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Mid-infrared (IR) hole burning spectra of the model tripeptide Z-Aib-Pro-NHMe

(Z = benzyloxycarbonyl) in gas phase and its micro-clusters with one and two methanol

molecules are presented. To establish a relation between experimental spectra and the underlying

conformations, calculations at the DFT [B3LYP/6-311++G(d,p)] level of theory are performed.

In particular, the intra-peptide and the peptide–methanol hydrogen bonds can be identified from

spectral shifts in the amide I, II, and III regions. While the unsolvated tripeptide as well as its

one-methanol cluster prefer a g-turn structure, a b-turn structure is found for the two-methanol

cluster, in agreement with previous condensed phase studies. Comparison of measured and

simulated spectra reveals that the favorable methanol binding sites are at the head and tail parts of

the tripeptide. The interconversions between g-turn and b-turn structures are governed by potential

barriers below 10 kJ mol�1 inside one of the low energy basins of the potential energy surface.

I. Introduction

The structure and function of biological molecules are

determined by a subtle interplay between various intra- and

intermolecular interactions. One of the challenges in molecular

biophysics is to disentangle those interactions to obtain a

better and more fundamental insight into the key factors

determining their dynamics, and measuring the properties of

molecules as a function of environment can add important

contributions to this goal. For most biological molecules, the

aqueous solution phase is the natural environment and many

experimental techniques exist to investigate dissolved

molecules. However, molecules can also be studied ‘‘naked’’

in the gas phase, where only the intramolecular interactions

are present, thus offering a unique possibility to study the

intrinsic properties of molecules. The gas phase can also offer

well controlled conditions as mass spectrometric techniques

allow full control over the exact composition and aggregation

state of the molecules. Further, investigations in the gas phase

allow experiments to be performed at low temperatures down

to the (sub) Kelvin range without having complications due

to interferences with matrices, as one would have in the

condensed phase. This becomes important when performing

spectroscopic experiments, as the low temperature allows

for the measurement of spectra at much higher resolution,

compared to room temperature.

The structures of peptides and proteins will usually differ in

the gas phase and in the condensed phase. Those differences

will be most dramatic when electrostatic intra- and inter-

molecular interactions are prominent. However, also in cases

where hydrogen bonding (H-bonding) is the dominant inter-

action, the competition between intramolecular H-bonding

and H-bonding to the solvent will have a decisive influence

on the structure. This will be especially the case when different

intramolecular structural motifs are nearly isoenergetic, where

the addition of only a few solvent molecules can drastically

alter the structure. It is thus of general interest to map the

transition from the isolated molecule in the gas phase, via

the molecule interacting with only a few solvent molecules to

the molecule in its native environment. Several studies focused

on the structures of amino acids solvent complexes and

specifically on the question of how hydration determines the

internal charge distribution of gas-phase biological molecules

having both basic and acidic sites.1–6 In other studies, the

structural implications of solvent addition to nucleobases7 or

saccharides8,9 as well as the proton dynamics in complexes of

organic molecules with water10,11 were investigated.

We here report on the structure of the doubly terminated

tripeptide Z-Aib-Pro-NHMe (Z = benzyloxycarbonyl),

solvent free in the gas phase, as well as complexed with one

and two methanol molecules, see Fig. 1. The Aib-Pro sequence

is of importance for the structure of several natural and
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w Electronic supplementary information (ESI) available: Minimum
energy conformations for Z-Aib-Pro-NHMe peptide from DFT
calculations [B3LYP/6-311++G(d,p)] (Table S1); transition states
connecting the conformations for Z-Aib-Pro-NHMe peptide (Table S2);
minimum energy conformations of Z-Aib-Pro-NHMe clusters with
one methanol molecule from DFT calculations [B3LYP/
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synthetic peptides. Aib-Pro containing sequences are also of

considerable pharmaceutical interest as they introduce turns in

peptidic chains and can be used as b-sheet breakers.12–22 The
rare amino acid a-aminoisobutyric acid (Aib) naturally occurs

in some antibiotic peptides. Its two methyl groups on the

a-carbon introduce considerable steric constraints and cause a

strong propensity to form turns or helices structures. The

amino acid proline (Pro) contains a pyrrolidine ring that

reduces the N–Ca backbone torsional flexibility and is often

found in b- and g-turn structures. Further, it reduces the

ability to form H-bonds, as it lacks the N–H group. Moreover

the pyrrolidine ring can adopt two near-degenerate conforma-

tions, i.e., the up and down ring-puckering.23–29 In Z-Aib-Pro-

NHMe, the secondary structure is governed by two competing

intramolecular H-bonds, one that forms a tight seven-

membered-ring (C7-ring) with a g-turn and one that causes a

wider C10-ring with a b-turn.30–32 In the condensed phase,

several studies show that a b-turn structure is apparently

preferred19,20 while in the gas phase, a g-turn structure is

formed.14 Calculations indicate that for isolated species, those

two structural motifs are nearly isoenergetic14 and it would be

of interest to observe how addition of individual solvent

molecules influences the structural preferences.

To study biomolecules in the gas phase, molecular beam

methods combined with optical spectroscopy can be used.

