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ABSTRACT: Difference in functionality of many isomeric biomolecules requires their analytical identification for life
science studies. We present a universal approach for quantitative identification of different small to midsize isomeric
biomolecules that can be brought to the gas phase from solution by electrospray ionization (ESI). The method involves
IR fragment cold ion spectroscopy of analyte molecules that are incompletely desolvated by soft ESI. The use of
solvent molecules as natural tags removes a need for adding to solutions any special compounds, which may interfere
with LC or mass-spectrometric measurements. The tested peptides and especially monosaccharides and lipids exhibit
highly isomer-specific IR fragment spectra of such non-covalent complexes, which were produced from water, methanol,
acetonitrile and 2-butanol solutions. The relative concentrations in solution mixtures of, for instance, two isomeric
dipeptides can be quantified with the accuracy of 1.6 % and 2.9 % for the acquisition time of 25 min and, potentially,
5's, respectively; for three isomeric phospho-octapeptides the accuracy becomes 4.1% and 11% for 17 min and, potentially,
10 s measurement, respectively.

Isomeric idenfification of biomolecules remains one of the essential challenges in analytical chemistry. There is no
single universal approach capable of reliable identification of isoforms for the large variety of biomolecules. X-ray
diffraction, NMR, and cryo-electron microscopy may provide direct structural information for biomolecules, although each
of these methods has certain limitations and practical drawbacks. Owing high resolution and fast data acquisition, mass
spectrometry (MS) is the current tool of choice for high throughput identifications of biomolecules in numerous -omics
applications, but it remains intrinsically low-capable of distinguishing the isomers. Liquid chromatography (LC) and ion
mobility (IM) techniques, which can be conveniently combined with MS analysis, may separate isomers, tagging them with
retention and arrival time, respectively. The resolution of IM instruments is rapidly increasing,’ often allowing separation
of isomers with similar collisional cross-sections.?> The higher is the LC/IM resolution the more stringent are the
requirements for stability of experimental conditions to reproduce the time tags from day-to-day and in different
laboratories. This infrinsic issue shifts the focus from separation to well-reproducible identification of isomers.

Different from LC and IM, spectroscopy reflects molecular structure on a quantum mechanical level, which makes
optical spectra highly reproducible fingerprints of analytes. The recently developed combination of UV photodissociation
spectroscopy (PD) of cold ions and high-resolution MS (2D UV-MS)® demonstrates unprecedent capabilities in quantitative
isomeric identification of many types of biomolecules, including peptides,’® drugs,” carbohydrates™" and lipids.” Along
with UVPD, different types of IRPD spectroscopy of ionized biological molecules have been developed for idenfifications
of their isomers.”™™® A combination of IM and IRPD spectroscopy of the ions that are cryogenically tagged by low-
polarized small molecules™ (e.g., D, N,} demonstrates a particularly promising alternative for isomeric identifications of
carbohydrates.??! Cryo-tagging requires, however, the conditions in a PD cold ion trap to be optimized simultaneously
for tagging and cooling of the ions. The trap temperature, for instance, is to remain relatively high to supress
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condensation of N, tag molecules onto RF electrodes. Higher temperature reduces spectral resolution and, ultimately,
the accuracy of identifications. Moreover, because the tagging is not 100% efficient, the spectra are measured by
detecting the reduction of the number of the complexes due to IRPD. Such depletion spectra are inherently non-baseline
free, which limits their quality and therefore the accuracy of the method.

Non-covalent tagging directly in solution prior to a MS filtering of the desired ions solves these problems, buft
requires addition of foreign tag molecules (e.g., alkali atoms®™ for IR or aromatic molecules'™? for UV spectroscopy,
respectively), which make the solution not always compatible with, for instance, LC separation or may interfere with
MS. Here we present a universal and free from these drawbacks method of isomeric quantification with tagging in
solution. The method employs IRPD spectroscopy of cold analyte ions that are non-covalently tagged directly by solvent
molecules. We demonstrate this baseline-free approach for idenfification of isomeric dipeptides, phosphorylated oligo-
peptides, monosaccharides and lipids dissolved in some common solvents. The accuracy of the method is evaluated by
quantification of isomeric peptides in their solution mixtures and it is compared (for dipeptides) with the performance
by depletion spectroscopy.

Our experimental setup has been described elsewhere {see S| for details)." Briefly, the protonated solvated com-
plexes are produced from solution by a nano-ESI source configured for a gentle ionization.?? The ions are mass-selected
by a quadrupole mass-filter and guided info a cold {T=6K) octupole trap, where they are collisionally cooled and then
undergo photofragmentation by a pulse of a tuneable IR OPO. The second quadrupole mass-filter deftects the appearing
charged fragments or the reduction of the number of parent complexes for the fragment or depletion IR spectroscopy,
respectively.

