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|. Introduction

Single-conformation spectroscopy of cold,
protonated PPG-containing peptides: switching
p-turn types and formation of a sequential
type II/1I’ double p-turnt

John T. Lawler, @22 Christopher P. Harrilal,#* Andrew F. DeBlase,§°
Edwin L. Sibert 111,*° Scott A. McLuckey*® and Timothy S. Zwier*®©

p-Proline (P°Pro, PP) is widely utilized to form P-hairpin loops in engineered peptides that would
otherwise be unstructured, most often as part of a PPG sub-unit that forms a B-turn. To observe
whether PPG facilitated this effect in short protonated peptides, conformation specific IR-UV double
resonance photofragment spectra of the cold (~10 K) protonated PP and ‘P diastereomers of the penta-
peptide YAPGA was carried out in the hydride stretch (2800-3700 cm ™Y and amide I/Il (1400-1800 cm™)
regions. A model localized Hamiltonian was developed to better describe the 1600-1800 cm™ region
commonly associated with the amide | vibrations. The C—=O stretch fundamentals experience extensive
mixing with the N—H bending fundamentals of the NHz* group in these protonated peptides. The model
Hamiltonian accounts for experiment in quantitative detail. In the PP diastereomer, all the population is
funneled into a single conformer which presented as a type Il B-turn with A and PP in the i + 1and i + 2
positions, respectively. This structure was not the anticipated type I’ B-turn across °PG that we had
hypothesized based on solution-phase propensities. Analysis of the conformational energy landscape
shows that both steric and charge-induced effects play a role in the preferred formation of the type I
B-turn. In contrast, the “P isomer forms three conformations with very different structures, none of
which were type II/Il' B-turns, confirming that “PG is not a B-turn former. Finally, single-conformation
spectroscopy was also carried out on the extended peptide [YAAPPGAAA + HI* to determine whether
moving the protonated N-terminus further from PPG would lead to B-hairpin formation. Despite
funneling its entire population into a single peptide backbone structure, the assigned structure is not a
B-hairpin, but a concatenated type Il/type I’ double B-turn that displaces the peptide backbone laterally
by about 7.5 A, but leaves the backbone oriented in its original direction.

peptides are designed with these properties in mind to enhance
the efficacy and selectivity of pharmaceuticals.">"> Of all the

The structural advantages of utilizing unnatural p-amino acids
in biologics-based materials is a well-researched field.'” Their
inclusion in molecules reduces susceptibility to enzymatic
degradation,*® increases anti-microbial activity,”®> and aids in
self-assembly of peptide secondary structures.'®'! Therapeutic
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p-amino acids, the effect p-proline has on secondary structure is
one of the most significant. Substitution of r-proline with p-proline
is known to greatly stabilize p-turn formation in peptides.**® This
finding has been heavily exploited by synthetic organic chemists
to produce scaffolds for drug delivery through the inclusion of a
PPX moiety (X = Ala or Gly) in peptides.">'*"°

The terminology surrounding the classification of different
types of “turns” in peptide biochemistry is quite complex.>*>*
Turns are first categorized by the separation between resi-
dues 7 and i + n that form a hydrogen bond. For example, an
o-turn involves an i — i + 4 hydrogen bond.** In simple terms,
this means there is a separation between the first and last
amino acids forming the turn of four peptide bonds. Similarly,
a y-turn utilizes an i — i + 2 hydrogen bond, with two peptide
bonds between interacting residues,>*** while B-turns have
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Table 1 Turn type and Ramachandran angles for the most observed
B-turn motifs

Turn type Ramachandran angles (degrees) (¢i1, Vis1; Qisay Yisa)
Type I (760, 730)) (790, 0)

Type I (+60, +30); (+90, 0)

Type II (—60, +120); (+80, 0)

Type II' (+60, —120); (—80, 0)

i — i+ 3 H-bonds. Turns are then further classified by the (¢,¥)
Ramachandran dihedral angles present in the turning
region.”%??

B-turns are the most common of all the turns present in
native proteins.”>*® Ramachandran angles (¢,/) can be used to
group P-turns into different types, of which types I, II, I’, and I’
are the most prominent.”® Table 1 compares the Ramachandran
angles of the prominent turn types of interest here. Types I/I' and
II/IT" are mirror images of one another, with the unprimed
versions more common. However, type I’ and II' B-turns are of
particular interest, since they become the preferred turns in
B-hairpins, protein structural elements that cause a reversal
in the direction of the protein backbone to form antiparallel
B-strands. Studying the origin and intramolecular contri-
butions to the stability of these turns is therefore important to
understanding and utilizing larger, antiparallel beta strands.>**>*”

A powerful method to study the inherent conformational
preferences of these scaffolds is to analyze them in the gas
phase where the lack of solvent interactions lays bare the
intramolecular hydrogen bonds that stabilize these structures.”®>"
In the past, our group has leveraged the power of IR-UV double
resonance techniques to probe the PP and “P diastereomers of
[YAPAA + H]" and the [YG"PAA + H]" peptide ions in the gas
phase.’>** A central question we sought to address is whether
the presence of a charge would promote or inhibit secondary
structure formation in short peptides such as this. We also
sought to understand how stereochemical changes affected
these preferences.

The observed conformations were surprisingly sensitive
both to the proline stereochemistry and the A <> G exchange.
Based on the spectroscopy, we assigned structures to two
conformers of [YAPPAA + HJ', one a charge-stabilized type II'
B-turn and the other a double y-turn. [YA"PAA + H]" did not
form the mirror image type II B-turn, as one might have
imagined, but an unstructured turn anchored by a cis-Pro.
When the methyl side chain of Ala(2) was replaced by Gly, the
preference for trans-amide at Pro returned, as did the formation
of a type I’ B-turn, but the position of the turn shifted to G*P in
YG'PAA from PPA in YA"PAA.**%

Two major questions remained after the previous studies.
First, is the PPG sequence an even stronger B-turn forming
sequence, like it is in solution? None of the previous peptides
had directly incorporated this turn-forming sequence, so here
we study [YAPPGA + HJ', which does. We chose to keep the
peptide length the same as in previous studies so as to enable
a direct comparison with that work. As before, the structure-
forming propensities of the peptide backbone must be
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accommodated in the presence of the NH;" group present at
the N-terminus, without the screening effects of H,O as solvent.
We compare the results on YAPPGA to those on its diastereo-
mer YA"PGA.

Second, in longer peptides, does the "PG moiety produce a
B-hairpin anchored by the "PG B-turn? Additional hydrogen
bonding, brought about through the extension of the peptide
backbone, may support the formation of the B-hairpin through
the formation of a B-sheet like structure that is more energeti-
cally favorable than its unstructured competitors. Extending
the peptide also could move the charge site further away from
the turn which may help to elucidate the role charge plays in
influencing its formation. To answer these questions, we studied
the model peptide [YAAPPGAAA + HJ" as a gas phase ion via cold
ion spectroscopy.

Cold ion spectroscopy is well-suited to 3D structural deter-
mination of ions in the gas phase, as the frequencies of the
vibrations report directly on their hydrogen-bonding architec-
tures.*>**% It has been utilized to examine the structure of
compounds of varied types, from sugars to peptides, providing
incisive tests of theory and new structural insights.*® Cooling
ions down to 10 K removes internal energy from the ion,
stabilizing each conformation in its vibrational zero-point level
and sharpening the vibrational transitions. In the hydride
stretch region (2800-3700 cm™ '), the vibrational frequencies
shift in response both to their local hydrogen-bond donor
environment and their coupled motion with other vibrations,
reporting on the specific H-bonding architecture of the ion. The
amide I/II regions provide a complementary picture of these
hydrogen bonds from the point of view of the H-bond acceptors
(amide I, C=0 group) or the stiffening of the NH bends
(amide 1II).

