
Single-Conformation Spectroscopy of Capped Aminoisobutyric Acid
Dipeptides: The Effect of C‑Terminal Cap Chromophores on
Conformation
Joshua L. Fischer,† Brayan R. Elvir,‡ Sally-Ann DeLucia,‡ Karl N. Blodgett,† Matthias Zeller,†

Matthew A. Kubasik,‡ and Timothy S. Zwier*,†

†Department of Chemistry, Purdue University, West Lafayette, Indiana 47907, United States
‡Department of Chemistry and Biochemistry, Fairfield University, Fairfield, Connecticut 06824, United States

*S Supporting Information

ABSTRACT: Aminoisobutyric acid (Aib) oligomers are known to form
racemic mixtures of enantiomeric left- and right-handed structures. The
introduction of a chiral cap converts the enantiomeric structures into
diastereomers that, in principle, afford spectroscopic differentiation.
Here, we screen different C-terminal caps based on a model Aib
dipeptide using double resonance laser spectroscopy in the gas phase to
record IR and UV spectra of individual conformations present in the
supersonic expansion: NH-benzyl (NHBn) as a reference structure
because of its common use as a fluorophore in similar studies, NH-p-
fluorobenzyl (NHBn-F), and α-methylbenzylamine (AMBA). For both
the NHBn and NHBn-F caps, a single conformer is observed, with
infrared spectra assignable to an enantiomeric pair of type II/II′ β-turns in these molecules lacking a chiral center. The higher
oscillator strength of the NHBn-F cap enabled UV−UV hole burning, not readily accomplished with the NHBn cap. The
AMBA-capped structure, with its chiral center, produced two unique conformers, one of which was a nearly identical left-
handed type II β-turn, while the minor conformer is assigned to a C7−C7 sequential double ring, which is an emergent form of
a 27-ribbon. Although not observed, the type II′ β-turn diastereomer, with opposite handedness, is calculated to be 11 kJ/mol
higher in energy, a surprisingly large difference. This destabilization is attributed primarily to steric interference between the C-
terminal acyl oxygen of the peptide and the chirality-inducing methyl of the AMBA group. Last, computational evidence
indicates that the use of an N-terminal aromatic cap hinders the formation of a 310-helix in Ac-Aib2 dipeptides.

1. INTRODUCTION

The forces giving rise to well-structured peptides and proteins
have been of interest for decades.1−3 In the 1950s, Pauling and
co-workers emphasized hydrogen bonding interactions in
discerning α helices and β sheets, the two dominant secondary
structural motifs of proteins.4 Donohue soon followed
Pauling’s α helix by proposing the 310 helix.5 These two
helical forms, the α helix and the 310 helix, are regularly
observed in protein structures and are supported by intra-
backbone hydrogen bonds that close 13- and 10-membered
rings (C13 and C10), respectively, requiring only slight
variations in ϕ/ψ backbone angles. Additional C10 structures,
β-turns requiring only four successive residues, were first
reported by Venkatachalum.6 While the repeating backbone ϕ/
ψ angles of the 310-helix (−60°/−30°) comprise type III turns,
type I and type II C10 structures require nonrepeating ϕ/ψ
angles along the peptide backbone chain to “turn” its
direction.6

Despite early emphasis on hydrogen bonding patterns, the
modest stability of folded proteins, relative to their unfolded
configurations, means that a variety of forces, including short-
range van der Waals forces, as well as hydrogen bonding, are

important for the unique folds of proteins.1,2 For example,
single methylation and double methylation of glycine’s α
carbon (e.g., Gly vs Ala vs Aib) provide a dramatic increase in
the residue’s helicogenicity.7

In biological settings, most proteinogenic helices are right-
handed α-helices having 3.6 residues/turn, with ϕ/ψ = −60°/
−45°, supported by NH···OC hydrogen bonds that close
13-membered rings (referred to as C13 hydrogen bonds).8,9

The 310-helix comprises about 10% of protein helices and is
wound more tightly, with 3.0 residues/turn, ϕ/ψ ≅ −57°/−
30°, forming a series of C10 hydrogen bonds.5,9 Interestingly,
in room-temperature solution, the ϕ/ψ angles for a 310-helix
are rather loosely defined because of the steric strain resulting
from the necessary residue overlap of a helix having an integer
number of residues/turn.10 In some cases, α- and 310-helices
can interconvert, and it has been suggested that the 310-helix
could be an intermediate state for the formation of α-
helices.10,11 Indeed, the balance between α-helix and 310-helix
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can be tipped by the presence of even one amino acid that
directs formation of one helix over the other,12,13 suggesting
that the C10 versus C13 hydrogen bonding pattern is not by
itself determinative.
Aminoisobutyric acid (Aib) is a nonproteinogenic, naturally

occurring amino acid with geminal methyl groups substituted
on the α-carbon, which is known to favor 310-helix
formation.14,15 The symmetric methyl substitution renders
Aib achiral, removing the chiral influence directing helix
formation and rendering left- and right-handed helices of poly-
Aib peptide enantiomers equivalent in energy. Aib is most
commonly found naturally in the peptaibol family of
antimicrobial peptides,15,16 which have been used in foldamer
studies to generate transmembrane pores.17 The heliogenic
character imparted by Aib is believed to drive the formation of
these transmembrane pores, which result in antimicrobial
activity.17 Vibrational modes of the polar amide groups
inherent to peptides are highly sensitive to their local
environment, including their hydrogen bonding network, and
consequently are diagnostic of the secondary structures
adopted by peptides and proteins. The NH stretch frequencies
found in the amide A region shift to lower frequencies with
increasing hydrogen bond strength, providing a particularly
useful diagnostic. However, in aqueous solution, these
absorptions occur in the midst of the broad OH stretch
band, masking their presence. Using nonpolar CDCl3 to
minimize spectral interference, Toniolo and co-workers have
studied a set of Z-(Aib)n-OtBu (n = 1−12) peptides in the
amide A region that pointed to these peptides undergoing 310-
helix formation in nonpolar solvents.14 These authors
identified two NH stretch fundamentals assigned to “free”
and “intramolecularly hydrogen-bound” NH groups. As n
increases, the “hydrogen-bound” band grew at the expense of
the free NH stretch band. Decades later, Maekawa et al. used
two-dimensional IR spectroscopy in the amide I region (n = 3,
5, 8, 10) to investigate the CO stretch vibrations and
showed that the onset of 310-helix formation occurs with n >
5.18 More recently, infrared spectra from some of us, using 13C-
isotopologues of Z-(Aib)6-OtBu, showed isotope-shifted
localized 13CO amide I modes that confirmed 310-helix
formation.19 Although isotope editing singles out the local
mode absorptions of individual 13CO subunits by shifting
their absorptions to lower frequencies, these spectra are still
influenced by solvent effects.
Studying the intramolecular interactions of peptides under

