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Cold Ion Spectroscopy
for structural identifications
of biomolecules
Boyarkin O.V., Laboratoire de Chimie Physique Moléculaire, EPFL, oleg.boiarkin@epfl.ch
Over the last decade, the spectroscopy of cryogenically cold ions isolated in the gas phase has been
developed as a new tool for structural elucidations of biological molecules. Cooling to as low as ~10
K allows for vibrational resolution in UV spectra of small to midsize pharmaceutical drugs, peptides,
carbohydrates, lipids, as well as of clusters of these biomolecules. The rich in details UV spectra of
these cold gas-phase species become very specific not only to chemical composition, but also to their
geometry (e.g., isomers or conformers). Absorption of a UV photon often results in photofragmentation of a protonated parent biomolecules, thus producing charged fragments with the mass-tocharge ratios that are different from that of the parent. This allows for a convenient way of measuring of the UV “action” spectra by mass-spectrometric detection of these fragments. When all the
fragments are detected at once at a fixed UV wavelength, the resulting fragment mass spectrum
(fragment intensity vs m/z ratio) also exhibits high specificity to the chemical composition and to the
geometry of the parent.
Here we describe the pioneering analytical method that fuses UV action spectroscopy and UV
photofragment mass spectrometry to a powerful analytical method, called 2D UV-MS fingerprinting.
The method is illustrated by its applications to identifications and relative quantifications of isomers
for different types of biomolecules, as well as of conformers of peptides.
Introduction

large biomolecules that are rapidly frozen to cryogenic tem-

Conformational/isomeric heterogeneity of biomolecules in

peratures in a thin layer of solvent. In addition to the prob-

vivo is a key factor that enables a high level of diversity and

lems of radiative damage and limited resolution, which are

dynamical flexibility of their biological functions. A change

continuously improving, this method still suffers from a lim-

in three-dimensional structure of a protein in response to

ited ability to resolve multiple conformers of biomolecules.

environmental conditions or biological signaling may alter its

Alone with cryo-EM, NMR spectroscopy in vitro is still the

activity from live to death [1]. Determination of the 3D struc-

only proven method capable of providing direct structural

tures of conformers and revealing the mechanisms of their

constraints in the form of internuclear distances for biomol-

interconversion in vivo is therefore one of the key problems

ecules in their quasi-natural environments, in aqueous solu-

that have to be solved to enable the intelligent modeling of

tions or in hydrophobic solvents (e.g. for membrane proteins

functionality of biomolecules on a molecular level. Currently,

and peptides). In conjunction with “inexpensive” low-level

none of the known methods alone, owing to their limita-

methods of computational quantum chemistry, these con-

tions, is capable of unambiguous structural determinations

straints allow for solving “native” structures of biomolecules

for the variety of biomolecules. X-ray diffraction may deter-

that can be as large as proteins [5]. One of the weak points

mine 3D structures of crystallized biomolecules with high

of NMR is its limited ability to resolve multiple conforma-

resolution, but the crystallization may drastically alter the

tional structures that may interconvert on the time scale of

3D geometry of molecules from the geometry they adopt

the measurements [6]. To a certain extent, this limitation

in vivo [2, 3]. This powerful method remains the main “work

can be overcome using time-resolved 2D IR spectroscopy of

horse” for solving structures of large biomolecules, although

biomolecules in solutions [7]. This approach detects anhar-

crystal structures of only rigid molecules with low confor-

monic couplings of molecular vibrations; the detected cor-

mational heterogeneity may have any direct relevance to

relation can be used to constrain structural computations.

their native conformation. Recently developed to the level

Although demonstrated for several different systems, the

of a laboratory technique, the method of cryogenic electron

2D IR approach is by far lower in its performance (e.g. size of

microscopy (cryo-EM) solves some of these problems [4]. This

molecules and accuracy) than NMR, primarily due to its poor

technique can be applied for structural determinations of

spectral resolution in solutions.
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One common problem for the condensed phase methods is a need for a highly purified sample in relatively large
quantities. The development of electrospray ionization,
which allows for transfer of large, non-volatile biomolecules

