Structural Fingerprinting of Antisense Oligonucleotide Therapeutics by Solution NMR Spectroscopy
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Abstract
	Antisense oligonucleotide (ASO) therapeutics are an emerging class of biopharmaceuticals to treat and prevent diseases, particularly those involving “undruggable” protein targets. Impurities generated throughout the ASO drug manufacturing and formulation pipeline can be detrimental to drug safety and efficacy; therefore, analytical techniques are needed to rigorously characterize these molecules for quality assurance purposes. To this end, we demonstrate nuclear magnetic resonance (NMR) spectroscopy methods that can generate high-resolution structural “fingerprints” of ASOs. 1D 1H and 31P measurements are shown to provide rapid initial assessment of the ASO integrity. In particular, a well-resolved pair of 31P signals arising from the 5´-end of the phosphorodiamidate morpholino oligomer (PMO) are sensitive to complex formation and oligomerization state. 2D 1H-1H, 1H-13C, and 1H-15N experiments, although less sensitive, are further shown to enable assignment and tracking of changes in structure at high-resolution during the drug development and manufacturing processes. We anticipate that the described NMR approaches will be broadly applicable to fully formulated ASO therapeutics, including modalities other than PMOs. 

INTRODUCTION
Nucleic acids are an emerging therapeutic platform and are being developed to treat a wide variety of diseases including those where current drug development efforts have failed [1–4]. Most of the short oligonucleotide therapeutics approved by the U.S. Food and Drug Administration (FDA) are anti-sense oligonucleotides (ASOs), which target complementary messenger RNA (mRNA) sequences to silence gene expression by RNase H-dependent decay or to modulate exon content via RNA splicing. Another class of therapeutically relevant nucleic acids are mRNA vaccines[5], which are currently inaccessible to NMR fingerprinting techniques due to their large molecular weight and therefore will not be discussed further. For short oligonucleotide therapeutics, drug development requires overcoming the poor pharmacological properties of nucleic acids, which are highly susceptible to degradation by ubiquitous cellular nucleases, through chemical modifications of the backbone, sugar, and/or base regions. One approach involves the substitution of the native sugar-phosphate backbone of nucleic acids (NAs) with methylmorpholine rings connected via phosphorodiamidate linkages to create a phosphorodiamidate morpholino oligomer (PMO) [6,7]. As of May 2022, there are four FDA-approved PMOs, Eteplirsen (Exondys 51), Golodirsen (Vyondys 53), Viltepso (Viltolarsen), and Casimersen (Amondys 45) all for the treatment of Duchenne muscular dystrophy (DMD) [2]. In addition to chemically modifying the nucleic acid, drug development requires the optimization of formulation conditions, including salinity and pH, to ensure that the therapeutic is stable under the conditions required for clinical administration [8]. During the drug manufacturing process, several structural impurities, including aggregates, are potentially generated that require identification and quantification to ensure drug safety and efficacy [9,10]. Therefore, practical and robust high-resolution techniques are required to characterize the chemical and structural integrity and stability of ASOs. 
Here, we explore high-resolution NMR methods to structurally “fingerprint” model ASOs (Fig. 1), with an eye to translating these methods for establishing chemical and structural quality during drug development. This study extends our previous work that demonstrated the use of NMR approaches for fingerprinting siRNA therapeutics [11]. 1D 1H and 31P measurements provide a rapid initial assessment of the ASO integrity in seconds (s) to minutes (min), although at a relatively low-resolution. 2D 1H-1H, 1H-13C, and 1H-15N, although less sensitive than the 1D experiments, provide high-resolution structural information, with experiment times ranging from hours (h) to days (d). The methods described herein are generalizable and broadly applicable to ASOs and other nucleic acid-based therapeutics. 

