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Abstract  

A dual microwave and optical spectroscopic study of a capped cysteine aminoacid isolated in a supersonic expansion, 

combined with quantum chemistry modelling, enabled us to characterize the conformational preferences of Cys 

embedded in a protein chain. IR/UV double resonance spectroscopy provided evidence for the coexistence of two 

conformers, assigned to folded or extended backbones (with classical C7 and C5 backbone H-bonding respectively), 

each of them additionally stabilized by specific main-chain/side-chain H-bonding, where the sulfur atom essentially 

plays the role of H-bond acceptor. The folded structure was confirmed by microwave spectroscopy, which 

demonstrated the validity of the DFT-D methods currently used in the field. These structural and spectroscopic results, 

complemented by a theoretical Natural Bond Orbital analysis, enabled us to document the capacity of the weakly 

polar –CH2-SH side chain of Cys to adapt itself to the intrinsic local preferences of the peptide backbone, i.e., a -turn 

or a -sheet extended secondary structure. The corresponding local H-bonding bridges the side chain acceptor S atom 

to the backbone NH donor site of the same or the next residue along the chain, through a 5- or a 6-membered ring 

respectively.   
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1. Introduction  

For several decades, high resolution spectroscopy has been used to characterize the intrinsic structure of molecules 

of increasing size and complexity, including small biomolecules.1-4 These investigations carried out on isolated 

molecules, in the absence of any solvent effect, have been possible thanks to the development of soft vaporization 

techniques, coupled with supersonic expansion to cool down the neutral species of interest, a necessary condition to 

overcome spectral congestion effects expected even with small sized molecules.5 Under these conditions, microwave 

spectroscopy provides a direct insight into the structure, through the rotational constants even with a flexible 

molecule, whose conformational contributions can be separated thanks to the high resolution.6 Alternatively, optical 

spectroscopy in the IR range enables experimentalists to document the interactions at play in the molecules under 

examination, in particular their H-bonding content. Moreover, double resonance IR/UV techniques provide 

conformation resolution, yielding conformation-selective IR spectroscopy. In both cases, however, comparison with 

structures obtained with high-level quantum chemistry methods is the key for assigning the conformations  

observed.1-6 Conversely, the confrontation also enables experimentalists to assess the theoretical methods used.  

These spectroscopic techniques have been widely used in the past decade to investigate isolated biomolecular models, 

allowing to tackle issues such as competition between folding structures in flexible biomolecules like peptides or 

sugars.1-6 However, the combined approach based on both microwave and IR/UV data remains sparse, and limited so 

far to a few small molecules of biological interest, e.g. 7. Regarding amino acid only a few of them have been 

investigated by both techniques, although in independent studies :  Ala8-10  or Pro.11, 12  One of the interests of these 

models is to document the role of local main-chain/side-chain (MC/SC) interactions in protein chain folding. Recent 

gas phase IR/UV experiments carried out on capped amino acids (dipeptide analogues) or peptides, which mimic a 

fragment of protein chain, have provided evidence for local interaction linking the MC to the SC of residues like 

asparagine,13, 14 glutamine,15, 16 histidine,17 serine,18, 19 methionine,20 cysteine,18, 19 or selenocysteine,21 this side chain 

playing the role of donor and/or acceptor of a H-bond.  Despite uncapped amino acids have been widely studied by 

microwave techniques, investigations of protein chain models remain seldom,22, 23 the capped serine, Ac-Ser-NH2, 

being the only example involving MC/SC H-bonding.22 

In a context where the presence of a sulfhydryl -SH group at the end of a short side chain has been shown to play a 

structural role in dipeptide folding,18-20 we found interesting to lead a joint microwave and optical study of the same 

species, the Cys model dipeptide, in order to obtain more precise information on both the structure and interactions, 

that can be confronted to high level quantum chemistry modeling.  

 

2. Methods 

2.1. Experiment 

Optical spectroscopy: Conformation-specific IR spectroscopy was carried out using an experimental set-up and 

procedures, which were described previously.24 It relies on UV spectroscopy to sort out conformers and requires the 

presence of a convenient chromophore in the model molecule studied.3 For this purpose and in line with previous 

experimental strategies,14, 17 a benzyloxycarbonyl (Z-) cap on the N-terminal was used for laser experiments, 

complemented by an amide cap on the C-terminal, resulting in a Bn-O-CO-Cys-NH2, or Z-Cys-NH2, capped peptide. 

Basically, the phenyl UV spectroscopy, which is sensitive to its close environment, provides specific UV signatures for 

each conformer. Z-Cys-NH2 (Genscript) was mixed with graphite (1:4 molecular weight ratio) and pressed a into 6 mm 

pellet, fixed close to the 1-mm diameter nozzle of a pulsed valve, operating with a 30:70 He:Ne mixture at a backing 

pressure of 18 bars. The sample was vaporized using the second harmonic of a ns Nd:YAG laser (Continuum, 10Hz-3 

mJ), guided to the sample through an optical fiber. The Z-Cys-NH2 molecules were entrained and cooled down by the 

supersonic jet into an expansion chamber, and introduced into the source region of a time-of-flight mass 

spectrometer, where UV excitation took place. The UV spectroscopy was recorded using the resonant two-photon 