Tyr-H+
T = 12 K

directly from the solution to the gas phase, enabled the use

T = 300 K

of mass spectrometry (MS) for structural determinations.
High sensitivity and m/z resolution of MS instrumentation
drastically reduces the required amount and purity of samples. While MS alone provides little information regarding
the 3D structure of biomolecular ions, there are, at least,

34 900

two associated approaches that may deliver certain struc-

Wavenumber, cm-1

35 300

tural information. The electron transfer/capture dissociation methods demonstrate certain selectivity for the tertiary structure of proteins and allow an evaluation of their

S1

overall folding state, although by far, these methods canUV

not serve to unambiguously validate the 3D structure [8].
The technique of ion mobility, which measures drift times

UV
Cooling

of ionic conformers dragged through buffer gas by a weak
electrical field, is capable of separating conformers with
sufficiently different collisional cross sections [9]. Each drift
time can be converted to an ionic collisional cross section,

S0

thus providing a direct, but single structural constraint, for
validating calculated 3D geometry of a conformer (conformational family). As none of the methods described above
can alone provide an unambiguous assignment of each
calculated single conformational structure, the current
developments in structural elucidations are two-fold. Continuous development in computer technology and com-

Figure 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 [12]

putational theory are making calculations faster, which
allows for a more accurate treatment of larger molecular
ent proven techniques and implement new approaches for

Vibrationally resolved spectroscopy
of cold biomolecules

measuring more and more structural constraints that are

Spectroscopy measures the energy and intensity of optical

suitable for pre-selecting calculated molecular geometries

transitions between the quantum states of molecules, and

and for a highly confident validation of the final optimized

therefore reflects their molecular structure. UV spectra of

systems. Experimentally, one would like to combine differ-

structures. Laser spectroscopy, when combined with cryo-

large molecules containing aromatic groups reflect com-

genic cooling of ions and their mass spectrometric detec-

plex vibronic transitions (rotational resolution is unrealis-

tion is one of the recent tools that is capable of providing

tic already for midsize biomolecules), which are governed

large numbers of structural constraints for gas-phase bio-

by the Frank-Condon principle and which are challenging

molecules. The ions of interest can be stored in a cryogenic

to reproduce through calculations. Instead, high-resolu-

ion trap, cooled in collisions with a buffer gas (e.g., He) and

tion UV spectra, molecular “fingerprints”, which are rich

then spectroscopically interrogated by pulses of one or sev-

in details, can be used to identify differently structured

eral lasers. The early stage developments in this field have

molecules, including isomers and conformers. In addition,

been reviewed elsewhere [10]. Herein, after giving some

UV excitation can be used for the photofragmentation of

tutorial background information and a short historical ref-

ions, serving as a convenient and highly sensitive detec-

erence, we review the most recent developments in IR/UV

tion tool.

cold ion spectroscopy for structural determinations and

One common problem of optical spectroscopy is the

identifications of biomolecules. We then shortly overview

spectral congestion that may arise from (i) the thermal

the recently launched [11] research direction in cold ion spec-

population of many molecular (including conformational)

troscopy, which targets the analytical identification of iso-

quantum states, or (ii) the broadening/splitting of tran-

meric biomolecules.

sitions to excited vibrational/vibronic states due to their

www.labpro-media.ru

№2/2020 (12) / ЛАБОРАТОРИЯ И ПРОИЗВОДСТВО /

51

Methods. Technologies. Instruments

not available commercially. Several different designs, which

Fragmentation yield, %

differ in the number of poles, were developed over the
Trp
Tyr, ×5
Phe, ×10
His, ×10

20

last two decades, after the pioneering work by Gerlich [13].
Regardless of the number of poles, which range 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 bio-

10

logical ions were performed in 22-pole cold traps [12], which
were initially developed for the spectroscopy of small ions of
astrophysical interest. From the point of view of laser spec-

0
200

240
Wavelength, nm

280

troscopy, a severe practical drawback of the 22-pole traps
is their insufficiently stable radial confinement of cold ions.
Because of a very flat effective radial potential in these and
other multipole traps, the radial position of the ion cloud in

