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IONISING MOLECULES AND ELECTROSPRAY IONISATION APPARATUS

This invention relates to a method of ionising molecules, and ¢lectrospray ionisation

apparatus.

Mass spectrometry is a well-known technique, in which molecules can be
characterised based upon their mass to charge ratio. However, in order to identify
neutral molecules, it is first necessary to ionise them, so that they have a charge and

so can be characterised.

Known methods of ionisation include electrospray (ES) ionisation (ESI), whereby a
solution of molecules in a solvent is passed through a nozzle which is raised to a
potential difference relative to a target. A charge is transferred onto the solution as it
exits the nozzle tip and, with judicious choice of solvent, preferentially retained on
the molecules (which are of interest) rather than the solvent (which is of little

interest). Thus, charge can be transferred onto a molecule.

Electrospray ionisation is referred to as nanoESI (or nano-ESI) when the nozzle has a
very fine tip. In nanoESI the nozzle typically has a diameter of less than 10pum and is

usually made from pulled glass capillaries.

Chemical ionisation (CI) has been previously used, whereby a proton donor is reacted
with the molecules to be analysed. Depending on the proton donor used, the donation
of a proton to the molecule can be achieved. CI is carried out at below atmospheric
pressure, particularly where the proton donor is CHs generated by passing CH,

(methane) over a spark.

The CHs' cation is considered a “super-acid” as it has an extremely low proton
affinity, even lower than that of sulfuric acid (531.4 vs. 699.6 kl/mol, respectively).
CHs" was first introduced as an ionization reagent by Munson and Field, 1966,
(Munson, M. S. B.; Field, F. H. J. Am. Chem. Soc. 1966, 88, 2621-2630 and Field, F.
H.; Munson, M. S. B. J Am. Chem. Soc. 1965, 87, 3289-3294). This method, later
referred to as “Chemical ionization” (CI), was capable of producing even-clectron

[M+H]" ions from analytes, rather than the fragile and unstable [M] " ions produced by



10

15

20

25

30

35

WO 2017/168167 PCT/GB2017/050914

2

the widely used electron ionization (EI). CHs" can be readily produced by reaction

with high-energy electrons, as shown in equations 1&2.

CH, +¢ = CH," + 2¢ [Eq.1]

CH,+ CH," = CH,"+ CHy [Eq.2]

CH;" ions are the primary, stable reaction products from equations 1&2 and are thus
available for further reaction with target analytes. CHs" ions act as extremely strong
Broensted acids (the so called “super-acids™) which readily transfer protons to nearby

species, producing a protonated analyte species (M+H)" as shown Equation 3.

CHs"+ M = [MH]" + CH, (proton transfer) [Eq.3]

Although chemical ionization greatly assisted in the analysis of many polar and non-
polar chemicals, it was not a viable ionization method for the study interrogation of
large biomolecules as it involves a gas-phase proton-transfer reaction, meaning CI is
of limited use when attempting to ionize non-volatile molecules (such as peptides and

proteins).

CI also generally only produced singly charged products which limited its use to
smaller species of interest. With the advent of electrospray ionization (ESI) and
nanoESI, mass spectrometry analysis of large biomolecules, such as multiply charged
protein ions became viable. It was recognized early that the solvent conditions of
clectrospray ionization influenced the charge states observed. However, in 2001,
lavarone et al (Iavarone, A. T.; Jurchen, J. C.; Williams, E. R., Analytical Chemistry,
2001, 73, 1455-1460.) discovered that the addition of some molecules such as
glycerol and m-Nitrobenzyl alcohol, would increase the average charge state
produced. Later, Lomeli et al (Lomeli, S. H.; Peng, I. X.; Yin, S.; Ogorzalek Loo, R.
R.; Loo, J. A., J Am Soc Mass Spectrom, 2010, 21 (1), 127.) found other reagents,
including sulfolane, that produced a similar effect. This effect was called

‘supercharging’.

With the introduction of the supercharged biomolecules concept by lavarone et al,

2001 (Iavarone, A. T.; Jurchen, J. C.; Williams, E. R., Analytical Chemistry, 2001, 73,
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1455-1460.), enhanced charging of analytes can be achieved, allowing observation of
higher charge states for analytes via ESI than previously observed. Addition of
supercharging reagents such as glycerol, sulfolane, or m-Nitro benzyl alcohol
increases the maximum observed charge states, with increased signal intensity of
biomolecules and lower mass-to-charge ratios, allowing for increased achievable
resolving powers for Fourier Transform Mass Spectroscopy (FTMS) based instruments
(such as Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR
MS) and Orbitrap platforms). Accessing higher charge states has also been shown to
dramatically improve fragmentation efficiency and cleavage coverage during MS/MS
experiments, increasing with higher charge-states of selected precursor ions,
especially for electron capture dissociation and e¢lectron transfer dissociation MS/MS.
Enhancing the charge state enables a higher degree of fragmentation, thus more
molecular sequence information, which is critical for effective identification of
unknown proteins and peptides via MS/MS fragmentation and the analysis of any
proteomic-based sample. Studies of post-translational modifications could also be
facilitated by this increase in fragmentation efficiency, especially in the ever-growing

field of Top-Down MS/MS.

