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f the structure and dynamics of
linear polypeptide gramicidin A at atomic-scale
resolution

Bijay Laxmi Pradhan,ab Prince Sen,c Adarsh Kumar,c Anirban Bhunia, d

Krishna Kishor Dey*c and Manasi Ghosh *b

The resonance lines of the 1H and 13C liquid NMR spectra of the linear peptide antibiotic gramicidin A were

assigned by performing various 2D NMR experiments such as 2D 1H–13C HSQC, 2D 1H–15N HSQC, 1H–13C

HMBC, 1H–1H COSY, and 1H–1H TOCSY. The spatial proximity among various protons and inter-nuclear

distances were determined by a 2D 1H–1H NOESY NMR experiment. The detailed structure and nuclear

spin dynamics of this peptide antibiotic were also determined by extracting the principal components of

CSA (chemical shift anisotropy) parameters and spin-lattice relaxation times at the various 13C nuclear

sites by applying advanced solid-state NMR methodologies. The CSA parameters were determined by

employing a 13C 2DPASS CP-MAS SSNMR experiment; the site-specific spin-lattice relaxation time was

determined by a method designed by Torchia, and the spatial proximity between 1H and 13C nuclei was

determined by a 1H–13C PMLG HETCOR experiment. A higher degree of freedom was observed within

this linear polypeptide by the spin-lattice relaxation measurements, which can be considered the origin

of its antibacterial activity. The principal components of the CSA-parameters are substantially higher for

the carbon-13 nuclei residing on the indole ring of the l-tryptophan amino acid residue due to magnetic

shielding and deshielding effects and also due to the presence of intramolecular and intermolecular

hydrogen bonds. Notably, 13C nuclei in the indole rings of l-tryptophan residues exhibited significantly

larger values of the principal components of CSA parameters and longer spin-lattice relaxation times.

These types of detailed analysis of the structure and dynamics of peptide antibiotics will augment the

field of ‘NMR crystallography’ and will also serve as a foundation for formulating a new class of

antimicrobial peptides.
1. Introduction

Antibiotic resistance poses a major global health challenge as
conventional antibiotics that target specic intracellular
components can rapidly lose efficacy due to minor structural
changes or bacterial defense mechanisms such as reduced
membrane permeability and drug efflux. To address this issue,
attention has shied toward antimicrobial peptides (AMPs),
which have served as natural defense molecules for millions of
years with minimal resistance development. Unlike traditional
antibiotics, AMPs primarily disrupt bacterial membranes rather
than binding to specic intracellular targets, making resistance
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development more difficult. Moreover, AMPs exhibit broad
bioactivity against bacteria, viruses, fungi, parasites, insects,
and cancer cells.1–9

Gramicidin A, a well-known AMP discovered in 1939 from
Bacillus brevis, was the rst antibiotic produced commercially
and remains a potent broad-spectrum agent, particularly
against Gram-positive and multidrug-resistant bacteria.10–14

However, its high hemolytic activity restricts its clinical use to
topical applications for localized infections of the skin, eyes,
nose, and throat.15 Beyond its antimicrobial role, gramicidin A
has also shown notable cytotoxicity toward cancer cells, sug-
gesting potential anticancer applications.16

Structurally, gramicidin A is a highly hydrophobic, linear
pentadecapeptide with alternating L- and D-amino acids, forming
p (L, D) helices that promote head-to-head dimerization through
hydrogen bonding (as it is shown in Fig. 1). This dimer forms
a transmembrane ion channel, which allows gramicidin A to be
a widely used model system for studying membrane channel
structure and dynamics. The peptide's hydrophobic and amphi-
pathic residues, blocked termini, and ability to integrate into
lipid bilayers are central to its biological activity.17–19
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The 13C chemical shis and spin-lattice relaxation times (T1)
of gramicidin A were rst measured by Fossel et al. (1974) using
solution NMR spectroscopy.20 Their T1data indicated that the
peptide backbone exhibits the slowest molecular motion, while
Fig. 1 The amino acid sequence of gramicidin A, where all residues are

© 2026 The Author(s). Published by the Royal Society of Chemistry
the N-terminal residues show relatively faster dynamics. In
1998, Per-Ola Quist obtained the 13C CP-MAS solid-state NMR
spectrum of gramicidin A incorporated into a lipid membrane;21

the residual chemical shi tensors, which were consistent with
hydrophobic.
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Fig. 2 (d) 1H Liquid NMR spectrum of gramicidin A; (c) assignment of
the resonance lines of the 1H liquid NMR spectrum ranging from
8.4 ppm to 6.8 ppm; (b) assignment of the resonance lines of the 1H
liquid NMR spectrum in the range from 4.8 ppm to 2.6 ppm; (a)
assignment of the resonance lines of the 1H liquid NMR spectrum in
the range from 2.1 ppm to 0.4 ppm.
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a single-stranded, right-handed b6$3 helical structure, were also
determined. Subsequently, Ketchem and co-workers provided
a comprehensive description of both the backbone and side-
chain conformations of gramicidin A in a lipid bilayer envi-
ronment using solid-state NMR spectroscopy.22