jet-cooled conditions in the gas phase provides the unique
opportunity to interrogate the peptides without solvent
influence.20−40 Often, gas-phase studies of peptides are difficult
because peptides are nonvolatile, necessitating laser desorption
to bring them into the gas phase. Furthermore, most do not
have a natural chromophore to sensitize their detection.
Previous work has used phenyl ring caps as chromophores at
either terminus of the peptides.25−33 However, weak
chromophore absorption, low number densities, and shot-to-
shot fluctuations associated with laser desorption indicate that
further experimental improvements would be welcome. Even
with these shortcomings, desorption experiments have been
used successfully to interrogate a range of peptides in the gas
phase.22−40 The hydrogen-bonded networks present in these
peptides can be probed in exquisite detail through the NH
stretch and amide I/II regions, which reflect the hydrogen-
bonded network present in the peptide. Comparisons of high-

quality quantum chemical calculations routinely confirm the
spectral assignments.
The present study on capped Aib peptides has as one point

of comparison an earlier study from our group on the gas-
phase conformational preferences of Z-capped oligo-glycines
up to n = 5.28 Because glycine is the only naturally occurring
achiral amino acid, with its two hydrogen atoms on C(α), it is
a seemingly close analogue of the Aib peptides studied here.
Interestingly, Z-(Gly)5 folds not into an α- or 310-helix but
instead into an emergent form of a 14-/16-mixed helix, with
amide−amide hydrogen bonds in alternate directions, N → C
and C → N.
Mons and co-workers have studied the single-conformation

spectroscopy of a capped tripeptide, Ac-Aib-Phe-Aib-NH2,
under jet-cooled conditions.24 In that case, the amide NH
stretch spectrum of the main conformer was assigned to a
structure containing two C10 hydrogen bonds, indicating
incipient 310-helix formation, with C10 NH stretch funda-
mentals at 3374 and 3405 cm−1. Expanding upon this work,
Gord and co-workers studied a series of Aib-oligomers with
benzoylcarboxy (Z) and methyl ester (OMe) caps at the N-
and C-termini, respectively: (Z)-Aibn-OMe (n = 1, 2, 4).31 The
smaller n = 1,2 peptides formed conformers that exhibited
Ramachandran angles similar to those in a 310-helix, while the n
= 4 peptide had sufficient length to fold into an incipient 310-
helix, identified by two characteristic C10 hydrogen bonds with
NH stretch fundamentals at 3383 and 3406 cm−1 and two free
NH stretch transitions.
In the current work, we study three short peptides of the

form Ac-Aib-Aib-R, where the C-terminus is a benzyl amide or
a substituted benzyl amide. These molecules are capable of
forming C10 structures, including a single type III β-turn,
which has the same Ramachandran angles as those present in
310-helix formation. We employ single-conformation gas-phase
spectroscopic techniques, coupled with quantum chemical
computations, to determine gas-phase conformations of these
three molecules, with R being a benzylamide, a para-fluoro-
benzylamide, and a chiral (S)-α-methyl benzyl amide. These
molecules are part of a longer-term research project to study
peptides capable of forming both left- and right-handed helices.
Although these structures themselves are too small to produce
fully formed 310-helices, their elongated versions of the benzyl
amide and the fluorobenzyl amide would have left- and right-
handed 310-helices that are equal in energy. By adding a chiral
α-methyl (S) chromophore cap, we introduce a slight steric
asymmetry in order to probe its effect on the structure adopted
by the parent peptides and probe the right- and left-handed
structures that emerge. Last, we test the fluorinated phenyl ring
as the chromophore cap to see the effects of its stronger
absorption on signal size and whether fluorination changes the
conformational preferences.

2. METHODS
2.1. Experimental Section. Solid sample was brought into

the gas phase using laser desorption by crushing the sample
into a fine powder, mixing the powder into the surface of a flat
graphite bar, and then desorbing the sample into the gas phase
using the 1064 nm fundamental of a Nd:YAG laser operating
at 20 Hz (Continuum Minilite II, ∼4 mJ/pulse, 2 mm beam
diameter). The resulting desorption plume was entrained
orthogonally into the high-collision regime of a supersonic
expansion to cool conformers to their zero-point vibrational
levels. The expansion was generated with a pulsed valve
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(Parker, Series 9, 1 mm dia. nozzle, 4 bar backing pressure Ar,
20 Hz, 500 μs pulse duration). The resulting free jet was
skimmed through a 3 mm conical skimmer ∼2−3 cm
downstream from the pulsed valve orifice, forming a molecular
beam that entered the extraction region of a Wiley−McLaren
time-of-flight mass spectrometer, where single and double
resonance laser spectroscopy techniques were used to
interrogate the sample.
Figure 1 illustrates the set of laser-based methods used in

