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ABSTRACT 

Peptide bond VUV absorption is inherent to all proteins and peptides. Although widely exploited 

in top-down proteomics for photodissociation, this absorption has never been spectroscopically 

characterized in the gas phase. We have measured VUV/UV photofragmentation spectrum of a 

single peptide bond in a cryogenically cold protonated dipeptide. Although the spectrum appears 

to be very broadband and structureless, vibrational pre-excitation of this and even larger cold 

peptides significantly increases the UV dissociation yield for some of their photofragments.  We 

use this effect to extend the technique of IR-UV photofragmentation vibrational spectroscopy, 

developed for aromatic peptides, to non-aromatic ones and demonstrate measurements of 

conformation specific and non-specific IR spectra for di- to hexa-peptides. 
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Vibrational spectroscopy of cold biological ions is a proven method for unambiguous 

conformational assignment of their calculated intrinsic structures. IR-UV double-resonance 

photofragmentation technique allows for recording conformer-specific vibrational spectra of 

protonated aromatic species as large as decapeptides1-2 and their microsolvated complexes3, 

provided their electronic spectra are vibrationally resolved. In the cases when a short lifetime of 

the excited electronic state and/or a substantial spectral congestion preclude vibrational 

resolution in UV spectra of ions, IR-IR-UV hole-burning technique may allow for 

conformational assignment of the resolved vibrational transitions in IR spectra.4-8 Regardless of 

the case, both techniques are applicable to only those peptides that contain at least one aromatic 

residue, which serves for UV-induced photofragmentation. Although large polypeptides and 

proteins are very likely to contain aromatics, many small to midsize oligopeptides, for which IR 

spectroscopy is most informative, have no chromophores. Regarding the natural abundance of 

Phe (4%), Tyr (3.3%), His (2.9%), and Trp (1.3%) aromatic amino acids, the chance that, for 

instance, a pentapeptide has none of them is about 56%. This implies that vibrational spectra of a 

good fraction of oligopeptides isolated in the gas phase could not be probed by IR-UV approach. 

IRMPD spectroscopy allows for measurements of vibrational spectra of non-aromatic 

peptides.9 Although simple, this technique lacks conformational specificity, which is highly 

desired for structural analysis of vibrational spectra. IR-IR tagging allows for conformation 

specific vibrational spectroscopy of non-aromatic peptides.10 This technique employs vibrational 

rather than electronic transitions to label conformers of an ion complexed with a weakly bound 

tag molecule. Even small low-polarizable tags, like H2 or He, may cause noticeable changes in 

geometry and shifts of vibrational frequencies of ions11 and require higher mass resolution to 
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detect a loss of single tags. Non-conformer selective IR tagging spectroscopy has been 

demonstrated for protonated molecules as large as a decapeptide12 and the C60 fullerene,13 

although, to our knowledge, [Gly3+H]+ remains the largest peptide to which conformer-selective 

IR-IR tagging technique has been applied so far.14 Herein we extend the conformer non-selective 

IR-UV and conformer-selective IR-IR-UV techniques to vibrational spectroscopy of small to 

midsize protonated non-aromatic oligopeptides. In addition to all the benefits of tagging 

approach, UV fragmentation enables mass spectrometry of the produced fragments, which may 

provide some supplementary structural constrains for solving geometry and/or sequence of a 

peptide. We, first, measure and characterize the UV/VUV absorption by a single peptide bond - a 

chromophore that is intrinsic to any peptide and protein. This absorption is employed for 

photofragmentation of cold protonated peptides, while the increase of the fragmentation yield 

upon IR laser pre-excitation of these ions allows for measuring their vibrational spectra.  

Amide groups of peptides and proteins exhibit three major absorption bands, centred near 190 

nm, 160 nm, and 130 nm, which were assigned to p*ßn, p*ßp� and s*ßp transitions.15-18 

The first UV-induced photodissociation (UVPD) experiments that employed excitation of amide 

bonds at 193 nm, were reported in 1984 for several short protonated oligopeptides in the gas 

phase.19 20 The main advantage of UVPD over a collisional dissociation (CID and HCD) is in 

producing more types of ionic fragments.21 Despite the wide use of UVPD in top-down 

proteomics,21-25 the fragmentation spectra measured by VUV/UV excitation of peptide bonds in 

protonated gas-phase peptides have never been reported. Figure 1a compares the measured 

UV/VUV photofragmentation spectra of cold (vibrational temperature of ~10 K)26 protonated 

amino acid alanine ([Ala+H]+, m/z = 90.1 Th) and dipeptide [Ala2+H]+ (m/z = 161.1 Th). 

