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ABSTRACT: The infrared and ultraviolet spectra of a series of
capped asparagine-containing peptides, Ac-Asn-NHBn, Ac-Ala-
Asn-NHBn, and Ac-Asn-Asn-NHBn, have been recorded under
jet-cooled conditions in the gas phase in order to probe the
influence of the Asn residue, with its −CH2−C(O)−NH2
side chain, on the local conformational preferences of a peptide
backbone. The double-resonance methods of resonant ion-dip
infrared (RIDIR) spectroscopy and infrared−ultraviolet hole-
burning (IR−UV HB) spectroscopy were used to record single-
conformation spectra in the infrared and ultraviolet, respectively,
free from interference from other conformations present in the
molecular beam. Ac-Asn-NHBn spreads its population over two conformations, both of which are stabilized by a pair of H-
bonds that form a bridge between the Asn carboxamide group and the NH and CO groups on the peptide backbone. In one
the peptide backbone engages in a 7-membered H-bonded ring (labeled C7eq), thereby forming an inverse γ-turn, stabilized by a
C6/C7 Asn bridge. In the other the Asn carboxamide group forms a C8/C7 H-bonded bridge with the carboxamide group
facing in the opposite direction across an extended peptide backbone involving a C5 interaction. Both Ac-Ala-Asn-NHBn and
Ac-Asn-Asn-NHBn are found exclusively in a single conformation in which the peptide backbone engages in a type I β-turn with
its C10 H-bond. The Asn residue(s) stabilize this β-turn via C6 H-bond(s) between the carboxamide CO group and the
same residue’s amide NH. These structures are closely analogous to the corresponding structures in Gln-containing peptides
studied previously [Walsh, P. S. et al. PCCP 2016, 18, 11306−11322; Walsh, P. S. et al. Angew. Chem. Int. Ed. 2016, 55, 14618−
14622], indicating that the Asn and Gln side chains can each configure so as to stabilize the same backbone conformations.
Spectroscopic and computational evidence suggest that glutamine is more predisposed than asparagine to β-turn formation via
unusually strong side-chain−backbone hydrogen-bond formation. Further spectral and structural similarities and differences due
to the side-chain length difference of these similar amino acids are presented and discussed.

1. INTRODUCTION

The polar amino acids asparagine and glutamine, differing by
one methylene group, are the only two naturally occurring
amino acids that contain carboxamide groups in their flexible
side chains. Both amino acids are heavily involved in
neurodegenerative disease pathogenesis.1−5 At the genetic
level, CAG codon repeat disorders result in long tracts of
glutamine residue repeats within proteins, which subsequently
fold into β-sheet oligomers that aggregate to form insoluble
amyloid fibrils, the hallmark of neurodegenerative disease.6,7

Nine late-onset neurodegenerative diseases, including Hun-
tington’s disease, are attributed to polyglutamine expansions.8,9

Prion diseases, on the other hand, are characterized by the
misfolding of native proteins into self-aggregating β-sheet units
which ultimately form insoluble amyloid fibrils that wreak
havoc on the central nervous system.10,11 The so-called prion-
forming domains of the proteins, which are responsible for
protein misfolding, are rich in both asparagine (Asn, N) and

glutamine (Gln, Q).12−14 In humans, prion diseases are caused
by the misfolding of the PrPC protein into its prion form,
PrPSc.15 These diseases include Creutzfeldt−Jakob disease,
fatal familial disease, and Gerstmann−Straussler−Scheinker
syndrome.15,16 Rather than being propagated through the
genome, prion forms of misfolded proteins induce other
normally folded proteins to isomerize to the prion state,
thereby causing a chain reaction of protein misfolding and
disease propagation.
These amyloid fibrils all appear to contain a common

structural motif: the steric zipper. In this structure at least two
β-sheets are interdigitated with one another, oftentimes
sterically locking in asparagine and glutamine residues.2,17,18

Studies using solid-state NMR spectroscopy, X-ray crystallog-
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raphy, and EPR spectroscopy have demonstrated that many
amyloids formed from prion and prion-like proteins fold into
an in-register parallel β-sheet in which steric zipper monomer
units hydrogen bond with one another to form parallel β-
sheets which propagate along the fibril axis. These proteins
include β-amyloid (Alzheimers)19−21 and the yeast proteins
Sup3522,23 and Ure2p.24−26 Many studies have sought to
determine the role of Asn and Gln in the prion-forming
domains of proteins as well as the difference in aggregation
propensity between the residues.1−3,10,14,27−31 In this study we
are interested in determining the role that Asn plays in local
protein conformation by spectroscopically characterizing the
conformational impact of the alkyl-linked carboxamide side
chain in three increasingly complex peptides.
To this end, we use a bottom-up approach toward

understanding nature’s preference for asparagine in neuro-
degenerative diseases. We seek to determine the role that one
or two Asn residues has on the intrinsic folding propensities of
three short, capped peptides: Ac-Asn-NHBn, Ac-Ala-Asn-
NHBn, and Ac-Asn-Asn-NHBn (Figure 1). Each peptide is

capped with a benzyl group which acts as a UV chromophore.
We characterize the inherent conformational preferences of
each peptide in the absence of environmental perturbations by
recording spectra of the gas-phase molecules in a molecular
beam using mass-resolved double-resonance infrared and
ultraviolet spectroscopy. Computational and experimental
studies on close analogues of Ac-Asn-NHBn show extended
and inverse γ-turn backbone structures to be among the lowest
energy conformational isomers (conformers).32,33 Previous
conformational studies in our group on analogous glutamine-
containing peptides showed that Ac-Gln-NHBn had popula-
tion spread out between three conformers in the molecular
beam: an extended backbone structure, an inverse γ-turn
backbone structure, and a turned backbone structure lacking
any backbone−backbone amide hydrogen bonds.34 Mons and
co-workers identified three conformers of Ac-Phe-Asn-NH2 in
a molecular beam: a β-turn, a γ-turn, and an extended
backbone structure.33 The analogous Gln-containing dipep-
tides each funneled all of the population into a single
conformer: the type I β-turn.34,35

Comparing the conformational preferences of Asn with
those of the analogous Gln-containing peptides gives direct
insight into the impact of the shortening of the carboxamide
side chain by a single methylene group. Armed with the

conformer-specific spectra and assignments, we thus address
the similarities and differences of the Asn and Gln
conformations.
Studies of synthetic foldamers containing β-residues are

particularly relevant to the hydrogen-bonding motifs accessible
to the Asn side-chain amide group. The elongated peptide
backbones in β-peptides give access to hydrogen-bonding
cycles not available to α-peptides.36−39 The Asn residues are
capable of forming the same hydrogen bonds by virtue of them
having the same number of carbon atoms (two) between
backbone and side-chain amide groups as separate residues in
the peptide backbone of β-peptides. On this basis, it is fair to
anticipate similar hydrogen bonding in the Asn-containing
peptides to that observed in the β-peptides. As we shall see, the
Asn-containing peptides presented in Figure 1 are capable of
forming hydrogen bonds which support extended peptide
backbones, inverse γ-turns, and type I β-turns.

