike in X-ray crystallography, a SAXS profile represents the simultaneous 

scattering measurement of the macromolecule in all orientations (82). The scattering data 

is transformed from reciprocal space to real space yielding the P(r)-distribution, which is 
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a histogram of the interatomic vectors within the macromolecule. The P(r)-distribution 

(pair distance distribution) gives an estimate of the maximum dimension (dmax) of the 

particles in solution (79). 

 In addition, SAXS experiments allow for the calculation of the radius of gyration 

(Rg) of the molecules in solution. An increase in Rg, which provides an indication of the 

mass distribution of a macromolecule about its center of gravity, is an indication that the 

macromolecule is opening or unfolding (82). Additionally, SAXS data can be used to 

determine the volume of the scattering particle. Using these SAXS parameters, 

information can be gained about the dynamics of protein molecules in solution. 

Additionally, electron density envelopes are generated which give a visual model of the 

molecules in solution.    

SAXS experiments for HBsAg were conducted in collaboration with researchers from 

Rigaku Americas located in The Woodlands Texas. SAXS data was generated using the 

Rigaku MicroMax-007 HFM source operating at 1.2 kW. The data was collected on the 

200 mm multi-wire 2D detector at a distance of 1.5 m. All experiments solutions were 

prepared under oxidizing conditions. For the SAXS analyses all proteins (HBsAg and 

HBsAg antibody) were diluted with 1X Phosphate Buffered Saline (PBS) buffer 

containing 0.1% sodium azide, 40% glycerol, pH 7.4 buffer to give a 20µL sample with a 

final protein concentration of 2.875mg mL-1and 5mg mL-1. For each protein sample 

analyzed, a buffer blank was also recorded (same exposure time) for buffer subtraction.  

For the initial experiments SAXS data (both protein solution and blank) were collected, 

in duplicate using 30 minute and 60 minute exposure time. As stated in Habel et al. (83), 

the buffer-subtracted data were analyzed using PRIMUS (108) and the GNOM (85).  The 
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P(r) output data was then used to calculate electron-density envelope (see Figure 4.5B). 

Each envelope is the product of 16 GASBOR (109) runs averaged with DAMMAVER 

(110).  

As seen by the electron envelopes and the pair distribution plots of HBsAg (Figure 

4.5A), the solution contained a 40 nm particle that is present at both concentrations. The 

HBsAg particle has a real space radius of gyration value of 140.78 ± 0.589. The large 

particle likely represents multiple protein molecules that are interacting with one another. 

The Kratky plot (Figure 4.6A), which can be used to look for aggregation and unfolding, 

reveals a prominent peak that indicates that majority of the protein is in a folded state 

while it is in solution alone. HBsAg in complex with the antibody Kratky analysis 

(Figure 4.6B) reveals a prominent peak with a high intensity ‘tail’ that indicates the 

complex is a mixture of folded and unfolded protein. The unfolded state of the protein 

and the binding of the antibody likely contribute to the real space radius gyration value 

being 146.44 ± 0.987. Electron density envelope structures of HBsAg in complex with 

the antibody have not been generated due the presence of a large amount of unfolded 

protein. These experiments reveal that the protein forms large particles in solution that 

would be difficult to crystallize.  

HBsAg is a 24-kDa glycosylated membrane protein so crystallizing it would be 

challenging under any circumstances. SAXS experiments revealed that HBsAg forms 

large aggregates in solution that will further complicate the crystallization process. 

Crystallization is the controlled precipitation of protein molecules and the larger the 

molecule the more difficult the process becomes. The SAXS studies have provided 

solution structural information that can be used in the development of better 
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crystallization experiments and in comparison studies to cryogenic electron microscopy 

studies that have been done previously (23, 111-113). From these studies, the need for an 

alternative form of HBsAg arose. With this in mind, the future experiments will be 

focused on producing a version of HBsAg that may be more suitable for crystallization. 

In conjunction with the production of proteins, surface plasmon resonance studies will be 

utilized to characterize the kinetics of the HBsAg and antibody complex. These studies 

combined with the SAXS and crystallization experiments should provide a foundation for 

the development of better hepatitis b vaccines.  

 In conclusion, although diffraction quality crystals of HbsAg have yet to be 

produced knowledge has been gained about the solution and antibody binding properties 

of HBsAg, which will be invaluable for future research.  A paper describing the SAXS 

studies on HBsAg and its antibody complex is in preparation. 
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Figure 4.1: SDS-Page analysis of HBsAg-HIC and HBsAg-UF samples. 
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Figure 4.2.  (Top) The steps involved the micro batch under oil crystallization setup and 

(bottom) the 1536 well HTSLAB crystallization plate. 
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Figure 4.3: Snapshots of an HBsAg-HIC crystallization setup (screen condition #429) 

recorded at the HTSLAB. 
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Figure 4.4: Images of the HWI crystallization setups, which produced crystals. Condition 

#429 produced crystals for both HBsAg-UF and HBsAg-HIC. 
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Figure 4.5: A) Pair distribution plot for HBsAg sample showing one large peak that falls 

back to the x-axis around 40nm. B) Electron density envelope model that shows the 

40nm particle that is present in solution.   
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Figure 4.6: A) Kratky plot analysis for HBsAg showing one single prominent peak. This 

indicated that the predominant molecule in solution is folded. B) HBsAg-Antibody 

complex kratky analysis that shows a peak followed by a high intensity tail that indicates 

the presence of folded and unfolded protein. 
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Table 4.1: Conditions that gave crystals from the HTSLAB screen 
 
 

 
Screen Conditions 
98 0.2 M magnesium chloride hexahydrate, 0.1 M HEPES in 30% (w/v) PEG 8000, pH 7.0 
429 0.4 M magnesium chloride hexahydrate, 0.1 M sodium citrate in 30% (v/v) PEG 400, pH 5.6  
992 0.1 M magnesium chloride hexahydrate, 0.1 M HEPES in 8% (w/v) PEG 6000, pH 7.0 
1426 0.4 M magnesium chloride hexahydrate, 0.1 M HEPES in 35% (w/v) PEG 3350, pH 7.0 
1504 0.2 M lithium sulfate, 0.1 M sodium citrate in 28% (v/v) PEG 400, pH 3.5.  
 
Screen Conditions 
98 0.2 M magnesium chloride hexahydrate, 0.1 M HEPES in 30% (w/v) PEG 8000, pH 7.0 
429 0.4 M magnesium chloride hexahydrate, 0.1 M sodium citrate in 30% (v/v) PEG 400, pH 5.6  
992 0.1 M magnesium chloride hexahydrate, 0.1 M HEPES in 8% (w/v) PEG 6000, pH 7.0 
1426 0.4 M magnesium chloride hexahydrate, 0.1 M HEPES in 35% (w/v) PEG 3350, pH 7.0 
1504 0.2 M lithium sulfate, 0.1 M sodium citrate in 28% (v/v) PEG 400, pH 3.5.  
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CHAPTER 5 
 

THE STRUCTURE OF HEXAHISTIDINE-TAGGED FORM OF AUGMENTER OF 

LIVER REGENERATION REVEALS A NOVEL [Cd2Cl4O6] CLUSTER THAT AIDS 

IN CRYSTAL PACKING 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Florence, Q., Wu, C.K., Habel, J., Wang, B.C. and Rose, J. 

