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Abstract & TOC

Combined IR and UV laser spectroscopic techniques in molecular beams
merged with theoretical approaches have proven to be an ideal tool to
elucidate intrinsic structural properties on a molecular level. It offers the
possibility to analyze structural changes by successively adding aggregation
partners and thus an environment to a molecule. By this, it further makes
these techniques a valuable starting point for a bottom-up approach in
understanding the forces shaping larger molecular systems. This bottom-
up approach was successfully applied to neutral amino acids starting
around the 1990s. Ever since experimental and theoretical methods
developed further and investigations could be extended to larger peptide
systems. Beyond, the review gives an introduction to secondary structures and experimental methods as well
as a summary on theoretical approaches. Vibrational frequencies being characteristic probes of molecular
structure and interactions are especially addressed. Archetypal biologically relevant secondary structures
investigated by molecular beam spectroscopy are described and the influences of specific peptide residues on
conformational preferences as well as the competition between secondary structures are discussed. Important
influences like microsolvation or aggregation behaviour are presented. Beyond the linear a-peptides the main
results of structural analysis on cyclic systems as well as on B- and y-peptides are summarized. Overall, this
contribution addresses current aspects of molecular beam spectroscopy on peptides and related species and
provides molecular level insights into manifold issues of chemical and biochemical relevance.
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1. General introduction

The main motivation to analyze the structure of biologically relevant substances on a molecular level is to gain
knowledge about the structure-functionality correlation, which is a precondition to specifically influence it. In
case of peptides and proteins, nature is limited to a kit with 22 proteinogenic amino acids (20 canonical ones



being directly encoded in the genetic code). Nevertheless, a different sequence of amino acids (the so-called
primary structure) can already lead to different structural preferences of a relatively short peptide. Thus, the
substance class of peptides exhibits a tremendous variety of structures, which is associated with the great
variety of tasks they can fulfill. Structural variety also comprises the opposing aspects of structural rigidity and
structural flexibility. For most peptides and proteins, their structure is a compromise between these two
extrema (cf. e.g. 1), which of them is dominant also depends on the specific functionality. In functions related to
mechanical stability in supramolecular architecture (e.g. collagen in connective tissue’ or transmembrane
protein ion channelsa“‘) rigidity is often required. In contrast, in processes like molecular recognition, a certain
flexibility is required without losing the specificity for the corresponding binding partner (cf. e.g. 5'8). However,
structural flexibility can also lead to structural changes disturbing the functionality of the proteins or even
leading to pathogenic effects as this is the case in neurodegenerative diseases like the Parkinson’s disease, the
Alzheimer’s disease or the Creutzfeldt-Jakob disease (cf. e.g. 9’10).

Despite their high structural flexibility, proteins and peptides show repetitive structural motifs (the so-called
secondary structures cf. Section 2) with characteristic hydrogen-bonding (abbr. H-bonding) patterns. Several
factors influence the structural preferences: Beyond intrinsic properties, like the primary structure and the size
of the system, environmental aspects like solvent effects or interactions with aggregation partners (cf. Section
12, e.g. other peptides, sugars, nucleobases, metal ions) also play a role. As a consequence, the structural
analysis of proteins and peptides can quickly become a challenging task, not only with regard to experimental
methods, but also to the theoretical description necessary for a further reaching interpretation (cf. Section 4.3
and 5).

From the experimental side, spectroscopic tools can be applied for structure determination. Depending on the
substance and further requirements (e.g. molecular size, aggregation state, desired precision), a variety of
spectroscopic methods is available: the classical techniques for structure determination of proteins like X-ray
crystallography (cf. e.g.ll'lz) and NMR spectroscopy (cf. e.g. l?"15), via UV/VIS measurements, fluorescence
spectroscopy (cf. e.g. 16‘17) and circular dichroism (cf. e.g.lg'lg), to rotational spectroscopy (cf. e.g. 20'26) and IR
spectroscopy (cf. e.g.27'29). A direct sensitivity towards inter- or intramolecular interactions can be achieved by
vibrational spectroscopy, which can be applied in form of Raman spectroscopy (cf. e.g. 335 indirect vibrational
excitation via the Raman effect) or IR spectroscopy (direct excitation of the vibrational modes). For peptide
systems, the frequencies of CO, NH and OH stretching modes, are useful diagnostics to characterize H-bonding
and other interactions (cf. Section 6). However, less localized modes like out of plane deformation modes or
collective backbone modes in the region below 1000 cm™, including the far IR, have gained increasing
importance throughout the last years (cf. Section 6). In principle, IR spectroscopy can be applied to all
aggregate states, to the condensed phase (solid, liquid/solution) but also to the gas phase. Keeping in mind the
rapidly increasing complexity of peptide systems with molecular size and environmental influences, a bottom-
up approach makes sense. In a first step, the intrinsic structural preferences of amino acids and small peptides
as building units of larger peptide and proteins are analyzed by measurements in the gas phase, where
environmental effects are minimized. If spectroscopic gas phase measurements are carried out in the
absorption or scattering mode as this is the case for FTIR or Raman spectroscopy in gas cells (cf. %37 and ), a
sufficient sample concentration is necessary which, in turn, does not guarantee isolated conditions for the
sample molecules. Isolated species, combined with the additional effect of cooling down the internal degrees
of freedom, which often makes spectra less congested, can be achieved in molecular beams (cf. Section 4).
Though, highly sensitive Raman (cf. e.g. *>>°) as well FTIR spectroscopic set-ups (cf. e.g. >>***) allow
measurements under molecular beam conditions, neither a mass resolution nor an intrinsic isomer/conformer
selectivity is given by these experiments. Similarly, rotational spectroscopy is not an isomer/conformer-
selective technique either, but it can easily disentangle the contribution of each species with the help of
theoretical predictions. However, due to spectral restrictions of the spectrometers, rotational spectroscopy has
been limited to comparably small molecules (cf. e.g.42’43) so far: models of biomolecules (cf. e.g.ZG’M) to more
recently analyzed sugars (cf. e.g.45) , non-protected (cf. e.g.46'48) and protected amino acids (cf. e.g.49) up to
dipeptide models (cf. e.g.so).

In this context, laser spectroscopic techniques combining IR and UV excitations, that one can consider as
belonging to the so-called ‘action spectroscopies’, provide an isomer-selective method of choice to tackle the



issue of structural diversity (cf. Section 4). Moreover, beyond cooled, isolated sample molecules, molecular
beam experiments also offer the possibility to successively add aggregation partners to the sample molecules
and thus to investigate gradual successive steps in the formation of an environment (cf. Sections 11 and 12).
Though the pure experimental IR and UV data of isolated molecules can already give valuable structural hints, a
further, more detailed structural, description can only be achieved in comparison with theoretical tools (cf.
Section 5). In that context, already successfully interpreted systems can serve as benchmark systems for higher
level theory. Thus, molecular beam spectroscopy and theory are complementary and synergistic approaches,
which allow to analyze intrinsic structural properties and hence to address quite specific questions on a
molecular level like the interactions being responsible for the structural preferences. In that context, hydrogen
bonds (abbr. H-bonds or HB) between amide backbone groups, which can give rise to well-defined (sometimes
repetitive), structural patterns and secondary structure motifs (cf. Sections 2 and 7), play a decisive
organizational role as well as side chain-backbone or side chain-side chain interactions (cf. e.g. >1%% and with
regard to gas phase cf. Sections 7 and 8). Specific aspects influencing these shaping interactions can be
investigated, like the primary structure (cf. e.g. Section 8), or the L versus D configuration (cf. e.g. Section 9).

The investigation of isolated molecular systems always raises the question about the biological relevance of
such an approach. Nevertheless, it could be demonstrated on a variety of examples that naturally relevant
secondary structure motifs can be found under isolated molecular beam conditions without the influence of an
environment (cf. Section 7-9). This further motivated gas phase spectroscopists to address biological or even
medically relevant issues like the self-aggregation of peptides (cf. Section 12) and its prevention (cf. Section 12),
the aggregation between peptides and sugars, e.g. being of relevance in cellular recognition (cf. Section 12), or
amino acid-nucleobase complexes associated with gene expression (cf. Section 12). Furthermore, isolated gas
phase conditions can be considered as being not too far away from naturally occurring hydrophobic domains in
which peptide structures can be embedded (cf. Section 7). Even if the conformational landscape between
solution and gas phase shows differences, the comparison helps to understand the influence of the
environment. Additionally, one should keep in mind that molecular beam experiments offer the possibility to
stepwise build up such an environment (aggregation: cf. Sections 11 and 12) and analyze the impact of the
addition of each molecule to the system (cf. e.g. Section 11). Thus, this gain of knowledge in basic
understanding of structural behaviour on a molecular level can serve as benchmark to apply these
experimental and theoretical methods to larger, biologically relevant systems (cf. Section 5).

The focus of this review is to give an overview about the achievements and advances in analyzing the intrinsic
structural and partly photophysical properties of neutral peptide systems by molecular beam spectroscopic
methods combined with theoretical tools. The individual sections describe central topics in the analysis of
isolated peptide systems as specific influences on secondary structure, microsolvation or aggregation. For
readers who are not familiar with this field of research, an introduction into the basics of peptide secondary
structures and molecular beam spectroscopy is given in Sections 2 and 4.

2. Some general aspects of amino acid and peptide structure

2.1. Configuration, conformation and H-bonding pattern

In the following chapters of this contribution, the predominant L-configuration of the naturally occurring amino

acids will not be explicitly labelled. In contrast, the b-configured amino acids, which are only sporadically

present (for example in bacterial peptides like valinomycin, cf. e.g.sg), will be denoted. The same is true for the

energetically favoured, and thus dominant trans configuration of the amide bond and the less frequently

occurring cis arrangement. The latter can be found if steric hindrances or tensions can be minimized, e.g. in
. .. . 60,61 . . . 62-65 .

proline containing peptides (e.g.” ") or in cyclo dipeptides (cf. e.g. and Section 12).



Backbone conformation

In contrast to the planar amide bond with its partly double bonding character, the rotational freedom of the
single bonds of the a-C-atom leads to the structural flexibility of peptide chains. The backbone orientation
around one specific a-C-atom is described by two dihedral angles as given in the extract of a peptide backbone
chain in Figure 1, with C,; being the central a-C-atom and ‘/’ referring to the number of the amino acid in the
sequence: @(Camide -1-Namide i-Ca, i-Camide /) aNd ¥ (Namide -Ca, i-Camide i -Namide +1); they are plotted against each other
in the Ramachandran pIot(’G’67 being subdivided into nine conformation regions. The denotation of the region
and thus of the corresponding a-C-atom is given in the plot. Nevertheless, not only the backbone but also the
side chain can have an influence on the peptide structure due to e.g. interactions with the backbone. Thus, its
orientation is described by the dihedral angle y;, frequently having three typical values gauche(+) (y;(g+) =
60°), anti (y;(a) = 180°), gauche(-) (X1(g') = —60°). Taking all three dihedral angles into account, 27
different conformations are obtained for a single amino acid, already illustrating the structural variety of
peptides. For cases in which the side chain is ‘asymmetrically composed’ relative to the C,-Cg bond (e.g. in Trp
or His), x, as further dihedral angle rotated by 180° around Cg-C, is introduced, basically having the two
orientations ‘+’'(= +90°) and ‘~(= -90°). In the case of long side chains (e.g. methionine), their orientation is
defined by the succession of several dihedral angles, x; with i=1,2,3..., increasing again the conformational
complexity of these amino acids.

-60] Yo d, o,
-120
€180 &) B, €,
120
60 o, 3, 7
0
0 60 120 180 -120  -60 0

¢

Figure 1: Definition of the dihedral angles for the structural description of the backbone and the side chain
illustrated on the extract of a peptide chain. The Ramachandran plot is shown below.



Table 1: Typical average dihedral angles for secondary structure motifs®* 7%,

dihedral angles
structural motif nomenclature®
@ Vi P Via
pleated sheets
antiparallel B-sheet -140 135 BL
parallel B-sheet -120 115 the same as for ¢ and y; BL
Helices
ight-handed a-heli -60 —-45
i the same as for ¢ and y; &
310-helix -57 -30 oL
ni-helix - &+ 1//,»+1z—125b' I - -
turns
classical y-turn 75 —65 Yo
e T 5 the same as for ¢ and y; m
B-turn type | -60 -30 -90 0 o-yL
B-turn type I’ 60 30 90 0 Op-Yp
B-turn type Il -60 120 80 0 -
B-turn type II’ 60 -120 -80 0 -
B-turn type Il -60 -30 -60 -30 oy-ay
B-turn type I’ 60 30 60 30 0p-Op

a) Nomenclature according to the Ramachandran-plot (if unambiguously defined).
b) The majority of m-helices does not adopt very regular dihedral angles but the Ve and ¢i angles usually sum up to roughly —125°
(except of the first and the last residue).

The sequence of amino acids within a peptide chain is called primary structure, whereas the term secondary
structure denotes the spatial arrangement of amino acid residues close to each other in the linear sequence.
These steric relations can be regular and repetitive and can thus lead to periodical structures, among them
helices and pleated sheets (cf. Section 2.2). Structural periodicity originates from identical or similar dihedral
angles of adjacent a-C-atoms (cf. Table 1). The turns (cf. Section 2.2), as the third famous secondary structure
motif, are frequently not repetitive, but have well-defined structures. Combined with helices and pleated
sheets, they decisively shape the structure of peptides and proteins. Nowadays, it is generally accepted that
the structure of peptides and proteins is determined at the level of the primary structure and thus by the
amino acid sequence, since it influences the backbone (abbr. bb) in different ways: On the one hand, the steric
requirements of the side chains (abbr. SCs) can indirectly narrow the number of possible amidic H-bonds, or, on
the other hand, SCs can directly influence the backbone conformation by SC—bb interactions (NH --- T, NH ---
SCH3, NH -+ SH, SH --- CO) or SC-SC interactions (e.g. 1 -+ 1, SH - 1).>>**"*® To investigate peptide folding,
resulting from numerous interactions of different natures, gas phase spectroscopy experiments are ideal to
disentangle all these contributions and to analyze detailed aspects of structure formation in peptide systems
(cf. esp. Sections 7, 8, 9 and 12) for naturally occurring secondary structure motifs and partly biologically
relevant structures (examples cf. Sections 7 and 12).

H-bonding content

The preceding section addressed the denotation of a peptide sequence by labelling the conformation of each
a-C-atom within the peptide sequence according to the characteristic dihedral angles. Another classical
nomenclature addresses the pattern of intrabackbone H-bonds: the term Cn (or C,) interaction (or structure) is
used when the H-bond leads to the formation of a n-membered ring, including the donating NH and the
accepting CO group (see examples of such bb—bb interactions in Table 2 left).



without inclusion of N- or C-terminus | including N- or C-terminus
structural motif notation structural motif notation Table 2: Examples for bb — bb
interactions and corresponding
I % > ? notation according to the H-
‘H;/N\ﬂ)‘\ ?1& A _OH NgC bonding pattern with ‘i’ being
N .
o H A H g/ the number of the amino acid
. ii in the sequence (cf. Section 6).
T 7 R
~ N -
AN I 'se
o H HN T
e
e LI i€it2 H o
10 R
/"_\ CeN
H-r;"/ NypOH 5
i€i+3 Hooo
Frequent alternative denotation: =]
u]
H
5:C5o0rCs ' P 7)]\ 5N
H'N/ \"’./ \‘Il "OH
7: C7 or C; (secondary structure motif H 0 -'gl
of a y-turn, cf. section ‘turns’ here
and Section 6) R
Foa s
10: C10 or Cyo (secondary structure e \T'/ N‘H“r"/lI\OH ¢
motif of a B-turn, cf. section ‘turns’ H 0 i Y
here and Section 6) ~F_

Owing to the prominent role of the donating NH groups along the backbone and their specific vibrational
signatures (cf. Section 6.1), the sequential listing of individual H-bonding status of the NH bonds along the
backbone provides an efficient way to characterize the H-bonding pattern and the overall structure of the
peptide, especially beyond two-residue peptides. Several more or less elaborated notations have been
developed by several groups,”””® leading to a concise H-bond nomenclature: Cn bonds (cf. above) are indicated
by ‘Cn’ or simply ‘n’; a free NH group is labelled with ‘f’; an interaction with a m-system with ‘. A more
complex nomenclature is needed when SCs are involved in H-bonding 778, the size of the ring formed is again
denoted with ‘n’, but the way the bb/SC nature of the bonding is indicated differs. Some authors simply
mention them separately from the previous backbone bonds;77'79 others adopt a more sophisticated
nomenclature,gl’82 which enables distinction between a donor or an acceptor SC, the position of the side chain
group relative to its a-C-atom being given by Greek letters (e.g. y, §, €) as superscript (left hand side if it isin a
donating function, right hand side for an acceptor function), cf. Table 3.



Side chain as H-bond acceptor/Side chain as H-bond donor

Table 3: Examples for bb — SC interactions and

corresponding notation according to the H-

- M O -
H o wed N g I8 bonding pattern (cf. Section 6).
o e g
Srr];f/ | t},l g/ H/
| Ser/Cys -
‘e LU SH ET

A similar terminology can be proposed if the N and/or C terminus participate in an H-bond (cf. Table 2. right
hand side): Again, the number of atoms included in the ring formed by the H-bond is indicated with ‘n’. The N-
or C-terminus participating in the H-bond is marked with ‘N’ or ‘C’ as superscript to the number ‘n’ of the ring
size. If the terminus acts as an H-bond donor, the superscript is placed on the left hand side of ‘n’, in case of a
role as H-bond acceptor, it is on the right hand side.

2.2. Frequent, naturally occurring secondary structures

Helices

Helices belong to the most common secondary structure motifs and can be distinguished by their different
hydrogen bonding patterns.

Pauling and Corey were the first to propose a structure for the a-helix84; it is characterized by i<i+4 H-bonds
between the CO group of the amino acid i and the NH group of the amino acid i+4, which is four residues apart
in the sequence (cf. Figure 2). This interaction could also be denoted as C13. Due to this H-bonding pattern, 3.6
amino acids per turn are found, resulting in a spatial proximity of amino acids being quite far apart in the linear
sequence. In nature, the clockwise arrangement is preferred based on the lower steric hindrance compared to
the counter clockwise arrangement.

In the 319 heIix,71 H-bonds are formed between the amino acid residues i and i+3, leading to three residues per
turn and thus a more stretched appearance in comparison to the a-helix (cf. Figure 2). The H-bonding pattern
results into a ten-membered H-bonded turn, so that the helix can be considered to be constituted of successive
B-turns (cf. Table 1.) In comparison to a-helices, 3,4 helices are usually shorter, i.e. they span over a smaller
number of residues than a-helices.



3,.-helix o-helix n-helix

Figure 2: Schematic illustration for the three most abundant types of helices.

The mt-type helix®* exhibits the most compressed appearance with a i+5€i hydrogen bonding pattern and 4.4
residues per turn (cf. Figure 2). It is naturally less abundant than the other two types of helices, and often
comprises not more than 7 residues with much less regularly repeating dihedral angles than the other two
types of helices.

The B-sheet structure

After the a-helix, the B-sheet was the second secondary structure that was described by Pauling and Coreyse, in
which the planes of the backbone amide bonds are oriented like a pleated sheet. In these structures, at least
two stretched polypeptide chains, called B-strands, are opposite each other and are linked by a series of
sequential interstrand H-bonds forming a B-sheet.

In a B-strand, the conformation of the amino acids is mainly B,, and the extended shape of a non-aggregated f3-
strand is stabilized by weak intraresidue C5 H-bonds between the carbonyl and amino group of the same amino
acid.

In a parallel B-sheet the two B-strands have the same orientation with regard to the N- and C-terminus,
whereas in an antiparallel B-sheet they have the opposite direction (cf. Figure 3). In the latter, the H-bonding
pattern adopts an alternating sequence of ten- and fourteen-membered rings, so that a B-sheet unit cell is
composed of these two components. In comparison, the unit cell consists of an H-bonded twelve-membered
ring in a parallel B-sheet. Frequently, B-sheet structures with up to 4-5 strands are found, which can be of
purely parallel, antiparallel or of mixed character. Biologically relevant examples with B-sheet structures are
the protein chains of natural silk (cf. e.g.87) or immunoglobulins (cf. e.g.ss), but they are also found in context
with neurodegenerative diseases (cf. e.g. 895 and Section 12). A further structure associated with these
diseases (cf. e.g.%) is the B-helix, which presents a protein structure of several parallel B-strands in a helical
arrangement with a frequently repetitive amino acid sequence. The structure is stabilized by H-bonds,
sometimes ionic interactions or so called protein-protein interactions, which e.g. include electrostatic and
hydrophobic effects.



parallel B-sheet

Figure 3: Schematic illustration of antiparallel and parallel B-sheet arrangements.

Turns

A direction change within a peptide chain, which is necessary for the compact structures of proteins, can be
achieved by turns, which connect regions of defined secondary structure. Within such turns, the participating
amino acids form sixteen- (ri-turn”’), thirteen- (a-turn®), ten- (B—turngg'mo) or seven-membered (v—turnwl) H-
bonded rings. Turns often exhibit characteristic dihedral backbone angles and changing their sign often
converts them into their inverse form (cf. Table 1).

y-turns (C7 interaction) and B-turns (C10 interaction) belong to the frequently occurring structures (cf. Figure 4
and Section 7). The latter ones are of special importance since they can be involved in loops. Those can effect a
direction change within a B-strand, which can lead to a folding and finally to the formation of an antiparallel B-
sheet structure.

a)

Figure 4: Schematic illustration of a) a B-turn type | and b) an inverse y-turn.



2.3. Further aspects of peptide structure in gas phase

The role of protection groups

With the unmodified N- and C-terminus amino acids and peptides can exhibit strong preferences for
intramolecular H-bonds involving the N- and C-terminus, and can also form intermolecular H-bonds leading to
polymer chains. Nevertheless, in a context where the description of the properties of a protein or a long
peptide (with respect to its backbone) by smaller peptides is targeted, the introduction of protecting groups at
the N- and C-terminus is a useful approach. The protection groups help to get rid of edge effects due to the N-
and C-terminus, especially with regard to the bottom-up approach of gas phase spectroscopy. Thus, the
resulting protected or capped peptides can be considered as suitable model systems for extracts of larger
polypeptide chains and their structural preferences. In many gas phase spectroscopic investigations, the acetyl
group (Ac) is the preferred protection for the N-terminus, while the C-terminus is frequently esterified or
amidated (also cf. Section 3). The hydroxyl group of the tyrosine residue can also be protected with a methyl
group. These caps at the termini do not only reduce the ‘undesired’ formation of inter- and intramolecular H-
bonds, but they also introduce additional amide bonds elongating the peptide backbone (e.g. Ac-Val-Tyr(Me)-
NHMe is a dipeptide but can also denoted as tripeptide model'%). Beyond, certain protection groups like the Z-
group (also abbrev. by Cbz, denoted as benzyloxycarbonyl or carbobenzyloxy) introduce a UV chromophore
required for R2PI (resonant 2 photon ionization) or laser induced fluorescence (LIF)-based spectroscopic
methods (cf. Section 4) when no aromatic side chain is available in the peptide sequence (cf. e.g. *’*'®).

Isomers and conformers

The flexibility of the peptide backbone chain leads to a variety of possible conformers, which can formally
interconvert by rotations around single bonds (here of the a-C-atom). In the context of monomeric amino acids
and peptides investigated in molecular beam experiments, the discrimination between these conformers is a
decisive issue. Nevertheless, in a peptide aggregate, not only the different possible conformers of the peptide
backbone but also the different binding sites for an aggregation partner (e.g. another peptide, cf. Section 12, or
a solvent molecule, cf. Section 11) must be taken into account, increasing the numbers of possible structures.
Structures of a specific peptide aggregate differing in the binding sites for the aggregation partner should be
denoted with the more general term ‘isomer’. The spectroscopic methods addressed in Section 4 can be
isomer- and conformer-selective.

3. Amino acids and peptides in the gas phase: several decades of investigations

Gas phase spectroscopy provides such a detailed level of information that much can be learnt from what could
be seen as simplistic systems. This is why, at the beginning of the road towards polypeptide investigations, the
peptide bond itself received much attention. Indeed, formamide,sg'104 N-aIkyI-formamides,gs’ws'114
alkylacetamides,"™ N-alkylacetamides®®''® and other derivatives™"**° served as model molecules to address
several basic issues: the cis-trans isomerization of the peptide bond, 118120 jts hydration sites, *1%%
109,111,113-115,117-119 . . .¢ 38,109,115 . .

the aggregation of peptide motifs or simply the knowledge of spectroscopic
benchmarks such as vibrational modes®>*® or rotational constants.”'%"*>"'***® These model systems are still
used to improve benchmarks,31 increase knowledge on peptide bond hydration121 or aggregation,122 explore

. 123 . 124
new spectral domains ™ or develop new techniques.

Uncapped amino acids were among the first targets of gas phase investigations by spectroscopic techniques.
However, while a terminal carboxylic acid and an amino group characterize their ground electronic state in the
gas phase, these ends are charged in aqueous solution, forming a zwitterionic state made of a carboxylate and
an ammonium group. Despite this difference between gas and solution phases, isolated amino acids present a
rich conformational landscape of general interest. The most simple amino acids, starting by glycine,us’126 were
first investigated by microwave spectroscopy. As this technique is particularly well suited for systems of this
size, numerous studies followed." Beyond the benchmarking aspect of this work on amino acids, several side-
chain issues, such as the alkyl chain conformations of vaIine,127 isoleucine'® and Ieucine,46 or histidine

tautomerism'*® were conveniently addressed. In contrast, optical spectroscopy, i.e. UV and IR spectroscopy,



was perfectly adapted (cf. Section 6), but also often limited (cf. Section 4.2), to study amino acids containing UV
chromophores such as tryptophan,130 phenylalanine,131 or tyrosine.132 However, their conformational
distribution being governed by the -COOH and -NH, ends, which are of limited biological relevance, amino acids
were not the best models to address biological issues, and alternative systems were considered.

In this context, amino acid derivatives were designed with the aim i) to avoid the non-zwitterionic ends specific
to gas phase studies, ii) to avoid non-covalent interactions involving these end groups, iii) to create peptide
bonds at either side of the amino acid and make the backbone chain longer in order to mimic the environment
found in longer peptide chains or proteins, and thus have a better model to address residue-related issues.
Acetyl (Ac) or carbobenzyloxy (Cbz or Z) caps on the N-terminus side, and primary (-CO-NH-Me) or secondary (-
CO-NH,) amides, methyl or benzyl esters (-CO-O-Me or -CO-0-Bn) on the C-terminus side were commonly used.
The resulting capped amino acids allowed the characterization, for the first time, of isolated y-turns and [3-
strands in tryptophan," and B-sheets between phenylalanine derivatives.>*** Analyzing archetypical
biological structures with the accuracy of gas phase techniques became thus possible. These successes
triggered numerous optical spectroscopy experiments (cf. Section 7), where shaping interactions at the residue
scale were characterized, shedding light on the relationship between primary and secondary structures with an
unprecedented level of detail.”®® Another benefit of capped amino acids is the possibility to have a UV
chromophore already incorporated in the caps instead of the residues,”’ making any peptide sequence
accessible to optical spectroscopic techniques (cf. Section 4.2), although undesired/biologically irrelevant
folding might occur.'® In turn, microwave investigations were historically limited by the rotation of the methyl

groups typically used in the caps, but recent successes were reported on capped alanine, proline, serine and
valine 49,50,138,139

For sizes larger than amino acids, optical spectroscopy techniques (cf. Section 4) have proven to be the most
efficient to characterize isomer/conformer landscapes. These larger systems offered the possibility to observe
the first B—turns,140 3,0 helices,™* B—hairpins,72 and several combinations of different types of secondary
structures.***'* Peptide folding in the gas phase often revealed rich conformational distributions which are
ideal for rationalizing the dependence of the structure with the peptide sequence (cf. Sections 8 and 9).
Peptide lengths up to tetrapeptides are commonly found in the literature. The characterization of an
intramolecular salt bridge in a pentapeptide sequence containing ionic residues of opposite charges is also a
noteworthy achievement illustrating the potential of this type of approach (cf. *** and Section 12). Larger
molecules, like e.g. a capped hexapeptide sequence of the tau peptide involved in the Alzeimer's disease,™ are
occasionally reported, gramicidins being the largest (cyclopentadecapeptides) for which the IR and UV
signatures were obtained™* (cf. Section 12). However, two limitations rapidly appeared and are still relevant
today: vaporization of large neutral systems is so challenging that neutral a-helices are still to be characterized,
whereas their ionic counterparts produced by electrospray ionization were readily reported;147 a complete
structural characterization results from an interpretation of IR and UV spectra which relies on relatively
advanced, and thus size-limited, theoretical methods (cf. Section 5). Furthermore, one must mention the
recent progress of microwave spectroscopy techniques which can now target neutral dipeptides such as Gly-
GIy.148 An overview of this field can be found in reviews dedicated to microwave spectroscopy.43 Optical
spectroscopies are thus the focus of the rest of this review.

Non-standard peptides are perfectly suitable for gas phase investigations. One can cite the first studies on
cyclopeptides62 and depsipeptides149 (cf. Section 12), on B- 10151 op Y- 152 peptides belonging to the class of
foldamers (cf. Section 10), as well as on other rare or non-natural residues such as a methyl capped tyrosine
Tyr(Me)102 (cf. Section 7), Aib™? (cf. Section 9), homophenylalanine (hPhe)154 and homotryptophan (hTrp) 155

(cf. Section 10), and selenocysteine156 (cf. Section 8).

Non-covalent complexes offer also the possibility to investigate specific intermolecular interactions of a
peptide or protein. Homogeneous peptide clusters are indeed ideal to characterize isolated -sheets or focus
on self-aggregation issues (cf.™’, overview in ™ and Section 12). Gas phase heterogeneous clusters provide
also a unique way to investigate the interaction between a peptide and a particular molecule of the biological
medium (cf. Sections 11 and 12). Interactions between peptides and solvent molecules were early investigated
by vibrational spectroscopy in microsolvation experiments158 where several solvent molecules can be added to
a peptide one by one. Remarkably, once surrounded by several water molecules, an amino acid can eventually



be observed in its zwitterionic state typical of aqueous solutions.™ The conformational changes induced by the
successive addition of water molecules to a protected amino acid were analyzed160 and for a dipeptide
microsolvated by methanol molecules it was demonstrated that it may ultimately fold the same way as in
solution.™" Gas phase non-covalent complexes are thus interesting models capable to reproduce a minimalist,
but biologically-relevant environment around the peptide in order to address issues typical of the condensed
phase (cf. Sections 11 and 12). In particular, aspects of molecular recognition, like binding sites or induced fit,
can be uniquely documented by studying peptide-containing non-covalent complexes: interactions with ligands
like sugars,162 aminopyrazoles,163 or toluene™ illustrate the potential of this approach. Complexes between
neutral peptides and ions were also early targeted,165 but being formed by electrospray, the related issues can
be found in other reviews dedicated to biomolecular ions.**®

Finally, beyond the motivation of pure structural elucidation, the isomer/conformer-selectivity of the
experimental optical techniques (cf. Section 4), gives the opportunity to investigate intrinsic molecular
properties not only at the molecule level, but at the isomer/conformation level by disentangling their
respective contribution to a given property. Several photophysical properties of aromatic residues have been
rationalized this way. Early works analyzed the electronic absorption spectrum167 or the dispersed
ﬂuorescence,168 before other observables were used to document the first electronic excited states, such as
their vibrational spectra169 or their lifetimes."”° Further experimental and theoretical works on neutral peptides
followed,le'g"m'185 and are mentioned throughout this review, but more details can be found in another review
dedicated to photophysical aspects.186

4. Introduction to experimental methods

General methods for structure determination were already briefly addressed in the introductory section. The
focus of our contribution and in particular of this section is on electronic and vibrational spectroscopy under
the cooled isolated conditions of molecular beams; some aspects of spectroscopy in helium droplets will also
be briefly addressed at the end of Section 4.2. In the following we will use the term 'conformer' where
appropriate but also the more general term 'isomer', automatically including conformational isomerism (cf.
Section 2.3).

Though electronic spectroscopy cannot directly probe molecular structure in general, the electronic excitation
energy of a chromophore is nevertheless influenced by inter- and intramolecular interactions and is therefore
expected to be sensitive to the structure (more details in Section 4.3). Beyond this, certain electronic molecular
beam spectroscopic methods also allow to draw conclusions about the number of isomers present in the
experiment (cf. Section 4.2). A much more direct structural probe is vibrational spectroscopy since the
vibrational frequency of substance specific (functional) groups (for peptides e.g. NH and CO) is sensitively
influenced by binding relations like H-bonds or interactions with m-systems (more details in Section 4.3 and 6).
Molecular vibrations can be directly excited, which is the task of IR spectroscopic techniques, or indirectly by
Raman or SEP (stimulated emission pumping) processes (cf. Section 4.2).

30,31,36-41 30-35

As mentioned in the introduction, FTIR (cf. e.g. ) spectroscopic techniques have
been used to characterize amino acids and peptides in gas cells (cf. e.g.”” ") and jet expansions (cf. e.g. 303538
41) Apart from that, combined IR/UV laser spectroscopic investigations in molecular beams are nowadays
established experimental methods to analyze intrinsic structural behaviour and reactivity of isolated molecules,
molecular aggregates or ions in the gas phase. The sample concentration in molecular beams is low so that the
absorbance of light is difficult to detect; instead, the effects of light-molecule interaction like fluorescence or
ionization (cf. Section 4.2) are detected, so that these spectroscopic methods are also denoted as action
spectroscopy. Except for a few applications (cf. e.g. 187183 most of the spectroscopy is performed with ns-laser
systems having a pulse width around 10 ns, which defines the temporal resolution. In the context of this
review, we can only give a short overview on a selected number of combined IR/UV methods covering the
investigations on neutral peptide molecules or peptide containing aggregates in molecular beam experiments.
For more references and details on action spectroscopy, the reader can also refer to the reviews 142,143,189,190

) and Raman (cf. e.g.
35-37



Though spectroscopic measurements can give a first idea about basic structural motifs in amino acids, peptides
and their aggregates, a detailed structural analysis can only be performed in comparison to theoretical
calculations (cf. Section 5), in which the spectroscopic data (UV excitation energies, IR and/or Raman
vibrations) for different isomers or conformers of a defined system are calculated (details cf. Section 4.3).

4.1 Molecular Beams

Generally, molecular beams® are generated by expanding a sample-containing carrier gas (frequently

monoatomic, inert gases like helium, neon or argon) from a high-pressure vessel via a nozzle (a pulsed valve)
into vacuum. (In the following we refer to the high pressure region as being located ‘before’ the nozzle
whereas the low pressure region is located ‘after’ or ‘behind’ the nozzle). The spectroscopic investigations we
refer to in this article are mainly performed in supersonic beams, which are formed if the diameter d of the
nozzle orifice is larger than the mean free path A in the high-pressure region, where the (inelastic) collision
frequency directly behind the nozzle is high, leading to an effective energy transfer from the sample molecules
to the carrier gas. As a consequence, internal energy of the sample molecule is abstracted from the internal
degrees of freedom leading to an energy distribution that can be described by the following temperatures:
Tirans (Which can drop below 1 K 192193 < 1. (Which can be reduced down to a few Kelvin'®>"%°) << T,;, (which is,
in larger molecules, of the order of a few tens of Kelvinlgo'lgz'l%). Beyond this cooling effect, the disordered
molecular movement is transferred into a directed mass flux. Both effects lead to a narrowing of the velocity
distribution. Behind the nozzle, the particles of the beam already fly in a collision-free regime (‘isolated’) at
distances as large as a few nozzle diameters (e.g. 500 um orifice).