Especially IR-UV holeburning techniques33 are powerful, as

they allow for spectroscopy on mass- and conformer-selected,

jet-cooled molecules. Consequently, it has been applied to

peptide molecules both in the 3 mm X–H stretching34–43 as

well as in the fingerprinting region above 5 mm.14,35,39,43–47

Here we present experimental mid IR spectra of gas-phase

Z-Aib-Pro-NHMe without solvent as well as with one or two

methanol molecules attached. The experimental spectra are

compared to theoretical predictions, which provides detailed

information on both the secondary structure of the peptide as

well as the site of attachment of the methanol molecules. Such

a comparison can then be used to test our understanding and

the experimental data can serve as a calibration for theory.

II. Experimental and computational details

A. Experimental setup

The synthesis of Z-Aib-Pro-NHMe as well as the experimental

procedure to obtain its gas phase mid-IR spectrum have been

described previously14 and only a brief outline as well as

experimental differences will be given here. To obtain the

infrared (IR) absorption spectra of isolated, internally cooled

Z-Aib-Pro-NHMe, a pulsed molecular beam set-up combined

with a laser desorption source and a time-of-flight mass

spectrometer is used.48,49 The sample is mixed with some

graphite powder and deposited on a graphite sample bar. This

translatable sample bar is placed directly under the nozzle

opening of the pulsed valve, which has a diameter of 0.5 mm

and is operating at 10 Hz. Z-Aib-Pro-NHMe is brought into

the gas phase by laser desorption using a B3 mJ pulse at

1064 nm, and cooled down in a supersonic molecular beam

expansion of argon with a backing pressure of 3 bar.

Additionally, the Z-Aib-Pro-NHMe� � �MeOH clusters are

formed in a methanol-moisturized supersonic argon

expansion. The neutral molecular beam is skimmed and

intersected perpendicularly with a tunable UV laser beam

(frequency doubled output of a YAG-pumped dye laser)

operating at 10 Hz to ionize the molecules. The ions are

accelerated into the time-of-flight tube and detected at the

microchannel plate detector.

To obtain the IR absorption spectra of isolated, gas-phase

Z-Aib-Pro-NHMe and its methanol clusters, IR-UV ion-dip

spectroscopy was used.5,48,50 Ions are constantly produced

from ground state molecules using a 2-photon resonant

ionization scheme. While the UV spectrum of the bare peptide

shows some structure and two conformers can be selectively

excited at two UV frequencies (37492 cm�1 and 37448 cm�1),14

no structure is observed in the UV spectra of the clusters with

one and two methanol molecules, and excitation is performed

at a single frequency of 37 504 cm�1. Prior to passing this UV

beam, the molecules are excited with the IR laser. If the IR laser

is resonant with a vibrational transition, molecular population

is transferred from the ground state into a vibrationally excited

state, resulting in a depletion of the ground state population

and thus a dip in the ion signal. By measuring the ion yield of

the mass of interest, while scanning the wavelength of the IR

laser, the IR ion-dip spectrum is obtained.

The IR absorption in the amide I, II, and III and fingerprint

region (below 1500 cm�1) was recorded at the free electron

laser facility (FELIX) at the FOM Institute for Plasma Physics

Rijnhuizen.51 FELIX produces pulses of about 5 ms length

with pulse energies of about 100 mJ and a spectral line width

of typically 0.5–1% FWHM (B10 cm�1) in the scanned

region. The IR laser beam is aligned perpendicularly to the

molecular beam and counter propagating to the slightly

focused UV laser beam. In these experiments, the molecular

beam and the UV laser are running at 10 Hz, while FELIX is

operating at 5 Hz. By recording separately (alternating) both

the IR-on and IR-off signals, a normalized ion-dip spectrum is

obtained in order to minimize the signal fluctuations due to

long-term drifts in the UV laser power or source conditions.

Furthermore, the spectra are corrected for the intensity

variations of the IR light over the complete scanning range.

B. Calculations of structures and spectra

Density functional theory (DFT) calculations are carried out

for the bare Z-Aib-Pro-NHMe tripeptide and its clusters with

Fig. 1 Skeletal structure of Z-Aib-Pro-NHMe peptide. Arrows

indicate twelve dihedral angles along the backbone used to

characterize the backbone conformations. Black color: rigid parts.

Red color: flexible parts.
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one or two methanol molecules. The computations are based

on Becke’s three-parameter exchange functional52 along with

the Lee–Yang–Parr correlation functional (B3LYP)53 as

implemented in the GAUSSIAN 03 program suite.54 The

standard 6-311++G(d,p) split-valence basis with both

polarization and diffuse functions55–57 is chosen for the singlet

ground-state geometry optimization and frequency calcula-

tions. This leads to 725 basis functions for the peptide and

additional 72 basis functions for each methanol molecule. The

fully optimized stationary points are further characterized by

harmonic vibrational frequency analysis to verify whether they

are minima with all frequencies being real or first order saddle

points with only one imaginary frequency. The zero-point

energy (ZPE) corrections to the total energies are obtained

from the calculated vibrational frequencies. Note that the ZPE

corrections rarely affect the order of the relative energies. The

use of modern DFT methods for the computations of different

properties of molecules of biological importance has been

overall appreciated.58,59 While sometimes DFT methods are

suffering from certain deficiencies,11 vibrational spectra

obtained from DFT/B3LYP calculations are known to often

agree very well with experimental spectra within the mid-IR

region (500–1800 cm�1) for systems where intra- and

intermolecular H-bonding are the dominant, non-covalent

interactions.5,14,60–62 Throughout this work, all calculated

frequencies are scaled with a common factor of 0.983 to

match our experiments. The vibrational frequencies have

been convoluted with Gaussian bell curves of 15.5 cm�1

FWHM.