2. METHODS
2.1. Experimental Methods. A detailed description of the

synthetic procedure for each molecule studied herein can be
found in the Supporting Information. The experimental
procedure for studying their spectroscopy has been described
in detail elsewhere.40,41 Briefly, sublimation of the sample was
achieved by nonresonant laser desorption.42,43 The crystal
sample was crushed into a fine powder and rubbed onto the
surface of a sanded graphite rod, which is coupled into the
vacuum chamber via a load lock assembly. The fundamental of
a Nd:YAG (20 Hz, Continuum minilite II, 5 mJ/pulse, 2 mm
beam diameter) laser is absorbed at the surface of the graphite
rod, imparting energy to desorb the neutral sample into the gas
phase. The rod is kept directly under the 1000 μm diameter
orifice of a pulsed valve (Parker, series 9) which introduces
short bursts of high-pressure argon backing gas (20 Hz, ∼5.5
bar backing pressure, 500 μs) into the vacuum chamber. The
sample is entrained in the supersonic expansion and is
subsequently cooled into the zero-point vibrational levels
of low-energy conformational minima. A linear actuator (NSC
200, Newport) slowly pushes the sample-containing rod into
the chamber, thereby ensuring consistent sample concentration
in each desorption laser pulse. The supersonic expansion
passes through a conical skimmer, becoming a molecular beam,
which then travels into the ion source region of a Wiley−
McLaren time-of-flight (TOF) mass spectrometer. The cold,
neutral molecules are then characterized using a suite of laser-
based methods.
The first step in characterizing each molecule is using one-

color resonant two-photon ionization (R2PI) in which a UV
spectrum with contributions from all conformations with
measurable population is obtained. The doubled output of a
Nd:YAG pumped tunable dye laser is scanned across the
benzyl UV chromophore absorption region (37 500−37 820
cm−1). When the frequency is resonant with a vibronic
transition of a cold conformer a photon is absorbed,
immediately after which a second ionizing photon is absorbed.
Monitoring the parent mass channel of the absorbing species
as a function of UV frequency allows the recording of the
electronic spectrum. Conformer-specific infrared spectra are
recorded using resonant ion-dip infrared spectroscopy
(RIDIRS). In this scheme the UV laser (20 Hz) is fixed on
a vibronic transition belonging to one of the conformers in the
R2PI spectrum, thereby generating a constant ion signal that is
proportional to the ground state population of that conformer.

Figure 1. Chemical structures of the molecules studied in this work
along with the definition of important dihedral angles used herein.
Note that hydrogen bonds designated in blue indicate backbone−
side-chain hydrogen bonding, while those designated in red indicate
backbone−backbone hydrogen bonding.
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The tunable output of a KTP/KTA-based optical parametric
converter (LaserVision, 10 Hz) spatially overlaps and
temporally precedes by 200 ns the UV beam. As the IR laser
is scanned across the regions of interest, resonance between
the IR frequency and a ground state vibration of the conformer
being probed results in the removal of a fraction of ground
state population and a subsequent dip in ion signal. A gated
integrator (Stanford Research Systems, SR 250) in active
baseline subtraction mode outputs the difference in integrated
parent ion signal as a function of IR frequency, resulting in a
conformer-specific infrared spectrum. Infrared−ultraviolet
(IR−UV) hole burning is used to generate conformer-specific
UV spectra. This scheme is identical to RIDIRS except that the
IR laser is fixed on a conformer-specific vibrational transition
while the UV laser is scanned.
2.2. Computational Methods. The potential energy

surface of each molecule studied herein was initially explored
with an exhaustive force field search using a torsional-sampling
Monte Carlo Multiple Minimum conformational search within
the MacroModel computational suite. Searches were per-
formed with both the OPLS3 and the Amber* force fields until
successive search iterations yielded no additional structures. A
redundant conformer elimination performed on the pool of
structures calculated to be below 50 kJ/mol generated from
both force fields yielded starting structures for higher level
calculation.
Density functional theory geometry optimization and

harmonic vibrational frequency calculations were carried out
on each candidate structure using the Gaussian09 computa-
tional package44 with Becke’s B3LYP hybrid functional
supplemented with the D3 version of Grimme’s dispersion
correction45 and Becke−Johnson damping46 (GD3BJ). This
modified hybrid functional was used in conjunction with the 6-
31+G(d) Pople basis set. Tight convergence and an ultrafine
grid were implemented in each calculation to ensure output of
the best possible normal-mode frequencies to compare with
experiment. Harmonic vibrational frequencies were calculated
for all structures. Scale factors of 0.958, 0.981, and 0.970 were
used in the hydride stretch, amide I, and amide II regions,
respectively, to account for anharmonicity of the vibrations.
Energy considerations, vibronic assignments, and agreement
between calculated and experimental IR frequencies led to the
conformational assignment of each experimentally observed
conformer.
2.3. Nomenclature. Hydrogen bonds are designated with

the Cn notation, in which n is the number of atoms involved in
a hydrogen-bonded cycle. We invoke the same conformational
labeling scheme used in previous studies of analogous Gln-
containing peptides.34,35 Hydrogen bonds are listed in the
following stylized order: backbone−backbone//side-chain−
backbone//side-chain−side-chain. For example, the labeled
conformer in Figure 1 is designated as a C10//C6/π hydrogen-
bonded structure where a 10-membered hydrogen-bond ring is
formed between backbone amide groups while the N-terminal
Asn carboxamide group acts as a bridge to the peptide
backbone (or in this case, cap) comprised of C6 and NH···π H
bonds. In addition, and unless otherwise stated, backbone−
backbone hydrogen bonds are shown as blue dashed lines in
the figures, while side-chain−backbone hydrogen bonds are
designated with red dashed lines.
In certain parts of the discussion, both ‘Asn’ and ‘N’ will be

used to designate asparagine while both ‘Gln’ and ‘Q’ will be
used to designate glutamine. Important peptide backbone and

side-chain dihedral angles are defined in Figure 1. Additional
dihedral angles, designated as χQ1 and χQ2, refer to the one
additional N- and C-terminal Gln side-chain dihedrals,
respectively. Finally, the ‘i+’ notation will be used to identify
groups within particular residues along the peptide backbone.
The C6 of the labeled molecule in Figure 1, for example, is
between the amide NH and the Asn CO of residue i+2,
while the C10 is between the amide NH of residue i+3 and the
CO of residue i. Crystal structures referenced within were
taken from the RCSB Protein Data Bank47 after a secondary
structure search using the Motivated Proteins web tool.48

3. RESULTS AND ANALYSIS
3.1. Ac-Asn-NHBnInfrared Spectroscopy and Con-

formational Assignment. R2PI and IR−UV hole-burning
spectra revealed two unique conformers of Ac-Asn-NHBn
present in the molecular beam (Figure S1). The RIDIR spectra
of conformer A and conformer B are presented in the top (red)
and bottom (blue) portions of Figure 2, respectively. Below

each experimental trace is a stick spectrum that depicts the
scaled, harmonic vibrational frequencies of each best-fit
structure. Each transition is labeled with the main carrier(s)
of the vibration as determined through inspection of the best-
fit structure. The RIDIR spectra of conformers A and B are
very similar to one another; however, small wavenumber shifts
are present, confirming that two unique conformers are
present.
Given the two backbone amide NH groups and the NH2

group on the Asn side chain, we anticipate observing four NH
stretch fundamentals for each conformer, as observed in Figure
2b. In the hydride stretch region both conformers have their
highest frequency transition well below ∼3560 cm−1, the
frequency at which the asymmetric (AS) stretch of a free NH2
group appears. This indicates that both conformers have their

