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Abstract
Over last decade the spectroscopy of cryogenically cold ions isolated in the gas phase
has been developed to a new tool for structural elucidations of biological molecules.
Cooling allows for vibrational resolution in UV and IR spectra of small to midsize
peptides, enabling different multi-laser techniques of conformer-specific
spectroscopy. We first briefly overview some fundamental and technical aspects of
the cold-ion spectroscopy (CIS) approach and illustrate its application to protonated
peptides, carbohydrates and to non-covalent complexes of these biomolecules. The
challenges and limitations of CIS in view of its relevance to life-science studies are
critically assessed. Finally, we discuss and illustrate some approaches of CIS to
analytical identifications of biomolecules, in particular the recently developed
method of 2D UV-MS fingerprinting, which combines CIS with high-resolution mass

spectrometry.
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INTRODUCTION

Conformational/isomeric heterogeneity of biomolecules in vivo is a key factor
that enables high diversity and dynamical flexibility of their biological functions. A
change in three-dimensional structure of a protein in response to environmental
conditions or biological signaling may alter its activity from live to death.!
Determination of 3D structures of the conformers and revealing the mechanisms of
their interconversion in vivo is therefore one of the key problems that have to be
solved to enable an intelligent modeling of functionality of biomolecules on a
fundamental, molecular level. Currently, none of the known methods alone, owing
their limitations, is capable of unambiguous structural determinations for the variety
of biomolecules. X-ray diffraction may determine 3D structures of crystallized
biomolecules with high resolution, but the crystallization may drastically alter the 3D
geometry of molecules they adopt in vivo.>® This powerful method remains the main
working “horse” for solving structures of large biomolecules, although crystal
structures of only rigid molecules with low conformational heterogeneity may have
direct relevance to their native conformations. The recently developed to the level of
a laboratory technique method of cryogenic electron microscopy (cryo-EM) solves
some of these problems.* It can be applied for structural determinations of large
biomolecules, rapidly frozen to cryogenic temperatures in a thin layer of solvent. In
addition to the problems of radiative damage and limited resolution, which are
continuously improving, this method still suffers from a limited ability to resolve
multiple conformers of biomolecules. Alone with cryo-EM, NMR spectroscopy in
vitro is, eventually, the only proven method capable of providing direct structural
constraints in the form of internuclear distances for biomolecules in their quasi-
natural environments — in aqueous solutions or in hydrophobic solvents (e.g. for
membrane proteins and peptides). In conjunction with “inexpensive” low-level
methods of computational quantum chemistry these constraints allow for solving
“native” structures of biomolecules as large as proteins.”> One of the severe
limitations of NMR is its low ability to resolve multiple conformational structures
that may interconvert on the time scale of the measurements.® To a certain extent this
limitation can be overcome by time-resolved 2D IR spectroscopy of biomolecules in
solutions.” This approach, basically, detects anharmonic couplings of molecular
vibrations; the detected correlation can be used to constrain structural computations.

Although demonstrated for several different systems, the 2D IR approach is by far



lower in its performance (e.g. size of molecules and accuracy) than NMR, primarily
due to a poor spectral resolution in solutions.

One common problem for the condense phase methods is a need for highly
purified sample in relatively large quantities. The development of electrospray
ionization, which allows for transfer of large, non-volatile biomolecules directly from
solution to the gas phase, enabled the use of mass spectrometry (MS) for structural
determinations. High sensitivity and m/z resolution of MS instrumentation drastically
reduce the required amount and purity of samples. While MS alone is low
informative for 3D structure of biomolecular ions, there are, at least, two associated
approaches, which may deliver certain structural information. For instance, electron
transfer/capture dissociation methods demonstrate certain selectivity to tertiary
structure of proteins, allowing an evaluation of their overall folding state, although by
far these methods cannot serve for unambiguous validations of 3D structures.® The
technique of ion mobility, which measures drift times of ionic conformers dragged
through buffer gas by a weak electrical field, is capable to separate conformers with
sufficiently different collisional cross sections.” Each drift time can be converted to
an ionic collisional cross section, thus providing a direct but single structural
constraint for validating calculated 3D geometry of a conformer (conformational
family). As none of the mentioned above methods alone can provide unambiguous
assignment of each calculated single conformational structure, the current
developments in structural elucidations are two-fold. The continuous developments in
computer technology and computational theory are making calculations faster, which
allows for treatment of larger molecular systems and with a better accuracy.
Experimentally, one would like to combine different proven techniques and
implement new approaches for measuring more and more structural constraints,
suitable for pre-selecting calculated molecular geometries and for highly confident
validation of the final optimized structures. Laser spectroscopy, when combined with
cryogenic cooling of ions and their mass spectrometric detection is one of the recent
tools capable to provide large numbers of structural constraints for gas-phase
biomolecules. The ions of interest can be stored in a cryogenic ion trap, cooled in
collisions with a buffer gas (e.g., He) and then spectroscopically interrogated by
pulses of one or several lasers. The early stage developments in this field have been
reviewed elsewhere.!? Herein, after giving some tutorial background information and

a short historical reference, we review the most recent developments in IR/UV cold



ion spectroscopy for structural determinations and identifications of biomolecules.
We then shortly overview the recently launched!! new research direction in cold ion

spectroscopy — analytical identifications of isomeric biomolecules.

I. Vibrationally-resolved Spectroscopy of Biomolecules

Spectroscopy measures the energy and intensity of optical transitions between
quantum states of molecules, therefore reflecting their molecular structure. IR
spectroscopy in particular can measure vibrational frequencies, which directly reflect
nuclear motions in molecules. Large biomolecules are typically classified as
asymmetric tops, such that all fundamental transitions are formally IR active.
Frequencies of these transitions can serve for a stringent multipoint validation of
calculated structures, although this requires calculation of the frequencies for each
candidate structure. UV spectra of large molecules containing aromatic groups
reflect more complex vibronic transitions (rotational resolution is unrealistic already
for midsize biomolecules), which are governed by the Frank-Condon principle and
which are challenging to reproduce by calculations. This makes a straightforward use
of UV spectra for structural elucidations very challenging. Instead, high-resolution
UV spectra, molecular “fingerprints”, which are reach in details, can be used for
identification of structurally different molecules, including isomers and conformers.
In addition, well-resolved UV transitions can be used for spectroscopic tagging of
different conformers in IR-UV double resonance vibrational spectroscopy. Finally,
UV excitation can be used for photofragmentation of ions, serving as a convenient

and highly sensitive detection tool.

1.1  Suppression of Inhomogeneous Broadening by Cooling

One common problem of optical spectroscopy is the spectral congestion that
may arises (i) from thermal population of many molecular (including conformational)
quantum states, (ii) from broadening/ splitting of transitions to excited
vibrational/vibronic states due to their short lifetime. Overlap of these numerous
transitions prohibits vibrational resolution in room temperature vibrational/electronic
spectra of mid- to large size molecules, drastically reducing the obtained
informational content. = The first experimental challenge in spectroscopy of
biomolecules is therefore to minimize this congestion. While the lifetime broadening

(splitting) is intrinsic to excited states and cannot be suppressed, the inhomogeneous



thermal congestion can be fully removed by condensing all the ions to a single
rovibrational state. Cryogenic cooling of rovibrational degrees of freedom in large
ions isolated in the gas phase may indeed greatly suppress this broadening (Figure

1.1).
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Figure 1.1 Schematic energy diagram illustrating suppression of spectroscopic
thermal congestion by cryogenic cooling. The top panel compares UV spectra of gas-
phase protonated tyrosine measured at room temperature (300 K) and cooled to
vibrational temperature of 12 K in a cryogenic 22-pole ion trap.'?

But, how low one should cool biomolecular ions to attain vibrational resolution in
their spectra? Cryogenic rotational cooling is essential for small and midsize
biomolecules only. Indeed, in the absence of lifetime broadening the width of a
vibrational transition, Avi, is determined by rotational thermal distribution and,
roughly, by the largest rotational constant of a molecule as:

Myar = \[FTrB, 1)
where T and B are rotational temperature and the constant, respectively. For

instance, for a decapeptide gramicidin S, B= 1.2:10 ¢cm™,!3

such that already at
T=100 K the rotational broadening reduces to ~1 cm™!. The broadening scales down

upon increasing the number of residues N in a peptide approximately as Av,.,; &
+Tro:/N. Extrapolating the above numbers to a small protein cytochrome C (104

residues), one gets ~ 0.1 cm™! for the rotational broadening, which is on the scale of

the linewidth of typical high-resolution tunable ns pulsed lasers. Vibrational cooling



is more essential for suppressing thermal congestion. Typically, the energy of the
lowest excited vibrational states in biomolecules doesn’t exceed 15-20 cm™! (large
amplitude motions of molecular groups). To limit the thermal population of such
levels, let say, to 10% of the ground state population, one would need a vibrational
temperature of 9-12 K. Such cooling will reduce the intensities of vibrational “hot”
bands (the transitions, originated from thermally populated non-ground vibrational
levels) relative to the intensity of the fundamental transitions (the transitions,
originated from the vibrational ground state) to below 10%. A more stringent
condition of 1% would require only a slightly lower vibrational temperature of 6-8 K.
Overall, the above consideration suggests that, the internal cooling to below ~10 K
will largely remove thermal congestion in IR and UV spectra of midsize and larger
biomolecules. Further cooling, for instance, by embedding biomolecules to He
nanodroplets (0.37 K), unlikely will simplify the spectra, although can be useful for
some spectroscopic applications.

The last source of thermal congestion in IR and UV spectra is conformational
heterogeneity of biomolecules. This source of broadening can be essential even at a
cryogenic temperature, provided the cooling is of non-adiabatic nature. Relative
population of the conformers that are separated by the energy barriers much higher
than this temperature, is not a function of the temperature itself, but rather of the
cooling rate.!* An ultimately slow (adiabatic) cooling should condense all the
molecules in the global vibrational ground state, although the, typically, fast
(compared with the rates of conformational interconversions) non-adiabatic
collisional cooling in RF ion traps results in trapping of cold ions in higher local
potential minima too. A prompt collisional cooling also allows for bracketing the
energies of high-energy conformers, which may be spectroscopically observed in
cryogenic ion traps. Indeed, biomolecules are often transferred to the gas phase using
the electro spray ionization (ESI) technique. The internal temperature of the ions in
ESI, typically, does not exceed T=500K.'> Taking this value and assuming that for a
reliable detection the spectroscopic transitions due to minor conformers should be, at
least, of 10% intensity (n;) relative to the similar peaks of the lowest energy
conformer (np), one can evaluate the maximum relative potential energy of the
conformers that can be detected as:!6

AU = kT"In(n, / n,) = 2.3 kcal/mol. (2)



The meaning of the 2.3 kcal/mol cutoff is that, no gas-phase molecular conformers
with the potential energy (relative to the most stable conformer) above this value can
be detected in a typical cold ion spectroscopy experiment. This energy cutoff can be
quite useful in limiting the conformational search of suitable gas-phase molecular
structures generated by quantum chemistry computations. A lack of a calculated
structure, whose energy is below 2.3 kcal/mol and for which the calculated IR
spectrum matches to the experimentally measured one, may indicate that this
conformer originates from a kinetically trapped” solution geometry.!” Apparently,
the suggested energy cutoff rule can be applied only, if the computational accuracy is
proven to be much better than 2.3 kcal/mol.

Collisional cooling of small to midsize biomolecules in cryogenic traps is,
typically, sufficiently fast and does not suppress the thermal congestion, caused by
conformational heterogeneity. A positive side of this effect is that a researcher has
access to high-energy conformers, some of which may, roughly, reflect the geometry
of molecules in solution. This opens additional opportunities for revealing the
landscape and interconversion of the conformers, although requires more complex
spectroscopic tools to attain conformational selectivity.

