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ABSTRACT 

Muscle cells undergo frequent damage and repair, which is an essential process to 

maintain cellular homeostasis. These processes involve plasma membrane repair 

and remodeling following damage. The inability of a cell to repair membrane lesions 

can lead to pathological conditions such as muscular dystrophy and cardiovascular 

diseases. Mitsugumin 53 (MG53) is a muscle-specific protein belonging to the 

tripartite motif (TRIM 72) family of proteins. MG53 primarily interacts with 

phosphatidylserine, a phospholipid that is specific to the inner leaflet of the plasma 

membrane and cytoplasmic face of intracellular vesicles. Interactions between 

MG53 and dysferlin are also thought to play a role in membrane repair. This work 

describes the analysis of MG53 using Isothermal Titration Calorimetry (ITC), 

Fourier Transform Infrared (FTIR) spectroscopic analysis and Circular Dichroism 

(CD). These techniques are capable of measuring the thermodynamic properties 

that describe the interactions between MG53 and potential ligands, such as o-

phosphoserine and dysferlin. The ultimate goal is to better understand the role of 

MG53 and its contribution to membrane repair. 
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CHAPTER I 

INTRODUCTION 

1.1. Membrane Damage and Repair and its importance: 

An average human indulges himself in some form of physical activity to maintain 

his health. That could be moderate daily tasks like walking, biking, climbing to 

vigorous training exercises like running or swimming. The Center for Disease 

Control and Prevention, in their 2008 Physical Activity Guidelines for Americans, 

suggest that, for important health benefits, an average adult should undergo two 

and half hours of moderate-intensity aerobic activity and two or more days of 

muscle-strengthening activity, per week. 

In mammalian cells like skeletal (McNeil and Khakee, 1992) and cardiac(Clarke 

et al., 1995) muscle, which are subjected to such  taxing environments, the 

frequency of membrane disruptions vary in proportion to the intensity of the 

physical activity. This stress experienced by the cell often results in a tear in the 

plasma membrane which disturbs cellular integrity and homeostasis. The cell 

membrane divides the extracellular oxidized environment from the intracellular 

reduced one.  A physical breach thus results in a sudden influx of Ca2+ ions which 

may be one of the causes of rapid death of the wounded cell (McNeil, 2009). Under 

such conditions the cell relies on its intrinsic repair mechanisms that respond to the 

damage, remodel and restore the sarcolemmal integrity of the cell, hence 

contributing to the resurrection of the cellular functions. 

Texas Tech University, Rohan Nandkumar, August 2013
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1.2. Mechanisms involved in cell membrane repair 

The mammalian cell is equipped with an arsenal of different mechanisms to 

control membrane damage, and they are activated depending on the level of damage 

that occurs. 'Resealing' is a membrane-repair process that allows the cell to 

eliminate the cost of replacing a large number of the frequently injured cell types 

(like the skeletal and muscle cells)(McNeil and Kirchhausen, 2005). One of the 

concepts of cell membrane repair mechanism was proposed by(McNeil and 

Kirchhausen, 2005); Fig.1(a) describes the self-sealing membrane repair; the 

occurrence of a disruption causes the hydrophobic domains of phospholipids to be 

Figure 1: Description of the possible membrane repair mechanisms through (a): Self sealing for small 

disruptions and/or (b): Vesicular patch fusion. [Source: MCNEIL, P. L. & KIRCHHAUSEN, T. 2005. An 

emergency response team for membrane repair. Nature Reviews Molecular Cell Biology, 6, pg500.] 

Texas Tech University, Rohan Nandkumar, August 2013
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exposed to the aqueous environment. This thermodynamically unfavorable 

condition, forces the lipids to rearrange at the interface of lipid flow at that site. Fig. 

1(b) describes repair of a much larger disruption, wherein a huge area of the plasma 

membrane is lost, which is usually the case in muscle cells, and the area is covered 

by a lipid patch. 

Moreover, cells also contain proteins that are specific to certain cell types, which 

upon upregulation, aid the membrane repair mechanism. Some of the these intrinsic 

proteins include Dysferlin (Dys) (Doherty and McNally, 2003), Caveolin (Cav), 

Annexin, and a recently discovered protein known as Mitsugumin 53 (Cai et al., 

2009c). These proteins also govern different processes; "Dysferlin proteins are 

thought to fuse intracellular vesicles to patch the damaged membrane and restore 

sarcolemmal integrity following muscle injury" (Cai et al., 2009c), "Caveolin-3 is a 

small membrane protein contributing to formation of caveolae, membrane 

invaginations with roles in vesicular trafficking, signal transduction and t-tubule 

formation" (Waddell et al., 2011), "Annexins area large multigene family of calcium- 

and phospholipid-binding proteins and are characterized by a conserved C-terminal 

domain composed of a 70-amino acid repeating motif, and a unique N-terminal 

domain that confers functional specificity to each annexin" (Waddell et al., 2011). 

These proteins are shown to cooperatively interact, mediate the intracellular vesicle 

trafficking and hence, membrane repair (Cai et al., 2009c, Cai et al., 2009a). 

Texas Tech University, Rohan Nandkumar, August 2013
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1.3. Pathological manifestations of compromised membrane repair 

The innate ability of the cell to repair any damage caused to the plasma 

membrane is one of the most conserved mechanisms that appear in eukaryotic cells. 

Defects in these repair mechanisms have been linked to pathologically severe 

conditions such as cardiovascular disease (Wenzel et al., 2007), neurodegenration 

(Bazan et al., 2005) and muscular dystrophy (Bansal et al., 2003). 

The National Library of Medicine defines Muscular dystrophy (MD) as a group of 

hereditary diseases characterized by progressive wasting of muscles—called 

also progressive muscular dystrophy 

[http://www.nlm.nih.gov/medlineplus/mplusdictionary.html]. Amongst this group 

one of the most alarming form of MD is the Duchenne muscular dystrophy (DMD). 