this study. The UV spectrum of the three molecules in the

series was recorded in the S0−S1 origin region using one-color,
resonant two-photon ionization (R2PI). Ions were generated
by introducing the frequency doubled output of a tunable dye
laser into the ion source region of the time-of-flight mass
spectrometer. A Radiant Dyes Narrowscan dye laser
(Coumarin 540A) pumped with the third harmonic from a
Nd:YAG laser (Continuum, Surelite II) was used for this
purpose. The R2PI spectrum in the UV region is recorded by
monitoring the ion intensity in the parent mass channel as a
function of the UV frequency in the region of the S0−S1 origin
for each unique aromatic cap (R = NHBn or AMBA, 37 400−
37 800 cm−1; R = NHBn-F, 36 900−37 200 cm−1). By cooling
the conformers to their zero-point vibrational levels, there is no
contribution to the spectrum from vibrational hot bands,
reducing spectral complexity to the point that electronic
transitions for specific conformers can be resolved.
Double resonance techniques were used to record single-

conformation IR and UV spectra. These methods depend on
depleting the population of a single conformer in its zero-point
vibrational level, being monitored via R2PI. In resonant-ion dip
infrared spectroscopy (RIDIRS), the UV laser (20 Hz) has its
wavelength fixed on a conformer-specific UV transition,
generating a 20 Hz ion signal in the parent mass channel.
The IR laser (10 Hz) was aligned antiparallel to the molecular
beam and set to temporally precede the UV laser such that the
laser pulse intersects the molecular beam as it passes through
the skimmer cone, ∼60 μs before the UV laser. This
configuration ensures that the maximum number of skimmed,
jet-cooled molecules are exposed to the IR laser. The IR laser is
scanned in wavelength, and when the IR laser is resonant with
a vibrational transition of the same conformation being
monitored by the UV laser, population is removed from the
zero-point vibrational level to an excited vibrational state,
leading to depletion in the R2PI signal of the monitored zero-
point level. The repetition rates of the lasers create an

alternating IR-on/IR-off scheme. The difference signal from
successive UV laser pulses (one with IR, one without) is
recorded using a gated integrator (Stanford Research Systems,
SR 250) in active baseline subtraction mode, which outputs
the difference of IR-off and IR-on ion signals as a function of
the tuned frequency of the IR laser.
To produce conformer-specific UV spectra via IR−UV hole-

burn (IR−UV HB) spectroscopy, the same laser scheme as
RIDIRS is used, except the wavelength of the IR laser is fixed
on a conformer-specific IR transition, while the UV laser is
tuned across a frequency range. As in RIDIRS, the IR−UV HB
spectra were generated by plotting the difference of the IR-off
and IR-on ion signals as a function of UV frequency. In the
fluorinated, NHBn-F-capped molecule, the larger oscillator
strength of the electronic transition made it possible to record
a conformer-specific UV spectrum using UV−UV hole
burning. In this case, a UV hole-burn laser is fixed on a UV
transition, partially depleting its ground-state zero-point level
population.
Conformation-specific IR spectra were acquired using a

Nd:YAG-pumped KTP/KTA optical parametric converter
(LaserVision), generating light in the amide A (NH stretch)
region (3200−3500 cm−1, 20−25 mJ/pulse). Light for the
amide I/II regions was generated by difference frequency
mixing the output from the optical parametric converter in a
AgGaSe2 crystal (1400−1800 cm−1, 0.75−1.50 mJ/pulse),
which was then focused using a 500 mm CaF2 lens.
Synthesis of the molecules was carried out at Fairfield

University. The most direct synthesis of the three peptide
samples was to couple the oxazolone of Ac-Aib−Aib-OH to
the three different amine caps in dry MeCN (overnight
reflux).41,42 After isolation, the peptides were purified using
flash silica gel chromatography. Crystals for X-ray analysis were
grown via diffusion of diethyl ether into a solution of
methylene chloride.

2.2. Computational Studies. A conformational search of
the potential energy surface was performed using the Amber*
force field in the Macromodel software suite.43 The 100 lowest
energy structures within 50 kJ/mol of the global minimum
were submitted to geometry optimization (tight optimization)
and frequency calculations using density functional theory
calculations that employed the B3LYP functional with a
Grimme dispersion correction [density functional theory
(DFT) B3LYP-D3BJ] with a 6-31+G(d) basis set, using the
Gaussian 09 software package.44 Tight optimization conditions
were employed. Harmonic vibrational frequencies were
calculated at the same level of theory and were scaled to
account for anharmonicity using the accepted values of 0.958
for the NH stretch region, 0.981 for the amide I region, and
0.970 for the amide II region.28−31,45

2.3. Crystallography Studies. A single crystal of AMBA-F
was coated with Fomblin oil and transferred to the goniometer
head of a Bruker Quest diffractometer with kappa geometry, an
I-μ-S microsource X-ray tube, laterally graded multilayer
(Goebel) mirror single crystal for monochromatization, a
Photon2 CMOS area detector, and an Oxford Cryosystems
low-temperature device. Examination and data collection were
performed with Cu Kα radiation (λ = 1.54178 Å) at 150 K.
Data were collected, reflections were indexed and processed,
and the files were scaled and corrected for absorption using
APEX3.46 The space group was assigned, and the structures
were solved by direct methods using XPREP within the
SHELXTL suite of programs47 and refined by full matrix least

Figure 1. Schematic for double resonance techniques using a 60 μs
delay between the first and second lasers.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b01698
J. Phys. Chem. A 2019, 123, 4178−4187

4180

http://dx.doi.org/10.1021/acs.jpca.9b01698


squares against F2 with all reflections with Shelxl2018 using the
graphical interface Shelxle.48,49 H atoms attached to carbon
atoms were positioned geometrically and constrained to ride
on their parent atoms. C−H bond distances were constrained
to 0.95 Å for aromatic C−H moieties and to 1.00 and 0.98 Å
for aliphatic C−H and CH3 moieties, respectively. Water and
amide H atom positions were refined, and O−H and N−H
distances were restrained to 0.84(2) and 0.88(2) Å,
respectively. Uiso(H) values were set to a multiple of Ueq(C)
with 1.5 for CH3 and OH and 1.2 for C−H and N−H units,
respectively. The water molecule site was found to be partially
occupied. The occupancy was refined to 94.0(7)%. Additional
data collection and refinement details in table format can be
found in the Supporting Information. Complete crystallo-
graphic data, in CIF format, have been deposited with the
Cambridge Crystallographic Data Centre. CCDC 1898412
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

