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ABSTRACT: Post-translational modifications are ubiquitous in the eukaryotic proteome. However, these modifications are rarely
incorporated in NMR studies of eukaryotic proteins, which are typically produced through recombinant expression in E. coli. Melittin
is the primary peptide in honey bee venom. Its native C-terminal amide significantly affects its equilibrium structure and dynamics in
solution and is thus a prerequisite for studying its native structure and function. Here, we present a method for producing triply
isotopically labeled (2H, 13C, and 15N) native melittin through recombinant expression followed by chemical amidation. We then
show that structural models produced with AlphaFold-Multimer are in even better agreement with experimental residual dipolar
couplings than the 2.0 Å resolution X-ray crystal structure for residues G3−K23.

Melittin, the primary active component in honey bee
venom, is a membrane-lytic peptide that is post-

translationally amidated at the C-terminus. Like melittin,
many antimicrobial peptides have an amidated C-terminus
(Table S1).1 The C-terminal amide increases these peptides’
α-helical propensity2 and promotes interactions with cellular
membranes, which facilitates pore formation, thus conferring
their membrane-lytic properties.3 C-Terminal amidation is
therefore crucial to study the native structure and dynamics of
such peptides. This has been achieved by (1) harvesting the
peptides from eukaryotic cells or organisms that do the post-
translational modification;4 (2) solid-phase peptide synthesis
(SPPS) with a resin that results in a C-terminal amide after
cleavage;5 (3) recombinant expression in bacterial hosts
followed by the enzymatic conversion of a C-terminal glycine
into an amide;6 or (4) recombinant expression of intein fusion
proteins followed by cleavage in the presence of high
concentrations of dithiothreitol and ammonium bicarbonate.1,7

Heteronuclear nuclear magnetic resonance (NMR) spec-
troscopy experiments require isotopic enrichment of 15N, 13C,
and/or 2H within the peptide. Site-specific labeling of 15N and
13C with SPPS quickly becomes cost-prohibitive with more
than a handful of labeled residues. Moreover, many amino
acids are not commercially available in triply labeled (2H, 13C,
15N) form. Therefore, a fully 13C,15N-labeled, perdeuterated
peptide must be expressed, rather than synthesized.

Previous NMR studies of uniformly labeled “melittin”
neglected the C-terminal amide and simply studied recombi-
nant melittin-COOH.8,9 Due to the different equilibrium
conditions of native melittin (melittin-CONH2) and melittin-
COOH, the α-helical structure was stabilized with additives
such as trifluoroethanol,9 which adversely impacts the peptide
oligomerization.10

To produce triply labeled melittin, we chose to pursue a
strategy consisting of recombinant expression of melittin-
COOH in E. coli followed by chemical amidation to convert
melittin-COOH into native melittin (Figure 1). Due to the

toxicity of melittin in E. coli, melittin-COOH cannot be
overexpressed by itself; it requires a fusion partner that inhibits
its antimicrobial properties. A fusion protein consisting of a
glutathione S-transferase (GST) solubility tag11 followed by a
flexible linker, tobacco etch virus (TEV) cleavage site, and
melittin-COOH (Figure 1a) (hereafter referred to as GST-
TEV-melittin-COOH) overexpresses after induction with 150
μM isopropyl β-D-1-thiogalactopyranoside at 18 °C (Figure
S1). Inclusion of GST as the solubility tag facilitated the initial
purification of GST-TEV-melittin-COOH with a GST affinity
column. GST-TEV-melittin-COOH was then dialyzed into
buffer suitable for TEV cleavage. Subsequent cleavage with
TEV protease generates the native N-terminal glycine in
melittin-COOH. The cleaved GST-TEV was separated from
TEV protease and melittin-COOH with a GST affinity column
prior to HPLC purification of melittin-COOH (Figure S2).

Prior to C-terminal amidation, the primary amines need to
be protected so they cannot act as nucleophiles during the
coupling reaction. Failure to protect these amines results in
unwanted lactam formation during the subsequent coupling
reaction. We note that since melittin has no acidic side chains,
there was no need to protect carboxylic acid groups. However,
in principle, a similar methodology could be used with peptides
containing acidic residues if protection strategies are employed
that selectively protect aspartic acid and glutamic acid side
chains while retaining the C-terminal free carboxylic acid.12

For nucleophilic amine functional groups, we chose the Boc-
protection strategy.12 After an overnight reaction with di-tert-
butyl dicarbonate (Boc2O) and the organic base N,N-
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diisopropylethylamine (DIPEA) in N,N-dimethylformamide
(DMF) followed by HPLC purification, we obtained Boc-
protected melittin-COOH (Boc-melittin-COOH). Boc-melit-
tin-COOH was then converted into an active ester with 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxide hexafluorophosphate (HATU) in the
presence of DIPEA in DMF. 15N-Labeled NH4Cl was then
added to the solution to act as the nucleophile and attack the
activated ester (Figure S3).13 The use of 15NH4Cl makes
incorporation of 15N into the C-terminal amide inexpensive.
After an overnight reaction, the solution was dried under a N2
stream prior to deprotection in 95:5 trifluoroacetic acid
(TFA):DMF and subsequent HPLC, ion exchange chromatog-
raphy (Figure S4), and dialysis steps to obtain triply labeled
native melittin.