This lethal form of MD occurs in approximately 1 in 3500 males (Burkin and 

Wuebbles, 2012). This X-linked inherited neuromuscular disease shows its 

symptoms in male infants at the age between 2 and 5, and gradually confines a 

patient to a wheel-chair in their teens, cardiopulmonary failure in their 20's or 30's, 

and eventual death. Although many genes are responsible for proteins responsible 

for muscle function, in case of DMD, the mutations in the dystrophin gene, thus 

omitting the protein expression, results in compromised sarcolemmal membrane 

integrity and deceased muscle fibers. Another non-lethal form of MD is the Limb-

Girdle Muscular Dystrophy (LGMD), where in the distal muscles of the body 

(muscles that are further away from the center of the body, such as hands and feet) 

Texas Tech University, Rohan Nandkumar, August 2013
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are affected. LGMD can begin in childhood, adolescence, young adulthood or even 

later. Both genders are equally affected in LGMD, and the severity of progression is 

inverse to the age of initial occurrence [http://mda.org/disease/limb-girdle-

muscular-dystrophy/overview]. 

Currently, there is no cure for any type of MD. The only medical help that can be 

provided to the patients are improved clinical care, ventilator assistance, cardiac 

monitoring and treatment with corticosteroids, all of which increases their life 

expectancy for a few years (Burkin and Wuebbles, 2012). Promising therapies for 

MD include dystrophin gene replacement (Watchko et al., 2002), myoblast treatment 

(Gussoni et al., 1992), and stem cell transplantations (Gussoni et al., 1999, 

Sampaolesi et al., 2006), but would take a long period of time to eventually make it 

practical for human application. 

1.4. MG53 as a novel protein implicated in membrane repair 

Mitsugumin 53, also known as TRIM72is a novel, muscle specific protein, that 

belongs to the Tri- partite motif/RING B-box Coiled Coil (TRIM/RBCC) family of 

proteins. The TRIM proteins consist of a multimodular domains including a 

relatively conserved N-teminal RBCC domain consisting of a RING finger for 

E3ubiquitin ligase activiy, a zinc-bound B-box for protein-protein interaction and a 

variable C-terminal domain (PRY-SPRY in case of the TRIM 72) (Park et al., 2010).  

The proteins from this family are involved in various cellular processes, including 

Texas Tech University, Rohan Nandkumar, August 2013
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cell proliferation, differentiation, development, oncogenesis and apoptosis (Nisole et 

al., 2005). 

MG53 is a member of the sarcolemmal membrane-repair machinery. It primarily 

interacts with phosphatidylserine (PS), a phospholipid that is specific to the inner 

leaflet of the plasma membrane and also to the cytoplasmic face of intracellular 

vesicles. MG53 facilitates vesicular trafficking to the damaged membrane site and 

aids the patch formation (Cai et al., 2009a). 

1.4.1. Discovery of the protein 

Dr. Noah Weisleder and Dr. Chuanxi Cai along were one amongst the group of 

scientist that first identified the gene known as mg53, shorthand for the Japanese 

word,  'Mitsugumin', which means 'junction'. (Cai et al., 2009a) were in the process 

of screening of a monoclonal antibody library that targets proteins present in 

striated muscle, when they came across a an antigen of 53 kDa molecular mass, that 

was recognized by mAb5259. Subsequently, immunoaffinity column purification 

resulted in the identification of the MG53 protein, the primary structure of which 

was later revealed in animal species. The corresponding mg53 gene was located at 

human 16p11.2 locus (Cai et al., 2009a). 

Texas Tech University, Rohan Nandkumar, August 2013
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Table 1: Gene sequence of the MG53 gene 

Homo sapiens tripartite motif containing 72 (TRIM72), mRNA 
LOCUS NM_001008274  285..1718 mRNA  linear   PRI 17-APR-2013 

DEFINITION  Homo sapiens tripartite motif containing 72 (TRIM72), 

mRNA. 

ACCESSION   NM_001008274 

VERSION NM_001008274.3  GI:270265875 

 241 tcgagactct ttcagcctaa gatctccaac cagacctgcc cgccatgtcg gctgcgcccg 

 301 gcctcctgca ccaggagctg tcctgcccgc tgtgcctgca gctgttcgac gcgcccgtga 

 361 cagccgagtg cggccacagt ttctgccgcg cctgcctagg ccgcgtggcc ggggagccgg 

 421 cggcggatgg caccgttctc tgcccctgct gccaggcccc cacgcggccg caggcactca 

 481 gcaccaacct gcagctggcg cgcctggtgg aggggctggc ccaggtgccg cagggccact 

 541 gcgaggagca cctggacccg ctgagcatct actgcgagca ggaccgcgcg ctggtgtgcg 

 601 gagtgtgcgc ctcactcggc tcgcaccgcg gtcatcgcct cctgcctgcc gccgaggccc 

 661 acgcacgcct caagacacag ctgccacagc agaaactgca gctgcaggag gcatgcatgc 

 721 gcaaggagaa gagtgtggct gtgctggagc atcagctggt ggaggtggag gagacagtgc 

 781 gtcagttccg gggggccgtg ggggagcagc tgggcaagat gcgggtgttc ctggctgcac 

 841 tggagggctc cttggaccgc gaggcagagc gtgtacgggg tgaggcaggg gtcgccttgc 

 901 gccgggagct ggggagcctg aactcttacc tggagcagct gcggcagatg gagaaggtcc 

 961 tggaggaggt ggcggacaag ccgcagactg agttcctcat gaaatactgc ctggtgacca 

1021 gcaggctgca gaagatcctg gcagagtctc ccccacccgc ccgtctggac atccagctgc 

1081 caattatctc agatgacttc aaattccagg tgtggaggaa gatgttccgg gctctgatgc 

1141 cagcgctgga ggagctgacc tttgacccga gctctgcgca cccgagcctg gtggtgtctt 

1201 cctctggccg ccgcgtggag tgctcggagc agaaggcgcc gccggccggg gaggacccgc 

1261 gccagttcga caaggcggtg gcggtggtgg cgcaccagca gctctccgag ggcgagcact 

1321 actgggaggt ggatgttggc gacaagccgc gctgggcgct gggcgtgatc gcggccgagg 

1381 ccccccgccg cgggcgcctg cacgcggtgc cctcgcaggg cctgtggctg ctggggctgc 

1441 gcgagggcaa gatcctggag gcacacgtgg aggccaagga gccgcgcgct ctgcgcagcc 

1501 ccgagaggcg gcccacgcgc attggccttt acctgagctt cggcgacggc gtcctctcct 

1561 tctacgatgc cagcgacgcc gacgcgctcg tgccgctttt tgccttccac gagcgcctgc 

1621 ccaggcccgt gtaccccttc ttcgacgtgt gctggcacga caagggcaag aatgcccagc 

1681 cgctgctgct cgtgggtccc gaaggcgccg aggcctgagc cgccggacgg gtagtggagg 

Texas Tech University, Rohan Nandkumar, August 2013
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Table 2: MG53 Protein sequence in FASTA format 