The main purpose of this work is to study the local structure
and nuclear spin-dynamics of this antimicrobial peptide by
employing solution and solid-state NMR measurements. We
aimed to assign 1H and 13C NMR spectra by employing 2D
solution NMR correlation experiments like 2D 1H–13C HSQC,
2D 1H–15N HSQC, 1H–13C HMBC, 1H–1H COSY, and 1H–1H
TOCSY. Tryptophan, the most hydrophobic among the naturally
occurring amino acids, plays a crucial role in the antimicrobial
activity of this membrane protein. Its polar NH group enables
the formation of both intra- and intermolecular hydrogen
bonds. The presence of an aromatic indole ring allows trypto-
phan to engage in p–p stacking and weak polar interactions.
This unique amphipathic nature contributes to its distinctive
hydrogen-bonding capabilities and ability to mediate long-
range electrostatic interactions. Additionally, the indole group
and amphipathic character of tryptophan favor its localization
at the membrane interface.23–26 We aimed to probe the local
structure and dynamics of 13C nuclei residing on all the amino
acids, particularly on the tryptophan residue, by using ensem-
bles of solid-state NMR experiments, like 13C spin-lattice
relaxation measurements by following the method described
by Torchia,27 13C CP-MAS (cross-polarization magic-angle spin-
ning) SSNMR (solid-state nuclear magnetic resonance) experi-
ments, 13C 2DPASS (two-dimensional phase-adjusted spinning
sideband) CP-MAS (cross-polarization magic-angle spinning)
ssNMR (solid-state nuclear magnetic resonance) experiments,
and 1H–13C HETCOR (heteronuclear correlation) experiments.
Previously, we determined the structure and dynamics of the
active pharmaceutical ingredients of drugs and polymers by
employing these experiments.28–32

Sophisticated nuclear magnetic resonance (NMR) method-
ologies possess the potential to unlock the intricate relationship
between the structure and activity of drug molecules, shedding
light on the pathway of drug discovery. Moreover, these studies
play a crucial role in comprehending the distribution of elec-
trons surrounding a nucleus, various kinds of chemical
bonding, and the dynamic behavior of nuclear spins at different
regions within the polypeptide. This understanding, in turn,
serves as a foundation for formulating highly effective strategies
for developing advanced peptide antibiotics. Moreover, the
insights gained from these investigations will make signicant
contributions to the eld of “NMR-crystallography,” further
enriching our understanding of molecular structures and their
interactions. NMR crystallography utilizes diverse information
obtained through advanced solid-state NMR techniques in
combination with computational chemistry. These approaches
are especially valuable for those materials where it is chal-
lenging to develop sufficiently large single crystals. While
single-crystal diffraction methods reveal the overall molecular
structure, NMR crystallography goes further by offering insights
into both the structure and the dynamics at each crystallo-
graphically distinct nuclear site. The objective of this project is
8074 | RSC Adv., 2026, 16, 8072–8104 © 2026 The Author(s). Published by the Royal Society of Chemistry
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to construct a comprehensive and valuable database for “NMR
crystallography” dedicated to peptide antibiotics. This database
will provide a wealth of information regarding the structural
characteristics and dynamic behavior of AMPs at atomic scale
Fig. 3 13C Liquid NMR spectrum of gramicidin A.

© 2026 The Author(s). Published by the Royal Society of Chemistry
resolution. Such a resource would be of immense signicance
to researchers and scientists in the elds of pharmaceutical
science, drug design, and structure–activity relationship
studies. With the establishment of this specialized database, it
RSC Adv., 2026, 16, 8072–8104 | 8075
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is anticipated that it will serve as an indispensable tool for
advancing our understanding of AMPs and facilitating more
efficient and targeted AMPs.

Though the peptide consists of 15 amino acids, it is made up
of only ve distinct types: valine, glycine, alanine, leucine, and
tryptophan. Additionally, if glycine is considered a potential
D residue, the sequence follows an alternating L- and D-pattern.
In this structure, the amino acid side chains extend outward,
while the carbonyl groups alternate in orientation, pointing up
and down within the helix. This unique arrangement forms
a hydrophilic pore, facilitating ion transport through the
membrane.
2. Experimental

All solid-state NMR (SSNMR) experiments were performed on
a JEOL ECX 500 MHz spectrometer equipped with a 3.2 mm
JEOL double-resonance MAS probe. The 13C chemical shis
were referenced to the tetramethylsilane (TMS) resonance at
0 ppm. During the 13C CP-MAS SSNMR experiments and 13C
spin-lattice relaxation measurements, the magic angle spinning
(MAS) speed was maintained at 10 kHz, using a 2 ms contact
time, 30 s recycle delay, employing SPINAL-64 for proton
decoupling with proton power of 100 kHz. The 13C two-
dimensional phase-adjusted spinning sideband (2DPASS) CP-
MAS SSNMR experiments33,34 were carried out at MAS
Fig. 4 2D 1H–15N HSQC spectrum of gramicidin A.

8076 | RSC Adv., 2026, 16, 8072–8104
frequencies of 600 Hz and 2 kHz. The MAS frequencies were
controlled with high precision by a JEOL commercial MAS
controller, maintaining stability at (600 ± 4) Hz and (2000 ±

4) Hz for accuracy and reproducibility. In the present work, the
13C CP-MAS experiment was performed with 32 768 scans, while
the 13C 2DPASS CP-MAS experiment required 5200 scans. For
determining 13C relaxation times using the Torchia CP method,
2048 scans were recorded. Details of the solid and liquid NMR
experiments are described in Section S1 of the SI.
3. Results and discussion
3.1 Accurate assignment of 1H and 13C liquid NMR spectra

The one-dimensional 1H, 13C liquid NMR spectra of gramicidin
A are shown in Fig. 2 and 3, respectively. To achieve precise and
unambiguous assignments under our experimental conditions,
a series of two-dimensional NMR experiments was conducted,
including 2D 1H–1H COSY (correlation spectroscopy), 2D 1H–1H
TOCSY (total correlation spectroscopy), 2D 1H–13C HSQC
(heteronuclear single-quantum coherence), 2D 1H–13C HMBC
(heteronuclear multiple–bond correlation), and 2D 1H–15N
HSQC (heteronuclear single-quantum coherence). We
compared our chemical-shi assignments with those reported
in the previously published study by G. E. Hawkes and coau-
thors.35 The corresponding datasets are presented in Tables S1
and S2 of the SI. The isotropic chemical shis assigned to each
© 2026 The Author(s). Published by the Royal Society of Chemistry
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1H and 13C nucleus show excellent agreement with the earlier
work, exhibiting a linear correlation as illustrated in Fig. S1 and
S2 of the SI. The nalized 1H and 13C chemical-shi assign-
ments derived from our analysis are provided in Tables S3 and
S4, respectively, of the SI.

