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Tracking Local and Global Structural Changes in a Protein by Cold 
Ion Spectroscopy  

Andrei Zviagin, a Vladimir Kopysov, a Natalia S. Nagornova, a and Oleg V. Boyarkin *a 

Characterization of native structures of proteins in the gas phase remains challenging due to the unpredictable 

conformational changes the molecules undergo during desolvation and ionization. We spectroscopically studied 

cryogenically cooled protonated protein ubiquitin and its microhydrated complexes prepared in the gas-phase in a range of 

charge states under different ionization conditions. The UV spectra appear vibrationally resolved for the unfolded protein, 

but becomes redshifted and smooth for the native-like structures of ubiquitin. This spectroscopic change results from the 

H-bonding of hydroxyl of Tyr to amide group of Glu-51 in the compact structures; the minimum length of this bond was 

estimated to ~1.7 Å. IR spectroscopy reflects the global structural change by observing redshifts of free NH/OH-stretch 

vibrational transitions. Evaporative cooling of microhydrated complexes of ubiquitin keeps the protein chilly during the 

ionization, enabling the native-like conformers with up to eight protons to survive in the gas phase.

Introduction 

Characterization of 3D native structure of proteins remains in 

the focus of life science. Nuclear magnetic resonance, X-ray 

crystallography and cryogenic electron microscopy within their 

known limitations are capable of solving 3D structures of pro-

teins in condense phase. Mass spectrometry (MS) -based meth-

ods can characterize molecules in the gas phase with unprece-

dent sensitivity, selectivity and on short timescales, which al-

lows for high throughput screening of biological samples in a va-

riety of -omics applications. Although MS, when combined with 

different methods of molecular fragmentation (e.g., collisional, 

electron transfer or photo), is the key approach for sequencing 

of proteins, the ability of MS itself to reveal 3D structures of this 

large biomolecules remains fairly limited. Moreover, the stress 

that proteins experience in MS measurements during the trans-

fer from solution to the gas phase may crucially alter their na-

tive geometry. Along with other MS-based approaches, ion mo-

bility (IM) technique allows for monitoring these changes and 

selecting specific conformers prior the MS investigations. IM de-

termines collisional cross-section of ions, which characterizes 

their geometry globally only, without revealing any local struc-

tural changes however. Cold ion photofragmentation spectros-

copy (CIS) is a recent addition to the toolbox of the gas-phase 

structural studies.1,2  Cooling suppresses thermal broadening in 

UV/IR spectra,3,4 making them vibrationally resolved, while MS 

detection of charged fragments adds many benefits of this tech-

nique. The resolved spectra allow for indirect but stringent 

structural characterization of biomolecules. Accurate gas-phase 

geometries of biomolecules as large as decapeptides and of 

their non-covalent complexes have been determined by validat-

ing quantum chemistry computations with CIS data.5,6 The ex-

tension of spectroscopy to proteins is questionable however 

due to their large number of vibrations. UV and IR spectra of a 

small protein cytochrome c, for instance, exhibit no vibration-

ally resolved structure even under cryogenic cooling.7 Here we 

report the gas-phase UV and IR spectra of a small protein ubiq-

uitin (Ubi), as well as of its microhydrated complexes, produced 

in a range of protonated charge states, from different solutions 

and under different conditions of electrospray ionization. Refer-

ring to the known global geometries of Ubi, evaluated in IM 

studies, the spectra have been related to some local and global 

structural changes in the protein. 

Fig. 1  3D back-bone structure of ubiquitin measured by X-ray diffraction (1UBQ).8  Lys-