Figure 2. RIDIR spectra of the two conformers of Ac-Asn-NHBn,
conformer A (red trace) and conformer B (blue trace), in the hydride
stretch (b) and amide I/II (a) regions. Stick spectra presented below
each experimental trace represent the scaled, harmonic vibrational
frequencies of each assigned conformer calculated at the B3LYP-
D3BJ/6-31+G(d) level of theory and labeled with the main carrier(s)
of the vibration. Transitions marked with an asterisk are those used to
collect IR−UV hole-burning spectra. See text for further discussion.
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Asn NH2 group involved in a hydrogen bond. The highest
frequency transitions of conformer A and B appear at 3505 and
3510 cm−1, respectively. The RIDIR spectrum of conformer B
has asymmetrically broadened peaks that are likely due to a
small spectral contamination from the RIDIR spectrum of
conformer A. It is likely that the UV absorption of conformer A
begins in the region where conformer B absorbs. However, this
is difficult to determine via the IR−UV hole-burning spectra of
conformer A due primarily to the low signal and shot-to-shot
fluctuations inherent to laser desorption. The fact that in both
conformers the two highest frequency hydride stretches occur
at wavenumbers in which the other conformer has zero
absorption provides evidence that although qualitatively
similar, the sources of these IR spectra are indeed independent
of one another.
On the basis of agreement between experiment and theory

and as can be seen in Figure 3, conformer A is assigned to a

C7eq//C6/C7 structure with a bridged side-chain−backbone
hydrogen-bonding motif and the backbone in an inverse γ-
turn. This conformer was calculated to be the global energy
minimum. Table 1 presents hydrogen-bond distances and
experimental vibrational frequencies for the Asn-containing
peptides studied herein and analogous Gln-containing
peptides,34,35 while Table S1 presents an extended version of
Table 1 which includes other β-amino acid-containing
foldamers studied previously.36−38

Conformer A has three additional hydride stretch
fundamentals at 3383, 3357, and 3275 cm−1. The transition
at 3383 cm−1 is assigned to the symmetric NH2 stretch of the
Asn moiety, forming a pair with the asymmetric NH2 stretch at
3505 cm−1. Analysis of the assigned structure of conformer A
shows that this NH2 group is involved in a C7 hydrogen bond
with the C-terminal carbonyl group. The vibrational splitting49

between the coupled asymmetric and symmetric NH2 stretches
is thus 122 cm−1, a relatively small value which makes sense in
light of the nonoptimum hydrogen-bond distance (2.15 Å) and
angle of approach (129.3°). As a result, throughout this work
we will use asymmetric and symmetric stretch (AS and SS)

designations to describe the vibrations of the NH2 moiety, as
the normal-mode analysis of the NH2 vibrations shows large
contributions from each NH oscillator in the coupled
vibrations, even when one NH is involved in a hydrogen
bond and the other is more or less free. The band at 3357 cm−1

is localized on the N-terminal NH group which is involved in a
C6 hydrogen bond with the OC oxygen on the Asn side
chain. The lowest frequency hydride stretch at 3275 cm−1 has a
fwhm of ∼17 cm−1, which is indicative of strong coupling to
background states associated with a strong hydrogen bond.
This transition is assigned to the C-terminal NH oscillator
involved in a C7eq hydrogen bond with the N-terminal OC.

Figure 3. Assigned structure of (a) conformer A and (b) conformer B
of Ac-Asn-NHBn; 3D structure and 2D hydrogen-bonding schematic
are presented for each conformer, as well as the hydrogen-bonding
designation and relative zero-point-corrected potential energies.

Table 1. Hydrogen-Bonding Cycles, Calculated Distances,
and Experimental Vibrational Frequencies for Those
Interactions Found in the Asn-Containing Peptides Studied
in This Work Compared with the Analogous Gln-
Containing Peptides Studied Previously

molecule
H-bond
cycle

H-bond
distance (Å)

experimental
frequency (cm−1)

Ac-Asn-NHBn
Conf A
(C7eq//C6/C7)

C7eq 1.90 3275

C6 2.07 3357
C7 2.15 3383 (3505)

Conf B
(C5//C8/C7)

C5 2.15 3394

C8 2.23 3353 (3510)
C7 2.04 3279

Conf ARot

(C7eq//C6/C7)
C7eq 1.91 3279

C6 2.09 3353
C7 2.13 3394 (3310)

Ac-Gln-NHBna

Conf A (C5//C8) C5 2.11 3402
C8 1.96 3310

Conf B (C7/π) C7 1.97 3354
π 3415 (3529)

Conf C
(C7eq//C7/C8/π)

C7eq 1.92 3270

C7 1.99 3343
C8 2.24 3400 (3509)

Ac-Ala-Asn-NHBn
Conf A (C10//C6/
π)

C10 1.99 3367

C6 2.08 3373
π 3395 (3502)

Ac-Ala-Gln-NHBna

Conf A
(C10//C7/π)

C10 2.02 3357

C7 1.97 3361
π 3408 (3520)

Ac-Asn-Asn-NHBn
Conf A
(C10//C6/C6/π)

C10 2.01 3350

C6 2.16 3383
C6 2.07 3359
π 3393 (3505)

Ac-Gln-Gln-NHBnb

Conf A
(C10//C7/C7/π)

C10 1.99 3345

C7 1.91 3324
C7 1.98 3360
π 3409 (3521)

aFrom ref 34. bFrom ref 35.
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This strong hydrogen bond has a calculated NH···OC
distance of 1.90 Å and NHO angle of approach equal to 151°.
The amide I region of conformer A (Figure 2) contains

vibrational transitions which report on the hydrogen bonds
from the perspective of the CO hydrogen-bond acceptor
oscillators. Conformer A has three CO stretch fundamentals
appearing at 1713, 1691, and 1677 cm−1, which are assigned to
the localized stretch fundamentals of the CO oscillators
involved in the C6, C7, and C7eq hydrogen bonds, respectively.
While the amide I (and amide II) region is less physically
intuitive to analyze, CO stretch fundamentals are generally
shifted down in frequency when accepting hydrogen bonds,
with further down shifts arising when the coamide NH acts as
hydrogen-bond donor.42,50 The C7eq CO stretch is the most
down shifted in frequency, affirming the strong nature of this
hydrogen bond.
The amide II region of conformer A, contributed to

primarily by the NH bending motion, shows three clear
transitions with increasing intensity at 1596, 1565, and 1538
cm−1. The match between the experimental and the calculated
frequencies allows us to assign the peak at 1596 cm−1 to the
Asn NH2, which acts as C7 hydrogen-bond donor. The peaks
at 1565 and 1538 cm−1 are assigned to the hydrogen-bond-
donating groups of the C7eq and C6 cycles, respectively. The
integrated intensity of the C6 cycle at 1538 cm−1 is the largest
of the amide II transitions. This intensity gain has been
theoretically characterized as cooperative coupling between the
dipole derivatives induced by the amide II nuclear motion and
the electronic charge flux through the O···H interaction.51−54

In the case of C5 and C6 hydrogen bonds, these two dipole
derivative vectors are nearly parallel to one another, resulting
in an enhancement of the transition intensity.
Conformer B has its hydride stretch fundamentals at 3510,

3394, 3353, and 3279 cm−1. The highest frequency transition is
readily assigned to the asymmetric NH2 stretch, leaving the
peaks at 3394 and 3353 cm−1 as possibilities for the symmetric
stretch transition with vibrational splittings of 115 or 157 cm−1,
respectively. Since the asymmetric stretch is shifted down in
frequency by ∼50 cm−1 from where the unperturbed vibration
occurs at 3562 cm−1, one would anticipate the symmetric
stretch to be shifted by more than 115 cm−1. On that basis, the
transition at 3353 cm−1 is tentatively assigned to the symmetric
NH2 fundamental.
Two possible assignments are presented in Figure 2 for

conformer B. The assignment we deem to be most consistent
with experiment is labeled as B in the figure and is due to the
conformer shown in Figure 3b, a C5//C8/C7 structure in
which the Asn amide group forms C8 and C7 H-bonds with
the amide groups on either side. In this assignment the
transition at 3353 cm−1 is ascribed to the symmetric NH2
fundamental involved in a C8 hydrogen bond with the N-
terminal CO group. Likewise, the transition at 3394 cm−1 is
assigned to a C5 hydrogen bond between the Asn backbone
amide group components. The shift down in frequency of the
C5 hydrogen-bonded NH, which can appear as high as ∼3440
cm−1, may be attributed to cooperative effects from the
nearest-neighbor hydrogen-bonded interactions (see section
4.1 for further discussion). The broad (15 cm−1 fwhm)
transition at 3279 cm−1 is assigned to a C7 hydrogen bond
between the C-terminal NH and Asn CO. This strong
hydrogen bond has a calculated NH···O distance of 2.04 Å and
angle of approach of 160°.