To be submitted to Acta Crystallographica Section D 
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Abstract 
 

The crystal structure of the protein augmenter of liver regeneration containing a 14-

residue hexahistidine purification tag (hsALR) to aid in purification has been determined 

to 2.4Å resolution and compared to solution small angle X-ray scattering data.  The his-

tagged protein, although easier to purify, resisted crystallization compared to the native 

protein reported previously (Wu et al., 2000).  Crystals were finally produced from 

solutions containing 50 mM CdCl2 and the structure was determined using single 

wavelength anomalous scattering data collected on a rotating anode home source.  The 

2.4Å structure has an Rwork of 0.1859, an Rfree of 22.70 and good stereochemistry with 

RMSDs from ideality for bond lengths and bond angles of 0.007Å and 1.147°, 

respectively.   The crystal structure revealed a novel Cd2Cl4O6 cluster bridging two 

hsALR molecules that is believed to promote crystallization.  The SAXS low-resolution 

electron density envelope confirms that hsALR is a dimer in solution.   
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Introduction 

Augmenter of liver regeneration (ALR), as the name implies, was first identified in 

the cytosol from regenerating rat liver and researchers for over 20 years have been trying 

to elucidate the mechanism of ALR action at both the cellular and molecular levels.  

During this time ALR has been shown, in the presence of other factors, to augment the 

rate of regeneration as indicated by an increased rate of DNA synthesis and cell 

proliferation (Francavilla et al., 1987), to act as an immunosuppressant in reducing the 

activity of liver-resident natural killer cells (Francavilla et al., 1997; Tanigawa et al., 

2000), to enhance the success rate of fetal pancreas transplantation in rodents (Adams et 

al., 1998), and potentially play an important role in the development and occurrence of 

herpatocellular carcinoma (Sun et al., 2005). 

On the cellular level, ALR has been shown to be involved in regulation of 

mitochondrial gene expression (Polimeno et al., 2000), and other cellular processes 

including the export of iron/sulfur (Fe-S) clusters from the mitochondrial matrix (Lange 

et al., 2001). ALR has also recently been shown been shown to function in the 

mitochondrial intermembrane space (IMS) pathway important for the import of small 

cysteine rich proteins, such as the TIM-9 protein, into the IMS (Lisowsky et al., 2001; 

Chacinska et al., 2004; Allen et al., 2005; Lisowsky, 1996) via possible interactions with 

the proteins Mia40 (Tokatlidis, 2005) and cytochrome c (Farrell & Thorpe, 2005).  This 

and other data suggest that ALR's overall role in vivo is much broader than just as an 

augmenter of liver regeneration.   

 ALR-like proteins can be found in organisms ranging from yeast to man.  

Interestingly, ALR-like proteins have also been observed in viruses (Senkevich et al., 
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2000).  In mammals, ALR exists as two alternatively spliced forms.  The full length, 198 

residue, 23 kDa form (lALR) that functions in IMS transport and a shorter 125 residue 15 

kDa N-terminal truncated form (sALR) that is found in the cytosol during liver 

regeneration (Klissenbauer et al., 2002). The crystal structures of the sALR from rat (R. 

norvegicus) (Rose et al., 1999; Wu et al., 2003), Erv2, from yeast (S.  cerevisiae) (Gross 

et al., 2002), an ALR homologue and human ALR (Daithankar et al., 2010)  revealed a 

novel all helix FAD (flavin adenine dinucleotide) binding motif which differed 

considerably from the beta coordinated mode of FAD binding observed in other FAD 

containing structures.   

We have previously reported the expression and purification of sALR containing an 

N-terminal MGGSHHHHHHGMAS purification tag that, unlike the native protein, 

required the presence of 50 mM CdCl2 for crystallization (Wu et al., 2000).  The need for 

cadmium ions is interesting since divalent cations have been shown to play crucial roles 

in facilitating protein crystallization (McPherson, 1982, 1990). Studies have shown that 

cadmium out performs other divalent cations in its comprehensive effect on the protein 

crystallization (Trakhanov & Quiocho, 1995) with cadmium ions frequently found 

promoting intermolecular interactions that facilitate molecular packing (Trakhanov et al., 

1998; Zanotti et al., 1998) or stabilizing flexible regions of the protein (Qin et al., 2006).  

Here we report the 2.4Å crystal structure and small angle X-ray scattering analysis of rat 

sALR protein described by Wu, et al. (2000). The crystal structure, determined by Cd-

SAD (single wavelength anomalous scattering) revealed a novel Cd2Cl4O6 cluster 

bridging two ALR molecules at a dimer-dimer interface. 
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Material and Methods 

Crystallization and Data Collection: We have previously reported the crystallization and 

preliminary X-ray characterization of rat short-form ALR containing a hexahistidine N-

terminal purification tag (Wu et al., 2000) (hsALR).  The crystals were obtained by vapor 

diffusion using 2 µL hanging drops containing equal amounts of protein (20 mg mL-1) 

and a precipitant cocktail containing 20% PEG methyl ether (PEGMME) 2000, 0.1 M 

sodium acetate, pH 4.6 with 50 mM cadmium chloride added just prior to setup.   

A data set to 2.4Å consisting of 720 one-degree oscillation images was recorded at 

cryogenic temperatures (~100K) on a MAR Research 30 cm image plate system using 

rotating anode generated Cu Ka X-rays. The data were collected using an inverse beam 

strategy (Naismith et al., 1994) in 30° wedges in an attempt to optimize the cadmium 

anomalous signal. The data were indexed, integrated and scaled (in 90° batches) using 

HKL 1.9.1 (Otwinowski & Minor, 1997) to monitor the expected increase in the 

cadmium anomalous scattering signal, as more observations were added to the analysis, 

and to help detect/monitor crystal decay.  Details of the data collection and processing are 

collected in Table 1. 

Structure Determination and Refinement: Structure determination and refinement was 

carried out using PHENIX 1.6.4 (Keese et al., 2010).  Phenix AutoSol was used to 

determine the anomalous scattering substructure, protein phases and initial fit of sequence 

into the electron density. Phenix AutoBuild was used to improve and extend the initial 

AutoSol model.  Manual rebuilding was then carried out using COOT (Emsley & 

Cowtan, 2004).  The resulting model was then refined using Phenix Refine.  The refined 

model and structure factors have been deposited in the Protein Data Bank (Berman et al., 
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2002) as entry XXX.  Details of the structure refinement are collected in Table 1. 

Small Angle X-Ray Scattering analysis: SAXS data were collected on beamline 12.3.1 

(SIBYLS), Advanced light Source, Lawrence-Berkeley National Laboratory. For the 

SAXS analyses the hsALR protein was diluted with 20mM HEPES buffer containing 

150mM NaCl, pH 7.4 to give a 20µL sample with a final protein concentration of 5mg 

mL-1. Data were collected in duplicate using a 0.5 sec exposure time.  Solution blanks 

containing only buffer, needed for buffer subtraction, were also collected using the same 

0.5 sec exposure time.  The buffer-subtracted data were analyzed using PRIMUS 

(Konarev, 2003) and GNOM (Svergun, 1992).  Pair-Distribution P(r) data were then used 

to calculate electron-density envelope.  For the envelope calculations 16 GASBOR 

(Svergun et al., 2001) runs were averaged using DAMMAVER (Volkov, 2003).  

