
From Milliseconds to Minutes: Melittin Self-Assembly from
Concerted Non-Equilibrium Pressure-Jump and Equilibrium
Relaxation Nuclear Magnetic Resonance
Martin D. Gelenter, Wai-Ming Yau, Philip A. Anfinrud, and Ad Bax*

Cite This: J. Phys. Chem. Lett. 2024, 15, 1930−1935 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Non-equilibrium kinetics techniques like pressure-jump nuclear magnetic
resonance (NMR) are powerful in tracking changes in oligomeric populations and are not
limited by relaxation rates for the time scales of exchange that can be probed. However, these
techniques are less sensitive to minor, transient populations than are Carr−Purcell−Meiboom−
Gill (CPMG) relaxation dispersion experiments. We integrated non-equilibrium pressure-jump
and equilibrium CPMG relaxation dispersion data to fully map the kinetic landscape of melittin
tetramerization. While monomeric peptides weakly form dimers (Kd,D/M ≈ 26 mM) whose
population never exceeds 1.6% at 288 K, dimers associate tightly to form stable tetrameric species
(Kd,T/D ≈ 740 nM). Exchange between the monomer and dimer, along with exchange between
the dimer and tetramer, occurs on the millisecond time scale. The NMR approach developed
herein can be readily applied to studying the folding and misfolding of a wide range of oligomeric
assemblies.

Protein folding, misfolding, and oligomerization are
intrinsically tied to protein function and dysfunction.1

The folding and assembly of homo-oligomeric proteins often
control their activity and the rate at which they accomplish
their function,2 while misfolding and aggregation are
implicated in many neurodegenerative diseases, including
Alzheimer’s, Parkinson’s and Huntington’s diseases.3 The
functional roles of proteins, in addition to pathologies, are
often controlled by lowly populated, transient species that are
difficult to characterize with traditional techniques such as
fluorescence microscopy and light scattering.4

Equilibrium exchange nuclear magnetic resonance (NMR)
techniques, such as Carr−Purcell−Meiboom−Gill relaxation
dispersion (CPMG-RD),5 R1ρ relaxation dispersion,

6 15N ZZ-
exchange spectroscopy,7,8 and chemical exchange saturation
transfer (CEST),9,10 have been widely used to detect lowly
populated and transient species. Although these techniques are
powerful in characterizing such species that are “invisible” to
other techniques, they suffer from certain limitations that
hinder the analysis of multiple states in exchange across time
scales of many orders of magnitude, a situation that is often
important for studying the functional and pathogenic roles of
proteins. The time scales accessible to equilibrium exchange
NMR experiments are determined by spin relaxation rates.
CPMG-RD and R1r relaxation dispersion experiments are
limited by R2 and R1r, respectively, while ZZ-exchange
spectroscopy and CEST are limited by the longitudinal
relaxation rate, R1, of the species being studied. In solution,
R1 values of interest are rarely ≲1 s−1, thus setting an upper
limit of ∼1 s for exchange time scales that can be probed with

equilibrium exchange NMR. However, many protein folding
and aggregation processes have steps that occur on a time scale
of seconds to minutes and are therefore impossible to study
with equilibrium exchange NMR. Proline cis−trans isomer-
ization is one example of a common rate-limiting step for
protein folding processes and occurs on the minute time scale,
making it inaccessible to equilibrium exchange NMR.11

Non-equilibrium techniques for studying protein folding and
oligomerization, such as pressure-jump solution NMR spec-
troscopy12−14 and inverse temperature jump followed by rapid
freeze-quench solid-state NMR spectroscopy,15 are especially
useful in tracking large-scale population changes. In contrast to
that of equilibrium exchange NMR, the time scales that can be
probed with such techniques can be arbitrarily long. In this
Letter, we harness the power and benefits of combined non-
equilibrium and equilibrium techniques to define the pathway
and the relevant exchange rates for the tetramerization of
melittin, including the presence of a highly transient dimeric
intermediate species.
Melittin, the active component of honeybee venom, is a 26-

residue peptide containing a post-translational C-terminal
amidation (section II of the Supporting Information) that
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undergoes exchange between an intrinsically disordered
monomer and an α-helical tetramer at millimolar peptide
concentrations. Residual dipolar couplings (RDCs) measured
in solution showed the same helical structure for the tetramer
as observed via X-ray crystallography and predicted by
AlphaFold-Multimer.16 The melittin tetramer forms on the
millisecond time scale from monomers with residue P14 in the
trans conformation, while there is also a much slower off-
pathway exchange between disordered monomers with P14 in
the trans and cis conformations. Bioinformatics and mutation
studies showed that P14 is required for efficient membrane-
lytic activity,17,18 but its isomerization appears to be
unproductive, even though important for understanding the
full kinetic pathway of melittin tetramerization. Proline cis−
trans isomerization is rate-limiting and occurs on a time scale
that is too slow to study with exchange-based equilibrium
NMR techniques.
The population of melittin with P14 in the cis conformation