Without going into details for individual systems, most molecular beam apparatuses consist of a differentially
pumped system, in which the first chamber is the source chamber. In the second chamber (separated from the
first one by a skimmer to cut of the turbulent flanks of the beam) the IR and UV lasers interact with the isolated
sample molecules in the collision free region. In photoionization-based methods the (UV laser generated) ions
are accelerated by high voltages (e.g. of a Wiley-MclLaren arrangement197) into a time-of-flight mass
spectrometer (TOF, occasionally denoted as third chamber). It can either be a linear (schematic illustration
cf.m) or a reflectron arrangement (schematic illustration cf.*, for more details on Re-TOFs cf. e.g. 198'201). The
mass-selected ions are detected on e.g. a microchannel plate detector, amplified and analyzed by an
oscilloscope and specialized software. In LIF-based spectroscopies, apparatuses are slightly less demanding:
normally one vacuum chamber containing the sample supply and the pulsed valve are used. The formed
molecular beam is crossed perpendicularly by the excitation laser and the fluorescence is collimated and
measured perpendicular to the excitation light by a either a photomultiplier or a CCD camera (cf. e.g. %) Most
molecular beam experiments are normally operated in a pulsed mode (e.g. 10 Hz) with e.g. the pulsed valve
serving as master trigger.

In the source chamber, the sample molecules are brought into the carrier gas by thermal evaporation or by
laser desorption. For thermal evaporation the carrier gas can be guided over the heated sample (cf.
e.g.134'158’203'204) and temperatures up to about 200 °C can be used depending on the pulsed valve. Occasionally,
arrangements are used in which the sample is not located in the high pressure region but in front of (= behind)
the valve and is thus connected to the vacuum of the source chamber (cf. e.g. %) 'In a similar arrangement, a
heatable brass block with a cylinder channel in which the carrier gas expands is fixed in front of the valve; the
sample solution is sprayed by a capillary into the expansion channel, so that, after evaporation of the solvent,
the sample is deposited on the channel walls and can be picked up by the carrier gas, making the vaporization
of thermally fragile molecules possiblem. In a further elaborate set-up for thermally fragile substances, the
sample molecules form nanoparticles in an aerosol; the aerosol beam is guided into the vacuum of a TOF mass
spectrometer where the biomolecules are thermally vaporized by passing a thermodesorber (e.g. a heatable
tip) inserted between the optics of the TOF (cf. e.g. 206’207) where they are photoionized. An advantage of
thermal sources is the generation of a quite constant sample concentration supporting the measurement of
spectra with a good signal to noise ratio (cf. spectroscopic methods Section 4.2). Alternatively, laser desorption
sources are available to bring larger or unprotected peptides into the gas phase, which have a tendency to
decompose via CO, elimination. In this technique, the sample is mixed with a matrix substance (e.g. 83,194,208-219)
which can for example be graphite-based (e.g.194’214'216’218’219), based on carbon black powder,83 or, in former
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times, a dye as matrix (e.g. 211’m). This matrix absorbs the laser energy (e.g. in case of graphite, the

fundamental or second harmonic of a Nd:YAG laser, with frequently nanosecond or sometimes picosecond
pulse widthm), leading to a fast evaporation of the sample molecules before they are cooled down in the
beam. The sample-matrix mixture is often coated on a rotating rod, disc or translating bar (e.g. 83’194’214'216’218)
directly placed behind the nozzle, so that the sample volume can be exchanged during the measurement.

If the aggregation behaviour should be investigated, the aggregation partners are coexpanded so that the
cluster formation occurs during molecular beam expansion. In case of a thermal evaporation source,
individually heatable sample chambers each containing one aggregation partner can be advantageous (cf.
e.g.143’163). Otherwise, if one of the aggregation partners is liquid at room temperature (e.g. water), the carrier
gas can be enriched with this component by guiding it over an (optionally cooled) reservoir. This carrier gas
enriched with the first aggregation partner can afterwards enter a heated sample chamber (cf. e.g. 160’204’221)
taking up the second aggregation partner before being expanded into the vacuum. For laser desorption
sources, both solid components can be mixed with the matrix and codesorbed 28 |f one partner is volatile, the
carrier gas can be enriched as described previously, and expanded via a pulsed valve directly crossing the
region of laser desorption, in which the second component is evaporated (cf. e.g. 199,222y Alternatively, also
liguid components can occasionally be laser-desorbed by mixing them with matrix substance and a further solid
component (cf. e.g. %) The formation of aggregates is a delicate process depending for example on the
stagnation pressure and the kind of carrier gas both correlating with its ability to abstract internal energy by
inelastic collisions from the monomeric aggregations partners before clustering (occurring in the warm part of
the molecular beam) but also afterwards. A further aspect is the molar ratio between aggregation partners in
the carrier gas (also indirectly effected by the stagnation pressure and the vapour pressure of the involved
substances). How such factors influence aggregation depends specifically on each individual system.

’

After this brief overview, the question about advantages of spectroscopy in supersonic beams arises: on the
one hand, isolated molecular systems and thus their intrinsic properties can be investigated without the
influence of a bulk environment. On the other hand, it offers the possibility to successively add further
aggregation partners like solvent molecules so that structural changes during a stepwise formation of an
environment can be traced. The cooling of the internal degrees of freedom, the associated narrowing of the
velocity distribution in the jet as well as the performance of the spectroscopy perpendicular to the beam
effects a better interpretability of the data due to less congested spectra (few or no hot bands, reduction of
Doppler broadening, inhibition of cluster dissociation on lower mass traces).

Beyond the issue of the internal energy distribution among the several degrees of freedom of the molecules,
however, the flexibility of amino acids and peptides (cf. Section 2) endows these species with a more or less
complex potential energy surface (conformational landscape), characterized by a vast number of minima
(conformations). These minima are often organized in basins or families of conformations, inside which
interconversions are facilitated by relatively low barriers as compared to more energy demanding
isomerizations between different basins (Figure 5).1**3 An important task is therefore to identify those
conformations that can be observed in the supersonic expansion.

The initial population of the conformational minima can be estimated from the temperature at which the
sample is initially brought into gas phase in the experiment. In a thermal evaporative process where the
reference temperature is well defined (typically in the 400-500 K range), one can assume a Boltzmann
equilibrium distribution (taking Gibbs energies and thus entropy effects into account). In case of laser
desorption, the description using a Boltzmann distribution is much more questionable given the pulsed
character of the heating (tens of ns), but rather high initial internal temperatures (~350-500 K) are reported,213
suggesting that in both cases the conformational memory of the solid peptide sample is lost. This is confirmed
by recent studies on laser desorbed synthetic peptides, where both solid structure and gas phase structures
subsequent to laser desorption were determined and found to be very different.”**

Then, the question remains in how far this high temperature conformational distribution is conserved during
the supersonic cooling process. Generally speaking, the number of conformers that one eventually observes
results from a competition between i) the cooling rate in the supersonic expansion, which depends upon the
carrier gas and of its ability to take away molecular internal energy during the collisions and ii) the



isomerization rate between the conformers initially populated, which will mainly depend upon the height of
the barriers, which separate them, and the initial internal energy of the molecules.

Owing to the range of initial temperatures achieved (350-500 K), fast interconversions are expected to take
place in the early expansion (Figure 5). In the hypothesis of an ideal, infinitely slow, adiabatic cooling, the
conformational distribution would always be described by a Boltzmann distribution at any temperature
achieved by the cooling process. Additionally, if the slow cooling process would be long enough to achieve low
final temperatures, it would lead to a complete conformational relaxation characterized by the exclusive
observation of the most stable conformer. The co-existence of multiple conformers at the end of the expansion
comes from the relatively fast cooling rate (typically several 10 K/us in an expansion), which causes a drastic
drop in the isomerization rate, leading to the kinetic trapping of conformers that belong to isolated basins. A
slower cooling rate would have enabled a relaxation to the conformer of lowest energy.133'19°'225'226

Of course, within the isolated basins, the same picture still holds. The barriers within such a conformational
family being much lower than the inter-basin barriers, interconversion can take place for a longer time along
the expansion, so that an efficient conformational relaxation can occur (Figure 5), eventually funneling the
population of the basin down to its lowest energy form (at a low temperature). Experimental data suggest that
barriers as low as ca. 4 kJ mol™ can easily be crossed over in the expansion, whatever the carrier gas is.”?’
Conversely, much higher barriers will be crossed only very early in the expansion.
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From this picture, the relative populations of the conformational basins taken two by two are expected to be
roughly described by an apparent conformational temperature Ty, Which can be viewed at the last range of
temperatures along the expansion for which the interconversion time between the basins considered was still
comparable to the characteristic time scale of the supersonic expansion, i.e. typically the us range. In this case,
assuming that each basin is dominated by a single form, the population ratio observed is expected to match
that predicted from the relative free enthalpy of these two forms at T, In practice, T, is intermediate
between the initial temperatures discussed above and the early expansion temperature (% T, at nozzle, where
Ty is the reservoir temperature, yielding ~350 K for thermal evaporation and 225 K for a room temperature
reservoir). 300 K is thus a fair estimate of T, and Gibbs energies (free enthalpies at 300 K) are considered to
characterize population ratios.’>7310%13%142.228 Owing to this, conformers higher than the global minimum by up
to 10 kJ-mol™ at a high temperature (~¥300 K) are expected to be observed in molecular beam experiments, 12

provided that the interconversion barrier with the minimum is large enough, typically higher than 10 kJ-mol
1 190,225,226

This property is especially interesting for two reasons. First, the conformational population observed in the
expansions, which turns out to correspond to a finite temperature (in the 300 K range), is much more relevant



to biological conditions than one could suspect from the extreme cooling eventually achieved in a supersonic
expansion. Second, it makes possible the observation of intrinsically unstable (high energy at 0 K) forms
provided that they are entropically favoured, for example due to the presence of a loose backbone, such as the
extended [-strand forms of peptides.”

While the barrier heights between different conformers modulate the isomerization rate, the efficiency of the
energy transfer during the collision of the molecule with the carrier gas (and thus the nature of the carrier gas,
cf. e.g.142‘190‘219‘229) also plays a decisive role on the cooling rate. The conformational relaxation efficiency
increases with the mass of carrier gas collision partner, with helium having the lowest cooling efficiency 2" The
nature of the carrier gas is thus a critical parameter able to tune the degree of complexity of the
isomerizational distribution of the systems investigated: whereas argon expansions usually give rise to a limited
number of conformers, additional less stable forms can be revealed in He or Ne expansions (cf. e.g.142’190). The
choice of the carrier gas is thus intimately linked to the aim of the experiment (investigation of a specific
conformer vs. documentation of the potential energy landscape)

Against this background of questioning isomer distributions and isomerization experiments in molecular
beams, Zwier and coworkers introduced the population transfer methods, which will be described in Section
4.2,

Beyond molecular beam expansions, cold isolated conditions for spectroscopy can also be generated in helium
droplets (e.g. 20242). some specific aspects are briefly addressed at the end of Section 4.2. In this case,
however, the molecules of interest are captured by helium droplets in a collisional trapping process (pick-up).
The sudden contact of the hot molecules with the superfluid medium enables a very strong cooling rate, which
is thought to greatly inhibit isomerization during the process. In these experiments, the conformational
temperature in the droplets is assumed to be determined by the temperature of the pick-up cell, since the
following cooling process is thought to be so fast that it freezes the conformer distribution (bottom picture in
Figure 5). The measurement of the relative abundances of two conformers in a small peptide,241 which was
shown to depend on the gas cell temperature on a wide temperature range (400-600 K), corroborates such a
picture. A slow cooling process internal to the droplets would still allow isomerization barrier crossing so that
the conformational distribution would be independent from the (cell) gas temperature. Such a behavior was
was not observed. Nevertheless, it should be noted that in some instances, conformer distributions of the Trp
and Tyr aromatic amino acids in He droplets and expansions could be compared231 : the He droplet distribution
was found to be narrower, with a limited number of conformations observed, suggesting that the simple
freezing picture could be questioned in such large polyatomic systems.

4.2. Spectroscopic techniques in molecular beams

4.2.1 R2PI

The R2PI (resonant 2 photon ionization) spectroscopy (cf. e.g. 167), also occasionally denoted with the simplified
term UV spectroscopy in the following sections, represents a method to obtain information on neutral systems
in their electronically excited state: In a first step, the neutral species is excited by an UV photon into the
electronically excited state (frequently the S,), from which it is afterwards ionized by a second UV photon (cf.
Figure 6). Since this process is only efficient if vibrational levels of the S, states are resonantly excited, the R2PI
method is often also denoted as resonance-enhanced multiphoton ionization (REMPI). Afterwards, the singly-
charged ions are detected in a time-of-flight mass spectrometer (TOF), leading to the mass selectivity of this
method. Depending on the energetic gaps between Sy and S, and S, and Dy, the UV photon can either be of the
same (one colour (1 + 1) process) or of different energies (two colour (1 + 1’) process). The latter one has the
advantage that the excess energy and thus fragmentation can be minimized, especially in the case of clusters.
For this purpose the ionization energy can in principle be estimated by theory or experiments (ion current
curves, e.g. cf. >, PFI-ZEKE (Pulsed Field lonization-Zero Kinetic Energy, cf. e.g. *****) or MATI (Mass
Analyzed Threshold lonization) cf. e.g.247’248) spectroscopy). Nevertheless, due to their efficient one-color R2PI
process, these experimental techniques dit not turn out to be necessary for peptides.



To obtain electronic excitation energies, an R2Pl spectrum is measured by recording the ion yield when
scanning the UV photon energy. In case of a single isomer, the intensity of the vibronic transitions in the R2PI
spectrum depends (for an electronically allowed transition) on the Franck-Condon (abbr. FC) factors. This factor
decreases for higher energetic modes, in particular the structure-sensitive (stretching modes) modes like CO-,
NH- and OH-modes, which can seldom be directly analyzed from the R2PI spectrum. For this purpose, other
methods, such as UV/IR/UV (cf. subsection about IR spectroscopy) are available. Another possibility for the
observation of several R2PI transitions in the mass-selected R2PI spectra is the presence of several isomers,
which are all successively excited and ionized during a wavelength scan. In case their contributions to the
electronic spectrum overlap, several isomers can be excited and ionized for a given wavelength, so that the
R2PI process is not isomer-selective, requiring alternative methods (see below). Nevertheless, isomer selection
can be achieved if there is no or limited overlap between the electronic signature of each isomer: an excitation
laser frequency fixed to an isomer specific transition will generate a R2PI ion signal from the vibrationless level
of a single isomer. This is the basis for the isomer- selective IR spectroscopic techniques presented below.

An alternative to R2PI for visualizing the excitation into vibronic levels is the detection of the integral
fluorescence (LIF: laser induced fluorescence, e.g. 132 cf. Figure 6). Despite the less sophisticated experimental
set-up (cf. Section 4.1), which only requires a single UV laser, the main disadvantage of LIF is the lack of mass
selectivity. This is especially true if combined with laser desorption sources often producing undesired species.
(LIF should not be mixed up with dispersed fluorescence (DF) in which the emitted light is spectrally split into
its wavelength contributions and from which information on ground state vibrational levels can be obtained;
for early DF investigations on amino acids cf. e.g. 168).

Both methods (R2PI and LIF) require an efficient chromophore, e.g. an aromatic system as found in the side
chains of the amino acids Phe, Tyr and Trp. If none of those amino acid is in the sequence, UV chromophores
can be introduced in the protection groups at the N- or C-terminus (cf. Section 2.3) like the Z-group (benzyloxy)
at the N-terminus (cf. e.g.(’-1’74’78’137’153’249 ) or at the C-terminus O-benzyl (cf. e.g. %) or NH-benzyl (cf.

.g.77’79’162’25°). A further possibility are non-covalently bound UV chromophores acting as aggregation partners
(cf. e.g.164). In case of peptide aggregates, only one of the non-covalently binding partners needs to carry such a
chromophore (cf. mixed peptide dimers'® in Section 12). For amino acid and peptides deprived from an
aromatic UV chromophore, VUV photoionization with ion 124206231238 photoelectron detection®**®! have
been applied (non-resonant multiphoton ionization, e.g. with a 800 nm pulselgs’zsz'zsa, is another solution

although not used for peptides or amino acids yet).

Beyond the excitation energy, also the lifetime of the excited state is of relevance since the R2PI based
methods are mainly performed with lasers having pulse half widths of several ns, requiring lifetimes in that
regime or slightly below. Since the lifetime can be isomer-dependent the pitfall can occur that certain isomers
are not detected in the measurements, as this was already the case for DNA bases’®**®. In case of amino acids
and peptides, with the side chains of Phe, Tyr and Trp as the most important UV chromophores, experiments
imply that isomer-dependent lifetimes of the relevant first nn* state are in a range making ns-excitation and
ionization possible (cf. e.g. for Phe 173’174). The suspicion that theoretically predicted conformers were not
found in the experiment due to a sub ns excited state lifetime remain rare: they have been evoked only for
some Trp and Phe containing uncapped peptides (cf. e.g. 177'266’267).

With regard to LIF or REMPI spectroscopy combined with a laser desorption source, pioneering work was
performed by Levy and coworkers******'? in which amino acids up to tripeptide species were analyzed A
Despite this pioneering spectroscopic work, main drawbacks were: (1) LIF and R2PI only offered excess to low
(structurally often less relevant) vibrational levels in the S; state and no vibrational information of the
electronic ground state could be obtained. (2) A discrimination between isomers was not easily possible
(except for power dependent measurements cf. e.g. 32187 and Section 4.3). (3) A comparison with reliable
calculations was missing since sufficient computer power was not available in the 1980s. The development of
double resonance spectroscopic methods as well as the increasing computational power allowed the first
structural assignments for amino acid model systems, amino acids and peptides in the late 1990s (cf. Sections 6
and 7).



4.2.2 UV/UV hole burning

Since the R2PI spectrum via one mass trace is not necessarily isomer-selective, additional so-called hole
burning or double resonance methods based on a pump-probe principle were developed (e.g. UV/UV and
IR/R2PI, for latter see section below) to correlate the observed electronic transitions with the corresponding
isomer species. In the UV/UV method, the UV probe laser is tuned to an electronic transition of the originally
measured R2PI spectrum to generate a constant ion signal (for amino acids and peptides in most of the cases
via a (1+1) R2PI process). Prior to this, the wavelength-scanned UV pump laser excites the sample and each
time a resonance is excited belonging to the probed isomer, the constant ion signal is depleted since,
figuratively spoken, the wavelength-tuned pump laser has burnt a hole into the population of the
corresponding isomer. The term double resonance spectroscopy arises from the fact that both lasers must be
in resonance. By this, the UV/UV spectrum allows to identify the contribution of the probed isomer to the UV
(=R2PI1) spectrum. The repetition of UV/UV measurements via different UV transitions and the comparison
between both spectra finally enables to reveal the different isomer contributions to the UV spectrum,
however, without any hint about structural assignment.

It is worth noting that both spatially overlapped pump and probe lasers are fired within 100 — 300 ns and
generate an ion signal of the same mass but with different temporal origin, requiring a TOF mass spectrometer
with a sufficient temporal resolution. For the UV/UV measurements the depletion effect is detected on the ion
signal generated by the frequency fixed UV probe laser. The issue is still more critical when using a 1 + 1’ R2PI
probe process. As an alternative, the ions produced by the wavelength-tuned pump laser can be temporally
discriminated using a transient high voltage pulse. (For application of UV/UV hole burning measurements to
neutrals cf. e.g.62'154'215'268'270).

4.2.3 IR spectroscopy (IR/R2PI, UV/IR/UV)

To gain structural information, structure sensitive IR spectroscopy presents a powerful tool. For the electronic
ground state (of a mass selected species) the IR/R2PI method (also denoted as IR/UV or even shorter as IR) is
applied (cf. Figure 6), in which the UV excitation probe laser is set to a transition of the R2PI spectrum,
generating a constant ion signal by the R2PI process. If a wavelength-tunable IR pump laser arrives prior to the
R2PI process and resonantly excites a vibrational mode, the vibrational level of the ground state isomer probed
is depopulated. Under isolated molecular beam conditions, the vibrational energy cannot be released into the
environment but is redistributed by internal vibrational redistribution (IVR), preferentially among low
vibrational modes. During this relaxation process, the molecule does not return into its original vibrational
ground state and remains vibrationally hot, generally making the original R2PI process less efficient, since the
UV spectrum of hot species is usually shifted relative to that of cold molecules. This leads to a depletion of the
probe ion signal, justifying the alternative notation as IR/ion dip spectroscopy (cf. e.g. 7272

In cases in which the R2PI process is isomer-selective, the IR/R2PI spectroscopy measures not only mass- but
also isomer-selective IR spectra (for non-isomer selective R2PI process cf. subsection about IR/IR/R2PI). If the
different isomer contributions to the UV spectrum are exactly known from UV/UV spectra, only a few IR/UV
spectra need to be recorded; alternatively, the same information can be obtained by comparing the IR/UV
spectrum obtain via the different UV transitions of the R2PI spectrum. When using the LIF process instead of
R2PI the fluorescence is depleted if the molecule is vibrationally excited (IR/LIF or IR/FD with FD as abbr. for
fluorescence dip).

For electronically excited states, an IR spectrum can also be measured by a variant of the IR/R2PI method. Here
an IR laser is inserted between the two photons of a (1 + 1') R2PI probe process (UV/IR/UV, cf. Figure 6), which
can lead to excitation of vibrational levels in the electronically excited state (cf. e.g. 75'273‘277, first application for
a peptide75, FD dip based cf. e.g. 169’271’278’279). The most frequent effect is again an ion yield decrease, though
the depletion effect might be less in comparison to ground state effects in IR/R2PI due to a reduced
photoionization efficiency. In rare cases however, the photoionization efficiency can increase after a vibrational
excitation in the electronically excited state, leading to an enhancement of the ion signal. Requirements for
such experiments are a sufficient lifetime to insert the wavelength-tuned IR laser and an optimization of the



two-colour R2PI process, which is necessary in case of amino acids and peptide systems, since for the Phe, Tyr
and Trp chromophores the one-colour process dominates.

In case of amino acid and peptide systems, the mass-, isomer- and state-selective IR/R2PI spectroscopy
represents an ideal tool to investigate the regions of structurally relevant vibrations. In general, the first
applications of IR/R2PI were performed in the Lee group for CH-stretching modes®®°, followed by C-O-
stretching vibrations by Brutschy and coworkers®® and extended to OH-stretching vibrations by the groups of
Mikami®® and Zwier’®. Later on, first measurements on amino acids and amino acid models followed in the
groups of Simons°® and I\/Ionslll, which were further extended to the C=0-stretching and NH-bending region

by the Gerhards*®"*® group and were finally extended in the region down to the far IR region in by Bakker et
286

al.”™. (Further literature regarding the different spectral regions can be found in Section 6).
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Figure 6: Schematic illustration of spectroscopic methods: a) R2PI and LIF (fluorescence magenta arrows), b)
IR/R2PI for the S, state, c) UV/IR/UV for the S, state. Bold lines present the zero-point vibrational levels of
the corresponding electronic state, thin lines represent vibrational levels for the different modes of the
molecule. In all figures, red arrows represent the IR photons, blue ones the UV photons and the arrangement
of the arrows from the left to the right corresponds to the chronological sequence of lasers.

As also mentioned before, the effectiveness of ionization of the R2PI process strongly depends on the
resonance of especially the exciting photon. This frequently missing resonance in the excited state of a
(vibrationally) hot species is the main reason why an UV excitation from a vibrationally excited S, level in the
IR/R2PI scheme is less effective, leading to the hole burning effect and the ion dip observed. Nevertheless,
depending on the molecular systems, such a resonance can occur leading to an IR+UV effect and thus to an
enhancement of the R2PI signal. Such an IR+UV process can also be forced by setting the sum energy of the
exciting and ionizing UV photon(s) below the ionization threshold, so that no ion signal is generated. Then, only
an excitation from a vibrationally excited level (sum IR+UV photon) exceeds the threshold, leading to
ionization. Thus, this IR+UV method measures against a zero baseline, and the vibrational excitation as an
increase/occurrence of an ion signal, which often makes this spectroscopy more sensitive than the IR/R2PI
spectroscopy (cf. e.g. 287'289). A main reason for the lower sensitivity of the IR/R2PI compared to an IR+UV
approach is the fluctuation in the R2PI signal. One reason is a fluctuating sample concentrations in the beam
caused by the pulsed sources, with the desorption sources often generating less constant ion signals than the
thermal sources. As additional reason long-term changes in the UV laser power must be taken into account.
Compensation of the ion signal fluctuations can partly be achieved by increasing the averaging time. A
possibility to further improve the stability of the base line is the application of difference measurements: This
can be implemented in the experimental set-up by firing the IR laser at half the frequency of the UV laser(s)
and a real time subtraction between the signal with and without the IR laser (cf. e.g. 61,83,290,291 ). As alternative,
a reference ion signal can be generated for subtraction by sending back the UV laser into the molecular beam
downstream to the point in which IR and UV laser overlap (cf. e.g. **%).



4.2.4 IR/IR/R2PI

The isomer selectivity of the excitation in the R2PI process is a necessary requirement for the isomer-selectivity
of the IR/R2PI method. Nevertheless, in larger systems, e.g. biomolecules in which the UV chromophores are
far away from the regions of isomerizational or conformational diversity, or in photoreactive systems,
overlapping UV transitions can occur. In such a case the R2PI process can excite and ionize more than one
isomer. As a consequence, the IR/R2PI method loses its isomer selectivity and the IR spectra represent an
overlay of the vibrations of different isomers. As a solution to this issue, IR/IR methods (cf. Figure 7) were
established for the electronic ground state by Zwier and coworkers®****, and further applied in the Gerhards

group277’295. The latter introduced this method for the electronically excited state (cf. 277:2% \which was varied

by the Fernandez'®**% group.

The principle of the IR/IR methods for the S, state can be briefly described the following way: an IR/IR/R2PI
spectrum is measured with a first IR laser frequency-fixed to a vibration of the originally measured IR/R2PI
spectrum (for which an overlay of two isomers e.g. A and B is assumed). The frequency fixed IR laser excites the
sample prior to the wavelength-tuned IR laser (IR¢,/IRscan/R2PI scheme). If the IR burn laser (= IRg,) is set to an
isomer specific vibration, it only depopulates the vibrational ground state of the corresponding isomer (e.g. A).
As a consequence, all the other vibrations of this isomer should also be influenced in the IRg/IRsan/R2PI
spectrum. In contrast, no effect on the vibrations of the remaining isomers (e.g. B) should be observable, i.e.
the relative intensities of their IR bands in the IR/R2PI and IR/IR/R2PI spectrum should be the same. In short,
the IR/IR methods present triple- and quadruple resonance methods (with one or two colour R2PI), which
enable to recover the isomer-selectivity which is lost in an insufficiently selective R2PI probe process.
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Figure 7: Schematic illustrations of IR/IR spectroscopic methods for the electronic ground state (details cf.
189). The detection is either based on a) fluorescence or b) ionization. The orange arrows represent the
frequency-fixed IR burn laser exciting one isomer, the red one the scanned IR-laser.

4.2.5IR/VUV spectroscopy

The R2PI- and fluorescence-based measurements both require an efficient UV chromophore, like in the side
chains of the amino acids Phe, Tyr or Trp. If this is not the case, alternative ionization methods can be applied
(cf. Figure 8) either based on Vyy 24206251261 multiphoton fs-IR ionization'8826%2%3 (with the latter not
further described here as not applied to amino acids or peptides yet).



For the single photon-based VUV method, the 118 nm radiation is frequently used, which is based on the
tripling of the third harmonic of a Nd:YAG-laser (355 nm) in a noble gas as a nonlinear optical medium”°. A
variety of non-aromatic systems have ionization potentials around the corresponding energy of 10.5 eV and are
thus accessible by IR/VUV methods. Those can be applied as hole burning or IR+VUV methods (cf. Figure 8). For
the latter, the VUV photon is set below the ionization threshold so that only the sum energy of the vibrational
excitation and the UV photon is enough to ionize the system and generate an ion signal. If further dissociation
after ionization occurs, the increase of ion signal might have to be measured in the fragmentation channels
instead of the parent mass channel. In comparison, the IR/VUV method can be analogous to the IR/R2PI
method, measuring an ion dip spectrum via a parent mass, if the VUV photon energy exceeds the ionization
energy of the parent molecule. If the VUV induces a fragmentation after ionization, a preceding IR excitation in
the electronic ground state can either affect a depletion on these fragmentation channels or conversely
enhance the fragment masses. The latter (depletion of the parent mass and enhancement of fragmentation
channels) can especially be observed if a strong laser pulse induces IRMPD of the neutral species, so that the
VUV processes ionizes (the remaining parent molecules) as well as the IRMPD-generated fragment5124’257.
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4.2.6 Population transfer methods

Due to their high structural flexibility, peptides can adopt a variety of conformations and experimentally
accessible isomers are frequently calculated with energy differences within a few kJ/mol. Thus, the
experimentalist is often faced with the problem that, even in investigations on isolated cooled systems, more
than one conformer is observed. Hence, the question about the conformer relative energies and distributions
as well as the energy barriers for isomerisation between them arises.

Against this background, Zwier and coworkers established the hole filling (HFS) and population transfer
spectroscopy (PTS) (cf. Figure 9). A detailed description is beyond the scope of this review, but reference
should be given to132032%3% Bhth methods follow the same principle: in the ‘warm’ part of the molecular
beam (i.e. at nozzle distances within a few nozzle diameters, where the collision rate is still significant), a well-
defined vibration of a conformer known from IR/LIF measurements (e.g. an NH-stretching mode of a small
peptide) is excited. If the vibrational excitation introduces enough additional internal energy, it is possible to
exceed barriers for conformational isomerization. The population change induced by the vibrational excitation
is then probed by a LIF process (difference measurements) in the cold part of the molecular beam.

The main difference between HFS and PTS is the wavelength tuning of the participating photons. In HFS, the
vibrational excitation of one isomer in the warm part of the beam is frequency-fixed whereas the LIF laser is
scanned in the collision-free region, giving a first idea of the population redistribution after a defined
vibrational excitation. In the population transfer method, the vibrational excitation is wavelength-tuned
whereas the UV laser is frequency-fixed to a conformer-specific electronic excitation, giving an idea about the
effect of vibrational excitation onto the population of a specific conformer.

Different approaches exist depending on how this vibrational excitation is achieved. In the IR-HFS and IR-
PTS,ZCB‘N(’-‘ZW’300 the IR laser is applied in the ‘warm’ part of the supersonic beam, whereas in case of the SEP



(stimulated emission pumping) methods'*>?***% 3 defined conformer is electronically excited and afterwards

specifically stimulated back into defined vibrational levels of the ground state. In both cases, the PT methods
offer the possibility for more quantitative analysis, with IR-PTS yielding fractional isomer populations or
quantum yieIds,zog”z‘c’ﬁ’z‘cn’300 and SEP-PTS allowing conclusions about isomerization barriers**®. The latter is
more suitable for estimations regarding isomerization barriers since, in comparison to a pure IR excitation, the
SEP process can generate a larger variety of different vibrational states (in the S, state), offering access to a
broader range of internal energies.

Another approach is the IR excitation of a selected species further probed by IR/R2PI (cf. Figure 7). The
Gerhards group made used of this method in measurements on the 3-hydroxychromone water cluster””” and
detected (in comparison with the original IR/R2PI spectrum) a new isomer originating from a rearrangement
reaction of the 3-hydroxychromone water cluster, vibrationally excited by the first frequency-fixed IR laser. In
the context of such IRgyeq/IRscan Measurements on a depsipeptide having three conformers,‘?’o1 the Gerhards
group provided evidence for an IR induced-rearrangement between these conformations (cf. Section 12). As a
last remark, it should be pointed out that comparable (IR-induced) population transfer methods for charged

species were established by Rizzo and coworkers (cf. e.g. 302
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Figure 9: Generalized energy level diagrams for a) the IR-HFS and IR-PTS techniques as well as b) the SEP-HFS
and SEP-PTS method. On the right side of each energy diagram, the principle spatial (and indirectly temporal)
arrangement of the lasers is illustrated (redrawn from Ref.m'z”).

4.2.7 Some aspects of spectroscopy in cold helium droplets

Beyond molecular beam expansion, cold or even ultracold conditions can be achieved in superfluid helium
droplets (T=0.37 K in *He droplets, or 0.15 K in *He droplets),236 which, in comparison to other matrices, are
known to have the weakest interactions with the embedded sample molecules.”***® To perform spectroscopy,
basically three kinds of detection methods exist: LIF 20231235 olactron impact ionization combined with mass
detection of the generated ions 230232234238 54 detection of the helium beam intensity using a helium cooled
bolometer*****”?*1 " The detection of laser-induced fluorescence of course only works for electronic
excitation. In contrast, the latter two detection methods are both based on the evaporation of helium as a



consequence of the photon energy absorption by the embedded molecule and the subsequent energy
redistribution into the helium droplet environment. In the bolometer detection, a decrease of the helium beam
intensity is detected, whereas for the El method the droplet ionization cross section is reduced and thus the
corresponding ion signal. A slight disadvantage of these (detection) methods is that they are not necessarily
isomer- or conformer-selective so that e.g. in bolometer-based methods additional efforts are often required.
For example, in bolometer-based methods, vibrational transition moment angle analyses can be performed,
where discrimination occurs via polarization effects as a strong electric DC field is applied.?"**,

The ultracold conditions of superfluid He droplets were already applied to perform studies on UV excitations of
amino acids like Trp, Tyrm’m, protected amino acids like Ac-Trp-NH, or model systems like tryptaminem'm.
The El detection scheme was also used to record the IR spectrum in the OH-stretching region for glycinez‘?’2 and
its dimer””. Additionally, the N-acetylglycine methylamide dipeptide model was investigated by IR
spectroscopic method to analyze its (gas phase) thermochemistry with regard to isomerizations between
different conformers®*'. A neutral system investigated in helium droplets even larger than the model dipeptide
is the hetero dimer between histidine and tryptophan. Nevertheless, a detailed spectroscopic investigation is
missing here and the aggregates were analyzed by El giving hints on the structural arrangement.304 Meanwhile
the embedding of charged proteins could be demonstrated,”*® as well as their ejection from the droplet by
UV/VIS light. In that context the hemin® UV/VIS spectrum®*® and the IR spectra of the leu-enkephalin and its 18-

305
crown-6 complex could for example be measured™ .

4.2.8. Laser systems

The spectroscopic methods explained above require light sources in the UV/VIS and IR regions. Without going
into details, some laser systems should be briefly mentioned with further reference to literature. In most of the
experiments, the wavelength tuneable UV radiation is generated from the frequency doubling of a dye laser
output, which can be pumped by a Nd:YAG laser (cf. e.g. 134.216,266306 ¢ an excimer laser (cf. e.g. 1), Typical
absorption regions of the UV chromophore of Phe, Tyr and Trp, based on efficient n—n* transitions are found
between about 37,400 — 38,200, 35,300 — 37,000 and 34,500 — 35,000 cm *, respectively (cf. e.g.>**¢73%73%) |

Regarding the generation of IR light, mainly table top laser systems and free electron lasers (FEL) must be
distinguished. FEL lasers have some advantageous characteristics, e.g. a high average power and high peak
power (cf. e.g.3°9'311), pulse durations from quasi continuous to sub-ps-range(cf. e.g.309’310), repetition rates up
into the kHz region (cf. e.g. 319 A typical frequency region can start around 10 cm™ (cf. e.g. 312) up to typically
about 2000 cm™", and with much lower intensity partly also in the IR region up to about 3300 cm ™ (cf. e.g.m)
in some FEL facilities the spectral range is further extended via the far IR region down to the THz region (cf.
e.g.313). The far IR region below approximately 800 cm ™ still remains the domain of the FEL lasers, since this
region cannot sufficiently be covered by table top lasers (see below). Though this region is not the standard
region to be explored in context with peptides (cf. e.g.222’286’314’320), it can reveal characteristic vibrational
signatures as out-of-plane NH-bending or water modes in peptide hydrates (cf. e.g.m'318 and cf. Section 6.2).
The decisive disadvantage of the FEL systems is the partly low spectral resolution usually ranging between 0.3%
and 1%, especially for higher frequencies as the NH- or OH-stretching.

