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Myotonic dystrophy (DM), a genetic and neuromuscular disorder, is the most common form of adult-onset muscular dystrophy resulting in symptoms such as proximal muscle weakness, myotonia, iridescent cataracts and cardiac arrhythmia. Myotonic dystrophy type 1 (DM1), the most prevalent type of DM, is caused by a (CTG)n expansion in the 3’ untranslated region of the dystrophin myotonin protein kinase gene. At the RNA level, the CUG repeats form a stem-loop that is thought to be the pathogenic element. Previous work in the Berglund Lab determined the crystal structure of CUG repeats and found these repeats form a structure similar to standard double-stranded A-form nucleic acid.  However, since crystal structures may be misleading, we verify A-form conformation using a solution-based assay. A-form double-stranded RNA (dsRNA) is known to be cleaved into small RNA molecules in cells; therefore, the cellular machinery that recognizes and cleaves these dsRNA should degrade expanded CUG repeats. To test this hypothesis, we use an enzyme called Dicer that recognizes and cleaves A-form dsRNA. The cleavage of r(CUG)54 by Dicer confirms CUG repeats adopt a conformation similar to A-form in solution. The structure of CUG repeats may therefore lead to the design of potential drugs for DM.
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I.
Introduction

Myotonic dystrophy (DM), the most common form of adult-onset muscular dystrophy, is a neuromuscular disease that affects approximately 1 in every 8,000 individuals and is characterized by a defective gene that is passed from one generation to the next1. DM is progressive, so the characteristic symptoms of muscle wasting and weakness develop gradually over the lifetime of an affected individual. In addition to general muscle weakness, people with DM also have myotonia, the delayed relaxation of skeletal muscles following voluntary contractions. While this is a mild problem in early onset patients, affected individuals eventually lose the ability to release the hand from a grip due to the myotonia2. Besides the muscles in the hands, the first muscles to be affected are usually those of the face, neck, forearms and feet. In addition to targeting muscles, DM affects the nerves that control muscles and the interactions between muscles and nerves. The clinical symptoms vary in severity from person to person but typically include: myotonia, cardiac disease, cataracts, mental disorders (including mental retardation), testicular atrophy, respiratory impairment and adverse reactions to anesthesia, difficulty in swallowing (dysphagia) and other gastrointestinal tract involvement, excessive output of insulin and abnormal carbohydrate metabolism and excessive sleeping1. DM is thus appropriately termed a multisystematic disease since it can affect the tissues and organs of many body systems in addition to the voluntary muscle system. 

The symptoms of DM are so diverse that they must be examined carefully in order to provide a proper diagnosis. While fifty percent of those with the disease show visible signs by approximately twenty years of age, many do not develop distinct symptoms until after age fifty3. As a general rule, myotonic dystrophy exhibits anticipation, in which the severity of the disease increases with successive generations while the age of onset decreases4. In the most severe case, an infant can inherit a rare condition of congenital DM (maternally transmitted) leading to profound bodily weakness as well as difficulty in sucking, swallowing and breathing. Although myotonia is not a feature of the congenital DM, motor development is usually delayed and some children may even show some signs of mental retardation1. Since DM is progressive in children and adults, most symptoms do not usually lead to disability until fifteen to twenty years after the onset of symptoms. At an early stage of the disease process, most affected people demonstrate weakness and wasting of the facial, jaw and neck muscles as well as frontal balding in men. A simple physical examination can be performed to detect myotonia and special laboratory tests (i.e. muscle biopsy) can be conducted to confirm the diagnosis. Because DM is a heredity disease, an examination of DM history in the family can also serve as a good indicator that a person has the disease. DM runs in families because it is transmitted from generation to generation by individuals who have inherited the defective gene. Because the defective gene is autosomal (non-sex linked) dominant, it takes only one DM gene from either the father or mother to produce the disease in an offspring5. In other words, if one parent has the disease, there is a 50% probability that a child will inherit the disease.