48, Glu-51 and aromatic residues are shown explicitly. The dashed line indicates the hy-

drogen bond between the hydroxyl of Tyr-59 and the amide group of Glu-51. 
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Ubiquitin is a highly conserved eukaryotic protein, which is 

involved to the processes of intracellular protein degradation. It 

contains 76 residues, including one tyrosine and two phenylala-

nine aromatic residues (Fig. 1). It is known to be highly stable in 

a wide range of pH and temperatures due to a rich network of 

hydrogen bonds and a large hydrophobic core. The secondary 

structure of Ubi includes one large and one short -helices, a 

mixed -sheet and a disordered C-terminus domain.9 The ter-

tiary gas-phase structure of this benchmark protein in different 

charge states and under different conditions of desolvation-ion-

ization was extensively studied by H/D exchange,10-13 proton 

transfer reactions14-16 and, particularly, by IM-MS methods.17-23 

Overall, most of these studies led to a few main consistent con-

clusions. The global gas-phase tertiary structure of ubiquitin dif-

fers for different charge states and it is strongly influenced by 

the composition of the solution and by the conditions of the 

electrospray ionization. The typically “harsh” conditions of ESI 

that maximize concentration of ions in the gas phase imply their 

significant collisional heating. Under such conditions only the 

proteins in low charge states conserve their folded, solution-

like, structures. Upon increasing the number of protons, these 

compact geometries, progressively, partially and then fully un-

fold to the extended conformers. This trend is explained by in-

terplay of the intramolecular non-covalent bonds and the repul-

sive electrostatic force, which increases with the number of pro-

tons. Ubiquitin in the charge states with n ≤ 6 protons is com-

pact in the gas phase and closely resembles the folded native 

structure of the protein in solution.20 The ions with n ≥12 can 

only be observed as the extended conformers, while Ubi with 

n=7-11 exhibits broad transient distributions with compact, par-

tially and fully unfolded conformers. “Gentle” ESI conditions 

minimize collisional heating of the ions and hinder the unfold-

ing. Under such conditions, the ions with n=7 retain their native 

compact structures, although already for n=8 the proteins be-

come partially unfolded and only a fraction of them remains 

compact.20 In opposite, the “harsh” ESI and denaturing solu-

tions (e.g., methanol/water) assist in the partial unfolding: the 

charge distribution shifts toward high states due to a facile ac-

cess to internal protonation sites, such that for the same charge 

state, the conformational distribution shifts toward (partially) 

unfolded structures.16,24 This rich suite of global structural infor-

mation will be used herein for calibrating spectroscopic data ob-

tained below for Ubi under similar conditions. 

EXPERIMENTAL SECTION  

Our cold ion spectrometer has been described in detail else-

where.2,25,26 Briefly, multiply protonated ubiquitin ions are 

brought to the gas phase directly from solution and transferred 

into the low-pressure region of the spectrometer by an orthog-

onal, double ion-funnel (DIF) nano electrospray ionization (ESI) 

source or by an inline triple skimmer “super gentle” nano-ESI 

for the experiments with the microhydrated protein. The latter 

source allows for adjustment of ESI conditions (e.g., by increas-

ing the inter skimmer potentials) from the “super gentle” to 

gentle and harsh, but produces lower ion current than the for-

mer source. The settings of the triple skimmer source for the 

gentle and harsh conditions were determined by obtaining UV 

spectra that are nearly identical to the ones measured with DIF 

ESI under the same category of the conditions (gentle or harsh). 

The electrosprayed ions of interest in a certain charge state 

are pre-selected by a quadrupole mass filter and guided into a 

T=6 K octupole ion trap,27 where they get trapped and cooled in 

collisions with He buffer gas. Once cooled, the ions are frag-

mented by a UV laser pulse of ns duration for electronic spec-

troscopy or by IR and UV laser pulses for vibrational spectros-

copy. The ions are then released from the trap and analyzed by 

a quadrupole mass spectrometer. The loading of the cold ion 

trap is performed at 20 Hz repetition rate, while the laser 

sources work at 10 Hz. The appearing unresolved mass peaks of 

the UV photofragments correspond to the mass-loss of 45-100 

Da by the bare protein. An electronic photofragmentation spec-

trum is recorded by measuring the dissociation yield of all these 

fragment ions as a function of UV wavelength in the loading cy-

cles with the laser pulses, while the number of parent ions is 

measured in the alternative, “laser-free” cycles.  The vibrational 

“gain” spectra of the bare protein are measured by fixing UV 

laser wavelength at the red from the electronic band origin, 

while monitoring the appearance of photofragments as a func-

tion of the wavelength of the preceding IR laser pulse. The pho-

todissociation vibrational spectra of the microhydrated proteins 

were measured by detecting the complexes that loose 3-5 wa-

ter molecules upon absorption of IR photons. Each data point in 

a spectrum is averaged over 10 measurements and normalized 

on the average signal of parent ions and the average UV energy 

of the respective 10 laser shots. We typically measure each 

spectrum three times and, finally, average them. 