In this work, we compare the experimental single-conformation
IR spectra with the predictions of calculations to obtain struc-
tural assignments. While this comparison could be carried out
using scaled harmonic vibrational frequencies and IR intensi-
ties, here we develop and incorporate a local mode description
of the NH;* bends that come into the 1600-1800 cm ™" region
and mix with the amide I vibrations. This largely unrecognized
contribution to the spectrum made scaled harmonic calcula-
tions inappropriate. As we will see, the local mode approach
leads to much better fits to the experimental spectra, strength-
ening the conformational assignments.

Il. Methods

A. Experimental

All spectroscopic data were taken on a custom-built instrument
for cold ion spectroscopy, previously described.***® Concisely,
the design is that of a triple quadrupole mass spectrometer in
which an orthogonal spectroscopy axis was added between the
second (g2) and third (g3) quadrupoles, all of which are held at
room temperature with helium as collisional gas for trapping.
Ions are generated via nano-ESI, stored in an initial quadrupole
ion trap (QIT, g0) for about 30 ms before being turned onto the
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triple quad axis, where they are stored in the second QIT (g2)
where the ions of interest are isolated via RF/DC isolation. This
apex isolation could also serve to thermally anneal the gas
phase ions. The ion packet is then steered through a turning
quadrupole and down the spectroscopy axis where it is trapped
in an octupole trap that is cooled to 5 K via a closed-cycle
helium cryostat (Sumitomo Heavy Industries, Tokyo, Japan).
After cooling to ~10 K via collisions with the He buffer gas, the
ions are spectroscopically interrogated via a tunable UV laser
(ScanMatePro dye laser frequency doubled by an Inrad Auto-
tracker III). The created photofragments are then extracted
back down the spectroscopy axis and turned into a quadrupole
for analysis in either “spectroscopy mode” or “mass spectro-
metry mode”. In mass spectrometry mode, a mass spectrum of
the photofragments is generated via mass-selective axial
ejection.’” The “spectroscopy mode” entails ejection of remain-
ing precursor ions with SX wave software followed by dumping
of all remaining photofragments onto a channeltron detector
(4773G, Photonis USA).

UV action spectra are recorded by monitoring the total
photofragment signal as a function of laser wavenumber. Upon
obtaining a UV spectrum and identifying transitions that may
be due to different ion conformations, conformation-specific
IR spectra are taken by employing IR-UV double resonance
techniques.*”

In IR-UV depletion spectroscopy, the UV laser wavelength is
fixed on a transition of interest in the UV spectrum creating a
steady signal of photofragment ions due to the monitored
conformation. A Nd:YAG-pumped IR parametric converter
(LaserVision) is spatially overlapped but temporally precedes
the UV laser by 200 ns is scanned in wavelength. Upon absorp-
tion of an IR photon by the conformer of interest, a fraction of
the population is removed from the ground state, thereby
broadening and shifting its UV absorption. This results in a
depletion in the total photofragment signal from the single
conformation being monitored in the UV. Tuning the IR laser
while monitoring this depletion gives a single-conformer IR
spectrum.

IR-UV hole-burning spectroscopy employs the same experi-
mental arrangement but fixes the IR laser wavelength on a unique
IR absorption of the conformer of interest, while wavelength
of the UV laser source is tuned. The difference spectrum with
and without the IR present provides a conformer-specific UV
spectrum.

B. Solution preparation

Solutions of YAPPGA, YA"PGA, and YAAPPGAAA (Genscript)
were prepared in 50:50 methanol: water solvent at a concen-
tration of 200 pM and electrosprayed to create the corres-
ponding protonated ion.

C. Computational

Conformational searches were performed for gas-phase
[YAPPGA + H]", [YA"PGA + H]" and [YAAPPGAAA H]' structures
using the Monte Carlo multiple minimum method with the
AMBER* and OPLS3 force fields inside the MACROMODEL
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software package.*® Approximately 1000 unique structures for
the isolated ion were found between the two force fields for
each of the molecules. To narrow down the potential structures
further, the 1000 structure pool was clustered into sub-groups
with closely similar peptide backbone RMSD. The centroid
of each of the sub-groups was then optimized at the B3LYP/
6-31+G(d)-GD3BJ level of theory**™** using Gaussian16 and
harmonic vibrational frequencies/intensities were calculated
to obtain predicted infrared spectra to compare with experiment.*?
In early tests of the workflow, we ran DFT calculations on every
member of each sub-group and deduced that there weren’t
measurable differences in the IR spectra in the hydride stretch
and amide I/II regions between members of the same sub-group.
As a result, we focus attention in what follows on the unique
peptide backbone architectures in making assignments, ignoring
simple sidechain rotamer conformations.

To correct for anharmonicity the calculated spectra were
scaled by 0.958 for the NH, CH, and OH stretching regions,
0.973 for the free OH transitions, and 0.970 for Amide II.
Adjusting the calculated transitions by these scale factors puts
them into agreement with previously calculated and fitted
spectra.”®3%33

The region of the infrared typically associated with the
amide I vibrations (C—O stretch fundamentals of the amide
group, 1600-1800 cm ™ ') was handled separately, since in pep-
tides protonated at the N-terminus, the NH;" bends occur in
the same region. These transitions also carry oscillator strength
comparable with the amide I vibrations and are mixed with
them. As a result, simply applying separate scale factors to the
NH;" bends and C=O stretches is not correct since the
coupling between them is significant.

In order to apply separate scalings, we transform to a
localized representation obtained as an orthogonal transforma-
tion of those normal modes in the above frequency window.
The resulting localized modes are readily classified as either
NH;" bends (not including the umbrella mode), phenyl C-C
stretches or C=O0 stretches, thus allowing for a separate scaling
of the frequencies associated with those modes. The C-C
stretch normal modes are localized on the benzene ring and
carry little oscillator strength, so we do not discuss them
further. The scalings are based on fitting to conformer A of
[YA"PGA + H]" and are found to be 0.976 for the amide I
vibrations and 0.942 for the NH;" bends. The former scaling
was determined by fitting to the highest frequency mode in this
region which corresponds to the C=O stretch of the carboxylic
acid.**

“Stick” spectra were generated for the centroid of each
cluster. These calculated spectra were then matched to the
experimental spectrum and the best fit centroids were found.
All conformational minima within each cluster with best fit
centroids that lie within 10 k] mol " of the global minimum in
internal energy were then optimized using DFT at the same
level of theory used for the centroids. Unique structural identi-
fiers in the single conformer infrared spectra (e.g., tyrosine OH,
carboxylic acid OH) were used to assign the structure that best
fit both the NH stretch and amide I/II regions. Spectral matching
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in conjunction with energy sorting led to assignments of the
observed conformation associated with each spectrum, as
described in Section III. Free energy calculations were carried
out on all structures lying within +20 k] mol ' of the global
minimum in internal energy. This provided predictions for the
equilibrium populations in the room temperature quadrupole ion
traps in which initial thermal equilibrium of the gas phase ions is
likely achieved.