Results and Discussion 

As previously reported crystals of hsALR belong to group I41 with cell constants of a 

= 99.8Å and c = 113.4Å, and contain four molecules per asymmetric unit (Wu et al., 

2000).  Although a reasonable structure solution could be obtained by molecular 

replacement, problems during refinement of the structure suggested that there were 

significant differences between the hsALR structure and the native ALR model (PDB 

entry 1OQC) used for the molecular replacement analysis.   Since an accurate model of 

hsALR structure was required for ongoing SAXS studies of the ALR-cytochrome c 

interactions in solution we explored solving the structure using the 720° cadmium SAD 

data set collected in 1998.  Previous attempts at Cd-SAD phasing using this data were not 

met with success.  Although we were able to determine the positions of four anomalous 

scatterers attempts at producing an interpretable electron density maps failed (Wu et al., 
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2000).   

Phasing and Refinement of the hsALR Structure: For the renewed attempt at Cd-SAD 

phasing the Phenix Reflection file editor was used to convert the SCALEPACK formatted 

(Otwinowski & Minor, 1997) reflection file to MTZ format (Bailey, 1994) keeping the 

Bijvoet pairs separate and setting the Rfree flags needed for refinement.  The Phenix 

AutoSol wizard was then used to setup and carry out the initial SAD phasing.  AutoSol 

was able to identify nine potential cadmium sites, four of which corresponded to the 

cadmium sites reported previously (Wu et al., 2000).  The solution had an Overall Score 

of 44.98 +/-9.58 and a Figure of Merit of 0.43.  Resolve and Buccaneer were used to fit 

the sequence into the SOLVE phased electron density map (Zwart et al., 2008). The 

initial model (4 chains, 441 residues, 13 segments and 85 solvent molecules) had an RCryst 

of 0.3208, an Rfree of 0.3487 (Brunger, 1992) (using a 9.31% program generated test set) 

and a map to model correlation coefficient of 0.72.  The model was then rebuilt using 

Phenix AutoBuild.  After rebuilding the model (462 residues, 19 segments and 114 

solvent molecules) had an RCryst of 0.2750, an Rfree value of 0.2950 and a map to model 

correlation coefficient of 0.74.  At this point manual inspection using COOT was carried 

out.  Initial fit of the four FAD (flavin adenine dinucleotide) molecules in the 

asymmetric unit (one per monomer) was achieved by superimposing the native ALR 

structure (PDB entry 1OQC) onto the hsALR AutoBuild model using CHIMERA 

(Pettersen et al., 2004).  Correct placement of the FAD molecules was then confirmed 

using 2Fo-Fc electron density maps displayed using COOT.  The AutoBuild structure 

showed that there were two different cadmium environments, three Cd-X5 moieties and 

what appeared to be a Cd2-X10 moiety at the hsALR dimer-dimer interface.  Bijvoet 
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difference Fourier analyses based on phases from the partial hsALR model indicated that 

four of the atoms in the Cd2-X10 moiety were most probably chlorine since there was a 

anomalous scattering signal associated with these atoms and chloride was present in high 

concentration in the crystallization setup.  Chloride has a small but measurable (Δf”= 

0.84e-) anomalous scattering signal using Cu Kα X-rays.  Four of the remaining Cd2-X10 

ligands came from the side chains of Glu A 74 (OE1 and OE2) and Glu B 74 (OE1 and 

OE2).  The remaining two Cd2-X10 ligands were modeled as water since they lacked 

anomalous scattering signal.   

The manually rebuilt ALR model, including the four FAD molecules, three CdO5 

moieties and the Cd2Cl4O6 cluster and 253 solvent molecules, was then refined using 

Phenix Refine.  Experimental phases were used during all stages of refinement.  

Refinement of the occupancies for the cadmium, chlorine ions and oxygen atoms 

associated with the CdO5 and Cd2Cl4O6 moieties helped confirmed their identity.  After 

several rounds of refinement (positional and atomic displacement parameters) a TLS 

model (three segments per chain) was calculated using the TLSMD server (Painter & 

Merritt, 2006) and included in the refinement.  The final refined hsALR model contained 

residues 16-119 of monomer A, residues 16-122 of monomer B, residues 16-118 of 

monomer C, residues 16-62, 76-115, four FAD molecules, two CdO5 cluster, a CdO6 

cluster, a Cd2Cl4O6 cluster and 255 solvent molecules modeled as water.  The 2.4Å 

refined model has an Rwork of 0.1882, an RFree of 0.2270 and good stereochemistry 

with RMSDs from ideality of 0.007Å for bond lengths, 1.147° for bond angles.  

The hsALR structure: Similar to the rat sALR structure reported previously (Wu et al., 

2003), hsALR is a cone shaped five-helix antiparallel helical bundle with dimensions of 
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~32 x 26 x 20Å and a surface area of 5890 Å2.  The FAD cofactor sits at the mouth of the 

cone with N5 of the flavin mononucleotide moiety (FMN) located in close proximity to 

the Cys 62 – Cys 65 disulfide bond forming the enzyme’s active site see Figure 1a,b.   

The observed polypeptide chain begins at residue 16 located at the mouth of the cone 

and begins a short loop ending at α1 (residues 18–36).  A β-turn (residues 37–41) follows 

and forms the tip of the cone. Helix α2 (residues 42–60) running antiparallel to α1, 

returns the chain back to the mouth of the cone.  The region spanning residues 60-68 

shows the most variability among the four molecules that comprise the crystallographic 

asymmetric unit as illustrated in Figure 1c.  For chains A and C, a long loop connecting 

α2 to α3 (residues 68–76) is observed.  Chain B exhibits a much shorter loop (residues 

60–63) and helix α3 lengthens to span residues 63–76 that closely resembles the loop 

observed in the sALR structure (PDB entry 1OQC).  Helix α3 is not observed in chain D 

since the electron density for residues 63–76 was not observed.  The chain continues after 

α3 and loops back to the bottom of the cone where it enters helix α4 (residues 82–102).  

Helix α4 then brings the chain back to the mouth of the cone where it loops back and 

enters helix α5 (residues 107–116).  After helix α5 the chain forms a loop that extends 

away from the cones surface.   

Overall the four-hsALR monomers in the crystallographic asymmetric unit have a 

similar structure giving an RMSD of superposition (Meng et al., 2006) ranging from 

0.38Å (superimposing chains A and B) to 0.62Å (superimposing chains A and B) with 

most of the variation observed in the loop connecting helices α2 and α3.    A similar 

comparison to the Erv2 (PDB entry 1JR8) and human ALR (PDB entry 3MBG) 

structures again shows a very similar fold giving an RMSD of superposition ranging from 

of 0.274Å (superimposing chains hsALR-B and sALR-C) to 0.989Å (superimposing 
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chains hsALR-A and Erv2-A).  Again, most of the variation observed is due to the 

unwinding of the loop connecting helices α2 and α3 in chains A and C of the hsALR 

structure. 

The spatial orientation of the FAD molecule places its flavin mononucleotide (FMN) 

moiety at the mouth of the cone packed against helices α1, α2, and α3. Interactions 

between the FMN moiety and hsALR are for the most part hydrophobic.  The FAD 

adenosine monophosphate (AMP) tail loops between helices α1 and α4, and packs 

against helices α4 and α5.  Hydrogen bonding between the hsALR and the AMP tail 

anchors the FAD to the protein.  The FAD conformation is very similar for the four FAD 

molecules observed in the hsALR structure.  The four FAD molecules can be 

superimposed to give an average all atom RMSD 0.17Å (Pettersen et al., 2004).   