There are two types of myotonic dystrophy: type 1 (DM1) and type 2 (DM2). Both types are caused by a repeating unit within the non-coding region of a gene on a chromosome, a large molecular structure that packages genetic information in the form of DNA in the cell. To picture the location of the disease in the body of an affected person, you can image yourself in a library. The library represents 23 chromosomes of genetic material and contains shelves that represent individual chromosomes. When you pick one of the books on a shelf, you look at a particular gene on a single chromosome. The pages in the chosen book, in turn, represent DNA sequences (or the genetic alphabet). If there are multiple copies of the same page, a repeating unit exists. Because multiple copies of the page are unnecessary, they do not fit in the context of the book, the shelf and the library. This repeating unit illustrates the problem faced in DM1: a CTG repeat expansion in 3’ untranslated (non-coding) region of the dystrophin myotonin protein kinase (DMPK) gene on chromosome 19. 

The number of repeats is directly proportional to the severity of the disease. Increasing the number of CTG repeats in the non-coding region of the DMPK gene on the long arm of chromosome 19 in DM1 amplifies the disease severity. Additionally, the number of repeats is directly proportional to the age of onset. Hence, there is a significantly greater number of repeats in the congenital (the most severe) form than the adult form of DM11. In terms of CUG repeats count, normal individuals typically have between 5 and 37 CTG repeats, whereas individuals with DM have 50 or sometimes even thousands of CTG repeats (Fig. 1). Since the number of repeats increases from generation to generation, the disease theoretically worsens as it is transmitted in the family lineage. 
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Fig. 1.   CTG repeats count on the DMPK gene. Normal individuals have between 5 to 37 CTG repeats, while individuals with a severe case of DM have 50 or more of the CTG repeats. However, the CTG repeats count is not definitive and varies for each affected individual.

Myotonic dystrophy is one of many repeat expansion disorders also known as trinucleotide repeat disorders. Aside from DM1 and DM2, other repeat expansion disorders include Huntington’s disease (CAG repeat), Fragile X syndrome (GCC repeat), Friedreich’s ataxia (GAA repeat) and Spinocerebellar ataxia (CAG repeat). 


The number of CTG repeats leads to DM but is not the direct cause of the disease. The CTG repeats, which occur in DNA, are converted to RNA forming CUG repeats. The CUG repeats are what become the pathogenic element in DM.


To understand the conversion of CTG repeats to CUG repeats in DM1, we refer to nucleic acids. Nucleic acids are molecules that enable living organisms to reproduce their complex components from one generation to the next6. There are two types of nucleic acids: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). Nucleic acids are composed of three components: a nitrogenous (nitrogen-containing) base, a pentose (a five-carbon sugar) and a phosphate group. The two forms of nitrogenous bases are pyrimidines (six-membered ring of carbon and nitrogen atoms) and purines (six-membered ring fused to a five-membered ring). The pyrimidines include cytosine (C), thymine (T) and uracil (U). The purines include adenine (A) and guanine (G). Following Watson-Crick geometry, only a pyrimidine can pair with a purine through molecular interactions called hydrogen bonding. In DNA, C pairs with G and A pairs with T. In RNA, T is replaced with U. The C-G pair forms three hydrogen bonds, while the A-T and A-U pairs only form two hydrogen bonds (Fig. 2). DNA and RNA then form helical structures that involve stacking base pairs that twist in several different conformations.
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Fig. 2.   Watson-Crick base-pairing. In DNA, there are three nucleotides: guanine, cytosine, adenine and thymine. Guanine pairs with cytosine through three hydrogen bonds. Adenine pairs with thymine through two hydrogen bonds. In RNA, uracil replaces thymine. 


