
y COREView metad

er Connector 
The Gramicidin Dimer Shows Both EX1 and
EX2 Mechanisms of H/D Exchange

Raghu K. Chitta, Don L. Rempel, and Michael L. Gross
Department of Chemistry, Washington University in St. Louis, St. Louis, Missouri, USA

We describe the use of H/D amide exchange and electrospray ionization mass spectrometry
to study, in organic solvents, the pentadecapeptide gramicidin as a model for protein self
association. In methanol-OD, all active H’s in the peptide exchange for D within 5 min,
indicating a monomer/dimer equilibrium that is shifted towards the fast-exchanging mono-
mer. H/D exchange in n-propanol-OD, however, showed a partially protected gramicidin that
slowly converts to a second species that exchanges nearly all the active hydrogens, indicating
EX1 kinetics for the H/D exchange. We propose that this behavior is the result of the
slower rate of unfolding in n-propanol compared with that in methanol. The rate constant
for the unfolding of the dimer is the rate of disappearance of the partially protected
species, and it agrees within a factor of two with a value reported in literature. The rate
constant of dimer refolding can be determined from the ratio of the rate constant for
unfolding and the affinity constant for the dimer, which we determined in an earlier study.
The unfolding activation energy is 20 kcal mol�1, determined by performing the exchange
experiments as a function of temperature. To study gramicidin in an even more
hydrophobic medium than n-propanol, we measured its H/D exchange kinetics in a
phospholipids vesicle and found a different H/D amide exchange behavior. Gramicidin is
an unusual peptide dimer that can exhibit both EX1 and EX2 mechanisms for its H/D
exchange, depending on the solvent. (J Am Soc Mass Spectrom 2009, 20, 1813–1820) © 2009
American Society for Mass Spectrometry
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Gramicidin, a well-studied membrane peptide
[1–3], self associates spontaneously in certain
media. As a 15-residue membrane peptide with

alternating L and D amino acids, it is hydrophobic and
can serve as an antibiotic. Its hydrophobicity is revealed
by its amino acid sequence, HCO-L-Val1-Gly2-L-Ala3-D-
Leu4-L-Ala5-D-Val6-L-Val7-D-Val8-L-Trp9-D-Leu10-L-Xxx11-
D-Leu12-L-Trp13-D-Leu14-L-Trp15-NHCH2CH2OH, where
Xxx is Trp in gramicidin A (GA), Phe in gramicidin B (GB),
and Tyr in gramicidin C (GC) [4]. For �5% of the
gramicidins, Val1 is replaced with Ile, and this form is
normally referred to as IGA. The active state of all
gramicidins is a noncovalently bound dimer that
binds selectively Na�, K�, and other monovalent
cations [3]. Its small size combined, with its regular
and stable dimeric structure, have made it tractable
for study in organic solvents and model membranes
with 2D and 3D NMR, X-ray crystallography, and CD
(for reviews, see references [1–3]).

Given its propensity to self associate, gramicidin
presents an opportunity to implement a mass spectro-
metric approach to probe the mechanism of amide
exchange in small hydrophobic peptides. Of the two
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mechanisms for exchange (EX1 and EX2), we expect
that a small, self-associating peptide should exchange
via the EX1 mechanism in a relatively hydrophobic
medium; that is, its rate of refolding would be slower
than the rate of amide exchange. EX1 exchange typically
produces a bimodal distribution that represents the
protected folded species and the completely exchanged
species, which is formed as a result of unfolding [5].
With time, the protected species disappears, giving way
to the completely exchanged species, and from the rate
of disappearance of the protected species, one can
calculate the rate of unfolding of the peptide [6, 7]. A
temperature study of an EX1 mechanism of exchange
should afford the activation energy for unfolding of the
dimer. In contrast, when the rate of refolding is faster
than the rate of amide exchange, an EX2 mechanism of
exchange applies, and there is only one species in the
exchange profile whose mass increases with time [8, 9].

