Downloaded via PURDUE UNIV on August 3, 2022 at 17:30:47 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

Conformer-Specific Spectroscopy and IR-Induced Isomerization of a
Model y-Peptide: Ac-y*-Phe-NHMe

Joshua L. Fischer, Karl N. Blodgett, Christopher P. Harrilal, Patrick S. Walsh, Zachary S. Davis,
Sunglim Choi, Soo Hyuk Choi, and Timothy S. Zwier*

Cite This: J. Phys. Chem. A 2022, 126, 1837-1847 I: I Read Online

ACCESS | Ll  Metrics & More ’ Article Recommendations | @ Supporting Information
ABSTRACT: Single—conformation IR and UV spectroscopy of the Mass-resolved Infrared Population transfer spectroscopy
prototypical capped y-peptide Ac-y*-Phe-NHMe (y'F) was carried out M

under jet-cooled conditions in the gas phase in order to understand its innate 5 ::t:'ction

conformational preferences in the absence of a solvent. We obtained ° T o
conformer-specific IR and UV spectra and compared the results with S " o .
calculations to make assignments and explore the differences between the yz % i Pulsed
and y*-substituted molecules. We found four conformers of *F in our o valve
experiment. Three conformers form nine-membered hydrogen-bonded rings Collisional

(C9) enclosed by an NH:-O=C H-bond but differing in their phenyl ring Re-cooling e s
positions (a, g+, and g—). The fourth conformer forms a strained seven- & )~ - B’

membered hydrogen-bonded ring in which the amide groups lie in a L

nominally anti-parallel arrangement stacked on top of one another (labeled A Zeropoint = c

S7). This conformer is a close analogue of the amide-stacked conformer (S) tevel

found previously in 7°F, in which the Phe side chain is substituted at the y*

position, Ac-y2-Phe-NHMe (J. Am. Chem. Soc. 2009, 131, 14243—1424S). IR population transfer spectroscopy was used to
determine the fractional abundances of the y*F conformers in the expansion. A combination of force field and density functional
theory calculations is used to map out the conformational potential energy surfaces for y*F and compare it with its y*F counterpart.
Based on this analysis, the phenyl ring prefers to take up structures that facilitate NH--7 interactions in y*F or avoid phenyl
interactions with the C=0 group in y’F. The disconnectivity graph for y*F reveals separate basins associated with the C9 and
amide-stacked conformational families, which are separated by a barrier of about 42 kJ/mol. The overall shape of the potential
energy surface bears a resemblance to peptides and proteins that have a misfolding pathway that competes with the formation of the
native structure.

1. INTRODUCTION by X-ray crystallography and NMR spectroscopy.””"" How-
ever, gas-phase spectroscopic methods provide a unique
opportunity to study the conformations and unique spectro-
scopic signatures of molecules at a high resolution and free
from intermolecular interactions.””™"® In a gas-phase super-
sonic expansion, the molecules are cooled into their conforma-
tional zero-point levels, enabling interrogation of their innate
conformational preferences by comparing the experimental
spectra with calculated structures and spectra of the conforma-
tional minima of the bare molecule.

In the present work, we carry out a detailed study of the
conformational preferences of the model capped y-peptide Ac-
y4-Phe-NHMe (¥*F) shown in Figure 1. By comparison of the

In most peptides and proteins, hydrogen bonding plays an
integral role in directing the molecule’s secondary and tertiary
structures, and therefore potential bioactivity, creating an
imperative demand to understand the propensities driving
these interactions.' ™ Synthetic foldamers are oligomers
designed to display discrete folding propensities determined
by the chemist, ideally allowing control over bioactivity.” To
that end, synthetic chemists have endeavored to create
designer peptidomimetics that allow control over the
formation of hydrogen bonds to create tailor-made secondary
and tertiary structures.”” Introducing more flexibility in both
the peptide substituents and substitution location allows more
control over folding preferences, creating an interest in
peptides with extended backbones, such as in f- and y- Received: January 7, 2022
peptides, which extend the peptide backbone between the N- Revised:  February 23, 2022
and C-terminus by one and two carbon atoms, respectively, Published: March 11, 2022
with respect to naturally occurring a-peptides.®

Interrogating the conformations adopted by synthetic
foldamers is traditionally done in the solid and liquid phases
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Figure 1. Scheme depicting the numbering assigned to the positions
of substitution along the peptide backbone (top), and the dihedral
angles of relevance in y*F (bottom). The phenyl rotor dihedral is
highlighted in red.

conformer-specific IR spectra with calculation, we assign the
spectra to particular conformational isomers, providing insights
into the structural properties that drive the conformational
preference. We also identify unique spectroscopic signatures of
these interactions using double-resonance methods."”

This work is a natural extension of previous studies by our
group of Ac-y*-Phe-NHMe (y*F), which differs in the position
of substitution of the phenylalanine side chain on the y-peptide
backbone.'”*° In that work, we observed for the first time a
conformation that was engaged in amide stacking: a fascinating
interaction in which two amide groups stack on top of one
another in anti-parallel fashion. The stacked amide groups
interact via a combination of favorable electrostatic and
dispersive interactions, with no H-bond between them. The
spectroscopic signature of amide stacking is obvious in the
NH-stretch region, where the two NH-stretch fundamentals
associated with the stacking pair appear above 3450 cm™' and
where free amide NH groups absorb. In »°F, the stacked
conformer is present in combination with the two conformers
that form a hydrogen bond between the N-terminal C=0 and
H from the protecting NHMe group, forming a nine-
membered H-bonded ring (labeled “C9”). Additionally, the
relative populations of the conformers present in the expansion
were measured, showing that amide stacking accounted for
about 20% of the population, a surprisingly high abundance
considering the amide stack has no hydrogen bonds.