Overall, internal cooling is more essential for UV, than for IR spectroscopy.
The latter is, typically, performed in the 1000-3700 cm spectral regions of
characteristic high-frequency vibrations (CO, NH, OH groups), where transitions
from thermally populated lowest-frequency vibrational modes appear as “hot bands”.
Already at a moderate cooling, only a few modes, for which Evi, > kTyip, remain
sufficiently populated, making thermal broadening less significant than, for instance,
the homogeneous broadening due to anharmonic mode couplings (including
hydrogen bonds). Lifetime broadening due to intramolecular vibrational energy
redistribution (IVR) in biomolecules thus remains the intrinsic limit for spectral
resolution in IR spectra, and it cannot be suppressed by cooing. In UV spectra, each
low frequency mode, in addition to a hot band, manifests itself as closely spaced
vibrational progression that originate from the thermally populated level with the
number of peaks in each progression governed by the Frank-Condon factor. An
overlap of such progressions quickly congests the UV spectra upon an increase of the
energy of UV photons above the electronic band origin.!® Lifetime broadening of the
electronic band origin and a few lowest energy vibronic transitions is insignificant,

provided the excited electronic states do not undergo fast internal conversion or



intersystem crossings. The excitation of these states, indeed, doesn’t induce any [IVR
on the excited electronic surface. The contribution of IVR to spectral broadening of
vibronic transitions quickly increases however upon increasing vibrational energy of

the excited electronic state.

1.2 Types of Cold Ion Traps

A convenient way to cool a large number of biomolecular ions produced by
electrospray ionization sources is to store them in a cold ion trap and then remove
internal energy in inelastic collisions with a cold buffer gas. There are many types of
ion storage devices, which have been demonstrated as suitable for collisional cooling
of molecular ions to as low as a temperature of a few K. For a deeper understanding
of the principles, the advantages and limitations of different cold ion storage devices
we can recommend, for instance, a nice book chapter by Gerlich,! as well as some
later review and research articles on this topic.!% 2°-2¢ Here we only briefly summarize
the most essential fundamental and practical aspects of cooling large biomolecular
ions in the most popular radio frequency-driven linear and 3-D Paul ion traps.

Radio frequency-driven (RF) quadrupole Paul traps,?’” made of stainless steel,
are readily commercially available and convenient for interfacing with time of flight
mass spectrometers. There are several drawbacks of these traps too. First, the
commercial traps still need to be mechanically modified to get access to the stored
ions by laser beams. The number of stored ions is also limited due to a small volume
of these traps. Most important, however, is the fact that they capable of only a limited
collisional cooling of the stored ions. Most of the publications report vibrational ion
temperatures above 40-50 K with the traps cooled to below 10 K.?® A recent report
by Fuji et al. suggests that it might be an effect of the extremely low thermal
conductivity of stainless steel at low temperatures. They solved the problem by
making a Paul trap of gold-plated copper and demonstrated the vibrational
temperature of T=12 K for the cooled ions (Figure 1.2).2° We believe, it is the RF
self-heating of the trap internal surfaces rather than the low thermal conductivity of
stainless steel that limits the lowest attainable temperature of standard Paul traps. A
gold plating of such stainless steel traps should solve the problem in a most

economical way, yet to be verified.
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(b)

Figure 1.2 (a) Photo of the modified 3D quadrupole cryogenic ion trap from Tokyo
(reproduced with permission from ref>”) and (b) the schematic of the wired linear

quadrupole cryogenic ion trap designed in Prague (reproduced with permission from
ref.3%).

Linear cold ion traps used for spectroscopy of ions, including heavy
biological ones (peptides and proteins), are not available commercially. Several
different designs, which differ, first, of all, in the number of poles, were developed
over last two decades, after pioneering works by Gerlich.!” Regardless of the number
of poles, which ranges from 4 to 22, they offer an easy laser beam access to the
stored ions and vibrational cooling to below 10 K. Historically, the first successful
experiments on spectroscopy of electrosprayed biological ions have been performed
in 22-pole cold traps,'? which were initially developed for spectroscopy of small ions,
relevant to astrophysical research. Typically, 22-pole traps offer a large “effective”
ion storage volume and low internal, but substantially higher translational
temperatures.!® 2! From point of view of laser spectroscopy, a severe practical
drawback of 22-pole traps is insufficiently stable radial confinement of cold ions.
Because of a very flat effective radial potential in these and other multipole traps
(Figure 1.3), the radial position of ion cloud in such traps is very sensitive to

mechanical imperfections and contaminations of the trap poles.

(a)
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Figure 1.3 Equipotential lines of “time-effective” electric potentials in (a)
quadrupole, (b) octupole and (c) 22-pole ion traps. Red wiggling lines illustrate
typical ion trajectories (reproduced with permission after an adaptation from ref.?!).

These practically unavoidable circumstances can displace the ion cloud out of the
trap axis, making a reliable day-to-day overlap of laser beams with the cloud
difficult. Development of lower order linear cold ion traps, such as octupoles??-23: 3!
and even quadrupoles,’® which all have a well-defined radial minimum (on the trap
axis) of the effective RF potential, have solved this practical problem (Figures 1.2
and 1.4). Vibrational temperature of, for instance, a protonated dipeptide, estimated
from intensity of a UV hot band (0< 1 vibronic transition) relative to the intensity of
the respective 1<0 vibronic transition, appears to be below 10 K with a 6 K octupole
ion trap.?® This cooling capability is even slightly better than that in a 22-pole under
similar conditions. Observation of weakly bound He-ion clusters formed in the
octupole ion trap is another, qualitative, manifestation of a low achievable internal
ion temperature. Such complexes were routinely observed in a linear, state-of the art,
“wired” quadrupole ion trap, in which four sets of thin wires instead of four solid
rods were used to reproduce quadrupole RF filed.** The use of wires allows for a
radial optical access to the stored ions, which can be convenient, for instance, for

collecting laser-induced ionic fluorescence.
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Figure 1.4 (a) Photo of the octupole cryogenic ion trap developed in Lausanne®’, and
(b) schematic of the octupole cryogenic trap from Yale (right; reproduced with
permission from ref.3!).

Recently, the group of Polfer reported on design of a cryogenic linear

32

quadrupole ion trap,”’* which combines mass-selectivity of Paul traps with large

trapping volume and easy laser beam access of linear traps. The cooling substantially
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narrowed vibrational transitions in the measured IR spectra, although the achieved

ion temperature has not been accessed.
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Figure 1.5 Experimental setup in FHIMP (Berlin) for spectroscopy of ions embedded
to He nanodroplet (T=0.4 K). (Reproduced from Ref. 3* - Published by the PCCP
Owner Societies).

An ultimate cooling of biological ions to sub-Kelvin temperatures was
demonstrated by von Helden.*? In this approach, a beam of He nanodroplets picks up
the ions stored in a room temperature ion cell (Figure 1.5). Once in a droplet
“nanofridge,” an ion is instantaneously cooled by evaporating a fraction of the
droplet, presumably, close to the 0.38 K of the droplets. The benefits of such low
temperature are not clear, however. The reported IR spectra of protonated peptides
and proteins exhibit the level of spectral congestion and width of vibrational
transitions, which are even higher than in the spectra of similar species cooled in
linear 4-6 K ion traps. The spectral broadening can be attributed to the linewidth of
the used free-electron laser and/or to lifetime broadening due to vibrational energy
relaxation from ions to droplets. The latter phenomenon intrinsically broadens IR

transitions and cannot be suppressed by lowering ion temperature.

1.3 Spectroscopic Techniques
1.3. IRMPD Vibrational Spectroscopy
Low concentration of ions in cold traps (e.g., typically 105-10° cm™ for an
octupole trap) forbids a use of direct absorption for spectroscopy of charged

molecules. Fragmentation of ions induced by absorption of laser light can be
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employed instead to monitor spectroscopic transitions in biomolecules. Several types
of such “action” spectroscopy techniques were developed and applied to biological
ions. Perhaps, the most versatile and simple method of action spectroscopy is infrared
multiple photon dissociation (IRMPD), which employs the phenomena of absorption

of several photons by polyatomic molecules from a highly intense pulse of an IR

laser (Figure 1.6).

Figure 1.6 Left: Schematic energy diagram for IRMPD of protonated molecules [M-
HJ", yielding charge fragments P* and neutrals. Right: Experimentally determined
IRMPD product yields for methanol molecules preexcited to vou=3 (a) and for von=5
(b) as function of CO; laser fluence F' (symbols) and their biexponential fits (solid
line). Reproduced with permission from ref>*,

Once the total imported energy exceeds the lowest dissociation threshold of the
molecule, it may fragment on a timescale determined by the statistical (e.g., RRKM)
theories (unless the laser pulse is very short (ps or less)). The statistical nature of
IRMPD process leads to a few practically important principles. First, regardless of
the nature of the excited molecular transition, the weakest bond will always break
first (or the most efficiently). This golden rule of IRMPD reflects the phenomena of
the intramolecular vibrational energy redistribution (IVR) in polyatomics, which
suggests that, statistically, the imported to a molecule vibrational energy will be
promptly and equally redistributed among all the molecular modes.*® Second, for an
efficient IRMPD on a short (typically ps-ms) timescale of observations, large
molecules (e.g., peptides, proteins) have to be significantly overexcited above the

lowest dissociation threshold.’® The apparent advantage of IRMPD approach for
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monitoring vibrational transitions in polyatomics is its universality in applying to
biomolecules of any composition, including the peptides that have no UV
chromophores. Apart from a need for a high-energy tunable IR laser source, the
associated drawbacks of IRMPD include a lack of conformational selectivity, spectral
broadening of IR transitions and a substantial distortion of relative intensities of the
transitions, which is caused by the non-linear nature of IRMPD. The latter may cause
a complete suppression of weak IR transitions, misleading comparisons with
computed spectra. This effect, however, can be reduced by carefully controlling the
fluence of the dissociating IR laser. In general, the IRMPD yield is a complex
function of ®-c (- laser fluence, c-absorption cross section of the pumped
fundamental transition), which can be schematically characterized by an initial
exponential growth below a threshold value (®c)o, a nearly linear increase and,
finally, above a saturation value, (®G)., by a near exponential asymptotic approach
of the dissociation yield to unit (Figure 1.6). For large polyatomics, both critical
values of ®-c are governed by the density of vibrational states in the molecule and
are difficult to quantify. A practical recipe for recording a nearly truly linear (as a
function of @) IR spectrum is (i) to measure a preliminary IRMPD spectrum,; (ii) for
any found (reference) IR transition to record dissociation yield as a function of laser
fluence and to evaluate (®c)o and (Do), parameters; (iii) fix the fluence at a low, ®r,
to record truly spectra of the strong transitions, for which @16 < (®o)., and then at a
high, @y, to reveal the weak transitions; (iv) combine the two spectra, using the
reference transition for their scaling. Interestingly, IRMPD at low fluence (®-c
<<(®o)o), when the non-linearity of the process is significant, may cause narrowing
of a transition: the yield at the maximum of the transition band will pop-up, while its
low-intense wings will be further reduced in the IRMPD spectrum. This artifact can
be used to improve spectral resolution in IRMPD spectra.

Several groups reported the use of widely tunable high-energy free-electron
IR lasers for recording vibrational MPD spectra of charged biological molecules at
room temperature.’’** Typically, an IRPMD spectrum, which reflects vibrational
transitions in all abundant ionic conformers, is fitted by a sum of the frequency-
scaled spectra, calculated in harmonic approximation for a few computed lowest
energy structures (Figure 1.7). Apparently, such fits may leave a substantial

ambiguity in validating both, the number and the identity of the involved conformers.
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Nevertheless, the simplicity of the technique makes is particularly attractive for

practical analytical applications.
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Figure 1.7 Room temperature IRMPD spectrum of His-H" and its fits by IR
transitions calculated for one of the candidate structure (lower panels, reproduced
with permission from ref.3®), compared with IR spectrum of this amino acid,
measured at T=10 K¢ (on top).