III. Results and discussion

A. Bare peptide conformers

As shown in Fig. 1, the skeletal structure of the model peptide

is mainly described by 12 dihedral angles d, e, z, o0, f1, c1, o1,

f2, c2, o2, w1, w2, given in degrees throughout this work. The

DFT values for the optimized torsional angles of various

conformers of the bare Z-Aib-Pro-NHMe tripeptide are listed

in Table 1. The rigid parts of the structures of the tripeptide

are mainly the benzene ring and the three peptide groups

(Z-Aib, Aib-Pro and Pro-NHMe). While the Pro-NHMe

peptide group is of canonical form, in the Aib-Pro the H atom

is substituted by the alkyl group forming the five-membered

pyrrolidine ring that essentially restricts the dihedral angle in a

small range �90 o f2 o �72. The pyrrolidine ring can

adopt two puckering structures as indicated by Fig. 2(c).

Up-puckering (U) is characterized by �37 o w1 o �7
and 18 o w2 o 48, while down-puckering (D) is found at

11 o w1 o 41 and �48 o w2 o �18.26 In contrast to usual

peptide bonds, the C(1)QO(1) of the Z-Aib peptide group is

linked to the O(11) atom thus forming an extended four-

centered p system with the C(11)–O(11)–C(1) angle of B117

being close to that expected for an sp2 hybridization of the

O(11) atom. That atom can donate p-electron density thus

slightly enhancing the double-bond nature of C(1)QO(1)

bond while reducing the double-bond nature of C(1)–N(1)

bond. As a result, the C(1)–O(11) single bond adjacent to

Z-Aib peptide bond shows some double-bond nature and can

adopt either z = 180 or z = 0 conformations as confirmed by

our DFT-calculations.

The five dihedral angles d, e, f1, c1, and c2 describe the

relatively flexible torsions about single-bonds leading to a

rather large conformational space of the chosen model

tripeptide Z-Aib-Pro-NHMe. It can adopt two types of turn

structures, namely g- and b-turns. The dihedral angles and

energies of energetically low-lying turn structures are listed in

Fig. 2 Minimum energy structures of bare Z-Aib-Pro-NHMe

peptide. (a) Inverse g-turn structures with different Aib orientations.

(b) Two types of b-turn structures. (c) Pyrrolidine-ring down- and

up-puckering.
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Table 1 and the corresponding conformations of the backbone

are shown in Fig. 2(a) and (b).

All g-turn structures involve N(3)–H(3)� � �O(2)QC(2)

H-bonding between neighboring peptide groups leading to

formation of a C7-ring. Due to the chiral restriction induced

by the Pro residue, only the inverse g-turn is possible with the

Ramachandran angles within the C7-ring being essentially

fixed around f2 E �80 and c2 E 80. In order to form the

g-turn structure, both the Aib-Pro and Pro-NHMe peptide

bonds should be in trans-conformation, while the Z-Aib

peptide bond outside the g-turn can adopt the favorable trans

(o0 = 180) or the less favorable cis (o0 = 0) conformations.

When combined with two possible choices for the C(1)–O(11)

bond (z = 0 or z = 180), two low-lying structures are possible

for z= 180 and o0 = 180 (termed A) and z= 180 and o0 = 0

(termed B). The combination of z = 0 and o0 = 180

(termed C) is about 30 kJ mol�1 higher than the related A

conformer and shall not be discussed further. Outside the

g-turn, the orientation of the Aib residue can be described by

the torsional angles f1 and c1, with different orientations

labeled by 1, 2, 20, 3, 30, 4, 40 5, 50, 6, 60 (see Fig. 2(a) and

Table 1). The orientation 1 with f1 and c1 close to 180 around

the Aib residue shows an additional H-bond-like

(N(1)–H(1)� � �O(2)QC(2)) C5-ring,39,63 with the A1aD

conformer being the global minimum. The orientations 2

and 20 are similar to the respective left-handed and right-

handed a-helical structures with opposite signs of f1 and c1.

All b-turn structures involve N(3)–H(3)� � �O(1)QC(1)

H-bonding between next but one peptide groups leading to

formation of a C10-ring. The standard classification of the

various types of b-turns is based on two neighboring pairs of

Ramachandran angles [f1, c1, f2, c2].
30–32,64 In our calcula-

tions, two types of b-turns are found: type I and II0, with the

respective of torsional angles [�57 � 1, �35 � 2, �80 � 8,

�4 � 10] and [55 � 2, �143 � 4, �81 � 9, 3 � 9]. For the

Z-Aib-Pro-NHMe tripeptide, type I is more stable than

type II0. The reversed forms I0 and II are not found due to

chiral restrictions imposed by the Pro residue. Within b-turns,
all peptide bonds should be in trans conformation.

For both g-turn and b-turn structures, the pyrrolidine ring

can adopt up- and down-puckering structures that may affect

the orientation of the Pro residue as described by the dihedral

angles f2, c2. As can be seen from Table 1 the puckering

degree of freedom has only small effects on the f2, c2 values of

Pro within g-turns, but larger effects on those within b-turns,
probably because a C10-ring with three flexible torsions

(f1, c1, c2) offers more conformational freedom than a

C7-ring with only one flexible torsion (c2).

Due to the weak interactions between the hydrogen atoms

in the benzene ring and different oxygen atoms, 7 kinds of

Z-cap orientations described by dihedral angles d and e are

found in our calculations. They are labeled by a, b, c, e, f, g

and h, see the ESI.w Since the Z-Cap orientations are

essentially free and do not significantly affect the energies

according to our DFT calculations, we will consider only the

b-orientation as example.