In order to assess the characteristics that facilitated amide
stacking, James et al. studied a set of three derivatives of y*F
that tipped the balance of conformations toward all amide
stacked (in Ac-y*-Phe-NMe,), all C9 (Ac-y>-Phe-NH-iPr), and
all C7 H-bonded conformations (in a cyclically constrained
gabapentin derivative)."” Finally, James et al. also studied a
series of extended y*-dipeptides to see if amide stacking
survived in longer peptides but found no experimental
evidence for them.'®

Given the sensitive relationship of the conformational
preferences of y-peptides with their structures,”’ it is natural
to ask how the presence and nature of amide stacking are
affected by moving the position of substitution along the y-
peptide backbone. This is the task we take up here in our
studies of y*F, which has the phenylalanine (Phe, F) side chain
positioned in the 4-position of the y-peptide backbone
immediately adjacent to the N-terminal amide NH. The
choice of substitution at the 4-position is motivated by results
in solution that suggested that y*residues would form specific
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secondary structures more readily than their y* counter-
22,23
parts.

2. METHODS

2.1. Experimental. 2.1.1. Synthesis and Sample Han-
dling. Ac-y*Phe-NHMe (y*F) was synthesized using the
procedure described in the Supporting Information. The
sample was dried using a lyophilizer to remove water from the
solid, allowing spectra of the y*F monomer free from
interference from H,0 complexes to be taken. Solid dry y*F
was wrapped in glass wool and placed inside of a glass insert
housed inside a stainless-steel sample holder located
immediately before a pulsed valve (Parker General Valve,
Series 9) filled with a neon carrier gas (S bar). The dried
sample was then heated to 180—185 °C by a heating rope and
expanded into vacuum, generating a cold molecular beam that
provided collisional cooling of the sample to its zero-point
vibrational levels. The resulting expansion was skimmed
through a ~2 mm dia. skimmer into the extraction region of
a Wiley-McLaren time-of-flight (TOF) mass spectrometer.

2.1.2. Spectroscopic Methods. The output of a Nd:YAG
(Continuum, Surelite II, 20 Hz) pumped dye laser
(NarrowScan, Coumarin S40A) was frequency doubled and
introduced into the chamber orthogonally to the molecular
beam as it passed through the extraction region of the TOF.
Ions are generated by resonant two-photon ionization (R2PI),
and then extracted into the TOF tube and detected using an
MCP detector. The ion intensity at an arrival time specific to
the mass of the target analyte was monitored as a function of
the laser frequency to generate UV spectra.

The output of a Nd:YAG (Continuum, Surelite I1I, 10 Hz)
was used to pump an optical parametric oscillator/amplifier
stage (LaserVision) which outputs IR radiation in the NH-
stretch region. In the present work, IR radiation was
introduced anti-parallel to the molecular beam such that the
IR light passed through the skimmer and intersected the pulsed
valve at the valve orifice, enabling molecules all along the
expansion axis to be excited with IR radiation.

Double resonance methods were used to generate con-
former-specific IR and UV spectra.'”** These methods utilize
20/10 Hz repetition rates of the UV and IR lasers, respectively.
The delay between UV and IR light pulses controls how far the
interrogated molecules travel from the pulsed valve toward the
TOF extraction region before interacting with the IR radiation.
In resonant ion-dip infrared spectroscopy (RIDIRS), the UV
laser is fixed at the frequency of a conformer-specific transition,
producing a steady-state ion signal due to that conformer. The
frequency of the IR laser is then scanned with the IR preceding
the UV laser by ~60 us, which is approximately the time it
takes for IR-excited molecules to travel from the skimmer to
the extraction region of the TOF. Since this interrogation point
is under collision-free conditions, when the IR laser frequency
is resonant with a vibrational transition of a particular
conformer, the population is removed from its zero-point
vibrational level by the IR source. The ion signal from y*F has
its intensity modulated every other UV laser pulse by the
absorption induced by the IR laser. Because the UV laser
generates a signal only from one conformer, the ion signal will
only be depleted when the IR and UV laser are on transitions
that belong to the same conformer, and a conformer-specific
IR spectrum is generated by taking the difference of the IR-on/
IR-off ion signals. Since the IR laser fills the skimmer orifice, all
molecules entering the extraction region of the TOFMS are

https://doi.org/10.1021/acs.jpca.2c00112
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exposed to the IR laser pulse, leading to IR depletion spectra
with an excellent signal-to-noise ratio.

IR ion gain spectroscopy (IRIGS) uses the same timings and
alignment of lasers as RIDIRS, but in this case, the wavelength
of the UV laser is fixed just to the red of the resonant
transitions due to the conformers of ¥*F. When the IR laser is
scanned over the transition of any conformer, vibrationally
excited conformers are produced that result in spectral
broadening of the UV transition. This non-conformer-specific
broadening will cause gain in the ion signal produced by the
UV laser, resulting in an IR spectrum that is not conformer
specific but contains IR transitions for all the conformers
present in the expansion.

IR—UV hole-burning (IR—UV HB) provides a means of
recording conformer-specific UV spectra. It uses the same laser
alignment and timings as the other double resonance schemes
but simply swaps which laser is fixed (IR) and which is tuned
(UV). By choosing a fixed wavelength for the IR laser, which
selectively excites an IR transition of a single conformer, A, the
difference in the ion signal with or without the IR laser
produces an ion signal whose intensity is modulated only when
the UV frequency and IR frequency both excite transitions due
to the conformer A, thereby generating its UV spectrum free
from interference from other conformers present in the
expansion.