3. RESULTS
Three peptide caps were chosen for this study, shown in Figure
2. In what follows, the “R” labels in the figure will serve as

shorthand designations for each Ac-Aib2-R molecule. The Aib
dipeptide with an NHBn cap serves as a reference, as our group
most commonly studies peptides with this cap,29−33 The
NHBn-F cap is designed to increase the oscillator strength of
the S0 → S1 transition, the region where we carry out our UV
spectroscopy. This cap may also weaken NH···π interactions
by withdrawing electron density from the π cloud on the
phenyl ring. Last, the AMBA cap will be used to introduce a
chiral center outside of the folding region of the peptide,
converting any left- or right-handed enantiomeric secondary
structures found in NHBn into diastereomers that can be
spectroscopically distinguished.
3.1. Nomenclature. We label an intramolecular hydrogen

bond using the symbol “Cn”, where n denotes the size of the
ring the hydrogen bond closes. For example, a structure that
has a NH···OC hydrogen bond that closes off a 10-
membered ring is labeled as a C10 hydrogen bond. As a
shorthand method for naming the capped dipeptide structures,
we adopt a nomenclature used in previous work:31 Starting
from the N-terminus and proceeding to the C-terminus, each
successive amide NH group in the structure is characterized by

the type of hydrogen bond in which this NH group is involved.
A free NH is denoted by “F”, a Cn hydrogen bond by “n”, or an
NH···π-interaction by “π”. For example, the assigned β-turn for
NHBn contains two free NH bonds: NH(1) and NH(2), with
NH(3) engaging in a C10 hydrogen bond, thereby labeled as
F-F-10. Throughout this work, right- and left-handed turns are
chiral secondary structural elements that are at times referred
to as enantiomers of one another; similarly, the presence of a
single chiral center in conjunction with a chiral structural
element is referred to as a diastereomer. The left-/right-handed
forms of the β-turns are designated as II/II′, III/III′, and so
forth.

3.2. Ac-(Aib)2-NHBn. The R2PI (black, top) and IR−UV
HB (red, bottom) spectra are shown in Figure 3. Most of the

transitions found in the R2PI spectrum are reproduced in the
IR−UV HB spectra, indicating that there is one major
conformer, with its S0−S1 origin transition at 37 540 cm−1.
Close inspection of the region near 37 470 cm−1 shows a small
transition, marked with a dagger, which is part of a broad
background not present in the IR−UV HB spectra. This
transition may belong to a low population second conformer;
however, there was not enough signal to perform double
resonance experiments on it. In addition, there is a 2 cm−1

splitting of the origin. However, we verified that both peaks
involved in the splitting belong to the same conformer: RIDIR
spectra taken on both peaks produced identical IR spectra.
Additionally, because of the consistent difference in relative
intensities of the doublet between the IR−UV HB and R2PI
spectra, IR−UV HB spectra were taken using all the peaks in
the NH stretch region and one peak in the amide I region
(1697 cm−1) as hole-burn transitions, with all scans
modulating the intensities of the same set of UV transitions,
as shown in Figure 3. This shoulder is then most likely a
sequence band from the same conformer.
The RIDIR spectrum of this main conformer of Ac-(Aib)2-

NHBn in the NH stretch region (3300−3500 cm−1) is shown
in Figure 3b (top, black). This region is highly sensitive to the

Figure 2. (a) Diagram depicting the Ramachandran ϕ/ψ angles of a
peptide, which determine the secondary structure according to the
Ramachandran plot. (b) Aib backbone structure with the three R caps
used in this study. The shorthand used throughout the text is the text
beneath the respective R group.

Figure 3. (a) R2PI and IR−UV HB spectra of Ac-(Aib)2-NHBn. (b)
RIDIR spectra for Ac-(Aib)2-NHBn. The experimental vibrational
spectra on top (black) cover the amide II region (1400−1600 cm−1),
the amide I region (1600−1800 cm−1), and the NH stretch region
(3300−3500 cm−1). The predictions of DFT B3LYP/D3BJ 6-
31+G*(d) calculations are shown in red below.
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intramolecular hydrogen bonding architecture of the peptide
and is commonly used to make unique structural assignments
of peptides when supported by the sufficient theory.20−40 The
NH stretch region shows three transitions, as anticipated given
the three NH groups in the molecule. Two weak, narrow
transitions are found in the free amide NH stretch region at
3466.2 and 3478.5 cm−1. The intense, broad transition at 3361
cm−1 indicates that the third NH bond is involved in a strong
hydrogen bond. The calculated stick spectrum shown below
the experimental spectrum belongs to the global minimum
structure and is our best fit to the experimental spectrum. Its
close match with the experiment across the NH stretch, amide
I, and amide II regions lends confidence to the assignment.
The assigned structure has a single C10 hydrogen bond and

is labeled as F-F-10 in our nomenclature, with ϕ2/ψ2
Ramachandran angles of −59°/115° and ϕ3/ψ3 of +58°/
+30°, matching those characteristics of a type II β-turn. The
formation of a β-turn instead of a 310-helix is a straightforward
result of the central amide group in the backbone being
unconstrained by hydrogen bond formation because of the
short length of the capped dipeptide. The loss of stabilization
from an additional hydrogen bond on the central amide results
in the unconstrained β-turn being the more stable structure.
3.3. Ac-(Aib)2-NHBn-F. The R2PI spectrum in the S0−S1

