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Abstract

Duchenne muscular dystrophy (DMD) is a common and devastating genetic disease primarily 

caused by exon deletions that create a genetic frameshift in dystrophin. Exon skipping therapy 

seeks to correct this by masking an exon during the mRNA maturation process, restoring 

dystrophin expression, but creating an edited protein missing both the original defect and the 

therapeutically skipped region. Crucially, it is possible to correct many defects in alternative ways, 

by skipping an exon either before or after the patient’s defect. This results in alternatively edited, 

hybrid proteins that might have different properties and therapeutic consequences. We examined 

three such dystrophin exon-skipped edits, Δe45–53, Δe46–54, and Δe47–55, comprising two pairs 

of alternative repairs of Δe46–53 and Δe47–54 DMD defects. We found that in both cases, Δe46–

54 was the more stable repair as determined by a variety of thermodynamic and biochemical 

measurements. We also examined the origin of these differences with molecular dynamics 

simulations, which showed that these stability differences were the result of different types of 

structural perturbations. For example, in one edit there was partial unfolding at the edit site that 

caused domain-localized perturbations while in another there was unfolding at the protein domain 

junctions distal to the edit site that increased molecular flexibility. These results demonstrate that 

alternative exon skip repairs of the same underlying defect can have very different consequences at 

the level of protein structure and stability and furthermore that these can arise by different 

mechanisms, either locally or by more subtle long-range perturbations.
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Duchenne muscular dystrophy (DMD) is a severe and unfortunately prevalent pediatric 

genetic disease that affects approximately one in 5000 male births and is a result of the loss 

of dystrophin proteins from muscle cells.1–3 The prognosis for those with this condition is 

bleak: progressive muscle wasting leading to loss of ambulation in the second decade of life, 

with death typically in the second or third decade of life. Exon skipping is the first, and so 

far, only curative therapy for this condition and offers the promise of a significantly better 

life to these patients and their families.

The most common type of genetic defect underlying DMD is a large, kilobase scale deletion 

of one or more exons. In a protein as large as dystrophin, this often results in the 

juxtaposition of exons of incompatible reading frames and also inevitably introduces a new 

stop codon that truncates the protein. The nonsense-mediated decay system generally flags 

and destroys these defective transcripts,4,5 so that the truncated protein is expressed far 

below normal levels, resulting in dystrophin typically being undetectable in DMD cells.

Exon skipping seeks to address this deficiency by masking additional exons to correct the 

reading frame and restore dystrophin expression. Clinically, this is done with antisense 

oligonucleotide analogues (AONs), which are similar to short DNA primers but with 

modified backbones to improve their pharmacological properties.6,7 This aims to restore 

expression by correcting the damaged reading frame, with the clinical aim of slowing or 

reversing muscle deterioration. However, although reading frame correction restores protein 

expression, the proteins produced lack the regions corresponding to the patient’s original 

defect as well as the therapeutically skipped exon, thus altering the protein’s structure. 

While deleting a region corresponding to several exons from a protein’s structure and 

reattaching the remaining regions are drastic alterations, especially because these newly 

attached regions may not be natively proximal and so have not evolved to be structurally 

compatible, we have shown that in some cases stable structures can form.8

Dystrophin acts largely as a mechanical stabilizing agent9,10 and is thought to work as a 

molecular shock absorber, so changes in its structure and stability likely alter those 

functions. In addition, dystrophin also contains a variety of binding sites for other proteins, 

most significantly neuronal nitric oxide synthetase11 and phospholipids,12 and edits may 

disrupt and modify those interactions.13 How edits impact the structure and function of 

dystrophin is an open question and presumably of clinical importance. Insight into this is 

provided by Becker muscular dystrophy (BMD), which is caused by naturally occurring in-

frame defects in dystrophin. BMD is a milder but more heterogeneous condition, varying 
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from being nearly as severe as DMD to nearly benign, with the suspicion that some defects 

might be so benign as to be subclinical.14,15 Exon skipping essentially aims to convert DMD 

to therapeutically induced BMD. However, due to the complexity of the dystrophin gene, 

there are a very large number of defects known. While in aggregate many edits have been 

identified, many individual defects are known only from a few cases or are unknown. It thus 

becomes difficult to accurately assess clinical impact, as patients with the same defect can 

progress very differently. However, by pooling different types of defects, several studies 

have shown a clear and significant relationship between edit type and clinical severity,16–18 

although the statistics do not currently allow for the comparison of arbitrary pairs of defects 

in most cases.

The comparison of edit types to clinical severity is becoming increasingly important as 

additional exon skipping compounds become available. In many cases, a patient’s 

underlying defect can be treated in different ways, skipping different exons, to create 

alternative repairs with potentially different properties and clinical outcomes. Currently, 

there is only one choice for exon skipping, eteplirsen (Exondys51), which targets exon 51.19 

However, clinical trials for compounds targeting exons 44, 45, and 53 are underway (e.g., 

NCT02329769, NCT02500381, and NCT01957059, respectively, in the United States and 

other programs worldwide7,20,21), and preclinical programs exist for other exons. If 

development of the therapies targeting these new exons is successful, the prospect of patients 

and their physicians facing a choice about which to use will become a reality. Because 

different therapies will result in the expression of distinct dystrophin structures, a rational, 

structure-based basis for making this choice is needed.

DMD-causing mutations are most commonly found in two hot spot regions of the gene 

where exons of different starting and ending reading frames are clustered. These occur in the 

central rod region of the protein that consists of 24 copies of the spectrin-type repeat (STR) 

rod domain.22,23 The largest and most significant of these is the hot spot 2 region, spanning 

exons 43–59, which corresponds to STRs D16–D24 (Figure 1). Within this region there are 

64 possible exon-edited proteins. While the structures of all of these edited proteins can be 

applied to DMD therapy, here we are most concerned with pairs of edits that may be end 

points of alternative exon skip repairs of the same underlying DMD mutation. These cases 

represent those in which a choice of therapy exists and are more urgently needed in the near 

term as exon skipping choices become available. The most common type of choice occurs 

when the exon immediately before or after the original deletion is targeted. For instance, 

patients with an out-of-frame exon 52 defect could be treated to either skip exon 51 with 

eteplirsen to create an in-frame Δe51–52 skip or a potential exon 53 skip reagent creating 

Δe52–53. Not every defect has such simple alternatives, but many do: such pairs lie adjacent 

on a diagonal from the top left to bottom right in Figure 1, and there are 31 such edits. More 

possibilities arise with multiexon skipping, which is a more demanding task but has been 

studied in cell culture and animal models. Furthermore, in general terms, the question of 

“what edit to make” is of even greater importance with more flexible techniques, such as 

CRISPR gene editing, which although not yet in the clinic is widely viewed with great 

promise and potential.
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Because there are a wide array of possible edits when both the entire dystrophin gene and 

future editing modalities such as CRISPR are considered, we are conducting studies to 

determine not only “which edit is best” but also the basic principles that make an edit better 

or worse. This involves studies at a range of scales from atomic to organismal. Here, we 

focus on the impact of the protein structure, because it is the dystrophin protein that 

performs the crucial muscle stabilizing function. We have selected one such set of three 

edits, Δe45–53, Δe46–54, and Δe47–55, encompassing alternative exon skipping repairs of 

two frameshifting DMD-type deletions, Δe46–53 and Δe47–54 (Table 1), and demonstrated 

that one of these, Δe46–54, produced a protein that is significantly more stable than the other 

two. Furthermore, we conducted molecular modeling and molecular dynamics (MD) 

simulations on these edits to elucidate the molecular basis of these differences. We found 

that the destabilizing edits did not appear to cause structural perturbations proximal to the 

edit site but rather function distally at STR junctions that became “non-wild-type” when 

regions away from the edit site that are not normally in contact are spatially juxtaposed. This 

provides the first molecular level understanding of these stability differences in exon-edited 

rods.