Consistently with the known weak UV absorption of Ala in solution,27 the fragmentation yield of 
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[Ala+H]+ in the gas-phase is nearly hundred times lower than the yield measured for the 

dipeptide which contains a peptide bond. The spectrum of cold [Ala2+H]+, therefore, reflects the  

p*ßp transition of the O-C-N peptide bond.15 Despite the suppression of inhomogeneous 

thermal broadening, the observed UV/VUV fragmentation band of the peptide bond in the 

isolated cold ions remains broad and vibrationally unresolved. 

 

Figure 1. (a) Electronic spectra of cold [Ala+H]+ (black trace) and [Ala2+H]+ (blue traces), and 

of [Ala2+H]+ vibrationally pre-excited by IR OPO tuned to 3567.2 cm-1 (red trace). The spectrum 

of [Ala+H]+ was recorded by integrating the intensities of all fragments (See SI Section S1); the 

spectra of [Ala2+H]+ were recorded by monitoring intensity of the a1 fragment. The spectra are 

normalized by parent ion signal and by laser power. (b) UV photofragmentation mass spectrum 

of cold and IR pre-excited [Ala2+H]+ (blue and red traces, respectively) measured with UV OPO 

wavelength fixed at 210 nm. 
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Conformer non-selective IR-UV gain spectroscopy records IR transitions in all abundant 

conformers of an ion. The technique is based on a significant increase of UV photofragmentation 

upon an IR pre-excitation of cold ions.28 Figure 1a compares the measured UVPD spectra of cold 

and IR pre-excited [Ala2+H]+. The IR pre-excitation increases the UVPD yield by up to a few 

times (e.g., 4.5 times at 210 nm). Such pre-excitation broadens and redshifts the narrowband UV 

transitions in cold aromatic peptides, elevating their absorption at UV wavelengths to the red 

from (close to) the electronic band origins.28 The stronger absorption increases the number of 

UV-excited molecules, evenly scaling up the abundance of all photofragments. The UV/VUV 

fragmentation band of the peptide bond in Fig. 1a is, however, already very broad and smooth, 

such that it is unlikely that the observed increase of the fragmentation can be caused by an 

increase of the UV absorption only. Figure 1b compares the UV fragment mass-spectra of 

dialanine measured with and without an IR pre-excitation. The abundances of the two main 

fragments do not scale up proportionally upon the pre-excitation. This observation supports our 

suggestion that an increase in UV absorption alone cannot explain the increase of the 

fragmentation and points to the higher dissociation rates in IR-UV excited ions. 

Statistical dissociation of a dipeptide in the electronic ground state (subsequent to internal 

conversion) with ~5·104 cm-1 vibrational energy should be completed on a microsecond 

timescale,29-30 which is much shorter than the time-delay of 1.3 ms between the laser excitation 

and detection of fragments in our experiments. We therefore suggest that the dissociation may 

happen in an electronic excited singlet state and/or in a triplet state, where the dissociation rates 

have to compete with the radiative lifetime of the states (typically tens of ns for singlet, but much 

longer for triplet states). Additional vibrational energy imported to an ion either by a more 

energetic UV photon or by an IR pre-excitation would near equally assist in overcoming the 
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barriers between the excited and dissociative states. A comparison of the blue and red traces in 

Fig. 1a reveals that the dissociation yields are, indeed, almost the same for UV-only and for IR-

UV excitations to the same total energy. The lack of vibrational structure in the UV 

fragmentation spectrum of the dipeptide suggests that the lifetime of the excited S1 state is much 

shorter than its radiative time. This would imply a fast transfer of the excitation to another state, 

which may mediate the dissociation. We may speculate that the mechanism of VUV/UV 

photofragmentation of dialanine might be similar to the experimentally proven mechanism of 

photofragmentation of aromatic peptides, which invokes triplet states as a “storage room” for UV 

excitation.31 A comprehensive elaboration of this effect would require theoretical and further 

experimental studies, which is beyond the scope of our report. 