Protons that are connected to nitrogen by a direct single
bond were distinguished by using 2D 1H–15N HSQC NMR
spectra, as shown in Fig. 4 and Table 1. The assignment of both
1H nuclei bonded to nitrogen and the corresponding 15N nuclei
was performed by following the previously reported article by
G.E. Hawkes and coworkers.35 It was observed that protons
bonded to electronegative nitrogen atoms exhibit relatively
downeld chemical shis, ranging from 7.73 ppm to
10.76 ppm. Notably, the highest chemical shi values of
10.71 ppm and 10.76 ppm were attributed to protons located
within the indole rings of tryptophan residues.

The assignment of cross peaks in the 2D 1H–13C HSQC
spectrum (Fig. S5 of the SI), identifying the directly bonded 13C
and 1H nuclei,36 is presented in Table S5 of the SI. Similarly, the
assignments from 2D 1H–13C HMBC spectra (Fig. S6 of the SI),
which provide correlations between 1H and 13C nuclei separated
by two to four bonds within the spin system,37 are presented in
Table S6 of the SI. The 2D 1H–1H COSY spectrum of gramicidin
A (Fig. S7 of the SI) reveals correlations between vicinal and
geminal protons, facilitating the identication of short-range
proton connectivity within the molecule.38 The corresponding
assignments are listed in Table S7 of the SI. On the other hand,
the 2D 1H–1H TOCSY NMR spectrum (Fig. S8 of the SI) captures
through-bond correlations among protons within the same spin
system, including those separated by up to six bonds.39 The
proton assignments derived from the TOCSY data are compiled
in Table S8 of the SI.
3.2 Analysis of the 2D 1H–1H NOESY NMR spectra of
gramicidin A
1H–1H NOESY experiments were performed at ve different
mixing times of 0.1 s, 0.2 s, 0.3 s, 0.5 s, and 0.7 s using a Bruker
Advance NEO 600 MHz NMR Spectrometer associated with
Table 1 A peak assignment of the 2D 1H–15N HSQC NMR spectrum of

15N isotropic chemical shi (ppm) 15N nuclei 1H iso

131.23 N10, N16, N13, N19 10.76
10.70

123.80 N9, N1 8.22
121.65 N17 8.13
121.17 N18, N11, N14 8.30

8.03
120.30 N3, N5 7.99

7.92
120.11 N12, N15 8.20
117.50 N4 8.12
116.07 N7 7.93
115.68 N8 7.77
111.93 N6 7.73
110.20 N20 7.92
108.75 N2 8.29

© 2026 The Author(s). Published by the Royal Society of Chemistry
a cryo-probe. Since gramicidin A is insoluble in water, we used
DMSO-d6 as a solvent. The variation of the intensity of the cross-
peaks of the 1H–1H NOESY spectra at ve different mixing times
was observed and is represented in Table S10 of the SI. The
spectrum corresponding to the mixing time of 0.3 s is shown in
Fig. 5, and the spectra corresponding to the mixing times of
0.1 s, 0.2 s, 0.5 s, and 0.7 s are shown in Fig. S3 and S4,
respectively, in the SI.

Fig. 5 shows the 2D 1H–1H NOESY (nuclear Overhauser effect
spectroscopy) spectra of gramicidin A, which provide informa-
tion about spatial proximity among protons residing on 15
amino acids.40 The details of the cross-peak assignments and
inter-nuclear distances are listed in Tables S9 and S10 of the SI,
respectively. This spectrum provides insight into through-space
correlations, indicating the structural folding and spatial
arrangements within the peptide. In the L-tryptophan (1)
residue, the spatial correlations were observed between protons
such as H10N–H39, H9N-(H37B, H39), and a network involving
H44 with H37A, H37B, and H43. Additionally, H41 shows
proximity to H42, while H39 correlates with both H37A and
H37B. In the case of L-tryptophan (2), the observed NOE cross-
peaks indicate spatial proximity among H13N and protons
H56 and H58, H12N with H54A, H54B, H53, and H56, as well as
correlations among H61 and H54A, H54B, H53, and H60.
Further correlations were seen between H58 and H59, H56 with
H54A and H53, and H53 with H54A, H54B, and H47. For the L-
tryptophan (3) residue, the protons H16N exhibit spatial prox-
imity with H73 and H75, while H15N correlates with H71A,
H71B, and H73. Protons H78 show NOEs with H71A, H71B, and
H77, and additional proximity was observed between H75 and
H76, as well as between H73 and H71A and H71B. Similarly, in
D-tryptophan (4), spatial interactions were seen among H19N,
H90 and H92, and H18N with H88A, H88B, H81, and H87.
Proton H95 shows proximity to H88A, H88B, H87, and H94.
Other notable interactions include H92-H93, H87 with H888A,
H88B, H82A, and H82B, H88A-H88B and H90 with H88A, H88B,
and H87. Moreover, protons H10N, H9N, H39, and H37B in L-
tryptophan (1) are spatially connected to several methyl group
protons (H35A, H35B, H35C, H34A, H34B, H34C, H23A, H23B,
gramicidin A

tropic chemical shi (ppm) Correlated 1H nuclei with 15N nuclei

0 H10N, H16N
5 H13N, H19N
3 H9N, H1N

H17N
H18N
H11N, H14N
H3N
H5N
H12N, H15N
H4N
H7N
H8N
H6N
H20N
H2N

RSC Adv., 2026, 16, 8072–8104 | 8077
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H23C), H31 in D-valine (4) and D-valine (2) amino acids. Simi-
larly, methyl protons (H51A, H51B, H51C) and protons H47,
H48A, H48B of the D-leucine (2) residue show proximity to
Fig. 5 2D 1H–1H NOESY spectra of gramicidin A.