1.3.2 Tagging Spectroscopy

Tagging actionisteispectroscopy employs non-covalent binding of “messenger”
molecules or atoms (neutral or ionized) to the ionic (or neutral) analyte molecule.>”
40-41 The absorption of UV or IR light is then manifested as a dissociation of such
complexes, which reduces their concentration (Figure 1.8). An action spectrum of the
complex is recorded by monitoring this reduction (depletion) as a function the
dissociating laser wavelength. Cryogenic cooling of ions enables a use of many
different neutral atoms and molecules for gas-phase tagging in cold ion traps. Light
species of low polarizability may cause only little structural distortions of an ion they
are complexed with.>! Photofragmentation IR spectra of such clusters are often
almost identical to the spectra of bare ions and, therefore, suitable for structural
determinations of the latter. The ionic structure and spectra are particularly little

23, 41

distorted in the complexes with helium atoms. Due to low binding energies of

He, an efficient formation of such clusters requires very low, typically below 10 K,
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vibrational temperature of ions; a small size and high charge state of an ion facilitate
formation of the clusters. An observation of substantial concentration of He-tagged
ions in a cryogenic ion trap, in its turn, manifests a low ion temperature achieved in
the trap. Several groups reported on photofragmentation spectroscopy of He-tagged
ions. The group of Roithova and Gerlich, for instance, cools ions in their elegant
“wired” quadrupole cryogenic trap (Figure 1.2b).3° They demonstrated the distortion-
free IR spectroscopy of He-tagged dications generated from benzene, but revealed
certain structural changes induced by complexation of HCCL" dications with He.*!
The group of Johnson, who were among the pioneers of the tagging spectroscopy,*”
42 uses tagging by H», Ar and Ne in a cryogenic Paul trap at T>10 K and by He in a
4.5 K octupole ion trap (Figure 1.4b) for IR spectroscopy of protonated water
clusters; they quantified the distortions of vibrational spectra induced by the tags.?!
The group of Asmis recorded conformer-specific IR photodissociation spectra of

protonated water clusters employing H, tagging in a ring-electrode cold trap.*-#*
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Figure 1.8 Infrared signatures for (A) the a (a) and B (b) isomers of sodiated
GalNAc(1-3)Gal recorded at a temperature of 69 K with N> as a messenger tag
(reproduced with permission from ref.*%); (B) tetrasaccharides Le® (12), LeY (13),
lacto-N-neotetraose (14) and lacto-N-tetraose (15) cooled in He nanodroplets
(reproduced with permission from ref.46).

Complexes of neutral biomolecules with charged tags, for instance with Na*,
which is often present in solvents in sufficient concentrations, can be formed directly
in solution. In such cases the messenger ion makes the complex charged.
Alternatively, other alkali metals (e.g., Li Rb, Cs) can be added into solution as salts

to form similar complexes. The binding energy of alkali metals to neutral molecules
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is, typically, too high to break the clusters by a singe IR photon.*’ Such complexes
are therefore suitable only for IRMPD or UV photofragmentation spectroscopy. A
severe drawback of this approach is unavoidable distortions of the analyte 3D
geometry by the interaction with such a harmful tag. Although these distortions limit
the use of tagging by alkali metal ions for structural determinations, the technique can
be conveniently employed for identifications of analyte molecules by recording and
comparing their spectroscopic signatures. As a bonus, these complexes can be
studied in room temperature ion traps. The group of Polfer used alkali ion tagging
and IRMPD spectroscopy for qualitative identifications of isomeric glycans in room
temperature experiments.’” They demonstrated that the measured spectra are visually
different for different isomers, although did not quantify the differences. Once
measured for a set of known isomers of a molecule (labeled by its m/z), such
“library” IRMPD spectra, potentially, can be compared with a spectrum of an

unknown analyte for its identification.*s

Recently, the group of Rizzo further
developed this approach by combining Na* tagging of saccharides in solution with H»
or N> gas-phase tagging of such sodiated charged analytes in a cold ion trap for IR
depletion spectroscopy.*> 4 In addition, the isomers were characterized by ion
mobility drift times. Because the binding energy of H, and N> tags to a charged
sodiated analyte is much lower than that of alkali ions, a much lower fluence of IR
laser was required for a multiple-photon detachment of single neutral tags. The
recorded in 3 um region IR depletion spectra of such doubly tagged glycans appeared
visibly different for up to tetra-saccharides (Figure 1.8A). Particular examples of the
quantitative identifications (e.g, for solution mixtures of the isomers) yet have to be
demonstrated in these studies to assess the analytical performance of this approach.
The group of von Helden demonstrated cooling and tagging of up to tetra-glycans by
ultracold (0.4 K) helium nanodroplets.*® The droplets, doped by the analyte ions,
were evaporated upon absorption of, likely, several IR photons delivered by a free-
electron IR laser, tunable in 12-6 um spectral range. Similar to the spectra reported
by Rizzo’s group for the 3 um range, the recorded spectra appeared visibly
distinguishable for different isomers of the tested saccharides (Figure 1.8B), yet
without quantitative comparisons of the spectra. An exceptional technical complexity
of the method (generation of He droplets and the use of a free-electron laser)

questions its practical analytical value, however. it

(Ll
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1.3.3  Photofragmentation UV Spectroscopy

As biomolecules are, typically, large polyatomics with a variety of chemical
bonds, the absorption of a single UV photon usually breaks some of them. The
outcome of UV excitation can be a reduced number of parent ions and an appearance
of the fragments, for which m/z ratio differs from that of the parents. These charged
fragments or the depleted parent ions can be selectively detected by means of mass
spectrometry: the stronger is the absorption the high is the UV-induced number of
fragments or the depletion of the parent ions. Vibrational “pre-heating” of cold ions
by an IR photon can significantly alter their UV absorption.!® The detection of this
change allows for conformer-selective or non-selective IR spectroscopy of cold ions,
using the described below IR-UV double resonance schemes. An ion therefore must
contain a UV chromophore. In the case of peptides and proteins this can be one of the
aromatic residues (His, Phe, Tyr or Trp), which all absorb in UV, although
differently. Figure 1.9 compares the gas-phase UV absorptions of the four protonated
aromatic amino acids, produced by electrospray ionization from their equimolar

solution mixture and measured by photodissociation spectroscopy.!®

Fragmentation yield (%)

200 240 280
Wavelength (nm)

Figure 1.9. Photofragmentation spectra of four protonated aromatic amino acids
recorded by integrating all major charged fragments, which were detected by an
Orbitrap mass analyzer under similar settings of the cold ion spectrometer and
DUV/UV OPO. The spectra are normalized to the total number of ions and to the
OPO pulse energy of 1 mJ. The spectral resolution is 0.04 nm. Reproduced with
permission from ref.!®

Among these aromatics, tryptophan is by far the strongest UV absorber in the first
absorption band, followed by Tyr, His and Phe. Despite this arrangement of

absorption intensities, most of the published works on IR cold-ion spectroscopy of
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biomolecules was done with Phe and, less often, with Tyr as a chromophore in
peptides. Apart from the higher natural abundance of Phe (4%) and Tyr (3.3%)
compared with His (2.9%) and Trp (1.3%), the main reason for the “popularity” of
the two former aromatic residues is the frequent observations of vibrationally-
resolved structure in UV spectra of the peptides that contain these two chromophores,
Phe in particular. Sharp UV transitions, assigned to Phe absorption have been
observed even in a small protein ubiquitin.’® Tyr is less prone to conserve structured
UV spectra even in relatively small peptides. This is, likely, due to the larger number
of Franc-Condon active vibrations of this residue and the ability of its OH group to
be involved to non-covalent interactions. An often lack of any structure in the
absorption bands of tryptophane is, likely, due to the known high susceptibility of the
Trp electronic terms to non-covalent interactions of its indole ring (e.g., proton-
n OO OO 00 0s). These interactions may drastically shorten the lifetime of the S
excited state, which leads to a large homogeneous broadening in UV spectra of Trp.!2
Recently, the UV photodissociation of the gas-phase His amino acid was also
characterized.'® In contrast to TyrH® and PheH", but similar to TrpH®, the UV
spectrum of HisH* exhibits no vibrationally resolved structure and appears red-
shifted by 12 nm to the red, relative to the absorption of this amino acid in aqueous
solutions. Opposite to His-H", desolvation of the three other protonated aromatic
amino acids shifts their gas-phase UV spectra slightly to blue. IR cold-ion
spectroscopy revealed three low energy conformers of His-H*, which are protonated
on the imidazole ring, but not on N-terminus, as the other three aromatic amino acids.
It is exactly this distinct protonation site that makes UV absorption of His-H" highly
sensitive to the local environment of the ring and explains the unusual spectral
properties of this aromatic amino acid.

It may happen that a peptide of interest contains no aromatic residues. Indeed,
the natural abundance of aromatic amino acids suggests that, for instance, 56% of
pentapeptides have none of these chromophores. Vibrational spectra of a good
fraction of oligopeptides therefore cannot be probed by IR-UV technique. Still, one
may rely on the “universal” VUV/UV absorption by peptide bonds to perform IR-UV
vibrational spectroscopy (Figure 1.10). This recent demonstration makes cold ion
spectroscopy a versatile research tool for structural studies of, eventually, any small

to midsize peptides, as well as of many other types of aromatic molecules.
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Figure 1.10. Photofragmentation electronic spectra of the biomolecules that do not
contain any chromophore groups: singly protonated amino acid (magnified by a
factor of 10), dipeptide and cyclic hexapeptide.!

1.3.4 IR-UV Depletion and “Gain” Vibrational Spectroscopy
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Figure 1.11 Schematic energy diagrams (a, b) and IR spectra of two conformers of
Tyr-H" (¢), illustrating IR-UV vibrational depletion spectroscopy. A depletion IR
spectrum results from the differences of ion signals measured with UV laser
wavenumber fixed on a vibronic peak, while the scanned IR laser is blocked (scheme
(a); black traces in (¢)) and unblocked (scheme (b); red and blue traces in (¢)). The
vibrationally excited ions reside in different vibrational states of the same total
vibrational energy, as it is color coded in (b). Compared with the ground state, only
the ion in a few of these excited states can absorb UV light at each fixed
wavenumber.

Vibrationally resolved UV spectra allow for measurements of conformation specific
IR spectra of biomolecules using an IR-UV depletion technique. Initially developed
for neutrals, -3¢ this approach quickly became the main driving horse for conformer-
selective IR cold-ion spectroscopy.’’>® Figure 1.11 shows a schematic energy-level
diagram of IR-UV excitation. In this approach the wavelength of a fragmentation UV

laser is fixed at a well-resolved vibronic transition originated from the vibrational
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ground state of a cold ionic conformer. A preceding IR pulse, when absorbed by this
conformer, heats up the ions internally, transferring a fraction of the ground state
population to many different vibrationally excited states of near the same energy
(determined by the linewidth and energy of IR photon). The subsequent UV pulse
therefore interacts with a lower number of ions, which remain in the ground state.
This results in a drop of the UV dissociation yield from this state. Although the ions
in the vibrationally excited states may also absorb UV photons and contribute to
photofragmentation, this contribution is small to negligible for large molecules.
Indeed, at the energy level of an IR excitation, the density of vibrational eigenstates
in biomolecules is astronomically high (e.g., ~10°7 states per cm™ for excitation of
NH stretch vibration in a decapeptide'®). With a typical ~1 cm! linewidth of an IR
laser, the excited molecules will reside in a similarly large number of different
vibrational quantum eigenstates. Because of anharmonicity of molecular vibrations,
the frequencies of UV transitions originated from these different states are not the
same. This leads to intramolecular statistical broadening of a UV transition, such that
only a small fraction of the ions absorbs at a fixed UV wavelength.!® Overall, the
vibrational preheating may result in a significant decrease of UV photofragmentation
at the wavelength of a UV peak: the depletions as high as 80% have been observed.>
To some extent, the spectral broadening of UV absorption upon IR preheating is
similar to the difference in the absorptions by warm and cold ions. Based on this
effect, an IR spectrum is generated by monitoring the reduction of UV
photofragmentation yield (at m/z of one, a few or all fragment ions) as a function of
IR wavenumber in the alternative IR OPO on/off measuring cycles. IR absorption is
manifested as dips in the fragmentation at the IR wavenumbers of vibrational
transitions of the conformer labeled by the UV laser. It is important that IR
absorptions of only the ions that share the same vibronic ground state for both IR and
UV transitions will appear in the spectrum. By fixing UV wavelength at different
resolved vibronic transitions, one may subsequently measure one by one IR spectra

of all highly abundant conformers.
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Figure 1.12. IR gain spectroscopy of protonated His amino acid. (a) IR pre-
excitation redshifts the UV photofragmentation spectra (compare: blue trace — IR
OPO is blocked; red trace — IR OPO is at 3482 cm™'). (b) The difference of the red
and blue trace as a function of IR OPO wavenumber.'®

Alternatively, UV laser wavelength can be fixed slightly to the red from a
strong UV transition or the UV band origin, where dissociation yield is insignificant.
IR pre-excitation of any conformer broadens and/or redshifts its UV absorption
bands, leading to an overlap of the transition and the UV wavelength and therefore to
an increase in UV fragmentation. Such an IR wavelength dependence, called “gain”
spectrum and measured in a single IR wavenumber scan, reflects the IR transitions of
all abundant conformers of an ion.!6 -2 The particular wavelength of the UV laser is
not important and should be selected as a compromise between the level of the signal
in the cycle of measurements with IR pre-heated ions and the baseline fragmentation
originated from cold ions in the alternative cycle. In contrast to IR-UV depletion
spectroscopy, gain spectra may have, essentially, zero baseline, which drastically

improves signal to noise ratio of the measurements (Figure 1.12).