is considerably larger when the peptide is pressure-denatured
compared to atmospheric pressure, where at 1 mM
approximately half of the peptide is in the all-trans tetrameric
state (Figure 1a,b). To measure the kinetics of P14 cis−trans

isomerization (section IV of the Supporting Information), the
sample was first pressure-denatured and equilibrated at 2.25
kbar and 288 K, where the unfolded monomer with P14 in the
cis conformation, Mcis, makes up 11% of the total peptide
concentration. Following a drop to atmospheric pressure, a
series of short 15N−1H HSQC measurements were carried out,
each 2 min in length, to track the decay of peaks arising from

the Mcis population as the sample relaxed to its new
equilibrium state at low pressure (Figure 1c).20 This strategy
worked well at low temperatures, such as 278 K, when the rate
of P14 cis−trans isomerization was significantly slower than the
duration of each HSQC (Figure S1).
At 288 K, P14 cis−trans isomerization occurs on a time scale

that is comparable to the duration of an individual HSQC
measurement, thereby limiting the temporal resolution (Figure
1c and Figure S2a,b). We therefore also carried out a double-
jump experiment in which the pressure was dropped to
atmospheric pressure for a variable time, τfold, before being
jumped back to 2.25 kbar for a single-scan high-pressure
readout HSQC (Figure 1d and Figure S2c,d). Although some
fraction of the peptide reverts to the high-pressure equilibrium
Mcis state during the readout HSQC, this percentage is always
the same and simply results in an offset for the apparent Mcis
concentration at equilibrium. The τfold delay therefore can be
made arbitrarily short (within the limits of the pressure-jump
apparatus hardware), enabling the probing of proline cis−trans
isomerization with an arbitrary time resolution (Figure 1d).
With a Mcis population of 11% and a kex of 0.54 ± 0.03 min−1,
the cis → trans (kct) and trans → cis (ktc) rates are 0.49 ± 0.03
and 0.060 ± 0.006 min−1, respectively.
To set bounds on the population and chemical shifts of the

dimer, 15N−1H HSQCs at concentrations ranging from 0.05 to
2 mM were collected (Figure S3 and section III of the
Supporting Information). Across this concentration range, the
relative peak integrals, and thus populations, of the monomer
and tetramer change dramatically, but no peaks corresponding
to a dimer were observed. The dimer population, therefore,
was either below the detection limit or in fast exchange with
the monomer or tetramer populations. No chemical shift
changes were observed for tetramer resonances, while some of
the monomer peaks showed minute changes in chemical shift
of at most a few hertz that were only slightly outside the
measurement error (Figure S3). The dimer population
therefore must be small and in fast exchange with the
disordered monomer, while the tetramer must be in the slow
exchange limit or have chemical shifts that are nearly identical
to those of the dimer.
We then measured population-weighted average 15N

chemical shifts in a stroboscopic fashion using a double-jump
pseudo-three-dimensional experiment with a high-pressure
readout (Figure 2a, Figure S4, and section V of the Supporting
Information).21,22 For a given folding delay, τfold, this
experiment gives a single, averaged 15N chemical shift for
each residue. If the “unfold and dissociate” period is sufficiently
long to fully denature the protein and the stroboscopic
chemical shift evolution period, κ, is much less than π/ΔδN,
where ΔδN is the chemical shift difference between the
monomer and tetramer, then this average chemical shift
represents a simple population-weighted average of the
monomer, dimer, and tetramer populations. For several
residues that fall outside this limit when κ = 1.25 ms, a
comprehensive trigonometric analysis is necessary to accu-
rately recapitulate the experimental data.21 We utilized a 350
ms unfolding delay for all experiments, which results in an
easily correctable 3% underestimate of the folded population
due to an unfolding time constant of 100 ± 8 ms (Figure S5).
At a concentration of 1.1 mM, the averaged chemical shifts
cross the midpoint between the monomer and tetramer values
at 123 ms (Figure 2b−e and Figure S6), corresponding to
equal populations (Figure 3b). At lower concentrations, the