The helical structure consists of two complementary strands, parallel and anti-parallel, that run in opposite orientation from the 5’ to 3’ direction. When two strands come together, they make double-stranded nucleic acid. The nucleic acid then twists into a helix that can take many different structural forms. For DNA, the most familiar conformation is B-form because it is the most predominant in natural biological systems (Fig. 3C). Additionally, DNA can be A-form or Z-form depending on a number of factors that include the quantity and orientation of base pairs per helical turn. While RNA is usually single-stranded, it most typically adopts the A-form conformation when double-stranded (Fig. 3B). One example of double-stranded RNA is CUG repeats (Fig. 3A).
[image: image3.emf]


Fig. 3.   Nucleic acid structure7. (A) CUG repeats. (B) A-form RNA. (C) B-form DNA.


In the case of DM, the CUG repeats are determined A-form in a crystalline environment. The CUG repeats fold back on themselves forming a long, double-stranded stem-loop structure held together by hydrogen bonds. Due to helical stability, hydrogen bonds exist in the C-G and G-C base pairs but not the U-U base pair. While the first two types of base pairing are favorable, the third type of base pairing is an unfavorable one between two Us at the RNA level. More specifically, this odd pairing is called a U-U mismatch. The U-U mismatches are tolerated as the energy from the C-G pairing makes up for the unfavorable mismatching to form a thermodynamically favorable stem-loop structure of expanded CUG repeats (Fig. 4). According to crystallography studies, it has been shown that expanded CUG repeats are similar to A-form in a crystalline environment despite the presence of U-U mismatches7. The U-U mismatch is an example of a non-Watson-Crick base pair.
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Fig. 4.   CUG repeat stem-loop structure. The CTG-containing DNA is transcribed into an RNA transcript that contains CUG repeats with C-G, G-C and U-U pairings. The C-G and G-C pairings form hydrogen bonds, while the U-U mismatches do not. 


The non-Watson-Crick base pairing is often accommodated in double helices by distortion in the backbone to permit the formation of two hydrogen bonds between mismatches bases. However, in the case of DM1 this does not appear to be the case. For example, in the structure of r(CUG)6, the backbone is not distorted to accommodate the formation of two hydrogen bonds between the U-U pairs7. Instead, there are weak intermolecular forces called van der Waals’ forces between the uracils that weaken the hydrogen bonds to the point at which the existence of hydrogen bonding becomes highly improbable. Because the interaction between uracils is extremely weak, the geometry of the U-U pairs varies greatly in the crystalline environment (Fig. 5). On the other hand, the geometry of the Watson-Crick C-G and G-C base pairs hardly change in the crystalline environment. In order to satisfy the unmet hydrogen bonding potential of the uracils, water molecules must inhabit surfaces of the CUG repeat RNA called the major and minor grooves. The presence of water molecules within the grooves permit the bridging of the two mismatched uracils.
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Fig. 5.   CUG repeats with U-U mismatches. The U-U mismatches are thermodynamically unfavorable but compensated by the C-G and G-C pairings.

 
Even when one-third of the base pairings are U-U mismatches, the overall structure of the CUG repeats remains comparable to A-form RNA. First, previous studies suggested the average helical rise and twist as well as the degree of inclination and displacement of the base pairs with respect to the helical axis are similar to standard A-form RNA7. Second, the resemblance of the two structures is demonstrated in the superposition of CUG repeats to A-form RNA (Fig. 6A). Third, previous electron microscopy studies of r(CUG)130 revealed a rod-like structure consistent with A-form8. Fourth, the double-stranded RNA-dependent kinase PKR binds CUG repeats with high affinity similar to its binding to A-form RNA of generic sequences9. Therefore, the structure of the expanded CUG repeats and A-form RNA are similar. 


The electrostatic potential surface of r(CUG)6 suggests how proteins might recognize CUG repeat RNA with specificity. The minor groove displays a repeating pattern of positive and negative electrostatic potential that provides a possible unique binding site for proteins (Fig. 6B). In contrast, the major groove displays a homogenous negative electrostatic potential. The electrostatic potential thus shows the accessibility of the U-U mismatches in the minor groove (Fig. 6C).
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Fig. 6.   Similarity of r(CUG)6 to A-form RNA7. (A) Superposition of r(CUG)6 (light gray) and A-form 

(dark gray). (B) Electrostatic surface of r(CUG)6. (C) U-U pairs highlighted in light gray on dark gray background.