We also wished to test whether mass spectrometry
can be utilized to compare gramicidin in solution and in
vesicles. In the latter, gramicidin exists as a head-to-
head, single-stranded dimer (known as the “channel”
form) as opposed to a double-stranded helical dimer
(“pore” form) in organic solvents [10, 11]. Encouraged
by successes in similar studies on peptides in vesicles
[12–15], we investigated H/D amide exchange of gram-

icidin held in a phospholipid vesicle.
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Gramicidin is of broader interest than subject for
mass spectrometry development because it is a model
for self association of peptides and proteins. Protein–
protein interactions are crucial for transport of elec-
trons, signal transduction, and antigen–antibody inter-
actions [16–18]. To identify self interactions and to
determine their specificity, thermodynamics, and kinet-
ics, smaller systems are of interest because they repro-
duce the structural, electronic, and catalytic properties
of larger systems. Moreover, they are more amenable to
experimentation [19–21]. For example, transmembrane
peptides that mediate various biologic activities can
function as models for protein–protein interactions and
self-association. The hydrophobic nature of melittin,
alamethicin, and leucine zippers causes them to oli-
gomerize in solution [22, 23], diminishing unfavorable
interactions of nonpolar residues with the solvent.
Thus, they too are good models for investigating pro-
tein interactions.

We previously reported that the amount of self-
assembled gramicidin dimer depends on the media in
which it exists [24]. Following that work, we developed
a mathematical model for calculating affinity constants
from the self-titration of gramicidin [25]. We now
extend those studies by combining H/D amide ex-
change [8, 9, 26, 27] and mass spectrometry to probe the
properties and dynamics of the gramicidin dimer. The
kinetics of exchange should be a test of structure
because they reveal the folding and H-bonding status of
the peptide or protein in a complex [8, 27]. Moreover,
we are intrigued by the prospects that a small peptide
could show both EX1 and EX2 mechanisms of exchange
and that MS methods could probe this behavior.

Materials and Methods

Gramicidin A was purchased from ICN Biochemicals
(Costa Mesa, CA) and used without further purification.
The solvents methanol, methanol-OD, and n-propanol
were purchased from Sigma-Aldrich (Milwaukee, WI).
n-Propanol-OD was purchased from Cambridge Iso-
tope Laboratories (Andover, MA). Dimyristoyl phos-
phatidyl choline (DMPC) was from Avanti Polar Lipids
(Alabaster, AL).

Mass spectra were acquired by electrospray ioniza-
tion from organic solvents by using a Micromass-Q-
TOF-Ultima (Micromass, Manchester, UK), consisting
of a quadrupole (Q) mass analyzer, a quadrupole colli-
sion cell, and a second-stage time-of-flight (TOF) ana-
lyzer, operated in the positive-ion mode. The solvent for
ESI was that in which gramicidin had been incubated
before the mass spectrometry experiment. To generate
sodium-bound gramicidin ions, the organic solvent was
saturated with the sodium salt, as described in [24]. The
solution was diluted in the deuterated solvent and
exchange-in was followed as a function of time. The ESI
conditions were optimized to give the highest sensitiv-
ity detection of the dimer in the gas phase. The needle

voltage was set to 3 kV, and the cone voltage was 90 V.
The temperature of the source block and for desolvation
was 90 °C. The flow rate was 10 uL/min. All parame-
ters (e.g., aperture to the TOF, transport voltage, offset
voltages) were optimized to achieve maximum signal
and a mass resolving power of 10,000 (full width at half
maximum).

The mass spectra on the vesicle suspension were
acquired in the linear ion trap portion of a Thermo
Finnigan LTQ-FT (San Jose, CA), operated in the positive-
ion mode. The ESI conditions were optimized for the
highest sensitivity detection of the (M � 2Na)2� by
using the autotune function on the LTQ. The spray and
the capillary voltages were set to 5 kV and 46 V,
respectively, and the capillary temperature was 200 °C,
and a flow rate of 5 �L/min was used.

The vesicles were synthesized using the methods
described in [28] to give presumably gramicidin in the
channel conformation. Gramicidin (1 mg) and dimyris-
toyl phosphatidyl choline (DMPC) (1:8 M ratio) were
dissolved in 1 mL of trifluoroethanol (TFE) followed by
evaporation of the solvent for 24 h. The dried mixture
was vortexed with 1 mL of 10 mM NH4OAc containing
0.1 mM NaI for �1 h. The suspension was then ex-
truded through a 100 nm filter, using an Avanti Ex-
truder (Avanti Polar Lipids, Alabaster, AL), for 15-
cycles to obtain a symmetric distribution of large
unilamellar vesicles (LUVET). Both hydration and ex-
trusion were performed at a temperature (25 °C) higher
than the gel-to-liquid phase transition temperature of
the phospholipid (DMPC, 23 °C).