Atmospheric pressure chemical ionisation (APCI) is a similar technique to CI. Here,
the analyte in solution in entrained in a flow of gas, typically nitrogen (N;). The
sample in solution is then passed over a spark, which ionises the background air
molecules and residual solvent, which then reacts with the analyte to increase the

charge thereon.

According to a first aspect of the invention, there is provided a method of ionising
molecules, the method comprising:
e passing a solution containing the molecules through an electrospray emitter
which has a potential difference applied thereto relative to a housing thereof,
in order to create a jet of solution; and

e passing a flow of CHs ions over the jet and droplets.

Thus, we have appreciated that the CHs ion can be used to supercharge molecules that

have been subject to electrospray treatment, in particular electrospray ionisation.
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Typically, as the jet leaves the clectrospray emitter it will pass through a first region
in which the jet is unfragmented and then a second region in which the jet fragments
into droplets; as such, the flow may pass over the jet in the first region. This makes it
casier for the CHS5" ions to approach the solution as, when the jet fragments, the
charge on each droplet due to the electrospray process will make it harder for the CHs"
to overcome the Coulomb repulsion inherent in approaching a (typically) identically

charged droplet.

Typically, the method would also comprise the creation of the CHs' ions, typically in
a source of CHs ions. In one embodiment, this would comprise passing methane
(CH,) over an clectrical arc or another source of electrons such as a hot filament,
clectron emitter, photoemission of electrons from molecules or surfaces by interaction
with light, or a plasma created by heating, including use of an inductively coupled

résonance plasma.

The electrospray emitter and the source of CHs  ions may be provided within a
chamber. As such, the method may comprise removing oxygen from the chamber,
typically before CHs' ions are created. This has the advantage that the method can
then be carried out at atmospheric pressure, as there will be no combustion of the
methane with the oxygen, which could lead to catastrophic failure of the chamber. The
chamber may be secaled against the ingress of oxygen, at least after the oxygen is
removed. The oxygen may be removed until at most 5%, 3%, 2% or 1% of the gas

within the chamber is oxygen.

The oxygen may be removed by flushing the chamber with a gas which does not
comprise oxygen (for example, nitrogen gas). Alternatively or additionally, the
method may comprise reacting the oxygen, for example by controlled combustion or

using an oxygen scavenger.

The chamber may be at atmospheric pressure, typically 1 atm (101.325 kPa) to within
10%, 5%, 2% or 1%. This has not been possible (or even contemplated) with prior art

chemical ionisation techniques using CHs".



10

15

20

25

30

WO 2017/168167 PCT/GB2017/050914

In other embodiments, the pressure within the chamber may be higher than
atmospheric pressure (¢.g. two or three times atmospheric pressure), or lower than

atmospheric pressure (e.g. up to or approaching a pure vacuum).

The solution may comprise a solvent, which may be water, methanol, acetonitrile,
acetone, hexane, or any other convenient solvent with a proton affinity greater than

the chemical ionization reagent gas, typically methane.

The method may comprise flowing a sheath gas over the jet as it exits the electrospray
emitter; typically, the sheath gas may be a relative inert gas (¢.g. compared to
oxygen), such as nitrogen (N,). The sheath gas may improve the nebulization of the
jet (i.e. the fragmentation of the jet into droplets) and/or the evaporation of the

solvent.

Alternatively, there may be no sheath gas passed over the jet, and the flow of CHs"

ions may pass over the jet without having to pass through a flow of sheath gas.

The flow may be produced substantially orthogonally to the jet; optionally, the flow
may be within 15, 10 or 5 degrees of orthogonal, or the flow may be collinear with the

jet.

Typically, the molecules are likely to be molecules, such as proteins, DNA, RNA,

oligosaccharides, polymers, lipids, or organic and inorganic molecules.

The method may comprise passing the jet (which may have fragmented into droplets)
to a mass spectrometry device after the flow has passed over it. The method may

comprise carrying out mass spectrometry on the jet.