Ubiquitin from bovine erythrocytes (≥98 % purity) was pur-

chased and used without further purification. A stock solution 

of ubiquitin was prepared by dissolving it in pure water. For 

electrospray ionization, the aqueous stock solution was further 

diluted to yield a 50 μM solution either in water or in a wa-

ter/methanol (50/50) mixture with addition of 1% of acetic acid. 

Water, methanol, and acetic acid are of LC-MS grade. 

The use of the nano electrospray capillaries with small diam-

eter of opening (the typical flow rate as small as 80-120 nL/min) 

is crucial for preventing formation of Ubi dimers at the used 

concentration of < 50 M.28 The lack of dimers was confirmed 

by lack in mass spectra of any noticeable peaks that correspond 

to the ions with non-integer m/z; these dimers could arise from 

clustering of highly abundant ions in n and (n+1) charge states 

(Fig S1). 

RESULTS AND DISCUSSION 

UV spectroscopy of bare Ubi 

Figure 2 shows a panoramic UV photofragmentation spectra of 

the +6 to +12 charge states of cold ubiquitin in the spectral 

range that overlaps the electronic band origins of both Tyr and 

Phe aromatic residues.4  Except for the +6 and +7 states, the 

ions were electrosprayed from a denaturing solution (metha-

nol/water/acetic acid, 50/50/1). Ubi in all the charge states ex-
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perienced “harsh” conditions of ESI, which were tuned to max-

imize the number of ions. The spectra are dominated by Tyr ab-

sorption, which is 5-6 time stronger than that of Phe.29 For the 

number of protons n=6, the absorption extends to the red from 

the band origin of Tyr by as much as ~1200 cm-1 and, apart from 

a few “bumps” and one broad peak, appears vibrationally unre-

solved. The lack of prominent sharp peaks is in line with the gen-

eral expectation that no/little vibrationally-resolved structure 

can be observed for a large molecule like Ubi. IM studies firmly 

assign Ubi6+ in the gas phase to compact, native-like, struc-

tures.20,30 
 

Fig. 2 UV photofragmentation spectra of protonated [Ubi+n·H]n+, n=6-12, recorded for 

the ions produced under harsh settings of the ESI source from methanol/water solution 

for n=8-12 and from water for n=6-7. The numbers on the left indicate the charge states 

of Ubi; the numbers above the spectrum of the +9 state indicate the spacing in the vi-

brational progressions that are specific to Tyr and Phe. 

We, thus, can tentatively correlate a broadband spectrum 

with folded conformers of Ubi6+. In contrast to the spectrum of 

the protein with n=6, a striking feature in all other spectra in 

figure 2 is the clearly resolved vibrational bands, which are the 

most prominent for the n=7-9 states.  The largest well-resolved 

peaks in these spectra are of ~40 cm-1 wide. They exhibit a 

Franck-Condon progression with the characteristic for the Tyr 

aromatic ring frequency of the “breathing” mode (~810 cm-1).4 

The maximum of the first absorption band (35469.4 cm-1) in the 

spectra of the +7 to +9 states of Ubi appears to be very close to 

the band origin of the neutral Tyr.31,32 The position of the elec-

tronic band origin in Tyr is known to be very sensitive to local 

environment of its side chain. Non-covalent interactions with 

hydroxyl of the residue, as well as the proton– and the weaker 

H– couplings with the aromatic ring can induce large spectral 

shifts of the UV absorption onset.33-35 The lack of a spectral shift 

(n=7-9) implies the lack of substantial non-covalent interactions 

of the Tyr side chain with its environment. This local isolation of 

the side chain is consistent with the IM observations of, mainly, 

the partially unfolded structures for +7 to +9 charge states of 

Ubi in the gas phase.20,30 

The spectral resolution progressively degrades and the on-

set of the absorption redshifts for the +10 to +12 charge states. 