Regardless of its mechanism, the detected significant IR-induced increase in UVPD yield 

enables vibrational spectroscopy of the dipeptide. Figure 2 shows an IR-UV gain spectrum of 

[Ala2+H]+, measured with UV OPO wavelength fixed at 210 nm. Four well-resolved peaks are 

observed in Fig. 2 in the spectral region, where five NH/OH stretch transitions may appear in 

each conformer of the ion. IR-IR-UV hole-burning spectroscopy assigns all these peaks to the 

same single conformer (Figure S2 in SI). Theoretical calculations9, 32-33 predicted four low-

energy conformers of [Ala2+H]+, and room temperature IRMPD spectroscopy in 6 µm spectral 

region confirmed the presence of two of them9. Regarding the calculated low-energy barrier 

between these two conformers,33 we may suggest that the cryogenic collisional cooling in our 

experiments relaxes the higher-energy conformers that are abundant at room temperature to the 

single most stable structure detected herein. 
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Figure 2. IR-UV gain spectrum of [Ala2+H]+ recorded by monitoring the intensity of a1 

fragment as a function of IR OPO wavenumber. UV OPO wavelength was fixed at 210 nm. 

For a large peptide, an IR-induced relative increase of UV fragmentation yield measured by 

detecting all photofragments can be substantially lower than with detecting one/few specific 

fragments. Figure 3 shows an IR-UV gain spectrum of tetrapeptide [GPGG+H]+ recorded by 

detecting only the most abundant photofragment ([z2–H2O–CO]), which exhibits a two-fold 

increase of intensity upon IR pre-excitation (Fig. S3 in SI). A fraction of this spectrum, 

reproduced in Figure 3 for a comparison, was earlier measured by H2-tagging technique.34 The 

two spectra exhibit the same number and positions of the strongest peaks, although noticeably 

differ in some details. These differences can arise from different vibrational temperatures of the 

peptides in the two experiments, reflect the better quality of the IR-UV spectrum, but may also 

be induced by couplings of the tag to the peptide. 

350032503000
Wavenumber, cm-1
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Figure 3. IR-UV vibrational gain spectrum of [GPGG+H]+ (blue trace) recorded by monitoring 

the intensity of the fragment [z2–H2O–CO] (m/z = 70.0 Th) UV OPO wavelength was fixed at 

224 nm. The IR spectrum measured by H2 tagging (black trace) is shown for a comparison 

(reproduced with permission from ref.34). 

IR-IR-UV hole-burning spectroscopy may add conformational specificity to the gain spectra, 

but requires their high quality. The latter may degrade for larger peptides, in particular for cyclic 

ones, which are difficult to fragment. Many peptide drugs are of cyclic structure, however. This 

makes spectroscopic studies of this type of molecules particularly important. We have applied 

conformer-selective vibrational spectroscopy assisted by VUV excitation of peptide bonds to a 

mid-size non-aromatic peptide cyclo-[GRGDSP+H]+ (m/z = 570.6 Th), which is used in cell 

biochemistry as a potent vasodilator.35 UVPD MS of this peptide reveals only one charged 

fragment (loss of a water molecule by the parent), for which the intensity significantly increases 

upon IR pre-excitation (Figure S4 in SI). We monitor only this weak fragment for vibrational 

spectroscopy of the peptide. The black trace in Figure 4 shows the IR-VUV gain spectrum of 

cyclo-[GRGDSP+H]+ measured with VUV OPO fixed at 194 nm. The highly congested 

vibrational spectrum suggests the presence of more than one conformer of the peptide. 

3500325030002750
Wavenumber, cm-1
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Figure 4. IR-IR-UV hole-burning spectroscopy of cyclo-[GRGDSP+H]+. Black trace – IR-UV 

gain spectrum; green trace – IR-IR-UV hole-burning spectrum recorded with the pump IR OPO 

wavenumber fixed at 3535.2 cm-1 (transition labelled with an asterisk); blue trace – their 

difference. UV OPO was fixed at 194 nm. 

Partial vibrational resolution in the IR-UV gain spectrum of cyclo-[GRGDSP+H]+ in Figure 4 

allows for recording a conformer-selective IR-IR-VUV hole-burning spectrum of this peptide 

(green trace in Fig. 4) by fixing pump IR OPO wavenumber at one of the resolved transitions. 