As noted above, the hsALR structure shows the most variability in the loop 

connecting helices α2 and α3 (residues 60 – 68), which defines the ALR active site.  In 

addition, compared to the sALR structure there are fewer FAD - hsALR hydrogen bonds.  

In the sALR structure eight FAD - protein hydrogen bonds are observed.  In the hsALR 

structure, between three to six FAD - protein hydrogen bonds are observed, depending on 

which of the hsALR monomers is used.  FAD hydrogen bonding to residues in helix α4 

(Cys 91, Asn 94, Asn 98) observed in sALR is not observed in the hsALR structure.  

However, even though the FAD binding environment is considerably different between 

the hsALR and sALR structures the FAD conformation observed in the two structures is 

remarkably similar giving an average RMSD of superposition (all atoms) of 0.21Å 

(Pettersen et al., 2004).  The variability of the FAD binding pocket and the structural 

variability observed for the 60 - 65 loop observed in the hsALR structure may be an 
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indicator of the dynamics of the ALR catalytic site needed to accommodate potential 

oxidoreduction partners. 

The hsALR dimer: Similar to sALR, the his tagged ALR protein forms a head-to-tail 

disulfide linked dimer where Cys 15 and Cys 124 of one monomer forms a disulfide bond 

with Cys 124’ and Cys 15’, respectively with its dimer partner.  The intermolecular 

disulfide bonds however are not critical for dimer formation as evidenced by the structure 

of Erv2 (Gross et al., 2002), which lacks the N- and C-terminal cysteines required for 

intermolecular disulfide bond formation.  In the Erv2 structure helix packing is the 

driving force for dimer formation.  In addition, C15S and C124S mutagenesis studies 

show that intermolecular disulfide bond formation is not required for ALR dimer 

formation (Wu et al., 2003) and the loss of the intermolecular disulfide bond does not 

significantly impact ALR oxidase activity (T. Dailey personal communication).    

There are two ALR dimers in the crystallographic asymmetric unit, the A:B dimer 

composed of chains A and B and the C:D dimer composed of chains C and D.  The A:B 

dimer interface (1210 Å2) involves the interaction of 30 residues and is stabilized by 

hydrogen bonding (OD1 Asn 25A – ND2 Asn 25B and OE1 Gln 51A - NE2 Gln 51B) 

and two salt bridges (OE2 Glu 44A – NZ Lys 58B and OD2 Asp 48A – NZ Lys 58B) 

(Krissinel & Henrick, 2007).  The C:D dimer interface (1188 Å2) involves the interaction 

of 28 residues and is stabilized by hydrogen bonding (ND2 Asn 25C - OD1 Asn 25D, 

OD2 Asp 48C - NZ LYS 58D, OE1 Gln 51C - NE2 Gln 51D, NZ LYS 58C - OD2 Asp 

48D) and two salt bridges (OD2 Asp 48C – NZ Lys 58D and NZ- Lys 58C – OD2 Asp 

48D). 

The ALR tetramer: Similar to the sALR structure the hsALR crystallographic 
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asymmetric unit contains a tetramer.  The tetramer is made up of the A:B and C:D 

hsALR dimers bridged by the novel Cd2Cl4O6 cluster shown in Figure 2a.  The tetramer 

exhibits local-two fold symmetry centered at the midpoint of the Cd2Cl4O6 cluster.  Each 

cadmium ion of the cluster is coordinated by three chloride ions and three oxygen atoms 

as shown in Figure 2b. In the cluster, CD 1E is bound to chlorides CL 1E, CL 2E and 

CL3E, the side chain oxygen’s (OD1 and OD2) of ASP 74C and a distal water molecule. 

Similarly, CD 2E is bound to chlorides CL 1E, CL 2E and CL4E, the side chain oxygen’s 

(OD1 and OD2) of ASP 74A and a distal water molecule.  The average bond lengths 

observed for atoms in the cluster are 2.61Å for the Cd – Cl bonds, 2.46Å for the Cd – O 

bonds and 3.82 for the Cd – Cd bond, which is in agreement with published data (Hines 

et al., 2006).  The distance between the CG atoms of the two bridging Asp 74 groups is 

6.75Å.  As a result, the cluster provides for long-range interaction between the two-

hsALR dimers via coordination with Asp 74.  A comparison of the hsALR and sALR 

structures shows that residues His 54 and Lys 58 have moved to accommodate the bulky 

cluster and allow coordination with Asp 74.  The interaction of Asp 74 with the cluster 

may also stabilize the open conformation observed for the 60 - 68 loop in monomers A 

and C. 

In addition to the Cd2Cl4O6 cluster the dimer-dimer interface (554Å2) involves the 

interaction of 17 residues and is stabilized by extensive hydrogen bonding (OD1 Asp 

48A - NH1 Arg 75C, OD1 Asp 48A – NH2 Arg 75C, OE1 Gln 51A – NH1 Arg 75C, 

OE1 Gln 77A – NE2 His 54C, O Pro 78A – NE2 Gln 77C, NE2 His 54A – OE1 Gln 77C, 

NH1 Arg 75A – OD1 Asp 48C, NH1 Arg 75A – OE1 Gln 51C and NE2 Gln 77A – O 

Pro 78C) and four salt bridges (OD1 Asp 48A – NH1 Arg 75C, OD1 Asp 48A – NH2 
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Arg 75C, NH1 Arg 75A – OD1 Asp 48C and NH2 Arg 75A – OD1 Asp 48C). 

The hsALR tetramer differs significantly from the tetramer observed in the sALR 

structure.  In the sALR structure, the two ALR dimers associate in a manner where the N-

terminal regions of the dimer face each other as shown in Figure 2c.  One can envision 

that the addition of the 14-residue histidine tag to the N-terminus of the protein could 

potentially disrupt the dimer-dimer interface and crystal packing.  This would explain 

why the hsALR protein failed to crystallize using the sALR conditions.   In the hsALR 

structure the two ALR dimers, bridged by the Cd2Cl4O6 cluster, associate in a way that 

places the N- and C-terminal residues facing away from the dimer-dimer interface.  Thus, 

the addition of an N-terminal 14-residue histidine tag would be easily accommodated in 

the lattice.  In addition to the Cd2Cl4O6 cluster, three other Cd moieties are observed in 

the hsALR structure.  A CdO5 cluster associated with Glu 113C, a CdO6 cluster 

associated with residues Glu 44C and Gln 47C, and a CdO5 cluster associated with 

residues Asp 107B and Ser 109B.  However, these clusters are not involved in crystal 

packing interactions. 

hsALR SAXS analysis: From the SAXS analyses, the Kratky plot shown in Figure 3a has 

one prominent peak indicating that the protein is folded. The pair-distribution (P(r)) 

distribution function (Figure 3b) indicated that the real space radius of gyration for 

hsALR was 23.26 nm, which corresponds to a particle diameter of approximately 90Å. 

Figure 3c shows the fit (Pettersen et al., 2004) of the hsALR dimer into the electron-

density envelope.  The electron density envelope was the average of 16 individual pair-

distribution function calculations. The extra density observed in the envelope can be 

attributed to the 27 N-terminal amino acid residues that are missing from each of the 
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hsALR monomers in the crystal structure.  