With native melittin in hand, we sought to characterize its
molecular structure in solution. Backbone chemical shift
assignments were made using 3D TROSY-HNCA and 3D
TROSY-HNCO spectra (Figure S5). The peptide was mostly
tetrameric at atmospheric pressure, but pressure denatured
with 2.25 kbar of hydrostatic pressure (Figure 2).14 The use of
pressure to denature the tetramer allows us to easily access
both the folded and unfolded states without the need for
chemical denaturants nor other changes in the buffer

composition.15 In the folded, tetrameric state, the N-terminal
four residues’ (G1−A4) signals are broadened below the
detection limit. Residues assigned to the tetrameric state have
secondary shifts indicative of α-helical secondary structure
(Figure S5a,c,d).16 Upon pressure denaturation, the chemical
shifts are close to random coil values (Figure S5b), although an
indication of transient α-helical character was observed
through the small positive Cα secondary shifts for residues in
the C-terminal half of the peptide.

Residual dipolar couplings (RDCs) are a sensitive probe of
molecular structures in solution.17 In the case of an α-helical
peptide with an expected kink in it, like melittin, NMR-based
orientation restraints can tightly define the relative orientation
of the two α-helical segments.18 We utilized the ARTSY19

technique to measure backbone 1DNH RDCs in two separate
alignment media, liquid crystalline Pf1 filamentous phage
(Figure S6) and positively charged stretched polyacrylamide
gel, on an 800 MHz spectrometer at 20 °C. Pf1 has a
negatively charged surface that has strongly attractive,
electrostatic interactions with positively charged melittin. To
reduce these forces sufficiently and thereby obtain the degree

Figure 1. Schematic representation of (a) recombinant expression of
melittin-COOH and (b) chemical amidation of melittin. Prior to
chemical amidation, amines are Boc-protected. Following the
amidation reaction, the Boc-protected groups are deprotected, leaving
native melittin. 15N−1H HSQC spectra are shown for 1.0 mM 15N-
labeled melittin-COOH and native melittin-CONH2. Each spectrum
was collected on a 600 MHz spectrometer at 15 °C in 25 mM
potassium phosphate pH 7.0, 50 mM NaCl, and 3% D2O for 24 min.
The melittin-COOH spectrum shows only a couple of peaks due to
exchange broadening. Both spectra also show peaks corresponding to
unfolded melittin outside of the spectral window depicted in this
figure.

Figure 2. (a) Cartoon views of (left) α-helical, tetrameric, melittin
and (right) disordered monomeric melittin. (b) 15N−1H HSQC
spectra of melittin at atmospheric pressure (red) and pressure-
denatured melittin at 2.25 kbar (blue). Peaks corresponding to the
unfolded monomeric state at atmospheric pressure are denoted with a
U after the residue name; resonances labeled in red without the U
correspond to the folded, tetrameric state. Each spectrum was
collected for 33 min on an 800 MHz spectrometer at 15 °C, with 1.0
mM 2H,13C,15N-labeled melittin in 25 mM phosphate buffer, pH 7.0,
50 mM NaCl, and 3% D2O.
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of melittin alignment needed to permit precise RDC
measurements, high ionic strength buffer (25 mM phosphate
pH 7.0, 700 mM NaCl) was used. Alignment in weakly
positively charged gel is dominated by steric and repulsive
electrostatic forces, and a low ionic strength buffer sufficed. If
alignment forces were to impact the quaternary structure of
melittin, contrast in the fits of the RDCs to the coordinates
would show this, but RDCs measured in both media agreed
comparably well with the structural models. Confirmed by the
lack of chemical shift perturbation by the different media, we
therefore conclude that the structure is not perturbed by the
aligning media. We extracted alignment tensor parameters and
predicted RDCs based on the structures using singular value
decomposition (SVD) fitting of the experimental RDCs to the
N−H bond vector orientations.17 The principal axes of the
alignment tensor must lie along the two C2 symmetry axes of
the melittin tetramer; therefore, only two fitted parameters (Da
and Rh) remain in the SVD fitting. The normalized scalar
product between the two alignment tensors (∼0.98) is high.20

Thus, the tetramer alignments are very similar in gel and Pf1,
despite the very different forces that determine the melittin
alignment.