Tripartite motif-containing protein 72 [Homo sapiens] 
LOCUS NP_001008275  477 aa  linear   PRI 17-APR-2013 

DEFINITION  tripartite motif-containing protein 72 [Homo sapiens]. 

ACCESSION   NP_001008275 

VERSION NP_001008275.2  GI:270265876 

DBSOURCE REFSEQ: accession NM_001008274.3 

MSAAPGLLHQELSCPLCLQLFDAPVTAECGHSFCRACLGRVAGEPAADGTVLCPCCQA

PTRPQALSTNLQLARLVEGLAQVPQGHCEEHLDPLSIYCEQDRALVCGVCASLGSHRG

HRLLPAAEAHARLKTQLPQQKLQLQEACMRKEKSVAVLEHQLVEVEETVRQFRGAV

GEQLGKMRVFLAALEGSLDREAERVRGEAGVALRRELGSLNSYLEQLRQMEKVLEEV

ADKPQTEFLMKYCLVTSRLQKILAESPPPARLDIQLPIISDDFKFQVWRKMFRALMPA

LEELTFDPSSAHPSLVVSSSGRRVECSEQKAPPAGEDPRQFDKAVAVVAHQQLSEGEH

YWEVDVGDKPRWALGVIAAEAPRRGRLHAVPSQGLWLLGLREGKILEAHVEAKEPR

ALRSPERRPTRIGLYLSFGDGVLSFYDASDADALVPLFAFHERLPRPVYPFFDVCWHD

KGKNAQPLLLVGPEGAEA 

1.5. Literature review 

Cai et al. provided the evidence that MG53 nucleates the cell membrane repair 

assembly at injury sites in muscle cells. Their experiment with the mg53--/-- mice, 

illustrated the importance of the MG53 in repair machinery. Live cell-fluorescence 

imaging of the GFP (Green fluorescent protein)-MG53 fusion product revealed 

vesicular trafficking and plasma membrane fusion events in mg53--/-- cells , thus 

aiding that MG53 facilitates repair of acute membrane damage in muscle cells. The 

process requires three distinct steps (Fig. 2); First, membrane damage and exposure 

of the internal reduced environment to the extracellular oxidized one; Second, 

oxidation dependent oligomerization of MG53, thus nucleating the repair process 

through tethering to phosphatidylserine; Third, increase in local Ca2+ enabling 

Texas Tech University, Rohan Nandkumar, August 2013
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fusion of vesicles and patch formation. Furthermore, mutational scanning of all the  

16 Cysteine residues in MG53 revealed that C242A disrupted the ability to facilitate 

membrane repair, thus revealing Cys242 to be essential candidate for oxidation-

mediated oligomerization that is crucial for MG53's membrane repair function (Cai 

et al., 2009a). 

Figure 2: Schematic representation of proposed MG53 function in membrane repair of muscle cells 

[Source: CAI, C., MASUMIYA, H., WEISLEDER, N., MATSUDA, N., NISHI, M., HWANG, M., KO, J. K., LIN, P., 

THORNTON, A., ZHAO, X., PAN, Z., KOMAZAKI, S., BROTTO, M., TAKESHIMA, H. & MA, J. 2009a. MG53 

nucleates assembly of cell membrane repair machinery. Nature Cell Biology, 11, pg.64] 

Texas Tech University, Rohan Nandkumar, August 2013
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Cai et al. demonstrated that MG53 regulates membrane budding and exocytosis 

in muscle cells. They demonstrated that cells overexpressed with MG53 produced 

filopodia like structures that extend from the cells' surface and also sometimes 

exocytose. RNA interference studies concluded that MG53 contributes to skeletal 

muscle myogenesis by regulating myoblast differentiation. Using co-

immunoprecipitation (Co-IP) they demonstrated the physical interaction of MG53 

with Caveolin-3 (Cav3) and that Cav3 represents one of the molecular regulators of 

MG53 mediated membrane fusion events. Additionally, they also demonstrated the 

coordinated action between TRIM and SPRY domains in MG53 wherein the former 

mediates interaction with intracellular vesicles and the latter is essential for 

targeting to cell membrane (Cai et al., 2009b). 

McNeil and Weisleder et al., individually, illustrated the underlying membrane 

repair redox of MG53 that facilitates vesicle trafficking in striated muscle to 

contribute to cell membrane repair. It was postulated that although MG53 seems to 

not bind Ca2+, it's entry during the cell membrane injury along with other oxidants 

triggers the oligomerizing of MG53 thus activating it for repair and membrane patch 

formation. The absence of any Ca2+ binding domain and the fact that the addition of 

Ca2+ increases the number of MG53 containing vesicles at injury sites, suggests the 

dependence of MG53 on other accessory factors that directly bind Ca2+, such as 

Dysferlin or Caveolin (McNeil, 2009, Weisleder et al., 2009) 

Texas Tech University, Rohan Nandkumar, August 2013
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Cai et al. presented that altered functional interaction between MG53, Caveolin-

3, and Dysferlin is important for the regulation of membrane repair in skeletal 

muscle. The authors proposed that MG53 formed a molecular complex with the 

other proteins to co-ordinate membrane repair, as a malfunction or mutation in one 

of them would hamper the repair process. Given that MG53 interacts with Cav3 

according to previous studies, the authors also found that MG53 functions upstream 

of Dys by nucleating of intracellular vesicles towards injury sites. Besides these, 

another important information that was presented is the dominant negative 

function of the P104L and R26Q Cav-3 mutations over the localization of MG53 (Cai 

et al., 2009c). 

