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The three-dimensional (3D) structures of proteins and
peptides in vivo largely determine their biological function.
In vitro these native structures and their heterogeneity reflect
a fine balance between noncovalent intramolecular interac-
tions and those with the surrounding solvent molecules.
Decoupling intra- and intermolecular interactions and reveal-
ing the intrinsic structures of biomolecules is crucial for
understanding protein—peptide (-protein, -membrane) bind-
ing processes and protein folding, and can assist in silico drug
design. Here we demonstrate the use of conformer-selective,
cold-ion infrared spectroscopy and experimentally con-
strained calculations to solve the 3D structure of a natural
antibiotic, gramicidin S (GS), isolated in the gas phase. It is
the largest molecule for which the gas-phase structure has
been accurately determined.

This benchmark decapeptide (cyclo-VOLFPVOLFP,
where “O” designates ornithine and Phe is the D rather
than the L enantiomer) has been studied in the condensed
phase for decades owing to its practical importance.'*! GS
exhibits strong antimicrobial activity, which is based on its
binding to microbial membranes,>® but it is toxic to human
red blood cells. Rational design of GS analogues with
improved pharmacological activity requires a better under-
standing of the GS structure and its interactions with solvent
molecules and phospholipids of the cell membranes. The
structure of the isolated peptide may serve as an additional
starting point to model these interactions and help elucidate
the mechanism of its antimicrobial activity.

While isolation of solvent-free biomolecules in the gas
phase removes the intermolecular interactions, the decreased
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concentration of gas-phase samples requires sensitive struc-
ture-selective techniques. lon-mobility techniques can sepa-
rate different conformational isomers by their collisional
cross-section,” ™! but their accuracy in solving structures is
limited by the low number of experimentally derived
structural constraints and should be verified by complemen-
tary techniques. In recent years precise structures of several
amino acids and small peptides in the gas phase have been
determined using infrared spectroscopy.'>® This approach
relies on measuring a “fingerprint” of vibrational transitions
(frequencies, intensities, and linewidths) that serves as a
benchmark for structural calculations. Unambiguous identifi-
cation of calculated structures for a large molecule challenges
experiments to provide a detailed fingerprint for each
observed conformer, since this is exactly what theory
calculates. This requires achieving vibrational resolution and
conformational selectivity in the IR spectra, which becomes
problematic for large species at room temperature. Theory
typically employs classical molecular dynamics simulations to
sample a large conformational space to identify candidate
structures. Subsequently, a few of the lowest energy structures
are optimized by ab initio theory to find the most stable
conformer. The biggest challenge in these calculations is in
narrowing the conformational search among the thousands of
structures identified by molecular dynamics prior to optimiz-
ing their structures at higher levels of theory and calculating
their spectra.

Our experiment combines electrospray ionization mass
spectrometry, cryogenic cooling, and laser spectroscopy (see
the Supporting Information for the details)."”’ Cooling
sample molecules to sufficiently low temperatures (=~ 10 K)
allows vibrational resolution in the UV and IR spectra of
GS.® High resolution in the UV spectrum enables the use of
IR/UV double-resonance detection*'*?">! for conformer-
selective measurements of IR spectra. We recently demon-
strated application of this approach for spectroscopy of GS in
the 6 um region.”” Herein we extend it over a significant
spectral range covering all the light-atom stretching vibra-
tions, and we use some special techniques, such as "N isotopic
substitution and complexation of the peptide with a crown
ether to help assign the vibrational bands. Structural con-
straints derived from both our spectroscopic and mass
spectrometric data guide the conformational search to find
the most stable calculated structures of isolated, doubly
protonated GS. By comparing the unique fingerprint pro-
vided by our highly resolved, conformation-specific infrared
spectrum with the theoretically derived vibrational spectrum
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we can assign one of these candidate structures to the
predominant conformer of GS that we produce in the gas
phase.

In the gas phase at low temperature [GS +2H]™" adopts
three different conformations, one of which is significantly
more abundant than the other two.?! Figure 1a shows an
infrared spectrum of this main conformer cooled to approx-
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Figure 1. Infrared spectra of the most abundant conformer of

a) [GS+2H]*" and b) its deuterated analogue (N—H—N-D) measured
by IR/UV double-resonance photofragment spectroscopy, together with
the corresponding calculated vibrational spectra for the most stable
calculated structure of these species. The calculated frequencies are
scaled by a factor of 0.961 in (a) and by a factor of 0.941 in (b). In (a)
the frequencies of NH/CH stretching vibrations are additionally shifted
by the term Ay, = —20+/0v;, where dv; is the width of the i-th peak.
Asterisks label the most intense (nearly) doubly degenerate calculated
transitions.

imately 12 K measured by photofragment-detected IR/UV
double resonance. The spectrum, which covers the NH, CH,
and C=O stretching and NH bending bands provide a set of
nearly 30 spectroscopic reference frequencies for selecting a
3D structure of doubly protonated GS from the calculated
possibilities. In several regions of the spectrum the resolved,
closely spaced peaks impose stringent requirements on the
accuracy of calculated vibrational frequencies. Simply match-
ing the calculated and observed frequencies is necessary but
not sufficient for identifying the proper structure, however.
The assignment of the peaks to specific vibrational modes
provides the true link between experiment and theory.