The spectrum of the conformer associated with the labelled transition and named A is obtained 

as the difference of the IR-UV gain and the IR-IR-UV hole-burning spectra. Cyclo-

[GRGDSP+H]+ has ten NH and two OH stretching vibrations, of which as many as nine 

transitions has been identified for conformer A. The three remaining vibrational transitions might 

be unresolved or red-shifted due to intramolecular interactions. The IR-IR-UV hole-burning 

360034003200
Wavenumber, cm-1

IR-IR-UV HB

IR-UV Gain

Conf. A

*
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spectrum contains vibrational signatures of all but one conformers of the ion. At least ten 

transitions that are not present in the spectrum of conformer A were identified in the hole-

burning spectrum (vertical green dashed lines). Similar number of vibrational transitions in the 

conformer-specific spectrum of the conformer A and in the conformer non-specific spectrum of 

all other conformers suggests the presence of only two conformers (conformational families). 

We tentatively attribute the transitions in the IR-IR-UV hole-burning spectrum to the second 

conformer named B. Regarding the high rigidity of cyclic peptides, it is very likely that 

conformers A and B (families of conformers) are trans- and cis- isomers of proline, which are 

known to be present in Pro-containing peptides.36 

In conclusion, we have measured a gas-phase VUV/UV photofragmentation spectrum of a 

single peptide bond in a cryogenically cold protonated dipeptide. The spectrum may serve as a 

benchmark in proteomics for relating UVPD efficiency at different fixed wavelengths. Despite 

the cooling, this intrinsic peptide absorption is broad and unstructured. Nevertheless, vibrational 

pre-excitation of this and larger peptides results in a substantial increase of the yield of some 

photofragments. This effect enables the demonstrated herein all-conformer IR-UV gain and 

conformer-selective IR-IR-UV hole-burning vibrational spectroscopy of non-aromatic 

oligopeptides, The use of peptide bonds as intrinsic UV chromophores makes these techniques a 

versatile tool of vibrational spectroscopy applicable to, essentially, any small to midsize peptide. 

 

EXPERIMENTAL SECTION  

Our tandem mass-spectrometer has been described in details elsewhere.4 Briefly, ions are 

transferred from solution to the gas phase using nanoelectrospray ion source. The ions of a 

specific mass-to-charge ratio are selected with a quadrupole mass filter and guided to the 
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cryogenic octupole ion trap kept at T=6 K,26 where they are cooled down to vibrational 

temperature of ~12 K in collisions with He buffer gas.2 Once cold, the ions are irradiated with IR 

and UV OPOs. The parent and fragment ions are released from the trap, the ions of interest are 

selected in the second quadrupole mass filter, and their intensity is recorded with a channeltron 

detector as a function of laser wavelength. 

IR-UV gain spectrum is recorded with UV OPO (tuned to a fixed wavelength) and IR OPO 

(scanned over a desired wavenumber range), fired at 10 and 5 Hz repetition rate, respectively. 

The UV-only and the IR-UV photofragmentation signals are thus recorded in the subsequent 

experimental cycles. 

In IR-IR-UV hole-burning experiments the high-energy (5-10 mJ) pump IR laser is fixed at a 

vibrational transition that is specific to one of the conformers. The UV OPO and the low-energy 

(1-2 mJ) scanned IR OPO both fire at 10 Hz, while the pump IR OPO runs at 5 Hz repetition 

rate. An all-conformer IR-UV gain spectrum and an IR-IR-UV hole-burning spectrum are 

recorded in the two subsequent cycles. The latter spectrum contains vibrational transition of all 

conformers, except the one pumped by the pump IR OPO. The difference between the gain and 

the hole-burning spectra gives a vibrational spectrum of the IR-tagged conformer (see S5 in SI 

for details). 

Sample solutions at the concentration of 50 µM were prepared in HPLC-grade 

water/methanol/acetic acid (100:100:1 relative volume concentrations) mixture. L-Alanine, 

dialanine, GPGG, and cyclo-[GRGDSP] were purchased from Carl Roth GmbH & Co. KG, 

Sigma Aldrich, Bachem Inc., and AnaSpec, respectively, and used without further purification. 

ASSOCIATED CONTENT 

Supporting Information. 
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UVPD MS of [Ala+H]+ amino acid, IR-IR-VUV hole-burning spectroscopy of [Ala2+H]+ and 

UVPD MS of cold and IR pre-excited peptides [GPGG+H]+ and cyclo-[GRGDSP+H]+, energy 

diagram for IR-IR-UV hole-burning experiments. 
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S1. Photofragmentation Mass-Spectra of [Ala+H]+ and [Ala2+H]+ 

 

Figure S1. UVPD (red trace) and CID (blue trace) mass spectra of [Ala+H]+. UV OPO 

wavelength was fixed at 211 nm. Each data point is averaged over 20 measurements and mass 

increment was 0.2 Da. 

