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INTRODUCTION

We love NMR! Why??

 Primary quantification 
method (no response 
factor needed)

 Selectivity

 Resolution

 Structural information

 Diastereomers

 Non-destructive

 Online => real-time

 Why?
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PEPTIDES

Therapeutic peptides ‘the sweet spot’ for NMR

September 15, 2021 6Innovation with Integrity 

High dispersion spectral data

NMR applications

 Primary, secondary and tertiary structure [1, 2, 3]

 Dynamics 

 Binding [1,2,3]

 Similarity assessment [4] 

 Quantification (absolute and relative) [5]
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PEPTIDES

Total synthesis and structure determination of P41icf
a potent inhibitor of human cathepsin L

April 15, 2024 7Innovation with Integrity 7||Chiva C, Barthe P, Codina A ... Sakakibara S, Albericio F, Giralt, E, 2003,125:1508-1517

65 aa

NMR solution structure (cyan) and X-ray structure (PDB code 1icf) of the protein complexed with cathepsin L (red).
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PEPTIDES

Secondary and tertiary structure determination
Interactions between between SMRT DAD and HDAC3

Structural insights into the 
interaction and activation of 
histone deacetylase 3 by 
nuclear receptor corepressors

April 24 8Innovation with IntegrityCodina A, Love JD, Li Y, Lazar MA, Neuhaus D, Schwabe JW. Proc Natl Acad Sci U S A. 2005;102(17):6009-6014.
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GLUCAGON PEPTIDES

Glucagon maintenance of blood glucose in diabetic patients

May 24th , 2022 10Innovation with Integrity

 Insulin hyperglycaemia, stable in solution 

 Glucagon hypoglycaemia

 Glucagon fibrilizes rapidly at the acidic pH 
required for solubility => formulated as a 
lyophilized powder that is reconstituted in 
an acidic solution immediately before use

© 2024 Bruker April 15, 2024 10Innovation with Integrity ||https://news.mit.edu/2019/structure-glucagon-fibrils-0624
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GLUCAGON PEPTIDES

Glucagon study by ssNMR leads to rational drug design (MSD & MIT)

April 15, 2024 11

 ssNMR determined of fibrils of 
synthetic human glucagon. It 
revealed an unexpected amyloid 
structure, formed by two antiparallel 
β-sheets. The glucagon gradual 
structural changes from intrinsically 
disordered to a-helix and from a-
helix to β-sheets 

 The study opens the path for the 
rational design of glucagon 
analogues that resist fibril formation 
and increase the therapeutic 
efficacy of the drug.

Yongchao Su et al., https://news.mit.edu/2019/structure-glucagon-fibrils-0624

Martin et al., Nature Structural & Molecular Biology, 26, 592 (2019)
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GLUCAGON PEPTIDES
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GLUCAGON PEPTIDES

Glucagon analogs 2D NMR fingerprinting

April 15, 2024 13

GLP-1 reference and isomers @ 600 MHz
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GLUCAGON PEPTIDES

Solution NMR of glucagon-like-peptide Exenatide at 600 MHz

September 15, 2021 14Innovation with Integrity 

5 mm CP-TCI
3 mm CP-MNI

© 2024 Bruker April 15, 2024 14Innovation with Integrity ||

Exenatide 2mg in  170 uL H2O:CD3CN 
(65:35) in water/acetonitrile

 Antidiabetic drug

 Injected subcutaneously

 53% homology with human 
GLP-1

 Bind and activates GLP-1 
receptor=>  insulin, glucagon, 
slows gastric emptying  

https://pdb101.rcsb.org/global-health/diabetes-mellitus/drugs/incretins/drug/exenatide/exenatide
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OLIGONUCLEOTIDES

NMR study of nucleic acids

 NMR has been used for many 
years to determine structure of 
nucleic acid, dynamics and binding

 Low proton density of nucleic => 
rapid detection and identification 
of hydrogen bonds => assessment 
of folding and secondary structure

 3rd structure determination

 Unambiguously identify hydrogen-
bonding in (non)Watson–Crick 
base pairs with imino to nitrogen 
hydrogen bonds

 Fingerprinting -> quality 
assessment

 Stereochemistry

April 15, 2024 16Innovation with Integrity

Plavec J. (2022). NMR Study on Nucleic Acids. In: Sugimoto, N. (eds) 
Handbook of Chemical Biology of Nucleic Acids. Springer, Singapore. 