’

The successfully developed table top laser systems for the generation of IR light are based on the combination
of different non-linear optical processes also depending on the spectral region to be covered: optical
parametric oscillator (abbrev. OPO cf. e.g. 321324 or difference frequency mixing (abbrev. DFG) between dye
laser radiation and YAG fundamental, followed by OPA (optical parametric amplification) and eventually further
DFG (cf. e.g.285‘325). The table top IR systems generate sufficient energy for IR/UV spectroscopic techniques in a
spectral range, in which structurally important modes are present (OH-stretching, NH-stretching (amide A), CO-
stretching (amide 1), NH- and OH-bending (amide Il and Ill), cf. Sections 6.1 and 6.2). The OPO systems are
widely used also in context with spectroscopic peptide analysis (e.g. 80’218’266’306). In applications of the Gerhards
group (cf. e.g. 143), it was demonstrated that dye laser/DFG based systems285 are robust light sources with high

energy and high spectral resolution (for further details cf. 14328 and for applications from other groups cf. e.g.
162,270,326
’ 'y )'



4.3. Assignment strategy: principle and potential pitfalls

The above described combined IR/UV laser spectroscopic methods enable experimentalists to gather
multidimensional spectroscopic data, whose interpretation requires a careful examination and a comparison
with theory in order to derive consistent and convincing structural assignments.

4.3.1. UV spectroscopy

The mass selectivity of the above presented IR methods makes use of the electronic properties of UV
chromophores of the amino acid side chains or protection groups via electronic excitation and ionization; the
isomer selectivity is based on the isomer selective excitation of the UV chromophore. Thus, the electronic
properties play a decisive role for the characteristics of the IR spectroscopic methods. In context with the
spectroscopy of low frequencies modes by dispersed fluorescence (cf. e.g. 168), electronic spectroscopy can
partly be applied to draw conclusions for structural determinations. Since the electronic molecular
spectroscopy is partly more easily accessible than IR spectroscopic techniques, which are always an at least
double resonance method, the first reported molecular beam spectroscopic experiments on amino acids were
based on LIF and REMPI spectroscopy (cf. e.g. *****"?) as well as dispersed fluorescence (cf. e.g. **'*). The
UV methods can help to reveal the number of conformers, e.g. by power dependent measurements (cf. e.g.
132'167) or UV/UV hole burning experiments (cf. e.g. 214’215). However, on the sole basis of UV spectroscopy,
invaluable information can already be gained. UV chromophores, indeed, are sensitive to the structure of the
molecule studied. First, cap chromophores (such as carboxybenzyl or benzylamide caps) may in principle
provide such a structural information. Nevertheless, some specific aspects must be taken into account, in
particular their poor sensitivity to backbone structural changes due to their remote location, and their manifold
of rotamers. The conformational population is indeed spread among cap rotamers, which contribute to make
absorption weaker and spectral congestion worse than already expected from the remote location of the
chromophore. Experiments based on double-resonance techniques like IR/UV may be penalized by this
situation. Conversely, chromophores embedded in the sequence are more prone to provide structural
information, even if, as already mentioned earlier, they influence the structure, e.g. by forming © H-bonds. The
series of origin electronic transitions collected over the years for aromatic residues*”’ provide useful guidelines
to confirm assignments derived most of the time from IR spectroscopy. The sensitivity of electronic states to
the structure became clear on the example of the L, and L, states of capped tryptophan (cf. e.g. 133), where not
only direct interactions (e.g. with NH amide groups) but also the electric field created by the electric dipole
moments on the backbone contribute to shape the electronic spectrum. The sensitivity of the origin band
position with the nature and the number of neighboring amino acids (cf. e.g. 12328 and Figure 10) can also be
used as an assignment guideline, as soon as the characteristic signatures of some secondary structure motifs
have been recognized.142
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bands assigned to B-turns (in red) appear in similar spectral ranges, due to comparable environments of the
phenyl chromophore in these systems.

Beside the scalar nature of the electronic transition frequency, the Franck-Condon vibronic activity also brings
complementary information about the geometry changes between ground and excited states. In the case of
indole-containing peptides269 and the related molecule tryptamine329, the low frequency modes, through both
their frequency and their dramatic FC progression, have been informative due to the large structural change in
the indole L, excited state. With the Phe residue, the FC activity is of lower intensity in general, but noticeable
exceptions reveal significant geometry changes between ground and excited state due to interactions involving
the phenyl ring of Phe with a neighboring extended residue, like another Phe®®, His®, or with another part of
the molecule.” The very low frequency (<30 cm'l) modes observed in the UV spectra are also potentially useful
assignment tools, since this range depends upon the overall folding of the molecule. In this case, the ground
state calculations can be taken as reasonable estimates of the excited state counterpart, and these low
frequency modes can be used to distinguish among several conformational candidates,** providing that the
density of these modes remains low in the molecules considered (a few residue molecules). More rare is the
use of the Franck-Condon activity intrinsic to the chromophore, but in a simple case such as Phe, the 6a/6b ring
vibrations are found to be sensitive to the phenyl environment and hence the peptide structure.*

4.3.2 IR spectroscopy

As already addressed in the introduction molecular vibrations can directly probe intra- and intermolecular
interactions and can reveal information by their number, band position, band shape and relative intensities.
The latter can allow to draw some conclusion on the isomer or conformer distribution found in the
measurement (cf. e.g. "' and Section 9), but often more sophisticated methods must be applied for this (cf.
populations transfer methods in section 4.2). The significance of the individual IR spectroscopic regions for the
structural determination of amino acids and peptides is further described in detail in Section 6, so that only
basic aspects, including representative references and pioneering works, should be pointed out here. NH
stretch oscillators are known to have a remarkable sensitivity for their environment and the associated
interactions like H-bonds. Since they are frequently uncoupled from other NH groups, the number of measured
NH stretching vibrations in the so-called amide A region can give first hints about the number of NH groups and
thus about the isomer-selectivity of the measured IR spectrum. Beyond, the band position and line shapes can
also give information about their involvement in an H-bond and, therefore, provide hints about the possible
secondary structure motifs the system adopts. In addition to the NH stretching vibrations of the amide
backbone, the physically coupled NH vibrations within a non-protected N-terminus (cf. e.g. %) or those in a
NH, capped C-terminus can give further valuable structural hints (cf. e.g. 60'136). NH groups can further be found
in side chains having very characteristic vibrational frequencies (like the indole NH in Trp, cf. e.g. B or in
histidine, cf. e.g. 81), providing an indicator of involvement of the side chain in H-bonding (e.g. 332). Further
sensitive H-bonding indicators used for structural assignments are the OH stretching vibrations either of the
carboxyl group of an unprotected C terminus (cf. e.g.zos), of side chains (cf. e.g. serine83), or of aggregates with
water (cf. e.g. %) Going further down in the frequency region, CH stretching vibrations follow. However, they
are rarely used for structure determination of amino acids and peptides since band broadening and coupling
effects often make an interpretability difficult (cf. e.g. B In comparison, CO stretching (around 1700 cm™), NH
bending (around 1500 cm'l) and CN stretching (around 1250 cm'l), denoted as amide I, Il and Il regions
respectively, provide much more specific probes, especially for the backbone structure (cf. e.g. 134,222,286 and
sections 6, 7). Nevertheless, the interpretation of this spectral region is slightly more complicated due to
vibrational couplings and low bandwidth, which can be a problem if the spectral resolution is limited as in case
of FEL systems. Despite this disadvantage, regions below 1000 cm'l, including the far IR region (cf. section 6.2),
remains the exclusive domain of FEL lasers with regard to the accessibility provided by IR/UV laser



spectroscopy. Throughout the last years, an increasing attention has been paid to this spectral region and the
associated vibrational modes (e.g. collective backbone motions, cf. section 6.2). One should keep further in
mind that these low frequency modes are also accessible via other spectroscopic methods like dispersed
fluorescence (cf. e.g. 168) or Raman (cf. e.g. 32).

Finally, one can mention that the comparison between the electronic ground state IR/UV spectra and those
after m-m* excitation of a UV side chain chromophore (UV/IR/UV) also provides an additional information.
Resulting from such a m-rt* labelling, only those NH groups which interact with the m system will have their
frequency significant shifted in the excited state IR spectrum, compared to the ground state; this provides
further support to the vibrational band assignment in the electronic ground state (cf. e.g. 33 3% In some
respect this can be compared to the deuteration strategy of NH groups, whose changes on UV spectra provide
hints about the interaction between the substituted group and the UV chromophore (cf. supplementary

information of 181).

4.3.3. Assignment

The structural assignment of the isomers, whose UV and IR signatures have been selectively recorded, stems
from a close comparison of these experimental data with relevant spectroscopic-grade theoretical counterpart,
in practice quantum chemistry calculations (cf. Section 5). The assignment is based on the ability of theoretical
IR spectra, calculated for a set of low-energy forms, to best fit experimental spectra. This should be the case, in
several spectral ranges when available, with an agreement usually considered as satisfactory when the
individual frequency error remains below the 20 cm™ range (cf. Section 5), as illustrated in Figure 11.
Additional hints issued by UV spectroscopy features and excited state properties (cf. Sections 4.3.1, 4.3.2) are
then often used to corroborate the IR-based assignment proposed.

However, one should mention that several issues potentially affect the assignment principle and should be
accounted for.

- First, the final isomer distribution is of course reflected, to some extent, in the relative intensities in the
electronic (R2PI) spectrum. However, the relative intensities resulting from the integration over the vibronic
activities of each isomer remains only indicative since the intensity of electronic transitions also depends on the
absorption and ionization cross section of each individual isomer (cf. e.g. 133). In the worst cases, a too short
excited lifetime might hamper or even forbid the detection, as already mentioned in section 4.2. The excited
state lifetime, indeed, is a decisive aspect for the ns R2PI spectroscopy and can strongly depend on the isomer
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Figure 11: top left panel: UV spectroscopy of Ac-Phe-NH, in the origin region of the ntr* transition of the
phenyl chromophore; central: IR/UV spectra of the 4 conformers detected A-D; right and bottom left:



corresponding B97-D3/TZVPP structures and energetics, respectively. Band assignment is color-coded
(central and right panel).
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(cf. e.g. Phe ™", capped Phe™", Tyr"""). Note that fluorescence-based detection is affected by the same
drawbacks. Such a failure would result in a ‘missing conformer’ in the distribution observed, a reason
previously evoked for the absence of certain conformers (cf. e.g. 177'266'267).

- Second, the set of observable conformers/isomers is ill defined, since it depends upon the isomerization and
relaxation processes which can take place during the expansion (cf. Section 4.1). These processes depend
drastically upon i) the large barrier height between topologic families of isomers and ii) the relatively smaller
barrier height between isomers within the same family. As a result, some isomers stable at high temperatures
can be observed (kinetic trapping), whereas other much more stable are not. Related to this issue, in the case
of complexes or clusters, the formation process can be strongly influenced by the monomer distribution in the
expansion, which can for example hamper or forbid the formation of specific species, e.g., insertion complexes,
which requires a monomer intramolecular interaction to be broken for insertion to take place.

5. Introduction to theory

As shown in the previous section, experiments can provide measurements of several observables
characterizing peptide folding in the gas phase. Although interpretations can be conducted by internal
comparisons within a set of experiments or using well-known general principles, comparisons of experimental
results with theory have rapidly proven to be so fruitful that they became essential. The main reason of such a
success is the isolated conditions of the gas phase, where the issue of theoretically describing a complex
environment vanishes in contrast to more classic investigations in solution. Theoretical and experimental
results in the gas phase are thus more readily comparable. In addition, calculations of isolated peptides at a
guantitative level of theory are affordable, and allows to fully exploit the high spectral resolution specific to gas
phase investigations. Several benefits arise from the possibility to compare accurately measured and calculated
observables. On the one hand, calculations are of great assistance to interpret experiments and unambiguously
identify spectroscopic transitions, molecular structures, conformational distributions, relaxation mechanisms or
any other intrinsic peptide property revealed by spectroscopy. On the other hand, experiments are useful to
characterize the typical error made by a given leel of theory on the observables, pinpoint its strengths and
weaknesses, or guide the attention of theoreticians to a peculiar effect observed on a specific system. This
interplay between experiment and theory was early recognized as an essential driving force of detailed peptide
investigations, and contributed to make dual approaches attractive and popular.

The first task in gas phase peptide investigations consists of unambiguously identifying the molecular objects
observed in the experiment. Among all the observables sensitive to the peptide structure, vibrational
frequencies in the ground state are the most useful. Despite the measurement of a few experimental
frequencies cannot pretend to exhaustively document the structure of a system made of several tens of atoms,
it nevertheless often provides enough hints, e.g. by characterizing the H-bonding content, to sketch the
structure. To go further, one seeks a good theoretical prediction of these few critical observables, which is
taken as an indication that the whole theoretical structure fairly describes the molecular object considered,
and moreover legitimates the level of theory chosen. Some vibrational modes involve a few atoms (like NH or
OH stretches) and act as local probes of their environment, particularly sensitive to intramolecular interactions
(cf. Section 6.1). Some other modes are more delocalized and provide a characterization of large structural
motifs (cf. Section 6.2). Several approaches were thus designed to provide quantitative theoretical frequencies
that can be compared to experimental IR spectra. The case of peptides is challenging for two reasons. First,
peptides are relatively large molecules for which quantitative calculations can rapidly become unaffordable.
Second, peptides are flexible molecules with a complex conformational landscape made of numerous minima,
which need to be explored. The situation even becomes worse in peptide aggregates, in which the presence of
various binding sites for the aggregation partner leading to different isomers should also be taken into account.
This conformational exploration demands numerous energy calculations, which are affordable only at a



qualitative level of calculation. This is why two-step strategies were developed and are still in use
today 31,79,257,319,333-336

In the first step, the exploration of the minima of the potential energy surface (PES) can be carried out using
either Monte-Carlo or molecular dynamics (MD) simulations, where peptides are usually described by a force
field. This force field is expected to depict the PES well enough to select a reasonable number of lowest-energy
structures, which will be considered in the second step where heavier quantitative calculations are targeted. In
particular, it is expected from the exploration that (i) all low-energy conformations are found, and (ii)
structures and relative energetics of the minima are sufficiently reliable. The choice of the force field then
results from a compromise between the time dedicated to the exploration and the accuracy desired to
minimize the computational efforts of the second step. Several classical force fields were originally designed to
be applied on macromolecules in solution, like AMBER*"**® or CHARMM,***** and proved to be convenient for
conformational explorations of peptides in the gas phase. Their latest versions are still routinely used.”*?*
Other classical force field like OPLS,341 or second generation force field like CFF** or MMFF3*3% , were
designed to have a larger range of applicability, and were also used on peptides.79'334'335 Whatever the force
field used, significant deviations from the correct structure are frequently observed, and a few conformations
may be missing in the worst cases. This issue is generally solved by employing several force fields’”*** which
provide complementary conformational landscapes. The more accurate polarizable force fields could also
provide an interesting solution to address this problem, but are still not preferred to the more traditional
approaches. In contrast, semi-empirical quantum chemical methods** recently demonstrated their ability to
explore the conformations of a dipeptide.257 With a claimed accuracy of ~4 kJ mol™, these methods may
provide a valuable alternative to force field approaches, where conformations of relatively large energies
(typically ~50 kJ mol'l)79 must still be considered as potential candidates for being the main conformation of the
experimental distribution, whereas the observation window lies typically in the 0-10 kJ mol™ range.

Once the lowest-energy structures are identified by the conformational exploration, they are treated at a
guantitative quantum chemistry level. The most used strategy consists of first optimizing the geometry, and
then calculate vibrational frequencies. Getting a correct structure in these systems can be challenging. Indeed,
equilibrium geometries in these flexible systems result from a subtle balance between several interactions of
different nature, e.g. H-bonds involving more or less polarizable acceptors, dispersion between m clouds, or
steric clashes, just to mention some of them. It is then mandatory to use a combination of theoretical methods
and basis sets that is capable to describe correctly all these interactions. The treatment of dispersion is a long-
standing issue since DFT methods underestimate it, whereas MP2 methods overestimate it.*® Several DFT
methods corrected for dispersion addressed this issue quite e1°ficien‘c|y,346’347 and were systematically used on
peptides. Functionals such as B3LYP,348 or B97**° combined with the third version of dispersion corrections
(D3)350 have proven to be successful for a decade. Additional refinements, such as the Becke-Johnson (BJ)
damping aiming at better describing dispersion and correlation at short distances,”" were used more recently,
increasing the description accuracy of the structure. The functional wB97X specifically designed to treat long
range interactions and short range exchange can also be used with dispersion corrections.® A recent
publication comparing several methods found that this wB97X-D functional provided the most reliable
structures for a dipeptide.257 In parallel, a fourth version of dispersion corrections (D4) is expected to improve
the accuracy of this type of approach.148 All these functionals are typically used with triple zeta basis sets and at
least the addition of polarization functions.

Frequencies are usually calculated at the same level of theory as the geometry optimization. The harmonic
approximation provides a fast way to proceed, however harmonic frequencies need to be further corrected to
be compared to the experimental ones. The simplest approach consists of applying an empirical correction
through a single scaling factor. A scaling factor can also be defined for each spectral domain in order to
improve the accuracy of the corrected frequencies (cf. e.g. Ref.”®). In the case of non-coupled vibrational
modes, mode-dependent scaling factors can also be defined,353’354 and in the most documented cases such as
NH, OH, NH, and CO, stretches, it is even possible to define linear scaling functions. These sophisticated
approaches can typically reach an accuracy of 20 cm™ and sometimes down to 5 cm™ for dipeptides.73'21'e"3'55 For
coupled modes, it is not possible to define mode-dependent scaling factors (e.g. multiple OH stretch modes),
and more refined anharmonic calculations become necessary to describe vibrational resonances or simply have
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access to intensities of overtones and combination bands, and thus increase prediction accuracy. The
vibrational self-consistent field (VSCF) approximation and/or the second order vibrational perturbation theory
(VPT2)356 and their extensions®”**® can be applied to polypeptides and compared with experimental
spectra.257‘336 Localized-mode approaches are also now available and applied to peptides.359'360

While this two-step strategy (geometry optimizations followed by frequency calculations) is the most popular,
an alternative approach relying on Born-Oppenheimer molecular dynamics (BOMD) simulations at a DFT level
(DFT-MD)*** has proven to be successful in reproducing IR spectra of peptides, especially in the far-IR
domain.>*##193203623% pagically, the nuclei are treated classically whereas the electrons are treated at a DFT-D
level, and IR spectra result from the Fourier transform calculation of the time correlation functions of the
fluctuating dipoles.?’”‘?’zo Such a strategy includes anharmonicity, and is especially useful to interpret the far-IR

. . . -1 314,319,363
domain with a remarkable standard deviation of 6 cm™.

Despite the valuable information provided by vibrational frequencies in the ground state, other observables
can be useful to identify unambiguously each conformer of the conformational distribution, or simply to
further characterize their properties. The weight of each conformation in the distribution can often be roughly
estimated by experiments, and even sometimes measured (cf. population transfer methods, Section 4.2). If the
experimental conformational distribution reflects an equilibrium, like after the pick-up of gas phase molecules
by He droplets where a fast kinetic trapping occurs,”*! then Gibbs relative energies at the relevant temperature
are totally appropriate to compare with experiment. In molecular beam experiments, kinetic trapping also
occurs, but at a rate similar to that of conformational isomerization (cf. section 4.1). Final populations then also
depends on other parameters like isomerization barrier heights.364 In a few cases, disconnectivity diagrams
were calculated at the force field IeveI,133 and used to characterize conformational distributions. At best,
molecular dynamics simulations of the cooling process in a molecular beam can be achieved to compare
theoretical distributions with experiments.?’64 However, for most of peptides, Gibbs energy still provides a good
indication of the conformational distribution in molecular beam experiments.103 This is not true in the case of
clusters, as they are usually formed once each partner is already cooled. Their conformation and isomer
distribution is then expected to be out of equilibrium, and kinetic aspects must be taken into account in the
conformational analysis.219

Several types of calculations in the electronic excited states were developed in order to interpret IR spectra of
S: states,75'179'333 rationalize the relative position of Sy->S; transitions of each conformer'#%1811836 - 5ng
sometimes their Franck-Condon activity,179 or explain S; lifetime variations with the con1°ormation,181'183
including ultrafast processes responsible for experimentally missing conformers when using R2PI
techniques.m'178 When excited and ground state properties must be compared, e.g. for excitation energies or
shifts between S, and S; IR spectra, the approximate second-order coupled cluster method cc2** is mostly
preferred for capped amino acids by comparison with multireference methods.>®’ Excited state modelling is still
a difficult matter, since the precision achieved on the electronic energies is typically of the order of ~1000 cm™
for the low lying excited states,*®”?®® which is far behind the experimental requirements for spectroscopic
assignment owing to the modest spectral shifts between conformers (typically 100 cm™ at most). However, CC2
methods has recently proven to provide valuable benchmarks on relatively large species.369 Beyond transition
energies, the same approach can also simulate Franck-Condon activity of electronic transitions and thus
provide additional assignment information. Although popularized by recent simulations of vibronic spectra of
protonated species,370 its use in assigning UV spectra of neutrals remains widely unexploited. Lifetimes are
usually even more complex to explain183 and may require an in-depth exploration of the possible relaxation
paths at a non-adiabatic time-dependent DFT (NA-TDDFT) level.'®!

Finally, theoretical tools are useful to understand better the nature of the shaping interactions at play in
peptides. Natural Bond Orbital (NBO)371 analysis has recently been used to investigate the nature of NH-&t
interactions in peptides,333 and is appropriate to rationalize NH amide spectral shifts.””> Non-Covalent
Interaction (NCI) plots,373 an extension of the Atoms-In-Molecules (AIM) anaIysis,374 was shown to provide
useful information on the location and nature of intramolecular interactions in large systems based on a
topological analysis of the electron density.375 Although this tool has its own Iimitations,376 it is convenient to
. e . . 377 . 80,333 . .
support the existence of significant interactions,””" compare their strength, and give an overview of the



subtle balance between all the interactions at play in peptides beyond those that can be directly probed in
experiments.378

6. Optical probes of H-bonds and other structuring intramolecular interactions in
peptides

6.1. The stretching motion of the amide NH covalent bonds and other hydrides: The amide
A region

The stretching modes of hydrides (XH), such as the polar NH bonds of the amide groups or the OH bonds of
carboxylic acids, exhibit a significant transition moment for IR absorption, allowing spectroscopists to use their
absorption signatures to probe these chemical groups. The exquisite sensitivity of the stretching mode
frequency to the environment of hydrides, together with the local character of the NH stretch modes, provides
an elegant way to assess the H-bonding pattern of a molecule. Furthermore, those modes are poorly coupled
to each other as well as to the other molecular modes (in contrast to the CO stretches or NH bends; cf. section
6.2.). Each individual XH covalent bond usually gives rise to a well-defined absorption band, whose spectral
position is the main source of structural assignments in gas phase studies. Other spectral features, i.e.
broadening, increased intensity and anharmonicity in the case of H-bonded hydrides provide additional
information.”” The spectral sensitivity stems from the dependence of the XH stretching frequency resulting
from the electronic density of the covalent XH o bond. This dependence can be interpreted as an effect of
electron delocalization due to H-bonding in the Natural Bond Orbital (NBO) framework.’”* To a lesser extent it
arises from of hyperconjugative interactions with vicinal covalent o bonds.”’””> As far as linewidths and
intensities are concerned, free XH groups exhibit weak and sharp lines (typical widths of a few cm™), whereas
weakly H-bonded XH are more intense, but keep a sharp linewidth controlled by the rotational contour of the
transition. For strongly hydrogen-bonded NH-groups, a broadening of up to several tens of cm™ can be
observed, presumably due to a larger coupling between the initially excited NH stretching mode and the
manifold of low frequency modes of the molecule. However, these broadenings often remain modest and
enable the recording of vibrationally resolved spectra for small peptides, in contrast with the bonded NH
groups in uncapped peptides characterized by ~100 cm™ broadened lines.*® Anharmonicity of the NH
stretching modes is significant in H-bonded amides; the phenomenon is usually taken into account using
specific, sometimes mode-selective scaling factors (cf. Section 5 and e.g. 142’219’353”354).

By collecting spectral features recorded for individual hydrogen-bonds, which are as isolated as possible from
the rest of the molecule, typical frequencies and intensities have been extracted for amide NH stretching
modes in various environments and secondary structures (cf. subsections in the present chapter). Of course,
these features are at the heart of labelling techniques such as isotopic labelling (15N in particular) or mt-labelling,
which will be discussed here as well. Cooperative effects in presence of other bonds or general perturbations
induced by a molecular environment (e.g. by steric constrains) will be discussed in more detail in Section 8.

6.1.1. Spectroscopic probe of backbone-backbone interactions specific to uncapped
peptides (COOH/NH,): OH/NH/NH, hydride stretches

The mid IR-spectroscopy (3 pum range) provides invaluable direct information, such as the carboxylic acid OH

stretch absorption, at least as long as this one remains in its neutral form. Despite their weaker absorption, the

antisymmetric and symmetric components of the NH stretches of the N terminal NH, group are often

observable and provide an additional information (cf. Table 4). Most of the IR/UV studies on the gas phase

aromatic amino acids (AAs) Trp, Tyr and Phe indicate the presence of three types of conformers, here labelled
A1, A2 and A3 (cf. Scheme 1).

R R R Scheme 1: H-bonding patterns observed in
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In conformers A2 or A3, the OH group is either not involved in H-bonding or only as H-bond acceptor, which
gives rise to a free OH stretch mode, whose frequency is close to 3600 cm™. In contrast, in the A1 conformer,
the H-bonded OH (through a 5N bond) leads to a strongly red-shifted, broadened band in the 3200-3300 cm™t
region. Further assignment in terms of type A2/A3 relies on the comparison with calculations especially for the
NH, stretches with "5 and "5’ bonds, whose frequencies present slight but significant differences (cf. ?).

5C
5N R
H o S M o} Scheme 2: H-bonding patterns observed in dipeptides
H_N/'\‘/N\A)ko,_| H-N)\‘/N\A)km with unprotected N- and C-termini.
AATH o 2 C7 AA2 H o ,
R

Larger uncapped peptides are interesting with respect to the simultaneous presence of uncapped N and C
terminals together with peptide bonds, which increases the number of combined interactions and provides the
opportunity to document the role of emerging secondary structures as stabilizing features. Table 4 presents
two typical additional interactions relevant for the description of the H-bonding network, namely the 5" and 7
H-bonds. Concerning conformer-selective IR spectroscopy of dipeptides, only the Tyr-Gly, Trp-Gly and Gly-Trp
sequences have been reported experimentally and interpreted using quantum chemistry calculations. H-Gly-
Trp-OH269 is found to exhibit two conformers, assigned to different H-bonding patterns (labelled AA1 and AA2,
cf. Scheme 2). Both structures are stabilized by a N-terminal, local, NH-> NH, H-bond (5") accompanied by a C-
terminal localized OH->0C(1) bond 7 (bridging the acidic OH to the Gly amide) in AA1 and possibly by a
weaker 5 interaction in AA2. In contrast, the reversed sequence, Trp-GIyZGg, and its Tyr counterpart, Tyr-GIy380,
exhibit only AA1 type conformers, in which the intra-residue 5" interaction is made easier by the absence of a
side chain on the Gly residue. In all these cases, the aromatic side chain is too rigid to establish any interaction

with the backbone, as testified again by the free OH/ NH side chain stretching bands.



Table 4: Stretching vibrations of H-bonded OH/NH/NH, hydrides: a spectroscopic probe of C-terminal/N-
terminal and terminal-backbone interactions in neutral amino acids and uncapped dipeptides. For H-bond
labelling, see Schemes 1 and 2.

H-bond type remark band range/cm'1 References
intensity
Free carboxylic OH strong 3570-3593 36,37,131,205,231,270,380,381
aminoNH, i = OH i | antisymm very weak | 3430-3440 ”
N symm. weak 3340-3350
aminoNH, i 2 OC antisymm. | weak 3405-3410 131,205,269,270,380,381
Ng¢ symm very weak | not obsv
aminoNH, i € NHj+1 strong 3390-3420 209,270,326,380-382
5" in combi- 3304-3370
nation
with 7
OH i+1 - aminoNH, i strong, 3200-3300 131,205,269,380
5N broad
OHi+1 > 0Ci very <3200 269,380
7 strong

6.1.2. Spectroscopic probe of backbone-backbone interactions: NH stretches in models of a
protein chain

The basic backbone-backbone H-bonding structures (cf. schemes of Table 5) bridging an amide NH and an
amide CO in a protein chain have been obtained from the study of model molecules investigated in the 2000’s
using IR/UV techniques using capped aromatic amino acids (Trp, O-methylated Tyr and Phe, cf. Section 2.3). O-
alkyl C-terminal caps allow focussing on extended conformations (Phem’284 and Trp332 chromophores). N- and
C-terminal ends capped with acetyl and amide/methyl-amide respectively provide relevance to the description
of basic protein secondary structures by keeping the amide groups in the molecule intact (cf. Section 2.3):
Studies have been performed on capped amino such as acids Trp133’2°3’2%’332’364 or Phe®*™*?*3 41 di- and
tripeptides containing a modified tyrosinemz’157’384’385 or a Phe residue®7>?17328386389. Chromophore-containing
caps (e.g. Z-caps; benzyloxycarbonyl) have also been used but remain less popuIar.Gl’m’m'alG’390

References for free NH stretches can be deduced from the spectroscopy of trans-methylacetamide, a
minimalist model for a peptide bond in a protein chain (3508 cm'1)31’38, as well as from a few peptides in which
a NH bond was found to be free from any H-bonding interaction: 3492-95 ecm™ ” for a Gly residue in a B-turn,
3469 and 3472 cm™ for Ser/Cys ¢ and Phe (cf. Figure 10) resp. in a y-turn. The significant difference between
these references is indicative of hyperconjugative effects within the peptide chain, between the NH bond

considered and vicinal covalent ¢ bonds, such as the C*H bond of the same residue.>”?

The spectral signatures of gas phase isolated 5, 7 and 10 H-bonds have been determined early in the 2000
decade (cf. Table 5), together with their combinations with other bonds. It leads to an increasing H-bond
strength in the following order: 5, 10 , 7, which is corroborated by NBO analyses,372 from which frustration
effects are found to be ubiquitous. For example, the 5 bond is strongly non linear, since the NH and CO bonds
of the same residue are nearly parallel, due to the backbone extended arrangement, locally stabilized by
hyperconjugation effects. The 10 bond is frustrated by the B-turn/helical backbone, which impedes both amide
groups to come closer. The backbone of the inverse y-turn is constrained by hyperconjugative interactions,
which tend to align the CO and NH covalent bonds of the residue and therefore oppose to the formation of a
strong 7 H-bond.



Table 5: Stretching vibrations of backbone NH/NH, hydrides: a spectroscopic probe of backbone >
backbone H-bonding interactions in linear protein chains.

H-bond type remark band range/cm'1 references
intensity
free NH in methylacetamide Weak 3508 3
free NH in peptides Weak 3472-3495 |
T NHi=> OCi Weak 3435-3455 60,133-135,332
‘}E/NYJ\E?{ 5 in comb. with other 5 3405-3445 73
' bonds
ﬁ/:\ﬂj\nﬁ NH i+1 > 0C i-1 Strong 3340-3380 zz::::m
S ol 7 in comb. with other 3310-3420 385
T HBs (2, ribbons, 7-10)°
% "/\A)L" )Y K 21 (I)-I i+2 > 0Ci-1 strong 3380-3415 | VPO

a) H-bonds shifting the NH stretches below 3300 cm™ are observed in some cyclic (tetra)peptidesm’391

Specific case of NH, in a C-terminal carboxamide termination

In some model peptides, simple amide caps are chosen instead of methylamides, despite the latter are more
qualified as model terminations since the methyl group provides a minimalist mimicking of the rest of the
protein chain. However, the carboxamide termination provides an invaluable piece of spectroscopic
information, which originates from the coupling existing between the symmetric and antisymmetric
components of the carboxamide NH, moiety (in the following, NH, will refer to the terminal part of the
carboxamide group considered). This coupling basically results from the fact that both NH stretch oscillators
share the same N atom. If one of these NH modes is involved in an H-bond, its frequency should be red-shifted.
However, this structural coupling also perturbs the frequency of the other oscillator in a way, which can be
described by a two level model. At the limit of weak H-bonding, both oscillators are free: the coupling gives rise
to a splitting, with both a symmetric and antisymmetric component, with an average frequency being that of
the free NH oscillator. In the limit of strong H-bonds the coupling becomes negligible, the symmetric
component tends to a purely H-bonded oscillator whereas the antisymmetric approaches the free oscillator
frequency. Such a model remains an approximation, since it does account for anharmonicity effects, but
experimental data proves its validation within a very reasonable margin of error (cf. Figure 12). The great
interest of the model is that the frequency of the antisymmetric component bears an indication about the
existence of the H-bond originating from the NH, group, together with an estimate of its strength. In the
context of a C-terminal amide, this provides the H-bonding status of this end of the molecule, which is a crucial
information regarding the structural assignment of the studied conformations,®***'** even in absence of
guantum chemistry calculations.

It should be noted that the same spectroscopic trick applies to the carboxamide groups of the asparagine and
glutamine side chains77'78’82, as well as to the N-terminal amino groups of uncapped peptides, although less
used in this latter case.
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6.1.3. Spectroscopic probe of local backbone-side chain interactions in neutral residues:
backbone NH = side chain acceptors

Local NH - minteractions, where a backbone NH interacts with a nearby aromatic ring, which then plays an
acceptor role, are often detected in sequences made of non-polar amino acids. The presence of an aromatic
ring in the model molecule is indeed imposed by the IR/UV double resonance technique. These interactions
form spontaneously as soon as they are topologically allowed by the backbone flexibility, due to the significant
enthalpic gain they represent in the gas phase and the moderate entropic penalty associated to a weak bond.
They are consequently ubiquitous in the isolated model systems studied, either as intra- or inter-residue bonds.
Despite being relatively weak, with modest red shifts, they have been clearly identified as such in amino
acids"*2%%%°, uncapped peptides382 and protein chain models,?*>?°373%% 314 even characterized in the
excited state.*®® Their opportunist behavior sometimes can even be hampering, when the aromatic moiety
does not belong to the molecule of interest and for instance is part of the cap used for IR/UV spectroscopy
(benzyloxycarbonyl-, Z- or benzylamide -NH-Bn groups). They tend to form spontaneously between the cap and
the backbone77'79’103, or a side chain donor site,77'79’1°3, often additionally stabilizing the conformation. One of
the drawbacks is their ability, through both enthalpic and entropic effects, to shift the conformational
equilibrium towards structures in which they occur (cf. Section 9 for examples and discussion).