8078 | RSC Adv., 2026, 16, 8072–8104
protons H10N, H9N, H41, H39, and H37B of L-tryptophan (1).
The methyl group of D-valine (4) also shows spatial connections
with H13N, H12N, H61, and H56 of L-tryptophan (2).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Plots of NOE intensity with respect to mixing time. The intensity varies nonlinearly after 0.2 s because NOE intensities can be affected by
spin diffusion, alternative cross-relaxation pathways, integration uncertainties, variations in local molecular dynamics, structural flexibility, and
imperfections in inversion pulses.
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Further NOE cross peaks suggest frequent folding of L-tryp-
tophan (2) toward D-leucine (2) and D-leucine (3) residues, as
seen from correlations involving H13N, H12N, H61, H58, H56,
H54B, and the methyl groups of D-leucine (2) and D-leucine (3).
In contrast, minimal NOE contacts between H15N of L-trypto-
phan (3) and the methyl protons of D-leucine (2) (H51A, H51B,
H51C) suggest limited interaction. However, protons H68A,
H68B, H68C, H65A, and H65B of D-leucine (3) show signicant
proximity to H16N, H15N, H75 and H71B of L-tryptophan (3).
The methyl group of D-leucine (4), along with protons H65A and
H65B, also showed spatial correlations with D-tryptophan (4).

Additionally, protons bonded to C82 and C84 in D-leucine (4)
were found to be spatially close to protons H18N, H88A, H87,
and H90 of D-tryptophan (4). Notably, ethanolamine protons
also appeared to fold toward D-tryptophan (4), as inferred from
correlations with protons H18N, H95, H87, and H88B. In the
glycine residue, the H2N proton showed spatial proximity to
H5N from L-alanine (2) and the methyl protons (H15A, H15B,
H15C) of D-leucine (1). Similarly, proton H4N in L-valine (1) was
© 2026 The Author(s). Published by the Royal Society of Chemistry
found to be close to protons H5A, H5B, H5C, H3 and H2 of D-
leucine (1). Protons H6N and H21 in D-valine (2) were in spatial
proximity to methyl protons, H22, and H21. Several interactions
between D-valine (2) (H23A, H23B, H23C, H24A, H24B, H24C)
and D-valine (4) (H8N, H31, H32) indicate a close structural
association between these amino acids in gramicidin A.
Furthermore, methyl protons H68A, H68B, and H68C in D-
leucine (3) showed proximity to protons H17N and H81 of D-
leucine (4). Additional correlations, such as H11N with H68A,
H68B, H68C, H66, and H65A, and the network involving H49,
H48, H54A, H54B, H47, H56 with H14N, and H4 with H65A and
H65B, suggest a close spatial arrangement between D-leucine (2)
and D-leucine (3) amino acids.

Although nuclear Overhauser effects (NOEs) are, in prin-
ciple, valuable for estimating distances between spatially prox-
imal protons, their quantitative reliability is oen limited. NOE
intensities can be affected by multiple factors independent of
internuclear separation, including spin diffusion, alternative
cross-relaxation pathways, integration uncertainties, variations
RSC Adv., 2026, 16, 8072–8104 | 8079
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in local molecular dynamics, structural exibility, and imper-
fections in inversion pulses.41–44 These contributions become
increasingly dominant at longer mixing times. However, under
the initial-rate approximation, the NOE intensity is approxi-
mately proportional to the product of the mixing time (sm) and
the cross-relaxation rate (s):41–44

I = s sm (1)

The cross-relaxation rate can be expressed by the following
equation:

s = kr−6 (2)

where k is a constant represented by the equation

k ¼
�m0

4p

�2 ħ2g2

10

�
6sc

1þ 4u2sc2
� sc

�

where m0, g, and u are the magnetic permeability in free space,
the gyromagnetic ratio of the proton, and the Larmor frequency
of the proton, respectively, and the correlation time sc is
assumed to be nearly the same for all the proton pairs.

Therefore, overall, the intensity is proportional to the mixing
time and r−6 at the short mixing time,41,42

I fsmr
−6 (3)

The variation of the NOE intensity with different mixing
times (0.1 s, 0.2 s, 0.3 s, 0.5 s, and 0.7 s) for different spatially
close protons in gramicidin A is given in Table S10 of the SI, and
the plot of the NOE intensity versus mixing time is shown in
Fig. 6. For gramicidin A, the NOE intensities increase non-
linearly aer 0.2 s due to different perturbations, except for
internuclear distance, as discussed earlier.

Therefore, the internuclear distance between the spatially
closed protons was determined at a small mixing time (i.e., 0.1
s) to avoid inaccuracy. The ratio of intensities (I and Iref) of two
cross peaks in the NOESY spectra is proportional to the ratio of
the internuclear distance between the spatially close protons (r
and rref) raised to the power of −6.41

I

Iref
¼

�rref
r

�6

(4)

Here, I represents the intensity of cross peaks in the 2D NOESY
spectra corresponding to nuclei whose internuclear distances
are unknown, and Iref indicates the intensity of cross peaks
corresponding to nuclei with known internuclear distances.
Here, ortho-positioned protons, such as (H58, H59), (H92, H93),
(H41, H42), and (H75, H76), in the benzene ring of tryptophan
residues are taken as references (i.e., Iref= 6.252× 109 and rref=
2.41 Å). The calculated internuclear distances at the mixing
time of 0.1 s are reported in Table 2. The distances were found
to range from 2.08 Å to 3.70 Å.