B. Bare peptide mid-IR spectrum

In this section the vibrational spectra of bare Z-Aib-Pro-

NHMe tripeptide in the mid-IR region are discussed. Since

there are three peptide bonds with different substitutions, the

related amide I, II, and III vibrational modes are mostly

non-overlapping and straightforward to assign, see Fig. 3 for

the low-lying A1bD conformer as example. The amide I

vibrations, absorbing around 1600–1750 cm�1, arise

mainly from the CQO stretching vibration. Peak #2 around

1705 cm�1 is due to the Pro-NHMe amide I vibration which is

rather close to the value of 1713 cm�1 for trans N-methyl-

acetylamide (MeCO–NHMe) which is the simplest derivative

with a standard peptidic bond. Peak #1 at 1725 cm�1 due to

Z-Aib is blue-shifted, which indicates strengthening of the

C(1)QO(1) bond due to the neighboring O(11) atom, whereas

absorption #3 at 1616 cm�1 localized in Aib-Pro is red-shifted

as a result of the lack of an NH group for the peptide bond

and the simultaneous formation of H-bonds within the

C5- and C7-rings with the O(2) atom. The amide II modes

are out-of-phase combinations of N–H in-plane bending and

C–N stretching vibrations. Peak #4 is essentially due to the

amide II vibration of Pro-NHMe while that of the Z-Aib

peptide bond is red-shifted due to the weakened C(1)–N(1)

bond. Moreover, the latter is split into peaks #5 at 1498 cm�1

and #6 at 1468 cm�1, possibly caused by the slight coupling

with Aib-Pro amide I modes due to the C5-ring structure

present in A1 conformations. The amide III modes are

in-phase combinations of N–H bending and C–N stretching

vibrations. Peak #9 around 1246 cm�1 is related to the

amide III vibration of Z-Aib, with an unresolved low intensity

feature at 1234 cm�1 caused by the amide III vibration of

Pro-NHMe. Peaks #7 (1411 cm�1) and #8 (1380/1369 cm�1)

between the amide II and amide III regions are related to

C(2)–N(2) stretching vibrations of the Aib-Pro peptide bond.

Note that they do not split into amide II or III modes due

to the lack of combination of N–H bending. Finally, the

highest intensity peak #10 at 1061 cm�1 is assigned to an

Table 1 Minimum energy conformations for Z-Aib-Pro-NHMe
peptide from DFT calculations [B3LYP/6-311++G(d,p)]: dihedral
angles (in degrees), relative energies without and with zero point
energies (in kJ mol�1). An and Bn (n = 1,2,20,. . ., indicating different
Aib orientations) are all trans and cis (Z-Aib) conformations of g turn
structures, respectively. I and II0 are b turn structures. a,b,. . . are
different Z-cap orientations. U,D indicate up- and down puckering of
the Pro ring. For more minimum energy structures as well as saddle
point structures, see ESIw

Conformation f1 c1 f2 c2 w1 w2 DFT DFT + ZPE

A1aD 175 175 �82 77 32 �39 0.1 0.0
A1bD 176 175 �83 76 32 �40 0.0 0.1
A2bU 55 51 �84 79 �9 29 5.9 5.8
A20bD �57 �42 �86 75 33 �36 1.9 0.8
A20bU �56 �38 �80 82 �12 30 1.7 1.8
A3bD 63 �163 �87 72 34 �37 9.9 10.6
A4bD �172 50 �82 74 34 �39 11.0 10.5
A5bD 68 �109 �82 71 35 �39 13.1 14.2
A6bD �118 52 �81 73 32 �40 10.9 11.3
B2bU 60 53 �83 79 �10 29 9.2 9.6
B20bU �59 �33 �74 92 �17 34 10.4 10.0
IbD �56 �37 �88 6 34 �37 1.9 0.9
IbU �57 �33 �72 �14 �22 36 2.2 1.0
II0bD 53 �139 �90 12 35 �38 11.7 11.6
II0bU 56 �147 �73 �6 �26 38 15.5 14.7
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asymmetric C–O–C stretching vibration involving the

backbone O(11) atom.

Compared with the A1 conformers, other low-lying

conformers such as A2, A20 and I have different Aib orienta-

tions and their spectra exhibit a single amide II peak of the

Z-Aib peptide bond around 1500 cm�1 (see Fig. 4). The A20,

A2, B20, and B2 conformers show a g-turn structure centered

at the Pro residue, while the IU conformer shows a b-turn
structure centered at the Aib and Pro residues. Changing from

g to b turn structures, the formation of the b-turn H-bond

leads to a red-shift of the Z-Aib amide I vibration #1, while the

breaking of the g-turn H-bond leads to a blue-shift of the

Aib-Pro amide I vibration #3. Hence, the b turn structure

shows three closely spaced amide I peaks while g-turn
structure shows three well separated peaks, which is in agree-

ment with experimental spectra A and B of the bare tripeptide.

Thus, the experimental spectra can be unambiguously assigned

to g-turn structures. Also the up or down ring-puckering

conformations can be distinguished from their spectral

signatures around 1400 cm�1, see Fig. 4. For the example of

the A20D and A20U conformers, the Aib-Pro peptide bond

shows single strong C–N stretching vibrations (#7) for

up-puckered structure, which is split into two peaks with

nearly equal intensity for down-puckered conformations,

possibly due to enhanced coupling with CH bending of the

pyrrolidine ring. The former intensity pattern is found for

both experimental spectra of A and B, thus indicating the

preference of up-puckered structures. Also the difference

between all-trans (A) structures and cis Z-Aib (B) structures

(o0 B 0) has a clear signature in mid-IR spectra, see Fig. 4. In

spectra of A conformations, the peak around 1500 cm�1

resulting from Z-Aib amide II vibrations, disappears in the

spectra of B conformation. Furthermore, the intensity of peak

#9 at 1230 cm�1 is reduced in the spectra of B conformations.