Other residues possessing an H-bond acceptor site potentially lead to a NH->side chain H-bond and are often
characterized by typically red-shifted IR signatures (Table 6). Depending on the side chain length and on the
upstream or downstream position of the donor along the sequence, the local H-bond can be designated as
being intra- or inter-residue (cf. left panel of Scheme 3). Backbone NH - side chain acceptor H-bonds are
observed concomitantly with backbone-backbone H-bonds (cf. Section 7). However, when the side chain is
short enough, the compactness of the backbone-residue system allows the simultaneous presence of three
types of H-bonds: the basic backbone-backbone H-bonds and two H-bonds where the side chain is both donor
to and acceptor from the backbone. This is the case for instance with the Ser, His, Asn and GIn side chains,
where an extended locking through multiple bonds occurs between the backbone and the side chain. This leads
to more or less severe constraints and cooperative effects, which can affect the H-bond strengths observed and
should be considered when consulting the NH stretch frequency data of Table 6. Nevertheless, one can
conclude from the red shift ranges observed (from ~30 to ~300 cm™) that Ser and Cys behave as poor local
acceptors, followed by Met and Asn, GIn and His (in its € tautomeric
form, where the mobile H atom of the imidazole ring is localized on
the N° atom). The red shifts show a significant dependence with
Phe / Tyr / Trp / His respect to the type of hydrogen bond and the backbone
arrangement.

e ' o
= R ser/cys

5"\ Nos )gr os+ 16

Scheme 3: Backbone-side chain local H-bonding for neutral
residues in a protein chain. Left panel : side chain is acting as an H-
bond acceptor ; right panel, as a donor. The H-bond terminology
adopted accounts for the position and the role of the heteroatom
playing the acceptor role or bearing the bridging H-atom (greek
superscript) as well as for the size of the ring formed at the H-bond
formation (cf. Section 2.1). Intraresidue H-bonds are marked in
green and orange; interesidue in blue and red.




Table 6: Stretching vibrations of H-bonded backbone NH hydrides: a spectroscopic probe of backbone — side
chain H-bonding in protein chains.

Donor = Acceptor Type Residue/ Conformation NH stretch frequency/cm'1 Reference
NH=> = Phe, Tyr, Trp
i/il i n 3415-3450 13529660333
& i+l i NH between rings 3370-3380 81,377
NH = OH Ser
il s y-turn 5Y('6)-7 3455 80
NH = SH Cys
i>i|s y- or B-turns 3415-3435 80,83,156,330
i+l | %6 5-6" extended 3370 3%
NH > SeH
i>i| s y- or B-turns 3400-3415 196
NH = SMe Met
i>i| e B-turn 3360-3362 392
i+1 > | 7° y-turn 3340 392
NH > 0=C
(carbonyl/amide)
Asn
i>i|6 y-turn 6%(°7)-7 3353-3363 7982
i+1 20| 7° extended 5-7°(°8) 3305 8
GIn
i2i| 7 y-turn 7(°8)-7 3343 78
B-turn 7°-7%(°n)-10 3320-3550 7
‘g° “8%; OH C-term 3140 7
i+1Di| 8 extended 5-8%(°f) 3308-3350 7
NH >N His
i2i| 6 y-turn 6%(°f)-7 3333 8
B-turn 3355-57 8
i1 >i | 7° extended 5(°f)-7° 3172 82
6.1.4. Spectroscopic probe of local backbone-side chain interactions in neutral residues: side

chain donor = backbone CO

The presence of local H-bonds is greatly influenced by the length of the side chain. As mentioned for side chain
acceptor H-bonds, the H-bond strength is presumably affected by constraints and cooperative effects if the side
chain is also an H-bond acceptor. Nevertheless, apart from the Ser with its strongly red-shifted OH stretch, the

red shifts of the H-bonded side chain NHs remain modest in the 100 cm™ range (cf. Table 7).

NH or OH groups of Trp and Tyr are sometimes involved in interactions with H-bond accepting groups providing
that the molecule is long enough for an end-to-end folding to occur. This has been reported for Trp, in



uncapped peptides with a backbone carbonyl acceptor (H-Trp-Ser-OHm, H-Tyr-GIy-GIy380) and in capped
peptides with the 7 ring of a neighboring other aromatic residue residue (Ac-Trp-Tyr-NH2377). The measured
shifts remain modest because the formed H-bonds are hampered by the combined rigidity of the side-chain
itself, and that of the backbone.

Interestingly, Asn/Gln containing species show a red shift of the antisymmetric NH, amide frequency below the
free oscillator frequency (~3500 cm'l), which indicates doubly bonded amides. In this case the trans NH is
involved in an H-bond with the backbone and the cis NH in a °z H-bond to either an aromatic residue of the
sequence (cf. Supplementary information of ref 369 ) or to a -NH-Bn benzylamide cap.78'79 This type of doubly
bonded amide structure was also observed in a conformer of capped phenylalanine monohydrate.219

Table 7: Stretching vibrations of side chain OH/NH hydrides: a spectroscopic probe of intramolecular side

chain = backbone H-bonding in protein chains

Donor / residue | Type Conformation NH stretch Reference
frequency/cm™
OH Tyr free 3593 %0
i> i+2 | OH-0 - OC of C-term 3400-3530 380
OH Ser free methanol 3681 %
2>i|% n-5"('6)-10 3450 8083
6”7 <7('6°) C-term 3585 326
NH Trp free 3520 326382
> NH-O - OC of C-term / stacking 3503° 326,382
i+1
NH His free 3512 8
i>il% y-turn 7'(°7)-7 3384-3398 8
i1l>i| 8 extended 5(°f)-8° not observed 8
NH Asn/GlIn
Asn free from Gin 3442/3562 8
i>il% y-turn 6°(°7)-7 3380-3395/3505-3515 | 7%
i+1>i % extended 5(°8)-7° 3400/3515 &
Gln free 3442/3562 %
T 5(stacked+7c)c COOH C-term ~3400/3520 78 here doubt about
n double donor binding
i>ilcs y-turn in 7°(°8/°n)-7 3400 /3510* 78 % _ NH, double donor (‘8/°)
i+1>i | °9 ext. 5(°9)free uncapped | 3370/ 3510 &
peptide

a) forinterstrand bonds cf. Ac-Trp-OMe dimer®*

6.2. The spectral region below 2000 cm’?

6.2.1. Some general aspects

Beyond the region of N-H stretching frequencies (denoted as the amide A region) further regions of the IR
spectrum yield valuable information on the structure via characteristic vibrations. A brief tabular overview (cf.
Table 8) of these regions is presented here, whose divisions are not considered to be strict, especially in the
lower energy region. The important regions important for the structure determination of amino acids and
peptides are described in more detail in the following section 6.2.2.

Since the carbonyl groups play an important role as H-bond acceptor within an amino acid or peptide, the
amide | region can be essential for structural assignments. This region mainly comprises the C=0 stretching
motions of the amide backbone, the C terminus but also of amino acid side chains. In comparison to the N-H




and O-H stretching modes, the C=0 stretching vibrations (with their mainly double bonding character) are also
quite localized modes. However, they exhibit a slightly less anharmonic character than the amide A modes,
which is also revealed in the higher scaling factor used in the amide | region74'79'135'157'160’250’284’335'383'394.
Additionally, the C=0 stretching modes are less influenced by H-bonding, leading to lower (absolute and
relative) red-shifts of the carbonyl stretching frequencies than in the amide A region; free and H-bonded CO
groups often exhibit a quite small but still characteristic red shift (sometimes only about 10 cm_l). A further
main aspect is the usually strong coupling of the amide | vibrations. It leads to a specific frequency and intensity
pattern, which is greatly dependent upon the relative orientation of the carbonyl groups and hence upon the
overall molecular shape. Due to these effects, the vibrational pattern of a conformer in the C=0 region is
frequently very characteristic. Finally, being vibrations of high intensity, the C=0 stretching modes can also
influence the amide A region, e.g. as overtones, which can couple with fundamentals of N-H stretching modes
to Fermi resonances.

Table 8: Main, structurally relevant IR regions below 2000 cm™

spectral region main vibrations further remarks/vibrations
region / cm™ denoted as
1800 - 1600 amide | C=0 stretching C=0 stretching COOH: = 1790 cm™

C=0 stretching amide backbone:
= 1650 — 1730 cm™

1600 — 1400 amide Il N-H bending (in plane) C-N-H bending amide backbone combined with
CN stretch: = 1510 — 1570 cm™

bending vibration of water in hydrates160 (free
O-H bending (in plane) water: 1595 cm™)

COH bending of strongly H-bonded COOH group

C-H deformation modes (CH,)
C=C stretching

1400 - 1000 Amide Il C-O-H bending
(upper C-O stretch
fingerprint | C-N stretch C-N stretching + C-C stretch + NH bending
region) secondary amides
C-H bending C-H deformation modes (CH;)
=C-H in plane bending
1000 - 800 lower O-H out of plane
fingerprint | deformation
region C-H out of plane
vibrations aromatic
chromophores
<800 far IR N-H wagging
region C-H wagging

delocalized collective
backbone bending modes

The so-called amide Il region comprises N-H bending modes of the amide backbone groups and the
unprotected C-terminus as well as the O-H bending modes of water molecules in hydrates. All of these
vibrations exhibit an even stronger coupling behaviour than amide | modes. Both kinds of bending vibrations
are blue-shifted when involved in H-bonding. Though the anharmonicity of in plane N-H bending modes is
slightly higher than for C=0 stretching modes,394 it is frequently a satisfying approach to use the same scaling
factor as in the amide | region74’135’153’157’160’250’335’395‘396. Occasionally the difference in anharmonicity is taken
into account by using a scaling factor in between the amide A and | scaling factors’>*7>°.

Further enhancement of vibrational coupling is found in the region below 1400 cm™ to about 1000 cm™, which
is occasionally denoted as amide IlI (cf. e.g.m) or as ‘fingerprint region’ (cf. e.g.l%). The expression fingerprint
region is very flexibly used and partly even comprises the amide | and Il regions as well as the vibrations below



1000 cm™, cf. e.g. 153,222,286390 T region 1000-1400 cm™t comprises the C-H deformation/bending modes of

saturated alkyl groups, in plane =C-H bending of aromatic systems, C-O stretching modes often coupled with
the C-O-H bending vibration. The region below 1000 cm™ down to the far IR region is characterized by =C-H out
of plane vibrations of aromatic side chains as well as the C-O-H out of plane vibrations. Where the so-called far
IR region begins is as ambiguously defined as the use of the term ‘fingerprint region’: authors working in the
field of molecular beam spectroscopy denote the upper limit to be 800 cm™, 700 cm™, 500 cm™ or even around
200 cm™ (cf. 2231431832038 i the region around 800-600 cm’™, intense out of plane deformation (wagging)
vibrations of the hydrogen atoms of the phenyl ring (cf. e.g.>****°) are found along with alkyl deformation (cf.
e.g. %) modes. In case of hydrates, also water (out of plane) libration modes can be found down to about 500
cm™?, corresponding in plane modes around 400 cm™ (cf. e.g. 318). The spectral region 400-550 cm™t comprises
out of plane N-H bending and NH, inversion modes (cf. e.g. 318); partly, blue shifts above 600 cm ™ are possible if
the NH group is involved in H-bonding (cf. e.g.glg). Delocalized, collective backbone bending modes can be
found between about 400 cm™ down to around 200 or 100 cm™ (cf. e.g.319’32°), followed by torsional backbone
motions (cf. e.g.m) in the region lower than 100 em™. This spectral range is described with more details in the
dedicated review of the present issue’®.

6.2.2. The spectral region below 2000 cm™? regarding the structural analysis of peptides

Which of these spectral regions is finally measured does not only depend on the scientific question but also on
the precise experiment and its instrumental equipment as well as (with regard to the interpretability) on the
possibility to compare with diagnostically valuable calculations.

With regard to FTIR spectroscopy, the vibrational ground state spectra in the mid and far IR region usually
down to about 400 cm™ are accessible depending on the light source (globars, Nernst lamps, mercury lamps,
the latter especially for regions lower than 200 cm'l) and the detector (often pyroelectric detectors or
photodetectors). Nevertheless, the region below 1000 em™is rarely used in gas cell or jet FTIR for structure
analysis in context with amino acids or peptides (cf. e.g.36'38’4°). This is partly due to a missing adequate
theoretical description by standard DFT methods, especially for larger systems (cf. following sections), and due
to the fact that major structural motifs (H-bonding patterns) can already be analyzed in the amide A,l,ll regions.

For molecular beam IR spectroscopy, the region from the mid IR to the far IR is hardly accessible by using one
optical source. Nowadays, table top systems are able to cover the mid IR region down to about 600 em™ (cf.
e.g. 285’316’3’25'397). The region below 600 cm™ and more generally the region below 2000 cm™ is a domain of the
FEL lasers (cf. e.g.31°'312'313). This is sometimes the reason why publications split up on those investigating the
amide A, I, Il (cf. e_g_74,79,102,134,135,160,217,250,284,316,335,382,391,395,396,398,399) and partly Il (cf. e.g. 316,397) regions, and

. . 196 137,153,217,286,318,394,396 314,318-320
others focusing on the amide I-lll (cf. e.g. ™) )/or (cf. e.g. ) far IR

and (cf. e.g.
regions.

With regard to the C=0 stretching and N-H bending regions, it has been demonstrated that the amide I, Il
region comprises valuable structural information. Nevertheless, to have an additional support for the
interpretation, the amide 1,1l region is often analyzed in combination with further spectral regions as the N-H
and O-H stretching regions where amino acids up to pentapeptides have been investigated (cf.
e-g-74,79,102,134,135,160,217,250,284,316,335,382,391,395,396,398,399) or with the region below 1400 cm»l (Cf 196,397) and the far IR

. 137,153,286,314,318-320,394,396
region (cf. e.g. ).

The characteristic differences in the amide |,ll region for free and H-bonded CO and NH groups can be very
sensitive towards the H-bonding pattern and the general peptide backbone structure. This is not only true for
isolated peptides but especially for hydrates as the mono- up to triply hydrated Ac-Phe-OMe'®, in which the
carbonyl groups are the most important H-bond accepting partners for the attached water. Additionally, the
experimental knowledge about amide I, Il modes can help to decide whether additional bands in the amide A
region can be attributed to overtones and Fermi resonances or to the presence of more than one isomer in the
corresponding IR/R2PI spectrum (cf. e.g. 335’398). In many cases, a first comparison with amino acid or peptide
systems whose structural preferences were already successfully analyzed often allows to draw principle
structural conclusions (cf. e.g.loz’m) from the experimental data. A more detailed analysis in comparison with
calculations frequently supports and further refines the conformational assignments based on the amide A



79,102,134,135,160,217,250,284,316,335,391,395,396,398,399

region (cf. e.g. ). How valuable the amide LIl region is of course

depends on the individual system (cf. e.g. "**®).

Beyond, for structurally unambiguously assigned systems, the amide I,Il region can present a further
benchmarking system to validate theoretical methods. The strongest deviations between harmonic frequency
calculations and experimental data are normally found for the N-H bending modes (cf. e.g.217’399). This is due to
coupling effects, which can lead to a broadening of the experimental bands, making them more difficult to
interpret. Additionally, the coupling in extended chains with sequential C5 interactions effects a large intensity
enhancement of the in-phase bending motions (cf. e.g.74’399). These coupling effects in the amide I,1l region
were analyzed in more detail in the Zwier group by Hessian reconstruction and a modified procedure of it; by
this site frequencies as well as nearest neighbor and next-nearest neighbor coupling constants (cf.399) were
extracted. In that context, a potential energy distribution analysis for a combination of NH bend and CN stretch
modes showed that those are less localized than the CO stretching modes. Beyond, the analysis of the coupling
constants revealed strong indications that the main mechanism by which two carbonyl stretching vibrations
couple is the NH---:CO H-bond connecting the two different backbone amide groups. This picture differs from
the mechanisms proposed by TDC (transition dipole coupling) or TCC (transition charge coupling), which
explains CO coupling by the electrostatic coupling of the oscillation dipoles (with TCC including higher order
multiple terms). Some general conclusions were drawn from this analysis: In both regions (amide | and II)
coupling constants are only large (with the largest ones found for amide 1/l couplings) if the amide groups are
connected by an H-bond and the value of the coupling constant is characteristic for the type of H-bond formed.

Though the O-H stretching, amide A, | and Il already exhibit a very comprehensive picture of amino acid or
peptide structure, especially with regard to H-bonding pattern and backbone structure, more detailed
structural aspects sometimes remain unclear (cf. e.g. 134'284'382). A typical example in which the region below
1400 cm™ becomes of interest are the OH in plane bending vibrations of uncapped peptidesa%. In their free or
only weakly H-bonded form they can be located below 1400 cm™, whereas they are measured between 1400-
1500 cm™ when they are involved in a strong H-bond. Further typical examples are side chain
orientations™******”  or orientations of chromophores in capsl37’153. Thus, the significance of the region
between about 1400 and 1000 cm™ for assigning structural details was realized; nevertheless, measurements in
the amide  |-||?2%?86316317335394,3% regions were often still combined with amide A

131,158,205,316,335,396
measurements .

In many cases, harmonic, DFT/B3LYP-based calculations give (as for the amide | and Il vibrations) an adequate
description of the experimental data between 1400 and 1000 cm™, including (cf. e.g. 137,153,196,222,286,396 222)
scaling to account for the anharmonicity (cf. e.g. 153’196’396’397). Occasionally, unscaled frequencies are used
especially when the spectral region below 1000 em™is analyzed. Though some deviations from the absolute
positions can occur, especially in the amide | and Il region, the vibrational patterns are still
characteristic™>"**>>°. Special care must be taken if dispersion interactions play a role as shown by Jaexq et al.
on the examples of Z-Glu-OH and Z-Arg-OHl%: for conformations stabilized by dispersion interactions, the
region 1400-1000 cm™ was better described by DFT calculations including dispersion (via e.g. the M05-2X

functional) than without dispersion (e.g. B3LYP functional).

Throughout the last years, increasing attention has been paid to the region below 1000 cm ™ and especially the
far IR region (cf. e.g. 314'318'320'362), in which different out-of-plane deformation modes as well as collective
backbone vibrations are localized. Though our contribution is focused on IR spectroscopic investigations, one
should bear in mind that especially the far IR region is in principle also the domain of Raman spectroscopy,
which, in combination with the low sample concentration of the molecular beam, of course requires high
sensitive Raman set-ups32"35. In that context, Balabin analyzed small amino acids without an aromatic
chromophore as Gly32‘35, its hydrate33 as well as Ala* by jet cooled spontaneous Raman-spectroscopy
combined with MP2 and DFT-based theory. For some cases he could show, in comparison with microwave
spectroscopy, that further conformers®*** could be identified by Raman spectroscopy below 500 cm™.

The light sources applied in context with amide Ill measurements already mentioned above (cf. e.g.
137’222’286’317) already allowed measurements in the region lower than 1000 cm™ and in the far IR region. In
these quite early publications (covering a time span between 2004 and 2008) the deviations between DFT-



based harmonic description and the experimental spectra were obvious, especially in the far IR region. As
reason the anharmonicity of the corresponding vibrations, which can hardly be approximated by scaling (cf.
Section 5), was identified. This e.g. leads (in some of the publications) to a complete neglect of scaling in this
spectral region (cf. e.g.137’286) and a comparison between experiment and theory mainly based on vibrational
patterns. In that context calculated out-of-plane NH, vibrations partly showed the strongest deviations from
the experiment (cf. e.g.137’394) since this motion can be compared to the NH3; umbrella motion, taking place in a
symmetrical but anharmonic double minimum potential.317 In 2012 the Mons group investigated the spectral
region between 140 and 800 cm™ for the monomer and the two most abundant isomers of the monohydrated
Ac-Phe-NH, (based on their former analysis in the amide A region cf.m). By this, access to intermolecular
vibrations as the in-plane and out-of-plane librations of the water molecule and additionally the wagging mode
of the free OH bond of water was offered. It (once again) became obvious that, due to the moderate
agreement between the experiment and current DFT(-D) based methods, an identification of these two
isomers would have hardly been possible without the results of the amide A region.

In literature a few examples exist for which the pure mid IR region (mainly the amide A, | and Il with quite
localized modes) is not sufficient to provide a definitive structural assignment (cf. e.g. 314319) especially with
regard to structural details like side chain arrangements. Thus, the characteristics of further modes must be
taken into account: The ‘soft’, partly strongly delocalized modes in the region below 500 cm™ are expected to
be very sensitive to detailed backbone conformations (cf. e.g. 314320382 and H-bonded networks (cf.®).
Additionally it can occur that, in larger peptides, the number of localized vibrational motions can lead to
overlap phenomena and increasing spectral congestion in the amide A, | and Il regions, and thus to a
complicated interpretation. In contrast, the far IR region can still show quite well-resolved spectra (cf. e.g.
314'362). As a consequence, the far IR region is not simply a complement to the other spectral regions but it
yields structural information not accessible by e.g. O-H, N-H, C=0 stretching or N-H (in plane) bending modes.
However, its interpretation is not straightforward and requires a strong theoretical effort. In cooperation with
experimentalists (cf. e.g.314’319’320’362), Gaigeot proposed as approach to describe the vibrations in the far IR
region, the BOMD (Born-Oppenheimer molecular dynamics) simulations at the DFT level (DFT-MD) which are
able to directly provide anharmonic spectra (cf. e.g. 314319320 a1so cf. section 5 and the review in the present
issue362). To establish and further benchmark this method, a variety of dipeptide systems (Ac-Phe-XX-
NH2314'319’320) were investigated (also in comparison with the amide A region80’83’387). An excellent agreement
between experiment and theory especially in the region below 500 cm™ was found; in the region between 500
and 800 cm'l, the deviation was slightly larger with up to 20 cm™. For the amide | and Il region the match
between experiment and theory is found to be less good with discrepancies of about 70-80 cm ™" and 30-40 cm’
! respectively. The fact that strongly localized modes such as CO stretches are possibly quite sensitive to local
deviations of the PES, whereas the delocalized far IR modes characterized by quite global motions over the PES
react less sensitively to them, can explain the better match to the dynamically calculated spectra (cf. e.g. 3,

With regard to the most sensitive vibrations, (out-of-plane) wagging motions proved to be highly diagnostic.
However, the strongest conformer selectivity is shown by backbone vibrations in the region 240-400 cm'l,
whose conformation-dependent coupling, make them a direct probe of backbone conformation (cf.
e.g.glg’gzo’gez). The investigations in the far IR region demonstrated that they could distinguish different (cf. e.g.

) and even sometimes isoenergetic (cf. e.g. 320) secondary structure motifs and help to perform
unambiguous structural assignments, which were not possible on the amide A basis. In a later publication363,
far IR spectroscopy was further applied to Ac-Phe-OMe and its dimer. These analyses confirmed the B (g+)
monomer conformation but found indications especially in the 100-400 cmt region that the side chain
conformation in the dimer is not identical in the two monomeric strands, but rather of the B,(g+)- B.(g-) type.

— . .. . . . 397
This finding is in contrast to a previous assignment based on amide Ill measurements.

320,387

The summarized aspects of the investigations on peptide systems performed in different spectral regions
reveal the value of each of them for the structural analysis. The fact that certain regions as the far IR region
have been investigated less frequently is of due to experimental equipment required for these measurements
and due to a relative lack of adequate theoretical description. With regard to reliable structural assignments
future developments will show to what extent the spectral information gained in the far IR region can become
independent from additional information of other spectral regions.



7. Probing biological structures

The driving force to analyze peptide structures, namely the aim to understand and systematically influence
their structure-functionality correlation, was already addressed in preceding sections. In Chapter 2.1 typical
secondary structures and their characteristics were illustrated. In the following chapter the focus is laid on
examples of archetypal, biologically relevant secondary structure motifs and their investigation by molecular
beam spectroscopy (cf. Figure 13). The issue at stake is the existence of intrinsic forces, capable of driving the
formation of these secondary structure binding motifs and backbone peptide folding in a molecular beam
expansion, even in the absence of any molecular environment.

7.1. B-strands

The B-strand with its stretched structure (cf. Section 2) has its importance as unit of larger secondary structures
as B-sheets or B-helices, with the first being further addressed in the following section.

Stretched B-strands are stabilized by weak C5 H-bonds between the NH and CO groups of the same amino acid
in the sequence. This C5 interaction is intrinsically weak due to its non-linearity between H-bond donor and
acceptor and the relatively large distance (about 230 pm in molecular beam investigations, e.g.m'm).
Therefore the C5 interaction always competes with stronger intramolecular hydrogen-bonding interactions like
C7 H-bonds (H-bond distance around 200 pm, e.g.m’m, further e.g.60’133’135’138’383 and following sections) or
intermolecular interactions leading to aggregation. In contrast to the strongly H-bonded NH groups in e.g. y-
turns with frequencies below 3400 cm™ the weakness of an isolated C5 interaction leads to an NH stretching
frequency above 3430 cm™; in combination with other C5 interactions values below 3430 cm™ (starting at
around 3405 cm'l) are possible (cf. 6.1, 7.3). The capping of the polar N- and C-terminus (cf. Section 2.3 and
6.1) with protection groups can partly drive the structural preferences of short peptide systems towards
stretched arrangements, especially if the N terminus is esterified and not amidated (cf. e.g. 102’103’398). A further
factor that can decrease the preference of folded structures is their unfavourable entropic effect and the
associated lower proportion of low frequency modes (compared to stretched isomers). This is especially true if
the unfavourable entropic effects are not sufficiently compensated for by the enthalpic gain due to H-bond
formation (cf. Section 9).

With the examples of Ac-Phe-OMe, Ac-Trp-OMe and Ac-Val-Phe-OMe prototypes of protected amino acids and
small peptides with esterification on the N terminus were investigated in the Gerhards group
(e.g.134'284'332'397'398). For all of them a stretched B-strand arrangement was assigned. Ac-Phe-OMe was the most
extensively investigated system, being analyzed not only in the amide A but also in the amide I-lll region,
allowing a detailed structural analysis even of the side chain orientation (BL(g+))134'284'397. Later on investigations
were also performed in the far IR region.ssz’363 Beyond the monomer the homo dimer was
investigated134’284’362’363’397 (cf. Section 12) as well as the aggregation with water as the most important
biological solvent™ (cf. Section 11). In case of Ac-Trp-OMe, the structural influence of the unprotected NH
group in the indole side chain should be analyzed, which turned out to be important for the aggregation (cf.
Section 12). In contrast, a B.(g+) arrangement was found for the monomer. With Ac-Val-Phe-OMe the first
IR/UV spectroscopic analysis on a peptide under isolated molecular beam conditions was performed, leading to
the assignment of a B,(g-)-B.(g+) arra ngement.398
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Figure 13: Representative examples of remarkable secondary structures of proteins observed in the gas
phase from model molecules identified by their NH stretch region IR spectrum and the corresponding H-
bonding content (in red). In the B-sheet and hairpin models, IS stands for interstrand HB and the rings
formed by the interstrand HBs are indicated in grey. IR spectra are taken from the following references : Ac-
Phe-OMe and its dimer **; Ac- -Gly-Phe- -NH, ’ Ac-VaI-Tyr(Me)-NHMe dimer®’; Ac-Trp-NH, 133 . Ac-Ala-Phe-
Ala-NH, . Other remarkable secondary structures (and partly their IR spectra) are illustrated in the
corresponding subsections of this section. Ac-Trp-NH, spectrum reprinted with permission from Ref. 33
copyright (2202) AIP Publishing. Ac-Phe-OMe dimer spectrum reprinted with permission from Ref. !
copyright (2002) PCCP Owner Societies.

By introducing a secondary amide group at the N-terminus of the protected amino acid phenylalanine the
dipeptide model Ac-Phe-NHMe is created'™. The second amide group introduces the possibility for further
structural isomers. This was confirmed by the measurements in the amide A and 1,1l region in which three
conformers were assigned in comparison with DFT calculations. Though the BL(a) was the most dominant one,
two y-turn isomers, being close in energy (with about 250 cm™ relative to BL(a)), were found as well. The
different options for the monomer raised the question about the structural behaviour in case of aggregation
either as a dimer™ (cf. Section 12) or with water’"’ (cf. Section 11).

Instead of using a secondary amide group the C-terminus can be protected with a primary one as in Ac-Phe-
NH,*®. Comparable to Ac-Phe-NHMe the most stable conformer exhibits a B, arrangement, followed by two y-
turns differing in the side chain orientation. The analysis of the Mons group also paid attention to NH---1t
interactions, which seemed to have a stabilizing effect in the most abundant stretched conformer. It was
assumed that this interaction also had an impact on the photophysics of the conformers, which was later on
analyzed by R2PI, LIF and pump-probe spectroscopy partly with ps-laser systems (details cf. 181) Ac-Phe-NH,
was additionally investigated in its hydrated form 219 (cf. Section 11).

Basically the same structural behaviour as for the protected amino acid phenylalanine was also found for
tryptophan: In analyses already performed in 2002, the Zwier group demonstrated for Ac-Trp-NH, and Ac-Trp-
NHMe that for both substances stretched C5 structures as well hydrogen-bonded y-turns (C7) were formed,
being nearly isoenergetic (with regard to the accuracy of the performed DFT calculations)™. In contrast, the
absence of the second amide group and the replacement by an ester group in Ac-Trp-OMe leads to a complete
stretched arrangement332. For Ac-Trp-NH, and Ac-Trp-NHMe Zwier and coworkers observed a quite strong
correlation between conformation and photophysical behaviour, which was further investigated169’203’296’364. In
that context it is important to mention that the IR-PTS as well as the HFS techniques (cf. Section 4.2) were both
introduced on the example of Ac-Trp-NHMezoa’Z%.



The protected tyrosine has been invesigated much less intensively. Ac-Tyr-NHMe was analysed in context with
its aggregation to monosaccharides*®. For the monomeric protected tyrosine conformer-selective IR/R2PI
spectra revealed (in comparison with dispersion corrected calculation) a B, and a y-turn arrangement.

Ac-Gly-Phe-NH, and Ac-GIy-Phe-NHMe75 have been part of a series of investigationsso'75'217'386'387 on dipeptides

in the form of Ac-Xxx-Phe-NH,, Ac-Phe-Xxx-NH, and partly Ac-Xxx-Phe-NHMe. The structural flexibility of these
systems of course increases enormously with the three amide groups leading to several conformers, with
double y-turn and B-turn structures. Nevertheless, a stretched arrangement with two C5 interactions as well as
with an additionally stabilizing interaction between the m-system of the Phe ring and the NH, or NHMe group
respectively (5-5-it) was found as a minor conformer. Regarding energy aspects (especially the Gibbs energy)
the stretched arrangement can still compete with the folded structures.”

As illustrated by the Ac-Xxx-Phe-NH, and Ac-Phe-Xxx-NH, dipeptides, the extension of the peptide backbone
and the associated increasing structural flexibility lead to competitive situations between different conformers,
making a final assighment sometimes difficult. This has been the case for the tripeptide model Ac-Val-Tyr(Me)-
NHMe for which the existence of either a stretched B-strand or a B-turn was discussed %340 (cf. Section
7.4.).

7.2. B-sheet-structures

The special interest in B-sheet structures as secondary structure originates from their medical relevance:
pathogenic B-sheet structures are suspected to be responsible for a variety of infectious and non-infectious
neurodegenerative diseases, among them BSE (bovine spongiform encephalopathy) of cattle, Scrapie of sheep
and the Creutzfeldt-Jakob disease or the Alzheimer’s and Parkinson’s diseases (cf. Section 1 and 12).

On the molecular level, viewed by spectroscopy in molecular beams, the C5 interactions in B-strands are
relatively weak, as already mentioned in the preceding section. They are therefore expected not only to
compete with intramolecular H-bonding and thus other secondary structure motifs like turns (cf. Section 9) but
also with intermolecular H-bonding to aggregation partners. The detailed discussion about the IR/UV laser
spectroscopic molecular beam investigations on the aggregation behaviour of neutral amino acids and
peptides, which are only performed by a few groups, is given in Section 12.

Among them the Gerhards group started with aggregates of protected amino acids, already having a certain
preference for B-strand structures in their monomeric form, and continued up to whole B-sheet unit
cells3H13>157,284,332,397 Additionally a heterodimer composed of two different peptides was investigated143. Later
on the homo aggregation behavior was further analyzed in the far IR region, also with regard to small systems
having the UV chromophore in the cap of N terminus.>® The remarkable result with regard to these aggregates
was the observation of naturally occurring secondary structure motifs without the influence of a biological
environment.

7.3. y-turns

Turns as structural elements mainly serve to change the direction in a polypeptide chain. By this, they make
secondary structure units more compact and can also connect peptide units of different secondary structure.

The y-turn is the smallest of all possible turns, forming an H-bond between the NH(i+2) and the CO(/) moieties
within the peptide backbone leading to a seven-membered ring (C7 or just 7). The C7 structure unit is chiral,
but independent of the chirality of the a-C-atom, in principle two kinds of turns are possible (cf. Figure 14):
inverse y, and direct y, turns (sometimes denoted as 7, and 7, respectively), which differ in backbone
Ramachandran dihedral angles (cf. Section 2). For chiral residues one form is energetically strongly preferred,
for L-configured a-C-atoms the y, structure, for b-configured a-C-atoms the y, structure. In amino acids with the
naturally most abundant L-configuration the side chain is in an equatorial position relative to the C7 ring (C7eq)
in a y_and in an axial position in the y, conformer (C7ax). Though hardly adapted in L-configured amino acids,
the C7ax turn exhibits the stronger hydrogen bond with a NH---:CO distance lower than 200 pm (e.g. =189 pm
142’372) in comparison to the corresponding C7eq turn with a value about 200 pm (e.g. = 206 pm142’372).
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Among the intramolecular interactions in a peptide, C7 H-bonds
are of significant strength leading to the strongly red-shifted, broadened NH-stretch vibration of the involved
NH group below 3400 cm™. The exact frequency is sensitive to the individual amino acid being part of the C7
ring (cf. Section 6.1). For an L-configured amino acid forming an energetically highly preferred y, turn, it was
demonstrated that sterically demanding side chains in equatorial position or strongly sterically constrained
ones like Pro effect a relatively larger red-shift (cf. e.g. systematic measurements on Ac-Phe-Xxx-NH, peptide
%) Red-shifts are found between about 3380 cm™ for sterically less demanding side chains like Gly %% and
3330 cm™ for Pro. For cases in which a Yo position is possible with an axial side chain, red-shifts are found in
that lower region around 3340 cm™ (cf. systematic studies on the dipeptide Ac-Phe-Aib-NH, containing the
achiral, non-natural a-amino-isobutyric acid 328).

That y-turns can become of relevance, as soon as a second amide group is present, was already mentioned in
the preceding section for the amino acids protected with an amide group at the C-terminus (cf. Ac-Phe-
NHMe"**). When the backbone is further extended y-turns gain increasing importance as demonstrated in the
series®®’>?17:386387 ¢ Ac-Xxx-Phe-NH,, Ac-Phe-Xxx-NH, (and partly Ac-Xxx-Phe-NHMe) peptides. For the Ac-Phe-
Xxx-NH, peptides a preference for a B,-y, conformation (towards a minor populated B-turn) was found (cf.
e.g.386). If the amino acid sequence is reversed double y-turns (2, ribbon structure) are revealed.*®”?® They can
be close in energy to the B,-y, conformations so that sidechain-backbone interactions can decisively influence
structural preferences for these two energetically close lying, competing secondary structure motifs*®. Beyond,

B.-y. conformations 2, ribbon structures also compete with B-turns (cf. e.g.75’217’?’87 Section 9).