In order to form CUG repeat RNA, base stacking adds to the stability of nucleic acid by promoting the favorable interactions between the pi orbitals of the bases’ aromatic rings in the secondary structure. Base stacking is similar to the arrangement of steps on a spiral staircase in which each step represents a base pair. More specifically, base stacking is the stacking of base pairs in parallel planes within the interior of a helical double-stranded nucleic acid. Base stacking is especially important for RNA stem-loop structures that are stabilized by base stacking in the stem loop region10. In DM1, the CUG structure has three different base steps: C/U, U/G and G/C. Of the three base steps, only the G/C base step has two purines. The other two base steps have one purine and three pyrimidines. Therefore, the G/C base step exhibits the greatest amount of base overlap. This overlap maximizes base stacking interactions and minimizes the exposure of aromatic surface area to the solvent7. This type of base stacking is typical for purine-pyrimidine base steps in A-form. On the flip side, the U/G base step exhibits the least amount of base overlap. Altogether, these results show that the base staking interactions at the G/C base step drive the thermodynamically favorable formation of CUG repeat RNA.


To connect the DNA and RNA worlds, the central dogma of molecular biology states that DNA is transcribed (copied) to RNA, and the resulting RNA is translated (converted) to protein. This molecular process transforms DNA to functional proteins, which are complex biopolymers that are essential to the structure and function of all living cells in the human body. 
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Fig. 7.   The central dogma of molecular biology. According to the central dogma, DNA is transcribed into mRNA in the nucleus. The mRNA is processed and transported into the cytoplasm where it is translated by ribosomes into protein.

DNA is copied into translatable RNA by transcription and RNA processing. To initiate transcription and thus regulate gene expression, a stimulus from the external or internal environment signals the local unpacking of DNA in the chromosome of the nucleus. Transcription produces unmodified RNA in the form of pre-mRNA. Pre-mRNA contains exons (coding regions) and introns (non-coding regions) that determine which regions code for proteins. To remove the non-coding regions, a splicing complex assembly called the splicesosome excises the introns and joins adjacent exons to form mRNA. The mRNA then travels to cytoplasm where it is translated into proteins by the ribosomes.  Modifying the steps in transcription or translation can therefore drastically affect the expression of genes such as DMPK.


In DM1, improper splicing occurs and incorrect proteins are made. At the RNA level, the CUG repeats form an extended stem-loop structure that sequesters a group of proteins collectively known as muscleblind (MBNL) proteins11. Consequently, MBNL sequestration on the CUG repeat stem-loop leads to improper alternative splicing and inappropriate gene expression programs that result in disease.
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Fig. 8.   CUG repeat stem-loop structure with sequestered MBNL. The CTG repeats are located in the 

non-coding region of the DMPK gene on chromosome 19. The CTG-containing DNA is transcribed into RNA. The CUG-containing RNA forms a favorable stem-loop structure that sequesters a collective group of proteins called MBNL.


In RNAi, a cleaving enzyme appropriately called Dicer cuts double-stranded RNA molecules into short fragments12. While one strand degrades, the other strand (miRNA) associates with a large protein complex. This miRNA-protein complex then binds to any mRNA molecules that have the complementary sequence and degrades them or blocks translation13. Because Dicer cleaves double-stranded A-form RNA, it is an important tool for learning more about the structure of expanded CUG repeats in solution.


In recent studies, several scientists have shown that Dicer cleaves A-form RNA12,14. Since expanded CUG repeats in crystal are similar to A-form and have been cut successfully by Dicer, cleaving expanded CUG repeats in solution by the same enzyme should confirm that the structure is A-form in solution as well. Studying the effect of Dicer on double-stranded RNA may lead to a possible treatment for DM. If we confirm the CUG repeats are A-form, then we can target this structure with small molecules that could function as a drug. This would eliminate protein sequestration that causes aberrant splicing in DM.