[ll. Results and analysis
A. UV spectra of [YA®PGA + H]" and [YA"PGA + H]"

Cold UV action spectra of [YA"PGA + H]" and [YA"PGA + H]"
were recorded by monitoring their complete photofragmenta-
tion signal as a function of laser wavelength (Fig. 1). A striking
difference in the complexity of the two UV spectra is immedi-
ately evident. [YAPPGA + H]" produces a simple UV spectrum
with two intense bands (35611 and 35632 cm™ ') that each
support short Franck-Condon progressions in modes of
frequency 13 and 24 cm™'. We postulate that the two intense
bands are electronic origins from two conformers that have
identical peptide backbone architectures but differ in the
orientation of the OH group on the Tyr, as observed in other

(a) YA°PGA

(b) YA'PGA

Photofragment Yield

L] L] L]
35500 35600 35700 35800
Wavenumber (cm™)

Fig.1 UV spectra of YAPPGA and YA'PGA. UV action spectra of (a)
[YAPPGA + H]* and (b) [YA"PGA + HI*. The origins and Franck—Condon
progressions of the different conformers are labelled A, B, and C with the
asterisk denoting transitions due to tyrosine rotamers of the conformer.
Below each UV spectrum is a colored stick denoting the TD-DFT calcu-
lated (M052X/6-31+g(d)) electronic origin of the assigned conformation,
after scaling by 0.8443. See text for further discussion.

35400 35900
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similar protonated peptides.** The UV spectrum of [YA"PGA+ H]' is
far more complex, containing multiple unique transitions that
point to the presence of multiple conformations.

To ascertain the identity of the conformations present
in these spectra, IR-UV double resonance techniques were
employed. Identification of transitions in the UV spectra due
to unique conformers was carried out by first obtaining con-
formation specific infrared spectra of several of the most
intense peaks in the spectra, including transitions labelled A
and A’ in Fig. 1(a) and A, A/, B, B/, C, and C’ in Fig. 1(b).
Conformation specific UV spectra were then obtained using
IR-UV holeburning spectroscopy (Section II.A). In the case of
[YAPPGA + HJ', the hole-burning spectrum with IR hole-burn
laser at 3394 cm™ " contained all significant transitions in the
UV action spectrum (Fig. S1, ESIT). The corresponding spectra
of [YA"PGA + HJ" (Fig. S2, ESIf) prove the presence of three
conformers labeled in Fig. 1(b). The primed and unprimed
labels shown in Fig. 1 denote transitions due to the two OH
rotamers of the Tyr UV chromophore.

Note that the electronic origin and vibronic structure of
conformer A of [YA"PGA + H]" is at a UV wavelength nearly
identical to that of the single conformer of [YAPGA + HJ".
Furthermore, the vibronic structure is also very similar. This
provides evidence that the UV chromophore is in a similar
environment in these two diastereomeric conformers.

Fig. 1 also contains predictions of the relative So-S; origins
based on vertical TD-DFT calculations at the M052X/6-31+g(d)
level of theory. The conformations used for these calculations
are those assigned based on the infrared spectra which is to
follow. The results of these calculations are all scaled by 0.8443,
a scale factor chosen so as to bring the S,-S; origin of the single
conformer of [YAPPGA + HJ' into alighment with experiment.
The excellent correspondence between experiment and these
predictions adds confirming evidence to the conformational
assignments. Similar calculations were used with success in
previous studies as a check on the assignments.**

B. Conformation-specific infrared spectrum of [YA’PGA + H]"

Fig. 2(b) presents the conformation-specific infrared spectrum
of the single observed conformer of [YAPGA + HJ" in the
hydride stretch region. Below the experimental spectrum is
the calculated spectrum for the global minimum conformer,
which closely matches the experimental spectrum. The spec-
trum of [YAPPGA + H]" should have XH stretch transitions due
to the Tyr and carboxylic acid OH groups, three amide NH
groups, and three transitions due to the NH stretches of the
NH;". The free OH stretch region (3550-3700 cm™ ') shows a
characteristic Tyr free OH stretch near 3648 cm ™" but lacks the
free OH stretch of the carboxylic acid group, which is known to
occur at 3571 cm ™ *.** The presence of the free Tyr OH is in
keeping with the difficulty in engaging the OH group in the
para position on the aromatic ring directly with the rest of the
ion in a peptide of this size. The absence of the free OH stretch
at 3571 cm™ " points to the carboxylic acid OH group serving as
donor in a hydrogen bond that shifts the OH stretch funda-
mental to lower frequency. Since other bands are accounted for,
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(a)

d Stick Intensities

: . JHI L |L|

1400 1500 1600 1700 1800

Wavenumber (cm')

(b)

C14 Acid OH
C17 NH;*
C14 NH;

Photofragment Depletion / Calculated Intensities

e c10 Tyr

CZ:-NH Free (;lH

[ [] | M |
L = L L] Ll L L 1 L L

2800 2900 3000 3100 3200 3300 3400 3500 3600 3700

Wawenumber (cm')

Fig. 2 IR spectrum of YAPPGA with calculated sticks. (a) Corresponding
experimental and calculated spectra in the 1400-1800 cm™* region. The
black stick spectra are the results of a harmonic treatment using a single
scale factor for all vibrations in the 1600-1800 cm ™! region, while the red
stick spectra are those resulting from the local mode Hamiltonian model.
See text for further discussion. (b) Conformation specific infrared spectrum
of the single conformer of [YAPPGA + HI* (black) in the hydride stretch
region, compared to the calculated vibrational frequencies and infrared
intensities of the best-fit conformation, which is also the global minimum.

this carboxylic acid OH stretch must be in a strong H-bond that
shifts its frequency below 3200 em™". The NH stretch region
(3200-3500 cm ') directly probes the peptide backbone hydro-
gen bonding network, with its three amide NH groups. The free
NH stretch region (3450-3500 cm™ ') contains a single peak at
3465 cm ™', while the bound NH stretch region has three
resolved transitions, with the most intense at 3394 cm™'
followed by two closely spaced peaks at 3324 and 3310 cm ™.
This conformer must therefore contain one free NH group
and three other NH groups in moderately strong H-bonds. The
assigned structure shown in Fig. 3(a) possesses the best-fit stick
spectrum shown below the experimental spectrum. In the
calculated structure, the free NH is associated with Ala(2).
This amide group’s C=0 (the Tyr C=0) is engaged in a C10
hydrogen bond with the glycine NH opposite it, appearing at
3394 cm™". This constitutes a type II B-turn involving the A°P
rather than the "PG segment of the peptide. The remaining
hydrogen bound NH stretch transitions involve an NH;'-n

This journal is © the Owner Societies 2022
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(a) YA°PGA (b) YA'PGA Conformer A

¥4 > +0.00 ki/mol

€14,C17,myy/Fy/trans-P/C10/C7/C134,

+0.00 ki/mol (+14.89 kJ/mol)
C14,C17, 1y /Fy/cis-P/C10/CT/C13 0y

(c) YA'PGA Conformer B (d) YA'PGA Conformer C

+3.18 ki/mol (+16.93 ki/mol) |  +9.33 ki/mol (+24.23 ki/mol)
C17,C11,C5/cis-A Fyyy /trans-P/Fyy/ Fuy [Fon | C14,Fyy,Tiyu/CS/trans-P/Fyy/C7/CT oy

Fig. 3 Assigned conformations of (a) [YAPPGA + HI*, and (b—d) the three
assigned conformers of [YA'PGA + HI*. A summary of the H-bonding
architecture in terms of the size H-bonded rings formed, starting from the
N-terminus NH3*. Relative energies are given comparing within a given
diastereomer, with the comparison across diastereomers given in
parentheses.

interaction at 3324 cm™ ' and a C7 hydrogen bond at 3310 cm™*

that is formed between the Pro C—O0 and the amide NH of Ala(5).

The spectrum of [YAPPGA + H]" in Fig. 2(b) possesses very
broad transitions in the 2800-3100 cm ™" region, implying the
existence of strong hydrogen bonds to either the acid OH,
charged amine, or both, mirroring the broad absorptions found
in previous studies.*” The scaled harmonic calculations in this
region tend to underestimate the shift to lower frequency, but
the patterns tend to hold. Based on the calculations, the C17
NH;" stretch is likely responsible for the intense band at
2843 cm ™' in the experimental spectrum, while the OH stretch
of the COOH group (which forms a C13 H-bond with the Ala(2)
C—0) and C14 NH;" transitions produce the broad absorptions
that stretch from 2950-3200 cm™ .