Determining proton–proton internuclear distances (r) is
essential for understanding the structure and function of peptide
systems, as these distances provide direct insight into the three-
dimensional folding of the peptide backbone. The resulting
folding–unfolding behaviour has a pronounced inuence on
8088 | RSC Adv., 2026, 16, 8072–8104
biological activity.42–44 As summarized in Table 2, the internuclear
distance between the indole N–H proton of the ve-membered
pyrrole ring in the side chain of L-tryptophan (1) and L-trypto-
phan (3) and the methyl protons of L-valine (1), D-valine (2), D-
valine (4), D-leucine (2), and D-leucine (3) is 2.84 Å. Likewise, the
corresponding internuclear distance for the indole N–Hproton of
L-tryptophan (2) and L-tryptophan (4) relative to the same set of
methyl groups is 3.23 Å. The internuclear distances between the
protons of the methyl groups of D-leucine (1) and D-leucine (3)
and protons of the methyl groups of D-alanine (1) and L-alanine
(2), and the protons connected to the nitrogen atoms of D-glycine
and L-tryptophan(4) are 3.39 Å and 2.96 Å.

These values indicate the spatial proximity between these
amino-acid residues and the proteinogenic amino acid trypto-
phan, which contains two aromatic rings and displays unique
physicochemical properties due to the presence of an indole
ring, containing a hydrophobic benzene ring and a hydrophilic
N–H bond in the pyrrole ring. The positional isomerism of the
tryptophan residue controls the overall hydrophobicity and
biological activity of the polypeptide antibiotic. The spatial
proximity of other amino acids, like L-valine (1), D-valine (2), D-
valine (4), D-leucine (1), D-leucine (2), D-leucine (3), D-alanine (1),
and L-alanine (2), as revealed by the NOESY experiment, is very
crucial for understanding the role of the tryptophan residue in
the physicochemical properties of gramicidin A.
3.3 Analysis of 13C CP-MAS SSNMR spectra and
determination of the principal components of the chemical
shi anisotropy (CSA) tensor by the 13C 2DPASS CP-MAS
SSNMR experiment

The combined XRD and NMR crystallography approach
provides a more complete and accurate understanding of the
structure and dynamics of solids, enabling the identication of
subtle local distortions, disorder, or conformational variations
that are oen averaged out in diffraction data.41

Fig. 7 shows the 13C CP-MAS SSNMR spectrum of gramicidin
A. The spinning CSA sideband patterns for the chemically
distinct 13C nuclei are shown in Fig. 9, while Fig. 8 presents the
13C 2D PASS CP-MAS solid-state NMR spectrum of gramicidin A.
In a 2D PASS experiment, the isotropic and anisotropic chem-
ical shis are resolved along two orthogonal axes. As illustrated
in Fig. 9, carbon sites experiencing different local chemical
environments are dispersed along the horizontal axis according
to their characteristic isotropic chemical shis. In contrast, the
number and relative intensities of the spinning sidebands
distributed along the vertical axis report directly on the
magnitude of the chemical shi anisotropy (CSA).45–51 Because
the sidebands appear at multiples of the MAS frequency, rela-
tively slow spinning rates of 500 Hz and 2 kHz were employed to
ensure adequate observation of CSA patterns for both aromatic
and aliphatic carbon sites.

The isotropic chemical shi values (as presented in Table
S11 of the SI) and the principal components of the chemical
shi anisotropy (CSA) tensor (Table 3) for carbonyl group
carbon nuclei in ve distinct amino acid residues of gramicidin
A were observed to be the highest among all carbon nuclei sites.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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This pronounced chemical shi behavior can be attributed to
several interrelated structural and electronic factors. A primary
contributing factor is the presence of hydrogen bonding
between peptide backbone units. Specically, the carbonyl
oxygen of one amino acid residue forms a hydrogen bond with
the amide hydrogen of an adjacent residue. This interaction
gives rise to a continuous and well-organized hydrogen-bonding
network along the helical backbone of gramicidin A. Such
a network not only imparts signicant structural stability to the
helix but also plays a vital role in maintaining the integrity of
the ion-conducting channel, facilitating selective ion transport
across the membrane. These hydrogen bonds substantially
inuence the electronic environment of the carbonyl carbon. By
pulling electron density toward the oxygen atom, they induce
polarization within the carbonyl group, thereby altering the
distribution of the surrounding electron cloud. This polariza-
tion effect enhances the deshielding of the carbon nucleus,
leading to a higher chemical shi value. Additionally, the
inherently polar nature of the carbonyl group, which involves
a double bond between carbon and a highly electronegative
oxygen, contributes to a strong electrostatic effect. The uneven
Fig. 7 13C CP-MAS SSNMR spectrum of gramicidin A.

© 2026 The Author(s). Published by the Royal Society of Chemistry
distribution of electron density across this polar bond further
shis the chemical shi values to higher frequencies.