In conclusion, the structure of hsALR has revealed a novel Cd2Cl4O6 cluster at the 

dimer-dimer interface, which enables long-range protein-protein interaction and 

significantly alters the dimer-dimer interaction observed in the sALR structure.   The new 

mode of dimer-dimer association induced by Cd2Cl4O6 cluster the can now accommodate 

the extra residues associated with the N-terminal hexahistidine purification tag and 

explains why hsALR failed to crystallize using the sALR crystallization protocol.  The 

structure also provided a view of the dynamic nature of the α2 – α3 loop and the catalytic 

site that may provide insight into substrate binding.   The results of the SAXS studies of 

hsALR in solution show the expected hsALR dimer.  The low-resolution electron density 

envelope calculated from the SAXS pair-distribution function is able to accommodate the 

hsALR dimer including the extra 14 residue N-terminal histidine tag.   The SAXS studies 

also showed that there is little structure to the first 27 residues of hsALR which agrees 

with the results of the crystal structure determination.  
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                        Table 5.1. Data collection and refinement details 
Crystal    
Space group I41 
a (Å) 99.8 
c (Å) 113.4 
  

Data collection  

Source Rigaku RU200 

Detector MAR Research 30 cm Image Plate 

Wavelength (Å) 1.5418 

Distance (mm) 175 

2θ 0.0 

Phi step (°): 1.0 

Total Rotation (°) 720 

Data processing: HKL 1.9.1 

Resolution (Å) 50 - 2.3 

Completeness (%) 100 (100) 

Rsym* 0.089 (0.425) 
*outer shell (2.38 - 2.30 Å) values in parentheses 
 

 

Refinement  

Program Phenix 1.6.4 

Resolution (Å) 19.64 - 2.40 

Completeness* (%) 99.28 

Rcryst* 0.1859 (0.2043) 

Rfree* 0.2270 (0.2879) 

*outer shell (2.49 - 2.40 Å) values in parentheses 
  

R.M.S. Deviations from ideality 
Bond lengths (Å) 0.007 

Bond angles (°) 1.147 

  

Ramachandran analysis** 
Most favored (%) 97.90 (100.0)** 

Disallowed (%) 0.0 

**PROCHECK percent in all allowed regions shown in parentheses 
  

Final model  

Protein atoms 3334 

Heterogen Atoms 232 

Solvent atoms 255 

PDB ID XXX 
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Figure legends 

Figure 5.1A:  The hsALR monomer showing the bound FAD molecule and the Cys 62 – 

Cys 65 disulfide, components of the putative catalytic site.  Image generated with 

CHIMERA (Pettersen et al., 2004).  The molecule is colored blue to red to denote 

sequence position.  

Figure 5.1B:  A map observed secondary structure for chain A on to the hsALR 

sequence generated by PDBSum (Laskowski et al., 2005).   Helices are denoted as 

magenta coils.  Beta and gamma turns are highlighted by β and γ, respectively.  Disulfide 

bond connections are highlighted in yellow.  Residue contacts are denoted by red dots.  

Cadmium contacts are denoted by blue dots. 

Figure 5.1C: A view (cross eye stereo) of the overlap of the four hsALR monomers in 

the crystallographic asymmetric unit generated by CHIMERA.  The chains are colored as 

follows Chain A – white, chain B – magenta, chain C – cyan and chain D yellow.  The 

variability in structure associated with the a2 – a3 loop (residues 60 – 68) can be seen at 

the bottom right of the structure. 

 

Figure 5.2A: A view of the hsALR tetramer showing local 2-fold symmetry and the 

bridging Cd2Cl4O6 cluster displayed with CHIMERA.  The A:B and C:D dimers are 

colored as follows: Chain A – yellow, chain B – cyan, chain C – green and chain D – 

pink.  Atoms making up the Cd2Cl4O6 cluster are colored: Cd – yellow, Cl – green, O – 

red, C white.  
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Figure 5.2B: A detailed view of the Cd2Cl4O6 cluster.  Here each cadmium ion is 

hexadentate coordinating three chloride ions, one water and two oxygen atoms from Asp 

74. 

Figure 5.2C: A view of the sALR tetramer (PDB entry 1OQC).  The two sALR dimers 

are colored yellow and cyan and tan and blue, respectively.  Note that in the tetramer the 

two sALR dimers are positioned such that the N-termini of two of the sALR molecules 

are pointing into the dimer-dimer interface of the tetramer. 

 

Figure 5.3A: A Kratky Plot revealing a single prominent peak that indicates that hsALR 

is folded in solution. 

Figure 5.3B: Results from the pair-distribution calculations a P(r) plot, which shows that 

the real space radius of gyration for hsALR in solution is 23.26 nm. In addition, the curve 

also reveals that the diameter of the molecule is approximately 90Å. 

Figure 5.3C: A fit (Pettersen et al., 2004) of the hsALR dimer into the electron-density 

envelope calculated from an average of 16 GASBOR runs with P1 symmetry. 
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Fig. 5.1A 
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Fig. 5.1B 
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Fig. 5.1C 
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Fig. 5.2A 
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Fig. 5.2B 
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Fig. 5.2C 
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Fig. 5.3A 
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Fig. 5.3B 
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Fig. 5.3C 
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Abstract 

 Augmenter of liver regeneration (ALR) is a protein that exists in two alternatively 

spliced forms, a short cytosolic form (srALR) and a long mitochondrial form (lrALR), 

inside the cell (1, 2). Long form ALR and cytochrome c have recently been identified as 

key components of the mammalian mitochondrial intermembrane space import and 

assembly pathway, which imports cysteine rich proteins synthesized in the cytosol into 

the mitochondrial intermembrane space (3). In this pathway, ALR becomes reduced 

when it oxidizes the protein mitochondrial import and assembly protein 40. In order for 

the pathway to continue, ALR transfers electrons to cytochrome c so that ALR is returned 

to an oxidized state (3-5).  The rate of electron transfer from ALR to cytochrome c has 

been well characterized but the interactions between the two molecules have not been 

studied. This work details studies that were conducted to gain kinetic and structural 

information about the ALR-cytochrome c studies. Small Angle X-ray Scattering (SAXS) 

experiments displayed solution envelope structures of srALR-cytochrome c and lrALR-

cytochrome c complexes in solution.  The envelope structure for lrALR-cytochrome c 

complex was the same in both oxidizing and reducing conditions while the srALR-

cytochrome c complex showed a large shift between oxidizing and reducing conditions. 

These experiments provided evidence supporting that the lrALR-cytochrome c complex 

forms independently of electron transfer. Additionally, surface plasmon resonance studies 

displayed equilibrium constants for both complexes that indicated the formation of 

transient complexes. These results provide supporting evidence to the enzymatic studies 

that have been conducted on the complexes. 
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Introduction 

Augmenter of liver regeneration (ALR) is a protein that has been shown to 

stimulate the liver regeneration process and function as a sulfhydryl oxidase (6, 7) 

Originally identified in regenerating rat livers, ALR belongs to the Erv1/ALR protein 

family that has sequence homology from prokaryotic to eukaryotic organisms(1, 2, 7). 