MATERIALS AND METHODS
Sample Preparation
The sense and antisense strands (Fig. 1) of the nucleic acid (NA) were purchased from Integrated DNA Technologies (IDT, Coralville, IA) and purified by denaturing polyacrylamide gel electrophoresis (PAGE) as described previously [11]. The model antisense PMO was purchased from Gene Tools (Philomath, OR) and purified on an ÄktaTM FPLC Purifier (GE Healthcare, Chicago, IL) using a size-exclusion SuperdexTM 30 Increase 10/300 GL column (Cytiva, Marlborough, MA) with 50 mM Na3PO4 pH 6.5, 150 mM NaCl, 0.05 % NaN3, and 30 % acetonitrile as the running buffer (Supplementary Fig. S1). The absorbance was monitored at 260 nm. Fractions (0.5 mL each) containing the PMO were pooled and concentrated using a 4 mL 3 kDa centrifugal filter (Millipore-Sigma, Burlington, MA). The duplex NA and PMO:NA hybrid were prepared by mixing the complementary strands in a 1:1 molar ratio, denaturing at 95 °C for 2 min, and annealing by slow cooling to room temperature. The samples (antisense-NA, antisense-PMO, duplex-NA, and PMO:NA hybrid) were exchanged five times into NMR buffer (10 mM Na3PO4 pH 6.5, 50 mM NaCl, 0.02 % NaN3, 0.1 mM DSS-d6, and 5 % D2O), concentrated to 0.3 mL using a 0.5 mL 3 kDa centrifugal filter (Millipore-Sigma, Burlington, MA), and transferred to 5 mm Shigemi tubes (Cortecnet, Brooklyn, NY) for NMR measurements. The final oligonucleotide concentrations used for NMR analysis were as follows: 2 mM antisense-NA, 2 mM duplex NA, 1 mM antisense-PMO, and 0.5 mM PMO:NA hybrid. 
NMR Data Acquisition and Processing
1D 1H and 2D 1H-1H, 1H-13C, and 1H-15N NMR measurements were collected on 600 MHz and 900 MHz Bruker AVANCE III spectrometers (Billerica, MA) equipped with actively shielded z-axis gradient triple resonance TCI cryoprobes (referred to as the cryo600 and the cryo900, respectively). 1D 1H and 31P data were recorded on a 600 MHz Bruker AVANCE I spectrometer equipped with a BBFO probe and triple axis gradient system (referred to as the RT600). All measurements were performed in water (95 % H2O / 5 % D2O), which reflects drug formulation composition, with exchangeable and non-exchangeable 1H data collected at 10 °C and 25 °C, respectively. Solvent suppression was achieved via WATERGATE [12] and water flip-back [13]. The referenced 1H, 13C, and 15N, chemical shift values for the PMO:NA hybrid are provided in Table S1. The duplex NA was previously assigned and can be found in the BMRB under accession number 51155 [11]. 
NMR fingerprints were collected on the RT600, cryo600, and cryo900 with samples prepared under typical formulation conditions and spiked with 5 % D2O for a field-frequency lock and 0.1 mM sodium trimethylsilylpropanesulfonate (DSS-d6) as an internal reference. 1D fingerprints were collected with 200 ms acquisition times, 2 s interscan delays, 8 or 32 scans for 1H measurements, and 1,024 scans for 31P experiments. 2D 1H-13C HSQC fingerprints were collected with 128 or 512 scans per increment, 140 ms and 9.4 ms acquisition times in 1H (t2) and 13C (t1) dimensions, respectively, 50 % non-uniform sampling (NUS) [14], and a 1.5 s relaxation delay. For the aliphatic 1H-13C HSQC, a selective excipient reduction and removal (SIERRA) filter [15] was applied at 2.6 ppm (1H) and 36 ppm (13C). 2D 1H-1H NOESY fingerprints (tmix = 300 ms) were collected with 64 scans per increment, 140 ms and 20 ms acquisition in the direct (t2) and indirect (t1) dimensions, and 1.5 second relaxation delays. 