1.3.5 IR-IR-UV Hole-burning Vibrational Spectroscopy

A pre-condition of using IR-UV depletion technique for conformer-selective
vibrational spectroscopy is the resolution of individual vibronic transitions in a UV
photodissociation spectrum of an ion. This however may become challenging due to
overlap of numerous transitions in large biomolecules and/or the molecules with high

conformational heterogeneity, or intrinsically impossible due to lifetime broadening
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of vibronic transitions even in small ions. One then can use vibrational transitions
instead to label different conformers, provide such transitions appear resolved in IR
spectrum of an ion. This approach, called IR-IR-UV hole-burning, employs two IR
and one UV laser pulses, separated by 10-100 ns delays. The wavelength of the UV
fragmentation laser is set to the red from the onset of UV absorption, similar to that
for the discussed above IR gain spectroscopy. A pulse from the first, pump, IR laser
selectively saturates a vibrational transition, specific for one conformer, such that UV
fragmentation yield of this conformer becomes independent of the wavelength of the
subsequent probe IR laser. This constant baseline signal can only be increased by
excitation of any other conformers, except the one selected by the pump laser.
Scanning the probe laser while keeping IR pump and UV fragmentation lasers fixed,
generates the IR gain spectrum of all conformers, except the selected one, on top of
this baseline. The vibrational spectrum of the selected conformer is generated as the
difference of the UV fragmentation yields, measured in two alternative cycles (IR
probe laser On/OfY), as a function of IR probe laser wavelength (Figure 1.13). The
use of IR-IR hole-burning technique for conformer-selective vibrational spectroscopy

of cold protonated peptides has been demonstrated on several occasions. 6 61-62

NH-~1  NH-OC  FreeNH Indole NH Free OH
\

3000 3200 3400 3600
Wavenumber, cm

Figure 1.13. IR spectra of TrpH" in 3-pum region: (a) the IR-UV gain spectrum of all
available conformers; (b and ¢) conformer-specific IR spectra of conformers A and B
generated with the pump OPO wavenumber fixed at 3339 and 3356.7 cm—1,
respectively, and UV fragmentation laser fixed at 290.698 nm.®!
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1.3.6 High-resolution Cold Ion Spectrometer in Lausanne
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Figure 1.14. Schematic view of high-resolution Cold lon Spectrometer in
Lausanne.!!-1?

Implementation of all the described above spectroscopic techniques for studying of
cryogenically cold biological ions requires three basic types of hardware: lasers, mass
spectrometers and cryogenic ion traps. As an example, Figure 1.14 illustrates the
layout of the cold-ion spectroscopy instrument, built in Lausanne for high-resolution
spectroscopy and mass spectrometry of cold ions. Protonated peptides are generated
from solution using a nano electrospray ion source. The ions are, first, guided into the
vacuum chamber through a 0.7 mm ID 90 mm long stainless steel capillary and
orthogonally injected into an electrodynamic ion funnel that works at a pressure of
~10 mbar. The ions are further r guided further through another ion funnel, held at a
pressure of ~1.5 mbar, and accumulated (for ~200-500 ms) in a hexapole ion trap.?
The trapped ions are then released from the hexapole and transmitted through a low-
resolution (~100) quadrupole mass filter, which selects parent ions of a particular
mass to-charge ratio (m/z). An rf-only octopole guides them further into an octopole
ion trap,? which is cooled to 6 K by a closed-cycle refrigerator. Ions in the trap are
cooled in collisions with a pulse of helium atoms, which are introduced into the trap

shortly before the arrival of the ion packet. Approximately 40 ms later, when ions

25



are cooled and most of the helium has been pumped out, the ions are interrogated in
the trap with IR and UV laser pulses. A few ms later, the content of the cold trap is
released by lowering the potential of the trap exit cap and the fragment and parent
ions are guided either into the quadrupole mass spectrometer (QMS) of low
resolution or into the high-resolution broadband Orbitrap-based mass spectrometer
Exactive for mass analysis. In the latter case, the ions can also be ejected from the
cold trap without a laser excitation and transferred into the original HCD cell of the
Exactive instrument for collisional activation and subsequent MS analysis of the
fragments. The cold ion spectrometer is coupled to the Exactive MS by replacing the
original ion source section of the MS with a two-section octopole ion guide. In the
case of the ion analysis by QMS, the duty cycles of the lasers, cold ion spectrometer
(typically 10 or 20 Hz) and data acquisition electronics are synchronized by trigger
pulses from a master pulse generator. When the Orbitrap analyzer is used, this
generator is triggered by a small fraction of the electrical pulse, applied to the
entrance split lens of the analyzer. In addition to the QMS ion signal or to the entire
fragment mass spectrum of Exactive, the computer-controlled data acquisition system
records UV/IR laser power, measured by a pyroelectric detector, and laser

wavenumbers, measured by a wavelength meter.

VUV-VIS IR OPO IR OPO
OPO Dye laser 8 ns 8ns
5ns 10 ns, 10-2.5 pm 10-2.5 pm

700-192 nm 0.07 cm! 1.5-15mJ 1.5-8 mJ
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Figure 1.14 Optical layout of high-resolution Cold Ion Spectrometer in Lausanne.

Figure 1.15 shows optical layout in the experiments performed with the Cold
Ion Spectrometer in Lausanne. UV photofragmentation is performed using 2-3 mJ
output of a frequency-doubled dye laser (0.15 cm™ linewidth), pumped by 6-7 ns
frequency-tripled pulses of a Nd:YAG laser. Alternatively, the photofragmentation
can be performed by a mid-resolution (5-8 ¢cm™), but widely tunable (350-192 nm)
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fast (~100 ms per a change of wavelength independent of the step size) UV/VUV
optical parametric oscillator (OPO), which delivers 0.3 to 6 mJ (depending on
wavelength) pulses at 10 Hz repetition rate. For IR spectroscopy, one (IR-UV
depletion) or two (IR-IR-UV hole burning) IR OPO/OPA can be used. These sources
deliver up to 15 mJ pulses at 10 Hz repetition rate in 10-2.5 pm ranges (3 cm™ to 1.5
cm! linewidth). The IR OPO and the UV laser beams counter propagate, entering
and exiting the vacuum chamber through BaF> and CaF> windows. The two IR laser
beams of the orthogonal linear polarizations are combined onto a Ge plate, which is
put at Brewster angle relative to one of the beams. Each beam is focused onto the
center of the cold ion trap by a BaF; lens of F=50 cm. The UV beam is loosely
focused by a CaF> lens of F= 75 cm onto the trap axis ~3 cm outside of its entrance to
ensure an overlap of the entire ion cloud in the trap by the UV beam. Broadband
pyroelectric detectors are used to record relative pulse energies of one UV laser
source and one IR OPO. A small fraction of the OPO signal wave (red light) is
directed to a wavemeter (0.1 cm™ resolution), and the measured wavelength is
recorded along with the ion signal during IR OPO wavelength scan. Together with
the once measured wavelength of the pumping Nd:YAG laser, this allows for an
accurate wavelength calibration of IR spectra. Alternatively, when the high-resolution
dye laser is scanned, its wavelength is directly recorded by the wavemeter and used

for labeling of UV spectra.

1.4 Conformational Assignment of Spectral Transitions

Once vibrationally resolved UV and IR gain spectra of a biomolecule are
available, a reasonable question that may occur is, how many highly abundant
conformers do these spectra reflect? Some transitions in the spectra may originate
from the same single conformer, but some of the spectral peaks may reflect closely
overlapping transitions in more than one conformer. A straightforward but time-
consuming workflow for the assignment of IR spectra is to compare IR-UV depletion
spectra measured at each UV peak reasonably close to the UV band origin. A more
economical way is to build, iteratively, a cross-correlation between the IR and UV
transitions. One may, for instance, first, fix IR laser on a peak in the gain spectrum

and scan wavelength of the subsequent UV laser pulse. Those UV transitions, which
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originate only from the conformers excited by IR pulse, all belong to the same
conformer(s). A single IR-UV depletion spectrum measured at any of these UV peaks
will therefore represent IR spectra of this conformational family. The respective IR
and UV transitions can be excluded from the further iteration steps. This procedure
can be repeated until all the peaks in both UV and IR depletion spectra will be
assigned to one or another conformational family.

Similarly, IR transitions can be assigned with IR-IR-UV hole burning
technique, which employs correlations between IR transitions in a gain and in the
hole burning IR spectra. Assignment of UV peaks can also be performed using UV-

54, 63-65

UV hole burning in a similar way, although this requires either ejecting a

specific fragment ion® or detection of a neutral fragment.5*

I1. Cold Ion Spectroscopy for Validating Structures of Biomolecules

2.1 Achievements and Limitations

A significant volume of data have been generated over last decade by cold ion
spectroscopy for validation of structures, analysis of photophysics, non-covalent
interactions, etc., of biomolecular ions, including protonated amino acids, peptides
and their non-covalent complexes, drug molecules, and carbohydrates. Many of these
results have been reviewed in a few older and recent publications.!% 24 41. 66 Qverall,
accurate geometries of low-energy conformers have been solved for several
protonated amino acids, midsize peptides and micro-hydrated complexes of some of
these biomolecules. To our knowledge, the largest biomolecule, for which the
accurate structures of the low-energy conformers have been unambiguously
validated, remains decapeptide gramicidin s and its doubly hydrated non-covalent

complex (Figure 2.1).135% 6771
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Figure 2.1 (a) IR spectrum of the most abundant conformer of doubly protonated
decapeptide gramicidin S, cooled to T=12 K, and (b) its theoretical wavenumber-
scaled spectrum, calculated for the most stable structure of the peptide (¢). !>

These studies revealed, at least, three main limitations of cold ion spectroscopy
in solving structures of large biomolecules. On the experimental side, the desired
vibrational resolution in IR spectra can be intrinsically limited even in a relatively
small species due to anharmonic couplings of vibrational states. Such couplings lead
to lifetime broadening of vibrational transitions to these states and it cannot be
suppressed. It is worth mentioning that there is no IVR (or perhaps only a very
limited IVR) following IR or UV excitation of large molecules by laser pulses of,
typically, ns duration. Instead, superpositions of the coupled modes (quantum
eigenstates) are excited, such that the excitation samples, eventually, the entire
molecule. The currently common use of the IVR term in the frequency-resolved
spectroscopy implies this static phenomenon rather than the truly dynamic effect.
Anharmonic couplings are particularly strong for the vibrations of the nuclear that are
involved to hydrogen bonds. In addition to this, the number of IR transitions near

linearly increases with weight of biomolecules. Most of strong characteristic
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transitions remain concentrated within limited spectral ranges (e.g., around 3 and 6
um). Because of this, the increased spectral density of the transitions unavoidably
suppresses vibrational resolution in the spectra, making them low informative and,

eventually, useless for validating calculated molecular structures.
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Figure 2.2. IR spectra of protonated ubiquitin (+7 state) and cytochrome C (+12
state) proteins, cooled in a 6K cryogenic ion trap.'®

As an example, Figure 2.2 illustrates spectral congestion in IR spectra for two small
protonated proteins: ubiquitin and cytochrome C. Although cooled in a 6 K ion trap,
the spectra look almost structurless and, to some extend, as in solution phase.
Apparently, the low informational content of such spectra prohibits their use for strict
validation of the complex peptide structures. A way to move up in the the size of
biomolecules for which IR spectra still can be vibrationally resolved is seen in
extending spectroscopy to low-frequency vibrations in the terahertz spectral region.”
Both IVR and vibrational inhomogeneous broadening effects should become strongly
suppressed, when the total vibrational energy of a molecule is comparable with
frequencies of its few vibrations only.