One of the goals for many conformation-specific studies is to
determine the fractional abundances F; of the conformers,
which cannot be obtained simply from the R2PI scan because
of unknown differences in the Franck—Condon factors or
photoionization cross-sections of the conformers. Infrared
population transfer (IRPT) spectroscopy provides a means for
obtaining the set of fractional abundances F.>7%

In its present implementation (Figure 2), the method uses
the same laser alignment as RIDIRS but varies the timing
between the IR and UV lasers so that the UV laser interrogates
molecules that were excited by the IR laser just outside the
pulsed valve nozzle exit, where the buffer gas number density is
sufficiently high to re-cool the IR-excited molecules prior to
interrogation downstream. The IR laser frequency is set to a
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Figure 2. Schematic energy level diagram for IRPT spectroscopy.
Inset: spatial configuration of the lasers, with the IR laser counter-
propagating the molecular beam, with the IR—UV delay set to
interrogate molecules excited by the IR within a few mm of the nozzle
orifice where collisional cooling is complete, but many collisions occur
following IR excitation to re-cool the IR excited molecules. See the
text for further discussion.
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conformer-specific transition, exciting molecules early in the
expansion such that they can then be re-cooled by subsequent
collisions in the expanding gas. Assuming that the IR photon
provides the molecule with enough energy to overcome
isomerization barriers and the cooling rate allows sufficient
time for isomerization to occur, the population of the
conformers initially vibrationally excited will be depleted as
they isomerize, while that of conformational minima into
which the molecules isomerize will grow. If no new conformers
are populated, there is no net change in the total population of
the molecule following re-cooling but only in the relative
populations of the individual conformers. This criterion on the
zero net-change in conformer population at all IR-excitation
frequencies enables the fractional abundances F; of each

conformer i to be determined from a set of IRPT scans; that
. 25,26
is

N, = Z BT (9) = 0
(1)

where I} T(¥) is the intensity of the IRPT scan of conformer i,
recorded as a change in fractional abundance as a function of
wavenumber, 7. An in-house script was used to find the best-fit
fractional abundances by systematically stepping each F,
between 0 and 1 in values of 0.01 while taking the weighted
sum of all IRPT spectra. The best-fit values of F; are those
which have the smallest root-mean-square deviation from zero
when summed over all frequencies.

Finally, UV spectra showing the gain and depletion of the
population were also acquired. These spectra are called IR—
UV hole-filling (IR-UV HF) spectra and simply involve
swapping the tuned and fixed wavelengths for IR and UV
under hole-filling conditions. These spectra give an easy-to-
interpret measure of how conformers redistribute their
populations at specific IR wavelengths. Furthermore, sharp
gain transitions provide an indication of successful re-cooling
after IR excitation.

2.1.3. Computational Methods. A conformational search of
the potential energy surface using the OPLS3 molecular
mechanics force field”® was carried out using Monte Carlo
methods to vary the dihedral angles of the y-peptide with
MacroModel*” included in the Maestro software suite,
allowing a population of low-energy conformers to be
identified. The lowest 100 energy structures were further
optimized with den51ty functlonal theory (DFT) using either
the B3LYP funct10na1 with Grimme’s D3(BJ) dispersion
correction®*” or the M05-2X functional,”® both with the 6-
31+G(d) basis set using Gaussian 16." 34 It was found that
B3LYP-GD3(BJ) predicted relative energies that were
consistent with the experimental fractional abundances but
provided unsatisfactory predictions of vibrational frequencies
in cases where dispersive interactions played a significant role
(e.g, NH--7z). Accordingly, when comparing energies to
relative populations, B3LYP-GD3(BJ) was used, while M0S-
2X results were employed to obtain scaled harmonic
frequencies and IR intensities for comparison with the
experimental IR spectra. Dihedral scans were also carried out
using Gaussian 16 with the B3LYP-GD3(BJ). The harmonic
vibrational frequencies were scaled by factors which account
for anharmonicity. The frequencies of the NH-stretch
vibrations calculated using the M05-2X functional were scaled
by 0.940 for comparison with the experiment.

To gain a deeper understanding of the conformational
energy landscape, we used the suite of programs developed by

https://doi.org/10.1021/acs.jpca.2c00112
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Figure 3. R2PI (top, black) and IR—UV hole-burning spectra (bottom, colored) taken for conformers A—D of y*F in the S,—S, origin region of the
phenyl UV chromophore. The small departures from zero in A—D are artifacts due to incomplete subtraction of the difference signal when going

through transitions with large intensity.

Evans and Wales™ to generate disconnectivity graphs for y*F
and y*F. Disconnectivity graphs provide a visual summary of
the energy minima and the transition states that separate them.
The minima are located at the ends of each branch, while the
transition states are grouped into energy-tiered nodal points
connecting groups of minima below them. The AMBER* force
field** was employed to locate the minima and transition
states. In the present case, this force field does a surprisingly
good job of reproducing the relative energies of low-lying
minima from the DFT calculations.

3. RESULTS AND ANALYSIS

3.1. Nomenclature. Figure la shows the numbering
system used to specify the position where backbone
substitution occurs in y-peptides, while Figure 1b shows the
additional dihedral angles that must be specified in y-peptides
in addition to the ¢/ angles found in naturally occurring a-
amino acids. The first dihedral (C(3)—C(4)) following the ¢
Ramachandran angle is denoted @), while the C(2)—C(3)
dihedral angle is 6,. Intramolecular hydrogen bonds are labeled
“Cn” to denote the size of the H-bonded ring closed by “n”
atoms in the ring (e.g, C9 for a nine-membered ring).