Figure 1. P14 cis−trans isomerization. 15N−1H HSQC spectra
measured at 600 MHz and 288 K of synthetic melittin, enriched
with 15N at L13 and A15, at (a) atmospheric pressure and (b) 2.25
kbar, both at 1 mM. At atmospheric pressure, the folded, α-helical
P14-trans tetramer, random coil P14-trans monomer, and random coil
P14-cis monomer populations are in slow exchange equilibrium and
resonances from each species are visible in the 15N−1H HSQC
spectrum. At 2.25 kbar, melittin is pressure-denatured and the
tetramer signals are no longer visible.19 (c and d) P14 cis−trans
isomerization kinetics for a 2.0 mM melittin sample probed via a
single pressure jump and a double pressure jump, respectively. One
kex value was globally fit for the data from both experiments.
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equilibrium average shift is closer to the monomer, and the rate
at which the average chemical shift changes is somewhat
slower. The overall transition from the monomer to tetramer is
well restrained by the pressure-jump data (Figure S7).
However, considering that the data are well fit to a linear
combination of the monomer and tetramer chemical shifts, the

dimer and its chemical shifts are effectively invisible to these
techniques; it is lowly populated and/or has chemical shifts
that are close to those of the tetramer. Although AlphaFold-
Multimer23,24 predictions for the dimer had low model
confidence scores (Figure S8c,d), all predicted dimer models
had backbone torsion angles and thus predicted backbone

Figure 2. Non-equilibrium pressure-jump NMR and equilibrium CPMG-RD for studying oligomerization of uniformly 15N/13C/2H-enriched, C-
terminally amidated melittin. (a) Schematic representation of the pseudo-three-dimensional pulse sequence used to measure population-weighted
15N chemical shifts. While at high pressure, a refocused INEPT generates in-phase Nz magnetization prior to a pressure drop. After a delay, τfold, the
population-weighted average 15N chemical shift is encoded stroboscopically. The pressure is then jumped back to 2.25 kbar for a high-sensitivity
15N−1H HSQC readout in the unfolded state. (b−e) Time traces of the population-weighted average chemical shifts after a pressure drop to
atmospheric pressure for V5, L6, K7, and V8, respectively, at 0.25 mM (green), 0.5 mM (magenta), 0.8 mM (light blue), and 1.1 mM (black). Solid
lines show the best fit, simulated population-weighted average chemical shifts. The dashed and dotted black lines correspond to the chemical shifts
of the tetramer and monomer, respectively. κ was set to 1.125 ms for the 0.25 mM sample and 0.5 ms for all other samples. (f) 15N TROSY R2
values for a 1.1 mM 2H,13C,15N-labeled melittin sample at 700 and 500 MHz 1H frequencies. (g−j) 15N in-phase CPMG relaxation dispersion
curves for residues L6, K7, V8, and L9, respectively, in a 1.0 mM sample at 288 K on a 600 MHz spectrometer. Solid lines correspond to kinetic
rate constants and equilibrium populations that were globally fit to both the pressure-jump and CPMG-RD data.

Figure 3. Kinetics and equilibrium of melittin oligomerization at 288 K. (a) Two-dimensional heat map depicting the loss of monomer over time
for total peptide concentrations ranging from 0 to 2 mM. (b) Simulated kinetic profiles of the monomer, dimer, and tetramer populations for four
concentrations studied by pressure-jump NMR. The dimer population never exceeds 1.6%. (c) Calculated monomer, dimer, and tetramer
populations vs concentration at equilibrium.
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chemical shifts25 that were very similar to those of the tetramer
(Figure S9).
We therefore turned to equilibrium exchange NMR, in the

form of 15N TROSY R2
26 (section III of the Supporting

Information) and 15N CPMG-RD measurements (section VI
of the Supporting Information) to restrain exchange
parameters involving the dimer population.27 15N TROSY R2
measurements of a 1.0 mM sample showed nearly uniform R2
values of ∼20 s−1 for the tetramer (Figure 2f). If the tetramer is
in slow exchange with the dimer, its effective R2 is controlled
by the lifetime of the tetrameric species, i.e., the tetrameric
dissociation rate constant, k−4.

28 This sets an upper limit of 20
s−1 for k−4 and, assuming an average intrinsic 15N TROSY R2
of 6 s−1 for the 12 kDa homotetramer at 600 MHz, suggests
that k−4 is ∼14 s−1. Significant relaxation dispersion is observed
in the CPMG-RD R2,eff rates at CPMG frequencies ranging
from 25 to 1000 Hz for the monomeric and tetrameric species
(Figure 2g−j and Figure S10).29
To take advantage of both the pressure-jump data’s tight

restraints on the overall monomer to tetramer exchange along
with the CPMG-RD restraints on Mtrans to dimer and dimer to
tetramer exchange, the non-equilibrium and equilibrium data
were fit simultaneously to extract the dimer association and
dissociation rate constants, k2 and k−2, respectively, along with
the tetramer association and dissociation rate constants, k4 and
k−4, respectively (section VIII of the Supporting Information).
Data collected at four concentrations for the pressure-jump
experiments and one concentration for the CPMG-RD
measurements yielded convergence in the fit for all four rate
constants and good agreement with the experimental data
(Figure 2b−e,g−j). The kinetics and equilibrium partitioning
are easily calculated for any range of concentrations (Figure
3a−c) by using the fitted rate constants (Scheme 1). As one