METHODS

Concise methods are given, with complete details available in the Supporting Information. 

The dystrophin protein studied has UniProt entry P11532.

Target Selection.

To study the local perturbations introduced by exon skipping, we produced exon-edited 

targets in the context of a region that was as small as possible and has nativelike dystrophin 

rod ends.24,25 This entailed identification of biophysical domain boundaries of the 

dystrophin rod to locate appropriate termini. In previous work,26 we determined that D16 

and D17 form a thermodynamically cooperating domain, as do D20–D22. On the basis of 

that, the boundaries of a minimal rod containing these edits were set at the N-terminus of 

D16 and the C-terminus of D22 (Figure 2). However, one of our edits, Δe47–55, removes 

large portions of D22 (53 of the 117 amino acids, 45%) leaving behind a fractional STR at 

the C-terminus. To ensure well-formed rod ends, we utilized a second cohort of 

experimental targets with a C-terminal boundary at D24. As such, we produced two series of 

exon-edited proteins, in both D16:22 and D16:24 parent molecules.

Cloning and Protein Production.

Proteins were cloned, expressed, and purified as previously described.13 Briefly, plasmids 

containing the genes encoding the target proteins were assembled by the Gibson protocol27 

using unedited dystrophin gene fragments previously studied and transformed into 

Escherichia coli NEB express, which is a commercially modified DH5α strain optimized for 

protein expression. Concordance of all constructed targets with the intended sequences as 

indicated in Figure 2 was confirmed by direct DNA sequencing over the entire dystrophin 

region. Proteins were expressed in a double affinity-tagged form utilizing an N-terminal 

GST (glutathione S-transferase) domain and a C-terminal His9 tag. Only the full-length, 

undegraded protein was selected by both affinity protocols. To remove any remaining non-
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full-length species, a final ion exchange purification step was used. All proteins were 

purified to a single band of >98% at the appropriate molecular weight as assessed by sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE).

Biophysical Characterization.

Proteins were characterized as previously described.13 Because STRs are triple-α-helical 

motifs, total helicity was measured by circular dichroism (CD) to assess how well-folded 

they were initially, which is reported as both mean residue ellipticity at 222 nm (φ222) and 

fractional helicity as determined by a three-basis set model28 that has been extensively used 

by us and others29–31 for STR helicity. To measure overall thermodynamic stability, we 

performed thermal denaturation as followed by CD, which provided the melting 

temperature, Tm, as well as the enthalpy of unfolding, ΔH. Here, we used the signal at 222 

nm, φ222, which was collected every 0.2 °C and fast Fourier transform (FFT) filter smoothed 

(lowpass cutoff of 0.2 °C), and then the derivative, dφ222/dT, was fit to the John–Weeks 

equation to yield ΔH and Tm.32 Because unstructured regions are invisible to denaturation 

sensitive assays, we used sensitivity to protease challenge to assess how much and the extent 

to which the target protein contained poorly folded regions.33,34 To avoid primary sequence 

bias, we use a highly nonspecific protease, proteinase K (PK). The reported measure is the 

concentration of PK that achieved 50% degradation in a defined assay (30 min at 37 °C in 

PBS buffer), the PK50 value. This assay has been applied by us and others35 to a wide range 

of native and exon-edited dystrophin rods.

Our standard of reproducibility was that all data were acquired from at least three 

independent experiments on at least two independent batches of protein. Our standard of 

statistical significance is P < 0.05 (significant) or P < 0.005 (highly significant) using a two 

tailed Student’s t test as well as an effect size d of >2, where d is Cohen’s d = (μ1 –μ2)/s.

Computational Modeling.

Initial Model Development.—Because empirical studies of the three target edits 

produced similar results in both the D16:22 and D16:24 contexts, only the D16:22 case was 

pushed forward to computational studies due to its smaller size. The primary sequences of 

three targets in the D16:22 family were submitted to the Robetta automated structure 

prediction server.36 The output models were ranked by a combination of ProQ2 score37 and 

TM score,38 but all were similar in creating rodlike, STR-containing structures.

Implicit Solvent Molecular Dynamics Simulations.—The top model for each target 

was chosen for further computational study. These structures were processed to remove 

hydrogens in VMD,39 and then the topology and coordinate files were developed using the 

LEaP package of the AMBER software suite.40 Structures were minimized and equilibrated 

through a multistage protocol (more details can be found in the Supporting Information). We 

conducted six independent MD production runs (with independent equilibration), three of 2 

μs and three shorter runs of 0.5 μs, with the first 250 μs discarded as further equilibration. 

The fact that 250 μs was sufficient equilibration time was justified by examining both the 

total helicity and backbone root-mean-aquare deviation (RMSD) (Figure S1) for lack of 

system drift after that time. Conformations after that were saved every 50 ps, for a total of 
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120000 coordinate sets for each target, which was the standard implicit data set. All implicit 

solvent calculations utilized the “GB-Neck2” solvation model and parameters developed by 

Nguyen, Roe, and Simmerling, which was enabled with the igb = 8 AMBER configuration 

keyword and the mbondi3 radii set.41 The SHAKE algorithm was used with a 2 fs time step 

and the AMBER ff14SB force field,42 along with the GPU-accelerated version of PMEMD.
43 Simulations were performed on local resources as well as the Extreme Science and 

Engineering Development Environment (XSEDE).44

Explicit Solvent Molecular Dynamics Simulations.—These initial data sets were 

developed using an implicit solvent model, which is a trade-off between physical 

concordance and computational tractability. To examine the effect of this and provide 

reassurance that solvation effects were not unduly perturbing our data, an additional set of 

simulations was performed in an explicit solvent environment. As starting points for explicit 

simulation, the implicit standard data set for each target was clustered using the hierarchical 

agglomerative algorithm45 with average linkage. Representative structures from all clusters 

with >1.5% abundance (four for Δe45–53 and Δe46–54 and three for Δe47–55) were 

solvated at 150 mM NaCl and pH 7, relaxed by a multistep protocol, and subjected to three 

250 ns explicit MD simulations. Only the last 150 ns was used for analysis (i.e., 450 ns for 

the three runs), and conformations were once again saved every 50 ps, for a total of 9000 

coordinate sets for these three runs from each starting structure. This yielded a standard 

explicit data set of 36000 coordinate sets for the four-cluster run of Δe45–53 and Δe46–54 

and 27000 for coordinate sets for the three-cluster run of Δe47–55.

Computational Analysis.—Standard data sets obtained as described above were 

analyzed for helicity using cpptraj,46 which itself uses the DSSP algorithm that detects an (i, 
i + 4) hydrogen bond.47 Inter-STR bending was assessed by defining an STR vector from the 

positions of conserved heptad hydrophobic residues (see Figure 6 and Figure S2 and the 

Supporting Information) in each STR, and then the angle between vectors of adjacent STRs 

was calculated with cpptraj. Pairwise intraresidue interaction energies within each STR were 

calculated by the Molecular Mechanics/Generalized Born Surface Area (MMGBSA) 

protocol,48 with the Generalized Born implicit solvent model49 using the MMPBSA.py 

script.50 Coordinated motions indicative of structural interactions were assessed by general 

motional correlation.51 Visualization was performed in VMD and modified in GIMP,52 and 

data plots were created by OriginLab and Matplotlib.53

RESULTS

Experimental Section.