Waddell et al. discussed the upregulation and localization, of Dysferlin, Annexin 

A1 and Mitsugumin 53, to longitudinal tubules of the T-system. Western Blot 

analysis of examined DMD, Limb Girdle Muscular Dystrophy (LGMD) type 2B 

(LGMD2B) and LGMD1C cases, revealed that the membrane repair proteins were in 

general upregulated, especially MG53, between 2-4 fold above controls. 

Immunolabeling of MG53 showed striated localization to the longitudinal sections of 

muscle cells, independent of dysferlin. The authors also tested for polymorphisms of 

MG53 in 50 Australian muscular dystrophic patients and found no pathogenic 

mutations amongst any candidate (Waddell et al., 2011). 

Hwang et al. presented that a leucine zipper motif in MG53 is necessary for the 

redox dependent oligomerization for cell membrane repair. They discovered that 

Texas Tech University, Rohan Nandkumar, August 2013
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two leucine zipper motifs (LZ1 - L176/L183/L190/V197 and LZ2 - 

L205/L212/L219/L226) are conserved in the coiled-coil (CC) domain of MG53. 

Figure 3: LZ1 in the CC domain is essential for dimerization; The schematic diagram of domain structures 

of MG53 wild type and indicated mutants. R, Ring Finger Domain; B, B-box domain; C, Coiled-Coil 

domain; P, PRY domain; S, SPRY domain; LZ, leucine zipper motif; H, HA epitope. [Source: HWANG, M., 

KO, J.-K., WEISLEDER, N., TAKESHIMA, H. & MA, J. 2011. Redox-dependent oligomerization through a 

leucine zipper motif is essential for MG53-mediated cell membrane repair. American Journal of 

Physiology-Cell Physiology, 301, C106-C114.] 

Their mutational experiments with LZ motifs, disclosed that LZ1 motif is a major 

site for MG53 homodimerization, whereas LZ2 is not. Although the roles LZ1 and 

LZ2 motifs, in MG53 mediated repair, is not well understood yet, double mutation 

(LA1/2) completely disrupted the membrane repair function. Their experimental 

conditions also indicated that MG53 forms a homodimer, and that the redox-

dependent oligomerization of MG53 is an intrinsic property, independent on other 

Texas Tech University, Rohan Nandkumar, August 2013
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cellular factors. Despite the authors' previous findings mentioned that disulphide 

formation at Cys242 is essential for the nucleation process, they proved that it is not 

required for MG53 homodimerization (Hwang et al., 2011). 

Weisleder et al. demonstrated the potential use of recombinant MG53 in the 

treatment of MD. Confocal microscopy visualization GFP-MG53 revealed localization 

of GFP-MG53 in several nonmuscle cell types, including epithelial, neuronal and 

immune origin cells, similar to those of skeletal and cardiac muscles, thus suggesting 

that rhMG53 could help cells of human origin. The presence of extracellular MG53 in 

circulating blood of mdx mice, suggest the use of MG53 as a biomarker for muscle 

and heart pathology. The external provision of soluble recombinant human MG53 

(rhMG53), increased the capacity of plasma membranes to reseal after acute injury, 

even 1000 times better than certain established long-chain polymers such as 

poloxamer 188 (P188) known for increasing membrane resealing in striated 

muscles. Furthermore the authors established that administration (intramuscular, 

intravenous or subcutaneous) of rhMG53 ameliorate the pathology of cytolytic 

toxin-induced muscle damage in mdx mice model (Weisleder et al., 2012). 

Lin et al. demonstrated that the importance of non-muscle myosin IIA (NM-IIA) 

in facilitating the vesicle trafficking for the MG53 mediated cell membrane repair. 

Their Co-IP studies revealed a physical interaction of MG53 with the NM-IIA, a 

protein that plays a role in exocytosis-dependent membrane repair process. 

Pharmacological inhibition and/or genetic knockdown of NM-IIA in C2C12 cells and 

Texas Tech University, Rohan Nandkumar, August 2013
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muscle cells led to the impairment of the MG53 mediated cell membrane repair 

function. To support this study, they restored the MG53 translocation in COS-7 cells, 

that endogenously lack NM-IIA expression, by rescuing the NM-IIA expression in 

those cells by gene transfection. They also showed that overexpression of NM-IIB 

was ineffective in restoring MG53 function, furthermore supplementing the 

importance of NM-IIA as an obligatory factor  for MG53 mediated cell-membrane 

repair (Lin et al., 2012). 

Matsuda et al. claimed that the C2A domain of the Dysferlin protein is essential 

for the association with MG53. Based on their immunoprecipitation and pull-down 

assays, they identified that MG53 oligomers associated with the Dys-C2A with and 

without Ca2+, whereas MG53 dimers only combined with Dys-C2A in a Ca2+ 

dependent manner. They also showed that pathogenic mutations (Dys-W52R-C2A 

and Dys-V76D-C2A) alter this association. They also studied the molecular behavior 

of Dys and MG53 in both wild type and Dys-deficient mice, and observed MG53 

accumulation at injury sites both times, suggesting that although MG53 is necessary, 

it isn't sufficient for membrane repair (Matsuda et al.). 

Song et al. described the role of MG53 as a E3 ubiquitin ligase contributing to 

insulin resistance and metabolic disorders in muscle cells. They compared the 

metabolic parameters and changes in body weight, in wild type mice and MG53-/- 

mice in response to a high-fat diet (HFD). Their results showed that the MG53-/- mice 

were resistant to metabolic disorders, whereas the wild-type mice were not. Also 
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after several weeks on the HFD treatment, the wild type mice showed progressive 

glucose intolerance and insulin resistance, as compared to none of these phenotypic 

changes in the MG53-/- mice. They also proved that simple upregulation of MG53 

was necessary and sufficient to initiate pathogenesis of metabolic disorders like 

hyperinsulinaemia, increased fasted blood glucose, obesity hypertension etc. in 

transgenic mice overexpressing MG53. Furthermore, their in vivo and in vitro data 

showed that the MG53 upregulation led to the downregulation of the insulin 

receptor and insulin receptor substrates (IRS1 and IRS2), whereas ablation of MG53 

leads to the preservation of the same (Song et al., 2013). 
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1.6. Interaction of MG53 with lipids 

The cell membrane consists of amphiphilic lipids and also membrane proteins 

that compose the bi-layer surrounding the cell. The most abundant of these lipids 

are phospholipids, that consist of a polar head group and two hydrophobic 

hydrocarbon, fatty acid tails. One of the tails may be called unsaturated (with one or 

more cis-double bonds) or saturated (no double bonds). One of these phospholipids 

is phophatidylserine (PS, Fig. 4). Its association with MG53 has been studied briefly 

in literature and forms the basis of a few experiments in this project.