We generated 25 tetrameric models of melittin using the
AlphaFold-Multimer21 (AF-M) plugin to AlphaFold222 to
compare to the experimental NMR data and the 2.0 Å X-ray
crystal structure (PDB 2MLT) (Table S7).23 To avoid bias
toward pre-existing structures in the PDB that share large
sequence identity with melittin, we excluded all structures with
greater than 30% sequence identity to melittin from the
training database. Due to AlphaFold2’s inability to include
post-translational modifications, we tested the effects of five
different mutations on the quality of the structure prediction:
melittin-COOH and melittin-COOH extended by a Lys, Arg,
Gly, or Asp residue. Five AF-M models were generated for
each mutant. The AF-M tetrameric models fell into two broad
camps: structures with AF-M model confidence scores above
0.5 were in excellent agreement with the 2MLT crystal
structure (backbone RMSD < 1.0 Å with respect to residues
G1−K23), while the rest were inconsistent with the crystal
structure (backbone RMSD > 4 Å) (Table S4; Figure S9c,d).
We note that the angle of ∼120° between the N- and C-
terminal melittin helices, seen in both the crystal structure and
the best AF-M models, differs significantly from the ∼160°
value seen by solid-state NMR for melittin traversing lipid
bilayers.24

Remarkably, excluding the modified C-terminal helical turn
(R24−Q26), our experimental 1DNH RDCs fit all of the AF-M
models with confidence scores above 0.50 at least as well as,
and often considerably better than, the 2MLT crystal structure
(Figure 3; Figures S7, S8, S9a,b; Tables S4, S5). The top three
AF-M models (Table S6), melittin-R-COOH #1, melittin-G-
COOH #3, and melittin-K-COOH #1, had Q factors that were
20−48% better than the 2MLT crystal structure.

For comparison between the X-ray crystal structure and the
AF-M models, the C-terminal Gln-26 1DNH was excluded from
the fit to the 2MLT crystal structure and all AF-M models due
to evidence for dynamic disorder. Arg-24 and Gln-25 were also
excluded from the SVD fits for AF-M models due to the non-
native C-terminus disrupting the hydrogen-bonding pattern
found in native melittin. We note that if Arg-24 and Gln-25 are
excluded from the SVD fits for the 2MLT crystal structure, a Q
factor of 0.21 is still obtained in Pf1 alignment media and 0.31
in stretched polyacrylamide gel, indicating that the different Q

factors are indeed due to different qualities in the fits, rather
than an artifact of using different sized data sets. Q factors
below 0.20 are typically only seen for crystal structures with a
resolution of 1.5 Å or better.25 Therefore, our AF-M models
provide a substantial improvement in structural resolution of
the melittin tetramer compared to the 2.0 Å X-ray structure.
Although AlphaFold2 does not yet support the inclusion of
post-translational modifications, artificial mutations combined
with experimental data can readily be used to validate the
accuracy of such models.

Our work presents the first example of the production of
uniformly triply labeled melittin with its native amidated C-
terminus. Previous NMR studies relied on naturally occurring
melittin without isotopic enrichment,4 synthetic melittin with
site specific labeling,5 or recombinant melittin-COOH.9 Since
its introduction, AlphaFold2 has demonstrated its ability to
accurately predict numerous protein structures26 as validated
by RDC measurements.27,28 Our results show that also for
oligomers AF-M generates models that agree better with
solution RDCs than a good-quality X-ray crystal structure.
AlphaFold2 and AF-M structure predictions, followed by

Figure 3. Agreement between the 2MLT crystal structure, best fitting
AlphaFold-Multimer model, and experimental RDCs. (a−c) RDCs
measured in Pf1. (d−f) RDCs measured in stretched polyacrylamide
gel. (a, d) Averaged predicted vs experimental RDC correlation plot
for the 2MLT crystal structure (red) and the best scoring AF-M
model with a C-terminal arginine extension (AFR1) (blue). Q =
RMS(⟨Dexp⟩ − Dpred)/sqrt(Da2[4 + 3Rh2]/5), where Da (Hz) is the
magnitude of the dipolar coupling tensor and Rh is the rhombicity. (b,
e) Residue-specific experimental and averaged predicted 1DNH RDCs.
(c, f) Residuals between the averaged predicted and experimental
RDCs. C-Terminal RDCs that were excluded from the SVD fit are
semitransparent.
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confirmation of the correct structure with RDCs, will prove
useful for future structural biology studies either where there is
no crystal structure available or for instances in which the
crystal structure was solved to lower resolution than needed to
fully take advantage of the wealth of information afforded by
precise measurements like RDCs.

The production of isotopically labeled native melittin has
facilitated the application of solution state NMR to study the
molecular structure of melittin in solution at high precision and
opens the door for the use of advanced NMR techniques to
study melittin’s folding/oligomerization processes29,30 along
with its membrane-lytic biological function.31 We foresee this
strategy consisting of recombinant expression followed by
chemical post-translational modification to be broadly
applicable for studies where the post-translational modification
is crucial for the native structure or function.
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