The vesicles were examined for symmetry and dis-
tribution using dynamic light scattering (DLS) to reveal
hydrodynamic diameter distributions. A Brookhaven
Instruments Co. (Holtsville, NY) DLS system consisting
of a model BI-200SM goniometer, a model EMI-9865
photomultiplier, and a model 95-2 Ar ion laser (Lexel
Corp., Palo Alto, CA) operated at 514.5 nm was em-
ployed. All measurements were made at 20 � 1 °C.
Scattered light was collected at scattering angle 90°. The
system’s digital correlator was operated with 522 chan-
nels, ratio channel spacing, initial and final delay set-
tings between 1.4 and 10 ms, respectively, and duration
of 10 min. A photomultiplier aperture of 200 or 400 �m
was used, and the incident laser intensity was adjusted
to obtain a photon-counting rate of 200 to 300 Kcps.
Only measurements for which the measured and calcu-
lated intensity autocorrelation function agreed to within
0.1% were used to calculate hydrodynamic diameters.
Calculations of the hydrodynamic diameter distribution
from measured intensity autocorrelation functions were
performed with the ISDA software package (Brookhaven
Instruments Co., Holtsville, NY), which employed single
exponential fitting, cumulants analysis, and non-negatively
constrained least-squares (NNLS), and continuous reg-
ularization (CONTIN) analysis routines. The reported
hydrodynamic diameter distribution averages are mean

values of a minimum of three determinations.
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H/D Exchange

H/D exchange in organic solvents was started by
diluting a concentrated solution (2.5 mM) of gramicidin
in protiated solvent to 50 �M with deuterated solvent.
The kinetics of exchange was then followed by injecting
the deuterated sample into the mass spectrometer. The
exchange was not quenched by decreasing the pH as
quenching results in dimer dissociation. The deuterium
isotope distribution of the dimer was obtained by
removing the C-13 and N-15 distribution from the
observed distribution and studied as a function of time.

For experiments in vesicles, amide exchange was
started by diluting the vesicle suspension into deuter-
ated ammonium acetate. After various times of ex-
change, the exchange was quenched by diluting by
5-fold in an ice-cold acetonitrile/water/FA � 49/50/1
to a final gramicidin concentration of 10 �M, and the
solution was injected into the mass spectrometer.
Quenching the exchange caused dissociation of the
dimer, but it was necessary to liberate it from the
bilayer and to measure its D distribution. The effective-
ness of the quench solution was tested by quenching a
completely exchanged gramicidin solution (obtained by
performing the forward exchange for �1 wk) and
measuring the number of deuteriums back-exchanged
as a function of time. Three to four deuteria back-
exchanged with hydrogens after 1 min of quench,
increasing to �6 after 6 min (based on the centroid of
the distribution). Those deuteriums in gramicidin that
back-exchanged may be the two terminal active ones
that are expected to be fast, and the four side-chain
hydrogens. The time required from quench to obtaining
a product-ion spectrum took less than 4 min and, thus,
back-exchange of amide hydrogens was not a serious
issue.

Mathematical Modeling

Information about protection of amide sites from the
kinetics of deuterium exchange was extracted from the
raw spectral profiles in two steps at each time point
during the exchange. The first step involved peak
finding and peak-area calculation. The pattern of peaks,
one peak per Da starting at the monoisotopic mass, was
found in the spectrum at each time point. The beginning
and end of each peak interval was marked, and the
spectral intensities between the marks were summed to
give the total area of a “peak.” The mass centroid of the
intensities between the marks was computed to check
whether the peak pattern finding was working prop-
erly. The ordered list of peak areas, starting with the
area for the peak at the monoisotopic mass, gave the
overall isotopic distribution for the second step.

The method used for the second step depended on
whether a deuterium distribution was sought or quan-
titation of population components was to be done. The
calculation of the discrete deuterium distribution (here-

after referred to as D), displayed later in Figures 3 and
4, made use of a mixture model based on two compo-
nents. D, which was incorporated into the isotopic
distribution of the first of the two components, was
used to model the deuteration behavior of the homo
dimer of the gramicidin A (GA/GA) component. The
second component was required because there was
overlap of peaks from the homo dimer and a hetero
dimer of isoleucine-gramicidin A and gramicidin A
(IGA/GA) (14 u higher). The mass separation of 14 u
was insufficient to prevent overlap of the partially
protected form of IGA/GA with the more highly deu-
terated form of the homo dimer, GA/GA, which was
formed at long exchange times. The dynamics of un-
folding and deuteration of the hetero dimer were as-
sumed to be the same as for the homo dimer, a
reasonable assumption, given that only one amino acid
at the N-terminus of the monomers is different. As a
result, D of GA/GA was used to model D of IGA/GA
(the hetero dimer). For each of the two components of
the mixture, the isotopic distribution was constructed as
the discrete convolution [29] of the theoretical natural
isotopic distribution for that component (either the
homo dimer or the hetero dimer) and the postulated D.
The theoretical natural isotopic distributions were used
in this calculation because the experimental distribu-
tions could not always be obtained reliably owing to
counting noise.

