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Abstract We present the design and implementation of a
home-built point-to-plane corona discharge probe, which rap-
idly and efficiently charge reduces biological ions generated by
electrospray ionization (ESI). The molecules analysed ranged
from small peptides such as Glu-fibrinopeptide B (1.5 kDa),
small proteins such as myoglobin (16.9 kDa), polymers such
as polyethylene glycol (PEG 10 k) which all showed intense
singly charged ions; to large native multiprotein complexes
such as GroEL (802 kDa)which show a broad range of charge-
reduced species. The corona discharge probe operates at atmo-
spheric pressure and was directly interfaced with a standard-
ESI or nanoflow-ESI source of quadrupole ion mobility time-
of-flight mass spectrometer. The corona discharge probe is
completely modular and could potentially be mounted to any
commercial or research grade mass spectrometer with an ESI
source. The level of charge reduction is precisely controlled by
the applied voltage and/or probe gas flow rate and when in
operation, results in approximately a 50 % reduction in total
ion current. We also present the combination of corona dis-
charge and travelling wave ion mobility and assign helium
collision cross-section values (ΩHe) to the charge reduced
species of the native protein complex pyruvate kinase. It would
appear that theΩHe of the +20 charge state for pyruvate kinase
is approximately 20 % smaller than the +35 charge state.
Finally, we discuss the potential benefits and concerns of
utilising charge reduced protein species as a means of extend-
ing the travellingwave collision cross-section calibration range
over that which is already published.
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Introduction

The development and refinement of electrospray [1] (ESI)
and nano-electrospray [2] (nESI) ionization allows the user
to ionize, and therefore detect by mass spectrometry (MS),
an incredibly diverse number of chemical entities, ranging
from small organic molecules to peptides [3] and large
mega-Dalton viral capsids [4, 5]. ESI and nESI are per-
ceived as a gentle ionization techniques, since it has been
demonstrated the preservation of intact protein complexes
from solution to gas-phase can be achieved [6]. ESI can
also be coupled to liquid chromatographic separation tech-
niques [3] thus increasing its utility. However, above a
certain molecular weight, the ions produced by ESI exhibit
multiple charging [7–9], therefore in a complex mixture,
there could potentially be many over lapping species mak-
ing data interpretation more challenging. Increased MS-
analyser resolution and effective deconvolution algorithms
[10] somewhat alleviate this problem. In contrast, matrix
assisted laser desorption (MALDI) produces predominant-
ly singly charged ions [11] making it well suited to the
analysis of mixtures, especially intact peptides, proteins
[12] and polymers [13]. However, in certain instances
MALDI has been documented to damage the analyte [14].
The ability to charge-reduce ESI produced ions is of signifi-
cant benefit, since it combines the utility of ESI and potential-
ly has the ability to produce a simplified spectrum, as
observed in MALDI. In the context of ion mobility (IM) and
inference of protein structure, the ability to measure the colli-
sion cross-section (Ω) of ions which display low charge states
can be of significant benefit (vide infra).
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Charge reduction can be performed using a number of
different approaches including ion-ion reactions [15–21],
ion-neutral reactions [22, 23] and solution additives
[23–25] which have all been utilized to alter the observable
charge states of a diverse range of biological ions. Smith and
co-workers [15, 16] developed a charge reduction approach
in which alpha particles from a 210Po source ionize air in a
chamber placed between the ESI capillary and the mass
spectrometer inlet. This source could effectively charge-
strip protein ions to the singly charged state [M+H]+. In
subsequent work, Smith and co-workers replaced the 210Po
source with a corona discharge source [18]. We have previ-
ously demonstrated that gas-phase ion-neutral charge reduc-
tion is an effective method of characterizing heterogeneous
polyethylene glycols (PEGs) and PEGylated biomolecules
[22]. PEGs and their derivatives are an important biological
entity and as such have found wide and varying uses in the
biopharmaceutical industry. For example, once PEG forms a
bioconjugate with a peptide, protein, lipid or low molecular
weight drug molecules [26–29] the circulatory half-life can
be increased and importantly, a reduced immunological
response can also be observed [30]. Charge stripping can
be utilized to decrease the spectral complexity, of PEGylated
biomolecules, thus allowing for accurate average molecular
weight and molecular weight distributions to be determined.
Combining IM and MS and their application in the field of
structural biology has proven to be very informative. Initial
fundamental protein ion structure research [31, 32] has
evolved into topology studies of multiprotein complexes
and comparisons to their existing 3-dimensional structures,
previously determined by other biophysical techniques.
Recent noteworthy examples include membrane proteins
[33–35] protein activation [36, 37] substrate binding [38]
and optimization of protein networks [39]. The majority of
protein charge reduction has been performed on single sub-
unit proteins, and only recently has the benefit of charge
reducing noncovalent complexes been demonstrated using
ion-neutral atmospheric interactions [23] and solution
phase addition of basic compounds [23–25, 36]. The
current experimental evidence would suggest that the
lowest observable charge state (least amount of charge)
of a protein or peptide, is the most native in its confor-
mation or that which most accurately represents the so-
lution state conformation [40–42] by comparison to other
biophysical techniques, such as X-ray crystallography and
nuclear magnetic resonance [41, 43].