Another important factor responsible for the large CSA
values is magnetic anisotropy, which arises from the lack of
symmetry in the carbonyl group. Unlike methyl or methylene
groups, the carbonyl moiety lacks symmetrical geometry,
resulting in direction-dependent magnetic susceptibility. In
other words, the carbonyl group exhibits different responses to
the magnetic eld along the three principal axes. This asym-
metry leads to two distinct anisotropic susceptibilities, one
aligned parallel and the other perpendicular to the external
magnetic eld. The directional variation in magnetic shielding
caused by this anisotropy generates a large value of CSA
parameters. Hence, the higher values of the isotropic and
anisotropic chemical shis of carbonyl carbons in gramicidin A
are a combined consequence of hydrogen bonding, a polar
bond with an uneven charge distribution, and magnetic
anisotropy. These factors collectively underscore the unique
chemical environment experienced by the carbonyl carbons,
reecting their crucial role in the structural and functional
architecture of the peptide.
RSC Adv., 2026, 16, 8072–8104 | 8089
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The resonance lines from 137.8 ppm to 112.6 ppm correspond
to different carbon nuclei in the amino acid tryptophan. Tryp-
tophan residues are essential for stabilizing the structures of
channels. Their hydrogen bonds help to maintain the single-
stranded, head-to-head dimeric conformation of the channel.
Table 3 reveals that the ‘span’ of the chemical shi anisotropy
(CSA) sideband pattern for the carbon nuclei located on the
indole ring of the L-tryptophan residue is the highest among all
the carbon sites in this linear peptide antibiotic. This can be
attributed to the presence of the aromatic side chain in trypto-
phan, which signicantly inuences its electronic environment.
The higher CSA values observed for these carbon nuclei stem
from the delocalized p-electrons in the aromatic ring. When
these p-electrons circulate in a clockwise direction under the
inuence of the external magnetic eld, they induce a secondary
magnetic eld that aligns with the applied eld. This phenom-
enon increases the overall magnetic eld experienced by the
nucleus, resulting in what is known as the deshielding effect.
Conversely, when the p-electrons circulate in an anticlockwise
direction, the induced magnetic eld opposes the external eld,
thereby reducing the effective magnetic eld experienced by the
nucleus—a phenomenon termed the shielding effect. These
magnetic shielding and deshielding interactions contribute to
the large CSA parameters typically observed for carbon nuclei
within aromatic systems, particularly those surrounded by
nonbonded electron clouds. The presence of the aromatic indole
side chain plays a vital role in the biological function of the
peptide. Tryptophan residues are known to engage in strong
interactions with bacterial membranes due to their amphipathic
Fig. 8 13C 2DPASS CP-MAS SSNMR spectrum of gramicidin A. The direct
frequency. The number and the intensity of the spinning sidebands ca
chemical shift anisotropy of the individual carbon sites.

8090 | RSC Adv., 2026, 16, 8072–8104
and aromatic nature. These interactions can lead to membrane
destabilization, facilitating the anchoring of antimicrobial
peptides (AMPs) to the lipid bilayer and promoting membrane
disruption. Through these mechanisms, tryptophan residues are
crucial contributors to the antimicrobial efficacy of AMPs. Hence,
the higher values of the CSA parameters for the aromatic amino
acid residue like tryptophan is experimental evidence of the
involvement of this amino acid with intermolecular and intra-
molecular hydrogen bonds, because there induced a polarization
on the electron-cloud due to hydrogen bond and electrostatic
interaction is also enhanced. The 13C spin-lattice relaxation
mechanism is dominated by the CSA-interactions and hetero-
nuclear dipole–dipole interactions, and for non-protonated
carbon nuclei, only the CSA interaction plays a key role at high
values of the magnetic eld. In a subsequent section, we will
observe that the spin-lattice relaxation times and the local
correlation times are longer for those carbon nuclei residing on
the indole group of L-tryptophan. This is also experimental
evidence that the aromatic cluster is formed due to p–p stacking
interactions (spin-lattice relaxation time is longer due to the p–p
stacking interactions), which play a key role in the mechanism of
membrane binding and interaction.23,24
3.4 1H–13C heteronuclear correlation (HETCOR) SSNMR
spectrum of gramicidin A

Molecular dynamics play a crucial role in modulating the
dipolar coupling between 1H and 13C nuclei, which can be
effectively probed through a two-dimensional 1H–13C HETCOR
(heteronuclear correlation) experiment. To enhance resolution
dimension represents a purely isotropic spectrumwith infinite spinning
n be extracted from the indirect dimension, which are related to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The spinning CSA sideband pattern of various carbon nuclei residing on gramicidin A.
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and suppress undesired interactions, Phase Modulated Lee-
Goldburg (PMLG) decoupling was employed, with systematic
optimization of power levels and frequency offsets using the
established PMLG sequence.52,53 By employing a contact time of
0.2 ms, the resulting cross-peaks in the HETCOR spectra
predominantly represent through-bond 1H–13C correlations.
Notably, stronger 1H–13C dipolar interactions are indicative of
reduced molecular mobility or slower dynamic processes.

Fig. 10 represents the heteronuclear correlation spectrum
between 1H and 13C, and Table 4 presents the spatial proximity
between different carbon and proton nuclei within the 15
amino acid residues of gramicidin A. Gramicidin A is a lipo-
philic peptide that adopts a le-handed helical structure, where
the carbonyl (C]O) groups alternate in orientation—some
point toward the amino end, and others toward the carboxyl end
of the helix. The C]O groups facing the carboxyl end partici-
pate in forming 16-membered hydrogen-bonded rings, while
those facing the amino end form 14-membered hydrogen-
bonded rings. Two such helices join together to create an ion
channel. The alternating orientation of the carbonyl groups
allows the helices to pair through hydrogen bonds in both head-
to-head and tail-to-tail congurations, enabling stable dimer
formation.19 Notably, the carbonyl group carbons of ve
different amino acids, valine, glycine, alanine, leucine and
tryptophan, exhibit spatial proximity to the proton attached to
the nitrogen atom of the pyrrole ring of the indole group of L-
tryptophan (1), L-tryptophan (2), L-tryptophan (3), and L-trypto-
phan (4), and also to the proton connected to the carbon atom
residing on the benzene ring of the indole group of L-tryptophan
(1), L-tryptophan (2), L-tryptophan (3), and L-tryptophan (4).