Figure 4: Phosphatidylserine molecule [Source: Cooper GM. The Cell: A Molecular Approach. 2nd 

edition. Sunderland (MA): Sinauer Associates; 2000. Figure 2.7, Structure of phospholipids. Available 

from: http://www.ncbi.nlm.nih.gov/books/NBK9879/figure/A258] 
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PS is a phospholipid that appears to be facing the cytoplasm always, either on 

the inner leaflet of the plasma membrane or the outer surface of intracellular 

vesicles. Using lipid profiling, (Cai et al., 2009a) suggested this interaction to be a 

result of cross-linking between the MG53 and PS through the -SH groups of the Cys 

residues of the protein.  
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1.7. Hypothesis and Aims 

Currently research on MG53 revolves around the cellular and molecular aspects 

of the protein, and its functions in in vivo conditions. However, very little is known 

about the bio-physical specifics of this novel protein and our laboratory along with a 

few other collaborators pursue this facet. This project aims to explore the physical 

characteristics of this protein in vitro by subjecting the protein through different 

experimental conditions that help us attribute the secondary structure of the 

protein and the thermodynamics involved during the interaction of this protein with 

its potential ligands. 

Hypothesis: 

"Mitsugumin 53 undergoes conformational alterations upon interaction 

with lipids" 

Aims: 

1. To test the interaction of MG53 with lipids

2. To characterize the secondary structure of MG53

3. To prove that MG53 undergoes secondary structural change in the

presence of lipids 
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CHAPTER II 

MATERIALS AND METHODS 

2.1. Obtaining the protein 

The rhMG53 was sourced from Dr. Noah Weisleder from the College of Medicine 

at The Ohio State University. The protein was sent to us in the form of lyophilized 

white flocculent solid, in glass vials, which was initially stored in 4˚C for long term 

usage. The vials are usually under pressure hence care was to be taken when the 

vial was opened to be dissolved with the buffer [30mM HEPES + 300mM NaCl], as 

the solid tends to recoil out of the vial. An initial small opening of the rubber cap 

was sufficient for equilibration of pressure. The amount of protein obtained was 

approximately 6.6mg/vial. This amount varied from batch to batch. In some cases, 

two to three vials were combined to obtain sufficient amount of protein. To 

establish further purification, the protein was dissolved in buffer and subjected to 

liquid chromatography. 

2.2. Protein preparation 

1ml of  [30mM HEPES + 300mM NaCl, pH=7.5] buffer was used to dissolve the 

lyophilized MG53 in vials, on ice. The buffer has a useful pH range=6 to 8.5 with a 

pKa=7.5, and better at maintaining physiological pH. The buffer was filtered through 

a 0.45µm filter. This ensures that no solid particles pollute the solution and 

interferes during experimental procedures especially while using the 

Texas Tech University, Rohan Nandkumar, August 2013



20 

chromatographic columns as any solid particles might create back pressure during 

the operation, or even clog the packed resin. The dissolved protein is then 

centrifuged at 13000 RPM for 1min. [EPPENDORF Centrifuge 5415D] to ensure that 

any undissolved protein or aggregates are separated out from the solution before 

injection in to the chromatography system. After chromatography, the protein 

output was collected in fractions of 6ml in the FRAC900 fraction collector [GE Life 

Sciences]. This protein was stored in 10ml eppendorf tubes in 4˚C for later use. 

NOTE: Interestingly, MG53 being sufficiently stable protein can also dissolve in 

distilled water. This makes it easy to subject the protein to experiments that 

necessitate minimum interference from buffers. 

2.3. Fast Performance Liquid Chromatography  (FPLC) 

The protein was passed through gel filtration column [Superdex 200, GE Life 

Sciences] on the FPLC system [ÄKTAFPLC by GE Life Sciences]. Gel filtration is a 

form of size exclusion chromatography in which larger molecules are separated 

from smaller ones on the basis of their size. The advantages of using the gel 

filtration, for protein purification is that the molecules are separated with a high 

separation resolution, with short well defined sharp peaks. Also loss of any sample 

is avoided because there is no interaction between the sample and the stationary 

phase. The conditions at which the FPLC was run is as follows: 
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Table 3: Experimental conditions for FPLC of MG53 

Flow Rate Stationary phase Mobile Phase Detector 

1ml/min Sephadex 200 30mM HEPES+ 300mM Nacl pH=7.5 UV-280 

Figure 5: Gel Filtration Chromatography schematic representation and working principle [Source: Berg 

JM, Tymoczko JL, Stryer L. Biochemistry. 5th edition. New York: W H Freeman; 2002. Figure 4.3, Gel 

Filtration Chromatography. Available from: 

http://www.ncbi.nlm.nih.gov/books/NBK22410/figure/A447/] 

10µl of protein samples from the unpurified as well as the gel filtered fraction 

was subjected to Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) to qualify the purity of the protein. 
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2.4. Differential Scanning Calorimetric (DSC) Data analysis 

Dr. Anne Hinderliter's lab from the University of Minnesota at Duluth performed 

the DSC on MG53 in the presence of liposomes, 60:40 ratio of  Phosphatidylcholine : 

Phosphatidylserine (PC:PS=60:40). DSC is an instrument used to determine the 

thermodynamic transitions of protein folding, induced most commonly by 

increasing temperature, a phenomenon also termed as 'thermal melting'. The 

thermodynamic analysis of the data in the form of a thermogram yields the values of 

enthalpy of the denaturation (ΔH), stability of the protein (ΔG), heat capacity of the 

protein (ΔCp), melting temperature (Tm) and the entropy of the reaction (ΔS). These 

values were also measured in the presence of lipids to infer any particular changes. 