Even if many individual vibrational transitions in such large biomolecules
were resolved, the practically affordable calculations nowadays would not be able to
reproduce the transitions with the required “spectroscopic” accuracy. Although for
midsize molecules (e.g., oligopeptides) such calculations might be feasible, the
conformational search of a limited pool of candidate structures, to which spectral
calculations will be applied, still remains a challenge. Additional, different from IR
transitions, spectroscopic structural constraints may narrow the search however.

Positions of electronic band origins, measured by UV spectroscopy in aromatic
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peptides, may reveal an involvement of a chromophore into non-covalent couplings
(e.g., proton-7 interactions or hydrogen bonds), constraining conformational search to
those calculated geometries, where such interactions are present.!> 7 FRET
measurements can provide an estimate of interchromophore spacing in cold ions,”
and isotopic labeling allows for assignment of some IR transitions.'* 7° Additional
non-spectroscopic structural filters, such as, for instance, collisional cross-sections,
measured by ion mobility spectrometry or photodissociation mass spectra may also
help to increase the size of “treatable” biomolecules, but unlikely substantially.

Over years, spectroscopy of both neutral and charged biomolecules accumulated a
great number of observations. Tables 1 and 2 summarize and reference many of the
validated observations for UV and IR spectroscopy of amino acids and peptides. UV
band origins of Trp, Tyr, Phe and His aromatic amino acids (Fig. 1.9) experience
different spectral shifts (Tyr, Phe) or spectral broadening (Trp) upon interactions of
their aromatic rings with a charge or upon involvement of side-chains of these
residues in formation of hydrogen bonds. The characteristic frequencies of, for
instance, OH- and NH-stretch vibrations of residues, in certain cases arise within
specific spectral intervals, governed by the residue identity, hydrogen bond pattern,
etc. The data in Tables 1 and 2 therefore can be use for “intuitive” qualitative
structural determinations to guide and narrow a conformational search within

calculated candidate structures of peptides.

2.2 Outlook

Despite the accumulated spectroscopic data and the additional non-
spectroscopic constraints, in our opinion, the size of protonated biomolecules, which
structure can be solved by cold ion spectroscopy, realistically, is limited to molecules
with 10-15 residues only. Several other types of biomolecules, such as, for instance,
nucleotides, glycans and drugs that are below this size-limit also can be studied by
cold ion spectroscopy for structural elucidations. Nevertheless, for most of the
biomolecules, which are much larger in size, this approach cannot provide vibrational
spectral resolution, becoming limited in its ability to assist in structural elucidations.
Moreover, the relevance of gas-phase structural studies to biology is questionable.
The intrinsic geometries of biomolecules, indeed, may not resemble the native
geometries of the molecules they adopt in aqueous solution. A simple example to

illustrate this problem is the fact that non-cyclic peptides are, typically, protonated on

31



C-terminus in the gas phase, but adopt zwitterion geometry (with deprotonated C-
terminus) in solution phase. Certainly, a charge may crucially influence the geometry
of a peptide. This example alone makes elusive the concept of “kinetically trapped”
molecular states, which suggests that some conformers of electrosprayed ions may
retain their native structures, being trapped in local minima of the gas-phase potential
energy surface. For large biomolecules (e.g., proteins), which are hydrated, mainly,
on the surface, the overall structural motive can be, indeed, conserved upon
desolvation in the gas phase, but the size of proteins becomes prohibitive for using IR
spectroscopy in structural determinations. Although this contradiction between the
limited size of structurally treatable molecules and the likely irrelevance of intrinsic
structures of small molecules to biology limits the power of cold ion spectroscopy,
there still several directions, where the method may remain successful. For instance,
almost all medical drugs, a good fraction of metabolites, carbohydrates, etc., are well
below the foreseen size limit, and, likely, can be studied by cold ion spectroscopy. A
reasonable compromise between the accuracy in 3D structural determinations and
size of biomolecules seemed to be in studying microhydrated ions in a way, similar to
what was demonstrated, for instance, with water clusters of decapeptide gramicidine
S (Figure 2.3).7° This would require an extensive measurements to track molecular
geometry by increasing the number of water molecules until the geometry of a
biomolecule will begin to converges, presumably, to a solution like structure.
Another field where vibrational spectral resolution offered by cryogenic cooling of
ions can be quite helpful is analytical identifications of biomolecules. Below, we
review these applications of cold ion spectroscopy, which are directly relevant to life-

science studies.
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Figure 2.3 Conformer-specific vibrational spectra of doubly protonated decapeptide
gramicidin S retaining two water molecules and cooled to T=12 K (upper panel),’®
and the calculated structures of the three low-energy conformers of the complex
(lower panel), for which the computed IR spectra exhibit the best match to the
measured spectra.’!

I11. Analytical Applications of Cold Ion Spectroscopy

3.1 2D UV-MS Fingerprinting of Cold Ions.

Identification of biomolecules is one of the most demanding objectives in life-science
research. Because the identity of a molecule in the gas phase and in vivo remains the
same, all the powerful methods of the gas phase can be applied for the identifications
without compromising the relevance of results to biology. Multistage high-resolution
mass spectrometry (MS)" in combination with different dissociation techniques

demonstrates impressively accurate determination of, for instance, peptide and
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protein sequences. Because MS is based on measuring mass-to-charge ratio of
molecular ions and their fragments, the identification of isobaric molecules, isomers
in particular, remains among the challenges of this technique.”* Coupling of MS to
high resolution LC or ion mobility (IM) often enables separation of isomeric ions
with sufficiently different retention or arrival time, respectively.”>’” The separation
doesn’t yet ensure a reliable identification of the isobars, because Both of these
values are not fundamental to molecules and are sensitive to experimental conditions,
which may not be always reproduced with sufficient accuracy.”®” In contrast,
vibronic transitions in isolated molecules and ions reflect differences in energies
between their initial and terminal quantum states, making vibrationally resolved
electronic spectra unique fundamental fingerprints of such species. Electronic
excitation of ions may produce specific to their 3D structure photofragments, which
are absent (or low abundant) in the products of thermal-like dissociation.>” 8 In
particular, this phenomenon may lead to a detectable difference between
photofragmentation mass spectra of isomeric ions and even between the spectra of
conformers of an ion.” Prompted by these two observations, we have combined high-
resolution UV cold ion spectroscopy with broadband high-resolution mass
spectrometry as a new highly specific method for identification of biomolecules,
named 2D UV-MS fingerprinting.!! Compared with the widely used in mass
spectrometry UV  fragmentation (UVPD),8! performed at a single VUV/UV
wavelength, the fragmentation mass spectra (MS) in 2D UV-MS fingerprinting are
recorded at each wavelength in a large spectral range. UV spectra are particularly
structured in the regions of electronic band origins of studied cold ions, which adds a
great number of details into ionic 2D UV-MS fingerprints. This may allow
distinguishing very similar species, including isomers and even conformers of cold
ions. To implement 2D UV-MS fingerprinting approach, we have interfaced our cold
ion spectroscopy instrument to a commercial Fourier-transform Orbitrap mass
spectrometer Exactive, as described above and as illustrated in Figure 1.1.13. The
fingerprints (Figure 3.1) are measured by recording fragment mass spectra at each
UV laser pulse of a 10 Hz dye laser (Fig. 1.15) while scanning its wavelength. After
normalization of the fingerprints to UV laser fluence and to total ion signal,
correcting baseline and removing occasional “fake” peaks in the recorded MS, the
rectified 2D data arrays (matrices) of isobaric ions are stored as a library for using in

identifications of unknown isomeric ions that belong to the library. The rectification
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procedure is currently automated using a custom-modified commercial software

package (Peak-by-Peak; Spectroswiss Sarl).

H*-Tyr-Ala

m/z

Figure 3.1. Photofragmentation UV-MS fingerprint of a protonated dipeptide.®?

3.1.1 Library approach

(a) Peptides and drugs. The identification and relative quantification of single
isobaric ions or their mixtures can be accomplished by a numerical decomposition of
the data arrays of the unknown ionic sample in the basis set of the library’s
matrices.!!> 3-8 Once the difference between the linear combination of the basis set
and the tested matrix is minimized, the normalized coefficients of this decomposition
yield the relative contributions of the library’s species to the analyzed sample. The

decomposition procedure is performed using software written in Matlab package.

Wavenumber
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Figure 3.2. Color-coded 2D UV-MS photo fragmentation fingerprints of (1-5) five
singly protonated isomeric octopeptides (TpSAAATSY, pTSAAATSY,
TSAAATSpY, TSAAApPTSY and TSAAATPSY, respectively) and (M) of a solution
mixture of the peptides 3, 4 and 5 with the relative concentrations of 50%, 25% and
25%. The library-based decomposition determines the relative concentrations of the
peptides 1-5 as 2.6%, 1.5%, 49%, 23% and 24%, respectively.!!

Figure 3.2 shows rectified 2D UV-MS fingerprints of five model isomeric phospho-
peptides TSAAATSY-H", which differ only by the phosphorylation site (Thr, Ser,
Thre, Ser7 or Ys). A standard UPLC analysis failed to determine the number and the
identity of the isomers in their equimolar mixture. In opposite, the measured 2D UV-
MS fingerprints visually differ for all five positional isomers. In order to assess the
accuracy of identification of the isomers by the new approach, 12 different solution
mixtures that contain from one to all five isomers were prepared and their 2D UV-
MS were measured. The decomposition of the matrices of these test mixtures in the
basis set of the five components correctly identifies the peptides in all the mixtures
and reproduces the relative concentrations of the peptides in the solutions with
RMSD of 6.5% (Figure 3.3a). This number implies that, in average, any of the five
library isomers with relative concentration of > 13% in solution mixtures with other

isomers can be identified at the confidence level of 95%.!!
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Figure 3.3. (a) Calculated relative concentrations of five library isomeric
phosphorylated singly protonated peptides (dots) as a function of their relative
solution concentrations (0—100%) for 12 different solution mixtures. The RMSD of
6.5% was determined taking deviations of the calculated from the solution
concentrations (solid line). The two dashed lines show the interval of the 99.7%
confidence level (3XRMSD) in calculating concentrations. (b) RMSD values
calculated for all the mixtures as in part a and plotted as a function of the number of
wavelengths, retained in matrix decomposition (log scales). Each green dot represents
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an average over 100 randomly generated wavelength sets, and the error bar indicates
the dispersion of the average for each set. Blue dots are the RMSDs, calculated for
the specific wavelengths, related to the band origins of the five library peptides.'!

An important issue for the method is whether it can be used for online
identification, when the time for a fingerprint measurement is limited by the LC peak
width to a few to tens of seconds. High-resolution fingerprints of the library
components, which we measure at thousands of UV wavelengths on a time scale of
an hour, can only be obtained offline. A truncated fingerprint, measured for a mixture
only at a few but critical wavelengths may still remain very specific, however.
Figure 3.3b illustrates how the RMSD for the tested mixtures depends on the number
of wavelengths, retained in the truncated matrices of the mixtures and the library. A
random choice of a few wavelengths results in unacceptably high RMSDs, which,
however, converge close to the RMSD of the full decomposition for 100
wavelengths. Analysis employing a few but critical wavelengths drastically reduces
the RMSD relative to results acquired with randomly selected wavelengths,
approaching the RMSD of the full analysis at 10-20 wavelengths. This result
demonstrates that the UV-MS fingerprinting, potentially, can be coupled to LC for
online identifications in a broad range of applications.

In addition to the identifications, demonstrated with these five position-
isomeric octopeptides, a few life-science relevant molecules with different types of
isomerization have been studied so far by 2D UV-MS fingerprinting. This includes,
for instance, stereoisomers of pain-relief peptide drug enkephaline, diastereomers of
stimulant non-peptide drug ephedrine, L/D-Asp and L/D-isoAsp isoforms in a
peptide derived from hormon protein amylin, isoforms of mono- to tetra-saccarides,
etc. Table 3 summarizes the results in identification of isomeric molecules by 2D

UV-MS fingerprinting method.

Table 3. [somers/conformers of biomolecules identified by 2D UV-MS method.