Different from the smooth spectrum of the +6 state, the arising 

redshifted bands remain, however, structured. For n=10-12, Ubi 

in the gas phase was found to adopt, mostly, the unfolded struc-

tures. We tentatively attribute the redshifted bands to those 

conformers, in which the additional charges occupy the proto-

nation sites that are close to the side chain of Tyr. This may lead 

to a long-range proton- interaction, which is known to shift the 

UV band origin of Tyr to the red.36,37 The conformational fami-

lies that differ by occupation of the available in the vicinity of 

Tyr side chain protonation sites should exhibit distinct onsets of 

UV absorption. The overlap of these similar but shifted absorp-

tions of different intensities may generate the stepwise spectra 

observed for n=10-12. 

In addition to the large peaks of Tyr, a few well-reproducible 

spikes appear on top of the Tyr absorption bands above ~37500 

cm-1 (Figs. 2, S2, S3). Regarding the size of the studied molecule, 

the width of some of these spikes is amazingly small, below 2 

cm-1. The most intense of them appears in the spectrum for n=9 

at 37527 cm-1. This is very close to the electronic band origin of 

Phe residue in, for instance, helical peptides, where aromatic 

side chain of Phe is free of any non-covalent interactions.38 The 

sharp peaks are spaced by ~530 cm-1, which is a highly conserva-

tive frequency of the in-plane bending of the Phe ring.39 Based 

on these observations, we firmly assign these peaks to the ab-

sorption by Phe residues of the protein. The Phe peaks of differ-

ent intensities remain sharp and can be tracked in the spectra 

of all the charged states. We cannot distinguish however 

whether these electronic transitions originate from the two dif-

ferent Phe residues of ubiquitin or from the same Phe but resid-

ing in different conformers of the protein. The lack of a shift for 

n=6 and 7 (e.g., Fig. S2 red traces) implies no interactions of the 

Phe aromatic rings with the environment in these charge states. 

A small shift with no broadening of the peaks for n=8 and 9 (Fig. 

S3) suggests some weak interactions of the rings and therefore 

a (slightly) different environment of the chromophores in these 

states compared with the n=6 and 7 states. The detected small 

spectral redshifts, splitting and broadening of the sharp peaks 

for n=10-12 (Fig. S3) indicate certain changes in the local envi-

ronment of the Phe residues in Ubi in these charge states too. 

The observation of the vibronic structure in the spectra of 

ubiquitin is interesting on its own. One might expect that any 

structure in a UV spectrum of such a large molecule as a protein  
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Fig. 3 Parts of UV photofragmentation spectra of [Ub+7H]7+ recorded for the protein 

electrosprayed (upper panel) from water/methanol/acetic acid (50/50/1) solution and 

(lower panel) from water/acetic acid (100/1) solution. Blue and red spectra correspond 

to the gentle and harsh ESI conditions, respectively. Vertical dashed lines show the align-

ment/shifts of the characteristic transitions. 

will be completely washed out due to an inhomogeneous spec-

tral broadening, which arises from a large number of low-fre-

quency vibrations. The UV-active vibrations are to be, however, 

associated with the changes in the protein geometry occurring 

upon electronic excitation. Because of the local character of 

electronic excitation, the major UV-induced structural changes 

occur around the Tyr chromophore, such that the Franck-Con-

don active modes are also localized in the proximity of the chro-

mophore or are coupled to it by H-bonds. The limited number 

of such modes does not yet grant the observed vibrational res-

olution. Thermal congestion, conformational heterogeneity and 

lifetime broadening of the excited state may also wash out the 

vibrational structure. Cooling ions to cryogenic temperatures is 

proven to suppress the thermal spectral broadening.40 The ob-

servation of the sharp peaks with < 2 cm-1 (figures 2, 3, S2 and 

S3) indicates that Ubi is, indeed, cold in our experiments, alt-

hough we cannot quantify its vibrational temperature. Consist-

ently with the concept of UV-active modes, the spectra of the 

cold protein that contains as many as 76 residues overall look 

for n=7-9 somewhat similar to the spectra of, for instance, cold 

gas-phase enkephalins,37,41 which contain only five residues. 