The 2, ribbon structure motif was even further extended in the tripetide (tetrapeptide model) Ac-Leu-Val-
Tyr(Me)-NHMe, which was analyzed with regard to protein aggregation in neurodegenerative diseases®™ (cf.
Section 1). A triple y-turn (cf. Figure 15) was found to be less stable of the two conformers, with the middle y-
turn having a very week hydrogen bond so that the corresponding NH stretching vibration is shifted above
3400 cm™. This example also showed with its most stable assigned structure that a y-turn can also be combined
with a B- turn.
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Figure 15: IR/R2PI spectrum and stick spectrum of the 2, ribbon isomer of the tetrapeptide model Ac-Leu-
Val-Tyr(Me)-NHMe calculated at the B3LYP/6-31+G(d) level. Spectrum reprinted with permission from Ref.
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7.4. B-turn

In a B-turn the hydrogen bond is formed between the amino acid i and i+3 in the backbone sequence leading to
a ten-membered ring (C10 structures with NH---CO distance around 210-220 pm***"%).

Four major types of B-turns exist denoted as I, Il and I, II’ (cf. Table 1 Section 2 and Figure 16), which are of

special importance for peptide secondary structures since they can reverse the direction within a B-strand, so

that the formation of an antiparallel B-sheet structure from a single peptide strand is possible68’100’388. Types |

and Il mainly differ in a 180° reverse of the central amide bond. Type I’ and II’ can be considered as backbone

mirror images of type | and Il, respectively (the chirality of the a-C-atoms is preserved). The type | turns are the
most abundant ones in peptides.

Figure 16: Scheme of the four types (I-ll, I'-1I’) of B-
turns: In the figure the acceptor carbonyl groups
are pointing backwards for | and Il, and forwards
for I’ and II'. Primed backbones are mirror images
of the corresponding | and Il backbones, with the
chirality of the amino acids being preserved.




With regard to molecular beam investigations a series of studies with Phe-containing dipeptides forming -
turns exist®!//29%383384.387,3893% 1o stability of the different types of turns sensitively depends on the chirality
of the amino acid residues within the C10 ring389. On the example of N-Ac-Xxx-L-Phe-NH, (Xxx = L- and D-Ala or
Aib) it could for example be demonstrated that the heterochiral species shows a strong preference for a certain
type of turn (here: type II), differing from the type | of the homochiral species. However, the turn motif still
competes with open, strand-like structures. Regarding the type of B-turn it was found that the amide A region,
though being very sensitive to the H-bond strength, is not such a good sensor for the precise assignment in
terms of type. In contrast, the amide | and Il region seems to be more characteristic for the individual type of
tUrnS399'402.

These structural motifs of B-turns have a weaker H-bond than the y-turns, which is testified by a lower red shift
of the corresponding NH stretching vibration, typically located in the region around 3400 cm™ (also cf. Section
6.1). Due to this intrinsic weakness B-turns always compete with other structural motifs (details cf. section 9):
among them conformers having multiple H-bonds like double y-turns (e.g. Ac-Xxx-Phe-NH, cf. e.g. 75’217’387) or
with C5 and C7 interactions additionally stabilized by interactions with the aromatic side chain (e.g. Ac-Phe-Xxx-
NH, peptides %) However, in comparison with these structural motifs, the B-turns can profit from the lower
backbone strain within a C10 ring75’387. Additionally, B-turns are frequently stabilized by further interactions
arising from the side chain H-bond acceptor groups (e.g. NH--:S H-bond in Ac-Phe-Met-NH, and Ac-Met-Phe-
NH2403 or NH---mt interactions, cf. e.g. 377’3'84’387’389’392'404). Furthermore, strong side chain-side chain interactions,
like dispersions dominated -1t interactions between neighboring aromatic chromophores, play a decisive role
in stabilizing a B-turn backbone conformation (cf. e.g.292’377’384).

Nevertheless, it sometimes happens that not only the determination between different types of turns but even
between different conformers is delicate: Occasionally, different structural motifs (accidently) lead to
enormously similar IR spectra as this has been the case for Ac-Val-Tyr(Me)-NHMe (cf. Figure 17). Since in the
R2PI spectrum only the electronic origin as prominent transition was observed the presence of one dominant
conformer was assumed and the existence of either a stretched B-strand or a B-turn was discussed 9%
partly
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Figure 17: IR/R2PI spectrum of Ac-Val-Tyr(Me)-NHMe in the amide A, CO stretching10z and fingerprint

region.*”* Direct comparison of the calculated stick spectra (B3LYP/6-31+G(d)) for a B, and B-turn conformer
exhibiting their resemblance; the vibrational assighnments are colour-coded. The CO-stretching vibrations are
stronger coupled here than the NH oscillators and even in the harmonic approach it is partly difficult to



assign vibrations in the amide | region to only one CO oscillator leading to the partly mixed colour coding of
the vibrations.

also in comparison with Ac-Val-Phe-NHMe*®, Though the experimental IR spectra of the latter exhibited a
spectral gap between about 3460-3510 cm™, in which one NH stretching mode was calculated for the B-turn
conformers, the remaining calculated vibrations of the B-turn and B-strand motifs still differed sufficiently. As a
consequence a clear discrimination could be performed and the assignment of a B-turn instead of a stretched
arrangement was unambiguous for the Phe containing dipeptide. In contrast, the calculated IR spectra of the
tyrosine-containing dipeptide were very similar for the B-turn and B-strand conformer. This was the case for
the whole experimentally measured region, reaching from the amide A (without a gap), via the amide |, Il
region finally down to 1000 cm™ (cf. 102'401). A slightly better fit to the experimental data might be seen for the
B-turn in the calculated vibrational pattern of CO stretching modes. However, an unambiguous decision for one
of the two structures remains difficult. Thus, Ac-Val(Tyr)-Me-NHMe could be one of the examples, in which the
far IR region might help to finally decide between these two structures (also cf. Section 6.2).

When the backbone chain is further extended to 4 amide groups a double B-turn can be formed with the 3,
helix motif consisting of two identical B-turns (type Il - type 1+ or very close to type 111”°). A first double B-
turn was found for Ac-Phe-Gly-Gly-NH,, being the most dominant isomer among five. It showed a distinctively
different IR spectrum in the amide A region compared to the other isomers also forming extended H-bonds but
containing at least one y-turn'*. To further discriminate it from combined B-y-turns and distinguish the
different double B-turns, the amide | and Il regions were measured allowing the assignment of a type Il — type I
conformer. A further double B-turn (type Il — type |) was revealed for the neutral tetrapeptide model Ac-Ala-
Phe-Ala-NH,"*". As characteristics (in comparison with a normal type | turn) the NH, group was involved in a
quite weak H-bond leading to a blue shift of the associated antisymmetric stretching mode, which was
considered to be a signature of the helical form. The helical arrangement was found to be additionally
stabilized by NH--m interactions. Two years later, Ac-Aib-Phe-Aib-NH, with the synthetic amino acid
aminoisobutyric acid, known to prefer 3,5 helical structures in condensed phase, was analyzed in
comparisonm. The preference for a type lll — type Il arrangement could be demonstrated for the gas phase
measurements. The tendency of the Aib amino acid to support 34, helix formation was further analyzed in the
Zwier group76. Even in Z-Aib-OH and in Z-(Aib),-OH, which are too short to form a B-turn with a C10 H-bond, the
assigned conformers exhibit dihedral angles close to those of the 3,4 helix. When further Aib moieties are
added (Z-(Aib),-OH) the most abundant conformer is a 345 helix with two free and two NH groups H-bonded in
a C10 ring (f-f-10-10). What is remarkable about the helical arrangement is the large dipole moment (13.7 D) in
the gas phase, despite the absence of a stabilizing polar (solvent) environment. Other examples in literature are
known like Z-(Gly)s-OH and Z-(Gly)._;-NHMe74 preferring helical structures in the gas phase (so called C14/Cye
helices formed of alternating C14 and C16 hydrogen-bonded rings) with a quite small overall dipole moment.
The minimization of the dipole moment (under isolated molecular beam conditions) was seen as the driving
force to form these helices with mixed ring size, which had not been observed before for pure a-peptides74.
Therefore, the question arises if the tendency for 3,9 helix formation can be further retained in the Aib-
peptides when the backbone is further elongated effecting a further increase of the overall dipole moment’®.
That the stabilization of the macrodipole created by the alighment of amide groups in a helix is a central issue
under isolated conditions was also realized for charged peptide systems. Rizzo and coworkers analyzed a series
of alanine polypeptides"os"408 , known to be good a-helix formers. These systems contained a phenylalanine as
UV chromophore and a lysine at the C-terminus, whose protonated ammonium group helped to stabilize the

. 405
overall dipole moment ™.

A further aspect to be pointed out is the possibility to combine different turns in a direct sequence. This was
already mentioned above for the tetrapeptide model Ac-Leu-Val-Tyr(Me)-NHMe, whose most stable assigned
isomer presented a y-B conformation®®. A B-y conformation was further found for Z-Pro-Leu-Gly-NH,, which
was analyzed in comparison with Z-Pro-Leu-GIy-OHGl. With an additionally NH---rt stabilized double y-turn the
latter preferred a different structure. Especially the free carboxyl group of this structure offers a binding site
for aggregation giving an idea why Pro-Leu-Gly sequences with different end groups at the C terminus exhibit
different inhibition activities toward the human skin collagenase.el’m’410



7.5. a-turn

a-turns, in which 5 amino acid residues are involved, have rarely been reported for molecular beam
spectroscopy. The only known example in literature is the pentapeptide Phe-Asp-Ala-Ser-Val which was
investigated by de Vries and coworkers applying IR/UV hole burning spectroscopym. Independent from the UV
transition, several identical IR spectra were measured indicating the formation of only one conformer or
conformer family in the jet. The experimental IR data already allowed the conclusion that the hydroxyl group of
the serine side chain must be hydrogen-bonded whereas the OH groups of the two carboxyl units (terminal one
and Asp side chain) are free. The best description of the measured IR spectrum is finally given by an a-turn
having free COOH groups and a hydrogen-bonded serine side chain. The (tentative) assignment was based on
the best match between experimental and calculated frequencies though the a-turn did not belong to the most
stable structures.

7.6. The Asx turn

A quite special turn, since the hydrogen bonds are not formed between two amide groups of the backbone, but
a side chain amide group participates instead, is the so called Asx turn™®. This turn is found in condensed phase
measurements (IR, NMR, crystallography) for a special peptide sequence Asn-Xxx-Ser/Thr (with Xxx # Pro) in
which the amide CO group of the Asn side chain forms an H-bond to the NH backbone group of the Ser (or Thr
respectively). By this a ten-membered ring is formed somehow comparable to a kind of backbone B-turn. This
peptide sequence gained scientific attention since in eukaryotic N-linked glycoproteins it was found that a
certain glycan (GlcsMangGIcNAc,, Glc: glucose, Man: mannose) was always (enzymatically) attached to the NH,
group of the Asn in this Asn-Xxx-Ser/Thr motif. Thus the question emerged in how far the preferred structure of
that peptide sequence could influence reactivity of the Asn side chain towards glycosylation. In that context the
already mentioned condensed phase measurements but also spectroscopic investigations under isolated
molecular beam conditions were performed by Cocinero et al.’®®. The gas phase studies included Ac-Asn-Gly-
Ser-NH-Bzl (Bzl: benzyl) as well as two ‘mutants’ of this sequence namely Ac-GIn-Gly-Ser-NH-Bzl (with GIn also
having an amide side chain) and Ac-Asn-Pro-Ser-NH-Bzl (with Pro normally excluded from the naturally
occurring Asx sequence). The gas phase global minima structures of these three peptide systems differ
distinctively from each other. One of the main aspects was that (in contrast to the condensed phase) the Asx
turn could not be found for Ac-Asn-Gly-Ser-NHBzI, but an open, S-shaped backbone structure was assigned
instead. This discrepancy was explained by the high dipole moment of the Asx turn motif that could be well
stabilized by polar solvents but not under isolated gas phase conditions. As for the helical arrangements
referred to above we again have to keep in mind the more difficult stabilization of polar structures under
isolated conditions, when eventual differences between condensed phase and gas phase are discussed.

7.7. B-hairpins

A B-hairpin is defined as a structural motif in which two adjacent B-strands oriented in an antiparallel direction
are linked by a short loop of two to five amino acids. They belong to the larger peptide structural motifs making
them more sophisticated to be studied by molecular beam spectroscopy. Nevertheless, Mons and coworkers
could reveal B-hairpin conformers for tetra- and pentapeptide systems. Investigations on the structural
behaviour of protected alanine containing peptides were performed, among them Ac—(AIa)4-O-BzI72 (Bzl:
benzyl) and Ac-(Ala)s-O-Bzl, Ac-(Ala);-Phe-NH, and Ac-D-AIa-Phe—GIy-D—AIa-NH2.73 The experimental IR spectra
were analysed in comparison with structures calculated at the DFT-level including dispersion corrections’”. All
of the analyzed peptides exhibit at least one conformer with a B-hairpin arrangement including three’” or four
hydrogen bonds: a C14 and a C10 hydrogen bond and additionally one”””® or two’® C7 H-bonds being located
‘outside’ of the B-hairpin structure. For Ac-(Ala),-O-Bzl three conformers with B-hairpin structures are assigned
which differ in the orientation of the OBzl group72 (with the most stable one dispersion stabilized by contacts
between the Phe ring and methyl groups). In case of Ac-(Ala)s-O-Bzl two such structures are found ” For Ac-
(Ala);-Phe-NH, " only one B-hairpin structure was found, whose mirror image represents the (B-hairpin)
backbone structure assigned to Ac-D-AIa-Phe-GIy-D-AIa-NH2.73 Nevertheless, among the four investigated
peptide systems, Ac-D-Ala-Phe-Gly-D-Ala-NH, is the only peptide which exhibits a second conformer not
presenting a hairpin73. It is composed of a C14 interaction, two ‘crossing’ C10 H-bonds within the C14 ring, one



y-turn out of this C14 ring and a stabilizing NH---1t interaction. During the studies of all of these peptide systems
the authors realized that the conformational distribution at 0 K is not reflected in their experiment,73 in which
the sample molecules were evaporated by laser desorption. Instead, conformers being energetically and
entropically preferred at higher temperatures (e.g. 300 K) are finally assigned in comparison to the measured IR
spectra. Thus, the conclusion was drawn that conformational preferences are ‘frozen out’ in the molecular
beam expansion and again peptides with a large conformational space relax to a few global minima. As already
briefly mentioned before, Rizzo and coworkers found helical structures for Ala-rich oligopeptides, charged in
the form of a protonated lysine side chain at one end*®*%. This is in contrast with the findings in the neutral
systems but it illustrates once again the structural flexibility of even small polypeptides and their capacity to
adapt to the given requirements, like charge or dipole moment stabilization.

8. Probing the changes induced by specific residues on the local conformation

8.1. Documenting the effect of specific residues on the secondary structure
through the NH stretch probe

Structural details of the remarkable conformations described in Section 7 depend upon the
residues present in the sequence, which justifies the diversity of the proteinogenic amino acids introduced by
nature. Gas phase studies have contributed to document this issue, especially on three structures: 3-strand-like
extended forms, y- and B-turns. Most of the time, changes on the backbone structure remain modest, which
justifies to keep an outline based on backbone secondary structures.

8.1.1. B-strand-like extended forms
Aromatic residues

The NH-m interactions, in which a NH moiety points towards a w ring of an aromatic residue, with NH- C
distances of the order of 250 pm,?’?’3 are ubiquitous in gas phase peptides. In practice, if their formation
requires a limited backbone torsion, they will form spontaneously due to the enthalpic gain they provide under
an isolated environment. In non-covalently bound species, they enable anchoring a peptide to an aromatic
moiety, which can thus serve as a UV chromophore.164 In chain models, they are already present in the capped
aromatic amino acids, where they contribute to control the rotamer distribution. Thus extended backbone
conformations are greatly stabilized by an aromatic side chain adopting an anti conformation, which enables an
interresidue NHi+1 = 7 H-bond formation. #%%***32%* |t is the most stable structure of these capped amino
acids. Even structural details such as conformations differing by the flip of the aromatic side chain, when this
latter is not symmetric (Trp), can be distinguished by small spectral shifts."* These gas phase observations echo
protein structural data extracted from crystallized protein surveys, which provide evidence for a significant
prevalence of these interresidue bonds between an aromatic residue i and its next neighbor i+1.* The
extended local structure is often retained in capped dipeptides containing an aromatic amino acid, where it
acts as a scaffolding on which other secondary structures can be grafted. 8182328386 | this line, fully extended
backbones of the type 5-5-m were observed in capped Ala-Phe and Gly-Phe sequences.75 In these latter
conformations, the frequency of the 5 band depends on the position of the NH concerned (1St or 2™ residue),
without any clear interpretation so far.

Owing to the important dispersive contribution in these interactions, they also tend to be stronger when the
aromatic moiety is excited in its mn* state: the corresponding red shift upon electronic excitation thus provides
an elegant assignment tool when excited state IR spectroscopy is also measured.’®

Methionine : 7° interresidue backbone = SC interaction

Methionine, with its long side-chain having a proton acceptor S atom in 3-position, is prone to form local bb-SC
7° interactions with the NHi+1 group of the next residue (interresidue HB, cf. Scheme 3). The Z- and amide
capped Met amino-acid gives rise to an extended 5 backbone combined with a 7° interaction (unpublished



results in Mons group). In the Ac-Met-Phe-NH, dipeptide analogue, one of the conformations (B) initially
assigned to a 5—78—7eq form,392 has finally recently been reassigned to a 5-7°-7ax conformation (unpublished
results in Mons group). In this conformation, the backbone is locally extended, with a 7° H-bond in the 3340
cm™? frequency range, which additionally stabilizes the extended conformation.

Cysteine residue: 6" interresidue backbone = SC interaction

The shorter side chain of cysteine, compared to Met, gives rise to a shorter 6" interresidue H-bond. This was
observed in the capped (Z-/ -NH,) amino acid Cys in combination with an extended 5 backbone (5-'6 form), the
SH group not being an H-bond donor (cf. Figure 18.a).390 The corresponding 5 interaction is found to be
stronger as the same form in the Ala residue, objectifying cooperative effects between both interactions.

With serine, this extended backbone form is not observed,* presumably because of a weaker NH--O
interresidue interaction due to the shorter van der Waals radius of the O acceptor. As a result, the extended
backbone form is disfavoured compared to the folded one. 8083,156
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Asparagine residue: conformational locking with simultaneous inter- (*8) and intra-residue (7°) bb-SC HBs.

With its short side chain bearing a terminal carboxamide group, asparagine (Asn) gives rise to intricate H-
bonding pattern involving both side chain and local backbone. The small size of the Asn side chain matches the
local H-bonding network of an extended backbone and noticeably provides a strong anchoring of the side chain
to the local backbone structure, with the formation of a 5(58)-76 local H-bonding network, forming a continuous
chain of HBs, where each amide bond is both donor and acceptor, and where the extended backbone feature is
preserved (cf. Scheme 3 and Figure 18.b). The carboxamide group being a better H-bond acceptor than donor,
the bb—> SC H-bond (75) is the strongest (see Sections 6.1.3 and 6.1.4), in agreement with both the spectral
shifts ®* and the calculated H-bonding distances. 782 1t should however be noticed that the distances calculated
for such an intricate pattern should be taken with caution owing to the somewhat disappointing agreement
found for the frequency predictions using methods, which usually provide satisfactory results. This illustrates
the challenging character of the description of these intertwined bonds.

Glutamine residue : intra-residue (8°) bb-SC HB



With the longer side chain of glutamine, the same types of side chain donor and acceptor H-bonds as
previously could be expected, with HB lengths incremented by one unit (cf. Scheme 3). However, optimized
side chain donor and acceptor H-bonds can no longer occur simultaneously, leading to H-bond strengths
different from those of Asn: only extended backbones stabilized by strongly red shifted (by ~350 cm™) 8° bonds
are mainly observed (5(°f)-°8 forms) with (Z-, -NHMe) caps.78 The use of partly capped models (Z-) with a C
terminal COOH leads to an acidic OH bound to the side chain through an OH — Og,sc H-bond irrelevant to the
description of a protein chain fragment. A second conformer, however, provides an example of 5(°9) Glu local
H-bonding.
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Histidine: inter- (°8) / intra-residue (7°) and tautomerism

Histidine shares many features with the Asn residue, namely the size/length/polar character of its imidazole
side chain, with both donor and acceptor sites. It also exhibits additional complexity, due to the existence of
two tautomeric neutral forms, analogs to the 4- and 5-methylimidazole molecules. The main difference with
Asn, however, stems from the facts that i) the side chain cannot act simultaneously as H-bond donor and
acceptor (if one excludes the presence of © H-bonds), and ii) the local donor/acceptor characters depend on
the tautomeric form adopted by the side chain. As a result, tautomerism strongly controls the H-bond network
due to the much stronger proton acceptor character of the imidazole ring nitrogen, that bears the N lone pair.

Among the stable local networks expected, besides the most stable, y-turn folded structures (see Section 8.1.2
below), a unique extended form 5(°f)-7° is observed (g tautomer; cf. Figure 18.c) *' ; its counterpart with the
other imidazole tautomer (3) being much higher in energy. In strong similarity with the °8 bond of the extended



capped GlIn, IR spectroscopy (cf. Figure 19) indicates that the 7% H-bond is also one of the strongest ever
observed in these systems, with a red shift of the order of 350 em™.

It should be noted that in all these extended forms, as a consequence of the constraints exerted by the side
chain on the backbone, the 5 interaction is stronger than its counterpart in apolar residues, such as Ala, as
evidenced by its NH stretch frequency found in the 3400-3430 cm™t range.

8.1.2. y-turns

The 7 H-bonds in inverse and direct y-turns have been widely documented in the gas phase, in particular
through the IR NH stretch diagnostics together with quantum chemistry calculations.

Alkyl residues

Its dependence on the nature of the alkyl side chain has been early investigated from a series of capped
dipeptides, where a Phe residue plays the role of a scaffolding from which an inverse y-turn develops.386 In the
non-cyclic side chain residues (Gly, Ala, Val), the HB is found to depend modestly upon the SC size, with HB red
shifts in the 110-120 cm™ range; these slight differences are assigned to close contact interactions between SC
and backbone, which distort the backbone, and correlate to changes in the HB distance, as illustrated by the
two SC rotamers observed with valine.*®® In the case of the proline residue, the red shift is larger and reaches
150 cm™, due to the stronger constraint imposed by the cyclic pyrrolidine ring.

Aromatic residues

In inverse y-turns characterized by 7eq HBs, the forms observed exhibit most of the time an intraresidue NH-nt
HB made possible by a suitable orientation of the aromatic SC (N-C*-CP-c’ %1 dihedral), a single gauche+ form
with capped Trp, 133 gauche+ and gauche- (g+ and g-, in short) conformers with capped Phe 00135333 Most
recently, a very minor anti conformer of a capped Phe (Ac-Phe-NH,) has eventually been found (cf. Figure 10).
The strength of the 7eq HB is found to depend significantly upon the residue and on the SC orientation, e.g. the
frequencies of the g+, g- and Phe conformers are found at 3345, 3353 and 3374 cm™, respectively. (cf. Figure
10) In connection to this, direct y-turns (characterized by 7ax HBs) also seem to exhibit a singular behavior,
since despite their backbone is a mirror image of that of the inverse turns, they systematically exhibit a more
red shifted NH stretch frequency (by ~35 cm™), as testified by spectroscopic data on the Aib residue.”® A very
recent theoretical analysis of the HBs in peptides, carried out using the NBO diagnostics,372 has rationalized
these observations. Whereas all these turns correspond to the same approach of the NH donor amide to the
acceptor, the intrinsic backbone flexibility (controlled by hyperconjugative effects - HC) and side chain-
backbone interactions (through close contacts and steric hindrances) are crucial in determining the HB distance
and hence the strength of the 7 HB. In particular the weaker HB in 7eq (compared to the 7ax) is assigned to the
presence of intrabackbone HC effects, which tend to keep the NH and CO bonds of the 7 bond parallel to the
C*H bond in axial position, and therefore opposes the formation of a strong 7 HB. The absence of such an
interaction in direct y-turns, where the C*H bond is in an equatorial position (or absent, like in residues with

disubstituted o carbons, e.g., the aminoisobutyric acid) leads to a stronger 7 bond.**®

Serine, Cysteine, Selenocysteine

Both serine and cysteine exhibit a short polar side chain (CH,-OH and CH,-SH respectively), with both, a donor
and acceptor character, potentially giving rise to simultaneous bb€->SC local intraresidue interactions
stabilizing an inverse y-turn (5"('6)-7 local form), in contrast to extended forms, where the absence of folding
hampers the simultaneity of bb-SC interactions (cf. Figure 18.d). Serine acts as a donor with a significant "6 H-
bond to the carbonyl of the same residue, whereas one of the Ser O lone pairs acts as a weak acceptor for a 57
H-bond, as evidenced from IR spectroscopy of capped Phe-Ser and Ser-Phe sequences.go'83 This subtle balance
is reversed for cysteine (capped Cys390 and capped Phe-Cys and Cys-Phe sequencesgo‘83), due to the weaker
donor character of the SH group : the resulting stronger 5" H-bond is testified by the larger red shift of the Cys
NH stretch frequency (cf. Table 6, Section 6). The SH donor character is only documented by quantum
chemistry, due to the difficult spectral range in which the SH stretch frequency falls (2600-2700 cm™). Large



changes, up to 40 cm ¥ in the NH stretch frequencies of the 7 HBs compared to simpler residues (Gly or Ala)
indicate that significant geometry changes occur upon formation of the 57 H-bond. In cysteine, substitution of
sulfur by a selenium atom comforts the interaction balance present in Cys, with a still stronger 57 interaction,
even if the strength remains quite modest (red shift ~55 cm‘l), in comparison with other bonds."®

Asparagine, Glutamine and Histidine residues

As with extended backbones, the Asn side chain also matches the local H-bonding network of inverse y-turns
leading to a remarkable, strong anchoring of the side chain to the local backbone structure, with a 6°(°7)-7 local
H-bonding pattern (found in capped (Z-;-NH,)** and (Ac-;-NHBn)”® Asn — cf. Figure 18.b - and in the capped
PheAsn sequencesz). The bb—->SC H-bonds (68) are found to be stronger than the SC>bb bonds (cf. Table 6,
Section 6), in agreement with both the spectral shifts®® and the calculated H-bonding distances.””®* With the
longer side chain of glutamine, y-type folding appears as an exception favoured by extra interactions: in one of
the conformers of the Ac-GIn-NHBn molecule, a © H-bond occuring between the GIn side chain amide and the
NHBn cap enables the formation of a compact 7°(°8-1"")-7 network.”® Likewise, several conformations observed
are additionally stabilized by opportunist GIn amide-n interactions, made possible by an aromatic
environment.””’® As in extended backbones, the histidine side chain proton acceptor and/or donor sites match
the y-turn structure, whatever the His tautomer considered. In capped His as well as in the capped (Ac-;-NH,)
Phe-His sequence one observes, in the order of decreasing stability, two inverse y-turns, 7(°7)-7 and 6°(*f)-7,
due to different imidazole tautomers (6 and ¢ resp.).81 IR spectroscopy however indicates that the 6° H-bonds
are the strongest H-bonds as expected from the presence of the imidazole N lone pair, followed by the
alternative intraresidue 7°bond, present in the other tautomer (cf. Figure 19). In both cases, the 7 H-bond is
found to be enhanced compared to the same backbone in the Ala residue.

8.1.3. B-turns
Aromatic residues

In large peptides, NH-t H-bonds of various strengths can be observed depending on the NH environment,

especially with B-turn backbones where an aromatic residue occupies the second central position (i+2 position

in biochemistry terminology), due to a favorable orientation provided by type | conformations.>*>33+%%738

Especially red shifted bands are found for a backbone NH sandwiched between two aromatic groups; the
. s . . . . 377

corresponding stabilization contributes to the occurenfe of high energy conformations.

Proton acceptor and donor side chain residues

The local fold at the residue scale in both the central positions of a type | B-turn remains qualitatively close to
that of a y-turn. In the same way as the y-turn is able to accommodate one or two local bb-SC bonds due to the
presence of proton donor/acceptor residues, gas phase PB-turns with such a residue also exhibit moderate
distortions of their backbone geometry. This illustrates the robustness of this secondary structure, in line with
the detection of similar bb-SC local bonds in the protein B-turn structures in presence of such residues, as well
as the relevance of gas phase data to account for structures in the inner core of proteins. 81,82

Cysteine

The local 5° H-bonds are observed in capped dipeptides in B-turn secondary structures, whatever the central
position (first or second) occupied by the residue in the turn (cf. Figure 18.d).% The insensitivity of the IR
spectral signature of the 10 bond suggests that the turn backbone is not significantly affected by the presence
of these bb-SC interactions. Like in the case of extended backbones, the B-turn arrangement forbids the
formation of a secondary "6 H-bond.

Histidine and methionine



In His-containing chain model dipeptides (cf. Figure 18.f), the same intraresidue 6% bonds as in y-turns are
present and contribute to stabilize the B-turn, with moderate changes in the 10 HB strength (cf. Figure 19) ;
they occur with e-type tautomers of the imidazole ring.81 A survey of the angular distribution of His residues in
v-and B-turn structures of crystallized protein structures reveals that these local interactions persist in compact
hydrophobic regions of proteins, whereas, alternatively, distortions from the gas phase structures can be
interpreted by a water-mediated local anchoring of the His side chain to the turn backbone.®!

With methionine, the 6° H-bonds, which are not strong enough to enable y-turns to challenge extended forms
in capped Met (unpublished results from Mons group), are present in capped dipeptides and contribute to

stabilize the B-tu rns.>*

Asparagine and glutamine

The anchoring structure of the Asn with its two (6° and °7) bb-SC bridges observed in y-turns is at least partially
retained when Asn occupies the first or the second central part of a -turn (i+1 and i+2 positions), the strongest
SC-bb bond (6°) being preserved whereas the weaker °7 adapts itself to the conformation or vanishes.””® As
far as the biological pertinence is concerned, these intrinsic anchoring structures are observed in crystallized
proteins when Asn is located in a turn embedded in a hydrophobic environment. *

A similar observation is made in the capped Ala-Gln sequence. An intraresidue 7° HB stabilizes the turn,”® with
however two major differences with Asn: the strength of the 10 HB is strongly enhanced by ca. 50 cm™ and the
GIn SC NH, group, not properly oriented to establish a °8 HB, does not interact with the backbone, but gives
rise to a w HB with the nearby aromatic cap of the model molecule studied. The same type of local structures is
observed, but repeated, in GIn-GIn sequences, related to the polyglutamine sequences involved in the
Huntington’s disease, without direct interactions between the GIn side chains but again with a stabilizing = HB
with the cap.”’ As for Asn, examples of protein sequences sharing the same 7° HB feature on the Gln residue as
the gas phase structures could also be found.”®

8.1.4. Uncapped peptides

The intricated H-bonding pattern induced by the presence of polar short side chains in amino acids, observed in
microwave experiments, is similar to that previously described on capped peptides. For example, a locking
effect has been reported for Asn*, which shows a unique 5" folded (A1) conformer, accompanied by 6° and
7° SC-BB H-bonds. As a matter of fact, the HB distance obtained from calculations (supported by the high-
resolution experiment) confirms a shrinkage of the 5" H-bond distance from 196 pm in Ala ** to 186 pm in
Asn. No direct evidence for the HB strength dependence with the residue could be obtained so far from IR
spectroscopy.

8.2. Documenting the effect of specific residues from the low frequency spectral region below
1800 cm™

As already described in Section 6.2, the structural influence of specific amino acid residues on preferred
secondary structures is also reflected in the spectral region below 2000 cm™. Examples in which the C terminal
carboxyl group is involved was Trp-Gly, Gly-Trp and Trp-GIy-GIya%. For Trp-Gly only stretched conformers were
found, in contrast to Gly-Trp and Trp-Gly-Gly, for which also structures with an H-bonded COOH group were
reported. The remarkable features were the in-plane OH bending vibrations shifted above 1400 cm™ for the H-
bonded conformers, whereas the free ones were detected below 1400 cm™. A further example with regard to
uncapped peptides are the prominent forms of the GIy-GIy257 and Ala-Ala”® dipeptides in a supersonic
expansion which were recently investigated using a non-selective VUV detection scheme coupled with an
IRMPD excitation in the 700-1850 cm™ range. Only the extended form (cf. AA2 in Scheme 1) could be
conclusively observed in both cases, despite not being the most stable form of Ala-Ala at 0 K; the global
minimum being a folded form (cf. AA1 in Scheme 2). The Ala-Ala species thus provides a peptide example of
kinetic trapping of a high energy species favoured by entropic effects in the early times of expansion, followed
by subsequent conformational relaxation and cooling. It also provides a structural reference, against which the
role of specific residues in the sequence can be analyzed. In this respect the folded conformers reported in the



conformer-selective studies of Xxx-Gly (Xxx=Tyr, Trp) and Gly-Trp, discussed in Section 6.1 and above, can be
seen as examples of residue effects on the sequence.

In the context of semi-capped models, the polar residues Glu and Arg were also investigated in this spectral
range using the neutral Z-Glu-OH 1% and Z-Arg-OH models.™* Experimental IR spectroscopy combined with
calculations revealed that the structures of the former species are dominated by stacking or NH-m interactions
between the side chain and the Z-tail, hampering the documentation of the interaction between this specific SC
and uncapped terminals. The situation is more positive with arginine, however, where SC-bb H-bonds stabilize
efficiently the conformers observed: depending on the tautomer, the conformer is either of 7°("n) type, i.e.
stabilized by NHp; = N° (7°) and N"H = m; (") HB interactions (canonical tautomer), or of 5-°8° (f) type,
stabilized by @ OHcamoxy. = N° bond. As dispersion interactions play a large role in these systems,196 the region
of 1400-1000 cm™ was better described by DFT calculations including dispersion (via e.g. the MO05-2X
functional) than without dispersion interaction (e.g. B3LYP functional).

137 153

On the examples of the capped Z-Pro-NHMe ™" and Z-Aib-Pro-NHMe ™" Compagnon et al. demonstrated that
structural assignments can be performed from IR spectroscopy in the regions between 500-1800 cm™ and 900-
1800 cm™, respectively, without further information from the amide A region. For the protected amino acid, a
y-turn was found, whose characteristics were mainly found in the amide |, 1l region; the modes in the region
between about 1500 cm™ down to 1000 cm™ (mainly C-H bending) even allowed the authors to determine the
orientation of the chromophore in the protection group. This was also true for the dipeptide system, in which
the y-turn was conserved, despite the propensity of the Aib residue to induce 34, helical structures.™

9. Competition between secondary structures; sequence-induced changes

The competition between secondary structures is at the heart of the folding process. The balance between the
several structural motifs is quite sensitive to the presence of specific residues and to the interactions they can
establish with their environment. In absence of a structured environment, like a solvent, isolated structures as
observed in the gas phase usually exhibit an optimum number of stabilizing interactions, in particular hydrogen
bonds. They constitute therefore good models for the archetypical structures found in inner cores of proteins,
i.e., resulting from a folding process, through which the protein backbone is gradually dehydrated. This echoes
the general considerations, used in protein structure, where backbone NH donor sites are supposed to satisfy
their propensity to form H-bonds by seeking an acceptor partner CO site leading to intramolecular H-
bonding,m'418 and where the energetics of the corresponding backbone dehydration is even sometimes
considered as the main driving force of protein folding.m'420 In uncapped peptides, the role of the side chains is
a much less addressed issue, in particular because many of the gas phase model residues chosen as references
were very flexible (Gly), which contributed to blur the specific effects of the side chains.