The corresponding IR spectrum in the amide I/II region is
shown in Fig. 2(a). The spectrum lacks any transitions above
1720 cm ™, indicating that the COOH carbonyl group is in a
strong H-bond, since it is typically found above 1750 cm ™" in
the absence of a H-bond. Furthermore, there is a strong
transition at 1661 cm™ ', an unusually low frequency for even
a strongly H-bonded amide I vibration. The calculated spectra
using a single scale factor typical of the amide I region (0.980)
leads to the prediction in black, which is a poor match
particularly of the 1661 cm ™" transition. However, implementa-
tion of the local mode Hamiltonian involving the three NH;"
bending modes and five amide I fundamentals leads to a
predicted spectrum shown in red that is in significantly better
agreement with experiment. This adds confidence that the
assigned structure is the one observed experimentally.

C. Conformation-specific infrared spectra of [YA"PGA + HJ

1. Conformer A. The IR-UV double resonance spectrum of
conformer A of [YA"PGA + H]" was recorded with the UV laser
fixed on the transition marked with a red asterisk in Fig. 1(b).
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IR spectra were also recorded with UV fixed on corresponding
transitions marked as due to A’, and were identical to those due
to A. The conformer-specific IR spectrum that results (Fig. 4)
bears an over-all resemblance to that of the sole observed
conformer of [YAPPGA + H]" (Fig. 2). Comparison of the
experimental spectrum to the calculated spectrum of the global
minimum structure for [YA"PGA+ H]" shows a reasonable fit in
the 3200-3500 cm ™' region, and we argue below for this global
minimum structure as that responsible for the spectrum. Of the
eight conformations with energies within 10 kJ mol " of the
global minimum, half present with a free acid OH group that is
absent in the spectrum of conformer A. Of the bound acid
conformations only the assigned global minimum structure
accurately matches the two largest transitions in the experi-
mental spectrum. A more detailed analysis of the uniqueness of
the experimental fit follows.

As in the PP analog, the spectrum in Fig. 4(d) displays a free
Tyr OH at 3650 cm ™', while missing the free carboxylic acid OH
stretch, indicating that the latter group is involved in a H-bond.
Fig. 3(b) shows the assigned structure responsible for the
calculated spectrum shown in Fig. 4(d). The calculated spectrum

(a) YA'PGA Conf. A

oo ul ILH |1HI||

(b) YA'PGA Conf. B

e ks || |

(c) YA'PGA Conf. C

Photofragment Depletion (exp) / Calculated Intensities (sticks)

Al .i|| . ml“ .||||I|

1400 1500 1600 1700

Wavenumber (cm")

Fig. 4 Conformation Specific Infrared Spectra of [YA'PGA + H]*. (a~c) Corresponding experimental and calculated spectra in the 1400-1800 cm™

L) L Ll 1 L)
1800 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700
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possesses a set of three transitions in the 3300-3400 cm ™" region.
The experimental spectrum shows just two resolved transitions
in this region at 3308 and 3385 cm™ ' which are both unusually
broadened. We postulate that the broadened, asymmetric
shape of the band at 3308 cm ™" is due to the presence of two
unresolved transitions. The calculated transition at 3307 cm ™"
is due to a C7 H-bonded NH stretch between the proline
carbonyl and the NH of the C-terminal alanine group, while
the transition calculated at 3320 cm ™" is associated with an
NH;"-n NH stretch. The transition at 3385 cm ™" is assigned to a
C10 hydrogen bond between the glycine NH and the tyrosine
carbonyl oxygen. Just to the higher frequency side of this
transition in the experimental spectrum are a set of three
closely spaced transitions, where the calculations show just a
single free NH stretch (3445 cm™ ). The two additional bands
could arise from overlap in the UV with vibronic bands due to
the other conformers that contribute to the UV photofragment
signal at the UV wavelength used to probe conformer A.
However, the frequencies of the transitions (3423, 3447, and
3464 cm™ ') do not line up with those due to the other conformers.
Instead, we postulate that the extra pair of transitions are

(d) YA'PGA Conf. A

C14 -NH;"

C13-Acid OH
C17 -NH; » 7-NH -NH;*

c7\ c10
. Free L.
| | OH
NH
oy X | P 1
(e) YA'PGA Conf. B
C11 -NH;* | |
C17 -NH;
Free
C5 -NH;" NH

Cis- Acid  Tyr
amide OH  oH
[Tl | |

(f) YA'PGA Conf. C

C7-Acid OH

C17 -NH;* c5 Tyr

Free OH

Wavenumber (cm™)
1

region. The black stick spectra are the results of a harmonic treatment using a single scale factor for all vibrations in the 16001800 cm™* region, while
the red stick spectra are those resulting from the local mode Hamiltonian model. See text for further discussion. (d—f) Conformation specific infrared
spectrum of the three observed conformers of [YA"PGA + H]* (black) in the hydride stretch region, compared to the calculated vibrational frequencies

and infrared intensities of the best-fit conformations.
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combination bands involving the C7 and C10 NH stretches with
a low-frequency vibration that couples to it.

The region from 2800-3200 cm™ ' has broad absorption
characteristic of strong H-bonds involving the H-bonded COOH
and NH;" groups. Due to their breadth and the sub-structure
that appears on top of them (e.g., due to the CH stretch
fundamentals), we are not able to make firm assignments of
these transitions, but simply note that broadened versions of
the assigned stick spectra match the over-all shape of the broad
absorption. The acid OH stretch is shifted down to around
3000 cm ' due to its involvement in a C13 H-bond with the
carbonyl oxygen of the Ala(2) residue. The broad, structured
absorption in the experimental spectrum is accounted for by
this C13 OH stretch and two strong H-bonds involving the
NH;" group.

Since the fit for YA"PGA conformer A in the NH stretch
region is not fully secure, we sought additional confirmation
based on the IR spectrum in the amide I/II regions (1400-
1800 cm ™), which is shown in Fig. 4(a). Using the local mode
Hamiltonian for the combined C=O0 stretch/NH;" bends, the
match between experiment and calculation is excellent. Inclusion
of the bends is especially important here because the NH;"
scissors is especially intense in this conformer, for reasons we
do not fully understand.

The assigned structure for conformer A of YA"PGA, shown in
Fig. 3(a), is a close analog of the sole conformer of YAPPGA,
incorporating a p-turn that is further stabilized by the H-bond
of the COOH OH group to the central amide C—=O0 of the B-turn.
The NH;" group is also in a similar binding pocket to that in
YAPPGA, engaging in two strong H-bonds with the Gly(3) and
carboxylic acid C—O groups. However, a notable difference
with the B-turn in YAPPGA is that conformer A of YA"PGA
incorporates a cis Pro that enables a similar H-bonding archi-
tecture despite the change in chirality of the Pro C(a). This
leads to differences in the strengths of the H-bonds involving
NH;". Further comment on this structure will be taken up in
the discussion.

2. Conformer B. In stark contrast to the complex H-bonded
network of conformer A, the spectrum of conformer B is
consistent with a structure that largely lacks amide NH stretch
H-bonds. In particular, there is a trio of free amide NH
stretches (3460, 3443, and 3416 cm ™), signaling that none of
the backbone amide NH groups in the molecule is involved
in hydrogen bonding. Furthermore, both the Tyr OH stretch
(3648 cm ™) and carboxylic acid OH stretch (3566 cm™ ') are
free. While such a structure would seem energetically unfavor-
able, the lowest energy structure that matches these criteria,
shown in Fig. 3(b), is only 3.2 kJ mol ' above the global
minimum. Its only H-bonds are due to the NH;" group burying
itself in a pocket created by the C-terminal half of the molecule.