Figure 2. 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 [22]

such traps is very sensitive to mechanical imperfections and
contamination of the trap poles.
These practically unavoidable circumstances can displace the ion cloud out of the trap axis, which hinders
the reliable day-to-day overlap of laser beams with the
cloud. Development of lower order linear cold ion traps,
such as octupoles [16, 17, 21], which have well-defined
radial minima (on the trap axis) of the effective RF poten-

short lifetime. Overlap of these numerous transitions

tial, have solved this practical problem. For instance, the

prohibits vibrational resolution in the room temperature

vibrational temperature of a protonated dipeptide, esti-

vibrational/electronic spectra of mid to large size mol-

mated from the intensity of a UV hot band (01 vibronic

ecules, drastically reducing the obtained informational

transition) relative to the intensity of the respective 10

content. The first experimental challenge in spectroscopy

vibronic transition, appears to be below 10 K, with a 6 K

of biomolecules is therefore to minimize this congestion.

octupole ion trap [17].

While the lifetime broadening (splitting) is intrinsic to

As biomolecules are usually large polyatomics with a

excited states and cannot be suppressed, the inhomoge-

variety of chemical bonds, the absorption of a single UV

neous thermal congestion can be fully removed by con-

photon usually breaks some of these bonds. The outcome of

densing all the ions to a single rovibrational state. Cryo-

UV excitation can be a reduced number of parent ions and

genic cooling of rovibrational degrees of freedom in large

an appearance of the fragments, for which m/z ratio differs

ions isolated in the gas phase may therefore greatly sup-

from that of the parents. These charged fragments or the

press this broadening (Figure 1).

depleted parent ions can be selectively detected using mass

A convenient way to cool a large number of biomolecular

spectrometry for reporting the electronic absorption of the

ions produced by electrospray ionization sources is to store

ions. The stronger is the absorption the higher is the UV-

them in a cold ion trap and then remove internal energy in

induced number of fragments and depletion of the parent

inelastic collisions with a cold buffer gas. There are many

ions. An ion, however, must contain a UV chromophore. In

types of ion storage devices that are known to be suitable

the case of peptides and proteins, this can be one of the aro-

for collisional cooling of molecular ions to temperatures of a

matic residues (His, Phe, Tyr or Trp), which all absorb in UV,

few K. For a deeper understanding of the principles of oper-

although differently. Figure 2 compares the gas-phase UV

ation, the advantages and limitations of different cold ion

absorptions of the four protonated aromatic amino acids

storage devices, we recommend a helpful book chapter by

produced by electrospray ionization from their equimolar

Gerlich [13], as well as some later reviews and research arti-

solution mixture, and measured by photodissociation spec-

cles on this topic [10, 14–20]. Here we briefly summarize the

troscopy [22].

most essential and practical aspects of cooling large bio-

It may happen that a peptide of interest contains no aro-

molecular ions in the most popular radio frequency-driven

matic residues. Indeed, the natural abundance of aromatic

linear ion traps.

amino acids suggests that, for instance, 56% of pentapeptides

Linear cold ion traps used for the spectroscopy of ions,

have none of these chromophores. Vibrational spectra of a

including heavy biological ions (peptides and proteins), are

good fraction of oligopeptides, therefore, cannot be probed
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Figure 3. 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 [23]

with the IR-UV technique. Still, one may rely on the "universal"

Hexapole IT

Nano-ESI

Orbitrap FTMS
Exactive

Figure 4. Schematic view of high-resolution Cold Ion Spectrometer in Lausanne [11–12]

VUV/UV absorption by peptide bonds to perform photofragmentation spectroscopy (Figure 3). This recent demonstration makes cold ion spectroscopy a versatile research tool for

the helium has been pumped out, the ions are interrogated in

structural studies of (eventually) any small to midsize peptide,

the trap with IR and UV laser pulses. A few ms later, the con-

as well as of many other types of aromatic molecules [23–24].