Two more observations further support the revealed above 

spectroscopy-structure correlation. Figure 3 shows four UV 

spectra of the +7-charge state, which were recorded under four 

different experimental conditions. The solution for ESI was ei-

ther water or 50/50 water/methanol mixture with 1% of acetic 

acid, and the ion source conditions were either gentle (mini-

mum RF amplitudes of the ion funnels) or harsh (maximum RF 

amplitudes of the ion funnels). The spectra of [Ubi+7H]7+ appear 

almost identical, when ubiquitin is electrosprayed from the wa-

ter/methanol solution or else from water but under harsh ion 

source conditions. Minimization of collisional activation in the 

ion source (gentle conditions) results however in a dramatic 

change of the UV spectrum of ubiquitin, dissolved in water. The 

spectrum extends to the red by more than a thousand cm-1 and 

drastically broadens. It resembles the structureless spectrum of 

the n=6 state in figure 2, although still exhibits a few partially-

resolved Tyr absorption peaks. In contrast, Phe transitions 

broaden only twice, with the width of 5-6 cm-1 (figure S2), and 

red-shift by 13 cm-1 only. Such changes are, again, fully con-

sistent with IM studies, which detect compact forms of the pro-

tein in the n=7 state only for “gentle” ESI from aqueous solu-

tions.20 The changes in absorption by Tyr clearly manifest crucial 

changes in its local environment; the shift and broadening of the 

Phe peaks suggest certain changes in their environment too. 

Figure 4 compares the UV spectra measured under the harsh 

(red traces) and gentle (blue traces) ESI conditions for the +6 to 

+8 charge states of Ubi dissolved in water. The two UV spectra 

for n=6 look quite similar and resemble the broad spectrum of 

Ubi7+ produced by gentle ESI, which implies a compact structure 

of Ubi6+ under both conditions.  Regardless of the conditions, 

the UV spectra of the +8 state exhibit the same vibrationally re-

solved structure, although in the “gentle” spectrum the peaks 

sit on a broad substrate that extends to the red by ~1100 cm-1. 

Regarding the IM studies,20 such superposition of the resolved 

and broadband spectral components in the “gentle” spectrum 

indicates the presence of both compact and extended struc-

tures of the protein. In contrast to Tyr, the sharp peaks of Phe 

do not exhibit a dramatic change (Fig. S2). The gentle produc-

tion of Ubi nearly doubles the width of these peaks and redshifts 

them by ~12 cm-1 for the +7 and +6 states, but does not influ-

ence the peaks for the +8 states. This implies a change of local 

environment for +6 and +7 states upon collisional activation, 

such that Phe side chain becomes free of any non-covalent in-

teractions, while for Ubi8+ the interactions (and environment) 

remain the same. 

UV spectroscopy of hydrated Ubi 

Tuning the triple skimmer ESI source to further minimize colli-

sional heating enables retaining water molecules on ubiquitin in 

the gas phase. The Ubi7+(H2O)10 complex produced under such 

“super gentle” ionization conditions exhibits in the region of 

Tyr absorption a broad spectrum (Fig. 4) that looks similar to the 

one measured for the +6 state of the gently electrosprayed bare 

protein but becomes smoother, with no features at all. This sim-

ilarity prompts us to suggest that the microhydrated Ubi7+ ap-

pears in the gas phase in its folded, native-like, structure, at 

least, around Tyr chromophore. Retaining 10 or even only 5 wa-

ter molecules on Ubi8+ also fully removes the resolved transi-

tions, making the UV spectra of the Tyr residue smooth and 

eventually identical to the spectrum of the Ubi7+(H2O)10 com-

plex. No sharp peaks have been detected at the achieved level 

of S/N ratio in the Phe spectral region for all the studied com-

plexes.  A broadband structure centered on the band origin of  
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Fig. 4 UV photofragmentation spectra recorded around the UV band origin of Tyr for 