Since the carboxylic acid OH group is free, it doesn’t produce
a broad absorption in the 2800-3200 cm ' region, and there-
fore reveals the absorptions due to the NH;* group particularly
clearly. A weak C5 hydrogen bond between the charged amine
and the adjacent carbonyl group on the tyrosine residue is
calculated to be the highest frequency of the three NH;"- - -O=—=C
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H-bonds. The other two NH;" hydrogen bonds are similar to
those in conformer A and YAPPGA, involving a C17 NH;"
hydrogen bond to the C-terminal carbonyl and a C11 hydrogen
bond to the proline carbonyl. All three of these fundamentals
show Franck-Condon like combination bands built off them,
as indicated by tie lines in Fig. 4(e). Their presence indicates a
strong coupling of these NH;" NH stretch modes to low
frequency motions of the binding pocket. They are displayed
clearly in the present spectrum, but are also likely to be present
in the broad, structured absorptions of conformer A.

The charge-stabilizing pocket for the NH;" group in
[YA"PGA + H]' conformer B is made possible because the first
amide group from the N-terminus is a cis-amide rather than
trans, marked in yellow in Fig. 3(c). Its free amide NH stretch is
at 3416 cm ', lower in frequency than is typical for a trans
amide (3450-3490 cm ™ '). This frequency shift constitutes a
signature of the presence of a cis-amide group. The cis-amide
motif has previously been observed in solution phase structures
of small peptides and occurs most often in amide bonds
adjacent to proline residues, as it is here.*®*” To our knowledge
this is the first non-proline cis-amide conformation discovered
by cold ion spectroscopy.

The single-conformer IR spectrum in the 1400-1800 cm ™
region is shown in Fig. 4b. Once again, the local mode Hamil-
tonian that correctly handles the mixing of the NH;" bends
and C=O stretch fundamentals produces an excellent fit
to experiment, further securing the assignment. The free
COOH transition is at 1774 em ™ *, well above that of the other
transitions.

3. Conformer C. Fig. 4(c) displays the IR-UV double reso-
nance spectrum of conformer C of [YA"PGA + H]" in the hydride
stretch region. The spectrum displays a free Tyr OH (3650 cm™*)
and lacks a free carboxylic acid OH, as was the case in conformer
A. A single free NH stretch transition appears at 3454 cm ™', while
three resolved, H-bonded NH stretch transitions are observed in
the 3250-3350 cm ™! region. Since the free OH stretch is missing,
the COOH must be in a H-bond, which could involve a trans
COOH conformation, as is the case in several other protonated
peptides®*® In conformer C, there is a broad absorption over the
2800-3100 cm ' region, which is less intense and shows less
structure than in conformer A. The sharp band at 2988 cm ™' is
present in all three conformers and is likely an alkyl CH stretch
transition shared by all three.

The tentatively assigned spectrum for conformer C is shown
as a stick spectrum in Fig. 4(f), due to the structure shown in
Fig. 3(d). The fit is reasonably good, but the structure is
calculated to be 9.33 k] mol " above the global minimum in
free energy, a result that is hard to reconciliate with its
presence, a result we will address briefly in the discussion.

Nevertheless, the calculated spectrum nicely reproduces the
triad of bound NH stretch fundamentals, has a single free
amide NH stretch, and a bound carboxylic OH stretch. That this
latter transition is predicted to be at 2820 cm™' may mean that
its absorption is shifted below 2800 cm™", and also that it will
be very broad. The single free NH stretch belongs to the glycine
NH. The NH stretch region contains the often-observed NH-n

1
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interaction of the NH;" (3320 cm™ "), but also incorporates three
transitions not observed in the previous conformers. A set of
closely spaced transitions belonging to C7 and C5 hydrogen
bonds are recognized adjacent to the NH-n transition. The C7
cycle is formed between the C-terminal Ala NH and the “Pro
carbonyl, whereas the C5 H-bond is formed between the
N-terminal Ala NH interacting with its carbonyl oxygen.
A pseudo-C5 hydrogen bond is also formed by the charged
amine and the adjacent carbonyl on the Tyr residue. The only
macrocycle H-bond involving the NH;" group is a C17 H-bond
to the carbonyl on the C-terminus. This same C17 H-bond is
present in all three conformers of YA"PGA, but with varying
strengths. In [YA"PGA + H]" conformer C, the H-bond distance
is only 1.60 A.

The spectrum of conformer C in the amide I/II region is
shown in Fig. 4(c). The local mode Hamiltonian fit is quite good
over-all. An interesting feature of this conformer is that the
NH;" vibrations in this frequency region carry very little oscil-
lator strength and do not mix with the amide I vibrations. The
strong transition at 1726 cm™ ' is principally due to the C=0 of
the carboxylic acid, while the band at 1650 cm ™" is, according
to the calculation, an unresolved doublet that consists of two
amide I bands, the brighter of the two forming a hydrogen
bond with the OH group on the carboxylic acid.

D. Peptide length and -turn formation: [YAAPPGAAA + H]"

By extending the peptide chain on either side of the p-proline
residue we hope to elucidate the effect of charge and chain
length on the stabilization of the turn. To this end the proto-
nated peptide [YAAPPGAAA + H]" was subjected to single-
conformation spectroscopy.

The UV photofragmentation spectrum of [YAAPPGAAA + HJ"
in the S,-S; origin region is shown in Fig. 5. The spectrum is
remarkably simple, with a single dominant electronic origin
transition at 35818 cm ' followed by several weak vibronic

Photofragment Yield/Calculated Intensities

T T 1 1 1 T 1
35600 35650 35700 35750 35800 35850 35000 35950 36000
Wavenumber (cm’)

Fig. 5 UV photofragment spectrum of cryo-cooled [YAAPPGAAA + HI* in
the Sp—S; origin region with corresponding TD-DFT calculated electronic
origin of assigned conformation in red.
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bands built off it. That such a large peptide would fold into a
single structure already suggests strongly that the PG turn-
forming region provides strong structure-directing influence
on this peptide sequence. Notably, the electronic origin of
[YAAPPGAAA + HJ' is shifted ~200 cm™" to the blue of its
smaller chain counterpart [YAPGA + HJ", reflecting greater
interaction between the phenol ring of tyrosine with its proto-
nated peptide surroundings. As with the shorter peptides, we
carried out TD-DFT calculations on the assigned structure, with
the prediction included in Fig. 5 after scaling with the same
scale factor used in Fig. 1. The close correspondence provides
confirming evidence for the assigned structure. The phenol
rotamer of this structure is predicted to be about 60 cm™" blue-
shifted from the first. While there are transitions in this region,
they are much weaker than the main origin. This would imply
some cooling of the phenol rotamer population in the cold trap.

Fig. 6 shows the single conformer IR spectrum in the
hydride stretch (Fig. 6b) and mid-IR regions (Fig. 6a) while
monitoring the UV photofragment signal at the S,-S; origin.

(a)

1 Cakculated
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Fig. 6 Infrared spectrum of [YAAPPGAAA + HI*. (a) Corresponding
experimental and calculated spectra in the 1400-1800 cm ™ region using
the local mode Hamiltonian model. (b) Conformation specific infrared
spectrum of the single observed conformer of [YAAPPGAAA + HI* (black)
in the hydride stretch region, compared to the calculated vibrational
frequencies and infrared intensities of the best-fit conformation, which is

also the global minimum.
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The experimental spectrum is extremely simple, given the size
of the protonated peptide, and is dominated by a collection of
transitions in the 3240-3350 cm ™' region. Unlike its shorter
PPG analog, [YAAPPGAAA + H]" has both a free Tyr OH
(3650 cm ') and a free carboxylic acid OH (3576 cm ™). Notably,
the spectrum contains two well-resolved free amide NH stretch
transitions at 3451 and 3463 cm ™', indicating that two of the
amide groups are also not involved in H-bonds.