The position of the phenyl ring relative to the backbone also
plays an important role in distinguishing conformers.
Accordingly, the phenyl ring position will be given in
parentheses following the conformer label, with g+ denoting
gauche (g+ ~ +60°, g— ~ —60°) and “a” for anti (a ~ 180°)
about the dihedral shown in red in Figure 1. Along the
backbone, dihedral angles are defined starting with the atom
closest to the N-terminus.

3.2. Spectroscopy of y*F Monomer and Conforma-
tional Assignments. 3.2.1. R2Pl Spectrum. The R2PI
spectrum in the Sy—S, origin region of ¥*F shown in the top
scan of Figure 3 was taken while monitoring the parent mass
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channel (m/z 248.2). Initial scans (shown in Figure S1)
displayed a more highly congested spectrum than anticipated.
Upon taking RIDIR spectra of some of the transitions at the
blue end of the spectrum, we identified some of them as being
due to y*F—H,0 complexes due to the presence of residual
water in the sample. The fact that they show up in the [y*F]*
mass channel (m/z 248.2) indicates that the complex was
fragmenting with high efficiency by loss of H,O following
photoionization, as has been observed in certain water-
containing clusters in the past.”’ >’ Upon drying the sample,
the transitions due to the y*F—H,O complex all but
disappeared from the parent mass channel, leaving the
spectrum shown in Figure 1 ascribable to the y*F monomer.

TOF mass spectra recorded with the R2PI laser fixed on
representative vibronic transitions of the y*F monomer
exhibited, in addition to the parent mass peak, a strong
fragment signal at m/z 157.1 ascribable to the loss of the
benzyl radical (91 amu) from the parent ion (Figure S2).
Furthermore, the R2PI spectra of the parent and fragment
show differences in the relative intensities of UV transitions
due to different conformers, indicating that certain conformers
fragment more readily than others. Table 1 summarizes the
fragmentation ratio for each of the conformational isomers
identified in the spectrum. The high fragmentation yield

Table 1. Ratio of the Parent (Par), Fragment (Frag), and
Sum of Both Parent and Fragment (Sum) Ion Intensities to
Each Other for the Respective Identified Conformers A—D
Origin Peaks Maximum Intensity

A B C D
parent/Sum 0.46 0.42 0.50 0.54
fragment/Sum 0.54 0.58 0.50 0.46
Int(Frag)/Int(parent) 1.14 1.38 1.00 0.85

https://doi.org/10.1021/acs.jpca.2c00112
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Figure 4. (a) IR ion-gain spectrum of ¥*F (top, black) is plotted above the conformer-specific RIDIRS scans of the four observed conformers A—D
of *F in the amide NH-stretch region (colored). The corresponding calculated best-fit spectra are plotted below each colored RIDIR spectrum. (b)
Assigned conformers of y*F. A topdown and side profile of conformer A is shown to illustrate the S7 conformation with its distorted amide stacking.
Note that the three C9 conformers share nearly identical backbone dihedral angles and have been overlaid to illustrate this similarity. The color-
coded letter next to each structure associates the assigned conformer to its corresponding RIDIR spectrum and its calculated relative energy in kJ/

mol.

distributes the parent absorption over two mass channels, so
the sum of both channels is used to generate the UV spectrum
for the monomer shown in Figure S3.

3.2.2. Single Conformation IR and UV Spectra. The IR
spectra of the four unique conformers identified through
RIDIR/IR—UV HB spectroscopy are shown in Figure 4. Each
single-conformer IR spectrum contains two NH-stretch
transitions, as anticipated by the presence of two amide
groups in y*F. Figure 4 also displays an IR-ion gain spectrum
(top, black), which is not conformer-specific but instead shows
the transitions of all the conformers of y*F present in the
expansion.

Below the IRIG spectrum are the conformer-specific RIDIR
spectra, as well as the best-fit stick spectra of the assigned
conformers, calculated using the MO05-2X functional. A
comparison of the transitions in the IRIG spectrum with the
four RIDIR spectra confirms that these four conformers
account for all major peaks in the IRIG scan.

The RIDIR spectrum of conformer A, shown in red, is
compared with the best-fit calculated spectrum below it. The
calculated vibrational frequencies and IR intensities of a
broader range of conformational structures are compared with
the experiment in Figure S4. The experimental spectrum for
conformer A contains a broad, intense transition centered at
3416 cm™! with a shoulder at 3425 cm™'. We assign the main
transition to a strained C7 H-bond (which we label as S7)
between the N-terminal NH group and the C-terminal
carbonyl oxygen. The sharp, weak transition at 3496 cm™" is
the free NH stretch of the NHMe group. It is located about 35
cm™' higher in frequency than the free NH-stretch
fundamentals of amides attached to secondary carbon
atoms,'>*° and therefore is a spectroscopic signature that the
NHMe group is free. We tentatively assign the shoulder at
3425 cm™! to the overtone of the H-bonded C=0 stretch
(with a calculated harmonic frequency of 1728 X 2 = 3456
cm™") showing up as a result of Fermi resonance with the NH-
stretch fundamental at 3416 cm™.

Conformer A is assigned to the S7(a) structure shown from
two viewpoints in Figure 4b. The phenyl ring is in the anti
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position with an N—C—C—C(ph) dihedral of ~180°. It is
noteworthy that the S7 hydrogen bond is highly strained
having a ZCOH angle of 88° and a direction of approach in
which the amide groups are nearly stacked but distorted from
an anti-parallel arrangement in order to facilitate formation of
the S7 H-bond. Indeed, the NH group involved in the H-bond
has an NH--O=C distance of 2.28 A compared to the
corresponding NH--O=C distance of 4.38 A for the free
NH—Me group is in the opposite amide plane.

