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ABSTRACT The polyalanine-based peptide series Ac-Ala,-LysH' (n = 5—20) is a
prime example that a secondary structure motif that is well-known from the
solution phase (here: helices) can be formed in vacuo. Here we revisit the series
members n = 5,10,15, using density functional theory (van der Waals corrected
generalized gradient approximation) for structure predictions, which are then
corroborated by room temperature gas-phase infrared vibrational spectroscopy.
We employ a quantitative comparison based on Pendry's reliability factor (popular
in surface crystallography). In particular, including anharmonic effects into cal-
culated spectra by way of ab initio molecular dynamics produces remarkably good
experiment—theory agreement. We find the longer molecules (n = 10,15) to be
firmly a-helical in character. For n = 5, calculated free-energy differences show
different H-bond networks to still compete closely. Vibrational spectroscopy
indicates a predominance of a-helical motifs at 300 K, but the lowest-energy
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conformer is not a simple helix.

SECTION Biophysical Chemistry

any factors act together to determine the structure
M of peptides and proteins, and it is crucial to under-
stand each of them in detail for a truly predictive
picture of the whole. Solvent effects are often emphasized as
indispensable, and they certainly play a key role in structure
formation, especially at the tertiary and quarternary level
(although intact, solution-phase formed tertiary/quarternary
structure can apparently be transferred into the gas phase; see
ref 1 and references therein). On the other hand, the second-
ary structure level (helices, sheets, turns) is heavily influenced
by intramolecular interactions — most importantly, hydrogen
bonds. For this subset of interactions, benchmark experi-
ment—theory comparisons under well-defined “clean-room”
conditions in vacuo can furnish critical information toward
a complete, predictive picture of peptide structure and
dynamics, if the same structure as in the solution phase can be
formed. For example, first-principles approaches such as density
functional theory (DFT) with popular exchange-correlation
functionals do not account for van der Waals (vdW) interac-
tions, and precise experimental calibration points for differ-
ent, actively developed theoretical remedies®~” would be
extremely useful.

In a seminal ion-mobility spectrometry study more than a
decade ago, Hudgins, Ratner, and Jarrold (HR])® reported the
formation of just such a secondary structure motif (helical)
known from the solution phase in vacuo for a series of
designed, charged polyalanine-based peptides Ac-Ala,-LysH"
(n = 5—20). While much follow-up work has been done
after the original HRJ study (e.g., refs 9—16) the “helical”
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nature of the exact series Ac-Ala,-LysH™ is so far still estab-
lished only indirectly by comparing ion-mobility cross sec-
tions to results from force-field-based molecular dynamics.
A helical assignment for polyalanine is thus plausible and
easily accepted, but different structural conclusions are not
entirely ruled out. Additional ion-mobility experiments with
microsolvation'" indicate that the secondary structure is not
yet helical for n < 8. On the other hand, a spectroscopic
study of Ac-Phe-Alas-LysH™'* inferred structures with “helical”
H-bond rings (a- or 3,-helix-like) as the dominant conformers.

The key goal of the present work is to verify the structure of
then = 5,10, and 15 members of the original HR] series, both
experimentally and theoretically. This is an important task, as
safely knowing the correct structure is crucial for any further
physical conclusions — particularly for a benchmark system
such as the HRJ series. On the theory side, we employ DFT in
the PBE'” generalized gradient approximation corrected for
vdW interactions,® which are critical to guarantee the neces-
sary accuracy for our work. We confirm the helical assignment
forn = 10 and 15. Forn = 5, the lowest energy structure is
indeed not a simple helix. Even for such a relatively short peptide,
there is an enormous structural variety to navigate.'*'>'®
Harmonic free-energy calculations show that multiple con-
formers for n= 5 (both helical and nonhelical) should coexist
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at T~ 300 K. Importantly, all our findings are underpinned
by quantitatively comparing experimental infrared multi-
photon dissociation (IRMPD) and calculated vibrational
spectra in the 1000—2000 cm™! region. Since these spectra
[measured at T =~ 300 K, and calculated including finite T
anharmonic effects through ab initio molecular dynamics
(AIMD)] are continuous, we employ John Pendry's reliability factor
Rp,'? widely used in the same context in low-energy electron
diffraction (LEED) surface crystallography,®® for an unbiased
experiment-theory comparison, using a program distributed with
ref 21. This quantitative measure demonstrates beyond doubt the
superiority of molecular dynamics-derived theoretical spectra over
single-point spectra in the harmonic approximation, and quantita-
tively corroborates our theoretical structural predictions.