The 13C nuclei located on the benzene ring of the indole
moiety of L-tryptophan were found to be in close spatial prox-
imity to the proton nuclei attached to the nitrogen atoms of
valine, glycine, leucine, and tryptophan residues. This spatial
arrangement was further corroborated by NOESY spectra, which
revealed distinct inter-residue cross-peaks indicating short
through-space distances (as presented in Table 2) between the
indole ring of tryptophan and neighboring amino acids. Such
proximity underscores the structural importance of tryptophan
within the peptide framework. As previously established, tryp-
tophan residues play a crucial role in modulating the hydro-
phobicity and biological activity of gramicidin A.54 Thus, the
combined insights from NOESY and HETCOR experiments
provide compelling microscopic evidence that tryptophan
contributes signicantly to the stabilization of the polypeptide
network. These interactions help dene the conformational
landscape of the peptide and support its functional properties.
3.5 Determination of spin lattice relaxation time

The quantity 1/T1, representing the nuclear spin-lattice relaxation
rate, serves as a key probe for electron systems in solids. This
parameter reects the rate at which nuclear spin precession is
damped due to interactions with surrounding electron spins.
Experimentally, T1 is determined by monitoring the recovery of
the Boltzmann equilibrium magnetization following the appli-
cation of radiofrequency pulses. The spin-lattice relaxation
RSC Adv., 2026, 16, 8072–8104 | 8093
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Fig. 10 1H–13C heteronuclear correlation spectrum of gramicidin A.
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process is inuenced by several mechanisms, including dipole–
dipole interactions, quadrupolar coupling, chemical shi
anisotropy (CSA), spin-lattice interactions, and spin-diffusion
pathways. Each of these contributes to the overall relaxation
behavior, offering valuable insight into the local electronic envi-
ronment and molecular dynamics within the solid. Gramicidin A
has a large, hydrophobic, and charge-neutral structure, resulting
from its aliphatic/aromatic amino acids and end-capped termini,
which enhances its membrane compatibility. Its alternating L-
and D-amino acid sequences confer resistance to proteolytic
degradation, offering a key advantage over conventional
peptides. This stereochemistry also aligns all hydrophobic side
chains on one face, facilitating insertion into the hydrophobic
core of the lipid bilayer. The dynamic nature of these AMPs was
probed by measuring site-specic spin-lattice relaxation time by
employing the method devised by Torchia.27

The spin-lattice relaxation times for all carbon-13 nuclei in
gramicidin A vary from 38 s to 2.5 s, indicating a remarkably
high degree of freedom within this linear polypeptide. Such
dynamic exibility plays a crucial role in its biological function,
as it enables gramicidin A to efficiently adapt its conformation.
This adaptability is particularly important for its ability to
integrate into and traverse the lipid bilayer of bacterial
membranes. By leveraging its structural exibility, gramicidin A
can effectively penetrate the membrane of target bacteria, ulti-
mately contributing to its antimicrobial activity.
8094 | RSC Adv., 2026, 16, 8072–8104
The inuence of CSA interaction on the spin-lattice relaxa-
tion mechanism is described as follows:55–58

1

TCSA
1

¼ 2

15
g2B2S2

�
s2

1þ u2s22

�
(5)

where correlation time sc = 3 s2, and B is the applied magnetic
eld.

S2 ¼ ðDdÞ2�1þ h2
�
3
�
and

	
Dd ¼ d33 � ðd22 þ d11Þ

2



;

�
h ¼ d22 � d11

d33 � diso

�

The inuence of heteronuclear dipole–dipole coupling on
the spin-lattice relaxation mechanism is described by the
following:56
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By keeping the rst term only,
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Fig. 11 (a and b) The magnetization decay curves of various carbon nuclei residing on gramicidin A. (c) A bar-diagram of the spin-lattice
relaxation times of various carbon nuclei.
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Fig. 12 Bar-diagram of the local rotational correlation times of various carbon nuclei on gramicidin A. It varies from 5.5 × 10−8 s to 7.5 × 10−5 s.
The local correlation time of the carbon nuclei residing on the indole group of tryptophan residue is the longest among the amino acid residues.
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X refers to hydrogen, oxygen, or nitrogen, and rCX signies the
separation between the carbon atom and its neighboring
hydrogen, oxygen, or nitrogen atoms. The Larmor precession
frequency

u = 2pf = 2 × 3.14 × 125.758 MHz = 789.76024 MHz;

B = 11.74 T

gC = 10.7084 MHz T−1, gH = 42.577 MHz T−1,

ħ = 1.054 × 10−34 Js

The spin-lattice relaxation rate for 13C can be written as
follows:

1

T1

¼ 1

TCSA
1

þ 1

TDD
1

¼ 2

15
g2B2S2

�
s2

1þ u2s22

�
þ 1

10

�
gCgX ħ
rCX3

�2

s2

	
3

1þ uC
2s22



(8)

The rotational correlation times at different carbon nuclei
locations in gramicidin A can be evaluated through this
expression.