Secondary Structure Determined by CD.—All proteins exhibited circular dichroism 

(CD) spectra with double minima at ~208 and ~222 nm, which is characteristic of highly α-

helical proteins (Figure 3). However, they varied significantly in either φ222 or the fractional 

α-helix content, fα, with Δe46–54 having the highest values, Δe47–55 close behind, and 

Δe45–53 having the lowest. These were consistent in both D16:22 and D16:24 parents. 

Crystal structures of non-dystrophin STRs show helicity values in the range of 85–90%, and 

spectroscopic studies of unskipped dystrophin 2-STR rods in this region show values in the 
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range of 65–87%26 (Figure 4). By this measure, both Δe46–54 and Δe47–55 exhibit 

unremarkable helicity values consistent with typical STRs. On the other hand, Δe45–53 

exhibits significantly lower helicity values, 36% in D16:22 and 49% in D16:24, that are not 

consistent with a well-formed STR-type structure and suggest a significant disruption in this 

edit’s structure.

Thermodynamic Stability Determined by Thermal Denaturation.—Structural 

stability was also probed by thermal denaturation as monitored by CD. The three edits all 

displayed typical sigmoidal unfolding transitions, in the range of 50–70 °C (Figure 3). By 

taking the derivative of the signal with respect to temperature, we can obtain thermodynamic 

properties of these transitions more accurately and, crucially, in a manner largely 

independent of spectroscopic parameters.32 This yielded melting temperatures in the range 

of 62–64 °C for all edits, which is in the range typically observed for STRs of 55–70 °C. 

Once again, Δe46–54 was the most stable, but by only a few degrees (Figure 4).

Although the melting temperatures were similar for all systems, the sharpness of the 

denaturation curves displayed large differences. This manifests in differences in the width of 

the peaks in the derivative plots and in the slopes of the transitions in the raw CD traces. 

Underlying this, the slope of the transition is proportional to the enthalpy of unfolding, ΔH, 

via the van’t Hoff equation [(d ln K)/dT = –ΔH/(RT2)]. The Δe46–54 edit has a transition 

significantly narrower than that of either Δe45–53 or Δe47–55 and yielded significantly 

higher ΔH values upon analysis [565 and 624 kJ/mol for D16:22 and D16:24 contexts, 

respectively (see Table 2)], which is consistent with, and even slightly larger than, unedited 

STR values in this region that vary from 304 to 539 kJ/mol26 (Figure 4). The other two edits, 

Δe47–55 and Δe45–53, exhibit broad low-enthalpy transitions, in the range of 163–215 kJ/

mol, which is less than the values for typical STRs in that region.

Importantly, with exon skipping therapy patients do not have the option to move back to the 

wild type but rather can choose between two alternative edits. As such, the most relevant 

comparison is to compare alternatives to each other, not to the wild type. In all 

measurements, Δe46–54 was significantly different from the other edits (P < 0.005) and 

more stable in terms of both Tm and enthalpy as shown in Figure 4. Conversely, no 

differences were seen between identical edits in the two expression contexts, D16:22 versus 

D16:24.

Global Folding Structure Determined by Protease Challenge.—The presence of 

regions so disrupted that they might be unfolded even at low temperatures is not detected by 

thermal denaturation techniques as they do not unfold with an increase in temperature. Such 

regions are, however, suggested by differences in helical content. To confirm the presence of 

these possibly unfolded regions, protease challenge was conducted, because proteolytic 

susceptibility is correlated with flexible and disordered backbone regions. Once again, 

Δe46–54 is the most well folded with PK50 values [proteinase K (PK) giving 50% 

degradation under our standard assay condition] of 13 ng in D16:22 and 5.1 ng in D16:24 

(Figure 5). For comparison, the PK50 values of unskipped 2-STR rods in this region range 

from 8 to 22 ng (see Figure 4), suggesting that this motif is folded in a manner similar to that 

of unedited rods. The slightly lower value in the D16:24 context may arise from the 
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D22:D23 junction that is not present in the D16:22 series. Mapping studies showed an 

apparent noncooperative junction between these two STRs.26 However, Δe47–55 and Δe45–

53 both display significantly reduced PK50 values in both contexts, in the range of 0.6–2.3 

ng. These values are all significantly different than that of Δe46–54 and well below these 

unedited rod PK50 values, consistent with significant destabilization of these two edits.

Various measures of stability and well-foldedness are listed together in Table 2 and are 

concordant as shown in Figure 4. In all cases, Δe46–54 is more stable and well-folded than 

Δe45–53 and Δe47–55 regardless of whether it was expressed in a D16:22 or D16:24 

context. Once again, we judged the statistical relevance with P < 0.005 thresholds or in some 

cases as noted in Figure 4 (P < 0.05). Via comparison of the less stable edits, Δe45–53 was 

less stable than Δe47–55, with the exception of the ΔH of unfolding between these two in 

both parents and the PK50 in the D16:22 context, for which no statistically significant 

conclusion could be drawn. This strong agreement between such disparate techniques, as 

well as the agreement between parent molecules, provides confidence that the differences 

measured reflect underlying differences in the biophysical consequences of these edits on 

the dystrophin rod.

Computational Section.

Initial Models and Helicity.—The models produced by Robetta were all triple-helical 

STR-like structures (Figure 6). STR proteins are dominated by their three-bundle α-helices, 

so the simplest metric we examined both experimentally and computationally was total 

helicity. The experimental data showed significant differences in total helical content as 

assessed by CD, and our models reproduced the experimental rank order of Δe46–54 > 

Δe47–55 > Δe45–53, with helicities of 82.8, 81.7, and 80.7, respectively. However, while 

this order matches (see Figure S3) and is in general agreement for Δe46–54 and Δe47–55, 

these computational helicity differences are not statistically significant, in contrast to the 

experimental differences (Figure 4). Furthermore, the Δe45–53 value is well above the very 

low experimental value of 36% seen in the D16:22 context, which as previously noted is not 

compatible with a typical STR structure. In homology modeling in general, output structures 

are based on known, well-folded, stable, and unedited proteins; therefore, it is not surprising 

that we obtained such well-folded structures in all cases. Modeling methods thus may bias 

partially disordered proteins toward their most structured conformer, even while the dynamic 

behavior of these proteins may result in a lower degree of structure when assessed in a time-

averaged fashion.

To assess the dynamic behavior of these models, a series of MD simulations were 

performed. Here we observed a loss of helicity. This was marginal in terms of the overall 

helicity, but an examination of this on a residue by residue basis showed that certain regions 

of the molecule exhibited a high degree of local unfolding (Figure 7). This primarily 

occurred in the junction regions between the STRs, which is where the third helix of the 

leading STR propagated into the first helix of the next STR. In the homology model 

structures, this junction consists of a continuous α-helix that propagates from the third helix 

of one STR propagates directly into the first helix of the subsequent STR without a break. 