The NH-stretch transitions are highly sensitive to this
distortion away from planar stacked ones. The NH-stretch
fundamentals of the amide-stacked conformer of y*F'"*° occur
at 3469 and 3480 cm™! while those in S7(a) of y*F are at 3416
and 3496 cm™". The zero-point corrected energy of the S7(a)
conformer is 6.3 kJ/mol above the global minimum (the sixth-
lowest energy structure), which is surprisingly high in energy
for a conformer that appears to be in relatively high abundance
based on the peak intensities of the electronic spectrum.
However, since differences in Franck—Condon factors, excited-
state lifetimes, and photoionization cross-sections can all affect
the relative intensities in the R2PI spectrum, this motivates
experiments that measure the fractional abundance without
relying on the intensities in the R2PI spectrum.

The RIDIR spectra of conformers B, C, and D in the NH-
stretch region are all shown above their corresponding best-fit
stick spectra in Figure 4a. The best-fit calculations all show
good agreement with the experimental spectra, leading to
confident structural assignments. The three spectra are
strikingly similar, showing a broad peak in the ~3360—3380
cm™! region characteristic of a C9 H-bond and a free or nearly
free amide NH stretch at 3440—3460 cm™'. These latter
transitions shift by characteristic amounts that are captured by
the calculations.

Figure 4b shows an overlay of the three assigned conformers,
which all possess a C9 H-bond but differ in the position of the
phenyl ring. The hydrogen-bonded transition for conformer B
is centered at ~3361 cm ™, for conformer C at 3363 cm™}, and
for conformer D at 3382 cm™' and is assignable to the C-
terminal amide NH being hydrogen bound to the N-terminal
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carbonyl oxygen. The remaining NH-stretch transitions for
conformer B and conformer D are found at 3455 and 3460
cm™, respectively, both assignable as free NH stretches of the
N-terminal amide NH group. Their N—C—C—C(ph) dihedral
angles of —52° for conformer B and —172° for conformer D
lead to their assignments as C9(g—) and C9(a), respectively.
The corresponding transition in conformer C appears at 3441
cm™ with increased relative intensity, characteristic of an
NH-—7 interaction, and is assigned as C9(g+). This conformer
is calculated to be the zero-point-corrected global minimum in
energy, with conformers B and D 0.9 and 4.5 kJ/mol less
stable, respectively.

The relative frequencies of the Sy—S,; origins in the R2PI
spectrum are consistent with these assignments. Conformer
D[C9(a)] has the same phenyl ring orientation as conformer
A[S7(a)] and has an Sy—S; origin shifted only —7 cm™ from
A. Conformer C[C9(g+)] possesses an NH 7 H-bond, which
is known to shift the S,—S; origin of the phenyl ring to the
blue,*”~*" in this case by +64 cm ™ relative to that of A. Finally,
conformer B[C9(g—)] is between these two extremes since it
is also positioned to experience a weak 7z H-bonding
interaction.

There are two other low-energy conformers predicted by our
conformational search, both of which are phenyl rotamers of
conformer A[S7(a)]. Given the positioning of the phenyl ring
in these two rotamers, we anticipate that they would appear
near the electronic origin of A, having no possibility of 7 H-
bonding. If present, they may contribute to congestion near the
origin of conformer A in the R2PI spectrum (Figure 3).

Having determined the conformer-specific IR spectra, we
pick unique IR absorption frequencies to obtain conformer-
specific UV spectra using IR—UV hole-burning spectroscopy.
The results, shown in Figure 3, show a close similarity between
the four spectra, which are all dominated by their respective
So—S, origin transitions, with weak Franck—Condon activity in
one or more low-frequency fundamentals of about 25 cm™".

3.2.3. IRPT Spectra: Fractional Abundances of y*F. IRPT
spectroscopy can be used to measure the fractional abundances
of each conformer in the supersonic expansion. The IRPT
spectrum of each conformer i in the amide NH-stretch region,
I"(D), is shown as colored traces in Figure 5. After
normalization to the R2PI ion signal in the absence of the
IR laser, their vertical scale represents the fractional change in
the population of the indicated conformation. Accordingly, in
the IRPT spectra, values above the baseline signify a gain in
population, while values below the baseline correspond to
depletion. The loss and gain of the population between
conformations are readily apparent, particularly in the spectra
of conformers A and D. The black trace shown at the top of
Figure S is the weighted sum of all the IRPT spectra (see eq 1),
where the weighting factors for each IRPT spectra used in the
sum are the fractional abundances F; of each conformer i.

The IR—UV hole-filling spectra shown in Figure S5
demonstrate that collisional re-cooling of the IR-excited
population is complete so that the population depleted from
the zero-point vibrational level is due solely to isomerization to
other conformers and not to incomplete cooling of the
vibrationally excited population. Figure S5 also shows that all
the population is redistributed only to conformers identified in
thle9 R2PI spectrum, meeting all conditions required to use eq
1.