DM is a mysterious health problem because there are still many unanswered questions about the molecular basis or mechanism of the disease. Currently, no specific treatments have been found for the muscle weakness and wasting in DM. To help affected DM individuals, physicians prescribe ankle and leg braces that help support muscles as weakness progresses and medications that can relieve myotonia. Some people choose to test for the defective gene in DM by obtaining a genetic examination that searches for the expanded CUG repeats. While this procedure is helpful in diagnosing the disease, it remains a highly controversial medical issue. In some cases, children (and not the parents) are interested in knowing if they have the defective gene that causes DM. Whether this potentially life-changing decision is up to the children or the parents persists as an ethical concern. 

II. Overview of Methods

Myotonic dystrophy type 1 (DM1) is caused by expanded CUG repeats that form a stem-loop that is thought to be the pathogenic element at the RNA level.  The crystal structure of CUG repeats has been found to form a structure similar to standard double-stranded A-form RNA.  Dicer is a specific cleaving enzyme that cuts double-stranded A-form RNA. Since Dicer cuts CUG repeats in crystal, we predict that it should also degrade expanded CUG repeats in solution.  To test this hypothesis, we will monitor the cleavage of CUG repeats in solution.


We begin with two circular DNA molecules called plasmids: one containing expanded CTG repeats and the other not containing CTG repeats. The one that contains CTG repeats is cut out and inserted into the one that does not contain CTG repeats. The insert is put into the new plasmid using ligase, a gluing enzyme. This procedure is done by a process known as molecular cloning, a technique that extracts a gene or piece of DNA from one organism and inserts it into a second organism. This cloning method allows genes to be used and studied.


In the laboratory, we have a CTG-containing and a CAG-containing plasmid. Using a restriction enzyme called BAM HI, we cut both plasmids to form two linearized double-stranded DNA molecules: one molecule contains expanded CTG repeats and the other contains CAG repeats. The two linearized DNA molecules are transcribed into RNA transcripts using RNA polymerase, an RNA-synthesizing enzyme. The RNA transcripts are expanded single-stranded CUG and CAG repeats, respectively. These RNA transcripts are annealed. First, the CUG repeats are annealed to itself to form a stem-loop structure. Second, the CAG repeats are annealed to itself to form a stem-loop structure. Third, the CUG and CAG repeats are annealed to each other to form a double-stranded structure. 

We then perform a Dicer activity assay where we add Dicer to a solution containing (1) a stem-loop with CUG repeats, (2) a stem-loop with CAG repeats, and (3) a double-stranded structure with both CUG and CAG repeats. Solutions 2 and 3 are our controls. Solution 2 is our “negative” control, and we expect to see little Dicer cleavage because expanded CAG repeats are not similar to A-form. Solution 3 is our positive control, and we expect to see Dicer cleavage because expanded (CUG:CAG) repeats are A-form. Solution 1 is our test experiment, and we hope to see Dicer cleavage. This result would confirm our hypothesis that expanded CUG repeats of DM are A-form in solution.
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Fig. 9.   Overview of experiment design. The CTG-containing DNA plasmid is digested by restriction enzymes. The linearized DNA is transcribed into an RNA transcript. The RNA transcript is annealed to itself and one another to form double-stranded RNA. The double-stranded RNA is cleaved by a Dicer enzyme into short double-stranded RNA.

III. 
Materials and Methods 

Molecular cloning


The CTG54 repeat expansion is excised from a plasmid called PSP72 using BAM HI, a restriction enzyme. This DNA insert is put in an empty vector (host plasmid) called 

pcDNA3 using T4 DNA ligase. The CTG54-containing plasmid is grown overnight in E. coli cells to produce multiple copies of the defective gene-containing plasmid. Once grown to capacity, these plasmids are purified. A CAG54-containing plasmid is cloned in the same manner.