9.1. In protein chain fragment models

9.1.1. At the local scale: competition between extended (5) and folded (7eq) forms in capped
amino acids and dipeptides

The coexistence in a supersonic expansion of two conformational families, with extended
and folded backbones, has been evidenced very early from the study of the capped
aromatic residues, Trp, 133 phe 60’135, whatever the C-terminal cap used, amide or
methylamide. The number of conformations within each family and the detail of their
structure (e.g. flip of the Trp side chain, number of rotamers, etc...) is found to depend upon the residue and
cap used. In all cases, m H-bonds play a significant role in the structure of these two families: in extended forms
it originates from the NH(i+1) amide group whereas in folded 7eq forms (of 7, type in chiral L-residues), it is an
intraresidue NH-7 interaction. From an energetic point of view, these H-bonds can play a significant stabilizing
role, which can blur the intrinsic extended vs. folded competition. More recently the conformational
competition was also investigated on more simple capped Gly and Ala residues using techniques, which did not



rely on IR/UV spectroscopy. Microwave high resolution experiments proved the simultaneous presence of 5
and 7eq forms of Ac-Ala-NH, in a supersonic expansion by comparison of the rotational constants measured
with quantum chemistry predictions.138 Alternatively, the sudden cooling provided by He droplets during a
collisional pick-up process enabled spectroscopists to freeze the gas phase conformational distribution, which
is further probed by IR spectroscopy of the embedded molecules. a4 By varying the temperature of the pick-up
oven, a van’t Hoff analysis enabled the authors to derive precise thermochemistry data, namely the enthalpy
and entropy of interconversion from 5 to 7eq forms (-4.5 kJ/mol and -12.4 J/(mol K) ) at 500 K demonstrating
both the enthalpy stabilization of the folded form together with the entropic stabilization of the extended
form. By fixing the temperature control issue, the He-droplet procedure enables a more precise measurement
of the relative energies of two species than in a supersonic expansion. In this latter case, the final
conformational population, which results from the cumulative effects of conformational interconversions,
relaxations and kinetic trapping phenomena along the expansion (cf. Section 4.1), can be used to estimate the
free enthalpy difference between conformers, at an intermediate temperature, between initial vaporization
conditions (thermal or laser-desorption) and final cooling.ms’zsg’421 In practice, the simultaneous observation of
two conformers with comparable apparent intensities suggests Gibbs energies differing by much less than 10
kJ/mol.

The kinetic trapping phenomena discussed above naturally introduce the issue of the

barrier which separates the conformers. Vibrational excitations using lasers in the early

times of a supersonic expansion followed by convenient collisional relaxations (cf.

Section 4) was elegantly used to trigger population transfers in the Ac-Trp-NHMe species
and related species through isomerization in the expansion, helping to document the vibrational energy flow in
large molecules, 23294297364 297300 gy a\what disappointingly, these experiments did not end up with the
stabilization of new conformers. However, the potential observation of a threshold for the population transfers
enabled the direct measurement of the barrier to isomerization and comparison with the reverse
measurement provided access to energetic data.?®*** Similarly, a same IR-induced isomerization process
between conformers was also observed on a depsipeptide by the Gerhards group in their IR/IR/UV
experiments, designed to recover conformational selectivity (cf. Section 4.2)."%°

Investigating the role of the residue in the competition between 5 and 7 forms requires
the use of model residues, either with a UV chromophore embedded in a cap (Z-82 or —
NHBn79), attached to it or contained in the sequence (Phe), with potential
perturbations due to it. IR/UV experiments on these model systems sometimes observe
the conformer populations that significantly differ from those of microwave
experiments. For example Ac-Phe-Xxx-NH, models, which capitalize on a backbone
scaffold provided by the local extended form on the Phe residue,**® provide evidence for
the formation of a local y-turn on the Xxx residue but do not exhibit any fully extended
form (with a 5 interaction on the Xxx residue). Likewise, complexation of the Ac-Ala-NH, peptide with toluene
leads to an inverse y-turn attached to it. e Conversely, the Ac-Ala,-O-Bzl species exhibits both extended and
folded forms.'” These data emphasize the extreme sensitivity of the 5 / 7eq competition to the environment,
broadly speaking.
Apart from the proline case, whose pyrrolidine ring forbids the formation of an extended form as testified by
the y-turn detected for capped Pro from microwave™ or optical137 spectroscopy, the 5 vs. 7eq competition is
always expected. Beyond the Ala case discussed above and which can serve as reference, the influence of a
bulky alkyl group (valine) has been investigatedl39: structural data showed that the voluminous isopropyl group
is not able to prevent the less stable 5 conformer from forming but it destabilizes the NH j+1 = OC j-1
interaction of the 7 form. Interestingly IR/UV spectroscopy of Ac—Phe-VaI-NH2386, for which no extended Val
backbone could be observed, was nevertheless able to distinguish two Val y-turns, which correspond to
rotamers of the valine side chain and differ by the strength, and the distances, of their H-bonds.

More interesting from a chemical point of view are the polar side chain residues. With cysteine, both 5 and 7
forms are observed, specifically stabilized by additional SC-bb HBs, leading to 5-6" and 5'('6)-7 structures
respectively, as testified by the IR/UV spectroscopy of Z-Cys-NH2.390 With serine (Ac-Ser-NH,), only the 7
backbone was detected by microwave study49: it exhibits a local locking of the structure, with a 5'('6)-7
conformation; the 6 bond being much stronger than the 5" one, according to the H-bonding distances



calculated and NBO analysis.390 This point is confirmed by IR/UV spectroscopy of Ac-Phe-Ser-NH, and Ac-Ser-
Phe-NH,, where the NH stretch signatures of 5" and '6 bonds are observed in both y- and B-turns.80 8

. . . . . . . 79,82
A less strict conformational preference is observed for the other short, polar side chain residues asparagine

and histidine ' (for both tautomeric forms in the latter case), since the additional H-bonds turn out to nicely
match both 7 / 5 backbones and contribute to stabilize them, leading to a local locking of the side chain: with
extended 5(°8)-7° Asn and 5(°f)-7° His forms and folded Asn 6°(°7)-7 and His 6°(°f)-7 or ="(°7)-7 forms ( cf. Figure
18).

In the polar glutamine, whose carboxamide side chain is also both donor and acceptor, the longer chain is
mainly favorable to extended backbone conformations (5(°f)-8° forms).”® Interestingly, methionine, the other
long polar neutral residue, exhibits such a comparable selectivity with an extended 5-7° form, suggesting that
this specific conformational preference could derive from the length of the side chain.

In the above mentioned chiral residues, the side chain in the inverse y-turn 7 form (cf. Section 7) lies in an
equatorial position (7eq, also designated as a 7, form for a L residue); the isolated 7, direct y-turn, higher in
energy, is never observed in the gas phase due to the energetic destabilization induced by SC-BB close contacts
when the side chain is in an axial position (despite 7ax is a stronger H-bond than 7eq).372’375 In achiral isolated
residues (capped or not), like Gly or the unnatural Aib, both folds are isoenergetic. They are observed
simultaneously, but are undistinguishable by absorption spectroscopy with linearly polarized light when
isolated. In presence of a neighbor chiral residue (.-Phe), specific UV spectroscopic signatures for the phenyl
absorption enables the recognition of the Aib fold handedness, despite very similar structures as illustrated by
the IR spectra.’”®® In the case of Gly (Ac--Phe-Gly-NH,), however, no experimental evidence for the
simultaneous presence of two y-fold forms of Gly could be obtained, despite similar energeticsage, suggesting
the occurrence of an efficient conformational relaxation process, due to a low isomerization barrier.

9.1.2. In capped dipeptides, competition between B-turns, 2; ribbons and B-strand like
extended forms

Evidence for this competition, as a general feature of dipeptide chains isolated in the gas phase, is provided by
the emergence of -turn structures,®® %73 pesides conformations essentially consisting of a juxtaposition of
local features, namely double y-turns,140 combinations of y-turns or extended forms,386 sometimes favored by
an aromatic residue in the sequence. The Ala-Phe and Gly-Phe sequences (with Ac-, -NHMe and -NH, caps)
epitomize this competition, with the involvement of three backbone families: x-7-7 double y-turns (or 2,
ribbons), x-y-10 B-turns (with different types depending on the first residue) and 5-5-x fully extended [-strand-
like forms.” In these systems, 2, ribbons seem to be the most populated conformers, followed by the B-turns.
The extended forms appear as minor conformers; their intrinsic high energy being partly compensated by a
strong entropic stabilization due to the flexibility of the 5-5 backbone.”

In B-turns, the type of turn observed is controlled by the close contacts, which can form between the folded
backbone and the residue side chain and eventually destabilize the structure.®® These depend upon the
existence of a side chain (Gly vs. other natural residues) in one of the central positions of the turn as well as
upon the chirality of these residues (L vs. D). In the above mentioned sequence example, Gly as a first residue
gives rise to both | and II’ types while L-Ala is restricted to type .”> A D-Ala residue instead leads to a type II' B-
turn due to a folding rearrangement centered on the first residue.’® Like with Gly, both types | and II’ appear in
presence of the achiral residue Aib (which presents two methyl side chains). A third type (ll) has also been
evidenced from IR/UV spectroscopy: it occurs exclusively when Gly occupies the second turn position,387 for the
same steric reasons : it is not observed with achiral residues (having a side chain). 386

In the reference species described above, B-turns are generally not the most populated conformer. The large
variety of capped dipeptides studied so far allows us to illustrate the role of additional interactions, most of the
time involving one of the side chains, into the conformational competition.

The formation of a m H-bond between the central NH of a capped dipeptide and an aromatic residue located in
second position hampers the involvement of this NH bond into a 7-7 backbone structure and is compatible with



the formation of a 10 H-bond, which eventually favors the turn formation (blue labeled populations in Figure
20 right).102’217'389 The effect is enhanced by side chain-side chain dispersive interactions between two aromatic
residues e.g. in Phe-Phe”***”” and Phe-Tyr(Me)384 sequences, or between an aromatic and a bulky alkyl group,
e.g., in VaI-Tyr(Me)102 and Val-Phe®"’ sequences. In most of these cases’ 292377384389 o B-turn becomes the
most prominent conformer or becomes at least a serious competitor.m’388 A similar mechanism is at play with
polar residues, whose side chain, acting as a proton acceptor, is able to establish intraresidue local H-bonds,
like Asn (65),79‘82 Met (65),392 GIn (78),77’78 and His (6‘3),81 cited in the order of increasing bond strength, as
assessed from their spectral shift. Such a strong local bonding to the SC of the second central residue fulfills the
H-bonding requirement of the central NH donor and stabilizes the B-turn, which can become a prominent
conformer (red labels in Figure 20). One notices that this effect is much weaker with Cys, which gives rise to a
weakly stabilizing 5" intraresidue H-bond.®*% It is even absent with Ser, whose local bonding preference goes

to a '6 H-bond, where the SC OH plays a donor role, which fits best to a local y-turn structure.®

In contrast, in the reverse Phe-Xxx model chain sequences, 5-n-7 patterns form spontaneously with the weakly
polar Ala, Val,386 Ser or Cysso’83 residues and no or weak B-turn populations are observed. With the Phe, Asn,
His and Met residues, $¥%°*%¥*3% however, the efficient proton acceptor site of the side chain takes over for
the solvation of the central amide NH, resulting in the enhancement of the B-turn population (red labeled
populations in Figure 20), at the expense of the 5-n-7 patterns (in grey); the strong intraresidue H-bond in
these residues provides an additional stability to the turn structure.

B Figure 20: Evolution of a Phe residue near
I “ Ac-Phe-Ala-NH, Ac-AIa-Phe-NPIZ_JM_ UV spectroscopy, along a series of capped
dipeptides of the form Ac-Phe-Xxx-NH,
B A (left panel) and Ac-Phe-Xxx-NH, (right
Ac-Phe-Val-NH, | ‘ panel) with the nature of the neighbor
Ac-Val-Phe-NH, .
residue Xxx. Labels A, B, C ... refer to
A | A identified conformers (from IR/UV double
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It should be noted that, as expected from gas phase structures, the most stable conformations are often
opportunist structures, whose geometry allows them to maximize the number of interactions present,
including weaker ones like T H-bonds. As an example, the 7°-7°-10 conformation of the GIn-GIn sequence77 with
its successive, non-interacting 7° is widely stabilized by additional m interactions between the second SC and
the Bn cap. The same remark holds for the Ala-GIn sequence.78

Finally, as far as Asx turns are concerned, one can notice that the gas phase experiments reported about the
tripeptide models in Section 7.6., studied for their ability to mimic N-glycosylation sites of proteins,162 also
provide a good example of sequence-mediated structural competition, in which the Asn side chain does form
an Asx turn in the isolated Asn-Pro-Ser sequence, but not in Asn-Gly-Ser, in contrast to condensed phase
conditions.

9.1.3. Emergence of helices: Competitions in capped trimers f-f-10-10

Acetyl/(methyl)amide capped trimers or partially capped tetramers are minimalistic species on which incipient
helices can be detected; these latter being defined as the shortest species exhibiting at least one example of
the series of H-bonds, which define the helix. Incipient 3,4 helices have been reported as main conformers in
Ac-Ala-Phe-Ala-NH, **!, Ac-Aib-Phe-Aib-NH, *** and capped poly Aib peptides.76 These conformations exhibit
two nearly parallel 10 H-bonds between NHj and COi-1 sites. In the two first species, helices are challenged by
minor, unassigned conformations, for which calculations suggest that several candidate competitors, such as a
succession of B-turns of different nature or an inverse y-turn accompanied by an antiparallel 13 H-bond
between both ends of the molecule, both giving rise to compact structures.”’ In the polyPhe capped peptide
377 a strongly distorted helix constitutes the most stable form, accompanied with minor forms combining an
inverse y-turn and a B-turn. Such a f-7-f-10 backbone structure was reported for similar sequences such as Ala-
Ala-Phe, ™ or Leu-Val-Tyr(Me) % with the presence of a m HB to the aromatic ring. Alternatively the presence
of an aromatic residue at the first position favours structures mixing extended backbone and 2-7 ribbons (5-x-
7-7).1% Again, these data support the idea that minor interactions play a decisive role in orienting the
formation of specific structures such as helices. In the poly-Aib species,76 the two remaining minor conformers
observed are assigned to a distorted helix family (f-f-10-7 backbone), in which the second 10 HB is distorted
into a 7 bond, and to a compact 11/14-7-7-f network, with a N->C 14 HB, respectively. This result echoes the
outcomes of a study on capped polymers based on the other achiral, but much more flexible Gly residue.”
From a certain length, these species, namely Z-(Gly),-OH an Z-(Gly)s-NHMe, exhibit stable conformations
characterized by antiparallel 14 and 16 H-bonds, which form in the latter case an incipient Hy4/16 mixed helix.
Incipient 3, helices are not observed and calculations on Z-(Gly),-OMe, directly comparable to Z-(Aib),-OMe,
confirm the trend of the flexible Gly to form 14 H-bonds compatible with a Hy4/16 mixed helix rather than the
310. This general trend of the Gly residue is interpreted by the authors as a consequence of the smaller
macrodipole of the mixed helix, electrostatically more favorable in the solvent-free gas phase experiments.74

9.1.4. Diversity in B-sheet model dimers

In peptide dimers, a variety of isomers are in principle possible, including different orientations of the two
monomeric units (e.g. parallel, antiparallel) as well as the competition between inter- and intrastrand hydrogen
bonds. Even on the early examples of relatively small systems like the dimers of the capped phenylalanine, (Ac-

Phe-OMe), (cf. 134284397 and Section 12) and (Ac-Phe-NHMe), (cf. 3% and Section 12), and later on for larger

systems allowing to form a whole B-sheet unit cell (cf. (Ac—VaI—Tyr(Me)—NHMe)2157

in Section 12) or mixed
peptide dimers (cf. 3 and Section 12), the preference of antiparallel and parallel B-sheet arrangements already
became obvious in the MD simulations (cf. e.g. B3 The possibility to form several (in the mentioned
examples up to three) interstrand hydrogen bonds without generating remarkable backbone tension in the
corresponding monomers results in a strong energetic preference of B-sheet structures. The interpretable
systems investigated so far all exhibit a preference for antiparallel (ap) B-sheets. No parallel (p) could
unambiguously be assigned yet. A reason for this partly originates from the intrastrand hydrogen-bonds, which
are often stronger (shorter H-bonding distances, stronger red-shifts of NH stretching frequencies) than in the

parallel arrangements (cf. e.g.157). Thus, in parallel B-sheet isomers (pgt), which can energetically compete with



the antiparallel ones, additional intrastrand H-bonds, like y-turns, appear quite often. For the dimer of Ac-Val-
Tyr(Me)-NHMe (cf.157 and Section 12) as well as the mixed dimer of Ac-Val-Tyr(Me)-NHMe/Ac-Ala-Ala-Ala-OMe
(cf. 3 and Section 12)), these arrangements (antiparallel and parallel with y-turn) are nearly isoenergtic,
regarding the computational accuracy. The remarkable aspect about the mixed dimer was the fact that a purely
parallel B-sheet (without any additional intrastrand hydrogen bonds) was in the energetic range of the ap and
pgt isomer. The inclusion of dispersion interactions turned the p structure to a pgt, which became by far the
most stable arrangement with the ap arrangements being about 12 kJ-mol™ and 25 kJ-mol™ less stable. In this
specific example the enormous stabilization of the pgt was due to the interaction of the tyrosine chromophore
with the Ala chain. Nevertheless, the calculated frequencies could not describe the experimental data and an
antiparallel arrangement was assigned again. The example showed that dispersion can play a decisive role in
the energetic relations of different arrangements and (at the time of investigation) could not be taken into
account for the early examples of peptide dimers, but the influence of dispersion must already be treated with
care. A further aspect, which of course should not change the principle assignment based on the best fit of the
calculated and measured frequencies, is the inclusion of entropic aspects. For future investigations, attention
must also be paid to that point since the formation of the peptide dimers during molecular beam expansion of
course generates aggregates with a quite high temperature compared to corresponding monomeric species.

An aspect that was further remarkable in context with the mixed peptide dimer was the fact that the Ac-Val-
Tyr(Me)-NHMe sequence seems to have the intrinsic driving force to form B-sheet arrangements. This has even
been observed though neither the tripeptide model itself nor its aggregation partner (Ac-(Ala);-OMe) in the
heterodimer do necessarily have an exclusive preference for stretched monomeric arrangements; for both, the
formation of folded structures must be considered (cf.loz'm'388 in Section 7 and 12).

How an unprotected side chain could disturb the preference of B-sheet arrangements became obvious on the
example of the Ac-Trp-OMe dimer with the NH group of the indole side chain being a potential H-bonding
donor. Though the indole side chain did not have an influence on the stretched monomeric structure, both
indole NH groups were unambiguously involved in interstrand H-bonding with backbone CO groups in the Ac-
Trp-OMe dimer finally leading to an asymmetric non-B-sheet dimer (cf. 2 and Section 12). An H-bonding
interaction of an unprotected side chain within a peptide aggregate was also found for the dimer of the
hexapeptide Ac-Val-GIn-lle-Val-Tyr-Lys-NHMe (cf. 2 and Section 12). However, the presence of either parallel
or antiparallel B-sheets was proposed but a final structural assignment was not possible, so that the influence
of the side chain was difficult to estimate. Thus, it could also be probable that the possibility to form up to
seven stabilizing intrastrand H-bonds drives the formation of B-sheet arrangements in which the unprotected
side chains are involved in intrastrand H-bonding.

The influence of side chains with either protected H-bonding groups (like Tyr(Me)) or without any strong H-
bonding groups on the principle arrangements in dimer structures are normally less strong and mainly include
stabilizing dispersion interactions (cf. e.g. mixed dimer*®). For an unambiguous assignment of e.g. the side
chain orientation in the dimer, measurements of the amide A, | and Il region are not necessarily sufficient. Thus
measurements for Ac-Phe-OMe in the region down to 1000 cm™ finally lead to the unambiguous assignment of
[3L(g+);363 for the dimer structure these measurements were less unambiguous but a gauche(+) side chain
orientation in both strands (cf. %7 and Section 12) was proposed. Later investigations in the far IR region,
interpreted with calculations also taking dispersion interactions into account, confirmed the B(g+)
conformation of the monomer but gave preference to a B,(g+) - B.(g-) dimer structure.®®® In cases like (Ac-Phe-
NHMe), for which only the amide A, | and Il regions were measured, principle discriminations between inner
and outer bound isomers (via the NH and CO group of the amino acid or the protection groups, cf. 5 and
Section 12) could be made based on the frequency patterns. However, the decision for an outer bound isomer
with side changing from anti in the monomer to gauche(+) in the dimer was (at these early beginnings of dimer
investigations) based on simple calculations without any dispersion interaction. Nowadays, the awareness
about the influence of dispersion interactions on structure exists but one should keep in mind that especially
for smaller dimer systems the intrastrand, predominantly electrostatically dominated H-bonds might be the
main shaping force whereas dispersion interactions, whose quite small single contributions sum up in large
systems, gain influence in larger aggregates.



9.1.5. Probing new secondary structures arising from specific residues in capped and
uncapped dipeptides

In capped di- or tri-peptides, conformations not assigned to a juxtaposition of typical secondary structures can
arise from the existence of specific SC-SC or SC-bb HBs. An example is provided by the Phe-Phe sequence,
whose main conformer is a B-turn (cf. Figure 20).377 Under strong cooling conditions, in which high energy
conformers can be trapped in the jet, a my/m,-m,-7eq conformation was observed, where the two first and
consecutive NHs are not paired to a backbone carbonyl but instead contribute, through NH-1t HBs, to stabilize a
SC conformation where both Phe rings interact with each other, eventually leading to a non-standard .-y,

secondary structure (cf. Figure 21).

Figure 21: Example of a non-standard 8,-y, secondary structure,
experimentally revealed by kinetic trapping of the Ac-Phe-Phe-NH,
model, reprinted with permission from Ref. 377 Copyright (2013)
American Chemical Society.

9.2. Uncapped and partially capped peptides

In partially capped peptides, competition occurs between backbone-backbone H-bonds and those involving the
COOH or NH, terminal ends. As an example, the Z-Gly-OH molecule " and its dimethylated counterpart Z-Aib-
OH’® exhibit a 5-f preferred backbone, which is challenged by a simply folded structure devoid of any H-bond,
presumably stabilized by electrostatic interactions. With the polar residue glutamine, the extended form 5 is
retained 78; however, the side chain interacts either with the C-terminal acid OH as an H-bond acceptor (CSE),
with the CO of the N-side cap (°9) or with the backbone amide group through a stacking interaction. Similarly,
the partially capped dipeptide Z-Gly-Pro-OH, whose C-terminal structure is greatly shaped by the constrains of
the pyrrolidine ring, also exhibits two extended conformations stabilized by a 5 H-bond, capable of challenging

overall folded structures, where the carboxylic OH bounds to the Z-cap througha nt H-bond.***

In (uncapped) amino acids, only aromatic residues have been investigated using IR/UV techniques. The
presence of a free OH stretch mode close to 3600 cm™ is the signature of a type A2/A3 conformer (for types
and H-bond labelling, see Schemes 1), in contrast to the Al type, whose H-bonded OH (through a 5N bond)
leads to a strongly red shifted, broaden band in the 3200-3300 cm™ region. Further assignment in terms of
A2/A3 types relies on the comparison with calculations especially for the NH, involving N5¢ and M5 bonds.

In most of the cases, several conformers are observed (6 for Trp 131, 7 for Tyr %0 and 6 for Phe 7+%% ), with
various population panels (A1/A2/A3/not H-bonded conformations) obtained : 2/2/2/0 for Trp, 3/4-x-y/x/y ( %,
y = 0 or 2) for Tyr and 2/2/1/0 for Phe). The distribution is widely influenced by the presence of additional
interactions between the SC and the NH, group, especially NH-wt interactions, which together with cooperative
effects, participate in a fine-tuning of the structure.

A precise structural assignment, especially in terms of H-bonding, is however strongly dependent upon the
quality of the quantum chemistry methods used for structure and frequency calculations, making further
assignment merely tentative. For example it is difficult to distinguish conformations which differ by a flip of
their side chain, whose NH/OH side chain substituents (Trp and Tyr cases resp.) remain free as evidenced by
the typical free hydride bands (at 3522 and 3669 cm'l, respectively). Likewise, the Phe assignments were later
partially revised in the light of rotational contour measurements of the 6 conformers.””® These conformer-
selective experiments nevertheless constitute a much richer source of data compared to classical gas phase FT-
IR absorption experiments, which could not detect the Phe H-bonded conformers at 570 K. Interestingly, the



conformational distribution of Trp and Tyr in He droplets231 differs significantly from that measured in a jet, as
can be expected from a very different cooling process (see Section 4.1.), with the vanishing of one conformer in
Trp B! and of three in Tyr ¥ The conformer that vanishes in the LIF spectrum of Trp in He droplets (labelled A
in ) is of Al type (cf. Scheme 1), whereas a side chain rotamer, labelled F, also of Al type, is observed.
Surprisingly enough, the Tyr conformers that vanish in the absorption spectra in droplets, labelled B, C, F in 380
all belong to different phenolic OH rotamer pairs: A-C; B-D; F-G; each pair corresponding to the same structure
apart from opposite orientations of the OH group in the phenyl ring plane. In other words, only one member
within each OH rotamer pair (A, D, G) is observed in He droplets. No clear-cut explanation could be proposed
so far to account for these puzzling specificities. Both a conformer-selective excited state dynamics, due to a
selective coupling with the He matrix and a significant inter-OH rotamer relaxation during the pick-up process
were tentatively evoked.”!

The gas phase results above fit to the observations of the most simple amino acids Gly in millimetric or
microwave experiments, i.e., first a major conformer of type A2 125126 91d then a less populated one of type Al
25 \vith a reverse H-bonding pattern, namely conformers | and Il in the recent review on the subject.43 Precise
H-bonding patterns were eventually obtained thanks to high resolution scans of the hyperfine pattern in
specific isotopologues.m’427 The absence of higher energy conformers, in particular of A3 type, expected from
calculations was assigned to conformational relaxation in the supersonic expansions. Some of them were
eventually detected from their OH stretch IR absorption spectroscopy in He-droplets for Gly 2 and from their
low frequency modes detected by Raman absorption spectroscopy in a jet for both Gly 32 and Ala **. The Ala
structure was also obtained in high resolution experiments,m'428 which demonstrated the presence of both
type | and Il conformers. Interestingly the microwave spectrum of Phe was carried out thanks to a laser
desorption set-up combined to a Fourier transform microwave spectrometer.429 The authors detected only the
two A2 type conformers (B and X in 205), in sharp contrast with the large conformational panel in the laser
studies. This was assigned to the difference in the vaporizing conditions between thermal and laser desorption
conditions. Alternatively, the hyperfine resolution, which is strongly dependent upon the orientation of the
amino group, confirmed the initial tentative assignment based on IR spectra of B and X species205 as well as the
unambiguous one based on rotational contours.”

In the uncapped peptides, the role of the sequence has not been investigated in a systematic way. Two effects
can nevertheless be mentioned.

- NH or OH groups of Trp and Tyr are often involved in interactions with proton accepting groups providing that
the molecule is long enough for an end-to-end folding to occur. This has been reported for Trp, in peptides with
a backbone carbonyl acceptor (H-Trp-Ser-OH 326 H-Tyr-Gly-Gly ) and in capped peptides with the = ring of a
neighboring Tyr residue (AcTrp Tyr NH2377). The shifts measured remain modest because the HBs formed are

hampered by the overall rigidity of the molecule.

- The role of flexible Gly residues: Among the few tripeptides documented so far, most of them comprise Gly-
based flexible sequences (H-Xxx-Gly-Gly-OH), in which one of the residues Xxx is aromatic, as well as the H-Gly-
Phe-Ala-OH system. Several conformations exhibiting different H-bonding networks are observed
simultaneously. Again, apart from the status of the acidic OH and that of the side chain OH/NH in Tyr/Trp, the
absorption bands in the region 3380-3430 cm™ testify medium strength H-bonds assigned to either C7 or C5
(5") interactions, but assignment remains a challenging task, made difficult by several issues. First, because of
the flexibility of the systems considered, especially those containing the achiral Gly residue and large side chain
aromatic residues as well. Second, the fact that dispersive interactions were not properly accounted for in the
interpretation of these early experiments,269 with consequences on both the energetics and the vibrational
spectrum (especially the NH/OH stretch region) 228,267,346347.430 Third, the fact that differential entropic effects
between folded vs. extended conformations are important, requiring finite temperature energetics 228266267 o
better, free energy landscape 2% t0 be considered in order to capture relevant conformations.



Scheme 4: H-bonding patterns observed in tripeptides with unprotected N- and C-termini.

IR spectroscopy of Xxx-Gly-Gly sequences shows that specific H-bonds such as NH(2)->N(1) (3380-3430 cm'l)
and NH(3) = 0OC(1) (3320-3390 cm'l) 7 H-bonds are common in the conformations observed (cf. Scheme 4,
type XAA1), indicating i) the robustness of the N-terminal local folding and ii) the emergence of a central y-turn
secondary structure in the molecule, eventually completed by an end-to-end H-bond between the N-terminal
NH; and the C- terminal carbonyl group (antiparallel to the y-turn HB), leaving the acidic OH free. Occurrence of
bound carboxylic OH groups remains indeed seldom. 228,269,380 They are only observed concomitantly with a
bound NH/OH side chain donor, with Trp and Tyr, but not with Phe, suggesting that, in this case, the local
folding structures along the chain can accommodate this SB-bb H-bonding (type XAA22). Interestingly, the Gly-
Phe-Ala sequence behaves differently and emphasizes the scaffolding properties of a Phe residue, which

favours either a locally extended structure or a central y-turn (types XAA22 and XAA21 resp.).266

10. Modified peptides : Homo amino acids, B- and y-peptides

Among modified a-amino acids and peptides, those differing by the insertion of a methylene group either
within the side chain (homo amino acids) or of several methylene groups with the backbbone (B-, y-, etc...
amino acids), are interesting classes of molecules, e.g., for their use as intermediates in the synthesis of
drugs,154 and as building blocks of foldamers,*"***i.e., synthetic polymers synthesized for their unique specific
structural features Representatives of these two classes have been studied under isolated conditions using
laser spectroscopy.

10.1 Homo amino acids

In homophenylalanine (HPhe) an additional methylene group is included in the side chain compared to the
corresponding a-amino acid (cf. Figure 22).%* Fujii and coworkers analyzed the HPhe by UV-UV hole burning
and IR ion dip spectroscopy in comparison with dispersion corrected DFT calculations>*. The experimental data
revealed 10 conformers to be present in the molecular beam, 4 isomers more than for
phenyIaIanine132’173'174'205'243'433'434, which is not surprising due to the higher flexibility of the elongated side
chain. All the 10 conformers exhibit interactions between the COOH and NH, moiety. In such a relatively small
system like HPhe the quite high number of conformers leads to many, slightly different structures, difficult to
assign precisely due to too similar IR spectra. Interestingly, UV spectroscopy, in particular differences in
excitations energies and Franck-Condon activities, turned out to be useful tool providing alternative and
complementary additional source of conformational assignment.

a-amino acid homo-amino acid Figure 22: Different types of amino acids.
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The B-homotryptophan was also studied by Fujii and coworkers'>, who demonstrated the flexibility of the

molecule, again illustrated by large number of conformers (14) observed. They classified them into three
distinct groups according to the status of the termini regarding H-bonding: i) free OH and NH-m bond, ii) free
OH and NH, and iii) 6" bond (following the terminology of Tables 2 and 4). Despite the third group exhibits the
strongest H-bond, unfavorable entropic effects and/or backbone flexibility were supposed to be the reason
why the most abundant form belongs to the second group.

10.2 Capped B- and y-amino acids

The addition of methylene groups within the backbone of a-amino acids gives rise to B- or y-amino acids and
by condensation to B- and y-peptides (cf. Table 9). These synthetic building blocks are at the heart of the notion
of foldamers,432 which, in comparison to natural a-peptides, can exhibit further structural motifs and thus
interesting chemical or biological features, thanks either to the enhanced flexibility provided by the methylene
group, or, conversely, to the rigidity caused by the involvement of the additional methylene group into a cyclic
structure spanning over the backbone and connecting different backbone sites along the linear sequence (cf.
Section 10.3 and Figure 23).

Laser spectroscopy has been used to investigate capped B-peptides, either devoid of any strong structural
constrain (case of the B3-hPhe amino acid, where the Phenyl residue plays the role of UV chromophorelso'lsl'zgo)
or containing constrains of different natures, including a covalent ring as described above (also cf. Section 10.3
and Figure 23).”>*7 In the absence of covalent constrain several conformations are observed®’? : characterized
by different approaches of the donor to the acceptor CO, they are stabilized by intraresidue 6 or interresidue 8
H-bonds and (cf. Table 9), the former constituting the most abundant family. These two forms are the
counterparts of the 5 and 7 forms encountered in a-peptides (cf. Table 5). In large pure - or mixed a-B/B-a
peptides,lso’290 the 6 bond is barely influenced by the molecular H-bonding network, despite the donor or
acceptor amide of the 6 bond are also engaged into another H-bond. In contrast the 8 bonds exhibit a much
greater diversity of strengths, depending on the nature (H-bond type, backbone folding type) of its
environment, in a way comparable to observations on OL-peptides.386 The accuracy of the frequency prediction
using the

Table 9: H-bonding in B-peptide chains, with corresponding NH stretch frequencies observed.

H-bond type frequency/cm'1 Environment Reference

HE H 6, NHi=>COi 3400 isolated intraresidue 150
3378-3415 6-6 combin. in B-B peptides 151

3400-3410 5-6 or 6-5 combin. in a-p peptides | 2%°

8, COi€NHi+2 3417 Interresidue 150

3339-3369 8-7 or 7-8 combin. in - peptides | 151

3275-3380 5-8 combin. in a-B peptides 290

10, NHi~>COi+1 3381- 3390 in B-B peptides 151

Table 10: H-bonding in y-peptide chains, with corresponding NH stretch frequencies observed.

H-bond type frequency Jem™ Reference




9, COi€NHi+2 3350-3380 152

amide stacked conformation > 3465 1>

standard quantum chemistry methods, however, is significantly lower than in o-peptides, making the
assignment sometimes more difficult. Capped y-peptideslsz’m'441 are featured by a large predilection for 9
interactions (Table 10), whose strength turns out to be significantly dependent upon the backbone
conformation.™ Interestingly, in capped y-amino acids the backbone is flexible enough for amide stacked
structures to be detected as a secondary conformer, from their original signature of virtually free NH bonds;152

. . . . . 440
these structures become the exclusive conformation when N-methylations are carried out on the C-terminal.

10.3 Influence of cyclic structures in B- and y-peptide chains

Cyclic building blocks, where the side chain is covalently bound to the backbone, in a way comparable to
proline, are widely used in foldamer science in order to control or at least limit the flexibility of B- or y-
peptides.432 Some of these cyclic structures have been investigated using laser spectroscopy.