A nonlinear least-squares search was used to obtain
D. For each trial of the search, the coordinates of D were
postulated by the search algorithm in their role as
search parameters. The isotopic distributions of the
homo and hetero dimers were calculated from this. The
hetero dimer isotopic distribution was weighted by a
postulated factor (a searched parameter) and then
added to the homo dimer distribution to obtain an over
all distribution that was compared to the order list of
peak areas. The coordinates of D were constrained to be
non-negative.

When step 2 was used for quantitation to obtain the
fraction of species 1 as shown in Figure 5 from the list of
peak areas obtained in step one, it made use of a
mixture model based on four components. This version
of step 2 differs from the version to calculate D in that
the hydrogen-deuterium distributions are constrained
to a relatively narrow class of shapes. Two distributions
were required to model the behavior of the homo dimer
(GA/GA), one represented a population component
that exchanged slowly over time, and the second was of
a population component corresponding to rapid ex-
change. Two other distributions were required to model
the behavior of the hetero dimer; again, one represent-
ing a slow- and the other a fast-exchanging population.

For each of the four components of the mixture, the
distribution was constructed as the discrete convolution
[29] of the theoretical natural isotopic distribution for
that component (either the homo or the hetero dimer)
and a postulated hydrogen-deuterium distribution (as
before, the dynamics of unfolding and deuteration of

the hetero dimer were assumed to be the same as for the
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homo dimer). As a consequence, there are only two
postulated hydrogen-deuterium distributions that con-
tribute to the isotopic distributions of the four compo-
nents; one for the slow- and one for the fast-exchanging
component. Each of the two postulated hydrogen-
deuterium distributions was weighted by fit variables.
These two fit variables were used for quantitation of the
slow- and fast-exchanging components.

Three stages of nonlinear least-squares searches were
used to obtain weights for the two hydrogen-deuterium
distributions. In each search, the weighted superposi-
tion of the four component isotope distributions was
fitted to the list of peak areas obtained in step one. Each
stage employed a model from a hierarchy of models [30,
31] that increased in detail, moving from the simplest to
the most detailed. This strategy improved search effi-
ciency, avoided false minima, and minimized the effect
of different search starting values. In each trial of the
three stages, each of the four component distributions
was constructed by convolving the appropriate theoret-
ical natural isotopic distribution with the appropriate
model of a hydrogen-deuterium distribution. The first
stage model placed the active hydrogens into one group
where each had the same probability of deuteration,
and resulting in a binomial distribution. This search
was started with a probability of deuteration calculated
from a formula based on an approximate interpretation
of the list of peak areas. The second-stage model di-
vided the active hydrogens into three groups; the active
hydrogens of each group were assumed to have the
same probability of exchanging for a deuterium. Each
group produced a binomial distribution, and these were
convolved to give an overall hydrogen-deuterium dis-
tribution for the active sites in all three groups. This
search was started with the site deuteration probability
of each group set to the result of the first stage. For the
third and the final stage model, each active hydrogen
was modeled with a separate probability of deuteration.
The hydrogen-deuterium distributions for the active
hydrogens were then convolved to give the overall
hydrogen-deuterium distribution for all the active sites.
The start value for the probability of deuteration at each
site was set to the resulting value for the group to which
the site belonged in the second stage.

These calculations were performed in MathCAD
2001 (MathSoft, Inc., Cambridge, MA).

Results and Discussion

We reported previously that the homo dimer of gram-
icidin can be introduced by ESI into the gas phase of a
mass spectrometer, and that its dimerization depends
on the dielectric constant of the solvent and the nature
of the metal ion used in dimer binding [24]. In a sequel
paper, we modeled the data for a self-titration of
gramicidin to obtain the affinity constant for the dimer-
ization and found that it agreed well with the literature
values [25]. Here we show that mass spectrometry,

H/D exchange (HDX), and mathematical modeling can
be utilized to investigate the dynamics of the dimer in
simple alcohol solvents and vesicles.