The Pendry reliability factor'” used to quantify experiment—
theory agreement of essentially continuous spectra is well
established in LEED.?%*" It precisely addresses our need to
match mainly peak positions, rather than, say, a simple
overall square-of-intensity comparison, which would over-
emphasize a few large intensity peaks (amide-I and -II) over
the many small, structure-sensitive features in other regions
(e.g., amide-II1).>**? Given two continuous curves le.p(o)
and Iin(w), sensitivity to peak positions is achieved by
comparing renormalized logarithmic derivatives of the in-
tensity: Y(w) = L™ ()/[L”*(w) + W], with L(w) = I'(w)/I(w)
and W approximately the half width of peaks in the spectra
(here taken to be 10 cm™"), so that Rp = Jda(Y — eXp) /
(Yo + Yexp ). In practice, this convention leads to Rp = 0 for
perfect agreement, 1 for uncorrelated spectra, and 2 for
perfect anticorrelation. In LEED, Rp A 0.3 is usually taken to
be acceptable experiment-theory agreement. Since Rp is
sensitive to small wiggles, experimental noise in low-intensity
regions must be removed, which is here achieved by splining
and gently smoothing (3-point formula) the raw data before
interpolation onto a fine numerical grid, just like in LEED.?® Rp
is always determined including a rigid shift A of all calculated
frequencies, but no scaling factors. Rigid shifts of calculated IR
spectra including anharmonicity compared to experiment
have been described before,** and most likely reflect a small,
systematic mode softening due to the density functional used.

We first focus on the larger molecules, n = 10 and 15,
where all available evidence points to helical structure. An
exhaustive structure search, similar to that forn = 5 explained
further below, is impractical for such large molecules, but we
have performed similar exhaustive searches for n = 4—8.
A crossover to a-helical lowest-energy conformers occurs at

= 7 (unpublished results). In Figure 1a,b, we first demon-
strate the structure sensitivity of our spectra by comparing
harmonic spectra (convoluted with a Gaussian function to
account for experimental broadening, see Experimental and
Computational Section) for 3¢ and a-helical conformations
to experiment. Both the visual comparison (incorrect rela-
tive peak positions in 3¢, particularly note the differences in
the amide-1I region between 1000 and 1400 cm™ ') and Rp
clearly favor @, although at Rp = 0.46, the a-helical assign-
ment is only qualitatively clear. This situation drastically
changes when considering AIMD-derived calculated inten-
sities instead, which include anharmonic effects, in Figure 1c.
Not only is Rp = 0.32 noticeably improved, but also the
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Figure 1. Comparison between experimental [gray lines] and
theoretical [red lines] vibrational spectra all normalized to 1 for
the highest peak. (a,b) Ac-Ala,s-LysH": calculated spectra based
on the harmonic approx1mat1on for a 3j0-helical (a) and an
a-helical (b) local minimum of the potential energy surface.
(c) Ac-Ala;s-LysH': calculated spectrum from AIMD (including
anharmonic effects), starting from an o-helix and o-helical in
character throughout the simulation. (d) Same as panel c, for
Ac-Ala,o-LysH*'. Pendry R-factors and rigid shifts A (see text)
between measured and calculated spectra are included in each
graph (calculated spectra are shifted by A for visual comparison).