2.5. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR works by traversing infrared radiation through the sample and checking 

for absorption at particular wavelengths, over a range of temperature range. The 

characteristic bands observed in polypeptides are the Amide-I (associated with the 

vibrational stretching of the C=O bonds) and Amide-II (associated with the bending 

vibrations of the N-H bonds). Since both these bonds and their positions in the 

protein typically attribute the protein's conformation, FTIR spectroscopy provides 

information about the secondary structure of the protein. The advantage of using IR 

is the sensitivity of detecting conformational changes and that the protein can be 

studied in aqueous solution regardless of their molecular weight, rendering it useful 

monitoring of induced unfolding/refolding processes (Kong and Yu, 2007). 
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In order to view changes in the secondary structure characteristics of MG53 in 

the presence of lipids, the TENSOR series FTIR spectrometer with Attenuated Total 

Reflectance (ATR) attachment by Brüker Optics-TENSOR series was used 

[http://www.ttuhsc.edu/cmpr/documents/MPCL_equipment_Bruker.pdf]. Before 

operation of the instrument, the chamber is ensured with a brim level of liquid N2, 

which helps maintain the temperature of the detector. The crystal on which the 

sample is mounted was initially cleaned with distilled water, followed by 

equilibration with buffer. This buffer run is a baseline to be to be negated from the 

sample reading later. Since the exact molar ratio of the two components to be mixed 

were ambiguous, we decided to use 7mg/ml (0.13358mM) of MG53 with 10mM of 

O-PS (head groups of the phosphatidylserine). The difference in the Tm of MG53was 

calculated from the melting curve generated. 

2.6. Isothermal Titration Calorimetry (ITC) 

ITC is one of the qualitative means of measuring the thermodynamic properties 

of binding reaction between a substrate and its ligand. ITC is often used in 

biochemistry studies to investigate the association of bio-molecules like protein-

protein, protein-DNA, (Velazquez-Campoy et al., 2004), protein-lipid (Swamy and 

Sankhala, 2013). 
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Figure 6: Schematic representation of the ITC [Source: VELAZQUEZ-CAMPOY, A., LEAVITT, S. A. & FREIRE, 

E. 2004. Characterization of protein-protein interactions by isothermal titration calorimetry. Methods in 

molecular biology (Clifton, N.J.), 261, pg. 37] 

 Unlike the DSC which measures the transition temperature of a single sample, the 

ITC is run at a single constant temperature, and the heat of reaction between 

samples is obtained as a measure of the binding. The methodology allows you to 

obtain the binding affinity, the stoichiometry, the enthalpy and the entropy of the 

biomolecules, in a single experiment. The instrument works by titrating the 

ligand/titrant into the sample at equal intervals. On the occasion of a complex 

formation between the sample and the ligand, heat is either released (exothermal 

reaction) or absorbed (endothermal reaction), which is measured by the 

calorimeter at every injection point. This heat change is denoted by a peak (at every 

injection point) in the thermograph. Ideally after several injections, as the molar 

ratio between the titrant and the ligand increases, the reaction attains saturation. 
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The height of the peaks gradually decrease and approach the base at the time of the 

last injection, as the sample cell now has excess of ligands, compared to the protein 

to bind to. The area under each peak is then integrated and plotted against the 

molar ratio. The 'isotherm' can be fitted to a binding model, that gives us the 

thermodynamic values of the entire reaction. 

The ITC instrument used was the NANO ITC by TA-Insturments 

[http://www.ttuhsc.edu/cmpr/ta_instruments_nano_itc_isothermal_titration_microcalorim

eter.pdf]. For the  preparation of the instrument, both the reference and the sample 

cells and all syringes were rinsed with distilled water to eliminate any 

contaminants. The reference cell is filled with 300 µl of distilled water, while the 

sample cell was filled with 300 µl of 30µM of MG53. The instrument was then left to 

stand and equilibrate to a baseline that differed within 0.01 Kcal. After this crucial 

stage, the syringe in titration burette was initially filled with 50µl buffer and 

injected to the sample cell. This was to run a baseline reading that would be negated 

from the sample reading later. For the sample reading, the injection was done with 

50µl 10mM O-PS. The injection volume was set to 1µl. 

2.7. Circular Dichroism (CD) 

CD is a technique using which rapid determination of conformational properties 

of a protein can be obtained. CD is most commonly used to study the folding 

properties of a protein, effects of temperature, mutations, ligand binding 

interactions etc. on the conformation of the secondary structure of the protein. 
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(Greenfield, 2006). The working principle is the unequal absorption of circularly 

polarized light by the biomolecules. During the propagation of light, the vector of the 

electric field (E) can be understood to be a resultant of two perpendicular vectors. If 

they are of equal magnitude and in phase, the resultant vector traces a path that lies 

in a single plane (see Fig.7 left pane). If they are out of phase, the resultant vector 

traces a circular path (see Fig.7 right pane). This circularly polarized light cab be 

either or Right (ER, clockwise) or Left (EL, counter-clockwise).

Figure 7: Difference between linear and circular polarized light. Green vector is a resultant of the other 

two vectors (Red and Blue). The left hand side pane shows the trace of the linearly polarized light, 

whereas the right hand side pane shows the circular path traced by the light.

When proteins undergo folding, the rearrangement in three dimensional space 

aligns the chromophores in their amide backbone in arrays, which confers them to 

change their refractive indices. When the right and left circularly polarized are 

absorbed differently, the radiation resulted is said to have elliptical polarization. 

This results in a spectra that is characteristic to different structural elements. For 

example (refer Fig.8), α-helical proteins have negative peaks at 208 nm and 222 nm 

and a positive peak at 193 nm, β-pleated sheets have negative peaks at 218 nm and 
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positive peaks at 195 nm, whereas loops or other disordered domains have very low 

ellipticity above 210 nm (Greenfield, 2006). CD is reported in degrees of ellipticity 

or in units of ΔE that is the difference of absorbance between ER and EL. 