This long continuous inter-STR helix is also seen in many crystallographic structures of 
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multi-STR rods from homologous proteins,54–56 and this linkage is thought to contribute to 

the thermodynamic cooperativity seen in some, but not all, tandem STRs. It is also thought 

from prior computational studies that this local unwinding of the helix at the junction is an 

initial event in a force-related extension of STR rods, related to their mechanical 

stabilization role.57,58

Because the edit site is of particular interest and may result in a “scar” in the edited proteins, 

we also assessed helical unfolding in a 10-residue window centered on the edit sites. The full 

distribution of unwinding is shown in Figure 8 and summarized in Table 3 as the average 

number of residues that unfold (mean nonhelical gap size) and the fraction of frames with a 

gap.

During simulations, the junction regions exhibited an extensive loss of helicity, especially in 

the least empirically stable edit, Δe45–53. For this edit, the average gap was ~2 residues for 

both J1 and J2, with larger gaps not being uncommon. Furthermore, the presence of a gap 

was a dominant structural feature, with ~75% of frames having a gap. This unfolding was 

heterogeneous and occurred at various spots in this junction region, with many residues 

adopting either a helical or unfolded conformation at different times (Figure S4). In addition, 

in each of the three runs there were differences in the helicity of J1, and to a lesser extent J2, 

of Δe45–53 as seen by nonoverlapping lines in Figure 7. In contrast, the most empirically 

stable edit, Δe46–54, displayed a well-structured J1, with a mean gap size of 0.5 and only 

35% of frames showing a break. However, in J2, there was a mean gap of 2.6 residues 

present in 90% of the frames. For Δe47–55, which was empirically of intermediate stability, 

we observed well-structured J1 and J2 regions with low, <0.5 mean gap sizes and only a 

minority of frames showing a break.

In contrast, the edit site (ES) was comparatively well structured in all cases with <0.5 

residue being nonhelical and only infrequently exhibited any nonhelical structure. In fact, 

the least stable protein empirically, Δe45–53, showed almost no ES perturbation, with only 

1% of frames having a gap, and a mean gap of only 0.01 residue. This strongly suggests that, 

at least for some exon skip events, the impact of the edit on protein structure does not occur 

locally. The empirically most stable target, Δe46–54, showed a greater degree of ES helicity 

loss, at 6% of frames and a mean gap of 0.2 residue, which is a comparatively minor 

perturbation and smaller than the loss of helicity at the junction sites. Only for Δe47–55 was 

significant perturbation observed, where 21% of frames had some gap, with a mean gap size 

of 0.46. While this does not approach the size of the gap seen for the perturbed junctions 

(either junction of Δe45–53 or J2 of Δe46–54), it is comparable to the relatively unperturbed 

junctions of this protein and is a disturbance that is larger than that seen for nonedit regions 

in the three helices of each STR.

Rod Bending.—We then sought to understand the impact this loss of junction structure 

has on the overall rod shape. Because these rods link and stabilize various cellular 

components during muscle cell functions, their rigidity and shape directly impact their 

function. Therefore, a continuous inter-STR helix should enforce the classic linear STR rod 

seen in many crystal structures of non-dystrophin STRs (there are no known multi-STR 

atomic resolution structures from dystrophin, only one single STR dystrophin structure59), 
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whereas a loss of helicity to a more random coil-type junction may allow for bending 

motion. This may result in an entropic spring-type action60 or could be a prelude to further 

unfolding under stress, in a more classical Hookian spring mechanism. To assess this 

bending, for each STR an “STR vector” was defined on the basis of hydrophobic residues in 

the amphipathic AbcDefg heptad located at the ends of the STR hydrophobic core (Figure 6, 

brown residues and S2 heptad), and the angle between adjacent STR vectors was measured.

This loss of junction helicity is directly associated with increased rod flexibility (Figure 9), 

and the least stable edit, Δe45–53, is significantly more flexible as a result of this unfolding. 

Correlations of the inter-STR angles angle 1 (A1) and angle 2 (A2) show that for all edits 

there is a preferred conformer with modest inter-STR angles in the range of 40–60°. 

However, for Δe45–53, there is a distinct second population with a highly bent A1 of >90°. 

This highly bent A1 conformer occurs with significant J1 unfolding of only >4 residues (but 

not J2) (Figure 9, A1 vs J1 map). Loss of helicity is thus seen to allow, but not create, a 

highly bent structure. For Δe46–54, no distinct highly bent population is observed, although 

there are rare conformers with highly bent A1 that are also correlated with loss of J1 helicity. 

For Δe47–55, there are few conformers with large bends of >90° (<0.1%), in keeping with 

the very low degree of unfolding in this edit. This illustrates that edit-induced junction 

perturbation impacts the global properties of the rod, such as its rigidity.

Motional Correlation Analysis.—In two cases, “hybrid STRs” consist of parts of two 

different naturally occurring STRs occur: Δe45–53 where the second STR consists of a 

portion of D17 and portion of D21 and Δe47–55 where the third STR consists of D18 and 

D22 (see Figures 2 and 6). To assess how this impacts internal STR dynamics, motional 

correlation analysis was performed (Figure 10). Well-formed and tightly interacting domains 

are expected to exhibit a high degree of correlation, whereas looser or disturbed domains 

less correlation. Interactions between adjacent secondary structural elements can be seen, 

and the triple α-helical bundle STR structure provides a unique signature, with three well-

defined helix-bundling interactions seen: the two antiparallel AB and CB linkages and the 

parallel AC linkage producing a characteristic “STR box” signature (see Figure S5 for a 

guide to interpreting STR correlation maps). This pattern is present in most of the 

correlation maps, in particular those of Δe45–53 and Δe46–54, indicating a high degree of 

interaction and tight helix–helix interactions.

In contrast, in the Δe47–55 correlation map, this box signature is present in only the first and 

second STRs, while the third, which contains the ES in this target, is highly disrupted. 

Rather than three long individual, and highly correlated, regions, there is a scattering of 

smaller, local regions with less long-range motional correlation in all three helices, 

indicating a loss of long-range internal interactions. The Δe45–53 target also contains a 

hybrid STR with an internal ES; however, in this case, the long-range correlations are 

retained, and this edit does not appear to disrupt global STR interactions. In the case of 

Δe46–54, the edit site lies in the second STR but relatively close to the STR2–STR3 junction 

and also appears not to perturb long-range interactions.

Finally, the overall level of correlation is higher for Δe45–53 than for the other proteins, 

while that of Δe47–55 is the lowest. This is a result of the increased flexibility of Δe45–53 
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(and decreased flexibility of Δe47–55) as demonstrated by, and corroborating, the STR angle 

analysis. This results in correlated motion of all atoms in each STR as they bend relative to 

the rod as a whole. This is confirmed as this excess correlation disappears when the 

correlation is calculated only within individual STRs (Figure S6).

Energetics of STR Motifs.—The internal energetics of each STR were estimated using 

an MMGBSA energy analysis of each STR in each target protein. This is not a true measure 

of folding stability, which is the difference in energy between the folded and unfolded states, 

as the unfolded state is not sampled in these simulations. However, the total internal energy 

can give an indication of the thermodynamic forces involved in maintaining the STR 

structure and how the edits may perturb them. Here, all molecules have similar internal 

energies for their first STR (Figure 11A). This is sensible, because the first STR in all cases 

is a wild-type STR, the 16th in native dystrophin, and has an identical amino acid sequence 

in all targets. However, the second STR has a significantly lower stabilizing energy in Δe45–

53, and the third STR has a lower stabilizing energy in Δe47–55. These two are precisely the 

STRs where the edit site is located and therefore are non-wild-type, hybrid STRs consisting 

of sections of two different wild-type STRs: a hybrid D17/21 in the case of Δe45–53 and a 

hybrid D18/22 in the case of Δe47–55. Therefore, while these hybrid STRs can form, they 

appear to have reduced stability, the extent of which may vary depending on the specific 

nature of the STRs hybridized. This is in accord with the loss of internal STR structure seen 

in the correlation matrices for these STRs. Once again, only Δe46–54 escapes this, with 

none of its three STRs energetically perturbed. In that case, the edit occurs near the end of 

D18, which is largely intact, with only a comparatively small section of D21 (approximately 

five amino acids) fused to it. In this sense, STR2 of Δe46–54 is “almost” wild-type.