The tentative assignment of conformer B to the C5//C8/C7
structure shown in Figure 3b has its energy just 2.11 kJ/mol
above that of conformer A, the global minimum. The amide I
spectra of conformer B show three clearly resolved transitions
at 1713, 1692, and 1678 cm−1 in order of decreasing intensity.
The transitions at 1713 and 1692 cm−1 are assigned to the out-
of-phase and in-phase combinations, respectively, of the
carbonyl groups in the C5 and C7 cycles. The small transition
at 1678 cm−1 is assigned to the N-terminal CO in the C8
cycle.
The three amide II transitions appear at 1599, 1569, and

1529 cm−1. The weak transition at 1599 cm−1 is assigned to
the NH2 group involved in the C8 cycle, while the transition at
1569 cm−1 is attributed to the C7 bound NH. The intense
peak at 1529 cm−1 is assigned to the extended backbone C5
hydrogen bond. As discussed above, the large intensity of this
transition is likely due to the interaction of the transition
dipole caused by the NH bending motion and the electronic
charge flux through the O···H interaction. This interaction
geometry is optimized in the C5 hydrogen bond, in which both
vectors are nearly parallel to one another.
The stick diagram ARot in Figure 2 presents an alternative

possibility for conformer B, a benzyl rotamer of the assigned
conformer A inverse γ-turn structure, with structure shown in
Figure S2. This conformer is calculated to be the second lowest
energy structure at 1.7 kJ/mol above the global minimum
(conformer A). As can be seen in Figure 2, the simulated
spectra also fit well with the experimental IR spectra of
conformer B. While the currently assigned extended structure
fits better with the experimental data in the hydride stretch
region, the calculated spectra of ARot

fits somewhat better in
the amide I and II regions.
The ambiguity of the assignment of conformer B hinges

upon whether population is kinetically trapped in the laser
desorption/supersonic expansion process. Figures S2 and S3
show a structural comparison of conformer A and conformer
ARot and the relaxed potential energy scan about the relevant
dihedral of conformer A, respectively. Since the barrier to
relaxation of ARot to A is modest (5 kJ/mol), one would
anticipate cooling of population from ARot to A. However,
since the energy difference between the minima is also small,
we cannot definitively eliminate the possibility that the
transitions of conformer B are due to ARot. In what follows
the tentative assignment of conformer B as the C5//C8/C7
extended backbone structure will be used to guide the
discussion, with the understanding that this assignment is
tentative.

3.2. Ac-Ala-Asn-NHBnInfrared Spectroscopy and
Conformational Assignment. R2PI and IR−UV hole-
burning spectra proved the presence of one major conformer
of Ac-Ala-Asn-NHBn present in the molecular beam (Figure
S4). The RIDIR spectra of Ac-Ala-Asn-NHBn in the hydride
stretch and amide I/II regions are presented in Figure 4a and
4b, respectively. The hydride stretch region shows five well-
resolved peaks appearing at 3502, 3474, 3395, 3373, and 3367
cm−1, as anticipated based on the structure (Figure 1). Given
the absence of competing high-frequency transitions, the band
at 3502 cm−1 can be tentatively assigned to the asymmetric
stretch of the Asn NH2 group, which based on its shift away
from the free transition frequency is in a hydrogen bond. This
leads us to assign the transition at 3474 cm−1 to a free amide
NH stretch. The three remaining transitions all fall between
3360 and 3400 cm−1, a region which has been demonstrated in
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previous studies to contain transitions arising from C6, C7, and
C10 hydrogen bonds.34−38,55,56 Consistent with these qual-
itative deductions, the agreement of the experimental spectrum
with the calculated spectrum presented in Figure 4 leads to
assignment of the sole conformer of Ac-Ala-Asn-NHBn to a
C10//C6/π structure, which was calculated to be the global
energy minimum. As can be seen from the assigned structure
in Figure 5, the NH2 asymmetric stretch frequency is shifted
down in frequency due to an NH2···π interaction.

With the assigned structure in hand, the remaining hydride
stretch transitions are readily assigned. The 3395 cm−1

transition arises from the symmetric NH2 stretch, while the
3373 cm−1 is assigned to the C6 cycle comprised of the Asn
amide NH and Asn side-chain CO. The lowest frequency
transition at 3367 cm−1 arises from the NH group engaged in a

C10 hydrogen bond between the C-terminal NH and the N-
terminal CO. This strong hydrogen bond has an NH···O
C distance of 1.99 Å and angle of approach equal to 157°. This
C10 hydrogen bond between the CO of residue i and the
NH of residue i+3 is structurally characteristic of a β-turn.
Indeed, inspection of the backbone dihedral angles of residue i
+1 and i+2 results in the categorization of this conformer to a
type I β-turn structure. As we shall discuss, this structural motif
is the same as that formed by the analogous glutamine-
containing peptide.34

The amide I region consists of an isolated transition at 1721
cm−1, a split peak with closely spaced maxima at 1699 and
1695 cm−1, and a weak transition at 1682 cm−1. The high-
frequency peak is assigned to the free Ala amide CO
oscillator. The most intense amide I transition at 1699 cm−1 is
assigned to the Asn side-chain CO involved in the C6
hydrogen bond. The 1695 cm−1 transition is assigned to the
out-of-phase combination of the C10 and N-terminal free C
O groups, with the in-phase combination appearing at 1682
cm−1. The discrepancy between calculated and experimental
intensities of these modes is likely due to the out-of-phase
transition mixing and borrowing intensity from the near-
resonant C6 transition.
The amide II spectrum shows two clear transitions at 1542

and 1528 cm−1, with the two weak transitions at lower
frequency predicted by the best-fit structure likely lost in the
experimental noise. Regardless, the experimental frequency
position and intensity pattern compared with that of the
assigned structure give further confidence in the assignment.
The experimentally observed transition at 1542 cm−1 is
assigned to the C10 NH wagging motion, while the transition
at 1528 cm−1 is attributed to the out-of-phase NH bend
combination of the C6 and free N-terminal NH groups.

3.3. Ac-Asn-Asn-NHBnInfrared Spectroscopy and
Conformational Assignment. R2PI and IR−UV hole-
burning spectra determined that the population of Ac-Asn-
Asn-NHBn resides in a single conformation in the molecular
beam (Figure S5). The RIDIR spectra of Ac-Asn-Asn-NHBn
in the hydride stretch and amide I/II regions are shown as the
top and bottom traces of Figure 6, respectively. Cursory
comparison of the hydride stretch spectrum of Ac-Ala-Asn-
NHBn with that of Ac-Asn-Asn-NHBn shows qualitative
similarities in frequency and intensity patterns (Figures S6 and
S7). Of course, with the additional Asn functional group, the
hydride stretch region shown in Figure 6 contains two
additional transitions due to the coupled stretches of the N-
terminal Asn NH2 group. The two highest frequency stretches
at 3543 and 3505 cm−1 are readily assigned to the asymmetric
stretches of a free and hydrogen-bound NH2 group,
respectively. The known coupling strength between the two
NH bonds of the carboxamide group allows the transition at
3430 cm−1 to be confidently assigned to the symmetric stretch
of the free NH2. Given the similar frequencies of the hydrogen-
bound asymmetric NH2 stretches in Ac-Ala-Asn-NHBn and
Ac-Asn-Asn-NHBn, the band at 3396 cm−1 is tentatively
assigned to the symmetric stretch of the hydrogen-bound NH2
group.
Comparison of the best-fit calculated frequencies with

experimental frequencies lead to assignment of the sole
conformer of Ac-Asn-Asn-NHBn to a C10//C6/C6/π
structure, which is calculated to be the global minimum
energy conformer among the pool of competing structures. On
the basis of this assignment, the band at 3386 cm−1 arises from

Figure 4. RIDIR spectra of the assigned conformer of Ac-Ala-Asn-
NHBn in the (a) hydride stretch and (b) amide I/II regions. Black
stick spectra represent the scaled, harmonic, normal-mode frequencies
of the assigned structure calculated the B3LYP-D3BJ/6-31+G(d)
level of theory. Labels indicate the main carrier(s) of the vibration.