H/D Exchange in Methanol

We initiated HDX by diluting a solution of gramicidin
in methanol with methanol-OD and followed the up-
take of deuterium by injecting aliquots of the exchang-
ing solution into the mass spectrometer. We chose not
to quench the HDX to preserve the dimer in the gas
phase. The mass spectrum in pure methanol (Figure 1a)
and at one time point during exchange (Figure 1b) show
that rapid exchange of active hydrogens occurs, as can
be seen by comparing the isotope distribution. The
mass resolving power of the Q-TOF mass spectrometer
is sufficient (�10,000, FWHM) to distinguish the singly
charged monomer and the doubly charged dimer be-
cause the dimer appears, in part, at half m/z values.
Considering the m/z of the isotope distribution centroid,
we see that �90% of all the active hydrogens (21 per
monomer, 42 per dimer) of gramicidin are exchanged
for deuteriums within �5 min. The dimer, which is
represented by the smaller peaks at half m/z, is also
�90% exchanged, taking up twice the number of deu-
teriums as the monomer. The number of peaks in the
dimer distribution is approximately twice that of the
monomer, which is expected because the dimer has
twice as many active hydrogens.

The exchange phenomena can be explained by con-
sidering that the equilibrium in solution is represented
by eq 1,

Mº
kr

kf

D (1)

where M is the monomer and D the dimer. In methanol,
the equilibrium is shifted towards the monomer. Assum-
ing rapid H/D exchange of the monomer, we would
expect that the dimer in a few cycles of dissociating-
reassociating would exchange twice as many active hy-
drogens as the monomer, and this was observed.

Figure 1. Mass spectral region showing (M � Na)� and (M2 �
2Na)2� of gramicidin A in methanol before (a) and after (b) 5 min
of exchange in methanol-OD. The data, acquired �5 min after
mixing, show nearly complete exchange of the amide hydrogens

in the molecule.
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H/D Exchange in n-Propanol

To study the dimer under conditions that are stabiliz-
ing, we chose n-propanol because the dimer is the
predominant species in this solvent [24, 32]. The ESI
spectrum of gramicidin from n-propanol, generated
using the conditions described in the Methods section,
shows three distinct regions: a doubly charged mono-
mer, a doubly charged dimer, and a triply charged
dimer [24]. We used trace amounts of Na� to charge the
gramicidin molecule in our “native spray” from propa-
nol. Adding an acid to form H� adducts disrupted the
dimer, defeating our goal of using propanol as solvent
to observe the gramicidin dimer in the gas phase.

The (M2 � 2Na)2� region of the ESI mass spectrum in
n-propanol-OH contains peaks representing mainly the
dimer (Figure 2a), with little interference from peaks
representing the singly charged monomer [24]. This
allowed us to follow the H/D exchange of the dimer in
n-propanol-OD in a similar way to that in methanol-
OD. After 1 h of exchange (Figure 2b), the center of the
isotopic distribution for the (M2 � 2Na)2� had shifted,
revealing that only 12 of a possible 42 active H’s had
exchanged. The dimer in n-propanol is more protected
(has more H bonds) than that in methanol. The deute-
rium distribution also broadens with time as would be
expected from fluctuation effects (Figure 3).

After �3 h of exchange in n-propanol, the isotope
distribution of a protected dimer began to disappear,
and was replaced by those for a second dimer that had
undergone nearly complete exchange (Figure 4). The
result was an overlap of the completely exchanged
isotope/deuterium distribution for homo dimer of
gramicidin A with the protected distribution of hetero
dimer of isoleucine-gramicidin A and gramicidin A.
This overlap could not be avoided because commercial
gramicidin A, although 90% pure, contains a small
amount of isoleucine gramicidin A. We had two choi-
ces; either we could purify the gramicidin sample,
which is expected to be difficult, or accommodate the
overlap with mathematical modeling. We were able to
do the latter by accounting for the contribution to the
isotope profile at any time from the hetero dimer and
follow the behavior of the homo dimer alone by
extracting the appropriate distribution. This was ac-

Figure 2. (M2 � 2Na)2� region of gramicidin A exchanging in
propanol before (a) and after (b) 1 h of mixing in n-propanol-OD.
The data show the uptake of �12 Ds out of a possible 42 in the

dimer.
complished using the algorithm described in the
Materials and Methods section.