We also identified specific amino acid level interactions that are perturbed in the Δe47–55 

case. We noticed that the region near the C-terminus of STR3—the perturbed, hybrid STR in 

this target—was particularly destabilized and appeared to partially unbundle, up to the first 

hydrophobic triad (Figure S7). In the other edits, this site is a tryptophan, but it has been 

replaced with a much smaller and less hydrophobic valine in Δe47–55. Tryptophan residues 

are particularly well conserved in STR motifs and have been proposed to strongly contribute 

to their stability.61 We thus examined the energetic interactions between these triad partners 

and found that they were significantly weakened (Figure 11B). While the reduction is only a 

modest fraction of the reduction seen in the overall STR energy, it shows how perturbation 

of these heptad triads can be significant.

Explicit Solvent Simulations.—The majority of our simulations were performed using 

an implicit solvent model as a trade-off between physical reality and computational 

feasibility. Implicit solvent models are less physically realistic and may skew results due to 

the solvation effect; however, explicit solvent models suffer from slower simulation speeds 

and therefore lower rates of sampling, thereby introducing a different source of error. To 

understand whether solvent effect biases impacted our results, additional explicit solvent 

simulations were performed starting from conformers derived from a clustering analysis of 

the implicit solvent standard data set. If these conformers were nonphysical as a result of 

differences between the implicit and explicit solvent force field, then we would expect that 
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those conformers would drift from their initial cluster when subjected to explicit MD 

simulations. This did not happen, as shown by the RMSD analysis in Table 4. All runs 

stayed within their starting cluster on average, with the sole exception of the third cluster of 

Δe46–54, which was a minor conformer representing only 2.2% of the implicit solvent data 

set. An evolution of this RMSD distance over time is shown in Figure S8.

The fact that none of these conformers was rapidly perturbed (i.e., within the three 250 ns 

simulations per system) when moved to an explicit solvent model suggests that the 

differences between these solvation models are not severe and do not greatly impact the 

conformers obtained. While all conformers are in equilibrium and interconvertible during 

simulations, either explicit or implicit, the longer more rapid pace of implicit simulations 

allowed us to more fully sample the conformational space. We also examined the 

conformations of all edits during the explicit runs, redoing the helicity and bending analysis, 

and no great differences were observed. This is shown in dynamic per residue helicity 

(Figure S9, homologous to Figure 6), junction and edit site helicity loss (Figure S10, 

homologous to Figure 8), and the overall rod bending (Figure S11, homologous to Figure 9).

DISCUSSION

Our results indicate that Δe46–54 is more stable than and structurally more similar to 

unskipped dystrophin rods than the other two edits studied, with Δe47–55 being intermediate 

and Δe45–53 being the least stable and well-formed. Consistent results were obtained across 

several empirical stability measures, regardless of the parent rod in which it was expressed, 

D16:22 or D16:24. Helicity, PK50, and thermal denaturation measurements, which probe the 

order, disorder, and stabilization energy of the folded form, respectively, give the same 

overall order: Δe46–54 > Δe47–55 > Δe45–53. This consistency between the parent rod and 

measurement types provides confidence that these differences are intrinsic to the edit and not 

some peculiarity of the context in which the edit is studied or the techniques used to probe it. 

Altogether, we obtain the following empirical picture of these edits. (1) Δe45–53 is an edit 

that produces a perturbed structure of low helicity inconsistent with STR structure and has 

significant disorder and significantly reduced stabilization enthalpy. (2) Δe46–54 is an edit 

that produces a typical STR-type structure that is well-formed with few disordered regions, 

high helicity, and typical unfolding thermodynamics. (3) Δe47–55 is also a perturbative edit 

resulting in a significant disorder, but while the structure has reduced stability when 

thermally challenged, it does have appropriate helicity at low temperatures and so might be 

considered to be a marginal edit.

MD To Understand the Molecular Origins of Experimental Effects.

However, as much as we can determine the phenomenological properties of these edits by 

this type of characterization, we cannot understand at a molecular level why some edits seem 

to produce viable structures or, conversely, why some do not. Unfortunately, there are no 

high-resolution structures of dystrophin rods in this region to help understand how such edits 

might manifest at an atomic level, although there are many known homologous STR 

structures from other proteins. To work around this, we developed homology-based models 
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and used molecular dynamics simulations to help understand the molecular basis of these 

differences.

The models produced were consistent with STR structures seen in other proteins and were 

grossly consistent with the experimental evidence that these are structures dominated by α-

helices. However, they were more helical than our experimentally produced structures as 

assessed by CD. We believe this is partially due to a bias in many homology algorithms that 

may favor highly structured outputs. This idea is supported by our MD simulations, which 

showed that helicity dropped somewhat once the molecules were equilibrated to 300 K and 

further reduced by local unfolding in a dynamic fashion during long runs. While we did 

come closer to the helicity values for the least empirically structured motifs, we did not 

obtain full agreement. However, we were able to simulate only on the order of 2 μs, which is 

very short compared to the time scale of the in vitro experiments (minutes to hours).

Nonetheless, our computational results did reproduce the experimentally observed stability 

and have the virtue of being able to provide insights into why and how this instability arises 

in some edits but not others. The most important conclusion is that in some cases, the exon 

editing has impacts well away from the edit site. In our least stable motif, Δe45–53, the edit 

site was in fact very well structured. This edit site occurs in the middle of the second STR in 

the target and is almost completely helical even in dynamic fashion during runs. However, 

the edit induced changes in the STR junction regions. With the juxtaposition of new residues 

that are not normally in contact with one another, these junctions are destabilized and begin 

to unfold, and MD runs show a high degree of loss of helicity at both junctions for this edit.

Junctions can be classified as either wild type, consisting of only native-type contacts, or 

non-wild type, containing some non-native contacts. Each STR consists of three helices, A, 

B, and C, connected by A–B and B–C loops. At each junction, the A–B loop of the first STR 

interacts with the junction-spanning helix, as does the B–C loop of the following STR. In 

some cases, the two loops also interact directly. We see that for J1 of Δe46–54 and Δe47–55, 

these elements (A–B loop, junction-spanning helix, and B–C loop) all lie on the same side of 

the edit, colored pink in Figure 6, and thus are unchanged from those of wild-type unedited 

dystrophin. However, for J1 of Δe45–53, the B–C loop comes from the region after the edit, 

blue, which creates a non-wild-type, non-native interaction. A similar look at J2 shows that 

all J2’s juxtaposed the region from the other side of the edit site and thus are all non-wild 

type. In Table 3, we see that wild-type junctions (J1 of Δe46–54 and Δe47–55) are strongly 

helical, with a low frequency of gap formation and in small gap sizes when formed. In 

contrast, the non-wild-type junctions (J1 of Δe45–53 and J2 of all targets) are less helical 

with both more frequent breaks and larger gap sizes. This demonstrates that the impact of 

edits may occur well away from the edit site by inducing unfolding at non-native junctions.