Figure 8: CD Spectra of polypeptides with representative secondary structures [Source: GREENFIELD, N. 

J. 2006. Using circular dichroism spectra to estimate protein secondary structure. Nature Protocols, 1, 

2876-2890.] 

In order to visualize the CD spectra of MG53, we used the JASCO J-815 Circular 

Dichroism Spectrophotometer 

[http://www.ttuhsc.edu/cmpr/jasco_cd_brochure2012.pdf.]. Before beginning the 

experiment, the flow of liquid N2 at 20 psi for 10mins. was ensured. This is 

important to eliminate the presence of ozone gas produced from the UV-lamp of the 

spectrophotometer. The following parameters were set for the experiment: 
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Table 4: Experimental conditions for CD of MG53 

Protein conc. Data Integration 
 Time 

Solvent Scanning speed Data pitch 

0.00434 mM 1 sec. Water 100nm/min 0.1nm 

2.8. Multi-Angle Light Scattering (MALS) Data analysis 

MALS is an analytical technique used to determine the molecular masses and 

size of macromolecules. The working principle of MALS is that, when a polarized 

light interacts with a macromolecule like protein the molecule scatters light. The  

intensity of light scattered is directly proportional to the molecular mass and 

concentration of the polymer, whereas the angular variation of the scattering is a 

measure of the size of the molecule. Although the MALS system is capable as a 

standalone method for measuring protein interactions, it was used in conjugation 

with a separation method Size Exclusion Chromatography (SEC-MALS). It is an 

efficient method 

The MALS experiment was conducted by Ms. Prajna Shanbhogue, where she 

attempted to replicate the results from one of the literature papers, in order to 

investigate the association of wild type-Dysferlin C2A with MG53The Superdex 200 

10/300 GL [GE Life Sciences] column was used for chromatography, whereas the UV 

detector and the EZ pumps used were from AGILENT TECHNOLOGIES. For sample 

preparation approximately 400 µl of ~3mg/ml of protein was subjected to SEC at a 

0.3ml/min. The output from the chromatographic column was connected to two 
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detectors viz. Refractive Index (RI) detector [OPTILABrex, WYATT Technology] and 

the Light Scattering (LS) detector [miniDAWN, WYATT Technology]. Since Dys 

requires Ca2+ for its functioning, the experiment was conducted with and without 

Ca2+. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1. Purity of the protein 

The gel filtration treatment of MG53 over the FPLC (Fig. 9 & 10) gave a pure 

fraction of protein  in the fraction collector. The shoulder seen before the peak is an 

higher order protein, that doesn't affect our experiments and therefore was 

neglected. The SDS-PAGE gel depicts the purity of the protein, before and after gel 

filtration. The clear bands slightly above the 50Kda level is the MG53 protein. The 

presence of smaller bands below the purified protein is unexplained, and was 

ignored. 

Figure 9: Chromatogram gel giltration of MG53 with FPLC 
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Figure 10: SDS-PAGE Gel depicting the purity of the MG53 protein 

3.2. Thermodynamic behavior of MG53 in the presence and absence of 

lipids 

The Table above gives the values of the thermodynamic parameters calculated 

from the DSC experiment conducted. As seen from the graphs in Fig. 11, the protein 

behaves radically in the presence of lipids compared to the absence of  lipids. 

Table 5: DSC data depicting the thermodynamic proerties of MG53 in the presence and absence of lipid 

H(kcal/mol) G(kcal/mol) Cp(kcal/molK) S(kcal/molK) Tm (°C) 

No Lipid 139.6±0.8 4.47±0.05 5.6±0.3 0.430±0.005 51.73±0.04 

Lipid 142±2 1.7±0.1 13.6±0.1 0.453±0.007 52.2±0.1 

This suggests that MG-53 behaves in a two-state manner both in the presence 

and absence of lipid. Interestingly, in the presence of lipid no significant difference is 

seen the enthalpy of denaturation (ΔH) or the melting temperature (Tm), but the 

change in heat capacity (ΔCp) almost triples, going for 5.6±0.3 kcal/mol.K to 
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13.6±0.1kcal/mol.K in the presence of lipid. Beside this, a decrease is seen in the 

stability (ΔG), dropping from 4.47±0.05 kcal/mol to 1.7±0.1 kcal/mol in the 

presence of lipid. This illustrates that the protein, whether in presence or absence of 

lipids, remains stable over a very short temperature range. This suggests that upon 

binding to the lipid membrane, a conformational change occurs in the protein that 

causes the hydrophobic amino acids of MG-53 to be better excluded from the 

solvent. The lower stability observed in the presence of lipid, suggest that, upon 

interaction with the membrane, the ensemble of conformations available to MG53 

greatly increase. This, along with the observed increase in the heat capacity in the 

presence of lipids, suggests that the MG53 spreads out/masks the lipid membrane 

the membrane and aiding the sealing of the lesions. 

Figure 11: Graphs obtained from DSC experiment analysis. Left graph depicts the free energy of the 

protein over a temperature range. (Chelex=solution without any metallic components). Right graph 

gives the heat capacity over a temperature range. [Courtesy: Ryan Mahling and Dr. Anne Hinderliter] 
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The denaturation of the protein over a temperature range on the FTIR, is shown 

in the Fig. 12 below. The melting temperature of MG53 without O-PS is T1/2=56.1˚C 

and isn't significantly different from that in the presence of O-PS, being T1/2=55.3˚C.  

The difference between the melting temperature, with and without the presence of 

lipid head groups is less than 1˚C, which is consistent with the DSC data. However 

this minute shift of melting temperature is not a significant one, thus suggesting that 

the head groups of the lipid is not sufficient enough to induce the drastic 

conformational change that is predicted to occur in the protein's structure, as seen 

in the DSC with complete lipids. 