ionization technique. The output of a frequency-doubled dye laser, pumped by the third harmonic of a ns Nd:YAG 

laser (Continuum), was scanned in the region of the first * transition of the phenyl group, which also enabled to 

photoionise the molecules during the same laser pulse. The ions produced were then mass-analysed in a  reflectron  
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time-of-flight mass-spectrometer. Double resonance IR/UV experiments were used to record conformer-specific IR 

spectra. A mid-IR OPO, equipped with a difference frequency generation (DFG) module, was used to excite specific 

molecular modes : in the NH stretch region (amide A) and in the CO stretch, NH bend (amide I & II) regions. IR spectra 

are obtained from the IR-induced depopulation of the conformer-selected ion signal, normalized by this signal in 

absence of an IR laser.24 Despite a its potential interest, one has to note that due to a lack of power of our OPO in the 

spectral range expected for the SH stretch (2600 cm-1);25 this absorption region could not be investigated.  

Microwave spectroscopy: Ac-Cys-NH2 was produced in a supersonic jet by laser ablation of solid rods. These rods were 

prepared using commercial samples of Ac-Cys-NH2 (GeneCust, ~99%, m.p.~ 157ºC) without any further purification 

and pressing the compound’s fine powder mixed with a small amount of a commercial binder. These rods were placed 

in the ablation nozzle and a picosecond Nd:YAG laser (12 mJ per pulse, 20 ps pulse width) was used as a vaporization 

tool. The resulting products of the laser ablation were supersonically expanded utilizing a flow of neon (10 bar) gas 

and then probed by Chirp Pulsed Fourier Transform Microwave (CP-FTMW) spectroscopy. Details of the experimental 

setup have been given elsewhere.26 Chirped-pulses of 4 µs directly generated by the 24 Gs/s  arbitrary waveform 

generator were amplified to about 300 W peak power using a traveling wave tube amplifier. The resulting pulses were 

then transmitted and detected by broadband microwave horn antennas in a high-vacuum chamber, where they 

interacted with the molecular supersonic expansion. At a repetition rate of 2 Hz, a total of 75000 free induction decays 

(4 FID emissions per gas pulse) each with a 10 µs length were averaged and digitized using a 50 GS/s digital 

oscilloscope. The frequency-domain spectrum in the 6–14 GHz frequency range was obtained by taking a fast Fourier 

transform (FFT) following the application of a Kaiser–Bessel window to improve the baseline resolution. The resolution 

achieved was 50 kHz, and the estimated accuracy of the frequency measurements was better than 10 kHz. 

2.2. Theory  

Quantum chemistry optimized structures have been obtained, after a manual exploration of the conformational 

landscape of the Ac-Cys-NH2 and Z-Cys-NH2 molecules, where the backbone and side chain dihedrals were varied. 

Geometry optimisations were carried at the B97-D3 level of theory27 using the Becke-Johnson damping and the three-

body term options (B97-D3(BJ)-abc), of Turbomole28 with a def2-TZVPPD basis set,29, 30 The resolution-of-identity (RI) 

approximation31 and the auxiliary associated basis 32-34 were also used. A m3 default grid size, a convergence threshold 

of 10-5 a.u. on the norm of the cartesian gradient were used. Numerical harmonic frequencies were calculated with a 

step length of 0.02 a.u., with the central option of the numforce module. This RI-B97-D3(BJ)-abc/def2-TZVPPD level 

already proved to be a good compromise between optimized structures, energetics, vibrational frequency and 

calculation times, in a context where dispersion interactions are ubiquitous.35 Mode-dependent scaling factors 

factors,36 obtained from linear fits of the correlation between experimental and harmonic NH stretch frequencies 

(fscaled = a + b.fharmonic) on a large library of gas phase peptides (cf. Supp. Info. of Ref. 37) usually provide an accuracy of 

typically 20 cm-1 in the NH stretch range.3 The scaling factors (a, b) applied to the harmonic frequencies have been 

recalculated for the level of theory presently used: for a peptide NH stretch mode:  a = 372.8 cm-1 and b = 0.86953; 

for a carboxamide NH2 symmetric stetch mode, a = 1209.8 cm-1 and b = 0.63115 and for its antisymmetric counterpart, 

a = 1324.1 cm-1 and b = 0.60872; In the far infrared (amide I and II regions)  we used a = 0 cm-1 and b = 1.004 for the 

NH bending modes and a = 0 cm-1 and b = 1.008 for the CO stretches, in order to fit experimental frequencies. For the 

purpose of comparison, calculations were also carried out without the RI option and with a more restricted (def2-

TZVP) basis set as well.  

For the assignment of the microwave spectra, quantum chemical calculations were carried out, using the Gaussian 16 

program package,38 at the B3LYP-D3(BJ)/def2-TZVP 39-43 level of theory, a method shown to provide reliable values of 

rotational constants of analog molecules.6  Optimization were carried out using an ultrafine grid and tight convergence 

conditions (4.5 10-4, 3 10-4, 1.8 10-4, 1.2 10-4 a.u. for the maximum and RMS forces and maximum and RMS 

displacements, respectively). The structures obtained were used to estimate the values of the rotational parameters 

for the Ac-Cys-NH2 conformers, in particular the rotational constants and dipole moment components, necessary to 

predict transition frequencies before the spectral survey. Vibrational frequency calculations were carried out to ensure 

that the optimized geometries are true minima, and to provide the Gibbs free energies for the different conformers. 