[Ub+nH]n+ (n=6-9 from bottom to top; blue and red traces) and of the protein (n=7 -9), 

microhydrated by 5 and 10 water molecules (grey traces; as labeled). For each charge 

state, the blue and red spectra were measured under the gentle and harsh conditions of 

ESI, respectively, for ubiquitin in water/acetic acid (100/1) solution. The microhydrated 

ubiquitin was produced from the same solution by the “super gentle” ESI in the triple 

skimmer ion source. 

Tyr re-appears, however, for microhydrated Ubi9+. The spec-

trum also spans to the red less than for the n=6-8 states. These 

differences indicate certain structural changes around the chro-

mophore, compared to the lower charge states. The microhy-

dration is not capable anymore of retaining the intact folded 

structure of the proteins around the chromophore, such that a 

fraction of them resides in partially unfolded n=9 states. 

We rule out a direct influence of water molecules on the UV 

absorption by Tyr in the complexes with only 5 and 10 water 

molecules, since no waters close to the Tyr residue was de-

tected in NMR42 and X-ray8 studies for a partially hydrated 

(folded) Ubi. NMR studies explicitly observed H-binding of the 

Tyr side chain to the nearby Glu-51 residue even in the presence 

of a hydration shell of the protein.42 These facts and our obser-

vations suggest that even for n= 8 and, largely, for n=9 the pro-

tein in the gas phase can retain its compact, solution-like, struc-

tures, provided the protein was “super gently” electrosprayed 

from an aqueous solution. It is unlikely that folded structures of 

the large protein can be preserved just by five remaining water 

molecules.  We suggest that the retained water molecules allow 

adiabatic evaporative cooling of ubiquitin during ESI, thus pro-

tecting the protein from an excessive vibrational heating re-

quired for its unfolding in the gas phase.43,44 The computations 

estimate that the evaporation may reduce the internal temper-

ature of ubiquitin by as much as 60-70 K.45 The remaining wa-

ters are to be those that have the highest binding energy to the 

protein, further contributing to its structural stabilization. Only 

the fully compact structures of Ubi in the n=8 and 9 states have 

never been observed in ion mobility studies, which revealed 

mixed distributions of compact and partially unfolded geome-

tries of the protein.30 This difference implies that the “super 

gentle” ESI conditions created in our experiments are the key 

to protect the native structure of Ubi with n=8 and, partially, of 

n=9 in the gas phase. 

The broadening of Tyr absorption in compact structures of 

the cold protein can be rationally explained by (i) short lifetime 

of the excited electronic state of Tyr, (ii) high conformational 

heterogeneity of native-like structures of ubiquitin. Lifetime of 

the S1 state of Tyr, potentially, could be substantially shortened 

due to hydrogen or charge transfer through the H-bond to Glu-

51. To result in a ~1000 cm-1 homogeneous broadening, the life-

time is to be on the scale of ~5 fs. This would be much faster 

than the ~370 fs timescale of the electron transfer through the 

H-bond in the Phenol-(NH3)5 noncovalent complex, which is the 

fastest processes ever observed for S1 state of Tyr or phenol.46 

We thus consider highly unlikely that a lifetime broadening 

alone can explain the observed spectral broadening in the spec-

tra of compact Ubi. NMR studies suggest tens of conformers of 

Ubi in condense phase.47,48 The position of UV band origin of Tyr 

is highly sensitive to the strength of non-covalent bonds.33,34  

Variation of this strength among numerous conformers would 

lead to different shifts of UV band origin in the ensemble of the 

folded structures. We propose that, it is the combination of the 

lifetime broadening and the conformational heterogeneity that 

results in the observed smooth broadening in the spectra of the 

compact structures for n=6-8. Two types of non-covalent inter-

actions can lead to large UV spectral shifts: H-binding of the Tyr 

hydroxyl to amide group of Glu-51 and proton- interaction of 

the aromatic ring of Tyr. The shift of the electronic band origin 

to the red in the spectra points to the binding of the hydrogen 

but not oxygen of the Tyr hydroxyl group to the amide group of 

Glu-51.33 The available data for redshifts of the UV band origin 

in function of the length of H-bond between hydroxyl oxygen in 

phenylalanine and the amide group of different species (Fig. S4) 