Figure 12: FTIR temperature melt of MG53 with and without the presence of O-Phosphoserine 
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The Fig. 13 shows the data obtained from the ITC. The peaks in the isotherm 

depicts the heat evolved during the mixing of the MG53 with O-PS at every injection 

point. Model fitting this data revealed no occurrence of binding between the two 

components. However since the concentrations of the interacting molecules was a 

speculation, rather than a standardized molar ratio, we reckon that the data 

obtained is the result of  'heat of dilution' wherein the titrant injected isn't sufficient 

to bind to the protein, in case of which the peaks observed would be the heat 

evolved due to the buffer interactions. 

Figure 13: ITC isotherm graph of MG53 with O-Phosphoserine 

3.3. Problems faced with MG53 and O-phosphoserine 

While working on the interaction between MG53 and O-PS, we came across a few 

interesting issues. During the FTIR  experiment we noticed that the entire content of 
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the tube containing the mixture had turned into a translucent white gel at room 

temperature, within a few minutes. The same incidence recurred during the ITC 

experiment in the solution that was emptied from sample cell. We reckoned that this 

gelling up of the mixture could have hindered our experimentation and would be 

affecting our results. 

With a view to avoid this in the future we decided to perform an array of 

mixtures. 5 tubes with ~95µM of MG53 were mixed with varying the O-PS 

concentrations from 1mM to 5mM. We found that the tubes with 1mM and 2mM O-

PS didn't showed the same gelling effect, whereas the remaining 3 tubes did. 

3.4. MG53 is primarily helical in structure 

The CD spectra of MG53 was a typical one. The two negative peaks at 208/222 

nm and a positive peak at 193 nm were characteristic feature of an α-helical 

conformation of a polypeptide. The CDpro software [JASCO] was used to model the 

data by matching to the reference SMP50 and using SELCON3 method. Table 2 gives 

the scores of the predictions of respective conformation obtained from the CDpro 

analysis. About 60% of MG53 is regular α-helix, where as 23% is distorted α-helix. 

The remaining 5% is turns, 16% is unordered. This data holds up the idea of MG53 

can occupy various conformations in the presence of membrane. 
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Table 6: Values derived by analysis of MG53 using CDpro 

Item Value 

H(r) Regular α-helix 0.592 

H(d) Distorted α-helix 0.232 

S(r) Regular β-strand 0.001 

S(d) Distorted β-strand 0.002 

Trn Turns 0.054 

Unrd Unordered 0.158 

Figure 14: CD spectra of MG53
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3.5. MG53 does not bind to the C2A domain of Dysferlin 

The data obtained from the MALS experiment is shown in the Fig.15 below. The 

Fig.15(A) shows the chromatograph obtained off the SEC-MALS in the presence of 

Ca2+. The first peak is the Dysferlin protein followed by the smaller peak which is the 

MG53. If there was any interaction between the two proteins, a third peak would 

have shown before these two peaks, that would have denoted a physical association 

between both molecules. Hence, according to our experimental conditions, we could 

not replicate the association of MG53 and Dysferlin as claimed by literature. 
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(A) 

(B) 

Figure 15: Chromatograph of SEC-MALS with Dysferlin C2A and MG53 (A) in the presence of Ca
2+ 

and (B) 

in the absence of Ca
2+ 

[Courtesy Ms. Prajna Shanbhogue] 

Texas Tech University, Rohan Nandkumar, August 2013



39 

CHAPTER 4 

CONCLUSION AND FUTURE ASPECTS 

4.1. MG53 as a potential membrane bandage 

Membrane repair is an essential process in the healthy maintenance of the 

cellular integrity. The loss of this process gives way to severe pathological 

consequences such as muscular dystrophy, cardiomyopathy, neurological disorders 

etc. In this study we have introduced MG53 as a novel protein with membrane 

repair mechanistic properties that promises the potential use as a therapeutic 

model. This study attempted to enumerate the biophysical characteristics of the 

protein with the help of the different experiment. From this research was able to 

better understand the secondary structure of the protein, its behavior in the 

presence of lipids and the thermodynamic properties. We construed that MG53 

behaves in a two state manner in the presence and absence of lipids. From our CD 

data analysis we found MG53 is a stable protein with its primary α-helical nature, 

which is also buttressed by the fact that it dissolves in water. From the 

thermodynamic properties of the protein we reckon the association of 

phosphatidylserine somehow, primes MG53 to obtain a different conformation. We 

believe that the protein works like a mask or a bandage over the phospholipid. In in 

vivo this action would prevent the phosphatidylserine to be exposed to the 

extracellular environment upon membrane damage, a process that signals the cell to 

undergo apoptosis. Once this is achieved, the other accessory factors such as 
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Dysferlin, Annexin and Caveolin come into the picture to seal off the membrane 

damage. 

4.2. Additional factors to be considered for complete understanding 

Although the performed study runs parallel to our hypothesis, a better 

understanding of MG53's association with lipids would require to test the same 

experiments with protein in the presence of complete phospholipids. The 

insufficient data from the ITC and FTIR, implies the requirement of complete 

phospholipids, and not just the head groups, for the association with MG53. A 

suggestive example would be the use of 60:40=PO:PC mixture as used for the DSC. 

Standardized protocols for the preparation of such mixture and the extrusion of the 

lipids into liposomes are available. Having done that, one could speculate to obtain a 

drastic change in the binding capabilities of the protein with the lipids and achieve 

binding using the ITC. Also the association with lipids would change the overall 

spectra of the MG53 on the CD, as the secondary structure is predicted to change. As 

time permits, these are some of the ideas that we look forward to accomplish in near 

future. 
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Today muscular dystrophy is one of the most alarming diseases. The severity of 

this disease and its effects on humanity, compels modern research teams to develop 

more and more efficient methods of circumventing this ailment. Constructive efforts 

of scientists in the field of cell & molecular biology and biotechnology have been 

able to ameliorate the health conditions of patients suffering from this malady, if not 

cure it yet. Once the protein is characterized in vitro, our next step would be 

towards crystallizing the protein either alone, or with its associative form with lipid, 

and eventually solve the crustal structure. The long-term implication of this 

research could result in the use of MG53 as what Dr. Weisleder calls “a molecular 

bandage”, meaning it would be the first native protein found in the body, that when 

capably applied, could provide a catch-all solution to treat cell membrane 

disruption. 
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