Mammalian ALR is found in two alternatively spliced forms. The 15 kDa short form 

ALR (srALR) is mainly located in the cellular cytoplasm while the 23 kDa long form 

(lrALR) is primarily located in the intermembrane space of the mitochondria (1). Studies 

from Saccharomyces cerevisiae have indicated that the ALR homologue Erv1 functions 

in the intermembrane space import and assembly pathway (8). In the pathway, 

mitochondrial intermembrane assembly protein 40 (Mia40) interacts via intermediate 

disulfide bond formation with small cysteine rich peptides that are being transported 

across a translocase of the outer membrane. Through this interaction, the peptides 

become properly folded and may coordinate a metal ion. After performing this function, 

Mia40 is in a reduced state and is oxidized by Erv1. The two electrons that are received 

by Erv1 are transferred to two cytochrome c molecules, which pass them to the electron 

transport chain (9, 10).  This process cycles as new peptides are transported across the 

membrane.  

Previous studies by Daithankar et al. have shown that mammalian Mia40 transfers 

electrons to the lrALR but not to srALR (3). The data indicates that this is due to the 

additional CxxC motif located in the N-terminal extension of the lrALR.  In addition to 

studying the electron transfer between Mia40 and lrALR, the Daithankar study also 

showed that lrALR has a 12-fold lower catalytic efficiency for cytochrome c than srALR 
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(3). This may be due to the manner in which lrALR and cytochrome c interact. To date 

there has not been a study of the interaction ALR and cyochrome c. Numerous groups 

have conducted both in vitro and in vivo studies to investigate the interaction between 

Mia40 and Erv1/ALR. However, rather little is known about the nature of the interaction 

of ALR with cytochrome c. As stated previously the transfer of electrons between the two 

proteins is well established but the binding kinetics and manner in which they interact 

still needs to be investigated more (4, 5, 11, 12). 

This work represents the initial binding kinetics study of the interaction between 

ALR and cytochrome c from Rattus Norvegicus. Surface plasmon resonance studies are 

used to compare the binding rates for lrALR and srALR with cytochrome c.  These 

studies help establish how the additional N-terminal extension on lrALR affects the rates 

of interaction for both proteins. The study is further enhanced by Small angle X-ray 

scattering studies, which provide the initial envelope structures depicting the solution 

structures of the complexes. This works suggests that lrALR and srALR interact with 

cytochrome c independent of electron transfer. The work provides additional support for 

lrALR being an enzymatic substrate for cytochrome c. 

 

Experimental Methods 

 

Expression and Purification of ALR 

 

For the various forms of ALR, cDNA was isolated for expression vector 

construction obtained from R. norvegicus and used as a template for PCR (polymerase 
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chain reaction).  The reaction was carried out using a set of primers designed to 

incorporate restriction sites and six histidines with a tobacco etch virus (TEV) protease 

site  was added at the amino-terminus.  The PCR fragment was then ligated into a 

pTrcHis expression vector (Invitrogen) and the resulting vectors were named pHHhALR 

(human), pHHrALR (rat) and pHHcALR (C. elegans).  The complete DNA sequence for 

all ALR constructs were verified.   

To express the protein a 1-L culture of Circlegrow® (MP Biomedicals) media 

containing 100 mg of ampicillin was inoculated with E. coli JM109 that had been 

transformed with the selected plasmid.  The culture was grown at 37°C for 18 hours  and 

cells were harvested by centrifugation. The cell pellets were resuspended in 30 ml of a 

solution containing 20 mM Hepes pH 7.5, 200 mM NaCl and 0.1mM PMSF 

(phenylmethylsulphonyl fluoride), sonicated, and then centrifuged to separate the soluble 

protein from the cell debris.   Initially, the proteins were isolated from the soluble protein 

fraction using metal affinity chromatography by running the fraction over a column 

containing a nickel-NTA resin. After the fraction was washed, the protein was eluted 

with a buffer containing 20mM Hepes pH 7.5, 200 mM NaCl and 0.1 mM PMSF and 300 

mM imidazole. Following the nickel column, the protein was further purified using size 

exclusion chromatography. The eluted fraction was loaded onto a Superdex75 column 

containing 20mM Hepes pH 7.5, 200 mM NaCl buffer. The fractions which contained the 

protein were collected and concentrated. After the protein eluted, purity was assessed by 

SDS PAGE and UV-visible spectra. All cytochrome c used in the experiments was 

purchased from Sigma-Aldrich (C2506). 
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SAXS experiments 

       SAXS data were collected on ALS beamline 12.3.1. In SAXS experiments under 

oxidizing conditions, srALR, lrALR, cytochrome c, srALR-cytochrome c mixtures, and 

lrALR-cytochrome c mixtures were diluted with 20mM Hepes, 150mM NaCl pH 7.4 

buffer to give 20µL samples at final concentration of 5mg mL-1. For each protein sample 

and a buffer blank, SAXS data were collected using a 0.5 s, a 5 s and a second 0.5 s 

exposure. To test the interactions under reducing conditions, dilutions with 20mM Hepes, 

150mM NaCl, 1mM tris(2-caboxyethyl) phosphine hydrochloride (TCEP)  pH 7.4 buffer 

to give 5mg mL-1 were prepared and SAXS experiments were repeated under these 

conditions. As stated in Habel et al., buffer-subtracted files were analyzed using PRIMUS 

(13) and the GNOM (14) P(r) output file was used to calculate electron-density 

envelopes. Each envelope is the product of 16 GASBOR (15) runs averaged with 

DAMMAVER (16). All envelope structures were fit with the crystal structures of his-

tagged srALR (hsALR) and equine heart cytochrome c (17) using the CHIMERA (18) 

software. In all envelope overlays, at least 90 percent of the crystal structures were 

successfully fit into the envelope. 

 

Surface Plasmon Resonance 

Biacore experiments where designed to determine the binding kinetics of the 

interaction between lrALR and cytochrome c along with the interaction between srALR 

and cytochrome c. lrALR at 120µM in 20mM Hepes, 150mM NaCl, and 0.1% Tritin-X 

100 at pH 7.4 was covalently linked in channel 2 of the sensorchip surface with a 70µL 

1:1 mixture of N-hydroxysuc- cinimide (NHS) and N-ethyl-N'-(3-dimethylaminopropyl)-
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carbodiimide hydro- chloride (EDC). The remaining activated dextran molecules on he 

chip where then immobilized with 70µL of ethanolamine (19). The reaction resulted in a 

resonance unit (RU) change of 200 (100RU=1ng/mm2). For control purposes, channel 1 

was activated with a 70µL 1:1 NHS-EDC mixture and blocked with 70µL of 

ethanolamine. The immobilization steps where repeated with 158µM srALR in channel 4 

and channel 3 was used as the srALR control channel. The srALR immobilization 

resulted in a 2000RU change. 20mM Hepes, 150mM NaCl, and 0.1% Tritin-X 100 at pH 

7.4 was used as the running buffer for the experiments which where run under oxidizing 

conditions. Cytochrome c, which is the analyte in the experiment, was diluted to various 

concentrations (.4µM, .8µM, 1µM, 2µM, 4µM, 5µM, 6µM, 8µM, 10µM and 12µM) 

using the running buffer. The various concentrations of cytochrome c were injected over 

the surface at a flow rate of 15µL/min for 3 minutes at 25°C. After the injection period, 

running buffer was injected over the surface for 10 minutes to monitor the dissociation. 

The chip was regenerated for the next injection with a 30 second injection of 30µL of 

Glycine-HCl at a pH of 3.96. Kinetic information was obtained using BIAevaluation 

software from GE Healthcare. 