ISOMERIC MOLECULES ORIGIN RMSD, % REF.
Phosphorylated Model 6.5 H
hexapeptides

(Five positional isomers)

Enkephalines pentapeptide Opioid Drug 5.4 i
(L/D, two stereoisomers)
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Ephedrines (165 Da) Sport doping 2.9 83

(+/-, two stereoisomers) (LOD*=30 ng)

Heptapeptide IAPP31.37 Fragment of 2.2° B4

(Six peptides with 4 hormone (<4)°

isoforms: L/D-Asp/ L/D- peptide amylin

iS0Asp in 2 positions)

Conformers of TyrAla-H* Model 0.9¢ (blind *?
dipeptide decomposition)

Conformers of decapeptide | Antibiotic - (blind [*

gramicidin S decomposition)®

& Limit of detection. ® For 12 binary solution mixtures. ¢ Maximum error for an
equimolar quarterly solution mixture. ¢ Based on detection of an isomeric conformer.

¢ Qualitative identification only.

(b) Oligosaccharides. Saccharides are the biomolecules, which are particularly reach
in isomers. While currently the method of choice for a large scale screening of
glycoproteins is HPLC, the known limitations of this technique drive interest toward
development of complementary/alternative methods for identifications of isoforms of
glycans. Similar to HPLC in its spirit and limitations, ion mobility-mass spectrometry
in different implementations was employed for fast separation of some isoforms of
carbohydrates.?>-%¢ Back in 2006 Polfer demonstrated a use of room temperature
IRMPD spectroscopy (performed by a free-electron laser) with mass-specific
detection of photofragments for qualitative identifications of disaccharides tagged by
Li*, although no quantification of the method performance was reported.’” Recently,
von Helden and Pagel extended the spectroscopic part of this approach to isoforms of
tetrasaccharides, cooled to 0.37 K in He droplets.*® The recorded vibrationally
resolved spectra exhibit distinct isomeric specificities,although no quantitative
assessment of the method selectivity was reported. Regarding the high technical
complexity of both free-electron lasers and helium droplet generation, this approach
may remain purely demonstrative without an analytical future. The group of Rizzo
recently demonstrated the use of a technically simpler combination of IR
spectroscopy, performed by a tabletop IR OPO, with cryogenic cooling in an RF ion
trap for identification of Na-tagged mono- to disaccharides. In addition, the tested
isomeric saccharides could be pre-separated using IMS.*>> 4 A principal drawback of
using weakly tagged complexes for isomeric identifications is the loss of mass

spectroscopic information on molecular fragments. Another potential problem for
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identifications of isoforms by the tagging approach is a non-zero baseline in the
measured depletion IR spectra. This may complicate quantifications of isomeric
carbohydrates. Despite all the challenges, the universality of tagging spectroscopy
makes it a promising approach for analytical identifications of isomeric biological
molecules.

There are two main problems in using 2D UV-MS fingerprinting for
identifications of isoforms of saccharides. First, both protonated and deprotonated
glycans do not absorb in near UV spectral region. UV absorption of deprotonated
saccharides is intrinsically lifetime broaden due to a fast electron photodetachment.
VUYV absorption bands of protonated glycans, although limited in width, appear with
no resolved vibrational structure. The gas phase UV spectra of ionic sugars therefore
exhibit low isomeric specificity, making their identifications challenging. Second,
carbohydrates exhibit low protonation efficiency even at highly acidic conditions of
aqueous solutions. Instead, saccharides readily bind sodium cations, which are
usually present in the solutions in sufficient concentrations. Both problems have been
solved by adding an aromatic amino acid (AAA) into aqueous solutions of glycans.
Already in slightly acid solutions (pH= 3-5) AAAs become protonated and can
efficiently bind to the saccharides to produce protonated non-covalent glycan--AAA
complexes.?” The complexes appear to be sufficiently stable to survive under
conditions of a mild to moderately harsh electrospray ionization source. Figure 3.4
shows the photodissociation and UV spectra of the isomeric trisaccharides Lewis X
and Lewis A bound in aqueous solutions to TyrH" amino acid. The mass spectra
contain all the same major fragments, although of different relative intensities for the
different isomers. UV spectra of the isoforms are visually distinct in both the first and
the second absorption bands. Regarding our previous experience with decomposition
of mixtures of isomeric peptides, such spectral difference alone should allow an
identification of the isomers in their mixtures with an accuracy of a few %.
Interestingly, the presence of an amino group in the saccharides results in proton
transfer from AAA to a non-covalently bound glycan. Because pKa of carbohydrates
is lower than that of AAAs,® this proton transfer may only happen in the gas phase

9192 A valuable result of this transfer is

either as a spontaneous UV-induced process.
the cleavage of inter/intra-glycan bonds, resulting in appearance of charge fragments
that are characteristic to the isoforms of NAc saccharides. In contrast to the IRPD

spectroscopy of tagged saccharides, the produced photofragmentation mass spectra
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may additionally assist in structural characterization of glycans under study. It is
important that the same instrumentation, workflow and software of the 2D UV-MS
method, developed for identification of isomeric peptides and drugs, can be used for

similar identifications of saccharides.
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Figure 3.4. Photofragmentation mass and UV spectra of isomeric trisaccharides
Lewis X and Lewis A complexed with [Tyr+H]". The spectra are derived from the
respective 2D UV-MS fingerprints at 225 nm and 204.087 Th.

3.1.2  Blind identifications of isomers and conformers.

The described above approach to identification of isoforms by 2D UV-MS
fingerprinting requires creating a library of all the isoforms/exact isobars that are
expected in a process. It may readily happen that such a library doesn’t exist yet or it
is incomplete. In the latter case a sample may contain a mixture of known library
components and one or a few unknown compounds, which cannot be distinguished
from the library species by mass (e.g., isomers) and/or by LC (e.g., conformers). One
may even don’t know, how many different species are present in the mixture. It turns
out that 2D UV-MS fingerprinting may detect the presence of these unknown
compounds and recover their UV absorption and fragmentation mass spectra, using
mathematical algorithms of matrix analysis.!!> 8 The principle condition for such
“blind” decomposition of the mixture fingerprint is that both, UV absorption and
fragment mass spectra of all the mixed molecules are substantially differ from each
other. Mathematically, this implies orthogonality of the 2D UV-MS data matrix of all
the compounds, such that none of the matrices is a linear combination of the others.
The compounds, whose UV and/or mass spectra are identical, will be determined by
the blind decomposition as a single species (e.g., a conformational family).

The workflow of the blind decomposition consist of two main steps.
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1. Factorization of the 2D UV-MS data matrix D into a product of a non-negative
matrix W of UV spectra and a non-negative matrix H of MS spectra of different
components. If k£ denotes the number of such components, then the n-by-m matrix D
can be factorized into n-by-k matrix W and k-by-m matrix H, so that their matrix
product WH is a lower-rank approximation to D.? Since all the matrices, D, W and H,
are non-negative, this approach was called non-negative matrix factorization
(NMF).” One can find the best k-rank approximation by minimizing the Frobenius

norm of the residual;

1D~ W Hle =[S, S, (D — Sy Wa Hyy)° @

2. Use Bi-cross-validation (BCV) procedure’ to determine the most likely number k&
of the mixed compounds, which differ by their UV and mass spectra. The general
idea of BCV is to hold out a sub-matrix of the matrix D (i.e., a set of elements of D)
and use the rest of D to predict the held out sub-matrix. The quality of NMF for each
k is reported as a BCV error. For the £ number below the true number of components,
the BCV error is mainly determined by the NMF itself (low accuracy of the k-rank
approximation), implying that BCV error is close to the RMSD error. When the value
of k becomes greater than the true number of components, the NMF fits the noise in
the experimental data by the redundant components. However, the NMF of the sub-
matrix X is used to estimate the sub-matrix Dj;. The overfitting of X does not lead to a
better approximation to Djj, because the noise functions in these two sub-matrices do
not correlate. Thus, the large values of k£ will not result in a reduced BCV error, while

the RMSD error monotonically decreases upon increasing k.
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Figure 3.5 (a) Plot of BCV error (log scale) for 2D UV-MS spectrum of singly
protonated Tyr-Ala dipeptide (Fig. 3.1); the error reaches a minimum for three
components of factorization. (b) The derived UV absorption spectra normalized by
the relative contributions of the respective components to the UV-MS matrix (81%,
12.5% and 6.5% for the component I, II and III, respectively). (¢) The derived
photofragmentation mass spectra are normalized by the intensities of their largest
peaks. (d) UV spectra around the band origins of the conformers I and III, and the
calculated spectrum of the conformer I with single '*C substitution. Reproduced

from ref.82

Figure 3.3 illustrates the application of the blind decomposition approach to a
dipeptide [YA+H]", which 2D UV-MS fingerprint is shown in Figure 3.1. The BCV
analysis of the fingerprint (Fig. 3.5a) distinguishes 3 main components. The

factorization of the fingerprint with k=3 yields the UV absorption and mass spectra
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for each of them. The derived UV spectra of the components, denoted in Fig. 3.5b as
I and II, each contains all the UV transitions, previously assigned only to one or to
the other pair of conformers, respectively.’’ It turned out that the 3™ derived
component is an isotopologue of the conformer I with one !*C in the tyrosine
immonium fragment. Indeed, the most abundant peaks in the otherwise similar
fragment mass spectra of the components I and III (Fig. 3.5¢) are shifted exactly by
the mass difference of the '2C and '*C. Second, the determined relative contribution
of the component I1I (8%) is close to the abundance of the Y-immonium ion with one
BC (8.9%). The spectroscopic evidence of our assignment arises from the tiny shifts
of UV transitions (Fig. 3.5d) in the component III, caused by the change of the zero-
point vibrational energies (ZPVE) of So and S; electronic states upon the isotopic
substitution. The identification of the isotopic component III by the blind
decomposition illustrates the high power and potential of the method, which can be

helpful, for instance, in identifications of unknown isomeric/isobaric metabolites.

IV. Conclusions and Prospective

The initial motivation for cryogenic cooling of large molecular ions was in
providing their detailed spectroscopic signatures, suitable for stringent validations of
structural calculations through comparisons with computed vibrational spectra.
Technically, the cooling was achieved by interfacing electrospray ionization sources
with 22-pole linear ion traps, which were originally developed for storage and
spectroscopy of small ions, relevant to astrochemistry. Low concentration of trapped
ions prohibits detection of direct absorption for spectroscopy in the traps. Instead, a
photodissociation action spectroscopy, combined with high sensitive mass-
spectrometric detection of the UV-induced charged fragments, was used for
vibrationally resolved electronic spectroscopy of protonated amino acids and small to
midsize peptides. Implementation of IR-UV depletion spectroscopy, earlier
developed for neutrals, enabled conformer specific vibrational spectroscopy of
biomolecules and their non-covalent clusters, although limited only to the species that
exhibit vibrationally resolved UV spectra. This “classical” approach to solving
intrinsic structures was successfully demonstrated on Phe and Tyr aromatic amino
acids and on several peptides that contained one of these UV chromophores.

Application of IR-UV depletion to protonated Trp amino acid and peptide with this
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residue was more challenging, due to lack of vibrational resolution in UV spectra.
Unstructured UV spectra appeared as often problem for mid- to large size peptides
with Tyr and, to a lesser extend, with Phe as chromophores. With the advent of
implementation of IR-IR-UV triple resonance hole burning technique, conformer
specific vibrational spectroscopy was recently extended to the peptides that exhibit
moderately broad structurless UV absorptions. Also recently, His was added to this
toolbox as a chromophore.!® Finally, conformer-selective vibrational spectroscopy
was demonstrated on the peptides that do not have any aromatic residues, but the
naturally present peptide bond UV absorption was employed instead for
photofragmentation of protonated peptides.

With all these recent additions, conformer specific IR spectra can nowadays
be measured, essentially, for any protonated small to midsize peptide, regardless of
the UV spectral complexity. There are two main factors that limit further extension of
CIS to larger peptides. First, coexistence of several abundant conformers multiplies
the number of IR transitions. To certain extentthis problem can be solved by internal
heating of ions followed by slow adiabatic cooling to cryogenic temperatures. Such
annealing should concentrate the ions essentially, in single most stable geometry. An
alternative way is a conformational pre-separation of ions, using, for instance, ion
mobility as a filter. An intrinsic limitation of vibrational spectral resolution, which
cannot be overcome, is, however, the increased number of IR transitions in large
molecules. Regarding our experience and the body of the published data, conformer-
specific IR spectroscopy seems feasible for peptides with less than 10-15 residues
only. This limit, potentially, can be pushed up by moving to terahertz spectral region.