Enzymatic digestion


Five micrograms of CTG54- and CAG54-containing plasmids are individually digested using BAM HI (NEB). This reaction is incubated for at 37ºC for 1 hour. The linearized DNA is purified and extracted using a phenol/chloroform/isoamyl alcohol solution.  The DNA concentration is determined using an ultraviolet (UV) spectrometer.

Transcription


One microgram of both CTG54- and CAG54-containing plasmids are individually transcribed using T7 RNA polymerase. 400mM Dithiothreitol (DTT), NTP Mix, radiolabeled CTP, 1 M Tris (pH 9), yeast pyrophosphate, RNAsin and deionized water are added to complete transcription. This reaction is incubated overnight at room temperature. The mixture is loaded with loading dye into a 6% polyacrylamide (19:1) gel containing 8 M urea to purify the CUG repeats from abortive transcription products. This gel is run for approximately 2 hours at 300 volts in 1×TBE. The radioactive RNA bands are visualized using a Storm 860 phosphoimager and IMAGEQUANT 1.2 software. The RNA transcripts are excised and eluted from the gel in 0.3 M sodium acetate (pH 5) overnight at -4ºC. To purify, the RNA transcripts are precipitated in cold ethanol overnight at -20ºC, resuspended in deionized and desalted using a Micro Bio-Spin 6 chromatography column (Bio-Rad).

Annealing


The transcripts are single-stranded CAG54- and CUG54-containing RNA. To form double-stranded RNA, the selected RNA strands are annealed in an annealing solution. The reaction is then heated at 95ºC for 5 minutes. To form the stem-loop structure for each of the transcripts, the reaction mixture is cooled for 20 minutes in ice. To form double-stranded RNA containing both complementary strands, the reaction mixture is cooled for 20 minutes at room temperature.

Dicer activity assay


Three double-stranded RNA (dsRNAs) are prepared: dsCAG54, dsCUG54 and ds(CUG:CAG)54. The dsRNAs are digested using recombinant Dicer enzyme in a buffering solution. This reaction is incubated at 37ºC for 18-20 hours. Once the reaction has completed, the Dicer-cleaved dsRNAs are stored at -20ºC.

Visualization

The Dicer-cleaved dsRNAs are loaded with loading dye into a denaturing gel. The gel is run for approximately 2 hours at 300 volts. The radioactive dsRNA bands are visualized using a Storm 860 phosphoimager and IMAGEQUANT 1.2 software.

IV. 
Results

Fig. 10 shows various RNA molecules running on a 6% denaturing gel. A denaturing gel is a device used to separate molecules based on molecular size. The ladder is loaded to provide a standardized “ruler stick” that measures the distance corresponding to size that molecules travel on the gel. In this case, single-stranded CUG repeats and double-stranded CUG repeats (stem-loop) migrate through the gel more quickly due to their relatively small molecular size. However, double-stranded CUG:CAG repeats do not flow through the gel as quickly since they have a relatively large molecular size. Based on the distances that the RNA migrated through the gel relative to their molecular size, this annealing gel demonstrates a successful annealing of rCUG54 to form ds(CUG:CAG)54 and dsCUG54. 

[image: image10.emf]


Fig. 10.   Annealing assay. (1) RNA ladder. (2) RNA transcript called r(CUG)54. (3) Double-stranded RNA called ds(CUG:CAG)54. (4) RNA stem-loop structure called dsCUG54. 

Fig. 11 shows various RNA molecules running on a 6% denaturing gel. The ladder is loaded to provide two points close to the size of the cleaved product. In this case, double-stranded CUG repeats are visualized in the absence and presence of Dicer. Dicer, an enzyme that specifically cleaves double-stranded molecules into fragments that are approximately 22 nucleotides (22 nt), cuts double-stranded CUG repeats into short double-stranded CUG repeats. This Dicer activity assay demonstrates a successful cleavage of dsCUG54 into short dsCUG repeats. 