 

Results and Discussion 

 Cytochrome c has been shown to be the terminal electron acceptor in the 

intermembrane space import and assembly pathway by various techniques including 

double mixing experiments and spectroscopic assays (3, 5). This work attempted to look 

at the pathway based on the interactions that occur during the electron transfer within the 

pathway. Initially, small angle x-ray scattering experiments were conducted to determine 
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if any structural information could be gained about the interaction of ALR with 

cytochrome c. In addition, to looking at the physiologically relevant interaction of lrALR 

with cytochrome c, experiments were conducted on the interaction of srALR with 

cytochrome c to determine if additional insight can be gained into why srALR does not 

function in the pathway.  

Small Angle X-Ray Scattering 

Envelope structures for the individual proteins, srALR-cytochrome c complex, 

and the lrALR-cytochrome c complex under reducing and oxidizing conditions where 

determined to 15Å. Envelope structures for the individual proteins revealed structures of 

globular molecules under both oxidizing and reducing conditions (figure 6.1A-F). lrALR 

is the only protein that has a narrow region within it’s structure under both oxidizing and 

reducing conditions (figure 6.1C and 6.1D). The narrow region is normally an indication 

that the protein contains a random coiled or unfolded region. When comparing the 

structure with the srALR structure (figure 6.1A and 6.1B), the 80 residue N-terminal 

region of lrALR greatly alters the overall envelope structure but the hsALR fits into the 

globular portion envelope in a manner similar to the srALR structure. The flexibility of 

the N-terminal region makes it ideal for interaction. Interestingly, the envelope structure 

of srALR under reducing conditions (figure 6.1B) displayed the formation of a narrow 

tail on one end of the envelope. This indicates that under reducing conditions, srALR 

may undergo conformational changes that make it ideal for interacting with other 

proteins. This is supported by the envelope structures that were determined for the 

complexes. 
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      As seen in figure 6.2A, the envelope structure under oxidizing conditions for 

lrALR-cytochrome c complex revealed a multi-lobed envelope that appeared to display 

the proteins interacting with one another. From these fit studies, the envelope structure 

provides evidence supporting the ALR dimmer interacting with one molecule of 

cytochrome c. To test if electron transfers would alter the envelope structure, the 

experiments were repeated with reducing agent, TCEP, added to the solution. There was 

not a significant shift observed in the envelope structure (Figure 6.2B). The lrALR and 

cytochrome c appeared to interact in the same manner as previously observed under 

aerobic conditions. This result indicated that the interaction of lrALR-cytochrome c is 

independent of electron transfer between the two molecules.  

 Previous studies have shown that electron transfer between srALR and 

cytochrome c is actually more efficient than electron transfer from lrALR to cytochrome 

c (3). SAXS experiments were conducted on srALR-cytochrome c to determine if any 

structural evidence could be observed to support this observation. The envelope 

structures determined for srALR-cytochrome c under oxidizing conditions produced a 

similar multi-lobed structure. However, a narrow region connected the two lobes and this 

indicates that the interaction is mediated by a flexible region (Figure 6.3A). However, 

when the complex was subjected to reducing conditions there was a shift in the envelope 

structure. The two lobes of the complex moved close together eliminating the narrow 

region that appeared to link them (Figure 6.3B). Unlike the lrALR-cytochrome c complex 

which does not shift, the shift that occurs with srALR-cytochrome c likely brings the 

FAD molecule from srALR and the heme group from cytochrome c within a close 

proximity of one another. This change in proximity could make the transfer of electrons 
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from srALR to cytochrome c more efficient. In addition the N-terminal region of the 

lrALR likely inhibits this shift from occurring and thus the electrons likely have to travel 

from the FAD to the CXXC motif and then to the heme group, which is what is observed 

in previous studies. These SAXS envelope structures demonstrate that lrALR-cytochrome 

c and srALR-cytochrome c complexes can be formed but the interaction between lrALR 

and cytochrome c does not appear to change under oxidizing or reducing conditions. The 

N-terminal region of lrALR seems to be key in controlling the interaction between ALR 

and cytochrome c. 

Surface Plasmon Resonance 

  In order to gain more insight into the interaction of ALR and cytochrome c 

surface plasmon resonance studies were conducted using the Biacore3000 apparatus. In 

Biacore experiments, a ligand is immobilized to the metal material and an analyte in a 

buffer condition is passed over the ligand. If interaction between the ligand and analyte 

occurs, the mass of the molecules interacting with the surface changes and this alters the 

distribution of the surface plasmons (20, 21).   Biacore utilizes the fact that if there is a 

change in the distribution of the surface plasmons due to a mass change of the molecule 

interacting with the surface then the angle of the reflecting light changes. The change in 

the reflecting light is measured and recorded as resonance units by the Biacore3000 (20, 

21). Through the real time measurements of the changes in these resonance units, 

information can be gained about the association rate, dissociation rate, and equilibrium 

constants of an interaction.  

 In the experiment srALR and lrALR were immobilized to the sensor chip in 

different channels while cytochrome c was used as the analyte. Representative biacore 
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curves that were used to calculate the binding kinetics are shown in figure 6.4A and 6.4B. 

As seen in table 1, the association constant (ka), dissociation constant (kd), and 

equilibrium constant (KD) for the lrALR-cytochrome c interaction are 1.84 x 103 Ms-1, 

2.1 x 10-3 s-1, and 1.45 µM. The equilibrium constant value provides an indication into the 

strength of the interactions between the two proteins. KD values below 10 nM signals 

that the proteins form stable complexes with one another. While values above this, 

normally indicate more transient interactions. The KD value obtain for the lrALR-

cytochrome c complex indicates the two proteins form a transient complex. A transient 

complex would be necessary for the proteins to function properly in the IMS import and 

assembly pathway. Unlike the lrALR-cytochrome c complex, srALR appears to form a 

more stable complex with cytochrome c. The association constant (ka), dissociation 

constant (kd), and equilibrium constant (KD) for the srALR-cytochrome c complex are 

4.4 x 103 Ms-1, 1.3 x 10-3 s-1, and 300 nM (Table 6.1). Although the interaction between 

srALR and cytochrome c is tighter than the lrALR-cytochrome c complex, a KD of 300 

nM indicates that the interaction is still a weaker interaction. The difference between the 

equilibrium constants is likely due to the fact that the N-terminal region of lrALR inhibits  

cytochrome c from binding in the same manner that it binds to srALR. As stated 

previously, this may be due to the fact that the 80 amino acids that compose the N-

terminal region have a calculated pI of 8.9 and cytochrome c has a pI of 10 (17). The pI 

values indicate that these two molecules may repel each other. In addition, the region that 

cytochrome c binds to on lrALR is likely different than the srALR binding region. More 

studies need to be done to determine the amino acids that promote the binding of the two 

molecules to better understand the interaction. 
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Conclusion  