origin region for the NHBn-F-capped dipeptide is shown in
Figure 4a. It was taken with a power 75% less than in NHBn to

avoid saturation effects (not seen in NHBn), demonstrating
the positive benefits of the larger UV oscillator strength of the
NHBn-F cap. Importantly, the increased oscillator strength of
the S0−S1 transition allowed UV−UV HB spectra (bottom,
blue) to be acquired, which is difficult with NHBn caps, and
was one of the main motivations for considering this
fluorinated phenyl cap. An IR−UV HB scan is also shown
for comparison (middle, red). Being able to record UV−UV
HB scans is significant because the UV spectra typically suffer

from less overlap than IR spectra, affording better specificity
when selecting conformer-specific transitions for double
resonance methods. Because all transitions in the R2PI
spectrum are also present in the hole-burn scans, there is
one major conformer in the expansion, despite the presence of
more than 10 transitions in the UV region.
The RIDIR spectrum in Figure 4b is virtually identical to the

corresponding spectrum acquired for NHBn (Figure 3b),
indicating that the structures are very similar. Two free NH
transitions are identified at 3467 and 3479 cm−1 and a third,
broad transition belonging to a C10 hydrogen bond is located
at 3375 cm−1. Indeed, the best fit structure is another type-II β-
turn that has nearly identical ϕ/ψ angles (Table 1) to the

assigned structure of NHBn. We surmise on this basis that
fluorine substitution on the phenyl ring does not perturb the
structure significantly. Because the F-F-10 conformer, like its
NHBn counterpart, does not contain an NH···π interaction, it
is not possible to evaluate the extent to which fluorine
substitution on the aromatic ring reduces the strength of π···H
hydrogen bonds. A spectroscopic difference between the
NHBn and NHBn-F caps becomes apparent in the 1400−1600
cm−1 region, typically ascribed to amide II vibrations.
However, in the spectrum of the NHBnF-capped molecule, a
new transition appears at 1527.5 cm−1, which is due to the C−
F stretch fundamental. If the fluorine atom is involved in
intramolecular or intermolecular bonding, it is possible that the
C−F transition could have structural diagnostic capabilities in
future studies.

3.4. Ac-(Aib)2-AMBA. The R2PI spectrum of the AMBA-
capped dipeptide in the S0−S1 origin region is shown in Figure
5a (top, black). IR−UV HB scans are shown below the R2PI
spectrum, demonstrating the presence of two conformers with
S0−S1 origin transitions at 37 562 cm−1 (conformer A, blue)
and 37 462 cm−1 (conformer B, red). The small band +22
cm−1 above the B origin does not appear in the IR−UV HB
spectrum and thus must be due to a third minor conformer.
Given the small size of this transition, we did not pursue its
characterization further.
RIDIR spectra were collected while monitoring both origin

peaks, with results shown in Figure 5b. Incorporation of the
AMBA cap was intended to create two diastereomers out of
otherwise indistinguishable R- and L-handed structural pairs.
However, inspection of the NH stretch RIDIR spectra (Figure
5b) indicates that conformer A (blue, bottom) and conformer
B (red, top) have different hydrogen bonding networks.
Indeed, cursory inspection shows one (conformer B) and two
(conformer A) free NH stretch fundamentals, eliminating
them as members of a diastereomeric pair. Conformer A of
AMBA shows the same hydrogen bonding pattern as the sole

Figure 4. Single and double resonance spectra for Ac-Aib2-NHBn-F.
(a) R2PI spectrum (black, top), UV−UV HB (blue, bottom), and
IR−UV HB scans (red, middle). The asterisk labels the peak used to
monitor transition in obtaining the RIDIR spectrum. (b) RIDIR
spectra in the amide I, amide II, and NH stretch regions, compared
with the predictions of theory for the assigned structure. See the text
for further discussion.

Table 1. List of Dihedrals, Hydrogen Bond Lengths, and
Hydrogen Bond Angle for the NHBn β-Turn Structures,
Obtained from DFT Calculationsa

ϕ1
(deg)

ψ1
(deg)

ϕ2
(deg)

ψ2
(deg)

lHbond
(Å)

∠COH
(deg)

type II β-turn −60 120 80 0
NHBn −59 115 58 30 1.96 120
NHBn-F −59 116 59 30 1.96 120
AMBA
Conf A

−60 117 58 30 1.96 121

aDihedrals start from the N-terminus.
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conformers of NHBn, with two free NH transitions at 3467
and 3479 cm−1 and a broad transition belonging to a C10
hydrogen bond at 3585 cm−1. Not surprisingly, the structure is
assigned to the same type II β-turn as in NHBn and NHBn-F.
By contrast, conformer B of AMBA shows only one peak above
3400 cm−1, assigned to an amide NH···π stretch at 3426.4
cm−1. The experimental spectrum of conformer B shows two
broadened transitions at 3293.5 and 3260.5 cm−1, with the
latter particularly broadened and split, complicating the
matchup between experiment and theory. However, the
excellent match in the amide I/II regions strengthens the
assignment of conformer B to a structure with a sequential
C7−C7 double ring, with two γ-turns of first left- and then
right-handed orientation. This structure is similar to a β-
ribbon, and we refer to it as a 27-ribbon.

8 It is also worth
noting that C7 hydrogen bonds often exhibit broadened NH
stretch fundamentals, as seen in previous work with Aib
peptides.31

The assigned structures for all observed conformers of the
three capped peptides are presented in Figure 6. Despite the
different nature of the caps, the same β-turn structure is
observed in all three molecules, with NHBn and NHBn-F
having it as the only observed conformer. The striking
similarity is also evident in the ϕ/ψ Ramachandran angles,
hydrogen bond lengths, and NHO bond angles presented in
Table 1. When the chiral AMBA cap is present, a second
important conformer is present, the 27-ribbon. The increase in
the population of this conformer based on the addition of a
methyl group to C(α) is slightly surprising, as adding a methyl
group outside of the folding region of the peptide would not be
expected to perturb the intramolecular interactions and the
methyl group can only provide stabilization through weak
dispersive interactions. We believe that preferential stabiliza-

tion of the 27-ribbon by the methyl group seems less likely than
a destabilizing effect of the methyl group because of steric
effects in the β-turn structure, discussed in greater detail in
Section 4.2.