After an extensive search (Section I1.X), the single conforma-
tion shown in Fig. 7 was identified as meeting the structural
criteria and was also calculated to have the lowest free energy at
298 K. This choice of temperature matches the temperature of
the quadrupole ion trap used for mass selection of the parent
ion in our experiment.

The calculated spectrum for this conformer matches experi-
ment satisfactorily well in the 3200-3700 cm " region, posses-
sing the free Tyr OH, free acid OH, and two free amide NH
stretch transitions. The triad of transitions between 3300-
3350 cm ™' is replicated by one C7 and two C10 amide NH
stretch fundamentals. The single calculated absorption at
3255 cm™ ! ascribed to a C14 NH stretch is tentatively assigned
to one of the pair of transitions at 3258 and 3277 cm™ " in the
experimental spectrum, likely appearing in Fermi resonance
with the overtone of the 1640 cm ' transition present in the
amide I/NH;" bend region (Fig. 6b). Given the size and com-
plexity of this longer peptide, it is especially important to have
verification of the structural assignment based on spectra
recorded in more than one frequency region. To that end, we
recorded the single-conformer spectrum in the 1400-1800 cm ™"
region shown in Fig. 6a. As anticipated based on the NH stretch
region, there is a strong transition due to the free COOH
carbonyl at 1772 cm ™. Beyond this, the spectrum has a dense
set of transitions in the 1650-1700 cm™ ', and a single strong
transition at 1639 cm™'. As with the shorter peptides, we
implemented a local mode Hamiltonian model that included
the mixing between NH®' bends and C=O stretch funda-
mentals. In this case, the NH*" bends are somewhat lower in
frequency and the mixings smaller, so that the results of the
local mode model are qualitatively similar to those from a
scaled harmonic calculations. Nevertheless, the calculated
spectrum closely matches experiment, strengthening the case
for assignment of the carrier of the spectra to the conformer of
[YAAPPGAAA + H]" shown in Fig. 7.

V. Discussion

We have presented single-conformation IR spectra of [YAPGA + H]'
containing both d-Pro and 1-Pro, and of the longer analog [YAA"P-
GAAA + HJ". In this section we focus on the assigned conformations
and what they tell us about the conformational preferences and the
structure-defining properties of the PPG sequence and the site of
charge, the N-terminal NH;". Since a major point of comparison is
with previous studies of YAPAA and YGPAA, we present in Table 2 a
summary of the backbone structures, turn stabilization, and charge
pockets involved in the series.
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Fig. 7 (a) Calculated lowest energy structure of [YAAPPGAAA + HI*
showing the sequential B-turns from a side view. The individual turns are
highlighted in blue and yellow. (b) Stick structure with highlighted hydro-
gen bonding pattern. A red arrow indicates an N-to-C terminal NH. - -O=C
hydrogen bond while a blue arrow is indicative of the opposite. (c) Top-
down view of the structure highlighting the binding pocket surrounding
the NHs*.

A. Formation of a gas phase type II p-Turn in [YA°PGA + HJ

In a recent study of the conformational preferences of [YAPAA +
H]' by DeBlase et al. some of us showed that the P diaster-
eomer produced a type II' B-turn, while the “P diastereomer did
not.** In that case, steric overlap between the Ala(2) methyl
group and the "“P ring destabilized type II' B-turn formation in
YA"PAA and led to formation of a cis-amide group at “P. The
importance of steric effects was confirmed by removing the
methyl group to form YG“PAA and showing that this change
recovered type II' B-turn formation. At the same time, even
YAPPAA had a second conformer with similar population that
was not a type I’ B-turn.

In the present work, we hypothesized that combining °P
with Gly(4), would produce the type I’ f-turn exclusively, as this
PPG sequence is the one used by peptide chemists seeking to
build type I’ B-turn formation into peptide sequences.'**>'”
The type of turn can best be determined through examination
of the Ramachandran angles forming the turn. Inspection of
these angles in the assigned structure indicates that [YAPPGA +
H]'" forms a type II B-turn and not the expected type II' turn
(Table 1). Furthermore, the position of the turn is around
APP and not PPG. This result is inconsistent with the notion
that the "PG moiety locks in a type II' B-turn and therefore
induces B-hairpin formation.

To better elucidate a possible explanation for type II B-turn
formation, it is helpful to compare the structure and spectrum
of [YAPPGA + HJ" to previously reported spectra of [YAPPAA +
H]" which forms a type II B-turn.?” As the type II and II’ B-turns
have the opposite sense (i.e., dihedrals of opposite sign,
Table 1) but are otherwise identical, the spectroscopic signa-
tures of the two types of turns should be similar. This is evident
when comparing the IR spectra of the observed conformer
of [YAPPGA + HJ to that of conformer B of [YAPPAA + HJ"
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Table 2 Compilation of secondary structure motifs, turn stabilizations, and charge pockets for the studied set of ions containing B-turns

Ton Backbone structure Turn stabilization Charge pocket

PpG Type II' B-hairpins in solution NA NA

YGGFL*® Type II' B-turn/B-hairpin C10, C14 Cl11, C17, iny

YAPPAA®? Conf. B = type I’ B-turn Conf. A = y-y Conf. B = C10, Conf. B = C11, C17, Tixy;
C14 Conf. A =C7,C7 Conf. A = C14, C17, iy

YAPAA®? Charge-stabilizing loop, cis-Pro amide bond C14, C17 C14, C17, iy

YGPAA?? Type I’ B-turn C10, C14 C14, C17, mxy

YAPPGA Type II B-turn/B-hairpin C10, C14 C14, C17, Tng

YA'PGA A = cis-Pro B-turn A =(C10,C14 A = C14, C17, iy

B = cis-amide charge-stabilizing loop C = y-C7 B =C11, C17 B =C17,C11, C5

C=C7,C7 C = C14, Fau, T

(Fig. S3, ESIY). Both contain the nominal structural framework
of a B-turn, with its C10 hydrogen bond, and a C14 H-bond that
represents the first rung of the B hairpin.

However, not only is the type turn opposite to that expected,
but the placement of the proline residue in the turn that forms
this hydrogen bond is across AP rather than "PG. In [YAPPAA +
H]" the proline residue lies in the classic i + 1 position, putting
it at the front of the turn where it anchors the formation of the
turn. By contrast, in [YAPGA + HJ, the proline takes up the
i + 2 position at the end of the turn. In re-positioning the -turn
in [YAPPGA + H]', the C14 H-bond that constitutes the first
rung of the B hairpin involves a H-bond from the NH;" rather
than NH- --O=C, as it is in protonated YAPPAA.

To understand these differences, we compared the free
energies of YAPPGA and YAPPAA conformations for the two
types of turn structures (II and II') positioned either as ®PX or
APP. In YAPPGA, the type II APP B-turn is lower in energy by
some 14.3 k] mol~* than the type II' °PG turn we anticipated
forming. By contrast, in YAPPAA the observed type I’ PA turn
is nearly isoenergetic with the alternative type I AP structure
(AE = 0.54 k] mol ™). This close energetic proximity raises the
question of why both turn types weren’t observed in protonated
YAPPAA. Indeed, in YAPAA there was a minor conformer (labeled
conformer D) that was identified by an IR-UV gain spectrum but
whose spectrum we couldn’t disentangle.** With the YAPPGA type
II spectrum in hand, we now see that this type II B-turn was a
likely assignment for this minor conformer of YAPPAA.