Figure 5. Assigned structures of (a) Ac-Ala-Asn-NHBn and (b) Ac-
Asn-Asn-NHBn; 3D structure and 2D hydrogen-bonding schematic
are presented for each conformer, as well as the hydrogen-bonding
designation and relative zero-point corrected potential energies
(among each molecule).
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a C6 hydrogen bond between the N-terminal amide NH and
Asn CO, while the transition at 3359 cm−1 is due to the
analogous C-terminal C6 hydrogen bond. This is the same
hydrogen bond in Ac-Ala-Asn-NHBn that appears at 3373
cm−1 (Figure S7). The intense low-frequency transition at

3350 cm−1 is assigned to a C10 hydrogen bond between the
NHBn NH and the acyl CO. This large hydrogen-bonded
cycle has a NH···OC distance of 2.01 Å and angle of
approach equal to 158°, properties very similar to the
analogous C10 H bond in Ac-Ala-Asn-NHBn. Indeed, the
dihedral angles between residue i+1 and residue i+2 of this
conformer also classify it as a type I β-turn former.
Interestingly, the analogous Gln-containing dipeptide also
forms a type I β-turn under isolated, jet-cooled conditions,35 a
point to which we will return later.
The excellent fit of the spectrum calculated for the assigned

conformer with experiment enables a ready analysis of the
amide I and II regions of the spectrum. The highest frequency
transition at 1720 cm−1 is assigned to the Asn CO involved
in a C6 hydrogen bond with the N-terminal amide NH. The
most intense peak in the amide I region has two closely spaced
maxima at 1702 and 1701 cm−1. The spectral overlap of these
peaks results in each transition lending intensity to and
borrowing intensity from one another. They are assigned to the
free N-terminal amide CO and the C-terminal Asn CO,
which is involved in a C6 H bond with its amide NH. A small
maximum at 1691 cm−1 mostly lost in the noise, sandwiched
between two much larger transitions, is tentatively assigned to
the C-terminal free CO oscillator, while the final amide I
peak at 1681 is due to the N-terminal CO involved in the
cross-molecule C10 hydrogen bond.
The spectrum in the amide II region is less well resolved and

hence serves more to confirm the assignment than as a
diagnostic tool. The assigned conformer has two low-intensity
peaks around 1625 cm−1, which are not readily observed in the
experimental spectrum. The transition at 1640 cm−1 is assigned
to the bending motion of the C-terminal NH involved in the

Figure 6. RIDIR spectra of the single observed conformer of Ac-Asn-
Asn-NHBn in the hydride stretch (top) and amide I/II (bottom)
regions. Black stick spectra display the scaled, harmonic, normal-mode
frequencies of the assigned structure calculated the B3LYP-D3BJ/6-
31+G(d) level of theory. Labels indicate the main carrier(s) of the
vibration.

Figure 7. Energy level diagrams for the three asparagine-containing molecules studied herein. Each conformer has its relative zero-point-corrected
energy (B3LYP-D3BJ/6-31+G(d)) plotted as a function of backbone hydrogen-bonding pattern with the following stylized nomenclature:
backbone−backbone//side-chain−backbone//side-chain-side-chain. Asx-Turns are structures where a C10 hydrogen bond is formed between the
carboxamide CO of an Asn on residue i and the backbone NH of residue i+2. Each conformer energy level is also color coded to further indicate
the type(s) of hydrogen bond(s) in which the amide side chain(s) is (are) involved. Experimentally observed conformers are labeled with their
letter designation. “Bridge” designates structures where both the hydrogen-bond donor and acceptor on the same carboxamide side chain are
involved in hydrogen bonds to the backbone or backbone and cap (Cap Bridge). Double Side chain-Backbone designates structures in Ac-Asn-Asn-
NHBn where each amide side chain is involved in a single hydrogen bond to the backbone. Side chain-Side chain designates structures in Ac-Asn-
Asn-NHBn where the two carboxamide side chains are hydrogen bonding with each other.
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C10 hydrogen bond. The two transitions at 1530 and 1519
cm−1 form the out-of-phase and in-phase combinations,
respectively, of the two C6 hydrogen-bonded amide NH
groups with some C10 NH bend mixed in.

4. DISCUSSION

Conformer-specific infrared spectra in the hydride stretch and
amide I/II regions have been used in conjunction with
calculated vibrational frequencies to assign the four conformers
spanning the three Asn-containing peptides investigated in this
study. In each case the assigned conformers belong to the
lowest energy conformational families calculated at the B3LYP-

D3BJ/6-31+G(d) level of theory. Agreement between
experimental and theoretical vibrational frequencies, when
combined with the fact that the structures are among the
calculated energetic minima, gives confidence that the assigned
structures accurately reflect the inherent conformational
preferences of the cold, gas-phase molecules studied herein.
In order to understand the broader conformational land-

scape for these Asn-containing peptides, Figure 7 presents an
energy diagram that displays the full set of conformers with
calculated energies within 30 kJ/mol of the global minimum of
the three Asn-containing peptides. In the diagrams we have
partitioned the conformers horizontally into distinct peptide
backbone H-bonding patterns and further color coded each

Figure 8. Hydride stretch IR spectra and experimentally assigned structures of analogous Ac-Asn-NHBn and Ac-Gln-NHBn conformers. Asn
hydrogen bonds and spectra are designated in blue, while those of Gln are designated in black. Transitions are labeled with the main carrier of the
vibration with analogous hydrogen bonds in Asn and Gln analogs connected with dashed lines and color coded in the following way: the same
hydrogen-bonded cycles connected with brown lines and analogous (Cn − (Cn + 1)) cycles with faded blue to black lines.