4. DISCUSSION
4.1. Comparison of Z-Aib2-OMe and Z-Aib4-OMe.

Previous work on Aib dipeptides31 utilized an N-terminal
benzyloxycarbonyl (Z) cap to sensitize Aib2-OMe for UV and
IR−UV double resonance experiments. Gord et al. showed that
Z-Aib2-OMe adopts three different conformers, an F-5
conformer, an F-7/5 structure with a unique C7/C5 bifurcated
hydrogen bond, and an extended 5−5 structure. The dihedral
angles for these conformers are included in Table 2. An
important distinction between the capping groups used by
Gord et al. (N-terminal Z cap and C-terminal OMe cap) and
the caps used in this study (Ac N-terminal and NHBn C-
terminal cap) is how the caps alter the number of hydrogen
bond donor/acceptor groups. Z-Aib2-OMe has only two amide
NH groups, whereas Ac-Aib2-R caps studied here all
incorporate three. To that end, Z-Aib2-OMe cannot form a
C10 hydrogen bond, precluding the formation of a β-turn.
Nevertheless, conformers were identified, which are preconfig-
ured for 310-helix formation, at least in part. This is particularly
true of the F-5 structure, which was the global minimum
energy conformer (Table 2).
In the capped Ac-Aib2-R dipeptides studied here, the global

minimum is a structure with a single C10 hydrogen bond.
However, while the dihedral angles associated with the Aib(2)
residue are those of a 310-helix, Aib(1) takes on dihedrals (ϕ1 =
−59°, ψ1 = +116°) that enable formation of a type II β-turn.
We will return to this point when considering energetic
grounds shortly. The steric influence of the α-dimethyl residue
of Aib amino acids leads to the formation of a 310-helix in the
gas phase once there are two or more C10 hydrogen bonds
possible, which reorient the central amide group(s) to form
these additional hydrogen bonds.24,31 We will provide a more
in-depth exploration in Section 4.2 of what forces may
contribute to the unexpected formation of the type II β-turn
over the expected 310-helix.
The IR spectroscopy itself provides some evidence that the

C10 hydrogen bond in the type II β-turn is slightly stronger
than the type III C10 hydrogen bond of the 310-helix. Recall

Figure 5. (a) R2PI (top, black) and IR−UV HB spectra for
conformer A (bottom, blue) and conformer B (middle, red) of
AMBA, respectively. The asterisk indicates the frequency of the UV
laser to produce the RIDIR spectra (b), with the color matched to the
respective conformer. (b) RIDIR spectra for conformers A and B of
AMBA in the NH stretch region (3200−3500 cm−1) and amide I/II
regions (1400−1800 cm−1). Stick spectra are the predictions of
scaled, harmonic vibrational frequency calculations for the two
assigned structures. F indicates transitions involving free N−H bonds,
Cn indicates hydride stretches that close rings containing n atoms, A
indicates antisymmetric transition, and S indicates symmetric
transition.

Figure 6. Comparison of the structures assigned for NHBn (top, left),
NHBn-F (top, right), and AMBA (bottom).
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that the vibrational transitions in the NH stretch region of
NHBn, NHBn-F, and AMBA Conf B contain two free NH
transitions at ∼3466 and ∼3479 cm−1 and a strong, broad
transition at ∼3361 cm−1. Z-Aib4-OMe also has two free NH
stretch fundamentals at 3467 and 3478 cm−1 and two
hydrogen-bonded NH stretches at 3383 and 3406 cm−1.
While the intensity patterns between the spectra of Z-
Aib4OMe and the Ac-Aib2-R series are strikingly similar, the
hydrogen-bonded NH stretch fundamental in the Ac-Aib2-R
peptides is shifted 20 cm−1 lower in frequency than the lowest
energy transition found in Z-Aib4-OMe. This suggests the
presence of a stronger C10 hydrogen bond in the Ac-Aib2-R
peptide β-turns than in the 310-helix of Z-Aib4-OMe. The
strength of this hydrogen bond likely contributes to the
formation of the β-turn over the formation of the 310-helix, as is
discussed further below.
4.2. Energetic Analysis. Figure 7a presents energy level

diagrams for each member of our series, depicting the relative
zero-point-corrected energies of all conformers within 20 kJ/
mol of the global minimum for each member of our series. The
assigned structures for the NHBn and NHBn-F caps are both
type II β-turns, while the chiral AMBA cap had population in
both a type II β-turn and a 27-ribbon conformation. For NHBn
and NHBn-F, the DFT calculations predict that the β-turn is
the global minimum structure. The next lowest energy
structure in both conformers, ∼3 kJ/mol higher in energy, is
a 27-ribbon nearly identical to the assigned structure for AMBA
conformer B. Notably, in AMBA, the 27-ribbon structure drops
in energy relative to the type II β-turn, becoming more stable
than the type II β-turn by 0.5 kJ/mol. This stabilization is
consistent with the experimental detection of the 27 ribbon in
the presence of the AMBA cap. In the 27-ribbon structure of
AMBA, the α-methyl group that renders the benzylic carbon
chiral points away from the rest of the molecule and likely has
little interaction, suggesting that its effect on the 27-turn
energetics is small. It seems more likely, then, to ascribe the
energy difference in AMBA relative to NHBn to the
destabilizing steric effect of the methyl group on the type II
β-turn, a change in relative energy of 3.4 kJ/mol.
A structure with Ramachandran angles similar to a 310-helix