So far, for two targets, Δe45–53 (our least empirically stable) and Δe46–54 (most stable), 

MD has provided a reasonable, if somewhat surprising, narrative for how these edits impact 

structure and stability: they do not act directly on the edit site but rather work distally by 

destabilizing the STR junctions. This leads to junction unfolding and presumably instability.
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Unfortunately, Δe47–55 does not conform to this explanation. Its junction regions show the 

least loss of helicity of any target, in both time and extent, and its ES region shows the 

greatest perturbation, albeit modest compared to those of junction regions. This perturbation 

is seen as a dip in the helicity half of the second helix of STR3 of Δe47–55 near residues 

260–280 in the per-residue helicity plot (Figure 7). A much smaller dip is seen near ES of 

Δe46–54. For this edit, MD shows that the experimental destabilization occurs directly due 

to ES site perturbation. Correlation analysis demonstrated loss of long-range interaction, and 

energy analysis showed a reduced overall inter-residue interaction energy within the edit 

containing STR. This paints a complex picture; in some cases, the edits act locally, whereas 

in others, they are locally accommodated in the STR structure but their effects propagate to 

STR junctions where they have a large impact on structure.

Relevance to Exon Skipping Therapy.

As exon skipping therapy has been developed, most of the effort has gone into simply 

getting it to work: finding a pharmacologically acceptable compound that is effective in 

inducing some exon skipping in enough tissue to provide a clinically meaningful benefit. 

With the recent approval of eteplirsen, a milestone has been reached, although there is 

certainly a long way to go in improving both delivery and skipping efficiency and in 

expanding the range of exons targeted to bring this treatment option to more patients. We are 

now at the stage where skipping for many, if not all, exons is scientifically within reach.6,7,62 

However, even in the limit of perfect exon skipping, the protein that is created will have 

some edit and may therefore be functionally different from wild-type dystrophin. This 

results in DMD patients essentially becoming therapeutically created BMD patients, and in 

many cases, patients and clinicians may have choices in determining which form of BMD to 

aspire to.

Retrospective studies of BMD patients provide some guidance on how to choose but also 

demonstrate great heterogeneity and uncertainty. There are many thousands of known 

mutations for DMD and BMD, meaning that many specific edits are rare. Given these small 

sample sizes and the fact that patients with the same underlying exon deletion can progress 

at highly different rates,17,18,25 it is challenging in most cases to compare one edit against 

another. To get around this sampling problem, the various BMD defects have typically been 

analyzed in structurally related groups to increase sample size and statistical power. This has 

demonstrated correlations with the underlying structure of the protein on a general level.18 

However, this grouping may obscure the underlying physical causes of an ailment if 

dystrophin molecules with diverse tertiary structures are analyzed together.

Clinical relevance has been most clearly demonstrated in a relationship between BMD 

defects and dilated cardiomyopathy63 (DCM), a leading cause of mortality in BMD. In that 

study, to achieve statistical power, many edits were grouped on the basis of their features in 

relation to the STR structure of the rod, and certain groups were associated with a large 

delay in the onset of DCM. “In-phase” edits that were expected to have less perturbed STR 

structures progressed more rapidly, with an 11-year difference in age of DCM diagnosis than 

“out-of-phase” edits that were expected to have more perturbed STR structures. While this 

study showed a link between DCM severity and edit structure, it also emphasized that 
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patients with the same underlying defect can progress at very different rates. For instance, 

the most rapidly progressing patient in the more favorable in-phase cohort (patient 109; 

DCM at 15 years of age, Figure 3A in that paper) was more severely afflicted than any of the 

supposedly worse-off out-of-phase group. However, in aggregate, this clinical evidence 

shows that the underlying protein structure is important (i.e., the significant delay in DCM) 

even if variability of progression may be an inherent part of BMD.

We believe that factors relating to structural characteristics of the edit at the protein level are 

what underlie this clinically significant correlation. Dystrophin is a structural protein whose 

primary function is to provide a mechanical linkage in muscle cells. It also has multiple 

scaffolding and organizational functions, e.g., organizing the DGC and NOS.11,64,65 All of 

these rely on the proper folding, structure, and stability of this protein and might easily be 

perturbed in edited proteins, either natural, as in BMD, or therapeutically produced, as in 

exon skipping or other therapies.

Relation to Clinically Observed Cases.

We note that two of the edits corresponding to the ones studied here have been clinically 

observed, Δe45–53 and Δe46–54, and are found 95 and 4 times, respectively, in the public 

Leiden database (ref 66, September 2017 update). Δe47–55 is not found. The underlying 

DMD-type deletions that might be repaired by exon skipping to these edits have also been 

clinically observed: Δe46–53 is noted 25 times, and Δe47–54 is found five times. Of course, 

this database is not an unbiased survey of the human population but is composed of only 

clinically observed cases and therefore is biased toward those seeking medical attention. All 

DMD patients require medical attention, and many BMD patients do, as well, as they 

progress. However, whether there is a cohort of subclinical BMD-type deletions out there 

who are unknown to the scientific community because they are so subclinical that they do 

not seek help is an open question. Such subclinical edits are the “holey grail” of exon 

skipping but are likely under-represented in this database.

The creation frequency of deletions is related to two factors: size of the regions in which the 

breakpoints must lie (i.e., the size of the flanking introns) and the length of the deletions, 

with the length dependence scaling with an exponent of −1.5.67 Using this, we might thus 

calculate a cross section for each exon edit from the known sizes of dystrophin exons and 

introns; this is shown in Table 5. Other factors such as chromatin structure and CpG islands 

are also important but appear to make only a minor contribution to mutational hot spots.68 

This explains the observed prevalence somewhat, as we can see that intron 46i is quite small, 

reducing the observed prevalence of Δe47–54 and Δe47–55, whereas intron 44i is quite 

large, increasing the prevalence of Δe45–53.

Selection is also important. The DMD alleles are under extremely strong X-linked selection, 

because virtually all males with DMD do not reproduce. As expected, this 100% culling of 

males results in a mutation-selection equilibrium in which one-third of cases are de novo 
mutations, with the rest being created in female carriers in the prior few generations and 

little long-term inheritance.69 However, for BMD-type edits, this is not the case, with a 

much greater carrier incidence observed, ~90%,70 demonstrating that BMD alleles overall 

are under lower selection pressure, which should increase their incidence relative to that of 
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DMD. When examining the ratio of database incidence to this cross section, we find the 

opposite: the DMD-type deletions and one of our BMD-type edits are represented at a 

similar frequency, and two edits in particular seem underrepresented (Δe46–54 and Δe47–

55). The evidence for the abnormally low prevalence of Δe47–55 is weak, because none are 

reported whereas only approximately six might be expected using a prevalence to cross 

section ratio of 5. However, for Δe46–54, the evidence is stronger: four cases have been 

reported, whereas 32 might have been expected. Interestingly, Δe46–54, based on the 

biophysical evidence, is the edit most concordant with wild-type properties. Conversely, 

Δe45–53 is significantly destabilized and is also observed in the same ratio to its expected 

frequency as DMD defects in this region, suggesting that it is severe enough that these 

patients seek medical attention at rates similar to those of severely affected DMD patients. 

We have identified one report of this edit in the literature that has clinically meaningful 

progression data. In that case, the Δe45–53 patient has an age of DCM onset of 36 years,18 

significantly below the median of 43 years in the relevant cohort in that study, making it a 

comparatively severe case as expected from the analysis described above.