Obtaining the D Distribution

The distribution of peaks in Figure 2b represents both
the ions containing natural isotopic abundances and
those enriched with deuterium. During HDX of gra-
micidin, the distribution of isotope peaks broadens
relative to the natural isotopic distribution owing to the
incorporation of deuterium. The width of the distribution,
in addition to its center m/z, is structurally informative; a
broader distribution implies more conformational flexibil-

Figure 3. Three-dimensional plot of the evolution of D-distribution
as a function of time for 2 h following mixing in n-propanol-OD.
Removing the native C-13 isotope and N-15 distributions from the
data at all the time points reveals an envelope that represents the
deuterium distribution. Int is signal intensity, D is the number of
deuteria taken up by the dimer, and t is the time of exchange in min.

Figure 4. Three-dimensional view of the time-dependent evolution
of the D-distribution for HDX of (GA2 � 3Na)3� in n-propanol-OD.
The plot shows the evolution of second-species at long times. Int is
signal intensity, D is the number of deuteria taken up by the
dimer, and t of exchange is time in minutes. The low intensity

distributions at �20 Ds at t � 0 may represent an impurity.
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ity or an increased number of conformations in solution
[33, 34]. To understand the extent of broadening owing to
exchange of gramicidin A alone, we removed both the
contribution of the hetero dimer and the theoretical natu-
ral isotope distribution from the measured distribution to
obtain the deuterium distribution only (called D; see
Materials and Methods section for details).

Exchange at Long Times

After �3 h of exchange in n-propanol-OD, the new,
fully exchanged species had appeared. This is seen in
Figure 4, a 3D plot of the D distribution of the triply
charged dimer as a function of time. The doubly
charged dimer follows a similar pattern. The deuterium
uptake near t � 0 represents the first time point we
could obtain. As t increases, deuterium uptake increases
to nearly 18. We did not try to identify the sites by
MS/MS given that the probability of scrambling is high.
The species showing the smaller D uptake clearly gives
way to the new dimeric species that undergoes nearly
complete HDX of active hydrogens. The unfolding
of the dimer is much slower in n-propanol than in
methanol.

The appearance a second distribution provides the
opportunity to calculate thermodynamic and kinetic
properties of the dimer. In n-propanol, the slower
association of monomer to reform dimer allows us to
observe this species. Once a monomer is formed, how-
ever, it undergoes rapid HDX and then reassociates to a
dimer that has all of its active hydrogens replaced by
deuteria.

Calculation of Rate Constants

The time-dependent integrated signal intensities of the
two D distributions (Figure 5) can be accommodated by
using a first-order reaction kinetic model. The rate
constant for the disappearance of the protected species
is that for unfolding (dissociation) of the dimer; its
value is 4.0 � 0.8 � 10�5 s�1. This value compares well
with a literature value of 8 � 10�5 s�1, which was
obtained by using HPLC and fluorescence [32]. The

Figure 5. Disappearance of the partially protected species, rep-
resenting unfolding of the dimer. The points are the experimental

data, and the curve is the first-order kinetic fit to the data.
agreement demonstrates the utility of mass spectrome-
try and HDX for determining the rate constant for
unfolding of dimer of this type.

We reported previously [25] the affinity constant for
dimerization by conducting a “self titration” of grami-
cidin in n-propanol and modeling its appearance. Using
that affinity constant (5 � 104), which also agrees well
with a literature value, we calculated the rate constant
for refolding (association) to be 2 s�1 M�1. For this
approach to be valid, the assumption that the complex
undergoes exchange via an EX1 mechanism must be
satisfied. Proteins typically undergo exchange via an
EX2 mechanism, and methods like PLIMSTEX and
SUPREX were developed for calculating affinity con-
stants in these cases [35]. If the EX1 mechanism of
exchange does not apply, it can be sometimes induced in
proteins by varying pH and temperature or by adding
denaturant [6, 36]. For gramicidin in n-propanol, the rate
of exchange is clearly faster than the rate of refolding, as is
the requirement for an EX1 mechanism.