visual comparison of all relative peak positions is remarkably
better. Obviously, some residual quantitative uncertainties
remain (e.g., in the region of 1450—1600 cm™ '), which must
be expected due to residual errors of any approximate
density functional. In addition, we are still comparing calcu-
lated linear absorption spectra with experimental IRMPD
(multiphoton absorption) spectra. While it has been shown
that IRMPD spectra can come close to the linear absorption
spectra,”” differences, especially in relative peak intensities,
can remain. These points considered, the agreement is
remarkable. The situation is similar (even slightly better)
forn = 10, with Rp = 0.30 (Figure 1d). We note additionally
that initial, locally stable 3,4 arrangements morph to a after
only a few picoseconds of AIMD, and that a-helix conforma-
tions are structurally stable even at high 7,°° in AIMD at 500 K
for at least several tens of picoseconds:*” forn = 10 and 15,
310 helical local energy minima are higher in energy than
a by at least 0.41 and 0.82 eV, respectively. All available
evidence thus points to o-helical secondary structure for

= 10, 15. To be as specific as possible, this means that the
H-bond networks of the entire molecules remain substan-
tially a-helical even in the dynamic situation reflected in our
MD simulation, even if individual H-bonds, especially near
the terminations, may be connected differently at times. A
detailed account of the development of the H-bond network
forn = 15 throughout the NVE trajectory thatled to Figure 1¢
is given in the Supporting Information.

For Ac-Alas-LysH", the situation is less clear in the litera-
ture,®"" and we proceed with a detailed structure search as
follows: We first generate a large body of possible starting
conformations using the empirical OPLS-AA force field (ref 28
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and references therein) in a series of basin hopping structure
searches performed with the TINKER*® package. Our particular
choice of force field was not motivated by any other reason
than that an input structure “generator” for DFT was needed.
That said, OPLS-AA for gas-phase alanine dipeptides and
tetrapeptides was assessed rather favorably in earlier bench-
mark work.>®?" In the searches, specific constraints on one
or more hydrogen bonds could be enforced. In total, we
collected O(10°) nominally different conformers from (i) an
unconstrained search, (ii) one hydrogen bond in the Alas
part constrained to remain o-helical, (iii) two hydrogen bonds
in Alas constrained to form a 3;¢-helix, (iv) three hydrogen
bonds in the Alas part constrained to form a 2; helix, or (v) one
hydrogen bond in the full peptide constrained to a sr-helical
form. As is well-known,*® conformational energy differences
between different types of secondary structure may vary
strongly between different force fields and/or DFT. We reduce
our reliance on the energy hierarchy provided by the force field
by following up with full DFT4-vdW relaxations for a wide range
of conformers, 302 in total. This range includes the lowest
~0.35 eV for the unconstrained and a-helical searches,
and the lowest ~0.15 eV for the 3,,-constrained search, as
well as the lowest few - and 2,-helical candidates. Almost
all -helical geometries found in the force-field relaxed
with DFT either into a or 3o helices, and all relaxed 2~
helices were higher in energy than our lowest-energy
conformer by at least 0.26 eV.

All distinct local structural minima of Ac-Alas-LysH in
DFT+vdW were characterized according to their overall
H-bond patterns (other differences, such as the exact orienta-
tion of the Lys side chain or the COOH group near the C
terminus, can still lead to several shallow local structure
minima within each H bond pattern). Four characteristic
low-energy H-bond networks (the lowest-energy structure
minima for each) are shown in Figure 2. Three of them
(labeled o-1, -2, and 3;4-1) are “helical” in the sense that
they contain two well-separated terminations with the appro-
priate o~ or 3;¢-like H-bond loops in their Alas section. The
fourth, however, labeled g-1, is our overall lowest-energy
conformer, and is not “helical” in the same sense. In particular,
it contains one H-bond (O-5 to NH-2) that runs against the
normal helix dipole, effectively short-circuiting the termina-
tions. In fact, several small variations of local structure mini-
ma with that same “inverted” H-bond exist, which are all
lower in energy than the “properly” helical conformer a-1.