In addition, the barrier heights to internal rotation of the methyl group were estimated at the same level of theory. 
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For purpose of comparison between the B97-D3 and B3LYP-D3 methods used, B3LYP-D3(BJ) calculations were also 

carried out with the extended def2-TZVPPD basis set. 

NBO analysis:  The H-bond strengths have been assessed from the theoretical analysis of the electron density in the 

framework of the Natural Bond Orbital theory,44-46 which enables to quantify the stabilizing role of electron 

delocalization through the H-bond, starting from a Lewis-type description of the electron system. NBO analyses were 

performed on the B97-D3 structures using the NBO module47 of the Gaussian 09 software.48 The indicator chosen to 

assess the strength of the NH – X H-bonds is the sum of the E(2) stabilization energies (noted EHB), resulting from 

individual interactions between a donor NBO (lone pairs of X = O, S) and the acceptor NBO of the NH group (σ*NH) 

involved in the H-bond considered. These energies were calculated at the MP2/TZVPP level of theory (previously 

shown to be a good compromise between method and computation time49) through the second-order perturbation 

theory analysis of the Fock matrix: 

𝐸(2) = 𝑞𝑖
𝐹(𝑖, 𝑗)2

|𝜀𝑖 − 𝜀𝑗|
 

where qi is the donor orbital occupancy, F(i,j)2 is the off-diagonal matrix element and 𝜀𝑖 (resp. 𝜀𝑗) is the donor 

(acceptor) orbital energy. This EHB indicator was recently proved as a useful ranking tool for amide-amide interactions 

in isolated peptides, well correlated to spectroscopic data.35, 50 

3. Theoretical exploration of the potential energy surface  

Structures: Exploration of the conformational landscape of the capped cysteine residue (Ac-Cys-NH2 model molecule) 

led to two competing lowest energy backbone families (Figure 1 and Table 1): one folded and one extended, stabilized 

by H-bonds forming respectively a 7- and 5-membered ring3 (classically labelled C7 and C5, 7 and 5 in short), as already 

mentioned for other residues, like glycine,51alanine.9, 52 In the absence of polar side chain, a recent NBO analysis35 

demonstrated that these C7 and C5 remarkable structures are determined by a subtle balance between H-bonding 

and hyperconjugative effects involving among others the CH and side chain CC covalent bonds. With more polar 

systems, like histidine,17 asparagine 13, 14, 52 or glutamine,16 local MC/SC H-bonding also plays a large role by specifically 

stabilizing one conformation over the other. The capped Cys behaves in a similar way as these latter residues: it 

exhibits the two backbone structures, namely C7 and C5, each of them accompanied by a specific MC/SC H-bonding, 

whose terminology is explicited in the caption of Figure 1:  

- The folded family exhibits an inverse -turn backbone structure,3 characterized by a C7 H-bond leaving the Cys side 

chain in an equatorial position. Its most stable conformation (Figure 1, top) is additionally stabilized by a specific MC 

SC 5 interaction complemented by a weaker SC  MC 6 interaction, 

where the sulfhydryl group plays both the role of proton acceptor and 

donor respectively.  

 Figure 1: DFT-D lowest minimum energy structures (RI-B97-D3/def2-

TZVPPD level of theory) of Ac-Cys-NH2, with corresponding H-bonding 

network. Top: folded backbone 5(6)-7; bottom: extended 5-6form. 

H-bond distances are given in Table 1. The terminology adopted for 

the SC-MC H-bonds, 5 , 6 , 6, follows that already introduced for 

histidine and asparagine polar side chains.14, 17 It is based on that used 

for the backbone (5, 7), in which the number designates the size of the 

ring formed by the H-bond, and the greek superscript designates the 

location of the heavy atom of the SC (relative to the C- atom) 

involved in the H-bond. The donor/acceptor character of the SC is 

indicated by the position of the greek superscript: the SC is acceptor 

(resp. donor) when the superscript is after (resp. before) the number. 

The conformations are designated by the H-bonding status of the 

several NH groups along the main chain, separated by a hyphen, with 

the SC status indicated between parenthesis. 
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- The extended conformations, similar to the -strands of proteins,3 are based on a C5 backbone, stabilized by a specific 

MC SC 6 interaction.  Two forms were found : both side chains have an anti orientation, but they differ by the 

orientation of their sulfhydryl group, which can be described by the C-C-S-H (2) dihedral. The most stable of them 

(Figure 1, bottom) presents a gauche+ 2 dihedral, which enables a short 6 interaction (H-bonding distance 249 pm)  

to take place between the NH of the C-terminus cap and a lone pair of the sulfur atom. The SH…OC distance in this 

conformation is large enough (380 pm) to consider the sulfhydyl group free. The next form in the extended backbone 

family (H energy higher by 4 kJ/mol) exhibits an anti 2 dihedral, which does not enable formation of such a short 

NH…S 6 bond ; instead the SH group lies above the C-terminus cap NH2 group, giving rise to both an elongated 6 bond 

and a weak SH…NH2 interaction, penalizing the energetics of the structure. 