Here we describe the design and implementation of a
modular ESI corona discharge probe (CDP) which can rapidly
and efficiently charge reduce ionic species, ranging in molec-
ular weight from a small peptide Glu-fibrinopeptide b (GFP;
1.5 kDa) to polyethyleneglycol (PEG; 10 kDa); small dena-
tured proteins such as ubiquitin (UBQ; 8.6 kDa) and large
native protein complexes such as alcohol dehydrogenase

(ADH; 147.5 kDa), pyruvate kinase (PK; 237 kDa), glutamate
dehydrogenase (GDH; 336 kDa) β-galactosidase (β-GAL;
468 kDa) and the tetradecameric chaperone protein complex
GroEL (801 kDa). We also examine and discuss travelling
wave ion mobility (TWIM) data acquired on the charge re-
duced native tetrameric complex of pyruvate kinase, for which
we have assigned ΩHe values.

Experimental

Sample information

The polyethylene glycol sample mPEG2-NHS ester (10 kDa)
was dissolved to working concentration of 10μM in 50% (v/v)
acetonitrile containing 0.1 % (v/v) formic acid. GFP and UBQ
were made to working concentrations of 1 μM and 10 μM
respectively in 50 %v/v acetonitrile containing 0.1 %v/v for-
mic acid and infused into the MS system at a flow rate of
5 μL/min through the standard ESI source. The proteins ADH;
(homotetramer) PK (homotetramer), GDH; (homohexamer)
and β-Gal (homotetramer) were used to calibrate the TWIM
device and all were dissolved to a stock concentration of 20μM
in water and further buffer exchanged into 100mM ammonium
acetate, using a BioRad P6 spin column. GroEL
(homotetradecamer) was prepared as previous described [44].
Working MS solutions of all native protein complexes were
2 μM and infused into the MS system at a flow rate of
approximately 10 nL/min using gold coated borosilicate vials
via the nESI source. GFP, UBQ, ADH, PK, GDH, β-Gal and
GroELwere all purchased from Sigma Aldrich (St. Louis, MO,
USA). mPEG2-NHS ester was purchased from NEKTAR
(Huntsville, AL, USA). All data processing was performed
using MATLAB (The MathWork Inc. Natick, MA) and Igor
Pro (WaveMetrics Inc. Lake Oswego, OR).

Corona discharge

The CDP (Fig. 1a & b; Fig. S1, Supporting Information)
described within this manuscript was home-built. It consists
of an 80 cm PTFE tube, which contains a platinum wire; one
end polished/filed into a fine point, contained within an
opaque rectangular PEEK housing. This PEEK housing is
mounted on to the end of an 8 cm steel tube, which is
subsequently mounted on to an x, y, z adjustment stage. A
typical point-to-plane distance is 2 mm, which is sufficient
to create a strong corona discharge between the end of the
platinum wire (point) and the back of the discharge plate
(plane). The opposite end of the platinum wire is connected
to an external power supply (Stanford Research Systems;
Model S355) via a 22 Meg ohm resistor box and gas supply
(typically N2 or medical grade air). The gas supply is “teed-
in” to the PTFE tubing which encases the platinum wire,
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which allows the gas to flow along the platinum wire to-
wards the wire point and the discharge plate orifice. The gas
flow rate is controlled by an external flow controller (Dwyer
Instruments Inc) and typical flow rates are 10–15 L/min.
Typical voltages applied to the CDP are negative 3000 to
7000 V (200 μA to 450 μA). The CDP functions optimally
when operated with a relatively high gas flow (10–
15 L/min) through the probe, where the gas exits through
a small aperture (1.5 mm diameter) in the centre of the steel
discharge plate. In our experience it is beneficial to use N2

as the corona discharge gas, as opposed to medical grade air,
which is discussed in more detail in the results section.