2D 1H-15N SOFAST-HMQC [16,17] fingerprints were collected with 16,384 scans per increment, 50 % NUS, 50 ms and 8.8 ms acquisition times in 1H (t2) and 15N (t1) dimensions, respectively, and a 0.4 s relaxation delay. For the imino 2D 1H-15N SOFAST-HMQCs, Pc9 [18] 90° excitation and Reburp [19] 180° refocusing pulses were applied with a 6 ppm bandwidth and a carrier offset of 12 ppm. 2D 1H-13C HMBC were collected with 128 scans, 140 ms and 0.4 ms acquisition times in 1H (t2) and 13C (t1) dimensions, respectively, and a 1.0 s relaxation delay. The long-range 1H-13C coupling constant was optimized to 8 Hz and a two-fold low-pass J-filter was applied to remove one-bond couplings. 2D 1H-31P CPMG-HSQC[20] were collected on the antisense PMO, duplex NA, and PMO:NA hybrid exchanged into 99.96 % D2O with 128 scans and a 1.5 s relaxation delay. The 1H-31P HSQC data were recorded with 200 ms acquisition times in 1H (t2) and 99 ms, 53 ms and 18 ms acquisition times 31P (t1) for the duplex NA, antisense PMO and PMO:NA hybrid, respectively. The differences in acquisition times in the 31P (t1) dimension are due to the larger sweep-width the PMO:NA hybrid needed to resolve both phosphate (PO) and phosphorodiamidate (PN) correlations. The 5´-PN signals were folded in the antisense PMO 1H-31P spectrum for ease of acquisition. Total experiment times for the 1D fingerprints ranged from 30 s to 40 min while the 2D data ranged from 4 h to 2 d. 1H chemical shifts were internally referenced to DSS (0.00 ppm) and 13C and 15N using the frequency ratios 13C/1H = 0.251449530 and 15N/1H = 0.101329118, where 1H refers to the frequency of the internal DSS signal [21]. The 31P chemical shifts were externally referenced to 85 % H3PO4 (0.00 ppm) [22]. All data were collected with TopSpin v3.6.1 (Bruker, Billerica, MA), processed with NMRPipe 10.9 [23] and analyzed with NMR View v9.2.0-b27 [24]. NUS data reconstruction was accomplished using the iterative soft thresholding (IST) method [25].

RESULTS AND DISCUSSION
Design of Model Antisense Oligonucleotides 
To illustrate the different possible NMR fingerprinting strategies for ASOs, we chose the pharmaceutically relevant PMO backbone modification that is represented in 4 approved drug products and compared these against native NAs. (Fig. 1)[2]. None of these constructs have a therapeutic target but rather represent ‘model’ ASOs in terms of commonly used oligonucleotide modifications and have the same randomly generated sequence as the model oligonucleotides used in our previous NMR fingerprinting study of siRNA therapeutics [11]. For direct comparison of the NMR fingerprinting methods, the base sequences are the same (except for the U to T substitution for the PMO) and only the chemical modifications have been changed.
 All constructs contain the native NA nucleobases adenine (A), cytosine (C), guanine (G), thymine (T)/uracil (U) but have different sugar-backbone chemistries defined as RNA (r), DNA (d), or PMO (p). In this study, we used three single-stranded oligonucleotides and two double-stranded constructs produced by mixing the single-stranded sequences as model ASO drugs (Fig. 1). In all cases, the formulation buffer (50 mM sodium chloride, 10 mM sodium phosphate pH 6.5) was chosen to model what is often used in approved drug products. The first sequence is a 17-mer single-stranded NA, designated antisense-NA, which contains native RNA nucleotides, except the dTdT overhangs at the 3´ ends. The second construct is a 17-mer single-stranded PMO, referred to as antisense-PMO, which has the same sequence as the antisense-NA except the three Us are substituted for Ts. The third sequence is a 17-mer single-stranded NA, dubbed sense-NA, that is complementary to the antisense constructs and contains native RNA nucleotides except for the terminal dTdT. For NMR characterization, the sense-NA was hybridized to the antisense-NA and antisense-PMO to create the duplex NA and PMO:NA hybrid, respectively (Fig. 1). 