According to a second aspect of the invention, there is provided an electrospray
ionisation apparatus, comprising:
e a housing defining a chamber therewithin;
e an clectrospray emitter within the chamber provided with a potential difference
source so as to provide a potential difference between the electrospray emitter

and a housing of the emitter such that when a solution containing molecules is
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introduced to the clectrospray emitter with the potential difference applied, a
jet of solution is emitted from the electrospray emitter; and
e asource of CHs  ions within the chamber arranged to emit a flow of CHs ions;

in which the source of CHs' ions is positioned so as to pass the flow over the jet.

Thus, we have appreciated that the CHs  ion can be used to supercharge molecules that

have been subject to electrospray treatment, in particular electrospray ionisation.

The electrospray emitter may comprise a tip where the jet is emitted from the
clectrospray emitter and, typically, as the jet leaves the electrospray emitter it will
pass through a first region in which the jet is unfragmented and then a second region
in which the jet fragments into droplets; the source of CHs' ions may be positioned

sufficiently close to the tip such that the flow passes over the jet in the first region.

It will generally be preferred that the CHs  ions are allowed to react with the jet both
before and while it fragments. When the jet fragments into positively charged
droplets, the coulombic repulsion between the ions and the droplets will increase
causing a decrease in the fraction of ions which have sufficient kinetic energy to

approach the droplet.

The source of CHs" ions may comprise an arc creation device (such as a needle raised
to a high potential difference relative to a body) over which methane can be passed;
the apparatus may then be provided with a source of methane (such as a bottle
thereof). Alternatively, the source of CHs" ions could be a reaction of the methane
gas with any source of electrons. For example, the source may comprise a hot filament
and/or an c¢lectron emitter over which methane can be passed. Other sources may
include a light source which may result in photoemission of electrons from molecules

or surfaces due to interaction with the emitted light.

The apparatus may comprise a means for heating the CHs" ions, such as a heater or
plasma generated by photons or inductive coupled heating. This has the effect of
increasing the kinetic energy on the CHs™ ions, improving their ability to overcome
the potential repulsion barrier and donate their proton, thus increasing the charge on

the jet and droplets.
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The apparatus may comprise means for removing oxygen from the chamber. This has
the advantage that the method can then be carried out at atmospheric pressure, as there
will be no combustion of the methane with the oxygen, which could lead to
catastrophic failure of the chamber. The chamber may be sealed against the ingress of

oxygen, at least after the oxygen is removed.

The oxygen may be removed by flushing the chamber with a flushing gas which does
not comprise oxygen (for example, nitrogen gas); as such, the means for removing
oxygen may comprise a pair of ports for introducing and release the flushing gas,
and/or a source of the flushing gas. Alternatively or additionally, the means for
removing the oxygen may comprise means for reacting the oxygen, for example a
controlled combustion device or an oxygen scavenger. The apparatus may be
provided with an oxygen sensor, so as to determine when the oxygen level is

sufficiently low as to allow the generation of CHs" ions.

In use, the chamber may be at atmospheric pressure, typically 1 atm (101.325 kPa) to
within 10%, 5%, 2% or 1%. This has not been possible (or even contemplated) with

prior art chemical ionisation techniques using CHs".

The apparatus may comprise a source for a flow of a sheath gas over the jet as it exits
the electrospray emitter; typically, the sheath gas may be a relative inert gas, such as
nitrogen (N;). Alternatively, there may be no sheath gas passed over the jet, and the
flow of CHs' ions may pass over the jet without having to pass through a flow of

sheath gas.

Typically, the molecules are likely to be large molecules, such as proteins, DNA,

RNA, oligosaccharides, polymers, lipids, or organic and inorganic molecules.

The chamber may be provided with a port for allowing the jet to leave the chamber;

typically, this would mate with a suitable mass spectrometry apparatus.

The apparatus may be used to carry out the method of the first aspect of the invention.

According to a third aspect of the invention, there is provided a method of ionising

molecules, the method comprising:
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e passing a solution comprising the molecules dissolved in a solvent through an
clectrospray emitter which has a potential difference applied thereto relative to
a housing of the emitter, in order to create a jet of solution; and

e passing a flow of ions over the jet, the ions having a lower proton affinity than

molecules of the solvent.

Thus, we have appreciated that the teachings of the first two aspects of the invention

could be extended to other ions that will preferably donate a proton to the solution.

Typical ions for the flow of ions could include protonated ions of methane (e.g. CHs"
ions) or ions of other gases such as ethane, acetylene, acetone, or any other ions which

have a lower proton affinity than the solvent molecules in the solution.