Consequences.

Empirically, this study shows that alternative exon skip repairs can result in repaired proteins 

of very different stabilities. In this case, we found that the Δe46–54 repair is significantly 

more stable than the Δe45–53 or Δe47–55 repair. This means that DMD defects Δe46–53 or 

Δe47–54 can be repaired in two different ways, with different consequences with respect to 

the nature of the protein produced. While the experimental evidence is clear on which edit is 

more stable, it does not shed light on the molecular details of why this is. Computational 

studies suggest that this can arise in different ways. Perturbation of the edit site is the most 

obvious way and is the case for Δe47–55, where most of the disrupted residues are in the ES 

region. Juxtaposing amino acids that did not evolve to be in the proximity might quite 

naturally be expected to produce suboptimal interactions and reduced stability. However, a 

subtler effect is seen in Δe45–53, which has the largest experimentally observed 

destabilization. In this case, the edit produces changes in the global tertiary structure that 

destabilize regions distal to the edit site, in particular the junction regions between adjacent 

STRs. In all known high-resolution structures of multi-STR rods, the last helix of the leading 

STR propagates directly into the first helix of the next. Furthermore, the loop regions of the 

other helices (A–B loop of the leading STR, B–C loop of the following STR) are in the 

proximity of and interact with these junction regions. This then provides a model for how 

these edits perturb these structures: by the placement of different and unnatural 

combinations of these two loops and the junction helix together at each junction, essential 

stabilizing interactions that are present in naturally evolved tandem STR junctions are lost. 

In some cases, this may fortuitously result in productive interactions (i.e., in our most stable 

edit, Δe46–54), whereas in others, it might be destabilizing. This shows the idiosyncratic 

nature of exon editing and the value of both experimental and computational analysis of 

each edit in identifying such compatible and incompatible junctions. Overall, our MD results 

suggest that the consequences of an exon edit can impact structure in a number of distinct 

ways.
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This heterogeneity may be less than satisfying in terms of providing a simple or uniform 

explanation for exon edit stability and suggests that a simple heuristic understanding of the 

exon edit impact at the protein level may not be possible. However, it illuminates possible 

origins of these differences and emphasizes that each repair should be understood on a case 

by case basis. This highlights the need for a thorough analysis of each edit and suggests that 

a combined experimental and computational approach can provide meaningful comparisons 

in cases in which alternative exon skipping repair is possible.

This is most crucial in cases in which a clinical choice may be made. Currently, there is only 

one choice for exon skipping, eteplirsen (Exondys51), which targets exon 51. However, 

clinical trials for compounds targeting exons 44, 45, and 53 are underway (i.e., 

NCT02329769, NCT02500381, and NCT01957059, respectively), and preclinical programs 

exist for many other exons. If development of the therapies targeting these new exons is 

successful (and there is no reason to think they will pose any greater regulatory hurdles than 

exon 51), the prospect of patients and their physicians facing a choice about which to use 

will become a reality. Because the disease is slowly progressive, it seems likely that the 

consequences of this choice will manifest only after years of therapy. Some serious 

symptomology such as DCM generally develops only in the second or later decades of life 

and may be exacerbated, or ameliorated, by the choice of therapy made decades earlier, and 

careful consideration of this choice may be important for optimal clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
All possible exon edits in the hot spot 2 region, exons 42–60. Viable exon edits result in in-

frame fusion if the ending phase of the 5′ remaining exon is compatible with the starting 

phase of the 3′ remaining exon. There are three possible reading frames for each exon 

boundary {<, |, >} corresponding to the protein reading frame at the exon junctions {−1 or 

one base before the end of a codon, 0 or at the codon boundary, 1 or one base into a codon}. 

The approximate STR boundaries are also shown in alternating green and yellow, although it 

must be emphasized that STR boundaries do not exactly correspond with exon boundaries. 

There are 64 in-frame fusions (f45>55 is a deletion of 46–54 fusing exons 45 and 55 at a 

phase 1 boundary). Blank cells are unviable, out-of-frame DMD defects. Alternative repairs 

occur when skipping of either the 5′ or the 3′ exon converts a DMD defect into an in-frame 

edit. These lie in pairs along a diagonal as shown. Of the 64 possible edits, 31 share this 

property. We selected three edits that comprise two alternative repairs: f44|54, f44>55, and 

f45|65, shown in bold and more conventionally referred to by the exons deleted, i.e., Δe45–

53, Δe46–54, and Δe47–55, respectively.
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Figure 2. 
Cloning strategy. Target proteins were expressed in both D16:22 and D16:24 parent 

molecules. At the top, the exon structure is shown in alternating pink and blue bars, aligned 

with the STR structure in this region. There are two alternative alignments describing the 

end points of dystrophin STRs as described in the text, KK and WGK. These differ by at 

most eight amino acids, so we utilized end points that are eight amino acids larger than the 

KK alignment to be compatible with both, as in our previous work on wild-type and exon-

edited STRs. Polymerase chain reaction and Gibson assembly were used to achieve the exon 

edits (indicated by the dashed lines) to add glutathione S-transferase (GST) and His9 affinity 

tags.
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Figure 3. 
CD structure and stability. CD and thermal denaturation yield secondary structure and 

unfolding energies as measures of stability. The left panels show CD spectra at 25 °C, with 

cyan showing D16:22 and blue D16:24 parents. The right panels show raw thermal 

unfolding profiles and the derivative plots for each system for the temperature range of 0.5–

98.5 °C. Fit curves in pink (D16:22) and red (D16:24) show the three-component secondary 

structure analysis of the CD spectra. Fit curves in the raw thermal denaturation profiles 

(center) indicate the FFT-filtered data, and the derivative plot (right) shows the 

thermodynamic fit used to determine Tm and ΔH (which is inversely proportional to peak 

width). The gray vertical line is at the physiologically relevant temperature of 37 °C. This 

shows the greater stability of Δe46–54 with respect to the other edits, especially with regard 

to ΔH as shown by the very sharp transition. Indeed, the other edits are beginning to unfold 

at physiological temperatures.
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Figure 4. 
Concordance of experimental stability measures. Various measures of good stable structures 

are compared for the three target edits in the D16:22 (cyan) and D16:24 (blue) contexts. In 

all cases, the Δe46–54 edit is more stable and shows better structure than either Δe45–53 or 

Δe47–55. All data shown are means of n > 3 experiments from at least two independently 

produced batches of protein, and error bars reflect one standard deviation. Thick lines above 

indicate statistically significant differences at the P < 0.005 level (two-tailed), and thin lines 

at the P < 0.05 level (all with effect size d > 2). Complete P and d values are listed in Table 

S1. For comparison, values for wild-type 2STR constructs in the region being studied are 

shown by gray dashed lines, as described in the text. Only the more stable Δe46–54 lies 

within the range for all measures.
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Figure 5. 
Protease challenge. Target proteins were exposed to various concentrations of proteinase K 

under standard conditions and analyzed by SDS–PAGE. Molecular mass standards (leftmost 

or rightmost lane) are at 80, 60, 40, 30, 20, and 10 kDa. In the rest of the gel lanes, the level 

of proteinase K varies from high to low from left to right, respectively, as shown in the 

graphs. The amount of full-length protein remaining was assessed by densitometry and fit as 

described to an exponential decay, yielding a half-life value, PK50. Once again, Δe46–54 

was the most stable as assessed by its resistance to proteolysis.
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Figure 6. 
Initial models. All targets were modeled by Robetta to produce typical STR-like triple-α-

helical bundles. Shown are Δe45–53 (top), Δe46–54 (middle), and Δe47–55 (bottom). The 

location of the edit site is at the transition from pink to blue. Junction sites J1 (left) and J2 