Chemical Shift Assignments
	Although NMR assignment strategies are well-documented for short double-stranded DNAs and RNAs [26–28], to our knowledge none have been reported for PMO and PMO:NA hybrids. Like single-stranded NAs, the single-stranded antisense-PMO lacks a well-defined secondary structure. Therefore, resonance assignment was not possible using standard NOE based NMR approaches; rather, only general assignments could be made based on the different chemical groups (i.e., aromatics, iminos, etc) within the antisense-PMO (Supplementary Fig. S2). When the antisense-PMO was complexed to the complementary sense-NA, partial assignment of the double-stranded PMO:NA hybrid was possible due its adoption of a secondary structure (Supplementary Fig. S3). However, each phosphorodiamidate linkage in the PMO contains a chiral phosphorus center, which results in one of two possible diastereomers (Rp and Sp). Taken over the entire PMO, there are 2n = 217 = 131,072 possible diastereomers, each potentially with their own chemical shift. As observed with oligonucleotides containing chiral phosphorothioate linkages, the presence of multiple diastereomers results in severe spectral complexity and overlap that hinders complete resonance assignment [11,29]. However, for certain groups, such as the iminos (U H3, G H1s) and aromatics (A H2s), the diastereomers are grouped together in well-defined regions that allows them to be confidently assigned using standard 2D NMR measurements, such as 1H-1H NOESY, 1H-15N SOFAST-HMQC, and 1H-13C HSQC (Supplementary Fig. S3, Supplementary Table S1). 

1D NMR Fingerprinting Strategies
	In a manner similar to our previous work with siRNA therapeutics [11], 1D 1H and 31P fingerprints were collected on the antisense-NA, duplex NA, antisense-PMO, and PMO:NA hybrid to evaluate their potential for rapid, global structural assessment of the oligonucleotide samples (Fig. 2, Fig. 3, Supplementary Fig. S2). The 1D 1H measurements, which report on all hydrogen atoms in the model ASOs, were collected in under 30 s on the cryo600/cryo900 and under 2 min on RT600 (Fig. 2). Although quite sensitive, the 1D 1H experiments suffer from low resolution due to the narrow chemical shift region (approximately 15 ppm) over which all the hydrogens (approximately 200 hydrogen signals for the antisense-NA and antisense-PMO and approximately 400 for the duplex NA and PMO:NA hybrid) resonate. While the single-stranded antisense-PMO and antisense-NA are largely unfolded, as suggested by our inability to apply standard NMR methods to obtain chemical shift assignment, a few resonances within the 10 ppm – 15 ppm imino region are observed, indicating the presence of hydrogen bonds and some residual structure (Fig. 2, bottom spectra). Interestingly, the antisense-NA spectrum displays sharp, well-resolved 1H signals, while the antisense-PMO has broad, poorly defined peaks, which is likely attributed to large diastereomeric distribution, intermediate exchange on the NMR time scale, or a higher oligomerization state. Despite the broadness of the PMO signals, these resonances still provide a comprehensive read-out of the overall chemical structure of the PMO. As seen for siRNA oligonucleotides, any change in this read-out could indicate a perturbation in an important quality attribute.
In the duplex NA, imino hydrogens (G H1 and T/U H3) are observed in the 10 ppm – 15 ppm range and indicate the presence of base-pair hydrogen bonding and formation of stable secondary structure (Fig. 2A, upper spectrum). Although normally quite resolved in the duplex NA, the imino 1H region is severely broadened in the PMO:NA hybrid, most likely due to multiple diastereomers (Fig. 2B, upper spectrum). Regardless, the imino 1H signals arising from the PMO:NA hybrid indicate hydrogen bonding between the antisense-PMO and its complementary sense-NA. Moreover, the change in the position of assigned resonance signals between the duplex NA and PMO:NA hybrid spectra also suggest a difference in the duplex structures that likely arises from alternations in base stacking caused by the modification of the phosphodiester backbone. 
As with other oligonucleotide drugs[11], the 1D 31P fingerprint offers a unique and sensitive (100 % natural abundance) handle for assessing the PMO backbone. The 31P signals from the phosphate (PO) and phosphorodiamidate (PN) backbone resonate in distinct chemical shift regions (Fig. 3). The antisense-PMO does not contain any POs, except for the phosphate buffer (Pi), and therefore the PO 31P signals in the PMO:NA hybrid arise solely from the complementary sense-NA (Fig. 3A). The PN backbone signals resonate around 19 ppm – 24 ppm and are sharper in the duplex compared to the single-stranded antisense-PMO (Fig. 3B). While the bulk PN and PO (in the duplex form) signals offer low resolution, there is one resolved pair of 31P signals at approximately 24 ppm, which can be attributed to the single phosphorus atom at the 5´-end of the PMO (5´-PN) based on its chemical shift and can be confirmed by assignment (Supplemental Figure S4). These two 31P signals, which correspond to Rp and Sp diastereomers, may prove useful as handles to follow the PMO through the various stages of the drug development and manufacturing pipeline. For instance, these 31P linewidths are approximately twice as sharp in the PMO:NA hybrid compared to the antisense-PMO, which is indicative of structuring upon duplex formation (antisense-PMO: 12.42 Hz and 13.60 Hz; PMO:NA-hybrid: 5.32 Hz and 6.51 Hz). Since some PMO sequences are prone to aggregation [30], this 31P signal could also be used to monitor the oligomerization state of the PMO. 