In capped [-peptides, whereas the conformational preference usually goes to a 6 intraresidue H-bonding in
absence of constrain,™’ a capped cyclic B-amino acid constrained by a four-membered ring436 (2-
aminocyclobutanecarboxylic acid ; ACBC in short, cf. Figure 32) exhibits a predilection for the alternative 8 H-
bonding arrangement, whatever the stereochemistry of the substituted cyclobutane, i.e. either with amides in
a trans- or cis- disposition. However, due to the very different geometries, the H-bond approaches and the
corresponding strengths, as revealed by IR spectroscopy, are radically different between both conformations,
with a red shift more pronounced by ca. 100 cm™ in favor of the trans-form (at 3320 cm™). In the same line,
replacement of the [33 carbon atom of the ring by a nitrogen atom stabilizes still more strongly the folded
structure due to the simultaneous engagement of the NH donor into the 8 bond and a 5 interaction with the
nitrogen lone pair, epitomizing the notion of hydrazino-turn.436 The similar use of a five-membered building
block, the trans-2-aminocyclopentanecarboxylic acid (ACPC), in capped dipeptides435 leads to a comparable
behavior at the level of the ACPC residue, where 6 bonding arrangements are banished.

A comparable strategy, carried out on a y-peptide (y-ACHC, in short, cf. Figure 32) endowed with two

' j.e., a six-membered ring with a trans-disposition of the y3 and y4 carbons and an ethyl side chain

constrains,44
on the yz carbon, has led to a strong backbone constrain enabling the formation of a strong 9 H-bond, having a
NH stretch frequency in the 3300 cm™ energy range, the most red-shifted band for an isolated intramolecular

H-bond in a capped linear peptide. The conformational analysis of the 9 structures giving rise to large red shifts

has been correlated to the presence of a pivot H atom borne by the y4 atom, which controls the orientation of

the N-terminal amide relative to the other end of the molecule and secures an efficient approach of the donor
372

NH to the N-terminal amide carbonyl.

Figure 23: Examples of 8 and 9 H-bonds in main

conformations of cyclically constrained -

(bottom: trans- and cis-ACBCm) and y-peptides

(top, y-ACHC441), calculated at the B97-D3 level

of theory.

trans-ACBC cissACBC



10.4 Competition between secondary structures in larger B- and y-peptide chains

Larger peptide chains enables spectroscopist to address the emergence of secondary structures, on which
oligomers can build up to adopt original conformational designs, one of the goals of foldamer science. The
need for a precise description of the conformations available, not directly at hand with classical conformational
identification techniques, triggered a series of gas phase studies on synthetic peptomimetics.

The conformational structure of capped di-B-peptides (Ac-Bs-hPhe-Bs-hAIa-NHMe and the reversed sequence)
has been analyzed in great details by the Zwier group,151 who determined that the a priori expected succession
of local preferences (6 bonds) are challenged by overall folded 10-stabilized conformations, which exhibit the
same H-bonding orientation (NHi=>COi+1) as the 6 bonds (NH/=>COj), with the donor amide located on the N-
terminal side, i.e., before the acceptor amide in the sequence of the chain. Despite this network orientation,
which is just the opposite to that in the 10 H-bonds of B-turns in a-peptides, the same kind of backbone
reversal is obtained. Interestingly, a structure analogous to the B-turn fold of a-peptides would have to be
stabilized by a CO/<NHi+3 12 interaction in B-peptides, which is not observed. Conversely the fold of a-
peptides, that is equivalent to the present 10 interaction and would be stabilized by a 8 interaction
(NH/i=>COi+1), is not observed either due to marked steric effects into the a-backbone.

In mixed a-f peptide chains,” the situation is more contrasted since the a-residue is inclined to keep its local
preference, i.e., most of the time a 7eq fold or an extended 5 form, forcing the B-peptide to a 6 or 8

%% which gives rise to a 11

conformation. The notable exception is encountered with a D-Phe a-residue,
interaction, the equivalent of the 10 of B-turns in a-peptides. Its specific occurrence with this latter a-D-
residue was assigned to an avoided steric effect compared to its L-counterpart. The observation of similar
conformational preferences in related compounds, however, suggests an alternative interpretation in terms of
intrabackbone hyperconjugative effects.”’? With the cyclically constrained trans-2-
aminocyclopentanecarboxylic acid (ACPC) [3>-residue,435 competition between double rings (7 vs. 8, since the 6

bonds are sterically forbidden) and 11 bonds are also observed, whatever the stereochemistry of the a-residue.

Capped y-dipeptides have been investigated with unconstrained (yz-hAIa, yz-hPhem) and constrained (y-
ACHCm'm) y-residues. In the first case, compact structures with a 7/7/14 network could be formed efficiently
due to the flexible backbone, satisfying the donor properties of all the amide groups. In contrast, the y-ACHC
residue, in o-y dipeptides,442 is found to impose its large propensity to form 9 bonds, including in a bifurcated
H-bonded form, where the same carbonyl group plays the role of an acceptor for both a 9 and a 12 bond,
suggesting the preorienting property of the specific y-ACHC residue facilitating the formation of C12 in a-y
oligomers.

Advantage has been taken from the rigidity of such cyclically constrained 3- and y-backbones to counterbalance
the local propensity to form 6/8 and 9 bonds respectively and eventually build up larger secondary structures
like incipient helices. Two y-ACHC residues have been found to form an isolated 14 bond, constituting the first
turn of a 2.644 helix, one of the most constrained helical structure.™! Noticeably, this NHi=> COi-3 14 H-bond is
strong, with a NH stretch frequency in the 3320 cm™ range, among the most red ones within isolated amide-
amide H-bonds (cf. Table 4). Mixed -y peptides, made of the cyclically constrained B-ACPC and y-ACHC
residues,*® form bifurcated H-bonds : one of the components being the local preference of the first residue
and the second one being a NHi=> COi-3 13 H-bond, similar to that of the a-helices in natural peptides.
Interestingly, the 13 bond exhibits a medium range strength (NH stretch at 3360-3370 cm™), but the amide
disposition in the turn is favorable to the formation of a periodic helical structure, found in crystals of larger
oligomers. -ACHC, when embedded in a capped a-B-a tripeptide,437 is also able to promote incipient mixed
C11-C9 helices, such as those observed in the solid phase, but these forms are strongly challenged by compact
structures, in which the system optimizes the number of H-bonds present in the molecule.



11. Microsolvation experiments: a detailed view of peptide solvation

One common criticism against gas phase studies of biomolecular objects is that isolated conditions are too
different from a real biological environment to provide results capable to address biological issues. As
mentioned in the introduction, several arguments can be opposed to such a statement, and plead in favor of
gas phase investigations. The first one is trivial, but deserves to be repeated: the role of the environment on
molecular folding, or any other molecular property, can be deduced from the comparison between
measurements in the gas and condensed phases. This is illustrated by recent articles which analyzed the side
chain folding of histidine®™ and asparagine residues.®” It was explained that the environment found in
crystallized proteins, including water molecules, may have either very little impact on the gas phase structures,
like in the histidine case, or may completely change the conformational distribution through specific H-bonding
networks including water molecules, making the gas phase structure non-representative of the condensed
phase, like for asparagine. An additional argument in favor of gas phase studies comes from the possibility to
carry out microsolvation experiments, where the environment of the biomolecule can me made increasingly
more complex by adding solvent molecules one by one in a controlled manner (Section 4.2). One natural
motivation for such experiments could be to bridge the gap between gas and condensed phase experiments,
but this objective is barely reached in general. This is especially true in the case of neutral species for which
large heterogeneous clusters are always relatively difficult to form in a molecular beam, and an amino acid
solvated by a complete first solvation shell still remains to be investigated. The significance of microsolvation
experiments lies elsewhere. Of course, microsolvated peptides provide benchmarks quite useful when it comes
to model the protein-solvent interface, but more importantly, these experiments shed light on the active role
played by the very first solvent molecules in peptide folding. While several basic properties can be investigated
by microsolvation experiments, like e.g. the influence of solvation on the photophysics of residues containing a
UV-chromophore, this section focuses on structural issues.

Heterogeneous clusters made of a small biomolecule and a few solvent molecules combine several advantages.
Their conformational landscape is often simple enough to be rationalized, and their limited size makes an
unambiguous structure elucidation accessible. Being the minimal system capable to model the biomolecule-
solvent interface, they are ideal to provide benchmarks and find concepts useful to build a theoretical
description of phenomena occurring at the surface of proteins. While it is relatively easy to produce these small
heterogeneous clusters in a molecular beam experiment, it is however difficult to reach experimental
conditions that enable their full characterization by spectroscopic techniques. This is one of the reasons why
the number of study satisfactorily addressing microsolvation is not as large as one could expect from the
significance of the question. Several peptide bond models'?**MHAIT \yare first investigated by
vibrational spectroscopy, as well as uncappedaa’lss’lsg’zzz’229 and capped -0 gnd y- #0441 amino acids.

Microsolvation of a few polypeptidesmz’161 was also investigated, up to a cyclic tetrapeptide.391 Different types
of solvent molecules were used: water,

33,102,107,109,111,113,115,117-119,158-160,219,222,229,440,441 . 119
ammonia,
159,161 164 . . .
methanol or toluene.” The latter can be also regarded as a way to investigate the self-solvation of the
protein backbone by a remote phenylalanine side chain.

One of the first questions to answer in a microsolvation experiment is about the preferred solvation site(s) of
the model molecule. While this question is trivial for the monohydrates of cis-amides where the H-bond donor
NH and acceptor CO groups provide a natural solvation site for one doubly H-bonded water molecule,117 it
becomes rapidly more difficult to find the answer for other systems without a detailed conformational analysis.
In trans-amides, where the NH and CO groups make two distinct solvation sites, the question of the preferred
location of the first water molecule arises, and was addressed by several studies, 107109111113 Remarkably,
isomerization experiments could be conducted on the trans-formanilide monohydrates, and successfully
measured the energy barrier between these two solvation sites, and thus their relative energy.113 In
polyamides, the complexity increases with new types of solvation sites bridging both amide groups, making the
number of possible monohydrates already quite large, but still manageable.lel’219 Increasing the number of
solvent molecules is also a source of rapid complication of the structure elucidation process. Interestingly,
experiments with multiple solvent molecules shed light on bridges made of up to four solvent molecules,
mostly water but also methanol*®! and ammonia,™™ formed around polar groups such as cis-amides, 109,115,117-
9 trans-amides, %% or carboxylic acid and amino groups. 158,159,22222% \mhile it is difficult to fully elucidate



the structure for systems with more than four solvent molecules, the determination of the minimum number
of water or methanol molecules (typically 5) necessary to stabilize the zwitterionic form of tryptophan
constitutes a noticeable achievement.™ These microsolvation experiments conducted with up to nine solvent
molecules are among the very few that can actually claim to significantly bridge the gap between gas and
solution phases.

The sensitivity of vibrational probes to structural changes, together with the accuracy of theoretical quantum
chemistry methods, enabled several teams to report how biomolecular structures are affected in the stepwise
microsolvation process. One can distinguish three different cases (cf. Figure 24). First, the gas phase structure is
found to resist upon microsolvation by the first water molecule(s). This observation has often been made in
structures where a water molecule binds to a peptide with a single H-bond. Several examples of structures
resisting upon microsolvation can be found in the literature: monohydrates of [3-str:ands,102'219 a PB-backbone
conformation up to two water molecules,160 a monohydrate of a y-turn219 and the C9 structure of a y-peptide
monohydrate.440 In the second case, microsolvated structures are found similar to the isolated ones, i.e. with
the same intramolecular H-bond network, the same torsional angle orientations... but deformations can be
observed. A prototypical example of such an adaptation of the peptide backbone to microsolvation is a doubly
H-bonded monohydrate of a y-turn of a capped phenylalanine (cf. Figure 24 right).219 While the y-turn structure
is preserved, the water bridge between both amide groups induces a rearrangement of the peptide backbone
accompanied by the C7 H-bond lengthening by ~20-30 pm as compared to the isolated structure. In general,
such deformations are observed when a water molecule bridges two ends of a molecule, like two amide
groups,219“m()‘441 or one amide and one phenyl ring. The third case corresponds to microsolvation-induced
conformational isomerizations. For uncapped amino acids, where numerous conformations are usually
observed in the isolated system, only a few of them are detected after addition of one water molecule,
revealing that microsolvation-induced conformational isomerization of the carboxylic acid and amino groups
are common in these systems.33’158’159’222’229 In larger systems, more complex isomerizations occur where the
secondary structure is strongly affected by microsolvation. The folding of a B-strand into a y-turn structure was
reported in a monohydrate of a capped phenylalanine,219 and in capped alanine-toluene complexes,164
illustrating that microsolvation may have a strong impact on peptide folding from the very first solvent
molecule. This has even been found to be true for larger systems like a cyclotetrapeptide, where a single water
molecule is enough to disrupt the intramolecular H-bond network.*®" In contrast, B-strands of another capped
phenylalanine, which were found to be resistant to the first microsolvation step, can isomerize as the number
solvent molecules is increased.’®® In this case, isomerization leads to a conformation, where a three-water
bridge stabilizes a g _backbone structure. Similarly, two methanol molecules were needed to trigger the
isomerization of a y-turn into a B-turn in a capped dipep’cide.161 Finally, not only associating but also
dissociating solvent molecules can trigger a backbone isomerization, which has been observed for a y-peptide
in an IR-induced photodissociation experiment.440 In conclusion, microsolvation-induced isomerizations
demonstrate the significant role played by a single solvent molecule in controlling the conformational
distribution of relatively large portions of peptide sequences. These types of experiments give a remarkable
stepwise picture of how solvent molecules shape a peptide, sometimes showing just a direction towards full
solvation,”™ sometimes demonstrating that only a few solvent molecules are needed to obtain the secondary
structure observed in solution.™
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Figure 24: Shaping of a peptide chain by a single water molecule reported on a Ramachandran map (left) for
a capped phenylalanine with two amide bonds (right).219 This system gathers the three different outcomes of
a microsolvation : (i) the structure is largely unchanged by microsolvation (squares and circles are in the
same region of the map); (ii) the microsolvated structure is distorted as compared to the isolated one (short
blue arrow); (iii) a micrsolvation-induced isomerization occurs (long blue arrow). Polyproline I, the structure
expected for small peptide chains in aqueous solution, is also shown.

12. Specific peptides and aggregates

12.1. Cyclic peptides and depsipeptides

Cyclic peptides are ubiquitous substances in nature, which are frequently present in plants, fungi, bacteria and
lower sea organisms (cf. e.g. ******). Many cyclopeptides exhibit cytotoxic properties (cf. e.g. phallotoxin**®), act
as antibiotics (cf. e.g. valinomycin®), neuropeptides (cf. e.g. vasopressin®*’) or iron chelators (cf. e.g.
ferrichrome™®). These properties originate from their ability to form bioactive conformations, which can either
be substrate molecules for larger peptides (cf. e.g.449) or act as cyclic ligands for embedded guest molecules or
ions. Their high biological effectiveness is partly due to the ring closure, which (in comparison to linear
peptides) makes them more resistant towards decomposition by proteases (cf. e.g. 450). Additionally, a lower
entropic barrier for the complexation of molecules or ions is advantageous 30, Taking nature as model,
synthetic cyclopeptides have gained importance as artificial receptors (e.g. 450’452), partly including rigid non-
natural amino acid subunits (cf. e.g.45°). For these sequences made of natural and non-natural amino acids, the
analysis of molecular recognition abilities always requires a detailed conformational investigation. Therefore,
molecular beam spectroscopy can offer valuable results regarding intrinsic structural properties and structural
behaviour during a stepwise addition of solvent molecules and aggregation partners.

Among cyclopeptides, some naturally relevant ones belong to the class of depsipeptides, in which at least one
amide group is replaced by an ester group. A famous, medically relevant example is the bacterially synthesized
valinomycin, whose antibiotic effects are based on the complexation and transport of potassium ions through
the cell membrane of pathogenic bacteria leading to a breakdown of the membrane potential and finally the
death of the bacterium (e.g. 453’454). Beyond the cyclic representatives, linear depsipeptides with a high
biological activity exist, e.g. dolastatin, a cytostatic anticancer agent (cf. e.g.455). The introduction of an ester
group in the sequence can affect different H-bonding patterns, trigger a different folding behavior”**’ and
thus probably leads to a different biological activity.

In comparison to linear a-peptides, depsipeptides and cyclic (depsi)peptides have been less investigated
spectroscopically under isolated conditions, but especially cyclic systems have gained increasing attention
throughout the last years.



12.1.1 Depsipeptides

Spectroscopic molecular beam investigations on depsipeptides started in the Gerhards group with the linear
MOC system ([1-[(2-methoxyphenyl)amino]-1-oxopropane-2-yl]2-(cyclohexanecarbonyl-amino)acetate (or
cyclohexylcarbonyl-glycine-lactate-2-anisidine,  abbrev. = CyCO-Gly-Lac-NH-PhOMe, in the peptide
nomenclature)3°1. It contains a glycine and a lactic acid (Lac) moiety as well as a suitable UV chromophore in
the protection group and a cyclohexyl ring at the other protecting group (cf. Figure 25). Up to that point only
some theoretical studies on Gly and Lac containing oligopeptides could be referred t0™”*® as well as IR
investigations in solution”***. In case of e.g. t-Bu-Gly-Lac-NH-Me, which shares the same amino acid blocks as
MOC, a B-turn structure was found®”® by IR spectroscopic analysis. However, the missing ester group in the
backbone effects a quite limited comparability.

From the experimental point of view, R2PI spectra combined with IR/R2PI and IR/IR/R2PI measurements
revealed three isomers. For DFT calculations including Grimme dispersion (D3)35°, folded structures turned out
to be energetically favored. They are mainly stabilized by strong dispersion interactions between the cyclohexyl
and the phenyl residue, rather than by H-bonds. The most stable isomer with a folded a,6, arrangement (cf.
Figure 25), exclusively stabilized by dispersion (thus not found by dispersion-excluding calculations) showed an
excellent agreement with the experimental IR data. In addition, two further folded isomers could be identified
with the H-bonded arrangement being the least stable one among the three assigned isomers. The excellent
agreement with the experiment illustrated the capacity of DFT-D methods to properly account for dispersive
interactions as well as the necessity to include them especially in systems in which CH---t interactions can form
(a feature that is shared by various peptide systems containing at least one aromatic chromophore but
especially in case of neighboring aromatic groups, cf. e.g. Section 12.1.2 and 485 or 292).

A further striking point with regard to the performed IR/IR/R2PI experiments on MOC is a possible IR-initiated
rearrangement of one isomer into the other two isomers observed 301, Thus, these results are a motivating
basis for further investigations on linear and particularly cyclic depsipeptides with a special focus on their
aggregation behavior.
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Figure 25: Schematic illustration of the linear depsipeptide MOC (top) along with the most stable assigned
isomer (bottom), whose stability is due to dispersion interactions (cf. text).

12.1.2. Cyclopeptides

Despite the high biologic relevance, only a few spectroscopic studies on isolated (neutral) cyclopeptides have
been performed so far. Investigations on cyclic dipeptides and tetrapeptides will be presented in the following



sections. The largest cyclic peptide analyzed so far is Gramicidin S which will be addressed in context with other
non-cyclic gramicidin peptides (cf. Chapter 12.2).

Cyclic dipeptides

Though cyclic dipeptides were the first cyclopeptides to be investigatedsz'63 by molecular beam spectroscopy,
the latest studies are less than two years old®*®. Beyond interesting stereochemical effects specifically due to
ring closure, cyclodipeptides also attract attention for their potential pharmacological activity, which might
involve interactions between aromatic amino side chains and receptors“.

The first to analyze a cyclic dipeptide, cyclo(Gly-Trp), by R2PI, UV/UV hole burning and photoelectron
spectroscopy were Weinkauf and coworkers.” The experimental data allowed the conclusion that only one
isomer with an ionization energy higher than that of pure 3-methylindole is present, which indirectly indicated
a strong geometry change upon ionization. In DFT calculations, the three most stable structures showed
attractive interactions between the peptide ring and the Trp side chain (NH:--it, CH---it). These interactions
become repulsive in the cationic form of all three conformers, resulting into the geometry change upon
ionization. Though a final assighment to one of these calculated structures was not possible in comparison to
the performed experiments, the authors tentatively proposed the most stable isomer with NH-- -1t interaction in
the S state to be formed in their molecular beam experiments.*

Another cyclic dipeptide, cyclo(Phe-Ser) was studied by R2PI, UV/UV hole burning and structurally more
sensitive IR/R2PI measurements in the de Vries group ®_Five conformers were assigned from comparison with
DFT calculations. In two of them a strong H-bond between the hydroxyl group of the serine side chain and CO
of Ser is formed. In a third one the H-bond is weak whereas in the other two remaining isomers the OH group is
completely free. For two of the structures additional CH---1t interactions are observed. Despite the stronger
rigidity of the system, the number of conformers was not reduced for cyclo(Phe-Ser) in comparison with the
linear Phe-Ser but the intensity of torsional vibrations was reduced. A remarkable feature for the cyclo(Gly-Trp)
as well as for the cyclo(Phe-Ser) is the cis orientation of the amide bonds which is usually unfavorable in linear
peptides.

In 2018, Zehnacker and coworkers studied the cyclo(Phe-Phe) in its L-L and its L-D configuration also in
comparison with their linear analoguesss, already analyzed before*®. The Phe-Phe sequence is supposed to
play a role in the formation of amyloid fibres*®! but sequences with more than one (and even neighboring)
aromatic side chains are always of interest with regard to the influence of dispersion onto structural
preferences. R2Pl and IR-UV hole burning were applied in comparison with dispersion corrected DFT
calculations. Anharmonic frequencies were calculated by variational perturbation theory for the most stable
cyclic structures. Furthermore, optimization and frequency calculations in the S; state and the visualization of
the intramolecular interactions were performed by the non-covalent interaction plot. Due to the rigidity of the
ring as well as the interactions involving the Phe side chains only one conformer was found in the molecular
beam. The influence of chirality was found to be small for the two cyclic diastereomers: Hardly any differences
were observed in the electronic spectra and the assigned conformation was similar. It is characterized by one
of the side chains in a flagpole position with the aromatic ring folded over the peptide backbone ring, whereas
the second Phe chromophore extends out of the backbone ring. Stabilizing CH---t and NH---1t interactions occur
but their nature and strength in the two diastereomers differ which leads to differences in the NH stretching
region. A special importance for shaping the cyclic dipeptide is ascribed to the CH---rt interactions. Conformers
having a stacked conformation of the Phe rings could not be found under experimental conditions. In the DFT-
D3 calculations a stacked conformer was only found for the L-L configured cyclopeptide, whose Phe side chains
can both be in equatorial position, which reduces their repulsive interaction. This is not possible in the L-D
configuration.

In a next step of their investigations the Zehnacker group analyzed the two diastereomers (L-L and L-D) of
cyclo(Tyr-Tyr) 64, with the unprotected hydroxyl group of the Tyr side chain having a remarkable influence on
the conformation. For both diasteromers, a similar family of structures exists, with comparable features as in
cyclo(Phe-Phe). Again stabilizing CH--m and NH--m interactions occur which differ in strength for the
diasteroemeric cyclo(Tyr-Tyr). However, in contrast to cyclo(Phe-Phe), a stacked structure was now observed
and assigned in the L-L species (cf. Figure 26), due to the possible formation of an H-bond between the side



chain OH groups, a feature not allowed in the L-D species. The OH groups thus act as a kind of anchoring side in
the L-L diastereomere finally making the stacked structure the most stable isomer. For the L-D peptide the most
stable conformer is the one comparable to the structure found for the corresponding cyclo(Phe-Phe).Taking the
results for cyclo(Phe-Phe) and cyclo(Tyr-Tyr) into account the question arises how the cyclo(Phe-Tyr) would
structurally behave under isolated molecular beam conditions especially with regard to the fact that for the L-L
diastereomer NMR solution measurements suggest a structure similar to the stacked one found for L-L
configured cycIo(Tyr-Tyr)64.

Figure 26: The two assigned structures (non-stacked
and stacked) assigned for the L-L cyclo(Tyr-Tyr). The non-
stacked structure presents the most stable isomer, with
the stacked structure being only 0.2 kcal/mol higher in
Gibbs energy (B3LYP-D3/6-3111++G(d,p)). Reprinted

- with perissionfrom Ref. o, Copyright (2018) The Royal
Society of Chemistry.

Cyclic tetrapeptides

The Gerhards group studied the first cyclic tetrapeptide cyclo[L-Tyr(Me)-D-Pro], (abbrev.: CPq,) and its
monohydrate by applying IR/R2PI spectroscopy in the amide A/OH stretching and partly in the amide I/II
regionggl. The secondary amide groups of the proline residues reduced the number of NH groups to two
instead of four, but the IR/R2PI spectrum finally only exhibits one slightly asymmetric band at 3276 cm™* (cf.
Figure 27). This can be a hint that both NH groups are H-bonded in a quite similar binding environment. The
B3LYP calculations predicted three basic types of conformers: those with two internal H-bonds, one H-bond or
without any H-bond. The most stable structure with two strong H-bonds between the NH and CO groups of the
two opposite Tyr residues could best explain the experimental IR data. This is true with regard to the amide I/l
region and with regard to the two NH stretching vibrations calculated to be nearly identical (cf. Figure 27). In
contrast, the other structural types of conformers all exhibit split NH vibrations, partly in the free NH stretching

region remarkably above 3400 cm™ L

Though the assignment of the most stable doubly H-bonded isomer was unambiguous, the strength of the two
H-bonds was underestimated in the calculations so that even the scaled NH-stretching modes were located
above 3300 cm™ . Experimental data could partly be better predicted by applying a more mode specific scaling
factor derived from reference calculations with the Ac-Phe-NHMe dimer. Thus, the necessity to apply mode
specific scaling became obvious again353’354.
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Figure 27: Experimental IR/R2PI spectra in comparison with calculated stick spectra (DFT/B3LYP/TZVP) of the
assigned conformer for cyclo[L-Tyr(Me)-D-Pro],. The dotted lines depict the calculated NH modes scaled by a
more mode specific scaling factor (see text). Spectra reprinted with permission from Ref. **'. Copyright
(2011) John Wiley and Sons.

For the monohydrate, not only the structure of the cyclic peptide backbone (doubly, singly or non-H-bonded)
but also the different binding motifs for the water molecule must be taken into account: single or double H-
bond donor or acceptor, H-bond donor and acceptor (bridging NH and CO) or even in a triple function.
Additionally, interactions with the m-system of the aromatic side chains can occur. Since the experimental
spectrum contained one band more than expected (five instead of four, cf. Figure 28) and UV-generated
fragmentation of larger clusters or Fermi resonances could be excluded, two isomers, having the same UV
excitation energy, were taken into account. The most stable calculated isomer can be derived from the
monomeric structure by attaching water as an H-bonding donor to a proline CO group. This structural motif is
the one which can be unambiguously assigned (cf. Figure 28). As further tentative assignment, explaining the
band around 3400 cm'l, a second binding motif with one internal H-bond and water in a bridging function
between a CO and a NH group (cf. Figure 28) was given. Thus, the first molecular beam investigations on a
cyclic tetrapeptide were performed and structural assignments for the monomer and monohydrate could be
given.
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Figure 28: The experimental IR/R2PI spectrum in comparison with the calculated stick spectra
(DFT/B3LYP/TZVP) of the assigned conformer WA_1 for the monohydrated cyclo[L-Tyr(Me)-D-Pro], as well as
for a second isomer, tentatively assigned. Spectrum reprinted with permission from Ref. ¥ Copyright (2011)
John Wiley and Sons.

To analyze the influence of an asymmetric amino acid constitution the investigations on cyclic tetrapeptides
were further extended by replacing one of the tyrosine units with a sterically less demanding alanine moiety
(cyclo[L-Tyr(Me)-D-Pro-L-Ala-D-Pro], abbrev.: CP,,) or with a sterically more demanding glutamic acid,
protected by a methyl ester at its acidic end (cyclo[L-Tyr(Me)-b-Pro-L-Glu(Me)-b-Pro], abbrev.: CPg,)>>". In the
IR/R2PI measurements an asymmetric or partly slightly split band around 3275 em™is again visible, giving a first
hint for a similar binding motif as found for CPy,,. In addition, the CPg, IR/R2PI spectrum exhibits a further band
of low intensity around 3330 cm™. In the DFT(-D3) calculations, the most stable structure is doubly hydrogen-
bonded for CP,, and CPg,, comparable to CPy,,. Additionally, further structural binding motifs similar to those
of CPy, were found (with two, one or no H-bond). The side chain of the glutamic acid in CPg, with its CO group
allowing interactions with the peptide backbone offers more structural flexibility so that more conformers
must be taken into account. A comparison of the calculated and experimental IR spectra for CP,, and CPg,
allowed the unambiguous assignment of the doubly H-bonded structure in both cases (cf. Figure 29). For CPg, a
second conformer with a doubly H-bonded structure and a further H-bond between the carbonyl group of the
Glu side chain and its NH group in the backbone, being remarkably less stable, is propsed (cf. Figure 29). The
additional H-bond does not seem to compensate the backbone deformation necessary to allow the Glu side
chain to fold back onto the backbone. Furthermore the COy,, and the COgy sigechain Share the same H-bond donor
(NHg), leading to two comparatively weak H-bonds and a calculated NH vibration above 3300 cm™.

Solvation effects on both cyclic tetrapeptides were estimated by the polarized continuum model (PCM): For
CP,, the originally assigned doubly H-bonded structure is conserved in the presence of a first solvation shell in
contrast to CPg, for which a singly H-bonded structure was found. The missing internal H-bond was
compensated by the efficient solvation of the carbonyl group of the Glu side chain.

The comparative analysis of these three cyclic tetrapeptides indicates further investigations of these systems
including a variation in amino acid constitution and ring size, also with regard to the binding ability for other
binding partners like solvent molecules or metal cations.



Figure 29: DFT-D3/B3LYP/TZVP structure of the assigned conformer for the cyclo[L-Tyr(Me)-D-Pro-L-Ala-D-Pro]
(top) and of the two conformers assigned for the cyclo[L-Tyr(Me)-D-Pro-L-Glu(Me)-D-Pro (in the central and
bottom). Structures reprinted with permission from Ref. 33 Copyright (2017) PCCP Owner Societies.

12.2. Naturally relevant peptides or sequences/chain fragments

Gramicidin peptides

146462 and they are well known for their

Gramicidin peptides can be obtained from the bacterium Bacillus brevis
antibiotic effects, which are based on the selective transport of potassium ions through cell membranes
resulting in the death of the targeted cell 1643, They can be subdivided in a family of linear 15-residue peptides
with subgroups (e.g. A, B, C cf. Table 11) which differ in one (aromatic) amino acid and the cyclic gramicidin S, a

decapeptide built of two identical pentapeptide units (cf. Figure 30).

Gramicidin X Y Table 11: Sequence of the different gramicidin peptides
HCO-X-Gly-Ala-p-Leu—Ala—-D-Val-Val-D-Val-Trp—-D-Leu-Y-

Al val Trp D-Leu—Trp—D-Leu-Trp—NHCH,CH,0H, with those

B1 Val Phe investigated by de Vries and coworkers **.

Cc1 Val Tyr

The OH-, NH- and CH-stretching region of gramicidin peptides was first spectroscopically investigated under

isolated molecular beam conditions by de Vries and coworkers in 2006

146 .
who analyzed linear forms as well as



the cyclic one. These first, purely experimental results already suggested a helical arrangement for the
investigated linear gramicidin peptides and a B-sheet like structure for the cyclic one. The presence of only one
dominant conformer in a helical conformation was later on confirmed for the linear gramicidin Al and C1 by
further expanding the spectra to the region of 1800 to 1000 em ™ and comparing them with calculations. The
latter gave a better description of the experimental data if dispersion was taken into account®®.

With regard to the structure of cyclic gramicidin S, the doubly protonated, thus ionic form was also
investigated465‘469. The main finding of a B-sheet like arrangement comparable to the neutral form was
confirmed. Overall, three isomers were identified with two of them having a similar structure, whereas the
structure for the third one is still pending.

L-Orn
L-Leu ) D-Phe
H( H’/ "
L-Val H
LPo | @ ‘ Z @ HaC Figure 30: The principle composition and structure
‘ v of the gramcidin S peptide, adapted with
N -.H.L o o—_.-g-_ ; “".," Q9 O-- ‘f-' N—_ permission from Ref. 18, Copyright (2006) John
H @ AN/ @ . Wiley and Sons.
O H | L-Pro
7 CH, / OR H o

D-Phe L-Leu /

Forbidden Sequences

In nature, several sequences seem to be absent from all known protein primary structures and were thus
named ‘forbidden sequences’. This singularity can be tentatively explained by the fact that these sequences
might disturb the formation of functional protein secondary structures. In 2009, Vaden et al. > analyzed such
forbidden sequences in two pentapeptides: Phe-Phe-Met-Cys-Thr and Trp-Cys-Phe-Asn-Leu. IR/R2PI
measurements in comparison with DFT calculations (using B3LYP or the dispersion including M05-2X functional)
assigned one isomer for each pentapeptide. In the case of Phe-Phe-Met-Cys-Thr, the formation of a B-turn
motif was proposed, probably additionally stabilized by side chain-backbone as well as OH - 1t interactions,
whereas interactions between adjacent Phe chromophores do not seem to play a significant role.
For Trp-Cys-Phe-Asn-Leu a 34, helical structure is the most dominant (and on the M05-2X level the most stable)
isomer but the presence of a second helical arrangement was assumed. The authors argue that the bulky side
chains arranged in a sterically demanding way could e.g. disturb the formation of functional protein secondary
and tertiary structures. Nevertheless, the authors concede that the analysis of these peptides can only be a first
step in understanding these forbidden sequences and that further variations, including capped peptide
sequences, must be investigated. The latter aspect is especially true since a segment of a natural peptide
backbone can better be imitated by capped peptides in which the probability for interactions between the N-
and C-terminus is reduced.

Ser-lle-Val-Ser-Phe-NH,

The Ser-lle-Val-Ser-Phe peptide334 represents a partial sequence of the so-called B,-adrenaline receptor protein
(B,AR) binding the catecholamin neurotransmitter adrenaline. Though a crystal structure of the adrenaline-
B,AR complex is known, it still cannot reveal the origin of molecular recognition why adrenaline is recognized
whereas other molecules are not bound. Thus, Fujii and coworkers®** drew on the bottom-up approach to
analyze the Ser-lle-Val-Ser-Phe-NH, sequence by REMPI, UV-UV hole burning as well as by IR ion dip
spectroscopy in comparison with dispersion corrected DFT-calculations. The experimental data already
revealed that only one dominant isomer is present in the molecular beam. Comparing the calculated IR spectra



of different isomers with the experimental IR/UV hole burning spectra, two structures were found to be
possible, the most stable as well as the second most stable conformer. The decision was finally made on the
basis of the frequencies calculated for the first electronically excited state: for the most stable isomer, they
could better describe the low-frequency vibronic modes found in the UV-UV hole burning spectrum. This global
minimum isomer is characterized by a distorted B-hairpin structure.

Hexapeptide sequence of the tau protein

The tau protein of neurons is suspected to be responsible for the formation of intracellular neurofibrillary
aggregates associated with neurodegenerative diseases like the Alzheimer’s disease (cf. Section 1 and 7). In
2008, Snoek and coworkers™*® investigated a hexapeptide sequence of this protein, namely Ac-Val-Gln-lle-Val-
Tyr-Lys-NHMe in its neutral as well as in its charged form with the lysine side chain being protonated (-NH;").

For the neutral hexapeptide investigated by IR/UV hole burning the structure observed was assigned to a B-
turn motif with two stretched halves, despite this was not the most stable conformer calculated.The B-turn
contained an additional C7 interaction in the turn and interactions between the Lys and Asn NH, groups with
CO backbone groups, but a non-H-bonded OH in the Tyr side chain. However, a minor population in the global
minimum structure (a distorted B-turn) could not be excluded.