The library-based quantitative idenfification of isomers in their mixtures includes preliminary measurements of IR
spectra for all known isomers (library of standards) that are suspected to be present in a mixture. Then, the spectrum
of the ions electrosprayed from an unknown analyte solutfion is measured too. This spectrum is numerically decomposed
to a linear combination of the library spectra® The coefficients of this decomposition give the relative concentrations
of the mixed in solution isomers.

As a tfest case, we measured IR fragment spectra of doubly hydrated dipeptides AY and YA by detecting the
appearance of the bare peptides as the PD products. The spectra of the two isomers appear visibly distinguishable
(Fig. 1a-b) and can be used for quantification of the isomers in solution mixtures. To evaluate the accuracy of such
identifications, we mixed both isomers in different proportions and measured IRPD spectra of the mixtures (e.g., Fig.
1c). Each of the spectra was numerically decomposed in the basis sef of the spectra of the pure isomers. The results
imply that, the relative concentration of these isomers in a mixture can be determined with the roof-mean-square
deviation (RMSD) of 1.6% (Fig. 1d}). The accuracy dropped to 2.9%, however, when the IR depletion spectra of the same
isomers and their mixtures (Fig. S1) were used in the decompositions {Fig. S2). This comparison quantifies the advantage
of the baseline-free fragment over the depletion spectroscopy, which is widely used for interrogating cryogenically
gas-tagged ions. The measurement of one spectrum in the whole range of 3380-3800 cm™' takes 25 minutes. While this
timescale is acceptable for offline measurements of the library standards, much faster acquisition time is highly desired,
for instance, fo make the method compatible with LC separation. We earlier suggested and demonstrated that the
analysis of UV spectra measured for library standards may reveal the sefs of isomer-characteristic wavelengths, at
which the spectra are most different (e.g., peaks, band origins, etc.).5% Once pre-determined, the spectra of analyte
mixfures need to be measured at these few specific wavelengths only. Herein we performed the decompositions by
taking PD intensities in the measured IR spectra of the standards and analyte mixtures only at five “specific”
wavenumbers (Table S1). Compared with the whole spectral range, the accuracy of isomeric quantifications with such
truncated set of data decreases, in average, from 1.6% to a still appreciable value of 2.9%. In return, the time of
measurements at five wavelengths, potentially, can be reduced by 300 times to 5 seconds, which would make the method
compatible with online LC separation. Ironically, the accuracy becomes the same as in the case of decomposition of
depletion spectra in the entire spectral range. This comparison demonstrates the potential advantage of the baseline-
free fechnigue over the deplefion approach from the point of view of data acquisition rate: for the same accuracy the
former is 300 times faster than the latter.

The accuracy of isomeric quantification ftypically reduces with increasing the number and the size of molecules due
to their more congested spectra and the accumulated errors of the decomposition.®? Figure 2a-c shows IR fragment
spectra of three doubly hydrated model phosphorylated octapeptides, pTSA;TSY, TSA3pTSY, TSA;TSpY, which differ by
the position of the phosphogroup. It is worth mentioning that the former two isomers could not be resolved using
standard UPLC separation.® The position, intensities and widths of a few peaks, which are due to NH- and OH-stretch
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transitions, make the three spectra visually distinguishable, particularly in the spectral range of 3550-3800 cm™. To
assess the accuracy of the method with this larger set of larger peptides, we prepared four test mixtures of the
isomers and measured their IR spectra in this range (e.g., Fig. 2d). The decomposition over the entire range results in
RMSD of 4.1% (Fig. 2e). A truncated decomposition with 10 (visually most characteristic) data points (Table S1) reduced
the accuracy to almost 11%. This can be compared with the earlier quantification of five isomeric phospho-octapeptides
by the method of 2D UV-MS fingerprinting. It simultaneously measures several UVPD spectra by detecting all abundant
photofragments with a broadband MS analyzer. The achieved RMSD was 6.5% and 8.1% for the decompositions with a
large spectral range and with retaining 10 wavelengths, respectively.® Although more powerful and accurate, 2D UV-MS
fingerprinting requires a high-resolution broadband MS detection (e.g., Orbitrap, TOF) and is limited to the species that
absorb in UV. In this respect, IRPD of hydrated biomolecules is a technically simpler but universal alternative to the
UV-MS fingerprinting with still very good ability to quantify isomers of small to midsize biomolecules.

The higher performance of the 2D UV-MS method roofs from the fact that UVPD spectfra reflect not only absorption
transitions, but also a complex dissociation dynamic that involves the ground and excited electronic states of an ion.
As a result of this complexity, the UVPD spectra, measured with detection of different photofragments often appear
quite distinct. IRPD of bare or fagged ions is a statistical process occurring on the electronic ground surface only,
such that, regardless of the vibration used for excitation (by pulses of ns duration), the weakest bond breaks first.
Because the IR fragment MS of ions tagged by gases or, as herein, by solvent molecules is frivial, the bare ion only,
there is no sense of performing 2D IR-MS measurements.