tent of the cold trap is released by lowering the potential of

High-resolution Cold Ion Spectrometer in Lausanne

either into the quadrupole mass spectrometer (QMS) of low

Implementation of all the described above spectroscopic

resolution, or into the high-resolution broadband Orbitrap-

techniques for studying cryogenically cold biological ions

based mass spectrometer Exactive for mass analysis. In the

the trap exit cap and the fragment and parent ions are guided

requires three basic types of hardware: lasers, mass spec-

latter case, the ions can also be ejected from the cold trap

trometers and cryogenic ion traps. As an example, Figure

without laser excitation and transferred into the original

4 illustrates the layout of the cold-ion spectroscopy instru-

HCD cell of the Exactive instrument for collisional activa-

ment, built in Lausanne for high-resolution spectroscopy

tion and subsequent MS analysis of the fragments. The cold

and mass spectrometry of cold ions. Protonated peptides

ion spectrometer is coupled to the Exactive MS by replacing

are generated from a solution using a nano electrospray ion

the original ion source section of the MS with a two-section

source. The ions are first guided into the vacuum chamber

octopole ion guide. In the case of the ion analysis by QMS, the

through a 0.7 mm ID 90 mm long stainless steel capillary

duty cycles of the lasers, cold ion spectrometer (typically 10

and orthogonally injected into an electrodynamic ion funnel,

or 20 Hz) and data acquisition electronics are synchronized

which works at a pressure of ~10 mbar. The ions are guided

using trigger pulses from a master pulse generator. When

further through another ion funnel, held at a pressure of ~1.5

the Orbitrap analyzer is used, this generator is triggered by a

mbar, and accumulate (for ~200–500 ms) in a hexapole ion

small fraction of the electrical pulse applied to the entrance

trap [17]. The trapped ions are then released from the hexa-

split lens of the analyzer. In addition to the QMS ion signal

pole and transmitted through a low-resolution (~100) quad-

or the entire fragment mass spectrum of Exactive, the com-

rupole mass filter, which selects parent ions of a particular

puter-controlled data acquisition system records UV/IR laser

mass to-charge ratio (m/z). An rf-only octupole guides them

power, measured by a pyroelectric detector, and laser wave-

further into an octopole ion trap [2], which is cooled to 6 K

numbers, which are measured by a wavelength meter.

by a closed-cycle refrigerator. Ions in the trap are cooled via

Figure 5 shows the optical layout in the experiments

collisions with a pulse of helium atoms, which are introduced

performed with the Cold Ion Spectrometer in Lausanne. UV

into the trap shortly before the arrival of the ion packet.

photofragmentation is performed using 2–3 mJ output of a

Approximately 40 ms later, when ions are cooled and most of

frequency-doubled dye laser (0.15 cm -1 linewidth), which is
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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 -1), but widely tunable (350–192
nm) 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)

VUV-VIS
OPO
5 ns
700–192 nm
5–8 cm–1

2nd harm.
240–350 nm

pulses at a 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 a 10 Hz repetition rate over 10–2.5 μm ranges (3 cm -1 to 1.5
cm -1

linewidth). The IR OPO and the UV laser beams coun-

ter propagate, entering and exiting the vacuum chamber

IR OPO
8 ns
10–2.5 µm
1.5–15 mJ
1.5–3 cm–1

Dye laser
10 ns
0.07 cm–1

CaF2

Piro

IR OPO
8 ns
10–2.5 µm
1.5–8 mJ
1.5–3 cm–1

CaF2

ZnSe
PD

CaF2

CaF2
Ge

CaF2

CaF2

through BaF 2 and CaF 2 windows. The two IR laser beams of
the orthogonal linear polarizations are combined onto a Ge

CaF2

plate, which is put at the Brewster angle relative to one of
the beams. Each beam is focused onto the center of the cold
ion trap by a BaF 2 lens of F=50 cm. The UV beam is loosely
focused by a CaF 2 lens of F= 75 cm onto the trap axis ~3 cm

Figure 5. Optical layout of high-resolution Cold Ion Spectrometer
in Lausanne

outside of its entrance to ensure an overlap of the entire ion
cloud in the trap by the UV beam. Broadband pyroelectric
detectors were used to record relative pulse energies of one

mental to molecules and are sensitive to experimental condi-

UV laser source and one IR OPO. A small fraction of the OPO

tions, which may not be reproduced with sufficient accuracy

signal wave (red light) is directed to a wavemeter (0.1 cm -1

[29–30]. In contrast, vibronic transitions in isolated molecules

resolution), and the measured wavelength is recorded along

and ions reflect differences in energies between their initial and

with the ion signal during the scan of IR OPO wavelength.

terminal quantum states, making vibrationally resolved elec-

Together, with the once measured wavelength of the pump-

tronic spectra unique fundamental fingerprints of such species.