Energetics: The folded form is found to be the most stable at 0 K, the extended form being less stable by ca. 5 kJ       

mol-1 (Table 1). The situation at 300 K, however, is less contrasted, where the energy difference goes down to ≈2 kJ 

mol-1, due to a significant entropy stabilization encountered in the more floppy extended forms.53 Usually such similar 

stabilities correlates with the coexistence, and observation, of both forms in a supersonic expansion.  

Z-cap model: In order to assess the validity of the Z-capped model for the study, we compared the properties of the 

most stable Z-cap rotamer for each backbone structure to those of the Ac-Cys-NH2 molecule. Calculations indicated 

that the presence of the Z-protection (Table 1 and S1) did not significantly modify the conformational landscape, since 

structure, energetic order, and H-bonding distances were preserved within the C5-C7 manifold.  

 

Table 1 : Structures, conformation terminology, energetics, relevant interatomic distances of relevant 

conformations, at the RI-B97-D3-BJabc/def2-TZVPPD level of theory, together with NBO H-bonding strength 

indicators (see text).  

Molecule  Ac-Cys-NH2    Bn-O-CO-Cys-NH2   

Conformation  #1  #2  #1  #2 

Backbone  folded  extended  folded  extended 

Structure   5(6)-7  5-6  5(6)-7  5-6 

Z-cap rotamer  -  -  gauche +  gauche - 

         

Energetics (kJ/mol)         

E (electronic)       0  6.5  0  4.9 

H (0K)   0  5.0  0  3.8 

G (300K)   0  1.7  0  1.7 

         

Interatomic distances 
(pm)  

 (NBO EHB)  (kcal/mol) 

        

NHCys/NH2
…O  7 :  200   (6.6)  5 :  214     (1.9)  7 :  202      (6.2)  5 :  215 (1.7) 

NHCys/NH2
…S  5 : 257   (2.6)  6 : 249     (5.7)  5 : 261      (2.1)  6 : 249  (5.5) 

SH – O   6 :  239  (1.3)    6 :  238     (1.3)   

 

4. Optical spectroscopy  

4.1. UV spectroscopy of Z-Cys-NH2 

The near UV spectroscopy of the Z-Cys-NH2, in the origin region of the first * transition of the phenyl chromophore 

has been obtained from resonant two-photon ionization spectroscopy (Fig. 2). It exhibits three bands labelled A, A’ 

and B, whose conformational assignment has been obtained from IR/UV experiments.  
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Figure 2: Mass-resolved (m/z = 254 amu) resonant two-photon ionization 

spectrum of the Z-Cys-NH2 molecule in the origin region of the first * 

transition of the phenyl group.  

 

 

 

 

 

 

 

IR/UV measurements (Fig. 3) obtained by probing the bands A and A’ are identical, showing that these UV bands 

belong to the same conformer, labelled A, whereas the B UV feature exhibits a different spectrum and is thus assigned 

to another conformer.  

The IR and UV spectroscopic data can thus be interpreted by the simultaneous presence in the supersonic expansion 

of : 

- one major conformer, labelled A, whose UV spectroscopy exhibits a significant Franck-Condon activity, corresponding 

to the excitation of a low frequency mode at ~18 cm-1 from the UV origin 

- one minor conformer, labelled B, with a unique UV feature. Assuming comparable photoionization efficiencies for 

both conformers, the relative population of B can be estimated to 15 %.   

4.2. Conformer-selective IR spectroscopy of Z-Cys-NH2 

The conformer-specific IR spectra of conformers A and B (Figure 3, and Table 2) look very similar at a first glance, with 

three absorption features in the mid-IR (NH stretch) region, due to the presence of three NH oscillators, and three 

main features in the far IR (Amide I and II) region. They however present a few differences, in particular, the redmost 

NH stretch band seems to be less intense and less red shifted in B, and the CO stretch band pattern of B exhibits a 

shoulder to the blue in contrast to its featureless counterpart in A. A close comparison between these experimental 

features and the theoretical predictions leads to a better agreement if A (resp. B) is assigned to the folded (resp. 

extended) form. The red most band of A in the NH stretch region is assigned to the 7 MC-MC H-bond whereas the next 

one corresponds to the MC-SC 5 NH-S bond. This order is reversed in B, there the MC-SC 6 interaction plays the major 

structuring role. In support of this, one can observe that the 5 frequency is similar to what is observed in the capped 

Cys-Phe system, where the double -turn structure also exhibits a 5 feature at 3415 cm-1.19 Regarding the CO stretch 

region, this assignment also accounts for the red shoulder observed for B. Interestingly, one will note that the nature 

of the CO stretch modes are very different between A and B. They are strongly coupled in B, because the two carbonyl 

are oriented in oppose directions (Fig. 1), but not coupled in A, where the carbonyl directions are nearly perpendicular: 

in this latter case, the Cys carbonyl exhibits the strongest intensity. Finally, the assignment is also supported by the 

populations as deduced from the UV spectrum: the major A conformer is assigned to the most stable structure of the 

conformational landscape.  