Along with water, a few other solvents are offen used in LC and ESI-MS analysis of biomolecules. The choice of
a particular solvent {mixture of solvents) is determined, in particular, by solubility of an analyte and the performance
of LC and ESI. A high solubility implies an appreciable analyte-to-solvent binding energy. This energy may not be,
however, sufficient for preserving solvated complexes of the analytes during ESI. In addition, larger solvent molecules
may make the spectra of the complexes more congested. Regarding this, we tested the IRPD approach with isomeric
monosaccharides, J-glucosamine (J-GlcN; m=179.171 Da) and D-galactosamine (0-GalN), dissolved in three most common
for LC-MS solvents: water, methanol and acetonitrile (Fig.3a-f). Finally, we compared IR fragment spectra of two
diastereomeric sphingolipids (m=299.5 Da) tagged by single molecules of 2-butanol (m=74.1 Da), which particularly readily
dissolves these lipids (Fig. 3g-h). Regardless of the solvent, the spectra of all the isomeric pairs are visually quite
distinct, particularly, when compared with the spectra of YA/AY (Fig.1). We therefore expect that the accuracy in
isomeric quantification of the two amino sugars and the two stereometric sphingolipids by IRPD should be higher than
that for the dipeptides.

To sum up, cold-ion IRPD spectroscopy of analyte—solvent non-covalent complexes enables library-based quantitative
identifications of isomeric biomolecules of different types. The formation of such complexes in solution is natfural, as
far as the solvent is suitable for dissolving the analyte. Gentle ESI preserves the complexes during transmission to
the gas phase, while cryogenic cooling conserves them and suppresses spectroscopic inhomogeneous broadening.

Isomeric YA/AY dipeptides can be identified with 1.6% accuracy during 25 min or, potentially, with 2.9% accuracy
just in 5 s, required for spectroscopic sampling at 5 specific IR wavelengths. The accuracy drops fto 4% for three
phospho-octapeptides due to the higher number and larger size of the isomers. Compared with a commonly employed IR
depletion (e.g., of gas-tagged ions), the background-free fragmentation IR spectroscopy of solvent-tagged ions exhibits
much better performance in terms of accuracy and/or acquisition rate. The spectra of the fested isomeric monosac-
charides (GlcN/GalN) appear well-distinguished with the three tested most common solvents: water, methanol and
acetonitrile. A use of a much larger solvent molecules (2-butanol) still allows for excellent sterecisomer -specific
spectra of sphingosine C-18 lipids.

Overall, IR spectroscopy of naturally solvent-tagged molecules is viewed as a simple and universal alternative
approach for accurate quantitative identification of, essentially, any small to midsize isomers that can be electrosprayed.
The method does not require any modifications of an analyte solution opfimised for MS or MS-LC analysis and,
potentially, can be combined with online LC separation. Switching from spectroscopy mode to a normal LC-MS operation
can be done upon request within seconds by increasing collisional activation, for instance, in an ESI source to destroy
non-covalent complexes.

Practical implementation of the analytical methods that are based on spectfroscopy of cold ions requires tailored
MS instruments that will be compact, affordable and simpler than our multipurpose research grade 6 K spectrometer.
Such cooling requires a use of bulky {total of 130 kg) two-stage closed cycle refrigerators. We earlier demonstrated
that even a ten-fold increase of the temperature still allows for a good accuracy in quantification of isomeric
biomolecules.® This result enables the use of compact and light (-5 kg) pressure-wave generators that cool down to
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~40 K. The development of an affordable spectroscopic module, which is be based on such a cooler and which can be
safely added to commercial high-resolution MS instruments is currently underway in our laboratory.
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Figure 1. IR fragment spectra of {a) [AlaTyr-(H,0),]-H*, (b) [TyrAla-(H,0),]-H* cold isomeric complexes, and of the
complexes electrosprayed from (c) 1:2 solution mixture of the isomers and its fit spectrum (green space). The arrows
point to the five wavenumbers used in the truncated decompositions. (d) The difference between the calculated and the
prepared solution concentrations of the isomers (AY-blue and YA—red crosses) in five test mixtures.
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Figure 2. IR fragment spectra of (a) [TSAspTSY-(H;0),1-H*, (b) [pTSA3TSY--(H;0),]-H*, (c) [TSA3TSpY--(H,0),]-H* and (d) of
the equimolar solution mixture of the three isomeric complexes (black) and its fit (green). (e) The difference between the

calculated and the actual solution concentrations of the isomers in four test mixtures (TSAspTSY-blue circles, pTSA3TSY—
red and TSA;TSpY—green crosses).
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Figure 3. IR fragment spectra of protonated (a, ¢, e) GlcN and (b, d, f) GalN carbohydrates doubly solvated by (a-b) water,
(c—d) singly solvated by acetonitrile and (e—f) methanol, and of (g) O-erythro-sphingosine and (h) L-threo-sphingosine singly
solvated by 2-butanol.