ing Nd:YAG laser, this allows for an accurate wavelength cal-

Electronic excitation of ions may produce photofragments that

ibration of IR spectra. Alternatively, when the high-resolu-

are specific to their 3D structure but absent (or not abundant)

tion dye laser is scanned, its wavelength is directly recorded

in the products of thermal-like dissociation [31–32]. In particular,

by the wavemeter and is used for labeling the UV spectra.

this phenomenon may lead to a detectable difference between
the photofragmentation mass spectra of isomeric ions and even

Analytical applications
of Cold Ion Spectroscopy

these two observations, we have combined high-resolution UV

2D UV-MS fingerprinting of cold ions

cold ion spectroscopy with broadband high-resolution mass

Identification of biomolecules is one of the most demanding

spectrometry as a new, highly specific method for the identi-

between the spectra of conformers of an ion [31]. Prompted by

objectives in life-science research. Because the identity of a

fication of biomolecules named 2D UV-MS fingerprinting [11].

molecule in the gas phase and in vivo remains the same, all the

Compared with the used in mass spectrometry UV fragmenta-

powerful methods of the gas phase can be applied for structural

tion (UVPD) [33], performed at single VUV/UV wavelengths, the

identifications of biomolecules, without compromising the rel-

fragmentation mass spectra (MS) in 2D UV-MS fingerprinting

evance of these results for biology. Multistage high-resolution

are recorded at each wavelength in a large spectral range. UV

mass spectrometry (MS)n, in combination with different dis-

spectra are particularly structured in the regions of electronic

sociation techniques demonstrates an impressively accurate

band origins of studied cold ions. The spectroscopy in this region

determination of, for instance, peptides and protein sequences.

therefore adds a great number of details into the ionic 2D UV-MS

Because MS is based on measuring the mass-to-charge ratio of

fingerprints. The differences between these fingerprints may

molecular ions and their fragments, the identification of isobaric

allow for recognition of very similar species, including isomers

molecules, isomers in particular, remains among the challenges

and even conformers of cold ions. To implement 2D UV-MS fin-

for this technique [25]. Coupling of MS to high resolution LC or

gerprinting approach, we have interfaced our cold ion spectros-

ion mobility (IM) often enables the separation of isomeric ions

copy instrument to a commercial Fourier-transform Orbitrap

with sufficiently different retention or arrival times, respectively

mass spectrometer Exactive, as described above and as illus-

[26–28]. This separation does not yet ensure a reliable identifica-

trated in Figure 5. The fingerprints (Figure 6) are measured by

tion of the isobars, because both of these values are not funda-

recording fragment mass spectra at each UV laser pulse of a
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Figure 6. Photofragmentation UV-MS fingerprint of a protonated
dipeptide [34]

10 Hz dye laser (Figure 5), while scanning its wavelength. After
normalization of the fingerprints to the UV laser fluence and to

4

2

5

m/z

Figure 7. Color-coded 2D UV-MS photo fragmentation fingerprints of (1–5) five singly protonated isomeric octopeptides
(TpSAAATSY, pTSAAATSY, TSAAATSpY, TSAAApTSY and TSAAATpSY, respectively) and (M) 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 [11]

the total ion signal, correcting the baseline and removing the
occasional “fake” peaks in the recorded MS, the rectified 2D data
arrays (matrices) of isobaric ions are stored as a library for use in

The decomposition of the matrices of these test mixtures in

the identification of unknown isomeric ions that belong to the

the basis set of the five components correctly identified the

library. The rectification procedure is currently automated and

peptides in all the mixtures and reproduced the relative con-

uses a custom-modified commercial software package (Peak-

centrations of the peptides in the solutions with RMSD of 6.5%

by-Peak; Spectroswiss Sarl).