As the only difference between the two molecules is the
presence/absence of the A4 methyl group, the reason for the
energetic difference between the structures may lie in the
interactions that predominate in its absence. With the A4
methyl group removed in YA®PGA the A5 NH and the carbonyl
from the proline residue form a C7 hydrogen bond that was
prevented in YAPPAA by the steric hinderance that would be
created by the nearby methyl group. This C7 hydrogen bond in
YAPPGA turns the end of the molecule on itself, positioning the
acid OH group so that it can form a hydrogen bond with the A2
carbonyl. This stabilization mechanism near the C-terminal
end of YAPPGA is then the likely reason that an APP type II
B-turn is preferred over its PG type II' counterpart.

B. Lengthening the peptide to [YAAPGAAA + H]

Our initial goal in studying the octapeptide [YAAPPGAAA + H]"
was to place the B-turn forming PG sequence at the center of a
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longer peptide to catalyze type I’ B-turn formation. We argued
that, by distancing the turn from the protonated amine in the
sequence, its role as a B-turn former would be unveiled, and
perhaps lead to formation of a longer f hairpin even in the
presence of the protonated amine. Experimentally, we observed
a single conformer with a beautifully sparse UV spectrum and
infrared spectra that were also remarkably uncongested, sug-
gesting formation of a very stable structure. After a detailed
search of conformational space, the global minimum structure
was indeed very stable, with four amide-amide H-bonds that
also accommodated incorporation of the NH;" moiety in a
stable binding pocket.

However, instead of a single B-turn at the "PG sequence,
the global minimum structure incorporated two back-to-back
B-turns: a type II turn subtending the AP unit concatenated to
a type II' turn involving GA. An analysis of the conformational
families observed provides a window into the exceptional
stability of this molecule. Of the 700+ structures ascertained
by the conformational search; sixty conformational families
resulted. Energetic sorting via DFT calculations placed the
assigned structure as the global minimum with six other
structures remaining in the lowest 10 kJ mol . The sequential
turn motif dominated in all six of these structures which speaks
to its stability. Half of the six structures, constituting the higher
energy conformations, contained no bound acid OH moiety, a
structural component that is easily identifiable in the experi-
mental spectrum. The lack of this transition in the calculated
spectrum meant that these structures could not be candidates.
The three remaining structures had closely similar calculated
spectra in the XH stretch and amide I/Il regions, implying a
high degree of structural similarity. Nevertheless, the pattern of
transitions in the experimental spectra is best matched by the
global minimum structure both in AE and AG (298 K).

Having observed this sequential turn motif, we wondered
if it was present more generally in peptides. A recent study
by Dunbrack et al. of over 1000 ultra-high resolution PDB
structures constituting over 13000 B-turns sheds light on
the prevalence of not only the B-turn but on the sequential
turn motif.*® Analysis of the loop regions of these proteins
revealed that B-turns make up 63% of these regions and of the
B-turns present, type II/II' turns constitute ~20% of the
population. These numbers are consistent with the impor-
tance of the B-turn as a structural motif for turning the protein
backbone. Notably, 64% of B-turns overlap with another
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B-turn. However, the sequential type II/II' turns observed in
[YAAPPGAAA + HJ" is quite rare, as a small number of double
turns (~ 6%) begin with either a type II or I’ turn with an even
smaller number (<1%) being concatenated turns of the type
we observe.

Fig. 7a shows a side-on view of the assigned structure of
[YAAPPGAAA + H]', highlighting the concatenation of the two
B-turns, which span five amide groups, with the amide group 3
that spans PPG shared between the two, with its NH group
serving as H-bond donor in the type II B-turn and its C—O as
acceptor in the type I’ B-turn. The sequential turn motif begins
with a type II APP B-turn anchored by a C10 hydrogen bond
between the G5 amine and A1 carbonyl. Critical to the structure
is the orientation of the G5 amide as its bond to the A1 carbonyl
positions the P4 carbonyl perfectly for the formation of the C10
of the type I turn that follows. The essential nature of the
initial type II turn is enhanced in that it also supports the first
rung of a P-hairpin, a C14 H-bond between A2 amine and G5
carbonyl. This G5 carbonyl is also the middle amide group in
the type II' B-turn, and therefore stabilizes the II/II’ sequential
B-turn structure as a whole.

This sequential B-turn motif has clear spectral signatures.
There is a ‘belt’ of three amide groups 1, 3, and 5 involved in
the B-turn H-bonds, whose NH bonds (two of which are C10
and one C7) point in the same direction and produce coupled
NH stretch modes of very similar frequency. These modes are
responsible for the intense, congested set of transitions
between 3300-3350 cm™ ' (Fig. 6b). The effect of a single
B-turn is to turn the peptide backbone back on itself so that,
after the turn, it travels in the opposite direction. Interestingly,
the inclusion of a sequential turn shifts the direction of the
protein back to the original direction with a displacement in
the lateral direction by about 7.5 A.

Vvital to the structure of any gas phase ion is the effect of the
charge site, in this case the protonated N-terminus. With three
possible hydrogen bond donors, the NH;" charge site can be a
significant perturbation to the secondary structure of a peptide
or add to its stabilization. In [YAAPPGAAA + HJ, the charge
works positively with the secondary structure to secure the
sequential B-turn motif. Fig. 7(c) shows a close-up view of the
binding pocket formed around the NH;" group and the three
hydrogen bonds in which it is engaged in. The first pair of
hydrogen bonds involves a single NH being shared between the
A7 carbonyl and the acid carbonyl. This effectively ties the two
ends of the peptide together keeping the remaining portions of
the backbone in proximity and facilitating bonding. The
remaining NH group forms a C11 H-bond to the A3 carbonyl,
which is the central amide in the type II B-turn, adding to the
stability of this turn. Combining the sequential turn and tight
bonding of the charge site is undoubtedly important to main-
taining the overall structure of the molecule in the gas phase.
The final result is a compact structure whose two B-turns of
opposite sense would typically have central amide groups that
are not involved in peptide H-bonds. Here, we see that they are
stabilized by H-bonds involving the first rung of the B-hairpin
and the charged N-terminus.
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C. Conformational complexity of [YA"PGA + H]*

Our study of YA"PGA was motivated in part by the test it could
provide of the PPG sequence as a B-turn former. By changing
the chirality of Pro in the sequence, we can see how the
conformational preferences respond. We hypothesized that,
even in the gas phase protonated ion, YA"PGA would be
less directed towards the type II/II' B-turn than its d-Pro
diastereomer. This was borne out by the single-conformer UV
and IR spectra of [YA"PGA + H]" that reveal the presence of
three conformers with significant population, none of which
form type II/II’ B-turns. It is also important to note that the
global minimum in energy/free energy in [YA'PGA + H]" is
14.9 kJ mol ' less stable than the [YAPPGA + H]". While both
these results are a significant verification of our hypothesis, we
seek to understand these differences by looking in more detail
at the YALPGA structures that are formed.

1. Conformer A: A cis-proline B-turn. Conformer A is the
structure of [YA"PGA + H]" closest to the type II/II’ B-turn, which
can be classified nominally as a B-turn, with a C10 H-bond
spanning the A™P sequence (Fig. 4b), exactly as it is positioned
in YAPPGA (Fig. 4d). Indeed, the infrared spectra of YA"PGA (A)
and YAPPGA are reasonably similar, consistent with the two
conformers possessing the same H-bonding architecture,
labeled as C14, C17, myu/Fnu/Pro/C10/C7/C13oy in Fig. 4.
Conformer A retains the Pro in the i + 2 position of the turn
as a means of reducing steric strain from the A2 methyl group.
The charge site is also similar, anchoring the C-terminal end of
the molecule in two ways. First, it forms a C14 hydrogen bond
with the G4 carbonyl which composes the second rung of what
would be a B-hairpin. The charged amine also forms a strong
C17 hydrogen bond with the A5 carboxylic acid carbonyl. This
hydrogen bonding pattern ties the N-terminal and C-terminal
ends of the peptide together while leaving the portion of the
peptide involved in the B-turn free from its direct influence.