The best-fit weighted sum shown in the black trace on top is
on the same vertical scale, with little deviation from zero over
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Figure 5. IRPT spectra of the four assigned conformers A—D of y*F
shifted for clarity (colored). The signal above (below) the baseline
corresponds to a gain (loss) of population from that conformer at that
IR wavenumber. (Black, Top) Weighted sum of the IRPT spectra that
minimizes the net excursion from zero at all wavelengths. The
weighting coefficients are the fractional populations F; of each
conformer i in eq 1. See the text for further discussion.

its entire wavenumber range from 3300 to 3520 cm™". In this
case, the average rms error is equivalent to the absolute value
of the weighted sum averaged over all frequencies. In the best
fit, this average deviation from zero is (2.6 + 1.6) X 107 a
value almost a factor of 200 smaller than the maximum
intensity of the weighted components (0.486). The relative
populations extracted from this best fit are 53 + 5%
B[C9(g—)], 27 + S% A[S7(a)], 13 £ 5% C[C9(a)], and 7
+ 1% D[C9(a)]. In our previous study of y*F, we compared
the populations obtained by IRPT spectra with those extracted
from the relative intensities of the free amide NH-stretch
transitions in the IR-ion gain spectrum.”” While we have
recorded the IR-ion gain spectrum for y*F, we have not used it
to obtain fractional abundances because in ¥*F there is a 7-
bound NH stretch and a free NH stretch of the S7(a)
structure, which is partially stacked, that have calculated
intensities that are quite different from the free amide NH-
stretch transitions, thus adding additional uncertainty to the
population analysis that uses the ion-gain spectrum. Table 2
provides a summary of the y*F percent abundances and
compares them to the percent abundances in y*F taken from
Buchanan et al.”’

4. DISCUSSION

4.1. Energy and Population Analyses of the y°F
Monomer. A cursory inspection of the assigned conformers of

Table 2. Percent Populations of Ac-y*-Phe-NHMe and Ac-
7>-Phe-NHMe Determined Using IRPT Spectroscopy

7*-Phe” 7*-Phe
S7(a) n/a 275
C9(g+) n/a 13+2
C9(g-) 41+2 S3+5
C9(a) 38+1 7+1
S(a) 21 + 1 n/a

“From ref 20.
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Figure 6. (a) Relaxed potential energy curves for motion about the phenyl rotor dihedral angle in ¥*F starting from the S7(a) or C9(a) minima. (b)
Zero-point-corrected relative energies (AE,) and free energies (AG) of y*F at the pre-expansion nozzle temperature of 450 K. All phenyl rotamers
of C9 and stacked/S7 minima are included, including the two stacked structures not observed experimentally ((S(g—) and S(g+)). All calculations
were carried out at the DFT B3LYP-GD3BJ 6-31+g(d) level of theory.

y*F, their populations, and relative energies raises an
immediate question: why are all three phenyl rotamers of the
C9 structure observed but only a single phenyl rotamer of the
S7 structure? We hypothesized, first, that there could be larger
phenyl rotamer barriers separating the C9 structures than the
S7 conformers, thereby trapping populations in all three C9
conformers during the collisional cooling process, while the §7
rotamers could isomerize and cool into the single-observed S7
minimum. To address this hypothesis, we performed relaxed
potential energy scans along the phenyl rotamer dihedral angle
starting from both the S7(a) and C9(a) structures. The results
are shown in Figure 6a. These scans are not zero-point
corrected but provide estimates of the relative energies of the
S7 phenyl rotamers and the barriers to isomerization. Notably,
the barriers separating the C9 conformers (10—15 kJ/mol) are
similar to those involving S7 conformers, making it hard to
argue on that basis for selective cooling of one relative to the
other. Furthermore, the two minima in the S7 scan were
calculated to be slightly lower in energy than S7(a).

Interestingly, in the S7 scan (black line), the weak, strained
S7 hydrogen bond present in S7(a) is broken in the g+ and g—
rotamers, producing amide-stacked configurations at these
phenyl rotamer geometries. Indeed, the predicted NH-stretch
transitions for the g+ and g— minima are at 3444 and 3454
cm™' separated by just 10 cm ™' rather than the experimentally
observed 80 cm™" splitting (3416 and 3496 cm™"). This small
splitting is characteristic of the stacked configuration, as was
demonstrated in the earlier studies of Ac-y>-Phe-NHMe.'” As a
result, we refer to these two minima as S(g+) and S(g—) in
what follows, with structures shown in Figure S6.

An alternative hypothesis is that kinetic trapping of the pre-
expansion populations is occurring, wherein the observed
populations are dictated by thermal equilibrium at the nozzle
temperature of 450 K; that is, AG(450 K). To test this
possibility, we calculated the relative free energies of the
conformers at the nozzle temperature, AG(450 K), using the
calculated harmonic vibrational frequencies, as shown in Figure
6b. Note that free energies substantially re-order the conformer
populations compared to those one would surmise based on
AE,. Furthermore, the experimental ordering of populations is
reproduced by calculations, with B[C9(g—)] having the largest
population, followed by A[S7(a)], C[C9(g+)], and D[C9(a)].
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Quantitatively, the match-up is somewhat less satisfying in two
respects. First, the calculated populations predict that C9(g—)
and S7(a) should have similar populations (32 and 30%),
whereas experimentally, C9(g—) has almost twice the
population of S7(a). Second, the free energy calculations
also predict an 11% abundance for S(g—), which was not
detected in our work. These discrepancies are likely ascribed to
deficiencies in the calculated relative energies at the current
level of theory.

The large change in energy ordering between AE, and
AG(450 K) points to entropic differences between the
conformers that reflect the overall rigidity of each conformer
and therefore its vibrational partition function. We see that
S7(a) gains population as the temperature rises, while C9(g+)
loses population. While the number of low-frequency
vibrations in the different conformers is similar, the eight
vibrations less than 100 cm™" are of a lower frequency in S7(a)
than in C9(g+) for two principal reasons. First, S7(a) has a
weak S7 H-bond in an almost-stacked conformation, softening
the potential for motion between the two amide planes.
Second, the phenyl ring plane in S7(a) points away from the
almost-stacked amide planes, increasing its flexibility relative to
C9(g+) with its more structurally rigid C9 H-bond and more
restricted g+ phenyl ring position.