Calculation of Ea (Exchange as a Function
of Temperature)

We performed H/D amide exchange of gramicidin in
n-propanol at different temperatures. Using data simi-
lar to that shown in Figure 5, we measured the rate
constant for unfolding as a function of temperature
(Table 1). The rate constant increased with temperature,
as expected, and when plotted versus 1/T as required
for an Arrhenius plot, we obtained a straight line,
affording an activation energy (Ea) of 20 kcal mol�1

(Figure 6) and an entropy of �1.4 � 10�2 kcal/K mol for
the unfolding or dissociation of the dimer (see http://
home.fuse.net/clymer/arr/ for description of calculation).

To our knowledge, the activation energy for the
unfolding of gramicidin in organic solvents is not
known. A value of Ea for dissociation of gramicidin
dimers in vesicles, however, is 17 kcal/mol [37], which
is comparable to the value we obtained.

Characterization of Gramicidin in Vesicles

Given that gramicidin is a membrane peptide, we chose

Table 1. Value of the rate constant for the unfolding of the
dimer, calculated, at various temperatures

Temperature (K)
Rate constant for unfolding

of the dimer, kr (min–1)

288 0.00051
293 0.00072
295 0.00075
298 0.0018
310 0.0056
321 0.016
to study also its folding dynamics in a model membrane

http://home.fuse.net/clymer/arr/
http://home.fuse.net/clymer/arr/
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by using HDX kinetics. We made vesicles of gramicidin
and DMPC (as described in the Methods section), a
medium in which gramicidin exists in a channel state,
as established previously [28]. We first confirmed the
size distribution of the vesicles by DLS, which showed
that the mean diameter of the unimodal distribution was
101 � 1, with a polydispersity of 0.133 � 0.006, indicating
that the vesicles exist in a narrow distribution.

We then electrosprayed the suspension of vesicles in
ammonium acetate (containing 0.1 mM NaI and gram-
icidin) and observed a low abundance (M � Na)� of
gramicidin in the mass spectrum, which was domina-
ted by peaks from dimyristoyl phosphatidyl choline
(DMPC). This is not surprising because the concentra-
tion of DMPC and its hydrophobicity are considerably
greater than those of gramicidin. This observation is
similar to that made for transmembrane peptides by
Heck et al. [13]. We were unable, however, to see the
dimer of gramicidin in the mass spectrum because the
experiment required a low pH quench as well as
high-temperature and high-voltage ESI conditions to
break apart the vesicles. The HDX behavior should still
reflect the conformation of the gramicidin dimer in
solution, although the dimer is not seen in the gas phase
of the mass spectrometer.

Gramicidin follows an EX2 mechanism of exchange
in vesicles. We found that gramicidin exchanges nine
out of a total of 21 active hydrogens in 45 min,
indicating that embedding it in the phospholipid
protects gramicidin from HDX (see Figure S1 in
supplementary material). After 24 h, the exchange
reached a steady state, and the center of the distribu-
tion indicated an uptake of �10 Ds, and the width of
the distribution narrowed. The different protection
may indicate that a different structure of gramicidin
exists in vesicles or that the phospholipid restricts
solvent accessibility to the peptide. We can, however,
conclude that the overall protection patterns of gram-
icidin in vesicles are different than those for the

Figure 6. Temperature dependence of the rate constant for the
dimer dissociation of gramicidin in n-propanol-OD. The points are
the experimental data, and the line is the linear-regression fit
obtained using Microsoft Excel.
peptide in organic solvents.
Conclusion

The rapid rate of HDX of gramicidin in methanol is
consistent with an EX2 mechanism of exchange. The
exchange in n-propanol, however, shows the evolution
of two D distributions, one representing a protected
dimer that disappears and is replaced with another that
undergoes nearly complete HDX. This behavior is in
accord with mixed EX2 and EX1 mechanisms of overall
exchange, an observation usually reserved for a few
proteins under nonphysiologic conditions and not for
peptides. The rate constant for the disappearance of the
partially protected species can be viewed as that for
dissociation or unfolding of gramicidin dimer. Using
techniques similar to those described in [38], we calcu-
lated the activation for the unfolding is 20 kcal/mol,
which is in reasonable agreement with a literature
value, showing the validity of this mass spectrometry
approach. HDX in vesicles is clearly different from that
in n-propanol, suggesting different structures for the
dimer in the two media.

Membrane peptides/proteins often self associate so
that they can carry out their functions. It may be that
this mass spectrometric approach will be of utility in
studying the structural dynamics and other aspects of
self-association. The approach may also be useful for
analysis of other membrane peptides and proteins,
which are difficult to handle by many analytical ap-
proaches owing to their low solubility and tendency to
aggregate [17, 39].
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