can see from the fitted value (Kd,D/M = 26 mM), the dimer is
very unstable. The tetramer, on the contrary, shows a high
affinity with a Kd,T/D of 740 nM. Consequently, the dimer
population never exceeds 1.6% of the total peptide, but the
dimer nevertheless is the critical intermediate. The dimer is a
highly transient species due to the relatively fast dimer

dissociation and tetramer association. This result explains
why the pressure-jump stroboscopic chemical shift measure-
ments alone were not sufficient to restrain exchange
parameters associated with the dimer. Although our CPMG-
RD data also did not restrain the overall monomer to tetramer
exchange (Figures S7 and S9),29 these experiments are
extremely sensitive to lowly populated states undergoing
exchange on the millisecond time scale30 and thus complement
the pressure-jump data in terms of extracting kinetic rate
constants involving lowly populated, transient species.
Molecular dynamics simulations have suggested that melittin

forms partially disordered tetramers by sequential addition of
monomers in <300 ns that later relax into a well-ordered
crystal-like structure.31,32 We see no evidence from chemical
shifts, RDCs, or relaxation measurements for exchange
between a rigid and partially disordered tetramer at early
time points.16 Furthermore, dimer−dimer addition has been
observed to be ubiquitous in nature for homotetramer
formation, possibly due to selective evolutionary pressure to
avoid unwanted buildup of trimer species.33 It is plausible that
the increased temperature (310 K), a high peptide
concentration (10 mM), and short time scales (<300 ns)
studied in these simulations probed a qualitatively different
tetramerization process to what we observed in solution at 288
K.
Previous experimental reports of melittin tetramerization

kinetics in the literature used melittin concentrations and
experimental conditions that make the monomer to dimer
transition rate limiting and thus provided detailed kinetic rate
constants for only this equilibrium, not the dimer to tetramer
equilibrium.15,34,35 With the buffer conditions used in our
study, monomer to dimer exchange and dimer to tetramer
exchange occur at the same rate for a total peptide
concentration of 0.53 mM. At lower peptide concentrations,
the dimer to tetramer transition is rate limiting, while at higher
concentrations, the monomer to dimer exchange becomes rate
limiting. We were therefore able to extract rate constants for
both exchange processes because our pressure-jump data
spanned concentrations ranging from 0.25 to 1.1 mM.
Herein, we combined the benefits of non-equilibrium

pressure-jump NMR experiments with equilibrium relaxation
measurements to map out the kinetic landscape of melittin’s
equilibrium between an intrinsically disordered monomer and
an α-helical tetramer. Pressure-jump NMR kinetics experi-
ments are particularly powerful in tracking the change in major
populations across many time scales, while CPMG-RD is
exquisitely sensitive to lowly populated, transient states.
Furthermore, the high-pressure readout for the pressure-
jump experiments makes these experiments readily amenable
to studying systems whose resonances are severely line-
broadened at atmospheric pressure due to exchange and the
slow rotational correlation time of oligomeric assemblies.
Isomerization of P14 occurs on a time scale of minutes and

is rate limiting for tetramerization, exemplifying a process that
is inaccessible to traditional equilibrium kinetics techniques.
Exchange between trans-P14 monomers and dimer, along with
exchange between the dimer and tetramer, occurs on the
millisecond time scale. While the pressure-jump NMR
stroboscopic chemical shift measurements are sensitive to
large population changes and thus the monomer to tetramer
exchange, they are less sensitive to lowly populated states, to
which CPMG-RD is especially sensitive. A global fit to both
the non-equilibrium and equilibrium kinetics data provides a

Scheme 1. Overall Kinetic Scheme for Melittin’s Exchange
among the Monomer, Dimer, and Tetramer at 288 Ka

aMonomers with P14 in the cis conformation undergo exchange with
the P14-trans at a rate that is 5 orders of magnitude slower than that
of the Mtrans−D−T exchange process.
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complete picture of this oligomerization process spanning a
time scale of 5 orders of magnitude.
Our approach can readily be applied to study the folding and

misfolding of a wide range of oligomeric proteins. For example,
proteases, such as the HIV-1 protease, are active in only the
dimeric state and unstable as folded monomers.36 For such
systems, pressure-jump and relaxation measurements can
elucidate the kinetic and equilibrium landscapes of the folding
and dimerization processes. Additionally, these methods can be
applied to studying the initial molecular events associated with
neurodegenerative diseases that involve oligomers either in the
pathology or as a prenucleation step in a fibril aggregation
process. For systems like Aβ40,37 Aβ42,38 Huntington,39 and
transthyretin,40 these techniques may enhance the under-
standing of how the proteins misfold and form toxic
aggregates, potentially a key step in developing therapies to
slow or stop progression of such diseases.
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