  

 

 

 

 

‘ 
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Figure 3 : Left, Conformer-specific IR spectra of conformers A (top) and B (bottom) of Z-Cys-NH2, in the mid- and far-

IR range, plotted as relative depletions measured in the IR/UV experiment, compared with predicted spectra for 

the most stable Z-tail rotamer of the folded and extended forms, resp. gauche + and gauche -. Depletions in the 

experimental spectrum are normalized relative to the strongest band in the whole range investigated; theoretical 

stick spectra are normalized to the maximum intensity, within each region.  The dotted line at 3468 cm-1 indicates 

an average position for the free NHs in related model peptides21; arrows symbolize the red shift associated to the 

H-bond (see text for a detailed discussion); Right: B97-D3 structures of these conformers.   

Table 2 : Conformer-selective IR spectroscopy : Experimental frequencies of the two conformers of Z-Cys-NH2 

compared to predicted frequencies from scaled harmonic frequencies at the B97-D3/def2-TZVPPD level of theory. 

All frequencies are expressed in cm-1.  

Experiment          

Conformer   amide A   amide I  amide II  

Exp.A -- -- 3368 3421 3523 1725      - 1509 1594 

Exp.B -- -- 3390 3425 3524 1724 1737 1493 1589 

Theory          

Conformation ∆H(kJ/mol) ∆G(kJ/mol) NH2 
sym 

NHCys NH2 
anti 

  COcarbamate COCys NH2 
bend 

NH  
bend 

5γ(6)-7 folded(g+) 0.0 0.0 3373 (7) 3418 (5) 3525 1719 1710 1604 1495 

5-6γ extended (g-) 3.8 1.7 3380 (6) 3431  (5) 3521 1719a 1730a 1601 1481 

a) modes strongly coupled 
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5. Microwave spectroscopy  

In the broadband rotational spectrum of Ac-Cys-NH2 (6 to 14 GHz frequency region), each rotational transition 

appeared split into two components, A and E, as a result of the interaction between molecular overall and internal 

rotations (Figure 4).54 Assignments that resulted were very tricky since the number of lines was twice as many and the 

perturbed E substate appeared up to 120 MHz far from the A substate, for some of the transitions. Firstly, we identified 

the typical pattern for a-type pairs of rotational transitions J+10,J+1J0,J and J+11,J+1J1,J , with J ranging from 5 to 11. 

In the employed assignment method, the measured transitions were used to improve the transition frequency 

predictions and search for new ones. This allowed us to identify b-type rotational transitions as well to reach a total 

of 95 observed rotational transitions. No c-type rotational transitions could be measured for this conformational 

species. Although some weak lines remained unassigned in the spectrum, identification of further conformers could 

not be achieved.  

 

Figure 4 : A 200 MHz section 

of the broadband spectrum 

of Ac-Cys-NH2 recorded in 

the 6–14 GHz frequency 

region. Some of the assigned 

rotational transitions for one 

rotamer are indicated. A-E 

internal rotation substates 

are shown for some of them; 

for the others, the 

corresponding components 

are out from this frequency 

range. 

 

 

Ac-Cys-NH2 has two 14N nuclei so that nuclear quadrupole coupling hyperfine splitting should be expected,54 due to 

the 14N nuclei non-zero quadrupole moment (I = 1) owing to a non-spherical distribution of the nuclear charge. The 

interaction of these quadrupole moments with the electric field gradient created at the nuclei by the rest of the 

molecular charges causes the coupling of the nuclear spin moments to the overall rotational momentum. However, 

the spectral resolution attainable in the CP-FTMW experiments is not sufficient to completely resolve these hyperfine 

effects, which are smaller than the experimental broadening of the lines and look like the hyperfine pattern collapsed 

into a single feature (Figure 4). 

All the measured rotational transitions were included in a least-squares fit using the XIAM program,55 which is based 

on the combined axis method introduced by Woods.56 The analysis rendered the experimental rotational and 

centrifugal distortion constants and the internal rotation parameters shown in Table 3. By direct comparison between 

the experimental values and those predicted theoretically it is straightforward to conclude that the observed species 

is the 5γ(γ6)-7 folded conformation. In spite that both sets of rotational constants are very similar, the agreement 

between the experimental one with those for 5γ(γ6)-7 folded is excellent. The structural information reported by the 

analysis of the internal rotation splitting allows us to confirm this assignment. V3,  the value of the three-fold methyl 

internal rotation barrier height, gives an idea of the electronic and steric environment around the methyl top, which 

is also reflected in the F0 value, the rotational constant of the methyl top. On the other hand, δ and 𝜀 are the angles 

between the principal axis of the molecule and the internal rotation axis (δ) and the projection of the internal rotation 

axis onto xy-plane (𝜀), respectively. Hence, they are directly related to the relative position and orientation of the 

methyl rotor within the molecule structure and the angles between the methyl top and the principal inertial axes can 

be derived from them.  
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Table 3 : Comparison between the rotational experimental data and calculated spectroscopic parameters and 

energetics at several levels of theory for the two lowest energy conformations of Ac-Cys-NH2. 