2D NMR Fingerprinting Strategies
	2D 1H-1H and 1H-X (13C or 15N) correlations can provide improvements in resolution over their 1D counterparts by dispersing signals along a second chemical shift axis and through spectral editing. 2D 1H-1H NOE correlations benefit from the high natural abundance of 1H (99.99 %) and provide structural information on hydrogens that are close to one another (within 5 Å). In NAs, the 1H signals resonate within a narrow 15 ppm window, but the 13C/15N nuclei have broader chemical shift dispersions of approximately 165 ppm that can be leveraged with 2D 1H-X experiments [27,28]. Despite the low natural abundance of 13C (1.1 %) and 15N (0.4 %), modern NMR hardware and acquisition techniques allow now for routine collection of 2D 1H-X NMR data in hours to days and so can be applied directly to a drug product without the need for isotopic labeling [11,31–33]. In general, single-stranded oligonucleotides (e.g., NAs or PMOs) afford broad signals (see below) that are difficult to interpret, although it is conceivable that they may still provide a unique fingerprint for chemical integrity. However, annealing the PMO to its complementary sense strand yields a structured hybrid duplex and much sharper spectral lines. Coupled with (even partial) resonance assignments, rational assessment of the fingerprints may be possible. In this section, we present the variety of 2D fingerprinting methods, focusing mostly on the PMO:NA hybrid duplex.
	Imino 2D 1H-15N SOFAST-HMQC correlations, which provide base-pairing and secondary structure information, were collected on the PMO:NA hybrid (Fig. 4A). The imino 1H signals, which are severely overlapped in the 1D 1H experiment (Fig. 2B, upper spectrum), are adequately resolved by correlation to the attached nitrogen (G N1, T/U N3) in the 2D spectrum. Even in the absence of complete assignments, the iminos can be distinguished by their 15N chemical shift, with the G N1s at 145 ppm – 150 ppm, T N3s at 155 ppm – 160 ppm, and U N3s at 160 ppm – 165 ppm. The imino 15N chemical shift does not reflect whether the residue is a PMO or NA since both pG and rG resonate in the same region. However, T’s and U’s can be distinguished by 15N chemical shifts and so signals arising from base-pairs containing these nucleotides can be readily assigned to PMO or NA residues in our model system. Although a powerful method to access secondary structure, the imino 2D 1H-15N correlations require long acquisition times (0.5 d – 2 d), cold temperatures (≤ 20 °C), and acidic conditions (4.5 ≤ pH ≤ 6.5) due to the low natural abundance of 15N and rapid solvent exchange of imino hydrogens at higher temperatures and alkaline pH. Furthermore, the 2D imino measurements are only applicable to systems with well-defined base-pairing and secondary structure(s). 
	Aromatic 2D 1H-13C HSQC correlations focus on the non-exchangeable hydrogens in the nucleobase, which are insensitive to solvent exchange, and therefore can report on both double- and single-stranded regions (Fig. 4B, Figure S8). Furthermore, these measurements can be acquired in shorter timeframes (4 h - 16 h) without any temperature or pH requirements. In the PMO:NA hybrid, the aromatic A H2s observed in the carbon correlated fingerprint spectra could be assigned from NOEs to their base-paired imino U/T H3s observed in a 2D NOESY spectrum (Supplementary Fig. S3). Although the aromatic H6/H8-C6/C8s could not be confidently assigned from NOE data, the pattern of signals arising from these residues in the fingerprint spectrum can provide additional useful information when analyzed by chemometrics methods, as has been demonstrated with protein-based therapeutics [34,35]. However, chemometric assessment of the NMR fingerprints are beyond the scope of the current study and will be investigated in the future.