Instead, strongly absorbing modes appear around

1300� � �1320 cm�1 which correspond to in phase combination

of C–N stretching and N–H bending vibrations. Furthermore,

the intensity of the Z-Aib amide I spectrum (#1) increases

when going from A to B structures. For the smaller

MeCO-NHMe model system, the same changes are described

in ref. 65. These drastic changes are indeed found to be the

major differences between the experimental spectra A and B,

thus indicating the coexistence of all-trans and cis Z-Aib

(o0 B 0) conformations under the conditions of our molecular

beam experiments. In addition, comparison of more than 10

spectra for different Aib orientations yields that experimental

spectrum A (obtained at UV frequency 37 492 cm�1) can be

assigned to either A20U or A2U while experimental spectrum B

(37 448 cm�1) resembles most closely the spectra calculated for

B20U or B2U. Finally, it is mentioned that the effects of

different Z-cap orientations on the mid-IR spectra are too

small to uniquely assign certain conformations.

C. Bare peptide potential energy surface

A schematic view of the potential energy surface (PES) for the

Z-Aib-Pro-NHMe tripeptide is given in Fig. 5. Only isomers in

a small range of energies (B20 kJ mol�1) above the global

minimum A1bD are shown. The arrows indicate the

interconversion pathways and the height of the corresponding

Fig. 3 Assignment of mid-IR vibrational modes of bare Z-Aib-Pro-

NHMe peptide for example of all trans A1bD g-turn structure.

Fig. 4 Comparison of simulated and experimental mid-IR spectra of

bare Z-Aib-Pro-NHMe peptide comparing b (IbU) vs. g (A20bD) turn

structures, down (A20bD) vs. up (A20bU) puckering of the Pro ring,

and trans (A20bU) vs. cis (B20bU) conformation of Z-Aib.

Fig. 5 Sketch of potential energy surface of bare Z-Aib-Pro-NHMe

peptide: network of local minima and transition states.
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transition states are given. The structural and energetic para-

meters of these transition states are listed in the ESI.w In each

case, the corresponding transition paths involve only one or

two of the flexible dihedral angles. Hence, the PES can be

represented as a network in which transitions are assumed to

occur step by step via the corresponding transition states.

Several kinds of important transitions are discussed in the

following.

The upper part of Fig. 5 mainly describes the conforma-

tional space spanned by the dihedral angles f1, c1, c2. Three

low-energy regions of the PES can be generated by the

rotations of f1 and c1 involving relatively large barriers

(20–30 kJ mol�1) due to the steric hindrance from the two

methyl groups (Aib) and the pyrrolidine ring structures (Pro).

The lowest basin is located around the global minimum A1bD.

Rotating angle f1 from B180 to �63 can bring A1bD to

A3bD or A30bD conformers, respectively, over potential

barriers higher than 20 kJ mol�1. Alternatively, a rotation of

c1 from B180 to 50 or �46 can transform A1bD into A4bD

or A40bD conformers, respectively, again over potential

barriers higher than 20 kJ mol�1. The second low energy basin

is related to the A2bD conformer, connected to A4bD through

rotation of f1 from 60 to B180 over the barrier height of

27 kJ mol�1. Both these regions present deep but rather

narrow potential wells. The third basin is centered around

the (iso-energetic) A20bD and IbD conformers. A rotation of

c2 from 75 to 6 transforms the g-turn conformer A20bD into

the b-turn conformer IbD over a low barrier of 6 kJ mol�1. In

contrast, the potential barriers between the two types of b-turn
structures are relatively high: the transition barrier from IbD

to II0bD is 25 kJ mol�1 while the inverse barrier is 15 kJ mol�1

involving a concerted rotation of f1 and c1 dihedral angles.

Hence, the A20bD and IbD conformers are confined to a deep

and wide potential basin and may interconvert at relatively

low temperatures. Similarly, the potential barriers between

g-turn conformer A3bD and b-turn conformer II0bD are also

rather low, between 3 and 5 kJ mol�1, because the transitions

between g-turn and b-turn structures do not involve significant

atomic rearrangement, and the breaking and re-making of

H-bonds occur in a concerted way.

The lower part of Fig. 5 is concerned with the w1 and w2
dihedral angles related to the puckering motion of the

pyrrolidine ring. For the A20b, Ib, II0b, and A3b conformers,

the transition barriers are only between 4 and 9 kJ mol�1,

consistent with early force-field calculations28 as well as

X-ray27 and 2D-NMR experiments.26 Finally, as shown in

the ESI,w the transition barriers between trans (A) and cis

Z-Aib (B) conformations are about 50–80 kJ mol�1 in our

DFT calculations for the A/B1bD, A/B2bD, A/B2bU, and

A/B3aD conformers, which is still slightly lower than for

canonical peptide bonds.