Table 2. Calculated Dihedral Angles (in degrees) of the Asn(N)-Containing Peptides Studied in This Work and the Analogous
Gln(Q)-Containing Peptidesa

residue (i+1) residue (i+2)

structure φ1 ψ1 χ1 χ2 χQ1 φ2 ψ2 χ3 χ4 χQ2

inverse γ-turn
Ac-N-NHBn conf A (C7eq//C6/C7) −82 63 50 (g+) 103
Ac-N-NHBn conf ARot (C7eq//C6/C7) −82 56 51 (g+) 100
Ac-Q-NHBn conf C (C7eq//C7/C8/π)

b −82 56 74 (g+) −40 (g−) 110
inverse γ-turn canonical valuec −75 65
extended backbone
Ac-N-NHBn conf B (C5//C8/C7) −169 −178 −137 (a) 91
Ac-Q-NHBn conf A (C5//C8)b −162 169 −103 (a) −64 (g−) 167
extended backbone canonical value 180 180
type I β-turn
Ac-A-N-NHBn (C10//C6/π) −68 −13 −80 0 62 (g+) 102
Ac-A-Q-NHBn (C10//C7/π)b −70 −13 −73 −11 83 (g+) −61 (g−) 151
A-N crystal structure avgd −63 −26 −92 8
type I β-turn canonical valuee −60 −30 −90 0
Ac-N-N-NHBn (C10//C6/C6/π) −76 1 61 (g+) 104 −83 −3 62 (g+) 105
Ac-Q-Q-NHBn (C10//C7/C7/π)f −73 −8 68 (g+) −87 (g−) −165 −71 −13 84 (g+) −62 (g−) 150
N-N crystal structure avgg −62 −25 −96 4

aAlso listed are either the canonical dihedral angles or the average values of those extracted from the Protein Data Bank.47 bFrom ref 34. cFrom ref
57. dSI Table 9 eFrom ref 58. fFrom ref 35. gSI Table 8.
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energy level to indicate the hydrogen-bonding type for the Asn
side chain. Upon inspection of the energy diagram, it is
immediately clear that the number of conformational families
made available by the Asn residue increases in complexity with
both the length of the peptide backbone and the number of
Asn residues. The three types of structures experimentally
observed represent two different canonical turn types (inverse
γ, type I β-turn) and an extended structure, all of which occur
regularly in proteins.
The two assigned bridged structures of Ac-Asn-NHBn

energetically compete with one another and are representative
of the only two conformational families under 5 kJ/mol. While
both conformers have bridged side-chain−backbone inter-
actions, the NH2 groups engage in hydrogen bonds with CO
groups at different positions along the peptide backbone. In
the extended structure the carboxamide NH2 is interacting
with the N-terminal CO while the analogous amido group in
the inverse γ-turn structure is interacting with the C-terminal
CO. By forming these bridge structures with the
carboxamide side chain, the structure also incorporates the
maximum number of hydrogen bonds for each molecule.
The two capped dipeptides funnel all population into a type

I β-turn peptide backbone, with a strong energetic preference
relative to all competitors. Indeed, in Ac-Ala-Asn-NHBn and
Ac-Asn-Asn-NHBn the observed type I β-turn is more stable
than any other in the conformational pool by 10 and 7 kJ/mol,
respectively.
With firm conformational assignments of the present Asn-

containing peptides and their analogous Gln-containing
peptides from previous studies by our group, we are now in
a position to investigate the impact that the difference in side-
chain length between Asn and Gln (which differ by a single
methylene group) has on peptide structure and stability as
made manifest by the experimental vibrational spectra and
best-fit structures. In what follows we focus on each structure
type in turn, with emphasis placed on the structural and
spectral similarities and differences between analogous Asn and
Gln peptides.
4.1. Inverse γ-Turns. Conformer A of Ac-Asn-NHBn, with

its C7eq//C6/C7 hydrogen-bonding architecture, forms an
inverse γ-turn at the shortest chain length possible. Conformer
C of Ac-Gln-NHBn also forms an inverse γ-turn, with
analogous C7eq//C7/C8/π hydrogen bonds.34 Figure 8
compares the structures and spectra of the Asn- and Gln-
stabilized γ-turns, and Table 2 lists the corresponding dihedral
angles. In what follows the Asn γ-turn will be referred to simply
as γN and the Gln γ-turn as γQ. In both structures the
carboxamide side chains form hydrogen-bonded bridges with
the peptide backbone, resulting in //C6/C7 and //C7/C8/π
side-chain−backbone motifs in Asn and Gln, respectively, with
very similar φ/ψ backbone dihedrals (Table 2).
The difference of one methylene group between the

carboxamide side-chains of γN and γQ dictates that the side-
chain χ dihedrals will be different from one another. Indeed,
the Gln carboxamide group bends back over the γ-turned
backbone and engages in a dispersive π interaction with the
benzyl cap, an additional interaction for which Asn lacks the
required flexibility. The NH2 AS fundamental is higher in
frequency in γQ than γN by only 4 cm−1, even though the C7
is ∼0.1 Å shorter in γN than the C8 in γQ. In this case, it is the
additional π interaction in γQ which serves to shift down in
frequency the AS NH2 to within 4 cm−1 of the γN C7.

The C7eq backbone H bond is extraordinarily strong in both
γN (1.90 Å, 3275 cm−1) and γQ (1.92 Å, 3270 cm−1). These
two hydrogen bonds are among the strongest C7eq hydrogen
bonds observed, shifting down in frequency by as much as 100
cm−1 from a C7eq observed previously (see Table 1).59,60

James et al. observed, in their study of mixed α/β synthetic
foldamers, that NH groups belonging to amides whose
components act as both hydrogen-bond donor and acceptor
have NH bond lengths longer than NH groups on amides that
are not involved in such cooperative interactions.38 This is
explained by the notion that, during hydrogen bonding,
electron density is transferred from the electron-rich CO to
the antibonding orbital of NH with the nuance that this
electron transfer appears to involve electron donors and
acceptors on the same amide group, which cannot be directly
hydrogen bonded with one another. This description offers an
appealing physical explanation for the large C7eq frequency
shifts in γN and γQ: In both structures the bridging
carboxamide group closes a triple-hydrogen-bonding cycle in
which all three present amide groups are maximally involved in
hydrogen bonding. The NH and CO along the peptide
backbones not involved in the C7eq, which if not for the
carboxamide-containing side chains would be free, are both
involved in hydrogen bonding, resulting in a large net
cooperative strengthening effect. This cooperative strengthen-
ing likely contributes to the large shift down in frequency of
the C7eq in both γN and γQ. The N-terminal bridge
component in γN is a C6 hydrogen bond with a distance of
2.07 Å and angle of approach equal to 137°. The analogous γQ
C7 measures 1.99 Å with an angle of approach equal to 150°.
As expected based on these metrics, the C7 NH stretch is
shifted down in frequency to the C6 by 14 cm−1.
On the basis of a search of the Protein Data Bank, Milner-

White concluded that compound inverse γ-turns, γn with n =
2−5, occur regularly within β-sheet strands.57 These γ-turn
repeat segments take the form of ribbons with a slight right-
handed twist, a structure the author referred to as a 2.27-helix.
Given that proteinaceous β-sheets also twist in the right-
handed direction, Milner-White postulated that compound
inverse γ-turns could play a role in the local stabilization of β-
strands en route to β-sheet formation. This proposition is
especially intriguing in light of the high concentration of Asn
and Gln residues in β-sheet-rich amyloid fibrils as well as the
uniquely and unusually strong C7eq hydrogen bonds formed in
both γN and γQ. Gas-phase tests of the 2.27-helicity of poly-N
and poly-Q would be worthwhile in pursuit of testing Milner-
White’s proposition as it is applied to nature’s preference for
Asn and Gln in prion-forming domains.
To test the influence that the bulky aromatic NHBn cap has

on preferred structures, geometry optimization and energy
calculations were carried out on the 35 low-energy (<30 kJ/
mol) Ac-N-NHBn structures plotted in Figure 7, with the
NHBn cap substituted with an NHMe cap (Table S5). Six
unique structural families within 10 kJ/mol in the NHBn cap
group reduce to only two unique structural families within 15
kJ/mol of the global energy minimum: with the NHMe cap
present C7eq//C6/C7 (0.00 kJ/mol) and C5//C8/C7 (1.97
kJ/mol), the two families to which conformer A and conformer
B, respectively, belong. This indicates that the two
conformations observed in the case of Ac-Asn-NHBn are
indeed the preferred structures, regardless of C-terminal cap.
As an additional check on the robustness of these