	2D 1H-31P HSQC correlations were collected on the model oligonucleotides in D2O to fingerprint the backbone and termini regions of this therapeutic class (Figure 4C, Supplementary Fig S4, Supplementary Fig. S5). To mitigate the adverse effects of water suppression on the surrounding aliphatic 1H signals of interest, the oligonucleotides were exchanged into D2O, as we did in our previous study on phosphorothioate modified siRNAs[11]. Although the PO 31P signals resonate within approximately 1 ppm of one another, the PN 31P signals are dispersed over approximately 5 ppm affording higher resolution (Supplementary Fig. S5). The majority of the 1H-31P correlations arise from the DMA hydrogens to the attached PN for the PMOs and the H3´ and H5´/H5´´ to the PO. Although atomic level assignments were not possible, useful structural information may be obtained through principal component analysis (PCA), as has been demonstrated for protein-based therapeutics[34,35]. 
In addition to use in assignment, 2D 1H-1H NOEs were also collected on the antisense-PMO and PMO:NA hybrid for fingerprinting purposes (Supplementary Fig. S3, S6). Despite the spectral overlap resulting from multiple diastereomers, the 2D 1H-1H NOEs provide information on the distribution of stereoisomers that can be used to ensure batch-to-batch reproducibility and comparability between different drug manufacturers. Furthermore, in phosphorothioate modified oligonucleotide drugs, different stereoisomers have varying levels of therapeutic efficacy [36,37] and therefore, techniques that report on the diastereomeric composition may prove useful at ensuring high drug efficacy. The impact of diastereomeric purity on drug efficacy has yet to be determined for PMOs. The imino – imino, imino – amino/aromatic, and aromatic – anomeric regions are well-resolved in the PMO:NA hybrid as observed in NAs [11] (Supplementary Fig. S3). The 2.0 ppm to 3.5 ppm range is devoid of signals in NAs, but in the PMO:NA hybrid this region contains signals arising from aromatic (NA/PMO H2/H6/H8) – aliphatic (PMO H2´/H3´) and – dimethyl amine (PMO DMA) NOEs (Supplementary Fig. S6). This region is well-resolved and isolated from the water signal (4.7 ppm) and can therefore act as a unique fingerprint for this therapeutic class. Similar to how concentrated protonated excipients in biopharmaceutical formulations swamp the surrounding therapeutic signals[15], the strong DMA 1H signals, around 2.5 ppm, give rise to T1 noise artefacts that, coupled with long acquisition times (approximately 1 d), can limit the utility of the 2D 1H-1H NOESY experiment. Acidic conditions and low temperatures are also required to observe the imino (and amino) correlations, like the 2D 1H-15N SOFAST-HMQC; however, the non-exchangeable 1H correlations remain unaffected by temperature and pH. 
The 1H signals in the 2.0 ppm to 3.5 ppm range can be correlated to their attached 13C atom in an aliphatic region of the 2D 1H-13C HSQC (Fig. 4D). Although the anomeric and most of the aliphatic region are inaccessible in this spectrum due to interference of the large water signal, the PMO H2´, H3´, and DMA signals along with the NA H4´ and H5´ signals are largely unperturbed. These regions contain useful information on the puckering of the morpholino and ribose ring as well as the PMO backbone torsion angles. One caveat to these measurements is that the intense signals from the DMAs can swamp the surrounding aliphatic signals (Supplementary Fig. S7). To mitigate this problem, a SIERRA filter [15] was applied to attenuate the DMA signals at 2.6 ppm in 1H and 36 ppm in 13C (Fig. 4D, Supplementary Fig. S7).

CONCLUSION
	NMR structural fingerprinting methods are well established for small molecule- and protein-based therapeutics [32,33,38–43] but have only been recently introduced for applications to short oligonucleotide drugs [11]. NMR can provide a general and robust approach to obtain high-resolution information on the structure and stability of short oligonucleotide drugs. These methods can be applied under full formulation conditions, as has been demonstrated for protein based therapeutics using NMR filtering of excipient signals prior to collection of the NMR fingerprint[15]. If an excipient signal interferes with fingerprint signals from the oligonucleotide, this type of NMR filtering is equally applicable for ASO therapeutics as shown in the example of removal of DMA signals in Supplementary Fig. S7. Moreover, NMR fingerprinting provides a powerful approach to assess structural differences that may arise during the manufacturing process [10]. 