However, the YA"PGA structure is not a type II/Il’ B-turn, for
the simple reason that the Pro itself is a cis-proline. In trying to
understand how the same hydrogen bonding pattern could lead
to a different structure it is important to consider the effect of
the stereochemistry change of the proline. The difference in
these structures lies in the distortion of the backbone that
occurs around “P in conformer A, which twists in such a way as
to destroy the bond angles necessary to classify the turn as a
type II B-turn. The bond angles instead are nominally consis-
tent with a type IV B-turn, a catch-all classification that includes
all turns that have the hydrogen bonding pattern of a B-turn but
lack the specific angles of the other numbered turns. However,
formation of the PB-turn is only made possible in the 1-Pro
diastereomer by the presence of the cis-Pro in the turn. Since
proline has no NH group to involve in H-bonding directly, the
presence of the cis-Pro is seen most clearly in the shift to lower
frequency by 16 cm ™" in the C=O stretch of Gly, producing a
doublet where there is a single transition in [YAPPGA + H]" type
II B-turn.

While the energetic preference of all the amino acids favors
trans-amides over cis, proline is known to have the smallest energy
difference, and therefore to appear commonly in proteins (~5%).
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Fig. 8 (a) Relative energies at 0 K, including vibrational zero-point energy
corrections, for the conformers of [YA'PGA + HI*. The horizontal axis
divides the structures into groups based upon the presence or absence of
a cis amide bond in the non-Pro amino acids (cis/trans) and whether the
acid OH is in a hydrogen bond (Cngy) or not (Fop). Each line in the figure
represents the energy of a calculated structure while the energies of the
three conformers that have best fits to the observed conformers are
shown in red (conformers A), blue (conformer B), and green (conformer
C). (b) Gibbs Free Energy (AG 298 K) level diagram for [YA'PGA + HI* with
relative energy on the y-axis. The lines labeled in red (conformer A), blue
(conformer B), and green (conformer C) mark the energies of the best fit
structures to each infrared spectrum.

It is therefore not surprising that the cis-Pro motif is observed
in the gas phase. Previous studies of the analogous peptides
[YAPPAA + H]' and [YG"PAA + H]' observed similar cis-Pro
structures.®” Fig. 8(a) plots the relative energies of the low-
lying conformers of [YA"PGA + H]", while Fig. 8(b) displays the
relative free energies at 298 K. Interestingly, this unusual B-turn
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involving cis-Pro is the global minimum in both plots. This
happens despite the energetic penalty of cis-Pro, which seems
to push against the claim that PG forms p-turns preferentially
relative to "PG.

2. Conformer B: incorporation of a cis-amide bond not
involving proline. The conformer specific infrared spectrum of
conformer B of [YA"PGA + H]" was quite unusual in having
three free amide NH stretch transitions, and a free carboxylic
acid OH stretch. This indicated very little peptide backbone
hydrogen bonding in the structure. The conformation assigned
to conformer B is one in which H-bonds to the NH,;" dominate
in forming a tight binding pocket around an otherwise loosely
held loop. The effect of the charge is so dominant as to
overcome any influence the proline may have on locking in a
B-turn. The structure of conformer B, shown in Fig. 3(c), is
presented in an orientation that highlights the dominant role
played by the NH;" group, with three C—=O groups on the
C-terminal end of the peptide pointing towards the NH;" group.

This structure is made possible by the presence of a cis-
amide bond between the Y1 and A2 residues, a counter-
intuitive result given that cis-amides are formed at an energetic
penalty of about 8.8 k] mol™".*° To test this conclusion the
exact same structure was built in Gaussian, but replacing the
cis-amide with a trans-amide bond. After optimization, the ¢rans
amide structure was found to be 34.7 k] mol " higher in energy
than its cis counterpart.

The question that then remains is why the cis amide
structure of Fig. 3(b) is so low in energy, just +3.2 k] mol "
above the global minimum. First, conformer A also has a cis-
amide, but in that case involving Pro. As a result, the energy
difference based on this alone would be the energy difference
between these two cis-amide groups. Second, while the NH;"
binding pocket in conformer B is similar to that in A (with C11
and C17 H-bonds to it), H-bond distances are smaller in the
Y1-A2 cis amide isomer, implying stronger hydrogen bonds and
a more stable NH;" binding pocket in conformer B than A.

Finally, it is worth noting that cis-amide containing struc-
tures dominate the low energy portion of the conformational
landscape of [YA"PGA + H]'. Indeed, after the all trans-amide
global minimum structure of conformer A, the next six most
stable structures in free energy all contain a cis amide bond
between Y1-A2. The observation of non-proline containing cis
amide bonds in the conformational landscape of this peptide is
one of the significant results from this work.

3. Conformer C. A tentative conformational assignment for
conformer C was to a structure that incorporated a y-turn near
its C-terminus but was otherwise held together in which the
N- and C-terminal ends are held together largely by a single
NH;" - -O=C H-bond to the C-terminal COOH group. This con-
formation is significantly higher in relative energy (9.3 k] mol )
and free energy (24.2 k] mol "), so much so that its assignment
must be considered tentative. Furthermore, there are many
structures calculated to have lower free energies at room tempera-
ture (where thermal equilibrium would be expected in our room
temperature quadrupole linear ion traps), yet we do not see these
structures. It is possible that conformer C is a vestige of the
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structural preferences present in aqueous solution, particularly in
having the NH;" group so asymmetrically bound, with two NH
groups available for solvation by H,O. The ¢trans-COOH also may
be a unique structural motif facilitated by conformations present
in aqueous solution. Despite this intriguing possibility, without
further proof, we leave this conformer as a tentative assignment.

V. Conclusions

Cold ion spectroscopy was used to probe the conformational
proclivity of “P and PP diastereomers with a flexible glycine
residue directly C-terminal to the proline. With [YAPPGA + H",
an unexpected type II B-turn was the single conformer found,
and is displaced from the anticipated turn around the "PG sub-
unit. The type II B-turn is the inverse of the type II' turn
assigned previously to one of the conformations of its close
analog, [YAPPAA + H]". [YA"PGA + H]" presented with three very
different conformers starting with a structure very near to its
diastereomer analogue in conformer A, but deformed by the
presence of a cis-Pro. The two remaining conformers were the
globular structure containing a non-proline cis amide bond in
conformer B, and a tentatively assigned structure unusually
high in energy/free energy. The flexibility provided by the G4
residue and the influence of the charge site are principally
responsible for formation of these interesting structures.
Lastly, we studied in the single-conformation spectroscopy of
[YAAPPGAAA + HJ', with its charged N-terminal amine moved
further from the site of the anticipated B-turn to see whether by
doing so a longer B-hairpin structure might be stabilized in the
gas phase. As often happens in these studies, the answer to our
initial hypothesis, was ‘no’, but its alternative was nonetheless
interesting in its own right. The single observed conformation
incorporated a sequential or concatenated double B-turn invol-
ving a type II B-turn about APP and a type II' B-turn about GA,
leading to a displacement of the peptide backbone laterally
without changing the backbone’s original direction. This
fascinating and potentially useful secondary structural element
is an observed but minor contributor to the overlapping B-turns
observed in loop regions of X-ray crystal structures in the
protein databank.
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