(in green, Figure 7a) was located in each of the capped Aib
dipeptides, as might have been anticipated based on the 310-

helix folding propensity of oligo-Aib peptides. This structure is
compared with the type II β-turn in Figure 7b. Note that the
principle difference between the two is the orientation of the
central amide group. In the 310-helix-like structure (hereafter
referred to as 310-like), the central CO group points in the
same direction along the helix as those adjacent to it, as it must
if it is to form a hydrogen bond in a longer 310-helix.
In all three capped dipeptides, the 310-helix-like conformer is

8−10 kJ/mol above the global minimum. Typical ϕ/ψ angles
for a 310-helix with several complete turns are loosely defined
because of strain from direct overlap between the i and i + 3

Table 2. List of Dihedrals, Hydrogen Bond Length, and Hydrogen Bond Angle for the NHBn β-Turn and 310-Helix-like
Structures, Obtained from DFT Calculationsa

assigned 2° structure H-bonds ϕ1 ψ1 ϕ2 ψ2 ϕ3 ψ4

type II/II′ β-turn ∓60 ±120 ±80 ±0
310-helix (right) −57 −30 −57 −30
NHBn type II F-F-10 −59 115 58 30
NHBn-F type II F-F-10 −59 116 59 30
AMBA (A) 27-ribbon π−7−7 −75 60 68 −71
AMBA (B) type II F-F-10 −60 117 59 30
AMBA-F (crystal) type III F-F-10 −55 −35 −62 −23
AMBA (theory) type II′ F-F-10 57 −122 −58 −34
310-helix-like F-F-10 −67 −14 −53 −35
Z-Aib2-OMe (A)b F-5 −57 −38 −178 −179
Z-Aib2-OMe (B)b F-7/5 −72 70 180 179
Z-Aib2-OMe (C)b 5−5 180 −180 180 180
Z-Aib4-OMe (S)b 310-helix F-F-10-7 −61 −26 −55 −31 51 40
Z-Aib4-OMe (NS)b 310-helix F-F-10-7 −61 −27 −57 −22 −48 −40

aDihedrals start from the N-terminus. F represents free and numerals n represent Cn hydrogen bonds, starting with the N-terminus and progressing
toward the C-terminus. bRef 31. S represents a Schellman motif, NS represents a non-Schellman motif.

Figure 7. (a) Potential energy diagram for Ac-Aib2-R, where the R
label is given on the x-axis. Zero-point-corrected relative energies at
the DFT B3LYP/6-31(g)+d level of theory with the D3BJ dispersion
correction. (b) Comparison of β-turn (left) to 310-helix-like
conformation (right), with nonpolar hydrogens removed to improve
clarity. Red lines indicate hydrogen bonds, and blue lines indicate π-
interactions. (c) Relative energy vs dihedral angle along the
coordinate indicated in (d) by an orange line. The same level of
theory was used as in (a). (d) Image to illustrate which dihedral
coordinate was scanned.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b01698
J. Phys. Chem. A 2019, 123, 4178−4187

4184

http://dx.doi.org/10.1021/acs.jpca.9b01698


residues of the peptides, preventing the formation of perfect
(e.g., idealized) 310-helices. The ϕ/ψ angles are usually around
−57°/−30° for ϕ1/ψ1 and ϕ2/ψ2. The ϕ + ψ sums typically
range between −90° and −120°, which is close to the sum of
the first set of ϕ/ψ angles of a type II β-turn, explaining the
similarity of the structures. In the type II β-turn, the ϕ2/ψ2
angles are −59°/115°, whereas in the 310-helix-like structure,
the ϕ/ψ angles are −53°/−35°. As discussed above, the type II
β-turn may be more likely to form in the short peptides studied
here because the unconstrained central amide group does not
need to be involved in hydrogen bonding present in the 310-
helix. It may also be inferred based on the results from Z-Aib4-
OMe that the 310-helix forms a weaker C10 hydrogen bond
than the β-turn, as discussed earlier31

Depending on the barriers to conformational isomerization
and the timescales for cooling, conformer populations can
sometimes be dictated more by their equilibrium populations
[via ΔG(T)] prior to cooling rather than by their zero-point-
corrected relative energies. To investigate the populations at
these temperatures, we calculated ΔG (300 K) for all
conformers of the NHBn- and AMBA-capped dipeptides
with zero-point energies below 10 kJ/mol. The free energy
diagram is shown in Figure S2, with an emphasis on ΔE in the
diastereomer of the type II β-turn, which is potentially more
stable according to ΔG values. Note that because laser
desorption was used to bring the samples into the gas phase,
we have no direct measure of the appropriate temperature to
use; hence, the choice of Tconformer = 300 K is used to track how
the conformer populations respond to increasing temperature.
The structure with the lowest free energy did not change in

either molecule, nor did the ordering of all structures below 5
kJ/mol, indicating that our focus on zero-point-corrected
internal energies is justified. At the same time, all conformers
seem to have a relative free energy closer to that of the global
minimum than was the case in the zero-point energy-corrected
internal energies. In particular, the 310-like structures are lower
in relative free energies by ∼4 kJ/mol in NHBn and ∼6 kJ/mol
in AMBA compared to the type II β-turn. Furthermore, the
diastereomer of the type II β-turn lowers from 11 kJ/mol in
ΔE to 5 kJ/mol in ΔG. While none of these conformers had
population trapped in them by the jet-cooling process, it is
interesting to see that the free energies suggest that both the
310-helix and the type II′ β-turn diastereomer are close enough
in free energy to the type II β-turn that further modification of
the position/nature of the cap or elongation of the Aib
oligomer could bring them into competition.
Indeed, in considering how the caps might affect the

energetics, we have also considered the CH3−π interaction
present in the type II β-turn (Figure 7b). To investigate the
influence of the aromatic ring cap computationally, we
reoptimized all structures below 15 kJ/mol after substituting
a methyl group for the phenyl ring so that NHBn becomes
NHEt. The relative energies of the ethyl-capped structures can
be found in Figure S1. The type II β-turn remains the global
minimum energy structure with the NHEt cap, indicating that
the primary forces driving the formation of the β-turn are not
linked to the aromatic ring. The 27-ribbon, which has an
NH−π interaction, increases its relative energy from 3.0 to 4.6
kJ/mol in the absence of the phenyl ring.
One of the most striking energetic changes between the