Mass spectrometry and travelling wave ion mobility

A Waters Synapt HDMS instrument was used to acquire all
MS and TWIM data. The instrument was operated in the
positive ionization mode. Typical instrument voltages and

pressures were as follows: sample cone 20–50 V (sample
dependent); extraction cone 1 V; trap collision energy 3 V;
transfer collision energy 2 V, TWIM bias 3 V in ToF mode,
20 V in ToF-TWIM mode; trap-transfer pressure 1.8e−3mbar
SF6. To achieve efficient transmission and desolvation of the
native protein complexes studied, the source backing pressure
was raised to 6.5mbar. [45, 46] TWIManalysis was performed
at a measured pressure of 0.2 mbarN2 with TWIM velocities of
190, 195 and 200 m/s and a ramped amplitude of 3 to 8 V
during each TWIM separation. Three TWIM speeds were
chosen to enable the generation ofΩ value standard deviations
for our measurements. Additionally, Bush and coworkers [47]
have established an error of ≤ 3 % for theΩ value of the native
complexes, which we use herein to calibrate our TWIM de-
vice. All data were acquired over the m/z range 600–32,000
(pusher frequency 256 μs) therefore the resulting TWIM sep-
aration time is 51.2 ms. Mass scale calibration was carried out
using a 50 μg/μL caesium iodide 50 % (v/v) acetonitrile
solution. TWIM calibration was undertaken using a group of
native protein complexes whose ΩHe values were derived on
an RF-confining drift-tube instrument, [47] using a well-
documented procedure. [46–48] Briefly, the drift-tube ΩHe

values were adjusted by multiplying by the square root of the
reduced mass and dividing by the charge state of the calibrant
ions to provide a term that is proportional to the reciprocal
mobility of the ion. The measured TWIM arrival-time distri-
butions (ATDs) were corrected for their mass-dependent flight
times between the TWIM device and the ToF analyser. The
charge and reduced mass corrected ΩHe values were plotted
against corrected drift-time (ms) values determined using the
TWIM separator and the data fitted using an empirically de-
termined polynomial form, y = ax2 + bx + c [49] (Figure S2,
Supporting Information). The derived coefficients are obtained
from the calibration curve and used to calculate theΩHe values
of the ionic species of interest from their measured TWIM
drift-times obtained under identical operating conditions to
those of the calibrant species. Published ΩHe values for the
native protein complexes ADH,[47] PK,[47] GDH,[47] β-Gal
[50] and were used for TWIM calibration.

Results & discussion

Corona discharge interfaced to standard-electrospray
ionisation

Figure 1a & b show the geometric arrangement of the corona
discharge probe interfaced to the Waters Z-Spray source.
Figure 2a shows the control ESI mass spectrum of GFP
peptide; with the corona discharge probe turned on the charge
distribution is shifted to predominantly singly protonated ions.
The presumed mechanism of corona discharge are the multi-
ply charged ions (in this case, cations) are reacting with anions