 Experimental 
B3LYP-
D3(BJ)/ 
def2-TZVP 

B3LYP- 
D3(BJ)/ 
def2-
TZVPPD 

RI-B97- 
D3(BJ)-abc/ 
def2-
TZVPPD 

B3LYP-
D3(BJ)/ 
def2-TZVP 

B3LYP- 
D3(BJ)/ 
def2-
TZVPPD 

RI-B97- 
D3(BJ)-abc/ 
def2-
TZVPPD 

 5γ(γ6)-7 5γ(γ6)-7   5-γ6   

Aa 1482.6098(35)b 1475 1475 1453 1432 1431 1423 

B 832.7096(12) 833 833 828 781 781 771 

C 602.5441(11) 601 600 596 538 538 534 

ΔJ 0.0279(59) -  - -  - 

|µa| - 1.6  1.7 1.5  1.3 1.3 1.3 

|µb| - 1.4  1.5 1.4 0.8 0.8 0.8 

|µc| - 0.3  0.2 0.2 0.3 0.3 0.3 

V3 100.32(18) 109.6 - - 72.3 - - 

F0 151.81(27) 156.174  - - 155.212 - - 

δ 2.132411(72) 2.076 - - 0.119 - - 

𝜀 2.53656(16) 2.548 - - 2.044 - - 

∠(i, a) 122.1782(42) 118.96 - - 6.82 - - 

∠(i, b) 61.2220 (88) 60.69 - - 93.10 - - 

∠(i, c) 134.1188 (87) 136.48 - - 83.93 - - 

N 95 - - - - - - 

σ 45.2 - - - - - - 

ΔH (0 K) - 0 0 0 6.3 5.8 5.0 

ΔG (300 K) - 0 0 0 3.8 3.3 1.7 

a A, B, and C represent the rotational constants (in MHz); ΔJ is the quartic centrifugal distortion constant (in kHz); μa, μb and μc are 

the electric dipole moment components (in D);  V3 is the barrier height of the threefold methyl internal rotation (in cm-1); F0 is the 

rotational constant of the methyl top (in GHz);  is the angle between the principal axis of the molecule and the internal rotation 

axis (in radians); 𝜀 is the angle between the principal axis of the molecule and the projection of the internal rotation axis onto xy-

plane (in radians);  ∠(i, x) are the angles between the internal rotor axis i and the principal axis a, b, c (in degrees); N is the number 

of A/E components included in the fit; σ  is the rms error of the fit (in kHz); ΔH and ΔG are the relative energies and Gibbs free 

energies (in kJ mol-1) to that of 5γ(γ6)-7 species. b Values in parentheses denote 1σ errors, applied to the last digit. 

 

Table 3 shows the structural parameters obtained for the folded and the extended forms of Ac-Cys-NH2 obtained at 

the B3LYP-D3(BJ)/def2-TZVP level of theory. It is interesting to notice that the RI-B97-D3(BJ)-abc method used for 

optical spectroscopy  provide an equivalent set of rotational constants (Table 3). Complementary calculations (Table 

3 and Table S4 of the Supplementary Information) show that neither the RI option or the three-body option of the 

B97D3 method does affect significantly the results. Very comparable structural features are also obtained (Table S5). 

Only moderate energetic changes (stabilization of the extended form by up to 2 kJ/mol) are noticed with the RI-B97-

D3(BJ)-abc.  

Examination of Table 3 shows that the calculated data are significantly different between the two lowest 

conformations of Ac-Cys-NH2, and that those obtained for the  most satble 5γ(γ6)-7 folded species agree very well with 

all the experimental data collected, in particular, beyond the rotational constants, the height of the barrier to the 

methyl rotation and the orientation of the methyl rotor relative to the principal axes, eventually providing an 

unambiguous assignment.  
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The non detection of the 5-γ6 extended species can be rationalized in terms of gas phase abundances. It is assumed 

that the supersonic expansion brings all conformers to their lowest vibrational state and that the intensity of the 

rotational transition is proportional to the number density of each conformer and the square value of the 

corresponding component of the dipole moment, Ni·µi
2. Ni corresponds to the molecules populating all the rotational 

states of a given conformer, and µi is the corresponding electric dipole moment component.  Therefore, if we consider 

the ΔG values and the dipole moment components from Table 3, the estimated line intensity of 5-γ6 relative to that 

of 5γ(γ6)-7 is in the 3-15 % range  depending upon the theoretical method used. Owing to the the S/N ratio achieved 

for the 5γ(γ6)-7 species (Figure 4), the signal level does not appear to be high enough to allow the observation of 5-γ6 

under our experimental conditions. 

6. Discussion 

Assessing the theoretical methods The best levels of theory used (B3LYP-D3(BJ)/def2-TZVPPD and RI-B97-D3(BJ)-

abc/def2-TZVPPD) lead to very comparable structures, as testified by the intramolecular H-bond distances and the 

covalent bond lengths, (see Table S5), which are found to differ by less than 2 and 1 pm respectively, as well as by the 

relevant backbone and side chain structural dihedral angles, which differ at most by 2 degrees.  

The convergent values obtained provide a relatively narrow range of values (a few pm), independently from the quality 

achieved on rotational constants, namely about:  

199 and 212 pm for the 7 and 5 NH…O bonds resp.  

258 and 250 pm for the 6 and 5 NH…S H-bonds resp., and  

238 pm for the 6 SH…O H-bond.  