Despite the lack of clear regulatory guidelines from the FDA and ICH (International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use) for short oligonucleotides, the overall structural integrity and purity of this therapeutic class is paramount to drug safety and efficacy [44]. Further, the product-related impurity profile of short oligonucleotide therapeutics is divided into four classes, with class IV impurities, including abasic sites and unidentified impurities, requiring qualification due to their high impact on drug safety [10]. The other three classes of product-related impurities (classes I – III), although not posing a risk to patient health, can result in lower drug efficacy. For instance, phosphorothioate containing oligonucleotides are produced as a mixture of Rp and Sp diastereomers, which have been shown to have varying levels of therapeutic efficacy based on the diastereomeric distribution [36,37]. As a result, any changes to the manufacturing process that could afford a change in the diastereomeric distribution has the potential to impact the efficacy of drug products. Similar to phosphorothioate containing oligonucleotides, PMOs are produced as a mixture of Rp and Sp diastereomers that may also vary in their levels of therapeutic efficacy. Therefore, robust high-resolution techniques that report on the distribution of stereoisomers within a particular oligonucleotide sample could prove useful in ensuring batch-to-batch reproducibility between different manufacturing lots and processes.
Based on our results, NMR fingerprinting methods will likely have equal applicability to monitor single-stranded ASO chemical structure under formulation conditions. While these molecules may not be amenable to atomistic assignment, unlike the corresponding duplex NA, any structural perturbations could still potentially be read out using various NMR spectra. Degradation products, including aggregates and cleavage products, could likely be detected from the spectral perturbations of the NMR fingerprints[30,45], especially in light of the demonstrated sensitivity of chemometrics to detect very subtle spectral from perturbations for protein-based therapeutics [34]. Further investigation, however, will be required to fully evaluate the repeatability and sensitivity of the various NMR methods to detect functionally meaningful spectral changes that may have clinical relevance. With further demonstration of the method to specific case studies, we anticipate that the NMR measurements described herein and in our previous work [11] will find general use to the biopharmaceutical industry and federal regulatory agencies as a tool for ASO assessment throughout the various stages of the drug discovery and manufacturing processes. 
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Figure legends

Figure 1. Structure and sequences of the model ASO constructs studied. A) Chemical structure of a phosphorodiamidate morpholino oligomer (PMO). B) The sequences for the single-stranded sense-NA, antisense-NA, antisense-PMO, duplex NA, and PMO:NA hybrid. The antisense-NA and antisense-PMO sequences are written 3´ to 5´ to show how they base-pair with the complementary sense-NA to give the duplex NA and PMO:NA hybrid, respectively. The nucleotide residues are labeled with an “r” for RNA, a “d” for DNA, and a “p” for PMO. For the duplex ASOs, the predicted base-pairing and secondary structure are shown. 

Figure 2. Imino region of the 1D 1H spectra of the model therapeutics. A) Antisense-NA (black) and duplex NA (red) and B) antisense-PMO (black) and PMO:NA hybrid (red). The 1D 1H experiments were collected on the cryo900 and 10 °C. The peak assignments are colored and numbered according to the structures shown in Fig 1. 

Figure 3. 1D 31P spectra of the model PMOs. A) Phosphate (PO) region and B) phosphorodiamidate (PN) region of the 1D 31P spectra. The antisense-PMO is shown in black and the PMO:NA hybrid in red. The 1D 31P experiments were collected on the RT600 and 25 °C. 
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Figure 4. 2D NMR fingerprints of the PMO:NA hybrid. A) Imino 2D 1H-15N SOFAST-HMQC recorded on the cryo900 and 10 °C. B) Aromatic 2D 1H-13C HSQC collected on the cryo900 and 25 °C. C) 2D 1H-31P CPMG-HSQC collected on the RT600 and 25 °C. D) Aliphatic 1H-13C HSQC collected on the cryo600 and 25 °C with SIERRA filter applied. 