Even for smaller peptides conformational search is often a time bottleneck in
structural computations. Here the experiment may help by providing additional to IR
spectra structural constraints, which can confine the search. Standard techniques like
isotopic labeling, substitution of residues may provide assignments of certain IR
transitions. UV spectra may also give some hints, in particular for involvement of
aromatic rings to non-covalent interactions. Collisional cross-sections, measured with
conformational selectivity may additionally facilitate the search.

Certain structural constraints can be revealed from photofragment mass
spectra too. Although initially MS was considered mainly as a detection step, it

became clear soon that photofragmentation MS patterns might correlate with
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conformational state of molecules. There is no yet a simple straightforward workflow
to reveal and rationally use these correlations, however.

Overall, over these years the toolbox of cold ion spectroscopy has become
sufficiently comprehensive for its application to a variety of problems related to the
intrinsic  structures and photophysics of up to midsize peptides.  Further
developments are viewed in extending the wavelength range down to terahertz
spectral region and in extensive applications of the method to other types of
biomolecules, such as glycans, oligonucleotides, non-peptide drugs, etc.

The main and fundamental problem of cold ion spectroscopy remains,
however in the obscure relevance of the gas-phase structures to biology, which
largely deals with biomolecules in solution phase. Although desolvation may still
leave intact the main structural motif for large (e.g., proteins) biomolecules, the
intrinsic and the native structures of peptides are likely very different. In this respect,
the only prospective of the CIS is viewed in structural elucidation of biomolecules,
complexed with a few water molecules. The number of solvent molecules should be
sufficient to preserve the main features of native structures, while the size of the
clusters still has to be computationally treatable.

The frequent correlation of the conformational/isomeric form of biomolecules
with their UV photofragmentation MS led us to the idea of using such correlations for
analytical identifications of biomolecules. Although structures of a molecule in
solution and in the gas phase are often quite different, the identifications still can be
performed in the gas phase, where one may benefit from high spectral and mass
resolutions. This approach was developed as the 2D UV-MS fingerprinting method,
which was demonstrated for identifications of isoforms of peptides, drug molecules
and oligosaccharides. We see further development of this and similar (e.g. IR-MS)
approaches as quantitative analytical methods for identifications of different types of
biomolecules. From a practical point of view, one of the current objectives is to make
such methods compatible with online LC, which implies a few second timescale for
interrogation of a sample. In parallel, one would need to create libraries of targeted
fingerprints, which can refer to specific problems, challenging for HPLC-MS".

Finally, in the forthcoming years there can be many new unexpected
developments, based on a simple fact that cooling may make spectra of biomolecules
vibrationally resolved. Despite all the challenges of this still infant field, cold ion

spectroscopy has a great potential in providing structural constraints for strict
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validation of intrinsic molecular structures. Analytical applications of this wonderful
technique are currently under development to solve the emerging problems of life

science.
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Table 1. Gas-phase UV absorption by aromatic amino acids/residues

Chromophore Molecule/ ion

Band origin,

Characteristic
vibronic freg., cm-

Ref.

1

His His-H+ 42920 16

cyclo-VOLFPVOLFP-2H+ 70
Phe (gramicidin S conf. A) 377073

[(H20):2 - cyclo-VOLFPVOLFP- 70
Phe oH] 2 37619.3

[(H20)3 - cyclo-VOLFPVOLFP- 70
Phe oH] 2 37578.8

[(H20)14- cyclo-VOLFPVOLFP- 70
Phe oH] 2 37610.3

[(H20)30- cyclo-VOLFPVOLFP- 70
Phe oH] 2 37568
Phe cyclo-VOLFPVOLFP+2H 37528 >
Phe AcPheNHMe 37650 %
Phe AcGlyPheNH» 37635 %
Phe AcPheGlyNH» 37620 %
Phe Phe 37613 o7
Phe AcPheNH, 37610 %
Phe Phe 37600 o7
Phe AcPheNHMe 37593 %
Phe AcPheNHMe 37592 %
Phe AcPheOMe 37579 537 %8
Phe Phe 37570 o7
Phe AcFA)K-H+ 37568.2 %
Phe AcFAsK-H+ 37560.3 %
Phe Phe 37558 o7
Phe AcFAsK-H+ 37541.9 %
Phe Phe 37537 %
Phe (AcPheOMe), 37537 538 %8
Phe AcAAFNH, 37535 100
Phe AcFAsK-H+ 37531.6 %
Phe AcPheNH, 37530 %
Phe Phe-H+ 37529.6 531 58
Phe AcFA10K-H+ 375277 %
Phe AcFAsK-H+ 37525.6 %
Phe Phe-H+ 37520 531 58
Phe AcPheNHMe 37518 %
Phe FA10K-H+ 37512 ot
Phe AcGlyPheNH» 37510 %
Phe YGGFL-H+ 37507 531 3
Phe AcPheNH, 37505 %
Phe YAGFL-H+ 37504 532 3
Phe FG 37490 102
Phe AcAFANH, 37490 100
Phe AcPheGlyNH» 37485 %
Phe FA10K+2H 37480 1o
Phe AcFAANH; 37425 100
Phe AcPheNHMe 37414 %

RPPGFSPFR+2H 103
Phe (bradykinin) 37359
Phe Y-dAGF-dL-H+ 37261 534 3

RPPGFSPFR+2H 103
Phe (bradykinin) 37224
phospho-Tyr Ac-pYA3SK-H+ 37170 80
phospho-Tyr Ac-SAspYK-H+ 37167 80
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phospho-Tyr Ac-pYV3SK-H+ 36950 80
phospho-Tyr pYA-H+ 36945 80
phospho-Tyr ApY-H+ 36930 80
phospho-Tyr ADEpYLIPQQ+2H 36295 80
Tyr Tyr 35687 803 102
Tyr YAGFL-H+ 35684 810 3
Tyr YGGFL-H+ 35683 810 3
Tyr Tyr 35492 o7
Tyr Tyr 35485 809 102
Tyr NVGS(D-Asp)TY-NHs+ 35410 5
Tyr AY 35404 102
Tyr NVGS(D-isoAsp)TY-NHs+ 35014 84
Tyr Y-dAGF-dL-H+ 35399 810 3
Tyr Ac-YAsSk-H+ 35398 80
Tyr GY 35387 102
Tyr YA 35345 102
Tyr YA-H+ 35317.1 37
Tyr Ac-YA3;pTK-H+ 35307 80
Tyr NVGS(L-Asp)TY-NHs+ 35298 B
Tyr YA-H+ 35277.2 37
Tyr Tyr-H+ 35234.9 58
Tyr YA-H+ 35223.2 37
Tyr Tyr-H+ 35186.4 58
Tyr YA-H+ 35174.8 37
Tyr Ac-YA3;pSK-H+ 35140 80
Tyr Tyr-H+ 351114 58
Tyr Tyr-H+ 35083 12
Tyr Tyr-H+ 35081.3 58
Trp TrpH+ 34700 ~750 2
Tyr AY-H+ 34525.2 37
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Table 2. Experimentally observed vibrations in peptides/amino acids.