(Figure 8a). This number implies that, on average, any of the

Library approach

other isomers at relative concentrations of > 13% can be identi-

Peptides and drugs. The identification and relative quantifica-

fied at the confidence level of 95% [11].

five library isomers that are present in a solution mixture with

tion of single isobaric ions, or their mixtures, can be accom-

An important issue for this method is whether it can be used

plished using a numerical decomposition of the data arrays of

for online identification, when the time for a fingerprint mea-

the unknown ionic sample in the basic set of the library’s matri-

surement is limited by the LC peak width to a few to tens of sec-

ces [11, 35–36]. Once the difference between the linear combi-

onds. High-resolution fingerprints of the library components,

nation of the basis set and the tested matrix is minimized, the

which we measure at thousands of UV wavelengths on a time

normalized coefficients of this decomposition yield the relative

scale of an hour, can only be obtained offline. However, a trun-

contributions of the library’s species to the analyzed sample. The

cated fingerprint, measured for a mixture only at a few critical

decomposition procedure is performed using software written

wavelengths may still remain very specific. Figure 8b illustrates

in Matlab.

how the RMSD for the tested mixtures depends on the number

Figure 7 shows rectified 2D UV-MS fingerprints of five

of wavelengths, retained in the truncated matrices of the mix-

model isomeric phospho-peptides TSAAATSY-H+, which dif-

tures and the library. A random choice of a few wavelengths

fer only by their phosphorylation site (Thr1, Ser2, Thr6, Ser7 or

results in unacceptably high RMSDs, which converge close to

Y8). A standard UPLC analysis failed to determine the number

the RMSD of the full decomposition for 100 wavelengths. Analy-

and the identity of the isomers in their equimolar mixture. In

sis employing a few critical wavelengths drastically reduces the

contrast, the measured 2D UV-MS fingerprints visually differ

RMSD relative to results acquired with randomly selected wave-

for all five positional isomers. In order to assess the accuracy

lengths that approach the RMSD of the full analysis at 10−20

of the isomer identification by this new approach, 12 differ-

wavelengths. These critical wavelengths relate to the UV band

ent solution mixtures that contain between one and all five

origins and to the prominent peaks in the UV spectra of all library

isomers were prepared and their 2D UV-MS were measured.

compounds. This result demonstrates that the UV-MS finger-
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а

Random
Specific

30
RMSD, %

Calculated conc., %

b

pTSAAATSY
TpSAAATSY
TSAAApTSY
TSAAATpSY
TSAAATSpY

100

50

20

10
RMSD = 6.5%
0
0

50

100

0

10

Solution conc., %

0

Number of wavelengths

Figure 8. Calculated relative concentrations of five isomeric (phosphorylated and singly protonated) peptides (dots) as a function of
their relative solution concentrations (0−100%) for 12 different solution mixtures (a). The RMSD of 6.5% was determined taking deviations of the calculated values from the solution concentrations (solid line). The two dashed lines show the interval of the 99.7% confidence level (3×RMSD) in calculating concentrations. 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) (b). Each green dot represents 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 that are related to the band origins of the five library peptides [11]

printing can potentially be coupled to LC for online identifica-

gerprinting. This includes, for instance, stereoisomers of
pain-relief peptide drug enkephaline, diastereomers of

tions in a broad range of applications.
In addition to these identifications, demonstrated

stimulant non-peptide drug ephedrine, L/D-Asp and L/D-

with these five position- isomeric octopeptides, a few

isoAsp isoforms in a peptide derived from the hormone

life-science relevant molecules with different types of

protein amylin, isoforms of mono- to hepta-saccharides,

isomerization have been studied so far by 2D UV-MS fin-

etc. Table 1 summarizes some of the results in identifica-

Table 1. Isomers/conformers of biomolecules identified by 2D UV-MS method
Isomeric molecules

a
b
c
d
e
f

Origin

RMSD, %

Ref.

Phosphorylated hexapeptides
(Five positional isomers)

Model

6.5

[11]

Enkephalines pentapeptide
(L/D, two stereoisomers)

Opioid drug

5.4

[11]

Ephedrines (165 Da) (+/–, two stereoisomers)

Sport doping

2.9 (LODa = 30 ng)

[35]

Heptapeptide IAPP [31–37] (6 peptides with 4
isoforms: L/D-Asp/L/D-isoAsp in 2 positions)

Fragment of hormone
peptide amylin

2.2b (<4)c

[36]

Conformers of TyrAla-H+

Model dipeptide

0.9d
(blind decomposition)

[34]

Conformers of decapeptide gramicidin S

Antibiotic

–
(blind decomposition)e

[34]

Five epimeric, anomeric and regioisomeric
disaccharidesf

Carbohydrates

5.3

[37]