conformational preferences to temperature changes, free
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energy corrections calculated at room temperature were carried
out to determine whether entropic forces result in preferred
structures different from those observed in the molecular beam
(Table S2). Even when ranked in relative free energy, γN
remains the energetic minimum, suggesting that this local
conformation may play an important role in environments in
which free energy, rather than internal energy, dictates
conformation.
4.2. Extended Structures. Conformer B of Ac-Asn-NHBn

has a C5//C8/C7 extended backbone architecture with near
planar backbone φ/ψ dihedral angles of −169° and −178°.
Conformer A of Ac-Gln-NHBn also forms an extended
backbone structure, comprised of a C5//C8 hydrogen-bonding
pattern and similar φ/ψ backbone dihedral angles of −162°
and 169° (Table 2). Henceforth, the extended structures of
Ac-Asn-NHBn and Ac-Gln-NHBn will be referred to as eN
and eQ, respectively. The lower half of Figure 8 displays a
comparison between the structures and the hydride stretch
spectra of eN and eQ. While both structures form the C5
nearest neighbor hydrogen-bond characteristic of extended
structures, the Asn-containing molecule forms a doubly
hydrogen-bonded bridge utilizing both the donor and the
acceptor groups on the carboxamide side chain, while the Gln-
containing structure only forms one side-chain−backbone
hydrogen bond between the carboxamide CO and the
NHBn cap NH. In this case it appears that as a result of the
more flexible Gln side chain in the extended backbone
conformation either a side-chain-C-terminal C8 or a side-chain-
N-terminal C9 hydrogen bond will be formed, while the less
flexible Asn side chain readily accesses both types of stabilizing
interactions. It may indeed seem counterintuitive that the more
flexible Gln side chain is more limited in the formation of
multiple side-chain−backbone hydrogen bonds than the less
flexible Asn side chain, but in our previous work we found that
there is an energy penalty of 1.22 kJ/mol in going from the
C5//C8 in eQ to a C5//C9/C8 structure.34

As can be seen in Table 2, the L-chirality of the amino acids
studied here results in χ1 being similar in both extended
structures (−137° in eN and −103° in eQ) with differences
appearing in subsequent dihedrals. When viewed down the
peptide backbone from the N→C termini, the functional
groups jut out to the right side and then fold back over toward
the backbone amide groups. The C5 hydrogen bonds appear
within 8 cm−1 of one another, indicating similar hydrogen-
bond strengths. Both the C8 and the C7 H bonds in eN occur
with near-optimal distances and angles of approach: 2.23 Å/
146° and 2.04 Å/160°, respectively. The AS C8 NH2 stretch of
eN is 52 cm−1 lower in frequency than the analogous eQ free
stretch, which appears at 3562 cm−1.
The C7 and analogous C8 NH stretch transitions in eN and

eQ appear at 3279 and 3310 cm−1, respectively. Given that the
eQ C8 is ∼0.1 Å shorter than its C7 counterpart, it is natural to
wonder why it appears 31 cm−1 higher in frequency. We note
that the eN and eQ structures differ primarily in eN possessing
a //C8/C7 bridged double-hydrogen-bonded structure while
eQ forms only the C8 hydrogen bond. This suggests that
cooperative hydrogen-bond strengthening could account for
the discrepancy between the eN and the eQ C7 and C8 NH
stretch frequencies, respectively. Indeed, eN is a triply
hydrogen-bonded cycle, with all three hydrogen bonds
experiencing cooperative effects, thereby increasing the NH
bond distances and decreasing the NH stretch absorption
frequencies. Since eQ lacks this hydrogen-bonded cycle, it
would not experience the same magnitude of cooperative
effects.
The peptide backbones in β-sheets adopt extended

conformations which utilize the same C5 hydrogen bond
found in eN and eQ. As pointed out in the Gln studies, this
raises the intriguing possibility that the local extended
conformation, supported by side-chain−backbone hydrogen
bonds, could play a role in local β-strand formation on the way
to β-sheet formation. As we have seen, however, neither Ac-

Figure 9. Hydride stretch IR spectra and experimentally assigned structures of analogous Ac-Ala-Asn-NHBn and Ac-Ala-Gln-NHBn (top) and Ac-
Asn-Asn-NHBn and Ac-Gln-Gln-NHBn (bottom) conformers. Asn hydrogen bonds and spectra are designated in blue, while those of Gln are
designated in black. Transitions are labeled with the main carrier of the vibration with analogous hydrogen bonds going from Asn to Gln connected
with dashed lines and color coded in the following way: the same hydrogen-bonded cycles connected with brown lines and analogous (Cn − (Cn +
1)) cycles with faded blue to black lines.
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Ala-Asn-NHBn nor Ac-Asn-Asn-NHBn adopts extended β-
sheet structures in the gas phase. It would be interesting to see
what intramolecular interactions dominate in even longer poly-
Asn and poly-Gln peptides in the gas phase. In terms of free
energy ranking, eN is second in energy, above γN (Table S2),
raising the possibility that the local extended conformation
could play a competitive role in a free energy environment. As
mentioned above, the eN NHMe cap analogue is one of only
two low-energy structures within 15 kJ/mol of global
minimum, along with γN (Table S5).
4.3. Type I β-Turns. In both Ac-Ala-Asn-NHBn and Ac-

Asn-Asn-NHBn, population is funneled into one conforma-
tional isomer: the type I β-turn. Given that both Ac-Asn-
NHBn conformers incorporate bridged side-chain−backbone
hydrogen bonds, it is curious that neither dipeptide includes
such a bridged structure. Inspection of each assigned β-turn
structure, however, yields a satisfying physical explanation. In
order for the i+2 NH to engage in a strong C6 hydrogen bond
with the i+2 carboxamide CO while at the same time
retaining the C10 hydrogen bond (that defines the β-turn), the
i+2 Asn NH2 group must be almost planar with the i+2
backbone CO. This spatial relationship makes hydrogen
bonding very unlikely.
It is important to note that both analogous Gln-containing

dipeptides also exclusively form type I β-turns in the gas
phase.34,35 In what follows these four structures will be referred
to as βAN, βNN, βAQ, and βQQ, where the subscripted letters
abbreviate the amino acids in the dipeptide. We will use Figure
9 to guide the discussion, which presents and compares the
structures and spectra of βAN and βAQ and βNN and βQQ. As the
structures in Figure 9 and the dihedrals listed in Table 2 show,
these four β-turns are quite similar to one another. Structural
differences made manifest in the spectra do, however, exist,
and it is to these details that we now turn.
The top half of Figure 9 displays the structures and spectra

belonging to the C10//C6/π and C10//C7/π hydrogen-
bonded conformers of βAN and βAQ, respectively. As one might
expect, their hydride stretch spectra look very similar. The
high-frequency stretch assigned to the π hydrogen-bound
asymmetric NH2 stretch is 18 cm−1 higher in frequency in βAQ
(3520 cm−1) than in βAN (3502 cm−1). This is most likely a
consequence of two factors: The NH2 is more centered over
the aromatic ring in βAN than in βAQ, and there is a weak
interaction between the NH2 group and the C-terminal CO
group. Indeed, in each pair of β-turn dipeptides the Asn and
Gln residues utilize opposite NH groups for the NH2···π
interaction. The symmetric stretch pair occurs 107 and 112
cm−1 down in frequency from the asymmetric stretch in βAN
and βAQ, respectively. The C-terminal asymmetric and
symmetric stretch pairs in βNN and βQQ all appear within 3
cm−1 of their Ala-containing analogue stretches mentioned
above, providing spectroscopic evidence that the C-terminal
environment of the NH2 groups are very similar within each
residue pair. The free NH stretches in βAN and βAQ occur
within 4 cm−1 of one another. The shorter and stronger C7
NH stretch fundamental is lower in frequency (1.97 Å, 3361
cm−1) than the longer and weaker C6 NH stretch (2.08 Å,
3373 cm−1). The βAN and βAQ C10 frequencies are within 10
cm−1 of one another, indicating similar hydrogen-bond
strengths.
In going from Ac-A-N-NHBn to Ac-N-N-NHBn (and Gln