Redox reactions are prevalent throughout the cell and are essential to the function 

of many pathways (22). The electron transfer between the two molecules normally 

coincides with some physical interaction. These interactions occur quickly and are 

usually difficult to monitor. Fortunately in some cases, the protein molecules will interact 

with one another independent of the electron transfer. Studying these interactions can 

provide additional insight into the mechanism for these proteins. Here we report a study 

that has identified the ability of lrALR and srALR to interact with cytochrome c in an 

electron transfer independent manner. From our SAXS analysis, envelope structures were 

determined to give the initial structural information about the complex. While Biacore 

surface plasmon resonance analysis was utilized to conduct the initial binding kinetic 

study of the interactions. Our studies reveal that these proteins interact with one another 

in a transient manner that is ideal for redox reactions. Additionally, this work further 

supports previous studies that all suggest that lrALR is the version of augmenter of liver 

regeneration that functions in the mitochondrial intermembrane space import and 

assembly pathway. Further studies need to be conducted on the additional protein 

interactions that are in the pathway. Understanding these interactions could provide a 

foundation for studies that are attempting to gain additional insight into how ALR 

augments the liver regeneration process. 
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Figure 6.1: Envelope structures of the individual proteins with the crystal structures of 

hsALR and cytochrome c fit into the envelopes. A) Globular envelope structure of srALR 

under oxidizing conditions. The hsALR dimer fits into the envelope with any outliers. B) 

hsALR fit into srALR envelope structure determined under reducing conditions. A 

formation of a narrow tail can be observed in this structure. C) hsALR fit into lrALR 

envelope structure determined under oxidizing conditions. lrALR envelope structure 

reveals a large flexible region. D) hsALR fit into lrALR envelope structure determined 

under reducing conditions. The structure looks similar to the one observed under 

oxidizing conditions. E) Cytochrome c envelope structure under oxidizing conditions 

with cytochrome c crystal structure fit into the envelope. F) Cytochrome c envelope 

structure under reducing conditions. The envelope structure looks similar to that observed 

under oxidizing conditions.   
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Figure 6.2: SAXS envelope structures of the lrALR-cytochrome c protein complex. A) 

Envelope structure of the lrALR-cytochrome c under oxidizing conditions. The image is 

an overlay of two structure determination runs. B) The envelope structure of lrALR- 

cytochrome c complex in reducing conditions looks similar to the structure under 

oxidizing conditions. 
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Figure 6.3: SAXS envelope structures of the srALR-cytochrome c protein complex. A) 

Envelope structure of the srALR-cytochrome c under oxidizing conditions. The image is 

an overlay of two structure determination runs. B) A large shift is observed in the 

envelope structure of srALR-cytochrome c under reducing conditions. It appears that the 

FAD moiety from srALR and the heme group from cytochrome c are brought closer 

together for electron transfer.  
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Figure 6.4: Suface plasmon resonance curves showing the change in the resonance signal 

as cytochrome c is injected over the chip. (A) The curves display the resonance signals 

for the interaction of cytochrome c with lrALR following injections of cytochrome c at 

concentrations of .4 µM, .8 µM, 1 µM, 2 µM, 4 µM, 8 µM, and10 µM.  (B) The curves 

display the resonance signals for the interaction of cytochrome c with srALR following 

injections of cytochrome c at concentrations of .4 µM, .8 µM, 1 µM, 2 µM, 4 µM, 5µM, 

8 µM, and10 µM. 
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Table 6.1: Kinetic Calculations for the interactions of cytochrome c with lrALR and 

srALR. 

 ka (1/Ms) kd (1/s) KA (1/M) KD (M) 

lrALR 1.84 x 103 2.1 x 10-3  8.77 x 105 1.14 x 10-6 

srALR 4.4 x 103 1.3 x 10-3 3.3 x 106 3.0 x 10-7 
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CHAPTER 7 

CONCLUSIONS 

 

The study of liver damage and liver regeneration has evolved over several decades. 

Although knowledge has been gained into how these processes work, more research 

needs to be conducted to provide a foundation for developing therapeutics that would 

take advantage of the liver’s regeneration process and prevent liver damage. The research 

conducted in this work directly contributes to this field of study and provides a 

framework for additional studies on liver damage and regeneration.  

 The research projects described within this dissertation provide a solid foundation 

for future studies on liver damage and regeneration. The biophysical studies that were 

conducted on the hepatitis b surface antigen protein (HBsAg) provide initial solution 

structural information that could be utilized in future experiments for the development of 

better preventative and therapeutic methods for hepatitis b. Since the SAXS studies 

revealed the presence of a large 40 nm particle in solution, these studies revealed more 

insight into why determining high-resolution structural information on the HBsAg protein 

has proven to de difficult. Although SAXS studies of HBsAg in complex with an 

antibody has not produced an envelope structure, the SAXS studies did reveal that the 

interaction of HbsAg with the antibody causes the protein to be present in both folded 

and unfolded states in solution. These studies have led to the experiments aimed at the 

preparation of alternative forms of HBsAg that will hopefully be more convenient for 

crystallization and still produce the same antigenic response. These HBsAg proteins will 

likely be in the form of mutants that are outside of the antigenic region but they will 
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prevent the protein from aggregating into 40nm particles in solution. In addition to 

producing mutants for structural studies, the production of mutants that are located in the 

antigenic region could add to studies on the protein-antibody interaction of HBsAg 

escape mutants. Surface plasmon resonance (SPR) studies could be used as a tool for 

addressing this need. SPR studies would be used to readily assess the strength of the 

protein-antibody interaction of any mutants that are produced. Although diffraction 

quality crystals of HbsAg have yet to be produced, knowledge was gained about the 

solution and antibody binding properties of HBsAg, which will be invaluable for future 

research and development of better vaccines to hepatitis b. 

The goal of the second research project that was conducted focused on providing 

evidence that supported the existence of the mitochondrial intermembrane space import 

and assembly pathway in mammals. Specifically, the project focused on testing the 

hypothesis that the augmenter of liver regeneration (ALR) replaces the protein essential 

for respiration and viability 1 (Erv1) in the mammalian version of the pathway.  In order 

to accomplish this task, several biochemical assays were carried out. Aerobic and 

anaerobic spectroscopic assays revealed that electron transfer between the mammalian 

forms of Mia40 (mitochondrial import and assembly protein 40), ALR, and cytochrome c 

does occur. Alphascreen and SPR experiments revealed that both forms of ALR interact 

with cytochrome c. SPR also revealed that although the complexes formed were transient, 

srALR has a stronger binding affinity for cytochrome c even though it does not function 

in the pathway. SAXS studies revealed solution structural information about srALR, 

lrALR, cytochrome c, srALR-cytochrome c complex, and lrALR-cytochrome c complex 

under both oxidizing and reducing conditions. In addition, the SAXS revealed that the 
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proteins interact with one another independent of electron transfer. Lastly, 

crystallographic studies were conducted on his-tagged short form ALR. The crystal 

structure revealed a structure that was similar to the previously reported native structure 

of ALR. However, the variability of the FAD binding pocket and the structural variability 

observed for the 60 - 65 loop observed in the his-tagged short form ALR structure may be 

an indicator of the dynamics of the ALR catalytic site needed to accommodate potential 

oxidoreduction partners. The crystal structure of the his-tagged short form ALR also 

supplemented the SAXS studies by providing a high-resolution structure that could be 

modeled into the SAXS envelope structures. The results from all the experiments that 

were conducted provide support the hypothesis that ALR functions in the mammalian 

mitochondrial intermembrane space assembly and import pathway. These experiments 

have laid the groundwork for future experiments that can be conducted to investigate the 

additional protein interactions and electron transfers that occur in the pathway. 

 Liver damage and the subsequent regeneration that occurs afterwards is a 

complex and well-studied process. Despite the numerous studies into the proteins, 

peptides, and other macromolecules involved, more information needs to be gained into 

liver damage and regeneration so that the impact of diseases like hepatitis b can be 

curbed in the future. This study has provided additional knowledge that can lead to 

development of therapeutic techniques that would aide in accomplishing this task. 
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