S2. IR-IR-VUV Hole-Burning Spectroscopy of [Ala2+H]+ 

 

Figure S2. IR-UV gain (blue trace) and IR-IR-UV hole-burning (red trace) spectra of [Ala2+H]+ 

recorded with UV OPO wavelength fixed at 210 nm and pump IR OPO wavenumber fixed at 3323 

cm-1. The conformer-specific spectrum (black trace) is generated as the difference of the two 

curves; the dip at 3560 cm-1 is due 2ß1 IR transition and it is shifted from the fundamental 

transition due to the mode anharmonicity. 
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S3. Photofragmentation Mass-Spectrum of [GPGG+H]+ 

 

Figure S3. UVPD mass spectra of cold (blue trace) and IR-preheated (red trace) [GPGG+H]+. UV 

OPO wavelength was fixed at 240 nm and IR OPO wavenumber was fixed at 3575.4 cm-1. Each 

data point was averaged over 20 measurements; mass increment was 0.5 Da.  

S4. Photofragmentation Mass-Spectrum of cyclo-[GRGDSP+H]+ 

 

Figure S4. Photofragmentation mass spectra of cold (blue trace) and IR-preheated (red trace) 

cyclo-[GRGDSP+H]+. UV OPO wavelength was fixed at 196 nm and IR OPO wavenumber fixed at 

3573.7 cm-1. Each data point was averaged over 20 measurements; mass increment was 0.5 Da.  
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S5. IR-IR-UV Hole-Burning Spectroscopy 

 

Figure S5.  Schematic explanation of the signal formation principles in the IR-IR-UV hole-burning 

spectroscopy: (a) UV-only signal; (b) probe IR-UV “gain” signal; (c) pump IR-UV signal; (d) 

pump + probe IR-IR-UV hole-burning signal. 

 

Figure S5 explains the principles of the IR-IR-UV Hole-Burning spectroscopy. The UV 

laser is tuned to the red from a broad UV absorption band, so that the fragmentation signal of the 

initially prepared ensemble of cold ions with conformations A and B is negligible (fig. S5a).  

(NOTE: in the present analysis we assume that the analyte has only two possible structures). 

Absorption of the IR photon by any conformer results in an inhomogeneous spectral 

broadening, which leads to a significant increase of UV-induced photofragmentation. Scanning the 

wavelength of a probe IR laser, while keeping the UV wavelength fixed, thus, generates an IR 

“gain” spectrum of all available conformers of an ion at once (fig. S5b). 

The pump IR OPO is tuned to a well-resolved vibrational band, specific to one conformer 

(conformer B in fig. S5c). A high-energy pulse of the pump IR OPO laser selectively saturates a 
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chosen transition creating an ensemble of ions in new state, in which ions of a selected conformer B 

are internally pre-heated, while conformer A remains cold. Irradiation of this new ensemble with 

the UV laser pulse generates a constant non-zero fragmentation signal, which stems only from the 

conformer B tagged by the pump IR laser. 

Figure S5d shows the IR-IR-UV hole-burning spectrum, which is essentially a “gain” 

spectrum of the selectively pre-heated ensemble. If the energy of the pump IR OPO pulse is enough 

to saturate the corresponding transition of the IR laser-tagged conformer B, its UV-induced 

photodissociation yield of the pump IR pre-heated ions does not change after absorption of the 

second photon from the probe IR OPO laser pulse. Therefore, all vibrational transitions associated 

with the conformer B disappear in the IR-IR-UV hole-burning spectrum. Since the absorption of 

conformer A does not change after the pump IR OPO pulse was fired, its IR “gain” signal ads to the 

constant baseline from the conformer B. Thus, scanning the probe laser across the whole IR region, 

while simultaneously keeping the pump IR and UV lasers fixed, generates the IR-IR-UV gain 

spectrum that contains only the bands associated with all other conformers, except the selected one, 

on top of this baseline. 

The vibrational spectrum of the targeted conformer, that is associated with the pump IR 

laser-tagged transition, is generated as the difference of the IR-UV “gain” and IR-IR-UV hole-

burning spectra, measured as a function of probe IR OPO wavelength. 
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