We use several different methods to assign the vibrational
bands in Figure 1a. Isotopic labeling of the two Val and two
Leu residues by N should shift the amide NH stretching
vibrations to lower frequencies by approximately 8 cm™ (in a
harmonic oscillator approximation). In the IR spectrum of
Figure 2b, we indeed observe a —8.5 cm ! shift of two peaks
in the isotopically substituted molecule, allowing us to
unambiguously assign these peaks to four NH stretching
vibrations of these residues. The fact that the isotopic
substitution of four residues results in the shift of only two
peaks implies that the NH stretches in each pair of identical
residues have nearly degenerate frequencies, suggesting sym-
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Figure 2. Portions of the infrared spectra of the most abundant
conformer of a,c) [GS + 2H]*", b) its isotopologues (*N "N in Leu
and Val), and d) [GS +2H]*"/[18]crown-6 complex.

metrically equivalent positions of the identical residues. This
observation supports our earlier suggestion that the [GS +
2H]** structure should be highly symmetric (C,).””! Replace-
ment of all amide hydrogens by deuterium atoms also helps in
the assignment of vibrational bands in that it shifts all ND
stretching vibrations below roughly 2500 cm ™!, leaving only
CH stretches in the 3 um region (Figure 1b). It also shifts ND
bending vibrations to lower wavenumbers, allowing us to
distinguish amide bending bands from the C=O stretching
bands.

We assign the two peaks around 3240 cm ™' to the NH;"
stretching vibrations based on the general expectation that
the frequencies of such charged groups shift strongly to lower
energy relative to amide NH stretching bands because of
stronger hydrogen bonding. We verified this assignment by
complexing [GS +2H]*" with two crown ether molecules
([18]crown-6), which form particularly strong hydrogen bonds
with the ammonium groups.”**! As shown in Figure 2c and d,
the complexation leads to an additional shift of these two
peaks by 120150 cm ™.

The UV-induced photofragment mass spectrum of [GS +
2H]*" (Figure S1 in the Supporting Information) provides
additional information that directly constrains our structural
search prior to calculation of the infrared spectrum. The two
most abundant fragments that result from photoexcitation of
the Phe chromophores correspond to the loss of neutral
-CH,NH, and -CH,CH,NH, from the ornithine side chains,
although these channels are only negligible ones in colli-
sional-induced dissociation”! and in infrared multiphoton
dissociation (IRMPD; Figure S1 in the Supporting Informa-
tion). The observed nonstatistical dissociation® suggests an
initial transfer of photoexcitation energy directly from the
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Phe chromophores to the amines of the Orn side chain and
implies a certain proximity and coupling of the two groups.
This conclusion, along with the symmetry inferred from the
vibrational spectra, drastically narrows the initial conforma-
tional search for suitable candidate structures.

This search employs extended molecular dynamics simu-
lations with a minimal set of the above-mentioned exper-
imentally determined constraints imposed as structural
restraints to guide the exploration of configurational space.
An initial pool of candidate structures was generated in this
way through multiple simulated annealing runs in which the
system was heated to high temperature (1500 K) to accelerate
phase-space sampling and then slowly cooled down. From
these confined conformational searches the four lowest-
energy structures were selected and freely optimized using
density functional theory as a starting point for the calculation
of their harmonic vibrational frequencies (see the Supporting
Information for the details of the calculations). The frequen-
cies of the most stable structure (Table S2 in the Supporting
Information), after scaling to account for vibrational anhar-
monicity, match well with the measured IR spectrum of the
most abundant conformer (Figure S2 in the Supporting
Information). The assignments of all the computed vibra-
tional bands are in full agreement with our experimentally
determined assignments. Only the frequencies of the ammo-
nium NH stretching bands are not well predicted by theory.
We do not expect a perfect reproduction of these strongly
coupled bands, because their anharmonicities should be
greater than those for weakly coupled NH/CH stretching
modes. A refinement of the two scaling coefficients that is
rooted in the physics of intramolecular vibrational coupling
(see details in the Supporting Information) results in a better
match between the calculated and measured frequencies.

A stringent test for the computed lowest-energy structure
is to calculate the vibrational spectrum of the deuterated
peptide. Deuteration does not change the structure but shifts
the NH stretching bands to lower frequencies. The predicted
spectrum of the deuterated species matches well with the
experimental data (Figure 1b), reinforcing our confidence
that the calculated structure is the correct one.

Figure 3 compares the structure of isolated [GS + 2H]*"
determined in this work with that of the crystallized, hydrated
species measured by X-ray diffraction.’! The nearly sym-
metrical (C,) structure of the isolated peptide appears 40 %
less elongated and more compact. It exhibits a characteristic
parallel alignment of the two Phe rings, each of which is in
close proximity to an ammonium group of an Orn side chain.
This difference largely results from solvation of the charged
Orn side chains in the crystal that prevents their participation
in cation—m hydrogen bonds with the Phe rings. In the isolated
structure, the ammonium groups also form hydrogen bonds
with the carbonyl oxygens of the Phe and Orn residues, which
anchor them to the peptide backbone. Table S3 in the
Supporting Information provides atomic coordinates of the
calculated structure.

This work demonstrates that cold-ion spectroscopy,
together with high-level theory, can be used to solve
conformer-selective structures of isolated midsize peptides.
Although isolated structures may not reflect the structures in
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Figure 3. Two 3D views of the [GS +2H]*" structures a) determined in
this work by cold-ion spectroscopy for the lowest-energy conformer of
the isolated species, and b) solved by X-ray diffraction for crystallized
species (reconstructed from the data of Ref. [8]).

vivo, in certain cases they should be helpful for understanding
in vivo interactions. For instance, the structure of gramicidin S
interacting with a membrane can differ from the structure
determined in vitro by NMR or X-ray methods, making the
intrinsic structure determined here a valuable starting point
for modeling the biological activity of this antibiotic in vivo.
To our knowledge gramicidin S is the largest molecule for
which the accurate intrinsic structure has ever been deter-
mined.
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