A signicant difference in nuclear spin dynamics was
observed among various carbon nuclei, as shown in Table 5,
Fig. 11 and 12. The local correlation times of aliphatic 13C nuclei
belonging to residues such as leucine, valine, glycine, and
alanine fall within the range of 10−6 s to 10−8 s, indicative of
their relatively rapid motional dynamics. In contrast, the 13C
nuclei located on the indole ring of L-tryptophan, as well as
those of carbonyl groups, exhibit substantially longer correla-
tion times of the order of 10−5 s, reecting their more restricted
molecular motion. This reduced mobility is consistent with the
structural and functional role of tryptophan in the polypeptide
antibiotic gramicidin A. Tryptophan is unique among the pro-
teinogenic amino acids, possessing a bi-cyclic aromatic indole
system composed of a benzene ring fused to a pyrrole ring. The
indole moiety participates in a variety of noncovalent interac-
tions: p–p stacking with other aromatic residues, hydrogen
bonding via the NH group of the pyrrole ring, and hydrophobic,
as well as cation-p, interactions involving the benzene ring.
Collectively, these interactions are crucial in shaping the three-
dimensional architecture, functional properties, and biological
activity of tryptophan-containing peptides.

The pronounced difference in correlation times arises from
the distinct molecular environments and degrees of motional
freedom associated with these carbon sites. Aliphatic methyl
carbons experience relatively unrestricted rotation andminimal
steric hindrance, leading to their faster dynamics. In contrast,
carbonyl carbons are conformationally constrained due to their
involvement in intra- and intermolecular hydrogen bonding.
The carbonyl oxygen of one residue typically forms a hydrogen
bond with the amide hydrogen of another, contributing to the
stabilization of secondary structural motifs such as helices and
b-turns. This hydrogen-bonding network imparts rigidity to the
peptide backbone, thereby suppressing the motion of carbonyl
© 2026 The Author(s). Published by the Royal Society of Chemistry
groups. The resulting restricted mobility manifests in slower
nuclear spin dynamics of the carbonyl 13C nuclei, as observed in
the solid-state NMR measurements.

Another reason for this variation of nuclear spin-dynamics
arises due to the variation of the principal components of the
CSA parameters. As discussed in the previous section, the prin-
cipal components of the chemical shi anisotropy (CSA) tensor
are substantially higher for carbonyl carbons and aromatic
carbons belonging to the L-tryptophan residue than other
aliphatic carbons of the polypeptide. This increase is attributed
to the presence of hydrogen bonds, which inuence the elec-
tronic environment and chemical shi anisotropy parameters.
The spin-lattice relaxation time of 13C nuclei is largely governed
by two primary relaxation mechanisms: heteronuclear dipole–
dipole interactions (primarily with nearby protons) and CSA
interactions. In the case of non-protonated carbons, such as
those in carbonyl groups, the relaxation is predominantly driven
by CSA interactions, particularly at high magnetic elds. There-
fore, for both carbonyl carbons and the aromatic carbon nuclei
within the indole ring of L-tryptophan, substantially higher values
of the CSA parameters are directly associated with slower
motional dynamics. This underscores a clear relationship
between the electronic environment, molecular motion, and
nuclear spin relaxation behaviour in peptides. Such systematic
approaches, which leverage high-resolution NMR measurements
to obtain detailed structural and dynamical information at the
atomic scale, will substantially advance the emerging eld of
NMR crystallography. Moreover, these methodologies will
provide a rational framework for molecular editing strategies
aimed at optimizing the physicochemical and biological prop-
erties of tryptophan-containing peptide antibiotics.

4. Conclusion

The resonance lines in the 1H and 13C liquid-state NMR spectra
of the linear peptide antibiotic gramicidin A were assigned
using a series of two-dimensional (2D) NMR techniques,
including 1H–13C HSQC, 1H–13C HMBC, 1H–1H COSY, and
1H–1H TOCSY experiments, and compared with those of the
previously reported article published by G. E. Hawkes and
coworkers.35 Spatial proximity and internuclear distances
between protons associated with various amino acids were
extracted by using 2D 1H–1H NOESY NMR. To explore the
detailed structural and nuclear spin dynamics of gramicidin A,
the principal components of the chemical shi anisotropy (CSA)
parameters, spin-lattice relaxation times, and local correlation
times at various 13C sites were extracted by deploying solid-state
NMR measurements. CSA values were determined through 13C
2D PASS CP-MAS solid-state NMR experiments, while site-
specic spin-lattice relaxation times were measured using the
method developed by Torchia.27 Relaxation time measurements
revealed a high degree of internal motion in this linear poly-
peptide, indicating considerable molecular exibility. This
dynamic nature allows gramicidin A to adapt its conformation
and efficiently insert into and traverse the lipid bilayer of
bacterial membranes—a key feature underpinning its antimi-
crobial activity.
RSC Adv., 2026, 16, 8072–8104 | 8101
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Tryptophan, owing to its amphipathic nature and aromatic
indole ring, exhibits strong interactions with bacterial
membranes. These interactions promote membrane destabili-
zation and facilitate the anchoring and penetration mecha-
nisms characteristic of antimicrobial peptides (AMPs).
Consequently, tryptophan residues play a pivotal role in gov-
erning the membrane-disrupting capability and overall anti-
microbial efficacy of AMPs. Our solid-state NMR measurements
reveal that the chemical shi anisotropy (CSA) parameters are
markedly elevated for the 13C nuclei located within the indole
ring of L-tryptophan. This enhancement arises from
pronounced magnetic shielding and deshielding effects
intrinsic to the aromatic microenvironment. Additionally, the
carbon nuclei on the indole side chain exhibit relatively long
local correlation times—of the order of 10−5 s —indicating
restricted motional dynamics.

Thus, while functional activity is not directly assessed, the
combined solution and solid-state NMR data provide site-
specic structure and local nuclear spin-dynamics at each
carbon nucleus site of the linear polypeptide antibiotic, which
are closely linked to the functional state of gramicidin A,
thereby contributing to an improved understanding of its
membrane-associated behaviour within the framework of NMR
crystallography.
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