In some respects the differences in terms of rotational constants found between both methods (Table 3) can be 

considered as an assessment of the sensitivity of the rotational constants to the structure, which remains small: the 

difference reaches up to 1.5% for the A constant of the folded form and for the B constant of the extended species.  

If one compares the theoretical data of the folded form with experiment, the maximum discrepancy is reached for the 

A constant, since the theoretical values tend to be too small, by -0.6% with B3LYP and -2% for B97D, suggesting a 

general feature of these levels of theory for slightly too loose structures, inasmuch as the theoretical values presented 

are not corrected for vibrational averaging, which should tend to further decrease the rotational constants.  

H-bonding content. The competition between folded and extended backbones, a backbone feature already 

documented experimentally in dipeptide analogues of apolar residues,9, 51 is still valid in the case of Cys, even in 

presence of secondary main-chain/side-chain NH-S H-bonds, indicating that the intrinsic backbone features, namely 

the folded and extended backbones, with both their H-bonding and their specific hyperconjugative effects, still have 

a leading role in controlling the qualitative shape of the conformational landscape.  

The quantum chemistry structures, validated by the comparison to the high resolution data, have then been used to 

shed light on the H-bonding, relying on both the structures and the theoretical analysis of the electron density in the 

framework of the NBO theory, in particular on the EHB NBO H-bonding indicators.35 The interatomic HB distances of 

the 5 and 7 H-bonds (Table 1) are comparable to those encountered with similar secondary structures with non-polar 

side-chains (e.g. Ala; see Table S2 Supp. Info.). The 7 H-bond of the folded form is found to be much stronger than the 

weak, non-linear 5 bond, as revealed by the EHB indicators calculated (Table 1). The NH-S H-bonds also exhibit very 

different strengths as illustrated by their NBO indicators. Beyond the strong stabilization provided by the 7 H-bond 

(~6.5 kcal/mol), the folded form also benefits from a substantial contribution of the 5H-bond (~2.6 kcal/mol), 

complemented by a weaker 6 interaction (1.3 kcal/mol). Accordingly, this 6 bond is found to be much more elongated 

(239 pm) than its OH…O equivalent interaction in the serine dipeptide22 (212 pm), where, in this latter case, the 6 

interaction plays the major stabilizing role. In contrast, the extended form benefits from a rather strong 6 MC SC 

H-bond (~6 kcal/mol). It results from the intrinsic stability of the backbone extended form, which stems essentially 

from strong SC-MC hyperconjugation interactions, involving the nN lone pair NBO of the first amide and the CH and 

*CC NBOs,35 and to a lesser extent on the weak 5 H-bond. The Cys side chain has to accommodate this strong 
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structure and the N-C-C-S 1 dihedral tends to adopt the usual antiperiplanar arrangement (1 = 180°). However 

the van der Waals radius of the S atom being large, the NH…S H-bond is constrained resulting in a relatively short and 

strong H-bond, and a significant deviation from the side chain antiperiplanar arrangement (1 = -162°).  

These two NH-S interactions observed with the Cys side chain are characterized by different approaches of the NH 

donor to the S atom acceptor (Fig. 5), namely, for the 6H-bond, a better linearity (with a larger N-H-S angle), and a 

shorter NH… S HB distance than its 5 counterpart (248 vs. 257 pm) and with a strength varying accordingly (Table 1). 

It is then useful to compare these H-bonds to a natural reference, the NH-S interaction in the H-bonded intermolecular 

methylacetamide – methanethiol (See Supplementary Information), whose NBO-based strength amounts to 6.3 

kcal/mol with an intermolecular distance of 254 pm. Thus the 5 bond appears to exhibit a H-bond distance 

comparable to that of the complex, for a strength is at least twice weaker, which illustrates the geometrical frustration 

of the 5 interaction, due to intrabackbone interactions, which forbids a linear H-bonding (Fig. 5). In contrast, the 6 

H-bond is shorter than in the complex bond, for a comparable strength (~6 kcal/mol), epitomizing the fact that a 

geometry fairly different from that of the intermolecular complex can nevertheless lead to strong H-bonds in peptides, 

providing that a roughly linear, favorable NH-S approach can be achieved by a covalently constrained backbone : a 

conclusion already drawn from a previous study in the context of amide-amide H-bonding. 35   This illustrates the 

crucial role of the peptide backbone, by selecting the type of geometrical approaches that the NH-S interaction can 

adopt.  

 

Figure 5: Geometrical approach of the amide NH group to the 

Cys side chain S atom in both the folded and extended forms of 

the Ac-Cys-NHMe model molecule, compared to that in the 

methylacetamide – methanethiol intermolecular model (in 

yellow and dots), at the B97-D3 level of theory. For the sake of 

comparison the H(S), S and C atoms of the three structures 

have been overlapped, in the view along the S-H axis (top panel) 

and along the S-C axis (bottom panel). H-bonds are identified 

by their lables (see text) and H-bonding distances are given in 

pm.  