The electrospray emitter and a source of the flow of ions may be provided within a
chamber. The pressure within the chamber may be at atmospheric pressure, typically

1 atm (101.325 kPa) to within 10%, 5%, 2% or 1%.

In other embodiments, the pressure within the chamber may be higher than
atmospheric pressure (e.g. two, or three or more times atmospheric pressure), or lower

than atmospheric pressure (€.g. up to or approaching a pure vacuum).

The method may have any of the optional features of the first aspect of the invention,
in which the reference to the CHs" ions are replaced by a reference to the ions having

a lower proton affinity.

According to a fourth aspect of the invention, there is provided an eclectrospray
ionisation apparatus, comprising:

e a housing defining a chamber therewithin;

e an electrospray emitter within the chamber provided with a potential difference
source so as to provide a potential difference between the electrospray emitter
and a housing of the emitter such that when a solution comprising molecules
dissolved in a solvent is introduced to the electrospray emitter with the
potential difference applied, a jet of solution is emitted from the electrospray
emitter; and

e a source of ions within the chamber arranged to emit a flow of ions;
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in which the source of ions is positioned so as to pass the flow over the jet and in

which the ions have a lower proton affinity than molecules of the solvent.

Similarly, the apparatus may have any of the optional features of the second aspect of
the invention, in which the reference to the CHs' ions are replaced by a reference to

the ions having a lower proton affinity than the molecules of the solvent.

Typical ions for the flow of ions could include protonated ions of methane (e.g. CHs"
ions) or ions of other gases such as ethane, acetylene, acetone, or any other ions which

have a lower proton affinity than the solvent molecules in the solution.

There now follows, by way of example only, description of embodiments of the

invention, described with reference to the accompanying drawings, in which:

Figure 1 shows a cross section through an electrospray ionisation apparatus in

accordance with an embodiment of the invention;

Figure 2 shows a perspective exploded view of the apparatus of Figure 1;

Figure 3 shows a schematic view of the emission of a jet of fluid within the

apparatus of Figure 1;

Figure 4 shows an enlarged view of Figure 4; and

Figures 5 to 8 cach show a pair of mass spectrometry spectra showing the

effect of using the apparatus of the embodiment of Figure 1.

The embodiments described below utilize the possibility of enhancing the charging,
i.e. supercharging, through a direct reaction between methane super-acid, i.e. CHs"
ions (Bronsted acid), with the sprayed solution droplets of an analyte at atmospheric
pressure during the electrospray ionisation (ESI) process. Due to their inherent strong
protonation capability, and extremely low proton affinity, CHs" “super-acid ions” are
ideal species for exploring the combination of ESI and gas-phase supercharging via
APCI generated reagent ions. Enhanced droplet charge translates to increased

protonation of charge sites in proteins and increased intensity and/or higher observed
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charge states of analyte species. Potentially, supercharging MS analytes with
superacid CHs " ions will aid the analysis of slightly polar compounds, large and small
biomolecules (such as peptides and proteins) and enable increased cleavage coverage
during subsequent MS/MS experiments which can benefit Top-down protein analysis
and the entire Bottom-Up proteomics ficld as, in theory, it is possible to hyphenate

this concept to liquid chromatography readily.

An clectrospray ionisation apparatus in accordance with an embodiment of the
invention is shown in Figures 1 and 2 of the accompanying drawings. The apparatus
comprises a chamber 2 into which a copper/brass sheath 3 extends. In other examples,
a brass sheath 3 may be used. The sheath has a passage 4 therewithin through which a
solution comprising a solvent and molecules of an analyte can pass. The passage 4
terminates at a tip 5 of the sheath 3 where the passage 4 is open into the chamber. A
potential difference can be applied between the sheath 3 and the frame of the

instrument. The sheath 3 therefore forms an electrospray ionisation (ESI) needle.

The chamber is also provided with a source of CHs" ions 6. This comprises a glow
discharge chamber which comprises a cylindrical wall 7 and a central needle 8.
Placing a DC voltage across the wall 6 and needle 8 will generate a spark 9. The
source 6 is also provided with a port 10 which allows the introduction of methane
(CH,) from outside of the chamber 2 into the source 6 so that it passes over the

spark 9.

The chamber is also provided with a port 11 for the introduction of a sheath gas (¢.g.
Nitrogen (N;)) into the chamber. It also includes a one-way pressure relief valve 13,
which will actuate to relieve the pressure in the chamber if it is more than 5 psi (34

kPa) above local atmospheric pressure.

There is furthermore a port 12 for connection to a mass spectrometry device.