NHBn and NHEt caps is that the 310-like helix collapses from
9.2 kJ/mol in relative energy to 1.1 kJ/mol, adopting a
different structure that becomes the second lowest energy

conformer. The new structure has ψ1/ϕ1 angles of −61° and
−28° and ψ2/ϕ2 angles of −62° and −20°, which fall within
the range of the ϕ/ψ angles of the first turn of a 310-helix.
Additionally, two other structures, found at 13.6 and 14.2 kJ/
mol, which were phenyl rotors of the 310-like helix (Figure S1),
were optimized to the same structure. These results suggest
that the phenyl ring of the NHBn cap creates unfavorable
interactions that hinder the formation of the 310-helix. Though
this result is interesting, the type II β-turn remains the
calculated global minimum in both the presence and absence
of the phenyl ring cap.
A principal reason for considering the chiral AMBA cap is

that it would enable us to distinguish right- and left-handed
structures in the otherwise achiral Aib dipeptide. The energy
level diagram in Figure 7a shows the presence of a significant
energy difference between the left-handed and right-handed
diastereomeric structures created by the S-chiral AMBA cap.
Surprisingly, the left-handed diastereomer of the lowest energy
right-handed β-turn conformer, which we label as type II′, is
found 11.2 kJ/mol above the global minimum, indicating that
the steric differences between left- and right-handed β-turns
are significant. To explain this difference, we consider the
chiral center associated with the AMBA cap and how it
interacts with the rest of the molecule. In the type II′
diastereomeric structure, the methyl group of the AMBA cap is
cis to the nearest acyl group, whereas it is trans in the type II
structure, indicating the presence of an unfavorable steric
interaction between the methyl and acyl groups (Figure 6). It
is initially surprising that this interaction would result in an 11
kJ/mol difference in energy.
To investigate the energetic cost of eclipsing the acyl group

with the methyl group of the AMBA cap, we performed a
relaxed dihedral scan of an AMBA fragment, N-1-
(phenylethyl)acetamide (shown in Figure 7d), along a dihedral
between the acyl and methyl group (acyl/methyl dihedral),
highlighted in orange on the model. All other initial dihedral
angles match the lowest energy type II β-turn, shown in Figure
7b. The energy difference of the fragment when the dihedral
angle matches the type II β-turn diastereomers is 10.2 kJ/mol,
a value in reasonable agreement with the fully optimized
structures. Although the dihedral scan of N-1(phenylethyl)-
acetamide does not provide a perfect account for the energetic
cost of eclipsing the acyl and methyl group of the AMBA cap, it
does point toward this interaction as the major determinant in
destabilizing the left-handed type II′ β-turn relative to the
right-handed type II turn. A similar comparison between the
diastereomers of the 310-like structures shows a similar
difference in energy (∼10 kJ/mol), also shown in Figure 7a,
consistent with the energetic cost of the aforementioned cis
acyl/methyl group.

4.3. Comparison of X-ray Data. As a further point of
comparison with the gas-phase conformational results for Ac-
Aib2-AMBA, we obtained single-crystal X-ray diffraction results
for its para-fluorinated analogue, Ac-Aib2-AMBA-F. This
molecule crystallized as a monohydrate with four peptide
molecules per unit cell (Figure S3). Interestingly, the peptide
crystallized in a right-handed β-turn, with a single C10
intramolecular hydrogen bond (see the Supporting Informa-
tion for .cif file), as in the gas phase. However, peptide
molecules in the crystalline solid exhibit a type III β-turn rather
than the type II turn found as the global minimum in the gas
phase. The preference for the right-handed type III turn over
left-handed type III′ must presumably be imposed by the S-
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configuration of the C-terminal AMBA-F group, with the
intramolecular methyl/acyl interaction likely contributing to
the preference for the right-handed over left-handed β-turn.
The peptides and water molecules of the crystalline structure

exhibit significant intermolecular hydrogen bonding, further
stabilizing the observed type III configurations. The positions
of hydrogen atoms suggest more than twice as many hydrogen
bonding interactions between cocrystallized water and peptide
molecules than C10-type intramolecular hydrogen bonds
within the peptide molecules themselves. Therefore, we
attribute the discrepancy between the crystal structure and
our gas-phase structural determination to the significant
structural influence of hydrogen bonding interactions with
cocrystallized water and with neighboring molecules in the
crystal lattice.

5. CONCLUSIONS
Three chromophore caps were tested on a model Aib
dipeptide system. The addition of fluorine to the NHBn
fluorophore produced no significant structural perturbation
while affording increased signal and UV−UV HB capabilities.
The addition of a chiral methyl group to the benzyl carbon in
AMBA induces a strong, destabilizing steric interaction
between the methyl substituent and the nearest amide
carbonyl. Inspection of the energy level diagram for AMBA
indicates that the oppositely handed β-turn is ∼11 kJ/mol
above the global minimum. Finally, because of the improved
signal and hole-burning capabilities arising using the NHBn-F
cap, we plan in future studies to carry out single-conformation
spectroscopy on Ac-Aib3-AMBA-F with the goal of determin-
ing whether the large energy gap calculated to exist in Ac-Aib2-
AMBA-F is mitigated by increasing the length of the peptide
and therefore the number of C10 hydrogen bonds present. The
search for a chiral cap that interacts less strongly with the
adjacent amide group will also be pursued. The extension to a
longer Aib oligomer is crucial because Aib2 is too short to form
a single turn of a helix, while Aib3 can do so. This will provide
the first opportunity to see and characterize both handed
helices in the gas phase.
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