suggest that, the minimum length of OH(Tyr)···NH(Glu-51) bond 

should be as short as ~1.7 Å. This however contradicts to the 

available NMR structures of the protein, in most of which the 

oxygen of OH is closer to the hydrogen of the Glu-51 amide (PDB 

structures 1D3Z (10 models),49 2MSG48). It is worth noting that 

these structures are not charge-specific and all differ in the po-

sition of the atoms involved to the binding. The NMR and X-ray 

structures do not favor the proton- . For n=6-

8, the nearest proton resides on the side chain of the lycine-48 

residue50 at the distance of 6-7 Å;8,49 the occupancy of this site 

is unknown for n=9. Such ring-to-charge spacing seems to be 

too large to account for ~1000 cm-1 redshifts. Moreover, the 
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large redshift and broadening remains in the UV spectrum of 

the n=5 state, in which the lycine-48 side chain was found not 

to be protonated in the gas phase (Fig. S5). We thus rule out this 

interaction and suggest that the observed spectral broadening 

is due to OH(Tyr)···NH(Glu-51) binding. Full/partial desolvation 

of the protein certainly reshapes its structure and may lead to 

some modifications of the network of H-bonds, including the 

binding of Tyr hydroxyl. Vibrational spectroscopy data below 

provide a direct support for this suggestion. 

IR spectroscopy 

Vibrational spectroscopy, which reflects the global structure of 

a protein, provides a direct evidence of the transition from un-

folded to folded structures and allows for unambiguous assign-

ment of the Tyr-Glu hydrogen bond.  Figure 5 compares the IR 

spectrum of Ubi7+ electrosprayed from water solution under the 

harsh conditions with the spectrum of the Ubi7+(H2O)5 complex. 

The IR spectrum of the bare protein contains a number of sharp 

resolved peaks in the region of 3430-3590 cm-1 and a distinct 

peak at 3647 cm-1. The sharpness of these peaks implies that 

they originate from non- or weakly-disturbed vibrations. Bear-

ing this in mind and based on the known characteristic frequen-

cies of molecular transitions in peptides,2 the observed sharp 

peaks in the regions of 3430-3500 cm-1 and 3500-3590 cm-1 can 

be assigned to free NH and carboxylic OH stretches, respec-

tively. The sharp peak at 3647 cm-1 perfectly matches to the free 

phenolic OH stretch of Tyr4,36, while carboxylic OH stretches lie 

below 3600 cm-1 (Table 2 in ref2) and the free aliphatic OH 

stretches of serine and threonine are somewhat higher in fre-

quency (3665-3690 cm-1).51,52 We therefore  assigned the tran-

sition at 3647 cm-1 to the free hydroxyl of Tyr residue. In the 

native folded conformers of Ubi the hydroxyl is not free, but 

coupled to Glu-51.50 Appearance of this characteristic transition 

is a direct evidence of the protein unfolding in the region of Tyr. 

Disappearance of this transition in the IR spectrum of the com-

pact structure implies that it redshifts and becomes buried in 

the manifold of transitions of H-bound OH/NH groups. This al-

lows us to estimate the anharmonic shift of the OH-stretch of 

the Tyr hydroxyl as, at least, ~170 cm-1. Such large redshift is 

possible only, if the hydrogen but not oxygen of the Tyr hydroxyl 

is bound (to the nitrogen of the Glu-51 amide). The firm assign-

ment of this characteristic H-bond explains the UV spectral 

broadening and shifts observed for the compact states of the 

protein.   