4.2. Conformational Preferences of y*F Compared to
7?F. One of the strengths of the present work is that we have
determined not only which conformations of y*F are present
but also their fractional abundances derived from IRPT studies.
As we have already alluded to, y*F has the phenylalanine (Phe,
F) side chain positioned in the 4-position of the y-peptide
backbone immediately adjacent to the N-terminal amide NH.
In Table 2, we have compared the fractional abundances of y*F
with its close structural analogue, y*F, in which the Phe side
chain is at the 2-position in the y-peptide backbone adjacent to
the C-terminal C=0 group.

The comparison between y is complicated by the notation
used to define the phenyl rotamer conformations. The reader
will recall that the (a, g+, and g—) designations are defined
using the dihedral from the N-terminal side of the capped
peptide. In y*F, this is the N—C(4)—CH,—C(ph) angle shown
in red in Figure 1, while in #’F, it is the C(3)—C(2)—CH,—
C(ph) dihedral. As a result, as shown in Figure 4b, y*F C9(g+)
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and y*F C9(g—) place the phenyl ring in close proximity to the
NH group, while *F C9(a) is near the C(3)H,. The 7 H-bond
formed between the N-terminal amide NH group and the
phenyl 7 cloud stabilizes y*F C9(g+) and y*F C9(g—) relative
to C9(a), leading to greater abundances of the former two over
the latter. The spectroscopic manifestation of the NH 7 H-
bonds is a shift to a lower frequency by S and 19 cm™" relative
to the free NH stretch of C9(a).

In contrast, in y°F, two C9 conformers, y*F C9(a) and y*F
C9(g—), are observed, but y’F C9(g+) is missing. The former
two conformers place the phenyl ring well away from the C-
terminal C=O0 group, while C9(g+) is not observed because
in that case the phenyl ring would interact closely with the C=
O group, destabilizing it relative to the other C9 minima in
y*F, which carry the majority of the population (Table 2).

The changed position of substitution of the Phe side chain
also affects the amide-stacked structures of the two molecules.
In y°F, a single, “pure” stacked conformation is observed, S(a),
that places the phenyl ring over the capped C-terminal amide
plane. The analogous structure in y*F is S7(a), in which the
phenyl group is oriented away from the y-peptide backbone
where it interacts with no other groups. Since the stacked
amide groups are completely unrestrained, the plane of the N-
terminal amide group tips to form a weak S7 H-bond with the
C-terminal C=O0, with this mixed stacked/S7 structure
labeled as S7(a). The reader will recall that the other two
phenyl rotamers of S7 y*F, S(g+) and S(g—), are more nearly
pure amide-stacked structures, consistent with the notion that
the phenyl ring stabilizes the amide-stacked structures in these
cases.

The structural changes that occur between y°F S(a) and y*F
S7(a) are obvious from considering the set of peptide
backbone dihedral angles shown in Table 3. Note, first, that

Table 3. Table of Dihedral Angles of Indicated y*F and y°F
Conformers

structure ¢ 0, 0, W
7*F C9 101 —69 74 104
7'F $7(a) —154 63 -73 147
7’F S(a)” —102 55 —-76 136
7’F C9° 99 =70 -73 108

“Taken from ref 20.

three of the four dihedrals are nearly identical, with the ¢
dihedral (Figure 1) that controls the relative orientation of N-
terminal amide plane as the only angle that changes
significantly. This change is induced by the position of the
phenyl ring in y’F S(a) relative to y*F S7(a). The anti-
orientation of the phenyl ring points it out and away from the
backbone in y*F but over the amide stack in y*F. The
interaction of the phenyl ring with the amide 7-cloud stabilizes
the amide stack in a nearly anti-parallel arrangement in »’F,
with the same amide group re-orienting to form a weak S7 H-
bond in the absence of that stabilization.

The structural similarities between the pure-stacked
structure S(a) found in both y molecules funnel the majority
of their population into C9 conformations (73% in y*F and
79—83% in y’F), with the distribution between phenyl
rotamers dictated by a combination of enthalpic and entropic
contributions associated with the attraction of the phenyl ring
for the adjacent NH group in 7*F and the avoidance of the C=
O by the phenyl ring in y*F. Both molecules also support a
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significant population in a single amide-stacked-like structure,
either S(a) or S7(a). There is a somewhat greater population
in ¥*F S7(a) than in y*F S(a), but this difference is near the
error limits (Table 2).

One intriguing and unresolved question raised by the data is
the very different intensity ratios of the amide-stacked and C9
conformers in the R2PI spectra of *F relative to y*F, as shown
in Figure S7. In y*F, the S7(a) and C9(g—) conformers have a
population ratio of 1:2 but an intensity ratio in the R2PI
spectrum of 1:1. This difference could easily be understood as
being due to differences in Franck—Condon factors or
photoionization efficiencies between the conformers. In
contrast, the S(a) and C9(g—) conformers of y*F have a
population ratio of 1:2 but an R2PI intensity ratio of 1:10. This
striking difference may be due to conformation-specific
fragmentation following photoionization (see Figure S2). If
50, it was not identified in the previous work'” and would be
interesting to explore.

4.3. IR-Induced Isomerization. IR population transfer
studies such as those described here on y*F not only determine
the fractional abundances of the conformers but also
demonstrate whether IR-induced isomerization is possible
and efficient between all observed conformers. In order to gain
a deeper understanding of this data, it is important to have
predictions not only for the relative energies and free energies
of the conformers but also for the conformational landscape
that includes the barriers to isomerization and the pathways
that connect them.