Typically, the oxygen is purged from the chamber by flushing the chamber with the
methane or sheath gas (e.g. Nitrogen) before the DC voltage is turned on. The
methane or sheath gas may be allowed to flow through the chamber for at least one

minute before the DC voltage is turned on.



10

15

20

25

30

35

WO 2017/168167 PCT/GB2017/050914

11

In use, the super-acid CHs' is produced by ionizing a stream of methane gas flowing
through a potential difference region between the needle 8 and the walls 7. The source
6 comprises a tailor-made threaded brass cylinder 7 isolated from both the sheath 3
and the needle 8 via insulating Teflon caps. It has a tapered shape along the inside of
the chamber; the position of the needle 8 ensures the flow of methane is focused into
the exit of the source 6, where the electrical discharge (spark 9) occurs, improving the

efficiency of CHs' production, which occurs nearby the ESI needle tip 5.

The distance between the tip 5 of the ESI needle and the mass spectrometer port 12 is
around 1.7 cm. Nebulizing gas (Nitrogen) was introduced via the sheath gas port 11

surrounding the ESI needle 3, enabling effective ESI plume generation.

Analyte solution can be delivered to the ESI needle 3 via a 250 puL. (microlitre) syringe
connected to a transfer line and driven via a syringe pump at a rate of 100-200
uL/hour. The ESI needle was biased from +4000 to +6000 V to achieve stable ESI. A
voltage difference of +3500 V was applied to the glow discharge system via an

external high-voltage power supply.

A cylindrical mesh (not shown) surrounded the ESI assembly and was held at positive
potential to focus the ions, allowing the improved interaction between the generated
super-acid CHs" and the sample solution in the gas phase and preventing charge build
up on the source walls. Finally, an aluminium flange connects the apparatus 1 to the
inlet of the (in this embodiment) Fourier Transform Ion Cyclotron Resonance Mass

Spectrometer (FT-ICR) mass spectrometer.

The effect of super-acid CHs  as a supercharging reagent depends on geometry,
pressure, flow rate, and the potential difference between the ESI needle and mass
spectrometer inlet. Different pressures/flow rates of methane did not show appreciable
differences on the supercharging effect past 0.3 bar. The distance between the tip of
the ESI needle and origin of super-acid CHs' generation has been found to play a role

in the supercharging process.

The operation of the apparatus 1 can be demonstrated with respect to Figures 3 and 4
of the accompanying drawings. The analyte 20 is introduced through the sheath 3 and
exits the tip 5 surrounded by sheath gas (nitrogen) 21 to form a jet 23. The flow 22 of
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CHs' ions is introduced orthogonally to the jet 23, but is carried along the jet 23 by
sheath gas 21.

Due to the effects of the electrospray process, the solution is emitted from the tip 5
with a positive charge. This means that, as the solvent evaporates, the jet will tend to
break up into finer and finer droplets 24. The flow 22 is arranged to flow over the jet

23 before it disperses into droplets 24.

The effects of the flow can be seen in Figure 4. The CHs' ions are shown surrounding
a droplet 24. They approach the droplet (the Coulombic repulsion not yet being
insurmountable) and donate protons to the droplet, leaving as methane (CHy)
molecules 26. The droplets are therefore supercharged; as the solvent evaporates, the
charge donated by the CHs ions will preferentially be retained on the analyte

molecules.

Examples

All experiments were conducted on a 12 Tesla SolariX Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer (FT-ICR MS) (Bruker Daltonik GmbH,
Bremen, Germany), all mass spectra were collected in positive ion mode.
Supercharging experiments were conducted using the apparatus 1 with the external
high voltage off (for normal ESI control experiments) and on with methane flowing
(for super-acid supercharging experiments). Control spectra conducted with methane
flowing through the discharge chamber, without the external high voltage glow
discharge on yiclded the same mass spectral results as the normal ESI control. The
FT-ICR instrument was tuned to scan 147 to 3000 ™/, and 10-20 spectra were signal-
averaged per run. Ions were externally accumulated in a hexapole collision cell for
0.1-0.2 s before being transferred to an infinity cell (¢.g. an Ion Cyclotron Resonance
trap) for excitation and detection. An example of an infinity cell is disclosed in
Caravatti, P., Allemann, M., RF Shim by Trap Segmentation, Org. Mass Spectrom,
1991, 26, 514-518.