1H NMR  at 800 MHz of 1 mM GGTTGGTGTGGTTGG (A) 
CUCUGGGUCCGGGCUGGGUAUGGGAAC (B)

G

U

C

A
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide (16 chemically modified bases)

 11x PS  => 211 = 2048 diastereoisomers

 6 MOEs moieties

 2 2’-F ribose

 2 Met-C (mC)

 1C, 0U, 3T, 5A, 5G

 144 nmol  in 400 ul 25 mM sodium phosphate buffer in 
100% D2O (pH 7.1) 

 2x samples 200 uL (72 nmol, 0.4 mg, 0.36 mM) in 3 mm 
tubes

 Natural abundance

 Temperature 50°C

C T A A G A T G A C G T A G C5’- -3’
m

G
m

C

15 April 2024Innovation with IntegrityDr. Montserrat Terrazas, University of Barcelona
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 1 GHz 

Aromatic H2/H6/H8 Ribose H’1
Aromatic H5

Ribose 
H’2 /H’3 /H’4/H’5

Buffer and Impurities

CH3- MOE

-O- CH2-CH2-O- MOE

CH3 Thymine
CH3 Met-Cytosine

Ribose H’2F’2

DNA Ribose 
H’2 /H’’2

15 April 2024 19Innovation with Integrity
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 1 GHz 
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 600 MHz 

21Innovation with Integrity

1D 31P Multi Nuclei Inverse (MNI) probe 

Determination of PS/PO  ratio by integration 
11/3.85 vs Theoretical 11/4

15 April 2024

PS POPS
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 600 MHz

15 April 2024 22Innovation wit\h Integrity

 Distinctive 
pattern for 31P to 
H3’ / H4’ / H5’ 
correlations 

 Accurate 
fingerprint

 Sequential 
assignment 
partially possible

2D 1H-31P correlation MNI probe
Fingerprint PS region

Ribose H’3

Ribose  H’4/H’5

H3’

H4’

H5’, H5’’
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H1’

H4’

H2’/H3’
H5’/H5’’

DNA 
H2’/H2’’

H2’F’2
-CH2-CH2- MOE

-CH3 MOE

CH3 T
CH3 Met-C

Aromatic H2/H6/H8

OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 1 GHz

Distinctive pattern 
for different regions 
of the 
oligonucleotide

Accurate fingerprint 

2D 1H/13C HSQC

15 April 2024 23Innovation wit\h Integrity
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide 600 MHz vs 1 GHz

Significantly 
higher resolution 
obtained at 1 GHz

More accurate 
fingerprint

2D 1H/13C HSQC 600 MHz 1 GHz

H1’H1’

15 April 2024 24Innovation wit\h Integrity
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 1 GHz

2D 1H/13C HSQC - Fluororibose region

 2 x 2’-Fluororibose rings present, but 4 
distinct 19F signals detected

 2 x species detected at 50C

 PS group located next to the 2’-Fluoro 
ribose ring, one in the 3’ position and the 
other in the 5’ position

 The presence of R/S isomers gives rise 
to two signals for each H2’ or F2’ 
nucleus. 

 Signals are well separated when PS is at 
the 3’ position and less well separated 
when PS is at the 5´ position

1JC2’-F2’

2JH2’-F2’

53 Hz

187 Hz
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OLIGONUCLEOTIDES

Model Therapeutic Oligonucleotide at 1 GHz

Different 
lineshapes
observed for 
some cross-
peaks

2D 1H-1H TOCSY

H6-H5 region
C10

H6-CH3 region
mC T 
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OLIGONUCLEOTIDES

Distribution of 
diastereoisomers
observed for C10

Methyl groups show 
a more 
homogeneous 
behavior but 5 
peaks expected

and 8 or 9 signals       
observed

C10 experiences 
more strongly the 
effect of the PS 
diastereoisomers

2D 1H-1H TOCSY

Distribution of population
C10

H6-H5 region
1x C10

H6-CH3 region
2xmC  3xT 

Model Therapeutic Oligonucleotide at 1 GHz
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Conclusions

15 April 2024 29Innovation with Integrity

• NMR is well established in industry for traditional small molecules medicinal and analytical chemistry support

• NMR is also well established in academia for structural biology, including structure characterisation of 
peptides and oligonucleotics

• Being a primary quantification, highly selective and with high resolution, makes it very powerful for the study 
of therapeutic peptides and oligonucleotides

• Example shown of GLP-1 peptides and how NMR data aids the rational design of more effective analogues

• Example shown of therapeutic oligonucleotide model: Identification of all chemical groups at 1 GHz, Accurate 
fingerprinting of different regions using different nuclei (1H, 13C, 31P, 19F, 15N), partial assignment possible, 

• Objective is to enable the development of methodology that improves TIDES product risk assurance, 
according to the regulatory guidance 
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 Miquel Pons
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