(right) are colored darker pink and blue, respectively. The triads of internal hydrophobic 

sites (see also Figure S2) selected to define each “STR vector” are colored brown.
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Figure 7. 
Initial and dynamic helicity during MD runs. Shown are the average helicity values at each 

residue during the three long 1.75 μs MD runs (red, green, and blue plots) for each target 

protein, compared to the initial model starting structure of each model. The edit site, ES, and 

Junction regions are colored yellow. This shows dynamic unfolding of the junction regions, 

but to different extents in the three edits studied.
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Figure 8. 
Helicity of the edit site, ES, and junction regions J1 and J2. The fraction of frames with gaps 

of nonhelical amino acids of various sizes in the J1, J1, and ES regions is shown. All three 

edit sites (ES) are largely helical and well-formed, whereas Δe45–53 has both J1 and J2 

junctions with significant unfolding, in fact typically more than a full turn (3.6 residues) of 

an α-helix. This illustrates that a large portion of the effect of these edits is felt not locally, at 

ES, but distal to the specific edit site at the junctions. For Δe46–54, only junction J2, which 

partially overlaps with ES, was significantly perturbed. However, the low degree of ES 

unfolding shows this unfolding is skewed to the junction, not the edit site. Finally, Δe46–54 

had junction sites and an edit site that remained largely helical. Junctions are classified as 

wild-type (wt) or non-wild-type (nonwt) as described in the text, and the nonwt junctions 

show larger losses of helicity.
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Figure 9. 
STR bending in relation to junction helicity. The left side shows the correlation between A1 

and A2 within each edit, and the right side the correlation between angle bending and loss of 

J1 or J2 helicity. Δe43–55 show two distinct populations based upon bending of angle A2. 

We note that in increases in A1 are correlated with an increased level of unfolding at J1 (but 

not J2), suggesting that loss of helicity here is contributing to the increased flexibility of this 

edit. For A2, both Δe45–53 and Δe46–54 have a broad distribution centered around ~45° but 

extending beyond 90°; these are also both of the edits that exhibit significant J2 unwinding 

(8). In contrast, Δe47–55 showed almost no loss of J2 helicity [<30% of frames with any 

unfolding and a mean gap size of 0.55 (see Table 3)] and angle 2 distributed in a lower and 

more narrow range centered around 15°.
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Figure 10. 
Correlation analysis of residue motion for each edit. Locations of ES are highlighted with 

blue lines. Intra-STR interactions are seen by a characteristic STR box motif (see Figure S5 

for interpretation). We see this very easily in Δe45–53 and Δe46–54 and even in the second 

and somewhat in the first STR of Δe47–55. However, the third STR of Δe47–55 is 

significantly disrupted, with long helical correlation breaking up into much shorter-range 

interactions. We note that this is not a general consequence of edit site (ES) location, as ES 

in Δe45–53 is squarely in the middle of STR2, which is not perturbed. Off-diagonal inter-

STR interactions are seen strongly for J1 but are absent for J2 of Δe46–54, in agreement 

with the increased level of unfolding of J2 but not J1 for this edit (as seen in Figure 8).
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Figure 11. 
MMGBSA energy of interaction. (A) Total pairwise interaction for all residues within each 

STR of each edit. Values shown are averages calculated over the three 1.75 μs runs, with 

error bars of one standard deviation. Statistical significance at the criteria specified [P < 

0.005; d > 2 (all values listed in Table S2)] is indicated by bars near the top. STR1 is a wild-

type (wt) STR, does not contain any edit sites, and has the same primary sequence for all 

targets; the total STR energies are quite similar. The edit site in Δe45–53 occurs in STR2, 

which is a hybrid (hyb) STR in this case, consisting of part of wild-type D17 and D21; it 

exhibits an energy that is lower than that of STR2 of Δe46–54 or Δe47–55. Similarly, STR3 

of Δe47–55 is a hybrid STR in this target; it too exhibits an energy that is lower than that of 

STR3 of the other targets. For Δe46–54, the edit site occurs near the end of STR2, very close 

to its junction with STR3, and STR2 is very nearly wild-type, indicated as wt*. (B) 

Individual pairwise interaction energies for the W277 and W284 heptad triads of Δe45–53 

and Δe46–54 and the homologous V270 triad of Δe47–55 (see Figure S2 for the position of 

these in the alignment and Figure 6 for a view of these positions in the models). We note that 

when the edit replaced this W with a smaller and less hydrophobic V, the interaction energy 

is reduced and is an example of how the overall destabilization occurs for these edited STRs.

Manyuan et al. Page 32

Biochemistry. Author manuscript; available in PMC 2020 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Manyuan et al. Page 33

Table 1.

Exon Repairs in This Study
a

DMD-type defect (out of frame) exon skip target in-frame repair edit studied

Δe46–53
exon 45 Δe45–53

exon 54 Δe46–54

Δe47–54
exon 46

Δe47–55
exon 55

a
Edits in this study were chosen to be alternative repairs of specific DMD-type defects.
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Table 3.

Junction and Edit Site Unfolding Metrics
a

mean nonhelical gap size fraction of frames with a nonhelical gap

ES Jl J2 ES Jl J2

Δe4S–53 0.01 2.22 1.77 0.01 0.74 0.78

Δe46–54 0.12 0.59 2.59 0.06 0.26 0.89

Δe47–55 0.46 0.50 0.55 0.21 0.25 0.30

a
Non-wild-type junctions, as described in the text and Figure 8, are highlighted in bold.
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Table 4.

Explicit MD Movement
a

rmsd from

cluster abundance size 1 2 3 4

Δe45–53

1 0.62 21.1 13.5 27.0 21.3 23.2

2 0.17 19.7 30.6 20.9 26.2 35.8

3 0.06 18.0 23.5 24.3 17.2 29.9

4 0.06 19.6 20.5 32.5 27.6 20.5

Δe46–54

1 0.88 20.6 13.9 24.7 19.8 22.6

2 0.03 21.4 25.8 16.1 28.4 31.7

3 0.02 18.7 22.1 29.4 25.0 14.8

4 0.02 19.4 21.3 28.7 24.5 14.3

Δe47–55

1 0.92 19.1 12.0 19.6 20.0

2 0.03 18.8 18.3 17.9 24.7

3 0.02 20.4 18.4 25.1 16.0

a
Explicit MD runs were begun from conformation points produced by cluster analysis of the implicit standard data set. Clusters with >1.5% 

abundance were used (four for Δe45–53 and Δe46–54 and three for Δe47–55). The abundance and size (rmsd) of each cluster are indicated. We 
then monitored the average rmsd of each trajectory from the representative structures of each of the other clusters. If solvation differences between 
implicit and explicit runs perturbed the energetics, then some clusters would be expected to rapidly evolve away from their starting points toward 
another cluster. The lowest-rmsd (closest) cluster is highlighted in bold. In fact, most stayed closest to their starting structure and within the size of 
the starting cluster. The sole exceptions are the lowest-abundance cluster in Δe45–53, which appeared to evolve to a point midway between cluster 
1 and cluster 4, and the third cluster of Δe46–54 which appears to have evolved into another very low abundance (2%) cluster 4. This suggests that 
solvation model difference effects are not extreme.
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