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.
For 12 multicomponent solution mixtures.
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under conditions of a mild to moderately harsh electrospray
ionization source. Figure 9 shows the photodissociation and
[Lewis X+Tyr+H]+ 15
[Lewis A+Tyr+H]+

1.0

Abundance, %

Fragmentation yield, %

1.5

0.5

UV spectra of the isomeric trisaccharides Lewis X and Lewis A
bound in aqueous solutions to the TyrH+ amino acid. The mass
spectra contain all the same major fragments, although of dif-

10

ferent relative intensities for the different isomers. UV spectra
of the isoforms are visually distinct in both the first and the second absorption bands [37]. Regarding our previous experience

5

with the decomposition of mixtures of isomeric peptides, such
spectral differences alone should allow an identification of the

0

isomers in their mixtures with an accuracy of a few percent.

0
0

285 290

Wavelength, nm

0

400

600

m/z, Th

Interestingly, the presence of an amino group in the saccharides
results in proton transfer from AAA to a non-covalently bound
carbohydrates. Because the pKa of carbohydrates is lower
than that of AAAs [41–43], this proton transfer may only hap-

Figure 9. 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

pen either as a spontaneous or a UV-induced process in the gas
phase [44, 45]. A valuable outcome of this transfer is the cleavage of internal glycan bonds. This results in the appearance of
charge fragments that are characteristic to the isoforms of the
saccharides. The produced photofragmentation mass spectra
additionally assist in the structural characterization of glycans

tion of isomeric molecules by 2D UV-MS fingerprinting
method.
Oligosaccharides. Saccharides are the biomolecules that
are particularly rich in isomers. While currently the method of

under study. It is important that the same instrumentation,
workflow and software of the 2D UV-MS method that were
developed for the identification of isomeric peptides and drugs
can be used for similar identifications of saccharides.

choice for a large scale screening of glycoproteins is HPLC, the
known limitations of this technique drive interest toward the

Blind identifications of isomers and conformers

development of complementary/alternative methods for the

The identifications of isoforms using 2D UV-MS fingerprint-

identification of isoforms of carbohydrates. Similar to HPLC in

ing approach requires creating a library of all the isoforms/

its spirit and limitations, ion mobility-mass spectrometry in

exact isobars that are expected in a process. It may readily

different implementations was employed for the fast separa-

happen that the library needed for the identification of a

tion of some isoforms of carbohydrates [38–39].

specific type of isomers doesn’t exist yet or it is incomplete.

There are two main problems in using 2D UV-MS fingerprint-

In the latter case, a sample may contain a mixture of known

ing for identifying isoforms of saccharides. First, both proton-

library components and one or a few unknown compounds,

ated and deprotonated glycans do not absorb in the near UV

which cannot be distinguished from the library species by

spectral region. UV absorption of deprotonated saccharides

mass (e.g., isomers) and/or by LC (e.g., conformers). It may

is intrinsically lifetime broadened due to a fast electron pho-

happen, that even the number of different isomers that are

todetachment. VUV absorption bands of protonated glycans,

present in a mixture is unknown. It turns out that 2D UV-MS

although limited in width, appear with no resolved vibrational

fingerprinting may detect the presence and the number of

structure. The gas phase VUV spectra of ionic sugars, therefore,

these unknown compounds and recover their UV absorption

exhibit low isomeric specificity, which makes their identifica-

and fragmentation mass spectra using mathematical algo-

tion by UV spectroscopy challenging. Second, carbohydrates

rithms of a matrix analysis [11, 34]. The principle condition

exhibit low protonation efficiency, even in the highly acidic con-

for such “blind” decomposition of the mixture fingerprint is

ditions of aqueous solutions. Instead, saccharides readily bind

that both the UV absorption and fragment mass spectra of

sodium cations, which are usually present in the solutions in

all the mixed molecules are substantially different from each

sufficient concentrations. Both problems have been solved by

other. Mathematically, this implies orthogonality of the 2D

adding an aromatic amino acid (AAA) into aqueous solutions

UV-MS data matrix of all the compounds, such that none of

of glycans. Already in slightly acid solutions (pH= 3–5), AAAs

the matrices is a linear combination of the others. The com-

become protonated and can efficiently bind to the saccharides

pounds, whose UV and/or mass spectra are identical, will be

to produce protonated non-covalent glycan--AAA complexes

determined by the blind decomposition as a single species

[40]. The complexes appear to be sufficiently stable to survive

(e.g., a conformational family).
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Figure 10. Application of the blind decomposition approach to a dipeptide [YA+H]+: a – plot of BCV error (log scale) for 2D UV-MS spectrum of singly protonated Tyr-Ala dipeptide (Figure 6); 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); c – 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 13C substitution [34]