The observation of a large number of free NH/OH stretch 

vibrations in the IR spectrum of the n=7 state of the “harshly” 

electrosprayed Ubi manifests a break of many intramolecular H-

bonds present in native conformers of the protein.53 Consist-

ently with UV spectroscopy and IM studies, this implies an un-

folded global structure of Ubi7+ ions, brought to the gas phase 

under the “harsh” ESI conditions. The IR spectrum changes dras-

tically, when Ubi7+ is produced under the “super gentle” condi-

tions that allow retaining of five waters on it. All the sharp tran-

sitions shift to the red and become unresolved. This change un-

ambiguously indicates an involvement of the previously free 

NH/OH groups to H-bonds. Regarding the large number of these 

free groups, it is highly unlikely that five waters only can take up  

 

Fig. 5 IRPD spectra of [Ubi+7H]7+ electrosprayed from water under the harsh ion source 

conditions (red) and of the same protein microhydrated by five water molecules (blue). 

all these vacancies. We thus conclude that, the observed spec-

tral change reflects the retaining of the network of intramolec-

ular H-bonds in the gas-phase protein, which implies its globally 

compact structure. 

Conclusions 

To sum up, this study demonstrates that, even for biomolecules 

as large as proteins, cold ion spectroscopy can provide a valua-

ble structural information. Complementary to other methods, 

CIS allows for tracking of global (in IR) but also of local (in UV) 

structural changes in the gas phase. We recorded UV and IR gas-

phase spectra of cryogenically cooled protonated protein ubiq-

uitin and its microsolvated complexes, electrosprayed from 

aqueous and denaturing solutions under different conditions of 

collisional heating in the ion source and in different charged 

states from +5 to +12. Some of the UV spectra exhibit vibra-

tional resolution in the spectral regions of absorption by Tyr and 

Phe residues. Being calibrated by the earlier IM studies, these 

resolved spectroscopic fingerprints were assigned to par-

tially/fully unfolded conformers of Ubi. These conformers dom-

inate for Ubi in +9 to +12 charged states, but also for the +7 and 

+8 states, provided the ions are produced from denaturing so-

lutions or undergo a substantial (e.g., “standard”) heating 

(harsh conditions) during the ESI process. The unresolved spec-

tra correspond to the protein in the native-like, folded, states, 

in which hydroxyl of Tyr residue forms H-bond with the amide 

group of Glu-51 residue. Regardless of the ESI conditions, the 

vast majority of the conformers exhibit the spectroscopic signa-

ture of the compact, native-like, structure for ubiquitin with 

n=6. Ubi7+ retains its native-like structure in the gas phase only 

if produced from an aqueous solution under “gentle” ESI con-

ditions that prevent substantial heating of the protein. Consist-

ently, IR spectroscopy reveals the break of many intramolecular 

H-bonds, including the one with Tyr hydroxyl, under the 

“harsh” conditions of ESI, but disappearance of the free NH/OH 

transitions in the “chilly” microhydrated protein. The increas-

ing electrostatic repulsion partially unfolds Ubi8+ even under 
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mild heating under the “gentle” ESI conditions. Retaining a few 

water molecules on Ubi8+ and Ubi9+ protects these ions from 

heating by evaporative cooling of waters, which allows the 

folded structures of the protein to survive in the gas phase for 

long time. Our observation of the OH–NH but not HO–HN hy-

drogen binding between Tyr-59 and Glu-51 residues provides an 

example evidence that, the compact gas-phase structures are 

not really “native”, but rather the native-like ones only. 

The observed crucial role of water molecules for retaining 

compact structure of ubiquitin in the gas phase is practically rel-

evant to the field of “native mass spectrometry”.54 Retaining na-

tive-like structure of large biomolecules (e.g., proteins, com-

plexes of proteins, etc.) in the gas phase requires  softening of 

the ESI conditions. This need for a gentle ionization contradicts 

however to the desire of a high mass resolution, which favors 

full desolvation of ions. Our study demonstrates that the ap-

pearance of microhydrated ions in the gas phase ensures their 

low internal energy: evaporative cooling keeps the ions “chilly” 

for the best protection of the solution-phase structures of bio-

molecules. Native MS should take this fact into account; the ion-

ization and desolvation procedures, perhaps, can be separated. 
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