Bovine heart Cytochrome C, chicken egg-white Lysozyme, and Equine heart
Myoglobin were obtained from Sigma-Aldrich, UK. The samples were prepared by

dissolving the proteins in solvent system that consists of either purified water 18 MQ
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cm™ only or 50/50 %, V/V water/methanol. Mecthane reagent gas was purchased from
CK special gases (UK). L-(+)-ascorbic acid (CcHgOg), was purchased from Alfa Aesar,
Heysham, Lancashire, UK. High purity grade N, (99.99 % BOC, UK) was used as the
nebulizer gas for EST and APCI-ESI experiments. Ultrapure water (18.2 MQ cm™) was
obtained from a Direct-Q water purification unit (Millipore, Watford, UK) and LC-MS
grade methanol (VWR Chemicals, UK) were used in the sample preparation. All

reagents were used as received.

Figure 5a shows the measured MS spectrum of 1uM Lysozyme dissolved in water, a

very narrow range of charge states was observed (8", 97, and 107).

Figure 5b shows the same protein-containing solution ionized via the apparatus 1. The
supercharged lysozyme spectrum shows the 11+ charge state of the protein appearing
in good intensity and a decrease of lower charge states (8" and 9), focusing ion
populations into the higher charge states. The weighted average charge state for each
spectrum was calculated via equation 5 (below) where N is the number of observed
charge states i"", q; is the charge value and W; is the signal intensity. The calculations
show a distinct increase in average charge from 9.41 (without the apparatus
functioning) to 10.02 (with the apparatus functioning). The incorporation of apparatus

derived CHs " ions has clearly enhanced charging of the protein analyte species.
Javerage = Zi\l qi Wi /Zi\l Wi [Eq. 5]

Figure 5 insets (a.1-3 and b.1-3) show the protonated lysozyme species from both the
apparatus 1 non-functioning and the apparatus functioning spectra, along with the
protonated species sodium adducts are observed. The comparison of the two spectra
shows that no change/modification of the analyte species has been observed (e.g. via
methylation, CHs" adduction, or reaction with any other intermediates from equations
1-5 (above)), the ionization method of this embodiment is shown to produce a similar
distribution of protonated and sodium-adduct peaks, only with the benefit of enhanced

charge states and with increased signal intensity.

Figure 6a and 6b show the apparatus-not-functioning and apparatus-functioning mass
spectra respectively of denatured myoglobin (a 16.9 kDa oxygen transport protein)

clectrosprayed from a 50:50 v/v water:methanol solution. Denatured Myoglobin shows
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a range of charge states upon ESI-MS ranging from 10" to 17 (Figure 6a). The
denatured myoglobin ionized via the apparatus 1 attained a much greater increase in

charge states (see inset), previously unobtainable without supercharging.

Denaturation of Myoglobin causes loss of the non-covalently-bound Heme group,
however ESI-MS does not show a detectable Heme species released. Using the
apparatus 1 shows increased signal of the [Heme] ion released upon Myoglobin
denaturation, allowing it to be detected. The normal spectrum of denatured Myoglobin
showed a weighted average charge of 14.5, a base charge state of 15", and a max
charge state of 18". The spectrum of Myoglobin using the apparatus showed an

average charge of 16.7, a base charge of 17", and a maximum charge of 25"

The ability to access these increased charge states for protein analytes can have a
drastic effect on the quality of MS/MS spectra and sequence information produced.
McLafferty ef al/ (Horn, D. M.; Breuker, K.; Frank, A. J.; Mclafferty, F. W.; V, C. U ;
York, N.; August, R. V. 2001, 9792-9799.) showed that each individual charge states
of proteins can produce different MS/MS fragments during electron based dissociation
(ECD or ETD, for example), and that higher charge states provided much more
sequence information than lower ones, this effect has also been observed for the more

commonly used collision based dissociation (CAD/CID).

Though other chemical-based supercharging methods have been developed, and
successfully implemented, in many studies, this embodiment represents a new method
of achieving these charge states without the addition of chemical additives to the
sample solution, and thus avoiding unwanted side reactions/changes in chemical
equilibria which can occur upon addition of new species to solution chemical
mixtures. In addition, use of this apparatus 1 requires no further sample preparation
steps, unlike chemical additive-supercharging, as ecach sample is simply introduced in

the same way as a normal ESI-MS sample.