D. Site-specific solvent effects on mid-IR spectra

The Z-Aib-Pro-NHMe tripeptide can form clusters with

methanol molecules mainly though H-bonding. There are four

O-atom sites as possible H-bond acceptors and two N–H sites

as possible H-bond donors. Because the peptide backbone

conformations are in most cases not significantly altered by the

interaction with methanol, the cluster structures listed in

Table 2 can be unambiguously assigned to corresponding

conformations of the bare peptide, thus allowing for the

calculations of unique, conformer specific peptide–methanol

binding energies, which are given in the last column of Table 2.

The four O-atom acceptor sites, O(11), O(1), O(2), and O(3),

are termed a, b, c, d and the two N–H donor sites N(1)–H(1)

and N(3)–H(3), termed e, f. When several conformations are

possible for one binding site, they are further distinguished by

an additional number, as indicated in Fig. 6.

When one methanol is bound to O(11)-atom site a as

H-bond donor, for the trans Z-Aib structure this methanol

may easily form an additional H-bond with N–H site e nearby

Fig. 6 Minimum energy structures of Z-Aib-Pro-NHMe one-methanol

clusters (a, b, c, and d are methanol donor H-bonding sites, while in

e and f methanol acts as an acceptor). For values of dihedral angles

and binding energies, see the upper part of Table 2.
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as H-bond acceptor, leading to large binding energy of

29 kJ mol�1, as seen in conformer A20U_ae. Methanol can

also bind to only one of the two adjacent sites a or e through

single H-bonds, as seen, e.g., in conformer A20U_e, which

lowers the binding energies by about 6 kJ mol�1. Note that

both sites a and e are outside the possible g- and b-turns so

that these types of intermolecular H-bonding can coexist with

either one of the turn structures. As can be seen from Fig. 7(a),

H-bonding from N–H site e to methanol blue-shifts the

corresponding amide II (#5) and amide III (#9) frequencies

by about 50 and 13 cm�1, respectively. Similarly, H-bonding

from methanol to site a red-shifts the C–O–C stretching mode

(#10) to coincide with the C–O stretching mode of methanol

while the weak interactions between the methyl group of

methanol and O-atom site a have no significant effect on the

C–O–C stretching frequency.

When one methanol is bound to the O(1)-atom site b outside

the g- and b-turn structures, see e.g. A20U_b3 structures, the

binding energie are about 23 kJ mol�1. Alternatively, when

one methanol is inserted into the b-turn structure and bound

to the O-atom site b as H-bond donor and to the N–H site f as

H-bond acceptor (see IaU_bf), the overall methanol binding

energy reduces to only 15 kJ mol�1 due to breaking of the

original b-turn H-bond and further conformational distortion.

For a cis Z-Aib structure, the O-atom site b and the N–H site e

are adjacent and may bind the same methanol (see e.g.

B20U_be), leading to a rather high methanol binding energy

of 39 kJ mol�1. As seen from Fig. 7(b), the H-bonding from

methanol to the O-atom site b causes a red-shift of the

corresponding amide I mode (#1) of the Z-Aib peptide bond

as indicated by the spectra of A20U_b3 and B20U_be. On the

other hand, the H-bonding from the N–H site e to methanol

(see B20U_be as example) blue shifts the corresponding strong

amide III frequency of Z-Aib peptide bond. Insertion of

methanol into b-turn structure hardly affect the corresponding

amide I, II, III frequencies (see IU_bf) because the H-bonding

environment of the involved peptide bonds remains similar.

When one methanol is inserted into the g-turn structure

and bound to the O(2)-atom site c as H-bond donor and

to the N–H site f (see e.g. A20U_cf), the methanol binding

energy of about 34 kJ mol�1 is larger than for the insertion

into a b-turn structure, suggesting that the internal tension

for C7-rings (g-turn) is larger than for C10-rings (b-turn).
When methanol is inserted into the g-turn, the backbone

dihedral angle c2 of Pro residue increases by 50–701 as

compared with that of the bare tripeptide. As shown in

Fig. 7(c), the Aib-Pro amide I frequency (peak #3) is hardly

affected but the intensity increases. There is also a blue-shift

of 33 cm�1 for the Pro-NHMe amide II frequency (peak #4).

For type II0 b-turn structures, the O-atom site c and the

N–H site e are adjacent and may together bind a methanol

to form a C5+ 2-ring with two new H-bonds, see e.g. II0D_ce,

leading to a large methanol binding energy of 39 kJ mol�1.

The amide I frequencies of the Aib-Pro (peak #3) and the

Z-Aib (peak #1) peptide bonds are red-shifted by 36

and 18 cm�1, respectively, now with the later coinciding with

the amide I frequency of the Pro-NHMe peptide bond. In

addition, the H-bonding from the N–H site e to methanol can

also blue-shift the corresponding amide II frequency of the

Z-Aib peptide bond by 41 cm�1.

When one methanol is bound to the O(3)-atom site d outside

both g- and b-turn structures (see IU_d1), the binding energies

are about 27–32 kJ mol�1. As seen from Fig. 7(d), this leads to

a clear red-shift of 25 cm�1 of the amide I frequency of the

Pro-NHMe peptide bond with respect to that of the bare

tripeptide. Formation of a new structure by an additional

H-bonding from the N–H site e to the same methanol

molecule is also possible (see NU_de as example), leading to

a C8+ 2-ring structure replacing g- and b-turns. Compared to

the spectra of the bare tripeptide g-turn conformer A20U, the

amide I frequency of the Aib-Pro peptide bond is blue-shifted

while the amide II of the Pro-NHMe peptide bond is slightly

red-shifted due to the opening of the g-turn structure.