In Table 1, we summarize the computed energy hierarchy
for the conformers of Figure 2. In DFT-PBE+vdW, the g-1
conformer is more stable than its closest competitors by
0.1—0.2 eV. On this scale, vdW interactions are important,
as seen by comparing to the pure DFT-PBE energy hierarchy
(no vdW). On the other hand, finite temperature effects
reduce the relative stability of g-1. The calculated harmonic
free energy of g-1 and o-1 at 300 K is almost equal, and o2 is
only slightly (~60 meV) less stable; only 3,,-1 stays noticeably
removed. The expected stability of at least three out of the four
conformers is thus similar, and at room temperature we would
expect all of them to be present or even interconvert in
experiment. We note in passing that the hierarchy for other
DFT functionals (revPBE, or B3LYP at fixed geometry obtained
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Figure 2. Visualization of low-energy Ac-Alas-LysH" conformers:
(a) g-1, with the H-bond against the helix dipole highlighted
in yellow and pointed to by the arrow (see text); (b) a-1; (c) o-2;
(d) 310-1. (e) H-bond networks associated with each conformer.
(C—)O and N—H groups are numbered starting from the N termi-
nus and ending at the C terminus.

Table 1. Energy Differences of the Four Chosen Ac-Alas-LysH"
Conformers with Respect to g-1: Pure DFT-PBE (No vdW), DFT-
PBE+vdW (PES Only), and DFT-PBE+vdW Harmonic Free Energy
AF at 300 K*

g1 o1 -2 310-1
DFT-PBE 0.0 0.04 0.08 0.04
DFT-PBE+vdW 0.0 0.09 0.11 0.19
AF(300 K) 0.0 0.01 0.06 0.17

“All energies in electron volts.

using the PBE functional) is qualitatively similar, as long as a
vdW correction is included.”

Interestingly, the termination-connecting H-bond of the g-1
conformer leads to a somewhat smaller overall volume of g-1
compared to the o-1, 0-2, or 3,o-1 conformers. This is quantified
in Figure 3 by way of computed relative ion-mobility cross
sections (using an empirical rare gas—molecule interaction
potential®*). We show Q = (Qmeasured — 14.50n A%) as a function
of peptide chain length n, the same expression used by HR].®
Remarkably, the g-1 conformer for n = 5 together with o-helical
conformers forn = 10 and 15 (red dashed line) yields exactly the
same qualitative behavior as the original data of HRJ. In contrast,
our a-1 and o-2 conformers would yield a much shallower drop
towardn = 5. The 3,o-1 conformer ends up too high.

Finally, Figure 4a—d shows computed anharmonic vibra-
tional spectra for all four conformers compared to experi-
ment, with the respective Ry, factors and shifts. As I(w) values
are derived from AIMD trajectories, different conformers
could conceivably interconvert over time, regardless of the
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Figure 3. Ac-Ala,-LysH', n = 5,10,15: Calculated (using an
empirical rare gas—molecule interaction potential®*) ion-mobility
cross sections and comparison with experiment (ref 8). Blue
triangles correspond to conformers in the 3,o-1 geometry, red
circles correspond to conformers in the a-1 geometry, the black
circle corresponds to the g-1 conformer, the green diamond
corresponds to the o-2 conformer, and gray stars correspond to
the experimental data from ref 8. The solid and dashed lines serve
only as a guide to the eye, and have no physical significance.
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Figure 4. Ac-Alag-LysH': (a—d) Theoretical anharmonic vibra-
tional spectra from AIMD trajectories (red lines) for the four
chosen conformers of Figure 2, compared with experiment
(gray line); (e) optimum calculated spectrum when assuming a
coexistence of more than one conformer in experiment. Pendry
R-factors and rigid shifts A (see text) between measured and
calculated spectra are included in each graph (calculated spectra
are shifted by A for visual comparison). All spectra have been
normalized to 1 for the highest peak.

starting structure. In fact, an interconversion happens for
short periods between o-1 and o-2, which we still label for
the initial (and predominant) conformation.