In comparison, the charged species studied by IRMPD in an ESI-FTICR set-up, was analyzed in the CO-stretching
and NH-bending region but the structural assignment turned out to be even more ambiguous. A tentative
assignment was given to the most stable, almost helical, but quite coiled structure in which the enormous
distortion of the backbone is compensated by the interaction of the lysine NH;" group with the CO backbone
groups. The presence of further isomers and even an interconversion between them at room temperature
could not be excluded.

Though unambiguous structural assighnments were not possible in case of the charged species, reasonable
structural proposals were found exhibiting the possibly strong influence the charge can have on structural
preferences. The general experimental and computational challenges (which increase with the size of the
system) became even more evident when the dimer of the hexapeptide was investigated423 (cf. Section 12.4.1).

Delta-Sleep inducing peptide

Bakker et al.**® tried to analyze the nonapeptide Trp-Ala-Gly-Gly-Asp-Ala-Ser-Gly-Glu, known as delta sleep-
inducing peptide (a neuropeptide)470’47l. The IR spectrum was measured in the region of 600 — 1800 cm™ 1,
characterized by broad bands due to an overlap of CO-stretching, NH- and OH-bending modes. However, this
probably also partly originates from insufficient cooling of the large peptide. In 2005, calculations for such a big
system were enormously challenging and thus only two structures were calculated on the semi-empirical AM1
level, a stretched and a helical one. Nevertheless, an assignment was not possible at that point. To go further, a
proposal of the authors was to improve the cooling efficiency for such larger systems so that the spectral

congestion is reduced which should increase the interpretability of the spectra.

12.3. Zwitterions

At the physiologically important pH of ~7, most amino acids or peptides appear in their zwitterionic form.
Under isolated conditions, those are usually only observed if the charges can be additionally stabilized by e.g.
polar solvent molecules or metal cations (cf. e.g. references in "% With the focus on the formation of
zwitterionic structures, Rijs et al.' investigated the hexapeptide model Ac-Glu-Ala-Phe-Ala-Arg-NHMe by
IR/UV hole burning spectroscopy in the of 1000 — 1850 cm™” region (cf. Figure 31). The middle sequence Ala-
Phe-Ala was chosen since it exhibits a certain preference for 344 helical structures®® bringing the basic arginine
and the acidic glutamic acid side chain into close spatial proximity. In comparison with calculations but also
with data of other, smaller Glu containing systems a 3,4 helical structure was assigned, in which a proton
transfer between the side chains of Arg and Glu occurred. The structure was characterized by a salt bridge
additionally stabilized by two H-bonds between the protonated and deprotonated side chains. This result
demonstrates that zwitterionic forms can be observed in neutral peptides when the formation of a salt bridge
is made possible by the structure.



Experiment

Figure 31: Representative illustration of a calculated
zwitterionic and non-zwitterionic structure (energies
MP2 level) and their calculated IR spectra (B3LYP/6-
31+G(d)) in comparison with the experimental one
(upper trace)."™ The backbone conformation is
schematically sketched by the pink tube (see details in
Ref 144). Adapted with permission from Ref. 1 Copyright

(2010) John Wiley and Sons.
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12.4. Aggregates

The biological environment of peptides is manifold so that potential aggregation partners can for example be
other peptide sequences (cf. following section) or water as the biologically most relevant solvent (cf. Section
11), but also non-peptide molecules (cf. Section 12.4.2). Molecular beam investigations always offer the option
to successively add these aggregation partners. The aggregates are usually not present in the original sample
but the binding partners are co-expanded in the molecular beam. Hence, they aggregate by collisions in the
warm part of the molecular beam (cf. Section 4.1) before the formed aggregate is spectroscopically
investigated in the cold part of the beam.

12.4.1. Peptide-peptide aggregates

As already explained in the introductory section and section 7, the interest in peptide aggregates and especially
in potential B-sheet models arises from the role they play in infectious diseases like BSE, Scrapies and
Creutzfeldt-Jakob (cf. e.g. 831 or non-infectious neurodegenerative diseases like Alzheimer and Parkinson (cf.
e.g. %99 " Without going into details, it is assumed for both cases (infectious and non-infectious) that a
pathogenic secondary structure change towards B-strand dominated forms occurs for certain brain proteins.
Those can autocatalytically induce the formation of further pathogenic structures, finally leading to fibrils and
plaques in the brain tissue.

For both, infectious and non-infectious diseases, not only the suppression of the outbreak but also the
prevention of the progress and thus of the autocatalytical fibril formation is the main goal. In the past, a quite
‘chemical’ approach was the application of template molecules, binding to formed B-strands, or —sheets so that
the growth of B-sheets up to fibrils is interrupted.

The following sections focus on the structural investigations of neutral amino acid and peptide aggregates (with
at least one aromatic moiety) using combined IR/UV laser spectroscopic molecular beam methods.

Nevertheless, we want to briefly mention examples of aggregates of non-aromatic amino acids (Gly, Ala, Val),
which were analyzed by Suhm and coworkers applying FTIR and Raman spectroscopy in a jet expansion3°'4°.
Furthermore, Hu and Bernstein studied higher aggregates of valine in a supersonic expansion by IR/VUV
spectroscopy254. Beyond, also charged proton-bound amino acid dimers (cf. e.g. 472‘476) and dimers of
polypeptides (cf. e.g. *’"*”°) exist.



(Ac-Phe-OMe),

In addition to the monomeric Ac-Phe-OMe and Ac-Phe-NHMe, the homo dimers of the two protected amino
acids were detected in the molecular beam expansion and were spectroscopically investigated. The R2PI and
IR/R2PI spectra of (Ac-Phe-OMe), indicated the presence of only one isomer with two H-bonded NH modes
(frequencies below 3400 cm_l)m. Further measurements in the CO-stretching region and the comparison with
calculations supported the assumption of a very symmetric B-sheet like arrangement composed of two
monomers having the same side chain orientation (B.(g+)-B.(g+) or BL(a)-BL(a))284. The analysis in the upper
fingerprint region®’ revealed some characteristics, which were better reflected in the calculated spectra of
B.(g+)-B.(g+) (also energetically preferred by MP2 calculations on DFT optimized structures). In the assigned
structure, the intermolecular H-bonds between both B-strands form a ten-membered ring representing the
smaller part of the unit cell within a B-sheet (cf. Section 2 and Figure 32). Later investigations in the far-IR (100-
800 cm'l), in comparison with anharmonically calculated modes from DFT-based molecular dynamics
simulations (supported by graph theory), also discussed a B-sheet arrangement. However, their interpretation,
mainly based on the 100-400 em™t spectral region, suggests the monomers to have different side chain

orientations, namely [3L(g+)—I3L(g—).363

Figure 32: Assigned structures of the different peptide dimers: a) (Ac-Phe-OMe), forming the ten-membered
ring of a B-sheet unit cell, here with both side chain in a g(+) orientation*#%%*%%, b) (Ac-Phe-NHMe), forming
the fourteen-membered ring of a B-sheet unit cell*, ¢) dimer of Ac-Trp-OMe”z, d) the mixed dimer of Ac-
Val-Tyr(Me)-NHMe and Ac-Ala-Ala-Ala-OMe™*.

(Ac-Phe-NHMe),

As next step, the dimer of the dipeptide model Ac-Phe-NHMe"> was analyzed for which additional binding
motifs originate due to the second amide group. Comparable to (Ac-Phe-OMe), the reduced number of IR
bands in the amide A and amide I/Il region already implies a structure of high symmetry. Taking the calculated
IR spectra into account, a parallel arrangement of the peptide strands could be excluded. With regard to an
antiparallel motif two different arrangements can be formed: in the ‘inner bound’ isomer, intermolecular H-
bonds are formed between the CO and NH groups of the phenyl residues (comparable to (Ac-Phe-OMe),); in
the ‘outer bound’ isomer, H-bonds are formed between the CO and NH groups of the protection groups, cf.
Figure 32. The latter one gives the best description for the experimental IR spectrum and is additionally the
most stable isomer. This outer bound arrangement with its fourteen-membered interstrand ring represents the
larger part of a B-sheet unit cell.



(Ac-Trp-OMe),

As mentioned before, the unprotected, polar NH group in the indole side chain does not have a direct impact
on the backbone structure of the Ac-Trp-OMe monomer. However, the influence of the NH indole group
becomes evident in the dimerization®>*: Beyond B-sheet-like arrangements structures must be taken into
account in which the NH indole group participates in H-bonds. A free NH indole-stretching vibration around
3520 cm ™ would give an indication for a B-sheet arrangement but was not found in the experimental spectrum.
In case of a symmetric arrangement involving the CO ester and NH indole groups in H-bonds only half of the
expected vibrations (4 NH, 4 CO) should be observed. Since this was not found in the experimental spectra, a
symmetric dimer could be excluded. Finally, the best fit between experimental data and theory was found for
an asymmetric arrangement having one intermolecular H-bond between an NH indole and CO ester group and
the second H-bond between the other NH indole group and the CO amide group (cf. Figure 32).

(Ac-Val-Tyr(Me)-NHMe),

The (Ac-Phe-OMe), dimer revealed a ten-membered ‘interstrand’ ring, whereas in (Ac-Phe-NHMe), a fourteen-
membered ring is formed, both being binding motifs within an antiparallel B-sheet. Nevertheless, a complete B-
sheet unit cell is composed of a ten- and fourteen-membered ring formed by three interstrand H-bonds. Thus,
such a unit cell requires three amide bonds per strand which is for example fulfilled by the tripeptide model Ac-
VaI—Tyr(Me)—NHMe157 studied in the Gerhards group. MD simulations, HF and subsequent DFT calculations
predicted B-sheet arrangements to be the most favoured structures. On the DFT-level an antiparallel B-sheet
and a parallel one with a y-turn were calculated to be the most stable ones, with pure parallel B-sheets being
more than 1100 cm™ higher in energy. The structure of the most stable antiparallel B-sheet was characterized
by three strong H-bonds being all of similar length; in comparison, the inner H-bond of the parallel B-sheet was
longer than the outer ones and, in the parallel B-sheet with the y-turn, the inner H-bond length was strongly
decreased. Therefore, these structures should exhibit characteristic, distinguishable frequencies. The behavior
of the IR/R2PI spectrum via different UV excitation energies as well the detected number of transitions (three
above 3400 cm™ and three below) indicated the presence of one dominant isomer. The excellent fit between
experimentally observed and calculated frequencies finally allowed to assign the observations to the most
stable calculated antiparallel B-sheet (cf. Figure 33) and to unambiguously exclude other structural motifs.

With the investigation of the Ac-Val-Tyr(Me)-NHMe dimer the first formation of a secondary structure unit cell
under isolated molecular beam conditions was demonstrated. Against the background of the discussion about
a B-strand or B-turn preference of the monomer,mz"g’gg'401 one should be aware that the dimerization process
occurs in the early stage of the molecular beam expansion between (relatively ‘hot’) monomers. Therefore,
remarkable structural changes are possible until the final dimer structure is frozen out. Thus, these
investigations reveal the strong intrinsic driving forces of peptide sequences to adopt defined naturally relevant
structures without a solvent or peptide environment.
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Figure 33: IR/R2PI spectra of the (Ac-Val-Tyr(Me)-NHMe), in comparison with calculated stick spectra
(B3LYP/cc-pVDZ). At the right hand side: structure of the assigned B-sheet unit cell (details cf. 157 )-
Experimental sprectrum reprinted with permission from Ref. **’. Copyright (2008) American Chemical
Society.

A hetero dimer of Ac-Val-Tyr(Me)-NHMe and Ac-Ala-Ala-Ala-OMe

The question if peptide systems are able to form special (naturally relevant) secondary structures during
molecular beam expansion was further addressed with the investigation of the dimerization between Ac-Val-
Tyr(Me)-NHMe and Ac-Ala-Ala-Ala-OMe.**? Additionally, it should be evaluated if the observed formation of
(antiparallel) B-sheet(-like) arrangements is only possible for two identical monomeric units or if hetero dimers
can also be formed from monomers with potentially different structural preferences.

For the monomeric Ac-Val-Tyr(Me)-NHMe (cf. Section 7.4), a B-strand was originally assigned though a B-turn
could also be discussed '°>*%8%! |n contrast, the structure of Ac-Ala-Ala-Ala-OMe was not analyzed so far. The
results from literature indicated that a C-terminal lysine protonated at its side chain can drive the formation of
helical arrangements405’406’477’480, whereas an N-terminal tryptophan supports the formation of antiparallel B-
sheet-like structures **". Investigations of the Mons group on Alas with either a Phe moiety or a OBz protection

group revealed a preference for B-hairpin structures or further strongly H-bonded arrangementsn'73

Due to the missing UV chromophore, the analysis of Ac-Ala-Ala-Ala-OMe was performed along with
investigations on further protected alanine peptides of increasing chain length (Ac-Ala,-OMe, n =1 —4) by FT-
IR spectroscopy in a gas cell (cf. 143 ). For structural assignments, the experimental data were compared to DFT-
and DFT-D3 calculations, which (especially the latter) predicted folded structures to gain importance in the tri-
(and tetra) peptide compared to the monomer or dimer. In case of the tripeptide, DFT-D3 calculations at 0 K
clearly favor a folded double y-turn structure, which becomes entropically disfavoured (but not irrelevant) at
higher tempertures. These theoretical predictions are in consistence with the FTIR measurements having gas
cell temperatures above 500 K: Here the stretched conformations still dominate the spectrum but H-bonded
conformations are also remarkably populated. These gas cell conditions are of course not directly comparable
to molecular beam expansion: Here the two peptides Ac-Val-Tyr(Me)-NHMe and Ac-Ala-Ala-Ala-OMe are



brought into the carrier gas stream by being heated in two sequential but separated sample reservoirs (about
400 K). The dimerization occurs during coexpansion in the molecular beam. Though the remaining internal
energy of the two monomers before dimerization (as well as the final temperature of the formed dimers) is
difficult to estimate in the molecular beam. Nevertheless, the gas phase FT-IR spectroscopic investigations
revealed that structural preferences of Ac-Ala-Ala-Ala-OMe are not exclusively stretched conformers.

MD and DFT-D calculations were performed on the hetero dimer and revealed that, as in case of the
homodimer (Ac-Val-Tyr(Me)-NHMe),, B-sheet arrangements are preferentially formed. In comparison with the
experimental IR/R2PI spectrum an antiparallel B-sheet structure was assigned again (cf. Figure 32). Therefore,
these first studies on a hetero dimer demonstrated, that the co-expansion of two independent and different
molecules can lead to the formation of a -sheet model under isolated molecular beam conditions.

The results for (Ac-Val-Tyr(Me)-NHMe), as well as for the self-assembled heterodimer might indicate that
peptides containing a Val-Tyr sequence can show an intrinsic template behavior: other peptide binding
partners are forced to form a dimer with a certain secondary structure like an antiparallel B-sheet
arrangement.

Dimer of the tau-peptide

Beyond the monomeric hexapeptide Ac-Val-Gin-lle-Val-Tyr-Lys-NHMe (cf. section 12.2)** also the dimer was
investigated by Vaden et al.*”>. In comparison to the monomer, the dimer spectrum shows more red-shifted
features, which could indicate the presence of stronger H-bonds than in the monomer species. Based on a
comparison between (DFT-) calculated and experimental spectra tentative assignments were proposed
excluding coiled structures and leading to partly opened B-sheets. However, the final discrimination between
an antiparallel and a parallel B-sheet was not possible. Nevertheless, the principle presence of such B-sheet
arrangements was supported by a comparative energetic estimation. In that procedure the energy required to
unfold the monomeric structure and the binding energy of the dimer were taken into account. It revealed that
the stronger H-bonds in the dimer could overcompensate the unfolding energy of the monomer.

12.4.2 Non-peptide aggregates

Beyond peptide-peptide and peptide-water aggregation (cf. Section 11), also sugars, nucleobases or potentially
B-sheet blocking agents are of biological interest as peptide binding partner, which are further addressed in the
following sections. In addition, metal peptide interactions of course play an important biological role in ion
channels (cf. e.g. **), in (redox) active centers of proteins (cf. e.g. *****) or in antibiotic depsipeptides acting as
. 453,454

ion transporters through cell membranes (cf. e.g. ).

Nevertheless, as this review focuses on neutral systems, aggregates with metals should not be addressed here
in detail and only exemplary references are given for the interested reader: Binding energies and binding
properties of aggregates between metal cations and amino acids or small peptides are analyzed by CID (cf. e.g.
485'486) or ECD experiments (cf. e.g. 487'489). For structural investigations, IRMPD measurements are frequently
performed (cf. e.g. 165'490'495), mostly in non-cooled ion traps, less frequently in cooled ion traps.496 Quite rare
are studies which investigate metal-amino acid/peptide aggregates under jet-cooled conditions (cf. 497'501).
Beyond IRMPD measurementssoo'sm, also an IR+UV photodissociation method was established®® on the
example of [Al-AcPheOMe]*".

Pyrazole-based template molecules as potential B-sheet blockers

The knowledge about the correlation between the formation of pathogenic B-sheet structures with
autocatalytic behavior and (un)infectious neurodegenerative diseases (cf. chapter 1, 7, 12.4.1) effected the
development of different approaches for treatment: One of them consists in deactivating the (autocatalytically
active) aggregation sites of B-sheets using template molecules™®*>%.

Pyrazole and pyrazole derivatives were investigated as template molecules by aggregating them with protected
amino acids and small protected peptide5163’5°6. In a first publication, the aggregation between the well-
analyzed protected amino acid Ac-Phe-OMe and pyrazole (Py) or 5-amino-3-methylpyrazole (MAP) (cf. Figure



34) was analyzedsos. For the Ac-Phe-OMe:--pyrazole cluster, the comparison between the IR/R2PI spectrum and
DFT-calculations allowed the assignment of a doubly H-bonded aggregate (COppe-:*NHp, and NHpper*Np,). In this
aggregate the B, conformation of Ac-Phe-OMe is conserved but the side chain orientation changes from
gauche(+) in the monomer to anti. Furthermore, the red-shift of the NHp,. stretching mode (compared to the
Ac-Phe-OMe monomer) is larger than for the Ac-Phe-OMe dimer, which indicates a stronger H-bonding and a
higher stabilization energy in the Ac-Phe-OMe---pyrazole cluster. In case of the aggregate with MAP it must be
additionally taken into account that MAP has two tautomeric forms (cf. Figure 34). According to ab initio and
DFT calculations, the aggregates with the MAP(1) form are more stable than those with MAP(2). Nevertheless,
in comparison with the IR/R2PI spectra a tentative assignment for both aggregates is performed with the
MAP(2) tautomer and Ac-Phe-OMe having a B.(g+) or B,(a) structure (cf. Figure 35). The deviations between the
two IR/R2PI spectra are supposed to originate from differences in backbone conformation of the protected
amino acid rather than from different tautomer forms of MAP.
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Figure 34: Principle structures of the template molecules a) pyrazole and b), c) 5-methyl-3-aminopyrazole in
its two tautomeric forms b) MAP(1), c) MAP(2).

In a further step, the aggregates of aminopyrazole derivatives with the already investigated Ac-Val-Phe-OMe
and Ac-Val-Tyr(Me)-NHMe were analyzedm. Both peptide sequences are models for an extraction from the
KLVFF sequences, which are assumed to be involved in the formation of pathogenic B-sheets of the Alzheimer’s
disease. MAP and 5-methyl-3-trifluoroacetylpyrazole (tf-MAP) were chosen as template molecules. The
measured IR/R2PI spectrum of the Ac-Val-Phe-OMe:--MAP aggregate in the NH stretching region already gives
clear hints towards a triply H-bonded structure. Since in Ac-Val-Phe-OMe H-bonding acceptors (CO) and H-
bonding donors follow in the sequence, an aggregation of MAP in its tautomeric form 1 is probable. A final
unambiguous assignment can be given in comparison to DFT calculations (cf. Figure 35). It turns out that two of
the three H-bonds are strong but the one between the Ac protection group and the NH, MAP moiety is quite
weak and could be broken in favor of a stronger binding partner (e.g. a peptide).

In case of the Ac-Val-Tyr(Me)-NHMe:--MAP aggregate, the IR/R2PI spectrum of the cluster exhibits
characteristics for a free NH, MAP, a further free NH, as well as three H-bonded NH groups with one H-bond of
a y-turn. The comparison with calculations confirmed this assumption and the match between experimental
and calculated frequencies was found for an aggregate with a y-turn in the peptide backbone (NHy -COy,) and
with COp. and NHyy, being involved in intermolecular H-bonds with the N-atom and NH group of the MAP(2)
tautomer (structure cf. Figure 35). This example illustrates the fact that the formation of an intramolecular H-
bond can win over a third intermolecular H-bond. To yield an effective template molecule, the binding strength
had to be improved. Thus, attempts were made to increase the H-bonding strength of MAP by a
trifluoracetylation of the NH, which was expected to effect a significant rise in the acidity of the remaining NH
group. In the Ac-Val-Tyr(Me)-NHMe --- tf-MAP IR/R2PI spectrum, the five expected vibrations were detected
but only one free vibration above 3400 cm™. Taking calculations into account, an arrangement was assigned in
which the y-turn Ac-Val-Tyr(Me)-NHMe structure of the MAP cluster was conserved. However, three instead of
only two intermolecular H-bonds were formed now with the acidified NH.yap group being now involved (cf.
Figure 35). The red-shift of this corresponding NH vibration furthermore revealed that the H-bond between the
NHit.map and the CO,. is the strongest one within the aggregate.
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Figure 35: Overview of the IR/R2PI spectra of clusters between different protected amino acids up to
tripeptide models with aminopyrazole based template molecules and their calculated assigned structures. a)
Ac-Phe-OMe in a B,(a) conformation and the MAP in its tautomeric form 2 (B3LYP/6-31G(d)). The second
isomer of the cluster differs in the orientation of the side chain (g+). b) Ac-Val-Phe-OMe---MAP cluster,
(B3LYP/6-31+G(d)). c) Ac-Val-Tyr(Me)-NHMe:--MAP cluster with the assigned structure (B3LYP/6-31+G(d)). d)
IR/R2PI spectrum of Ac-Val-Tyr(Me)-NHMe---tf-MAP and the assigned calculated structure (B3LYP/6-
31+G(d)). Spectrum in a) reprinted with permission from Ref. 306 copyright (2002) Springer Nature. Spectra
b) to d) reprinted with permission from Ref. 163, copyright (2009) John Wiley and Sons.

Aggregates between peptides and monosaccharides

In biological processes, carbohydrate-protein interactions play an important role, e.g. in cellular recognition in
context with inflammation processes (cf. e.g. **® and references therein). From the spectroscopic point of
view, carbohydrate-protein interactions were already analyzed from crystal structures as well as by NMR
spectroscopy in solid and liquid state. Against this background, Simons and coworkers investigated aggregates
between monosaccharides and peptide systems in the solvent-free, especially water-free environment of the
molecular beam162’218’291'400'507’508.

Cocinero et al.”™® anaylzed the complex between D-galactose, methylated at the anomeric OH group, and the
stretched conformer of Ac-Phe-NHMe"** with regard to the anomeric effect. The principle H-bonding pattern in
the sugar-amino acid aggregate was the same for the a- and B-anomeric species of galactose. Nevertheless, the
IR/R2PI spectra showed differences. Thus, the Ac-Phe-NHMe can act as a kind of sensor for the aggregated
anomeric sugar form, since characteristic vibrational shifts of certain stretching vibrations occurred. Theoretical
investigations also including an NBO analysis tried to analyze the influence of the endo- and exo-anomeric
effect and postulated the dominance of the exo-anomeric effect for both galactose anomers within the hetero
cluster. Later on Wang et al. performed further theoretical studies on this sugar-amino acid aggregate.509 In the
D-galactose they replaced the endocyclic oxygen by a methylene group, thus eliminating the endo- and exo-
anomeric effect. Nevertheless, they found calculated vibrational shifts for the corresponding sugar amino acid
cluster, which were comparable to those measured by Cocinero et al.. Thus, Wang and his co-authors
concluded that the spectral differences found for the aggregates of Ac-Phe-NHMe with the a- and B-anomeric
galactose in reference % \were due to the conformational differences of the two anomers rather than truly
based on anomeric effects.

However, not only the aggregation behavior of the stretched but also of the y-turn isomer of Ac-Phe-NHMe'*

was investigated. The aggregation partners investigated were methylated D-galactopyranose % and the
methylated epimer D-glucopyranose291 in which the configurschation of the OH group in the 4 position is



equatorial instead of axial. R2PI and IR/R2Pl measurements revealed six complexes: the a- and B-anomer of
both sugars aggregate with the stretched isomer of the protected Phe but only the a-anomers of both sugars
bind to the y-turn conformer, making a sum of six complex structures in total (cf. Table 12). In contrast to
crystalline structures®® and molecular beam investigations on aggregates between sugars and aromatic
compounds507 no stacked structures were found. Instead, Ac-Phe-NHMe:--monosaccharide dimers were
dominated by H-bonding. The absence of stacked arrangements was proposed to be due to the formation of
hydrophobic regions in a natural aqueous environment, a situation which is not provided in the molecular
beam. Moreover, it was observed that monosaccharides always attach to the ‘outer’ H-bonding sites™ of the
stretched isomer and to the ‘inner side’ H-bonding sites™” (cf. Section 12.4.1) in the y-turn structure. The
precise H-bonding pattern within the complexes strongly depends on the configuration and conformation of
the sugar, the D-glucopyranose leading to quite different arrangements than the D-galactopyranose.
Nevertheless, a certain selectivity towards B-strands was revealed making the authors think about the
therapeutic potential in context with neurodegenerative diseases (cf. Sections 1, 7, 12.4.1). Since stacked
carbohydrate-protein interactions preferentially occur at peptide binding sites containing tyrosine and
tryptophan, further studies were performed on aggregates of p-hydroxytoluene with a,B-methyl D-
galactopyranose, a,B-methyl b-glucopyranose and a,B-methyl b-fucopyranose as well as on Ac-Tyr-NHMe---a,3-
methyl D-galactopyranose complexes40°. For p-hydroxytoluene combined with D-galactopyranose only singly H-
bonded motifs were found but with additional CH---mt interactions leading to stabilized stacked structures. In
the aggregate between Ac-Tyr-NHMe and ao,B-methyl D-galactopyranose, an H-bond between the OH in the
tyrosine side chain and the monosaccharide (06) is found in the most stable arrangements which are
additionally stabilized by OH-:-O, NH:--OH and CH---1t interactions. The OH group in the aromatic side chain was
considered to act like a kind of anchor, which enables the CH:--mt interactions. Thus, its absence in the Phe side
chain was proposed to be the reason for the lack of stacked arrangements in the Ac-Phe-NHMe:--a,-methyl p-
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galactopyranose complex”™ .

Table 12: Combinations found between the conformers of Ac-Phe-NHMe and the different anomers of b-
galactopyranose (MeGal) and p-glucopyranose (MeGlc) (DFT/MO05-2x/6-31+G** level of theory).”***** Figures
reprinted with permission from Ref. 28 copyright (2011) Springer Nature; further figures reprinted with
permission from Ref. » copyright (2008) American Chemical Society.
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Aggregates between nucleobases and amino acids

Interactions between DNA and proteins belong to the most important regulatory processes in a cell. As an
example, gene expression and the whole cell cycle are controlled by protein-DNA interactions. Nevertheless,
details of these interactions and the associated recognition mechanisms are not well understood yet. This was
the motivation of de Vries and coworkers to analyze the aggregate between guanine and aspartic acid by R2PI
and IR/UV hole burning spectroscopy in a molecular beam expansion,510 with guanine providing the necessary
UV chromophore. The tautomer diversity of the guanine nucleobase and some derivatives was investigated by
R2PI, UV/UV and IR/UV hole burning (cf. e.g. 2655151 35 well as by using helium droplet experiments237 or
microwave spectroscopy o1 (for the principally possible tautomers and their nomenclature cf. Figure 36). For
the guanine-aspartic acid complex, five isomers were found in comparison with theory at the MP2 level
employing harmonic and one-dimensional anharmonic approximations. Regarding the tautomeric form of the
nucleobase, the complexes with the 7-keto and 7-enol tautomers always turned out to be several kJ-mol™
higher in energy than the corresponding 9H-tautomers. Among the 9H-aggregates, those with guanine in the
keto form were calculated to be more stable. Though the enol and keto forms show characteristic IR
frequencies, the tautomers only differing in the 7 and 9 position are hardly distinguishable (7H-keto and 9H-
keto or 7H-enol and 9H-enol). For the first (probably most stable) dimer, a triply H-bonded structure with
guanine in the 9-keto form was assigned (cf. 9KN in Figure 37). The authors describe this binding motif to be
comparable to the guanine-cytosine Watson-Crick arrangement. Based on the extremely broad signature of
this isomer in the R2PI spectrum, the authors do not exclude the presence of more weakly populated isomers,
with either minimal differences in the amino acid conformation or a 7H guanine tautomer. The following three
dimers are assigned to structures with the 9H-enol form of the nucleobase (among them 9E1 cf. Figure 37).
Finally, a fifth one is observed, but the assignment is difficult since it appears as protonated aspartic acid
fragment. Interestingly, whereas the 9-keto guanine tautomer was not observed in R2PI experiments on the
monomer due to its short-lived excited state’***** the perturbation induced by the aspartic acid, like in the case
of the guanine-cytosine Watson-Crick pair,516 is strong enough to inhibit the ultrafast deactivation and allow
the complex of the keto guanine to be observed by R2PI.
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Figure 36: Scheme of the most stable tautomers of guanine in the gas phase.
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Figure 37: Representative low energy structures of 9-keto and 9-enol guanine-aspartic acid clusters (MP2/cc-
pVTZ) with 9KN and 9E1 being assigned. Relative interaction energies (in black) and enthalpies (in red) are
both BSSE corrected and given in kcal-mol™ (details cf. >*° ). Reprinted in part with permission from Ref. >*°.
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13. Conclusions and perspectives

Experimental data vs. theoretical predictions

During the past two decades, laser spectroscopy has proven to be the most fruitful method to document
isolated neutral biomolecules and especially peptides. By preparing these molecules in the gas phase, soft
vaporization techniques combined to molecular beam expansion are able to bring them in a cooled state, well
suited to laser investigations. In their most sophisticated variants, spectroscopic techniques provide a unique
isomer- and conformer-selective characterization of these flexible neutral systems. It took a couple of decades
before the experimental outcome, namely the individual molecular structures and conformational populations,
as revealed by vibrational spectroscopy, could be compared to reliable theoretical descriptions, which
eventually has enabled an efficient cross-fertilization of the two approaches.

Comparison between experiments and theory is not only mandatory for proposing a basic interpretation, but is
also at the heart of several of the most outstanding outcomes in the field,’> 74103 113133,134 141,144,130,152,153,157-
160,162,163,181,203,218,219,241,284,301,314,334,387,391,423,517 Nowadays, quantum Chemistry suites are often Sophisticated
black boxes: even if an in-depth rationalization of the underlying phenomena is not easy to extract from
calculations, they provide experimentalists with a reliable and relevant prediction of some of the experimental
observables in the ground electronic state, like vibrational modes. The situation is more contrasted as far as the
electronic structure and dynamical properties of the excited states of aromatic residues are concerned. This
field remains a challenge, especially in the context of systems of increasing size, but recent new approaches
appear promising.?’69



Underlying physical foundations

518,519 3

A generalized use of theoretical rationalization tools, such as the NBO analysis or the NCl-plot suite,”’
enable a better understanding of the interactions in biomolecules and peptides in particular. Among other
outcomes, it has been shown that spectral vibrational red shifts, whose interpretation in terms of H-bond
strength is often taken for granted, turns out to actually also depend upon the intrinsic backbone structu res’’?
and not only upon the H-bonds, as ubiquitous as they are. Despite the numerous pairwise interactions already
experimentally documented so far (cf. Sections 7 and 8), comparing experimental data with such newly
available theoretical diagnostics will undoubtedly continue to be a fruitful approach that will allow researchers
to go beyond the simple description of systems and to grasp the underlying physics and chemistry of the
observed phenomena.

Interface with biochemistry

The classical structures of proteins have been demonstrated to form spontaneously under isolated conditions
in the gas phase (cf. Section 7), suggesting that desolvation can be one of the driving forces at play in the
folding process.419 Comparison between protein structures, such as derived from X-ray crystallography or NMR
studies, and simple gas phase structures of model systems brings direct information onto the respective role of
intramolecular H-bonding and intermolecular interactions with the solvent.*"*'®® This kind of approach,
applied to specific folding structures, such as B-turns, Asx turns or 3-bulges, could probably provide interesting
hints about the enthalpic role of H-bonds on the formation of these structures. Gas phase spectroscopy of
biologically relevant model molecules can also provide biochemists with guidelines about various other physical
chemistry phenomena, such as e.g. the electronic and vibrational Stark effect induced by a nearby electric field
on a molecular probe.520 The corresponding spectral displacements indeed are widely used as a structural
diagnostics of the protein structure, whose physical foundations and experimental calibration remain poorly
investigated. Beyond these general phenomena, several systems were designed to uniquely address particular
biochemical issues by sophisticated gas phase investigations, i.e. a detailed analysis on a molecular level can be
an interesting approach to understand fundamental biochemically relevant mechanisms. This includes e.g. the
mechanism of peptide aggregation™****”*****' and the complexation with template/blocking molecules'®®
relevant for important diseases like Alzheimer (for further aggregations see also section 12). Additionally,
antibiotic effects are of high medical relevance, making the structural investigation of antibiotic agents like the
(partly cyclic) gramicidin peptidesm’466 or substances based on cyclic peptides391 essential. All these examples
illustrate the connections between gas phase investigations and biochemical issues, although we believe that
this interface is still underdeveloped, and should be extended in the future, in line with its tremendous
potential.

Future directions

The modest size of the objects studied so far enabled their complete structural characterization, though in
some cases it was limited by their mode of preparation, i.e. vaporization within the supersonic expansion, and
the cooling required as well as, especially in the early studies, by the lack of an adequate theoretical
description. The degree of success of future gas phase works will also depend on critical instrumental
improvements. One of them consists of being able to investigate larger systems and address supramolecular
issues by studying molecular complexes capable to model more and more relevant environments for
condensed phase issues. However, a gain in size would occur at the expense of spectral resolution and
complete structural characterization; the labelling and multiple laser spectroscopic techniques being important
tools in this context (Section 4). Increasing the size can be achieved by significantly improving the desorption
sources or by searching for different strategies. In this context, it will be of interest to see how far laser
spectroscopic investigations of neutral species in helium droplets, which have only been performed up to the
size of dipeptide models so far (cf. Section 4.2.7), can be further developed and compared to molecular beam
investigations.

As mentioned above, investigations on model systems to describe biomolecular interactions should be
continued, e.g. by analyzing aggregates between peptides and template molecules relevant for Alzheimer and



Parkinson diseases. Furthermore, capitalizing on the expertise gained on natural biomolecules, laser
spectroscopic studies also target bio-inspired systems, like synthetic peptides built from originally designed
building blocks. This comprises B- and y-peptides (Section 11) as well as synthetic cyclo- and depsipeptides
(Section 12). The degree of details reached by gas phase investigations on natural biomolecules and synthetic
peptides can help organic chemists and biochemists to characterize the folding capabilities of these objects and
then orient their research towards the most promising building blocks through a fine-tuning of molecular
structural design. Consortiums gathering organic chemists and gas phase spectroscopists already showed the
way 163,228,391436437.4%3 towards an interdisciplinary research ranging from pure fundamental up to applied
research, including pharmaceutical or medical aspects.
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