[image: image11.emf]


Fig. 11.   Dicer activity assay. (1) RNA ladder. (2) RNA stem-loop structure called dsCUG54. (3) dsCUG54 in the presence of Dicer enzyme. dsCUG54 is digested into short dsCUG repeats that are approximately 22nt in length.

V. 
Discussion

Myotonic dystrophy is one of many heredity neurological diseases associated with triplet expansions that function at the RNA level. Myotonic dystrophy type 1 (DM1), the most prevalent type of DM, is caused by a (CTG)n expansion in the 3’ untranslated region of the dystrophin myotonin protein kinase gene. At the RNA level, the CUG repeats form a stem-loop that sequesters MBNL RNA-binding proteins and leads to aberrant alternative splicing. Improper splicing causes the symptoms observed in DM. 

The CUG repeats have three types of base pairings: C-G, G-C and U-U. The base pairs C-G and G-C follow traditional Watson-Crick base pairing, whereas the base pair U-U follows non-Watson-Crick base pairing. However, unlike most non-Watson-Crick base pairing, the U-U mismatch does not distort the backbone to form hydrogen bonds needed for helical stability. Instead, the structure of expanded CUG repeats becomes thermodynamically stable by the presence of base-stacking interactions at the G/C base step. Base stacking therefore plays a significant role in the conformation of nucleic acid structure. In DM1, the U-U mismatches lack hydrogen bonding and fulfill the unmet hydrogen bonding through their interaction with water molecules in the minor groove of the CUG repeat RNA.

With a structure similar to A-form RNA, expanded CUG repeats are expected to be targets of the RNAi machinery. However, expanded CUG repeats do not appear to be subjected to RNAi. It is possible that the CUG repeats escape Dicer because they form aggregates called nuclear foci15. These foci are formed by the binding of MBNL proteins to the CUG repeats. When the MBNL proteins are not binding, the DMPK is expected to be subject to RNAi because it contains a region of A-form RNA. 

MBNL proteins bind to the expanded CUG repeats by recognizing the U-U pairs through the minor grooves of the RNA helix. In general, the minor groove is accessed more than the major groove because the backbone is not distorted. Additionally, MBNL depends on the U-U mismatches for binding the minor groove. In vitro binding studies have shown that replacing the U-U mismatches with A-U Watson-Crick base pairs eliminate MBNL-binding to CUG repeats16. This demonstrates the specificity of MBNL binding to expanded CUG repeats.

While most mismatches in RNA helices distort the RNA helices from the standard A-form conformation to create protein recognition sites, expanded CUG repeats do not follow this general pattern. Instead, the CUG repeats retain A-form conformation and avoid distortion by removing the hydrogen bond between uracils. Without the hydrogen bond, the U-U mismatches have more flexibility and can therefore adopt conformations that allow the double helix to remain in the A-form conformation. This adjustment maximizes the G/C stacking interactions that allow for increased thermodynamic stability. In short, the loss of hydrogen bonds between uracils is offset by very favorable base-stacking interactions.

Since Dicer cleaves double-stranded A-form RNA, the cleavage of r(CUG)54 suggests CUG repeats adopt a conformation similar to A-form in solution. The structure of CUG repeats are thus comparable to A-form RNA in a crystalline environment. To confirm that Dicer is cleaving properly, some control experiments were performed by adding Dicer to dsCAG54 and ds(CUG:CAG)54. When Dicer was added to dsCAG54, only a minimal amount of dsCAG54 was cut (“negative” control). When Dicer was added to ds(CUG:CAG)54, a large amount of ds(CUG:CAG)54 was cut (positive control). While a minimal amount of dsCAG54 was cut, we still consider the cleavage a “negative” control compared to the cleavage of ds(CUG:CAG)54. These cleavage reactions confirm that the CUG repeats adopt a conformation similar to A-form in solution. 

The structure of expanded CUG repeats can be used to design a specific drug for myotonic dystrophy that recognizes and binds the expanded CUG repeats of DM1 to free the sequestered MBNL proteins.
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