Moreover, the new H-bond to the O-atom site d only slightly

Table 2 Minimum energy conformations of Z-Aib-Pro-NHMe peptide complexed with one (upper part) and two (lower part) methanol
molecules from DFT calculations [B3LYP/6-311++G(d,p)]: dihedral angles (in degrees), and relative energies without and with ZPE corrections
and binding energies DE (in kJ mol�1). The same nomenclature as in Table 1 is used, with additional indication for the methanol binding sites, see
text and Fig. 6 and 9. For more extensive data, see ESIw

Conformation f1 c1 f2 c2 w1 w2 DFT DFT + ZPE DE

A1bD_cf 176 172 �75 134 31 �38 0.0 0.5 36.5
A2bD_cf 59 42 �75 135 31 �38 0.4 0.0 39.0
A20bU_cf �58 �39 �85 118 �8 28 4.5 4.4 33.7
A20bU_ae �55 �38 �80 81 �12 31 9.0 8.9 29.2
A20bU_d1 �57 �38 �80 79 �12 31 10.9 9.9 27.4
A20bU_b3 �54 �40 �81 80 �9 29 14.8 13.2 23.0
A20bU_e �55 �38 �80 80 �11 30 14.8 13.6 23.5
B20aU_be �64 �33 �78 83 �16 33 8.3 8.9 38.7
IaU_bf �70 �29 �65 �35 �29 38 24.1 22.3 15.4
IbU_d1 �56 �33 �73 �11 �22 36 6.3 4.6 32.4
II0bD_ce 56 �138 �89 9 35 �37 9.6 10.8 38.7
NbU_de 172 �40 �61 134 �26 38 �0.8 �0.4

A20bU_cmf �59 �42 �79 132 �12 30 �6.5 �4.3 71.5
IgU_ae_d2 �56 �33 �71 �14 �23 37 0.0 0.0 66.9
IbU_ae_d2 �56 �33 �71 �14 �23 37 2.5 3.3 63.0
IbU_ae_d1 �56 �33 �73 �11 �22 36 6.3 6.9 59.1
IbU_e_d1 �56 �33 �71 �12 �22 36 10.3 9.8 55.2
IgU_bmf �69 �36 �68 �38 �25 37 16.9 16.9 50.0
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red-shifts the amide I frequency of the Pro-NHMe peptide

bond due to the simultaneous g-turn opening that can lead to a

small blue-shift. The H-bond from the N–H site e also blue-

shifts the amide II frequency of the Z-Aib peptide bond.

In summary, the H-bonds from methanol to the peptide

O-atom sites b, c and d can red-shift the related amide I

frequencies, while H-bonds from the N–H sites e and f to

methanol can blue-shift the related amide II and amide III

frequencies. This may lead to considerable changes of spectral

patterns with respect to those of the bare tripeptide, where the

size of the spectral shifts should depend on the strength of

H-bonds. Note that the amide II and III bands are strong for

the trans and cis peptide bonds, respectively. Thus, the solvent

induced spectral shifts are evident only in the amide II and III

regions of the respective trans and cis peptide bonds.

E. Assignment of observed spectra to clusters with one or two

methanols

In the following we shall discuss how the observed spectral

shifts of clusters of Z-Aib-Pro-NHMe with one or two

methanol molecules can be used to assign the binding sites

of methanol, as well as the tripeptide backbone conformation,

by comparing computed with experimental spectra,

cf. Fig. 8(a). Among the simulated spectra of various bare

tripeptide conformers, those of the nearly identical g-turn
conformers A20U and A2U show good agreement with several

peaks of the only observed spectrum of the one-methanol

cluster. In the most important amide I region, the quantitative

agreement for the two peaks around 1740 and 1630 cm�1

provides strong evidence of the contribution of a g-turn
structure without H-bonding from methanol to sites b and c.

The dominance of the g-turn structure with up pyrrolidine

Fig. 7 Effect of methanol H-bonding on mid-IR peptide vibrational

spectra. (a) site e, also combined with a; (b) site b, also combined with

e or f; (c) site c, also combined with e or f; (d) site d, also combined

with e. Fig. 8 Comparison between computed mid-IR spectra for selected

bare peptide conformations and experimental spectra for Z-Aib-Pro-

NHMe micro-solvation clusters with (a) one or (b) two methanol

molecules.
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puckering rather than b-turn structure is further supported by

the good agreement between the A20U spectrum and the

experimental spectrum in the C–N stretching region around

1400 cm�1.

In the amide I region of the experimental spectra, peak #2

around 1680 cm�1 is quite broad and slightly red-shifted, most

likely due to a mixture of both red-shifted and unshifted amide

I frequencies of the Pro-NHMe peptide bond. This suggests

that the O-atom site d is partially H-bonding to methanol,

mainly within the g-turn rather than b-turn structure as

discussed above. Furthermore, in the amide II region of

the experimental spectra, peak #5 around 1500 cm�1

(Z-Aib peptide bond) almost disappears while peak #4 around

1550 cm�1 is broadened, most likely due to a mixture of the

blue-shifted Z-Aib and un-shifted Pro-NHMe amide II peaks.

This strongly suggests that the N–H site e rather than f is a

binding site for methanol acting as an acceptor. Although

methanol can bind either to the O-atom site d or the N–H site

e, the experiments show no evidence for simultaneous binding

to both of these sites because such conformers would exhibit

neither g-turn nor b-turn structures (see e.g. NU_de as an

example) which would lead to qualitatively different spectra.