There is an increasing interest in attempting to retain protein structure during
ionization and mass spectrometry analysis, the so-called Native-MS method. Usually
involving the use of stabilizing buffers and sometime salt-containing solutions, Native
MS attempts to keep proteins analytes folded in their solution conformation as much

as possible during analysis, thus charge state distributions, surface labelling strategies



10

15

20

25

30

WO 2017/168167 PCT/GB2017/050914

15

(such as Hydrogen-Deuterium Exchange (HDX; see Katta, V.; Chait, B. T.,
Hydrogen-Deuterium Exchange Electrospray-lonization Mass-Spectrometry - a
Method for Probing Protein Conformational-Changes in Solution. Journal of the
American Chemical Society 1993, 115 (14), 6317-6321) and Fast Photochemical
Oxidation of Proteins (FPOP; see Chen, J.; Rempel, D. L.; Gau, B. C.; Gross, M. L.,
Fast photochemical oxidation of proteins and mass spectrometry follow
submillisecond protein folding at the amino-acid level. J Am Chem Soc 2012, 134
(45), 18724-31)), and careful MS/MS experiments can then inform and interrogate

tertiary protein structure via mass spectrometry.

Unfortunately the use of high-concentration buffer solutions and/or salt solutions are
detrimental to effective ESI, desolvation, and protein MS analysis as a whole. As a
result Native MS usually produces low signal to noise spectra (due to ineffective
desolvation), with protein species observed with many adducted salt/buffer ions
(decreasing signal to noise further as analyte ions are distributed into many signal
channels), and very low charge states compared to water/denatured conditions. The
latter of these disadvantages decreases observed intensity of ions (as many MS
techniques are inherently more sensitive for higher charge state ions), and
dramatically impedes MS/MS fragmentation characterization and subsequent sequence
coverage. Therefore effective characterization of proteins in their native state is
particularly challenging, and would benefit greatly from the enhanced charging effects
supercharging MS can offer.

As a result Native MS of Lysozyme was conducted using the Supercharging ESI-APCI
source. The results, shown in Figure 7, show that Native MS (without using the
apparatus 1) of the Lysozyme protein presents a narrow charge state distribution, at
lower charge states than the water solution above (Figure 7a). Lysozyme in the 7", 8",

and 9" charge states were observed at relatively low signal to noise ratio.

Using the apparatus 1 on the same solution of Lysozyme (aqueous 200mM ammonium
acetate buffer) as shown in Figure 7b, shows the effect of enhanced supercharging on
the sample; the observed intensity of the Lysozyme peaks has increased by on average
285%, a dramatic increase over ESI-MS. The same charge states are with and without

use of the apparatus 1, despite the obvious enhanced charging, suggesting that, in its
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native conformation, the available protonation sites of lysozyme have been fully

protonated, with multiple charge states being observed due to different conformations.

The large increase in both intensity and signal to noise for the native lysozyme species
is of great benefit for both detection and accurate characterization of the protein
species by MS, an should be readily applicable for other protein species in the future,

and aid in subsequent Top-Down MS/MS analysis.

In addition to biomolecule supercharging, small molecule ionization can vary greatly
depending on the chemical nature of the groups within the analyte, with some
(particularly non-polar) species being particularly difficult to ionize effectively via
ESI. As a result, the effect of the apparatus 1 on small molecule ionization was
investigated using ascorbic acid. Ascorbic acid (CsHgOg) is a small (176.032088Da)
molecule, a form of vitamin C, believed to provide anti-oxidant activity in the body.
Figure 8a and 8b show the spectra without and with the apparatus 1 of ascorbic acid.
The main species observed in the spectra of Ascorbic acid without using the apparatus
1 were the protonated and Sodiated forms of ascorbic acid ([C¢HsOs+H]  and
[C¢HgO¢+Na]"), along with a high intensity peaks for the protonated and Sodiated
Ascorbic acid dimer ([CsHzOg CsHsOs+H] " and [CsHsO¢ CsHsOs+Nal").

The spectrum using the apparatus 1 is shown in figure 8b; though no peak
corresponding to doubly charged Ascorbic acid [C¢HsOs+2H]" was observed, the
singly protonated ascorbic acid species was shown to increase in intensity by 22%,
with respect to ESI only (Figure 8b, inset a.1 and b.1), this increase is believed to be a
result from the increased proton transfer from the CHs reagent gas and neutral
ascorbic acid species. Figure 8b (inset a.2 and b.2) also shows a much larger increase
in observed intensity for the ascorbic acid dimer species of 291%, which is a

substantial increase over traditional electrospray.

It appears that not only can CHs' assist in attaining higher charge states for
biomolecules, but also increase the ionization efficiency of small molecules, on
average peak intensities increased by 103% (and up to 291% for some species), this
could lead to increased limits of detection (LOD) for small molecule species and

enable more sensitive MS detection of key compounds during analysis where low
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LOD’s are crucial, e.g. trace organic analysis, forensic testing, trace heavy metal

quantitation etc.