For separate trajectories a—d, we do find visually reason-
able agreement and somewhat reasonable Re-factors (between
0.44 and 0.60) when comparing experiment and anharmon-
ic spectra. 30-1 is visually set apart by the unsatisfac-
tory relative position of its amide-I peak, but there are
otherwise no unambiguous contradictions between experi-
ment and theory. Purely harmonic spectra are again signifi-
cantly worse, both visually (not shown) and based on high
Rp-factors between 0.66 and 0.79. Nonetheless, even the
“anharmonic” agreement is not as good as for n = 10 and
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n = 15, and our harmonic free-energy estimate above already
indicates a reason: One would expect a mix of conformers,
and not just a single one, to contribute to the gas-phase
sample. To illustrate this point, Figure 4e shows the result of
simply linearly averaging theoretical spectra, with mixing
factors derived by minimizing Rp. The result, in our view, is
remarkable. The “optimum” theoretical spectrum achieves
Rp = 0.35, with convincing visual agreement to experiment
in the details. One might be inclined to dismiss this as the
predictable outcome of a fit, but in addition, the computed
optimum fractions are 25% g-1, 60% o-1, 15% a-2, and no
contribution from 34-1 at all. This coincidence with our free-
energy based conclusions strengthens our confidence in the
results of our structural search significantly.

In summary, the lowest-energy conformer of Ac-Alas-
LysH" is thus not a simple helix. At finite 7, both nonhelical
and a-helical H-bond networks are competitive in energy. Our
predicted structures lead to AIMD-derived anharmonic IR
spectra, which match experimental IRMPD results convinc-
ingly well. In contrast, longer molecules (n = 10,15) produce
similarly good IR spectra based on essentially only one
conformer (o-helical). In agreement with all other evidence
in the literature, these molecules are thus firmly confirmed to
be o-helical in character.

EXPERIMENTAL AND COMPUTATIONAL SECTION

For the experiments, the peptides were synthesized by
standard Fmoc chemistry. The experimental IRMPD spectra
were recorded using the Fourier transform ion cyclotron
(FT-ICR) mass spectrometer’” at the free-electron laser
FELIX.?® Tons were brought into the gas-phase by elect-
rospray ionization (ESI) (~1 mg of peptide in 900 uL trifluoro-
acetic acid (TFA)/100 uL H,O) and mass selected and
trapped inside the ICR cell, which is optically accessible.
When the IR light is resonant with an IR active vibrational
mode of the molecule, many photons can be absorbed,
causing the dissociation of the ion (IRMPD). Mass spectra
are recorded after 4 s of IR irradiation. Monitoring the
depletion of the parent ion signal and/or the fragmentation
yield as a function of IR frequency leads to an IR spectrum.

All DFT+vdW calculations for this work were performed
using the FHI-aims®” program package for an accurate, all-
electron description based on numeric atom-centered orbi-
tals, with “tight” computational settings and accurate tier 2
basis sets.”” Harmonic vibrational frequencies, intensities,
and free energies were computed from finite differences.
Infrared intensities I(w) beyond the harmonic approximation
are derived from AIMD runs > 20 ps (NVE ensemble, 1 fs time
step, with a 300 K NVTequilibration), by calculating the Fourier
transform of the dipole autocorrelation function'®**?® with
a quantum correction factor to the classical line shape®”*°
proportional to w® (see ref 24). To account for the spectral
width of the excitation laser in the experimental setup used
here, all calculated spectra (harmonic and anharmonic) are
convoluted with a Gaussian broadening function with a
variable width of 1% of the corresponding wavenumber.
We note that further broadening mechanisms, e.g., due to
the excitation process, may be reflected in the experimental
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data.*® We emphasize that the AIMD calculations presented
here, at this essentially numerically converged accuracy
level, are not trivial, but rather represent the computational
limit of what can be done today. For example, the data shown
for Ac-Ala,s-LysH', 180 atoms, required several days in
parallel on 512 CPU cores of a new, infiniband-connected
Sun Microsystems Intel Xeon (Nehalem) cluster, and are enabled
only by significant parallel scalability work in FHI-aims.?”*'

SUPPORTING INFORMATION AVAILABLE Detailed informa-
tion about the H-bond pattern evolution during the AIMD run
that led to the calculated anharmonic spectra for Ac-Ala;s-LysH™
in Figure 1c. This material is available free of charge via the Internet
at http://pubs.acs.org/.
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