In summary, the experimentally observed conformer of the

one-methanol cluster contains mainly g-turn structures with

up-puckering of the pyrrolidine ring (A20U or A2U) and it

must be a mixture with one methanol bound to either site d or

site e. Because the A20U_e (or A2U_e) conformer is about

6 kJ mol�1 less stable than the A20U_ae (or A2U_ae)

conformer, the most likely candidates to match the observed

spectrum of one methanol clusters are the A20U_d (or A2U_d)

and A20U_ae (or A2U_ae) conformers, see Fig. 10(a).

Two methanol molecules can be attached to the Z-Aib-Pro-

NHMe tripeptide either as two monomers (e.g. IU_ae_d1 and

IU_ae_d2) or as a dimer unit (e.g. IU_bmf and A20U_cmf), see

Fig. 9. The solvent-induced frequency shifts in the amide

vibrations depend mainly on the binding sites of methanol

to the tripeptide rather than on H-bonding between two

methanol molecules. As seen from Fig. 8(b), the observed

spectrum of the two-methanol cluster is consistent only with

predicted spectra of b-turn tripeptide conformers. In the most

important amide I region, the excellent agreement for the peak

around 1725 cm�1 together with the enhanced peak around

1670 cm�1 provides strong evidence for the existence of a

b-turn structure, thereby excluding O-atom sites b and c as

a methanol binding site. In the amide I region of the

experimental spectra, peak #2 around 1700 cm�1 due to the

Pro-NHMe peptide bond disappears while peak #3 around

1670 cm�1 is broadened and enhanced. The latter is assigned

to a mixture of red-shifted Pro-NHMe and un-shifted Aib-Pro

amide I peaks. This strongly suggests the O-site d rather than c

as a methanol binding site. Furthermore, similar to the

one-methanol cluster case, the absence of peak #5 around

1500 cm�1 and the enhancement of peak #4 around

1550 cm�1 in the amide II region of the experimental spectrum

indicate that the latter one is a mixture of blue-shifted Z-Aib

and un-shifted Pro-NHMe amide II peaks, consistent with the

N–H site e rather than f. Since the b-turn structure can adopt

type I or type II0 conformations, the C–N stretching peak

around 1400 cm�1 in the experiment can provide additional

Fig. 9 Minimum energy structures of Z-Aib-Pro-NHMe two-

methanol clusters. For nomenclature of methanol binding sites, see

Fig. 6. For values of dihedral angles and binding energies, see lower

part of Table 2.

Fig. 10 Simulated and experimental mid-IR spectra for Z-Aib-Pro-

NHMe micro-solvation clusters with (a) one and (b) two methanol

molecules.
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information on the Aib orientation and pyrrolidine ring

puckering and thus the b-turn type. The observed spectral

pattern with strong peaks around 1400 cm�1 is consistent only

with the IU conformer; any combinations with type II0 b-turn
or down-puckering would lead to strong peaks around

1360 cm�1. The observed spectral patterns in the C–N

stretching region around 1400 cm�1 are quite similar for all

the spectra of the bare peptide and clusters with one and two

methanol molecules, suggesting similar Aib orientation and

ring puckering for the assigned g-turn A20U and b-turn IU

conformers, as indeed supported by our calculations.

Hence, the most likely candidate for the observed two-

methanol cluster should be the IU_ae_d conformer, see

Fig. 10(b). Note that the IU_e_d conformer has a similar

mid-IR spectrum, but it is about 4 kJ mol�1 less stable than

the IU_ae_d conformer.

IV. Conclusions

The most favorable sites for methanol binding appear to be

the N–H site e and O-atom site d on the head and tail part

of the Z-Aib-Pro-NHMe tripeptide, respectively, which are

relatively exposed to methanol solvent to form intermolecular

H-bonds. On the other hand, due to the conformational

constraints from the Aib and Pro residues, the N–H site f

tends to form turn structures with the O-atom sites b and c

that are thus screened by the non-polar side-chains. The

insertion of methanol molecules into the favorable oligo-

peptide turn structures would require substantial deformation

of the backbone conformation and involve several reaction

steps over potential barriers. For the case of our model

Z-Aib-Pro-NHMe tripeptide, the formation of a g-turn
structure appears to be an intrinsic property of the peptide

itself, while further H-bonding interactions with methanol

molecules (especially on the O-atom site d) tend to favor the

formation of a b-turn structure, similar to the situation in

the crystalline phase20 and in solutions.19 In this sense, the

one- and two-methanol clusters are bridging the gap between

the gas phase and the condensed phase.

Since the observed transition from the g-turn into the b-turn
structure can be induced easily by additional H-bonding

interactions with methanol, there should be no significant

potential barrier for such transition between secondary

structures. In our spectral assignment of the bare peptide

and the one-methanol cluster, both the A20U and A2U

conformations of the tripeptide are consistent with the

observed g-turn structure with quite similar potential energy

and spectra, but quite different Aib orientation. On the other

hand, the observed b-turn structure is assigned to the IU

conformation of the tripeptide. Since the former g-turn structure

shows quite similar Aib orientation to that of the observed

b-turn structure, low transition barrier and small structural

arrangement are required for the transition between them.

Indeed, a single-step transition barrier of about 10 kJ mol�1 is

found for the bare tripeptide and the one-methanol cluster,

whereas for the transition between the A2U and the IU

conformers of bare tripeptide, a multi-step transition barrier

of about 30 kJ mol�1 is found. Thus, the observed g-turn
structure of tripeptide is more likely A20U rather than A2U.
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