Disconnectivity graphs provide a useful and visually intuitive
summary of the gotential energy landscape for conformational
isomerization."””> Individual branches on the graph end at
energies associated with the calculated relative energies of
conformational minima, while transition states connecting the
minima below them are grouped into user-defined energy
windows (1 kcal/mol in this case) and visualized as branching
points on the graph. Figure 7 presents the disconnectivity
graphs for ¥*F calculated using the AMBER* force field. While
force fields can have systematic errors when applied to
synthetic foldamers with their non-standard functional groups,
in the case of y*F and y°F, the predicted low-energy
conformers account for observations remarkably well. For
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Figure 7. Disconnectivity graph for ¥*F created using the AMBER*
force field. The arrow shows the pathway for selective IR excitation of
the S7(a) conformer via an NH-stretch fundamental, as carried out
experimentally.
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instance, the disconnectivity graph for y*F (Figure 7) has a set
of three C9 conformers that are within 1 kcal/mol and are
phenyl rotamers of one another, in keeping with the
observation of all three C9 phenyl rotamers in our experiment.
Furthermore, a single S7-like stacked conformer of y*F is
calculated to be close in energy to the C9 conformers but exists
in a different funnel on the potential energy landscape.
Similarly, in *F (Figure S8), there are two low-energy C9
conformers with the third pushed up in energy where little
populations would be anticipated to reside, with a single
amide-stacked conformation being the next lowest in energy,
again as observed.

Given this good correspondence between the experimental
populations and the relative energies calculated by the
forcefield, we use the data from the disconnectivity graph to
extract the lowest energy pathway for isomerization between
the various observed conformers. Not unexpectedly, the
barriers connecting the various C9 phenyl rotamers are
relatively small (<$ kecal/mol) and significantly below the 8—
9 kcal/mol rate-limiting barriers for isomerizing between the
fully or partially stacked structures and the C9 minima. The IR
population transfer experiments involve IR excitation of single
conformers with well-defined single-photon IR energies of
9.5—10.0 kcal/mol associated with the NH-stretch fundamen-
tals of the two amide groups of each conformer.

Experimentally, we observe IR-induced isomerization (see
Figure 5) between all three of the C9 conformers B—D. This is
most clearly demonstrated by the significant gain in population
of conformer D following excitation of the C9 H-bonded NH-
stretch fundamentals of conformers B and C at 3360 cm™.
Similarly, the dip in conformer C population at 3440 cm™" has
corresponding gains in conformers B and D, while excitation of
the free amide NH-stretch of B at 3453 cm™' produces small
gains in the other three conformers. Experimental observation
of these isomerization processes is consistent with a barrier for
interconversion of the C9 phenyl rotamers well below the
excitation energy.

The more interesting process is the isomerization pathway
that interconverts the y-peptide backbone between the C9 and
the amide-stacked-like S7(a) minimum. As the disconnectivity
graph in Figure 7 shows pictorially, the S7 and C9 minima exist
in two different basins on the conformational energy landscape,
in this sense, mimicking circumstances in which misfolding
pathways exist in proteins. That the C9 — S7 isomerization is
energetically feasible is immediately evident from the large and
broad gain signal in S7(a) stretching over the 3355—3390
cm™! region where the absorptions due to the H-bonded NH-
stretch fundamental of the three C9 conformers of ¥*F occur.
The reverse process, namely, excitation of S7(a) to form C9
products, is harder to detect, but the dip in population of S7(a)
at 3496 cm™' does lead to a small gain, particularly in
conformer C, the C9(g+) conformer.

One could argue that the gain signals out of S7(a) should be
more clearly observed, particularly from the weak S7 H-
bonded NH stretch at 3417 cm™'. Interestingly, the
disconnectivity graph in Figure 7 shows that the rate-limiting
barrier height for S7 <> C9 isomerization is near 10 kcal/mol
(3500 cm™"), an energy right in the vicinity of the IR photon
energy. Indeed, this could be the reason that the S7 — C9
isomerization is so small following excitation of S7 at 3417
cm™!, where absorption of two IR photons is needed to exceed
the barrier, and re-cooling of these two photon-excited
molecules may not be complete.
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5. CONCLUSIONS

y-Peptides are unique among synthetic foldamers in making
possible an arrangement in which adjacent amide groups form
an anti-parallel, stacked configuration with no intramolecular
H-bond that competes for population with H-bonded
conformations. We have studied the single-conformation
spectroscopy of Ac-y*-Phe-NHMe (7*F) in order to compare
it with the corresponding isomer in which Phe is substituted at
the 2-position adjacent to the C-terminal amide C=O group
(y*F). We characterized a set of four conformers of y*F in the
gas-phase using IR—UV double resonance methods. A unique,
partially stacked conformation is found in y*F that is distorted
away from parallel amide planes to facilitate the formation of a
weak C7 H-bond, which we label as S7. Additionally, all three
phenyl rotamers of a conformational family that possess a nine-
membered H-bonded ring (labeled C9) were observed. IRPT
spectroscopy was used to determine fractional abundances of
the four conformers. These fractional abundances correlate
well with the relative free energies of the conformers at the pre-
expansion nozzle temperature (450 K), indicating that kinetic
trapping plays a role in the observed populations. We explored
the potential energy landscape for isomerization by calculating
the disconnectivity graph for *F and y’F and observed that in
both molecules, the amide-stacked and C9 conformers are
separated by a barrier of about 10 kcal/mol, with the potential
energy landscape mimicking a misfolding pathway in larger
peptides and proteins.
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