Group Type Residue Exper. Calc. Inter- Molecule Comment Ref.
freq., freq., action
cm’’ cm’
OH stretch  Phospho 3670 free Ac-pYA3SK+H 80
OH stretch  Phospho 3669 free pYA+H 80
OH stretch C-term 3669 free pYA+H 80
OH stretch  Phospho 3654 free pYA+H 80
OH stretch Tyr 3649 free Ac-YA3pSK+H 80
OH stretch Tyr 3649 free Ac-YA3Sk+H 80
OH stretch Tyr 3649 free Ac-YA3pTK+H 80
OH stretch Tyr 3645.2 3647.6 free Tyr+H Conf C 58
OH stretch Tyr 3644.2 3647.4 free Tyr+H ConfD 58
OH stretch Tyr 3643.5 3647.3 free Tyr+H ConfB 58
OH stretch Tyr 3643.2 3647.8 free Tyr+H Conf A 58
OH stretch Tyr 3642.3 3640.8 free YA+H ConfD 37
OH stretch Tyr 3641.8 36414 free YA+H Conf C 37
OH stretch Tyr 3641.7 3641.7 free YA+H Conf A 37
OH stretch Tyr 3641.7 3642.2 free YA+H Conf B 37
OH stretch Tyr 3637.9  3638.85 free AY+H 37
OH stretch C-term 3588.5 free WG Conf A 104
OH stretch C-term 3585 WGG Conf B 104
OH stretch C-term 3583 free GW Conf B 104
OH stretch C-term 3582 free PW ConfB 105
OH stretch C-term 3581 free Phe Band A 106
OH stretch C-term 3579 free Phe Band D 106
OH stretch C-term 3575.3 free AcFA10K+H Conf A %
OH stretch C-term 3574.1 free FAIOK+H tot
OH stretch C-term 3574 free SarSar+H H2-tagged 77
OH stretch C-term 3573 free Ac-YA3pSK+H 80
OH stretch C-term 3573 free Ac-YA3pTK+H 80
OH stretch C-term 3571.2 free AcFA5K+H Conf A %
OH stretch C-term 3570 free SarGly+H H2-tagged 77
OH stretch C-term 3569 free GG+H H2-tagged 77
OH stretch C-term 3569 free GlySar+H H2-tagged 77
OH stretch C-term 3569 free His+H Conf A/A* 16
OH stretch C-term 3568.3 3568.9 free YA+H Conf A 37
OH stretch C-term 3567.9 3568 free YA+H Conf C 37
OH stretch C-term 3567 free Phe Band C 37
OH stretch C-term 3566.8 3566.8 free YA+H ConfB 37
OH stretch C-term 3566.8 3566.9 free YA+H ConfD 37
OH stretch C-term 3566 3566 free GG+H H2-tagged 4
OH stretch C-term 3564.5 3563.9 free AY+H 37
OH stretch C-term 3564 free His+H ConfB 16
OH stretch C-term 3563 free SarSar+H H2-tagged 77
OH stretch C-term 3561 free GlySar+H H2-tagged 77
OH stretch C-term 35549  3560.15 free Tyr+H Conf C 58
OH stretch C-term 3554 3552.8 free Phe+H ConfB 58
OH stretch C-term 3553.65  3560.5 free Tyr+H Conf A 58
OH stretch C-term 3553.2 3558.6 free Tyr+H ConfD 58
OH stretch C-term 3552.7 3558.6 free Tyr+H ConfB 58
OH stretch C-term 3552.6 3550.6 free Phe+H Conf A 58
NH stretch NH2 3534 3535 free AcAFANH2 108
NH stretch NH2 3524 3526 free AcAAFNH2 108
NH stretch NH2 3523 3527 free AcFGNH2 Conf A %
NH stretch Trp 3522 GW Conf B 104
NH stretch NH2 3522 3519 free AcFAANH2 108
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NH stretch Trp 3520 free GW Conf A 104
NH stretch Trp 3520 free WGG Conf B 104
NH stretch Trp 3520 free PW Conf B 105
NH stretch NH2 3520 3516 free AcGFNH2 Conf A 96
NH stretch Trp 3519.5 free WG Conf A 104
NH stretch Trp 3519 free PW Conf A 105
NH stretch NH2 3519 3519 free AcFGNH2 Conf B 96
OH stretch C-term 3506 bound Ac-pYA3SK+H 80
. . Conf 16
NH stretch  imidazole 3482 free His+H A/A*/B
NH stretch Amide 3467 free AcPheNHMe ConfI %
NH stretch Amide 3465 free AcPheNHMe Conf 1l %
NH stretch Amide 3458 free AcPheOMe Monomer %
NH stretch Amide 3454.6 free AcFA10K+H Conf A %
NH stretch Amide 3451.7 free FA10K+H 101
NH stretch Amide 3449.65 free AcFASK+H Conf A %
NH stretch Amide 3449 3457 bound AcFGNH2 Conf A 96
NH stretch Amide 3447 3441 bound AcFAANH2 108
NH stretch Amide 3444 3432 C5 AcFGNH2 Conf A 96
NH stretch Amide 3442 3455 bound AcFGNH2 Conf B 96
NH stretch Amide 3440 3452 bound AcAAFNH2 108
NH stretch Amide 3438 free AcPheNHMe ConfI %
NH stretch Amide 3438 free AcPheNHMe Conf I %
NH stretch Amide 3434.3 C5 AcFASK+H Conf A %
NH stretch Amide 3429 3442 bound AcAFANH2 108
NH stretch N-term 3428 Phe Band X 106
NH stretch Amide 3426 free AcPheNHMe Dimer %
NH stretch Amide 3423 3439 C5 AcFAANH?2 108
NH stretch Amide 3420 WG Conf A 104
NH stretch N-term 3420 Phe Band B 106
NH stretch Amide 3417.5 3416.9 bound AY+H 57
NH stretch Phe 34163 cyclo- Conf. B v
) VOLFPVOLFP +2H ’
NH stretch N-term 3411 Phe Band B 106
NH stretch N-term 3410 free His+H Con A/A* 16
cyclo- 13
NH  stretch Phe 3409 3417 free VOLFP\YIOLFP oy ConfA
NH stretch NH2 3408 3410 C10 AcAFANH2 108
NH stretch N-term 3405 Phe Band C 106
NH stretch Amide 3402 bound AcFA10K+H Conf A %
NH stretch N-term 3402 Phe Band D 106
NH  stretch Phe 3399 cyclo- Conf B v
VOLFPVOLFP+2H
NH stretch Amide 3396 GW Conf B 104
NH stretch Amide 3395 WGG Conf B 104
NH stretch Amide 3390.5 bound FA10K+H 101
NH stretch Amide 3389 B-sheet AcPheOMe Dimer %
NH stretch NH2 3389 3391 C10 AcAAFNH2 108
NH stretch Amide 3388 WGG Conf B 104
NH stretch NH2 3388 3391 C10 AcGFNH2 Conf B 96
NH stretch Amide 3385.8 3381.3 bound YA+H ConfB 37
NH stretch Amide 3383.1 3379.6 bound YA+H ConfD 37
NH stretch NH2 3381 3378 C7 AcFGNH2 Conf A 96
NH stretch N-term 3377 free His+H Conf B 16
NH stretch N-term 3375 free GlySar+H H2-tagged 77
NH stretch Amide 3374 3389 C10 AcAFANH?2 108
NH stretch N-term 3373.45 3369.5 free YA+H ConfD 37
NH stretch N-term 3373 free GG+H Hx-tagged 177
NH stretch Amide 3372.1 3371.8 bound YA+H Conf A 37
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NH stretch Amide 3372.1 3371 bound YA+H Conf C 37
NH stretch N-term 3371.7 3368.7 free YA+H ConfB 37
NH stretch Amide 3370 free SarGly+H Ho-tagged 77
NH stretch N-term 3370 Phe Band C 106
NH stretch Amide 3369 bound PW Conf B 105
NH stretch Amide 3367.2 C10/C13 AcFA10K+H Conf A 9
NH stretch Amide 3363 o~helix FA10K+H 101
NH stretch Amide 3363 B-sheet AcPheOMe dimer %
NH stretch Amide 3362.3 C10/C13 AcFASK+H Conf A %
NH stretch Amide 3362 bound AcFNHMe Conf 1l %
NH stretch NH2 3362 3364 C7 AcFAANH?2 108
NH stretch Amide 3360 bound GG+H Ho-tagged 77
NH stretch Amide 3359.9 C10/C13 AcFA10K+H Conf A i
NH stretch N-term 3359 3372 free GG+H Ho-tagged 4
NH stretch Amide 3359 3357 bound GG+H Ho-tagged 4
NH stretch Amide 3359 3342 C7 AcGFNH2 Con A 96
NH stretch N-term 3357.85 3352.1 free Phe+H Con B 8
NH stretch N-term 3356.2 3360 free Tyr+H Conf C 58
NH stretch Amide 3354.8 a-helix FA10K+H 1ot
NH stretch N-term 3352.9 3359.2 free Tyr+H Conf A 58
NH stretch N-term 3351.8 3350.2 free YA+H Conf C 37
NH stretch Amide 3351.3 C10/C13 AcFASK+H Conf A i
NH stretch N-term 3351 Phe Band B 106
NH stretch Amide 3350.6 a-helix FA10K+H 101
NH stretch Amide 3350 bound AcPheNHMe Conf I %
NH stretch N-term 3349.7 3350 free YA+H Conf A 37
NH stretch N-term 3349.1 3347.6 free AY+H 37
NH stretch Amide 3346.4 a-helix AcFA10K+H Conf A i
NH stretch Amide 3346 a-helix FA10K+H 1ot
NH stretch N-term 3342 Phe Band A 106
NH stretch N-term 3342 Phe Band D 106
NH stretch Amide 3341.4 a-helix FA10K+H 1ot
NH stretch N-term 3341.13 33433 free Tyr+H ConfD 58
NH stretch N-term 3341 Phe BandX 106
cyclo- 13
NH  stretch Om 3340 3358 free VOLFP\Y,OLFP oy ConfA
NH stretch N-term 3339.95 3334.6 free Phe+H Conf A 8
NH stretch Amide 3338.6 a-helix AcFA10K+H Conf A i
NH stretch N-term 3338.1 3343 free Tyr+H ConfB 58
NH stretch Amide 3338 3360 C7 AcFAANH2 108
NH stretch Amide 3337 GW Conf A 108
NH stretch N-term 3335 free His+H Conf A/A* 16
NH stretch Amide 33334 a-helix AcFA10K+H Conf A %
NH stretch N-term 3333 free SarSar+H Ho-tagged 77
NH stretch Amide 3330.2 a-helix FA10K+H 101
cyclo- 13
NH  stretch Val 3330 3342 bound VOLFP\Y,OLFP oy ConfA
NH stretch N-term 3328 free SarGly+H Ha-tagged 177
NH stretch Amide 3325.6 o-helix AcFA10K+H Conf A %
NH stretch N-term 3319 free GG+H Ha-tagged 177
NH stretch N-term 3319 free GlySar+H Hx-tagged 177
NH stretch NH2 3319 3358 C7 AcFGNH2 Conf A 96
NH stretch Amide 3318.4 C10 AcFASK+H Conf A %
NH stretch Amide 3318 B-sheet AcPheNHMe Dimer »
NH stretch N-term 3316 free His+H Conf B 16
NH stretch N-term 3309 3303 free GG+H Ho-tagged 4
NH stretch Amide 3304 y-turn PW Conf A 105
NH stretch Amide 3303.1 C10 FA10K+H 101
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NH stretch Amide 3303 3324 C7 AcAAFNH?2 100
NH stretch Amide 3302.1 C10 AcFASK+H Conf A %
NH stretch Amide 3299 B-sheet cyclo- Conf A o
NH stretch Leu 3299 3317 bound VOLFPVOLFP+2H 13
NH stretch Amide 3293.3 C10 AcFA10K+H Conf A i
OH stretch C-term 3280 bound Phe Band B 106
NH  stretch ?gri; 3247 3243 free VOLFI‘,’\Y%OL'FP oy ConfA s

69
NH  stretch ?gri; 3243 3227 bound VOLFI‘,’\Y,%OL'FP oy ConfB

13
NH  stretch chl)iri; 3236 3243 bound VOLFI‘,’\Y,%"L'FP oy ConfA
OH stretch C-term 3235 bound Phe Band X 106
NH stretch N-term 3186.3 3193.7 bound YA+H 37
NH stretch N-term 3178.6 3190.4 bound YA+H 37
CH stretch N-term 3174 free His+H 16
NH stretch N-term 3138 3169.3 bound YA+H 37
NH stretch N-term 3137.3 3164.8 bound YA+H 37
NH stretch  N-term 3129.3 3197 bound Tyr+H >
NH stretch N-term 3127.3 3196.5 bound Tyr+tH 37

57
NH stretch N-term 3124 3188.4 bound Phe+H
CH stretch 3095 AcPheOMe 8
NH stretch N-term 3094.8 3140.6 bound AY+H 37
NH stretch N-term 3091.5 3124 bound Phe+H 37
NH stretch N-term 3089 3129.1 bound Tyr+H 37
NH stretch N-term 3087.45 31272 bound Tyr+H 37
NH stretch N-term 3086.9 3143 bound Tyr+H 37
NH stretch N-term 3083 3130.6 bound Phe+H 37
CH stretch 3076 AcPheOMe 8
NH stretch N-term 3075.8 3138.7 bound Tyr+H 37
CH stretch 3074 AcPheOMe 8
CH stretch 3069 WG 104
NH stretch N-term 3067.2 3102.9 bound AY+H 37
NH stretch N-term 3059.3 3098.1 bound Tyr+H 37
NH stretch N-term 3058.8 3090.8 bound Phe+H 37
NH stretch N-term 3054.9 3096.9 bound Tyr+H 37
CH stretch 3039 AcPheOMe 8
CH stretch 3038 AcPheOMe 8
CH stretch 3003 AcPheOMe 8
CH stretch 3000 AcPheOMe 8
CH stretch 2963 AcPheOMe 8
CH stretch 2961 AcPheOMe o8
CH stretch 2927 AcPheOMe o8
CH stretch 2899 AcPheOMe 8

NH3+ cyclo- Nagornova,
NH - stech o 2882 2843 bound VOLFP\Y,OLFP . 20 1g1 4101
CH stretch 2858 AcPheOMe 8
NH3+ cyclo- Nagornova,

NH - stech o 2667 2679  bound VOLFP\Y,OLFP . 20 lgl 4101
Cco stretch C-term 1788 free SarGly+H 107
CO stretch C-term 1786 bound GG+H 107
CO stretch C-term 1785 1785 bound GG+H 40
Cco stretch C-term 1783 bound GlySar+H 107
CO stretch C-term 1782 PW 105
CO stretch C-term 1782 PW 105
CO stretch C-term 1778 free SarSar+H 107
CO stretch C-term 1754 free SarSar+H 107
CO stretch Amide 1722 1751 bound GG+H 40
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CcO stretch Amide 1722 bound GG+H 107
Co stretch Amide 1721 bound SarGly+H 107
CO stretch Amide 1711 AcPheNHMe 93
Co stretch Amide 1707 Leu-Enkephalin+H 1o
CcO stretch Amide 1706 AcPheNHMe 93
Co stretch Amide 1700 bound GlySar+H 107
CcO stretch Amide 1697 bound SarSar+H 107
CcO stretch Amide 1695 AcPheNHMe 93
CcO stretch Amide 1692 free PW 105
_ cyclo- 13
C=0  stretch 1688 1691 VOLFPVOLFP+2H
Cco stretch Amide 1681 B-sheet GS+2H 1
_ cyclo- 13
C=0  stretch 1681 1680 VOLFPVOLFP+2H
Cco stretch Amide 1676 B-sheet AcPheNHMe %
C=0 stretch 1668 cyclo- :
1668 VOLFPVOLFP+2H
NH  umbrella  N-term 1655 Leu-Enkephalin+H 1o
C=0 stretch 1621 cyclo- :
1626 VOLFPVOLFP+2H
CO stretch Amide 1619 bound GS+2H
C=0 stretch 1615 cyclo- :
1615 VOLFPVOLFP+2H
NH bend Amide 1569 AcPheNHMe
NH bend Amide 1554 AcPheNHMe
cyclo- 13
NH bend 1551 1561 VOLFPVOLFP+2H
NH bend Amide 1549 AcPheNHMe
NH bend Amide 1545 free SarGly+H
NH bend 1544 broad cyclo- :
1560 VOLFPVOLFP+2H
NH bend Amide 1536 1544 bound GG+H 40
NH bend Amide 1536 bound GG+H 107
NH bend Amide 1536 AcPheNHMe
cyclo- 13
NH bend 1524 1535 VOLFPVOLFP+2H
NH bend Amide 1516 Leu-Enkephalin+H 1o
NH bend Amide 1514 AcPheNHMe 93
cyclo- 13
NH bend 1514 1534 VOLFPVOLFP+2H
NH bend Amide 1511 PW 105
NH bend Amide 1511 PW 105
cyclo- 13
NH bend 1485 1497 VOLFPVOLFP+2H
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