The workflow of the blind decomposition consists of two

ponents, the BCV error is mainly determined by the NMF itself
(low accuracy of the k-rank approximation), implying that

main steps.
The first step is factorization of the 2D UV-MS data matrix D

the BCV error is close to the RMSD error. When the value of k

into a product of a non-negative matrix W of UV spectra and a

becomes greater than the true number of components, the

non-negative matrix H of MS spectra of different components.

NMF fits the noise in the experimental data by the redundant

If k denotes the number of such∫ components, then the n-by-

components. However, the NMF of the sub-matrix X is used to

m matrix D can be factorized into a n-by-k matrix W and k-by-

estimate the sub-matrix Dij. The overfitting of X does not lead

m matrix H, so that their matrix product WH is a lower-rank

to a better approximation to Dij, because the noise functions

approximation to D [3]. Since all the matrices, D, W and H, are

in these two sub-matrices do not correlate. Thus, the large val-

non-negative, this approach was called non-negative matrix

ues of k will not result in a reduced BCV error, while the RMSD

factorization (NMF) [46]. One can find the best k-rank approxi-

error monotonically decreases upon increasing k.

mation by minimizing the Frobenius norm of the residual:
m

k

Wij · Hil
∑
∑ Dij –∑
i=1 j=1 
l=1





||D – W · H||F =

n

2

The second step. Use Bi-cross-validation (BCV) procedure

Figure 10 illustrates the application of the blind decomposition approach to a dipeptide [YA+H]+, whose 2D UV-MS fingerprint is shown in Figure 6. The BCV analysis of the fingerprint
(Figure 11a) distinguishes 3 main components. The factorization of the fingerprint with k = 3 yields the UV absorption and

[47] to determine the most likely number k of the mixed com-

mass spectra for each of them. The derived UV spectra of the

pounds, which differ by their UV and mass spectra. The gen-

components, denoted in Figure 10b as I and II, each contain all

eral idea of BCV is to hold out a sub-matrix of the matrix D (i.e.,

of the UV transitions, previously assigned only to one or to the

a set of elements of D) and use the rest of D to predict the held

other pair of conformers, respectively [31]. It turned out that

out sub-matrix. The quality of NMF for each k is reported as a

the 3rd derived component is an isotopologue of the conformer

BCV error. If the k number is below the true number of com-

I with one 13C in the tyrosine immonium fragment. Indeed, the
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most abundant peaks in the otherwise similar fragment mass

performed in the gas phase, in which one may benefit from the

spectra of the components I and III (Figure 10c) are shifted

high spectral and mass resolutions. This approach was devel-

exactly by the mass difference of the 12C and 13C. Second, the

oped as the 2D UV-MS fingerprinting method, which has been

determined relative contribution of the component III (8%) is

demonstrated for the identification of isomeric peptides, drug

close to the abundance of the Y-immonium ion with one 13C

molecules and oligosaccharides. We see further development

(8.9%). The spectroscopic evidence of our assignment arises

of this and similar (e.g. IR-MS) approaches as quantitative ana-

from the tiny shifts of the UV transitions (Figure 11d) in the

lytical methods for the identification of different types of bio-

component III that are caused by the change of the zero-point

molecules. From a practical point of view, one of the current

vibrational energies (ZPVE) of S0 and S1 electronic states upon

objectives is to make such methods compatible with online

the isotopic substitution. The identification of the isotopic

LC, which implies a few second timescale for the interrogation

component III by the blind decomposition illustrates the high

of a sample. In parallel, one would need to create libraries of

power and potential of this method, which could be helpful, for

fingerprints for the families of isomers that are challenging for

instance, in the identification of unknown isomeric/isobaric

separating by HPLC-MSn.
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