analogues) the type I β-turn structure is preserved, with the N-
terminal carboxamide group adding an additional C6 (C7)

side-chain−backbone hydrogen bond (see Figure S6 for the
overlap of the βAN and βNN backbones and Figure S7 for a
direct comparison of their hydride stretch spectra). This
conservation of structure is evident in Figure 9. The N-
terminal free NH2 AS and SS fundamentals appear at 3543/
3430 and 3562/3444 cm−1 in βNN and βQQ, respectively. The
shift to lower frequency in βNN may again be attributed to a
weak interaction between the N-terminal NH2 and the amide
CO. It is heuristically pleasing to view the four highest
frequency asymmetric NH2 transitions between βNN and βQQ
(Figure 9) as equivalent NH2 groups in different environments.
In order of decreasing frequency, we classify them in the
following way: Free, Free with weak interaction, π hydrogen
bond, π hydrogen bond with weak interaction, with each weak
interaction resulting in an additional ∼20 cm−1 downshift in
frequency.
The C10 hydrogen bonds in βNN and βQQ have NH stretch

fundamentals within 5 cm−1 of one another, again indicating
similar hydrogen-bond strength. Additionally, the interior C6
in βNN and C7 in βQQ are of similar strength, with transitions
within 1 cm−1 of each other in the spectra. In contrast, the N-
terminal C6 and C7 are separated from one another by 60
cm−1. This can be understood in the context of hydrogen-bond
distance: 2.16 Å in βNN and a remarkably short 1.91 Å in βQQ
(see Figures S8 and S9 for the overlap of the βAN and βAQ and
βNN and βQQ, respectively). The above spectroscopic and
computational evidence suggests that glutamine is especially
well setup to accommodate the β-turn via strong side-chain−
backbone hydrogen-bond stabilization.
As with the shorter Asn-containing peptides, calculations

were carried out on all structures within 30 kJ/mol of the
global minimum to test the energetic influence of the NHBn
cap, as well as to get an idea of the free energy landscape at
room temperature. In the case of βAN, substitution of NHBn
for NHMe results in the C10//C7/π structure remaining on
the global energy minimum (Table S6). βNN, however, is
displaced as the global energy minimum by a C10//C6/C7//
C11 structure (6.85 kJ/mol with NHBn cap) and takes up
position as the second lowest energy structure (0.57 kJ/mol,
Table S7, Figure S10). In this C10//C6/C7//C11 structure
the carboxamide NH2 of the i+1 Asn residue engages in a H
bond with the carboxamide CO of the i+2 Asn residue,
resulting in two large hydrogen-bonded cycles along the
peptide backbone. In terms of free energy, both βAN and βNN
retain their positions as the global energy minima (Tables S3
and S4). As with the shorter peptides discussed above, this
indicates that the type I β-turns studied here are entropically
competitive with other structures even at room temperature.
Upon cooling in a supersonic expansion, the entirety of the

population of both βΑΝ and βNN is funneled into a type I β-turn
that is stabilized by the Asn side chains. The robustness of
these structures to temperature and type of cap is in keeping
with the prevalence of Asn-containing β-turns in biological
environments.61,62 To get an idea of the similarity in turn
parameters between these gas-phase structures and those in
naturally occurring biologically relevant molecules, we compare
the calculated backbone φ and ψ dihedral angles of βAN and
βNN with those found in the Protein Data Bank comprised of
the following four generic amino acid residue order: X(AN)X
for βAN and X(NN)X for βNN (Table 2 and Tables S8 and S9).
We find that, in both cases, the calculated gas-phase
parameters are in good agreement with both the crystal
structure average values as well as the canonical literature
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values,58 indicating that the gas-phase structures characterized
in this work are fundamentally preserved and preferred in the
condensed phase. Indeed, a recent study by Mons et al. also
found the type I β-turn to be among the observed
conformations in gas-phase studies of Ac-Phe-Asn-NH2.
Through a Protein Data Bank search they observed that with
Asn in the i+2 position of the β-turn it is not uncommon for
water molecules to bridge the i+2 amide NH and side-chain
CO, the two groups involved in the C6 hydrogen bond.
They proposed that in hydrophilic environments this water-
bridged structure could orient and stabilize the local protein
backbone in such a way that promotes β-turn formation. This
proposition is especially enticing in light of the regularity with
which Asn appears in the i+2 position of native protein β-
turns.61,62

5. CONCLUSIONS

In this study we determined the inherent folding preferences of
three Asn-containing, capped peptides: Ac-Asn-NHBn, Ac-Ala-
Asn-NHBn, and Ac-Asn-Asn-NHBn. Using conformation-
specific infrared and ultraviolet spectroscopy we found that
Ac-Asn-NHBn takes both an inverse γ-turn (C7eq) and a
tentatively assigned extended conformation (C5), while both
capped dipeptides Ac-Ala-Asn-NHBn and Ac-Asn-Asn-NHBn
have all of their population funneled into a type I β-turn. These
two turn types and extended structure appear regularly within
the secondary structural framework of nature. In each case, a
single backbone−backbone hydrogen bond is supported by at
least one side-chain−backbone stabilizing interaction.
In γN, an unusually strong C7eq hydrogen bond forms the

inverse turn, with a doubly hydrogen-bonded //C6/C7-
bridged side-chain−backbone motif resulting in a triamide
H-bonded cycle that appears to be cooperatively strengthened.
The analogous Gln-containing peptide also forms the same
cooperatively strengthened bridged side-chain−backbone-
supported inverse γ-turn. The extended backbone of eN is
supported by a //C8/C7-bridged side-chain−backbone double
hydrogen bond, an auxiliary interaction not accessible to Gln
as a direct result of its more flexible side chain. The C10-
containing type I β-turn structures of βAN and βNN are further
stabilized by side-chain−backbone C6 H bonds between the
Asn NH2 and the CO group on its peptide residue. These β-
turns are closely similar to those found in protein crystals,
where the relevant Ala and/or Asn residues occupy the i+1 and
i+2 positions of the turn. They are also close in form to the
analogous βAQ and βQQ turns, as characterized by the backbone
φ and ψ dihedral angles. Spectroscopic and computational
evidence of strong side-chain−backbone hydrogen bonding
suggest that glutamine is especially well set up for β-turn
accommodation.
In the case of all Asn-containing peptides studied here,

energy optimizations performed with the NHMe-capped
analogues predicted that the lowest energy conformations
observed with the NHBn cap remain either the lowest or, in
the case of βAN, the second lowest energy conformation when
the phenyl ring is removed. Additionally, the ranking of the
conformations in free energy at room temperature confirmed
that the assigned structures occupy the most stable, global free
energy minimum positions as well. These results provide
evidence that the assigned structures will have significant
population over a wide range of conditions. Furthermore, the
three structural motifs (inverse γ-turn, extended, type I β-turn)

that are stabilized by Asn are all prevalent to some degree in
nature.
The fundamental similarity of these Asn- and Gln-containing

peptides is especially interesting in light of the requirement for
specific amino acid type, rather than sequence, in prion
formation, as well as the similar fibrillar properties that
polyasparagine exhibits with respect to polyglutamine.10,63,64

These initial conformational tests of asparagine’s local
conformational preferences at the dipeptide length would
benefit greatly from extension to peptides containing longer
sequences of Asn, Gln, and combinations thereof, with the goal
of determining the effect that increasing peptide length has on
their inherent structural preferences.
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