 

 

 

 

 

 

 

 

 

 

Spectral signatures and H-bond strength. The H-bonding strength discussed above is mainly rooted in theoretical 

data. IR spectroscopy confirms this view:  

- Amide A (NH stretch) region. The experimental frequency associated to the 6 bond (3390 cm-1) is red 

shifted relative to the 5 (3421 cm-1). Despite the comparison is not straightforward since the NH group of the 6 bond 
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belongs to a -CONH2 carboxamide group, the vibrational coupling between both NH bonds has to be taken into 

account.57 Calculations for both Ac-Cys-NH2 and Ac-Cys-NHMe (Table S3, Supp. Info) show that the difference, for 

these particular H-bonded NHs, remains smaller than 3 cm-1, making the 3390 cm-1 frequency observed for the 6 bond 

a fair reference for comparison with the 5 (3421 cm-1) bond.  

Whether these frequency shifts can be taken as an experimental indicator, in order to rank the strength of these 

interactions, can be assessed by comparing them to the H-bond strength indicators. A previous study,35 devoted to 

amide-amide H-bond spectroscopy, showed that such a correlation seems to exist, despite hyperconjugation effects 

linked to the backbone conformation tend to blur the monotonic dependence of the NH stretch frequency with the 

NBO indicator EHB. As a matter of fact the frequency pattern 7 < 6< 5< 5 (Table 1) matches well the EHB pattern for 

these interactions (6.5 < 5.7 <2.6 < 1.9 kcal/mol, resp.), demonstrating that the stretch frequency of H-bonded NHs 

remains a qualitative indicator of the H-bond strength, which can be used to compare H-bonds of different intensity 

and natures, even for H-bond having different acceptors such as NH-O amide and NH-S bonds. 

 

- Amide I and II regions   A close examination of Table 2 shows that these regions can successfully distinguish 

extended and folded forms. First, the CO stretches couple differently in these two types of backbone: barely in the 

folded forms and strongly in the extended one, ending up with a pattern different enough for an assignment to be 

conducted. Second, the amide II region confirms this point, especially the NH bending region around 1500 cm-1, with 

spectral positions, which differ by more than by 10 cm-1 (a value considered as significant in the amide I and II regions), 

and contribute to ascertain the assignment. These regions, which are not so currently used, demonstrate here their 

capability on a case study, where the assignment from the amide A region alone could be regarded as tentative.  

- SH stretch spectroscopy By comparison with the OH stretches of serine, one could expect invaluable 

assignment hints from SH stretch frequencies. However, the 6 bond is a very weak SH…O interaction, in line with the 

long H…O distance (239 pm) compared to the 220 pm of the OH…O distance in the serine analogue folded molecule.   

As far as a direct spectral evidence is concerned, the corresponding spectral range (2600 cm-1) remains seldom 

exploited so far, partly because of the low energy of OPOs in this region and the weak absorptions of the SH bonds.25 

In the present case, indeed, the 6 bond is predicted at 2637 cm-1 (unscaled harmonic value), with a weak intensity (11 

km mol-1). This is to be compared with the free SH of the extended form predicted at 2634 cm-1 (unscaled harmonic 

value), and at a still weaker level of absorption (0.37 km mol-1), making it very difficult to measure. Moreover, one 

should mention that the small, and barely significant, difference in frequency between bound and free SH, does not 

seem to qualify the SH frequency shift as a clear marker of H-bonded SHs. This is in line with the expectations from a 

good H-bond acceptor and poor donor like the weakly polarized but strongly polarizable -SH group. 

Conformational landscape and side chain/main chain interactions. So far, as a part of a protein chain model, Cys was 

investigated in capped dipeptides.19 Owing to the relatively weak nature of the MC/SC interactions, the backbone 

essentially forced the dipeptide structure (7-7 or 10 backbone), and only those MC/SC interactions compatible with it 

could be observed, namely essentially 5 and weak 6 H-bonds. In the present case, the same basic trends apply but 

the natural backbone forms are the 7 and 5 structures, resulting in the observation of the 5 and 6 H-bonds as before, 

but also, and for the first time, of the 6 H-bond, compatible with the 5 extended backbone. Interestingly, and in line 

with this finding, recent data from Saclay group show that substitution of the sulfhydryl H atom by a methyl group or 

the inclusion of the S atom in a thietane ring in a -position leads to the exclusive observation of the extended form, 

stabilized by the same 6 H-bonding.58 

 

7. Conclusion  

The present gas phase study combines microwave and optical spectroscopies in order to characterize the intrinsic 

bridging features of a cysteine side chain to its local backbone environment. Optical spectroscopy is used to sort out 

the stable conformations present in a supersonic expansion according to their H-bonding content. Microwave 

spectroscopy combined with theoretical structures enables us to go one step further in terms of structural properties, 
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by validating the H-bonding distances provided by the quantum chemistry. It also provides a stringent test for the 

theoretical methods used.  The present report  illustrates the capacity of the weakly polar –CH2-SH side chain of Cys 

to adapt itself to the intrinsic local preferences of the peptide backbone, i.e., -turn folded or -sheet extended 

secondary structure, by establishing a local H-bonding, where the S atom of the Cys side chain, which essentially plays 

the role of a proton acceptor, is either weakly bound to the NH donor site of the same residue (5 bond with a folded 

backbone) or more strongly bound to the NH of the next residue along the chain (6 bond in an extended backbone).  
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