Whilst the examples above have been given with respect to CHs" as the supercharging
ions, we appreciate that it may be possible to make use of any molecules that have a
low proton affinity, particularly less than water (697 kJ/mol) or the solvent used for
the electrospray solution (i.e. the molecules of solvent). For example, other ions such
as ethane, hexane, acetylene, acetone could be used, provided that the proton affinity
of the supercharging reagent gas is lower than the proton affinity of the electrospray

solution solvent molecules.
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CLAIMS

1. A method of ionising molecules, the method comprising:
e passing a solution containing the molecules through an electrospray emitter
which has a potential difference applied thereto, in order to create a jet of
solution; and

e passing a flow of CHs' ions over the jet.

2. The method of claim 1, in which, as the jet leaves the clectrospray emitter it
will pass through a first region in which the jet is unfragmented and then a second
region in which the jet fragments into droplets; as such, the flow may pass over the jet

in the first region.

3. The method of claim 1 or claim 2, comprising the creation of the CHs' ions,

typically in a source of CHs" ions.

4. The method of claim 3, in which the electrospray emitter and the source of
CH;" ions are provided within a chamber, the method comprising removing oxygen

from the chamber, typically before CHs" ions are created.

5. The method of claim 4, in which the chamber is at atmospheric pressure,

typically 1 atm (101.325 kPa) to within 10%, 5%, 2% or 1%.

6. The method of any preceding claim, comprising flowing a sheath gas over the
jet as it exits the electrospray emitter; typically, the sheath gas may be a relative inert

gas such as nitrogen (N,).

7. The method of any preceding claim, in which the flow is produced

substantially orthogonally to the jet.

8. An c¢lectrospray ionisation apparatus, comprising:
e a housing defining a chamber therewithin;
e an electrospray emitter within the chamber provided with a potential difference
source so as to provide a potential difference between the electrospray emitter

and a housing of the emitter such that when a solution containing molecules is
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introduced to the clectrospray emitter with the potential difference applied, a
jet of solution is emitted from the electrospray emitter; and
e asource of CHs  ions within the chamber arranged to emit a flow of CHs" ions;

in which the source of CHs' ions is positioned so as to pass the flow over the jet.

9. The apparatus of claim 8, in which the electrospray emitter comprises a tip
where the jet is emitted from the electrospray emitter and in which, as the jet leaves
the electrospray emitter it will pass through a first region in which the jet is
unfragmented and then a second region in which the jet fragments into droplets; the
source of CH;s" ions being positioned sufficiently close to the tip such that the flow

passes over the jet in the first region.

10. The apparatus of claim 8 or claim 9, in which the source of CHs  ions

comprises an arc creation device over which methane can be passed.

I1. The apparatus of any of claims 8 to 10, comprising a means for heating the
CH;" ions.
12. The apparatus of any of claims 8 to 11, comprising means for removing oxygen

from the chamber.

13. The apparatus of any of claims 8 to 12, provided with an oxygen sensor.

14. The apparatus of any of claims 8 to 13, comprising a source for a flow of a

sheath gas over the jet as it exits the electrospray emitter.

15. A method of ionising molecules, the method comprising:

e passing a solution comprising the molecules dissolved in a solvent through an
clectrospray emitter which has a potential difference applied a housing of the
emitter in order to create a jet of solution; and

e passing a flow of ions over the jet, the ions having a lower proton affinity than

molecules of the solvent.
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16. The method of claim 15, in which the ¢lectrospray emitter and a source of the
flow of ions may be provided within a chamber, the pressure within the chamber being

at atmospheric pressure, typically 1 atm (101.325 kPa) to within 10%, 5%, 2% or 1%.

17. The method of claim 15 or claim 16, wherein the 1ons are selected from the

group comprising ethane, hexane, acetylene and acetone.

18. An c¢lectrospray ionisation apparatus, comprising:

e a housing defining a chamber therewithin;

e an clectrospray emitter within the chamber provided with a potential difference
source so as to provide a potential difference between the electrospray emitter
and a housing of the emitter such that when a solution comprising molecules
dissolved in a solvent is introduced to the electrospray emitter with the
potential difference applied, a jet of solution is emitted from the electrospray
emitter; and

e a source of ions within the chamber arranged to emit a flow of ions;

in which the source of ions is positioned so as to pass the flow over the jet and in

which the ions have a lower proton affinity than molecules of the solvent.

19. The apparatus of claim 18, wherein the ions are ethane, hexane, acetylene, or
acetone.
20. The apparatus of claim 18 or claim 19, wherein the ions have a proton affinity

of less than 697 kJ/mol.
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