Fig. 1 a The corona discharge probe mounted to the standard ESI Z-
Spray source of a Synapt HDMS instrument; b The corona discharge
probe mounted to the nESI Z-Spray source of the same instrument.
Note in the nESI image the view is looking down into the source. In
both images a corona discharge voltage of −7000 V (470 μA) is being
applied
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generated by the CDP and undergoing proton transfer reac-
tions (vide infra). Positioning of the sample probe in both ESI
and nESI, in relation to the corona discharge probe is critical.
The position for optimal charge reduction appears to be such
that the ion beam emitted from the ESI or nESI probe must be
directed along the flat surface of the corona discharge plate
(Fig. 1a & b). When operated in standard ESI mode, there
appears to be no contamination due to the increased analyte
flow rate which may result in sample deposition on the PEEK
housing. For example, if mPEG2-NHS ester is analysed im-
mediately preceding a protein sample (ESI or nESI), there is
no evidence of PEG contamination within the resultant protein
spectrum. The lack of contamination can be addressed if one
considers the utilized ESI probe flow rate, which in this case is
only 5 μL/min. Also the CDP gas flow rate is high (10–
15 L/min) which is likely to direct the ESI ion beam away
from the CDP, thus minimizing any possible contamination.
Additionally and equally important is the positioning of the
corona discharge probe in relation to the sample cone.
Directing the flow of gas out of the corona discharge probe
directly into the sample cone appears to be most effective for
charge reduction of the ion under analysis (Fig. 1a & b). The
close proximity of the corona discharge probe to the sample

cone may suggest that the mixing of the positive and negative
ions actually occurs as the flow of gas, containing both the
peptide or protein cations and anions (from the corona dis-
charge probe) enter the partial vacuum region of the instru-
ment source. All MS spectra displayed within this manuscript
have been acquired using N2 as the CDP gas. Using medical
grade air as the corona discharge gas, instead of N2, resulted in
multiple oxidation modifications to all samples analysed. As
can be seen (Figure S3; Supporting Information), when using
N2 there is no significant increase in adduct levels resulting
from covalent addition of N2 molecules to the species if
interest. For example if one considers UBQ, multiple covalent
additions of 16 and 32 Da can be observed when data are
acquired using medical air as the corona discharge gas
(Figure S3; Supporting Information).

The level of charge reduction can be easily modulated by
either the applied negative discharge voltage or the gas flow
(N2) through the probe. As shown in Fig. 2, when the corona
discharge voltage is increased from 0 V (0 μA) to −7000 V
(470 μA), the GFP doubly charged ion (m/z 785.8) is charge
reduced to the singly charged species m/z 1570.4 [M+H]+,
which now corresponds to the base-peak in the spectrum. If
one considers the possibility of charge reduction taking

Fig. 2 a & b Charge reduction
profile of Glu-fibrinopeptide b;
c & d Charge reduction profile
of ubiquitin. The upper figures
are selected spectra acquired at
different corona discharge
voltages (current in μA is also
displayed). The lower graphs (b
& d) are the intensity of the
individual charge states plotted
against the applied corona
discharge voltage

54 Int. J. Ion Mobil. Spec. (2013) 16:51–60



place by a single electron uptake, analogous to ETD [51] or
ECD [52], then the observed charge reduced mass would be
m/z 1571.4 based on the radical cation species [M+2H]+•;
this is however not the case (Figure 4, Supporting
Information). We would therefore postulate the mechanism
of charge reduction is an ion-ion proton transfer reaction,
however, the exact mechanism is not yet fully understood.
Operating the same corona discharge voltage steps, we have
also analysed denatured ubiquitin and at applied corona dis-
charge voltages above −2500 V (100 μA) we observe strong
signals for the +1 to +5 charge states. In the absence of a
corona discharge, intense signals are observed for the +7 to
+13 charge states (Fig. 2c; bottom spectrum). In Fig. 2b & d it
is clear that the most intense signals achieved for the +1 charge
state, for both GFP and UBQ, are at −2500 to −3000 V.
Increasing the corona discharge voltage further, only reduces
the intensity of all observable ions during the acquisition.
Using the current corona discharge probe design we cannot
achieve the same level of charge reduction efficiency observed
by Smith and co-workers [18]. Smith and coworkers were able
to convert a mixture of small denatured proteins to singly
charged ions. This is most likely a kinetic effect, since
Smith’s design utilized a Faraday cage design and a “line of
sight geometry”; the Faraday cage is positioned directly be-
tween the ESI probe and the MS inlet nozzle [18] where as the
configuration described herein, the ESI probe is positioned
orthogonal to the sample cone (MS inlet skimmer) and the
CDP. It is likely that the interaction time of the positive and
negatively charged ions are longer in Smith’s implementation.
The primary advantage of our design is that it is completely
modular requiring minimal instrument modification and
importantly, its utility is demonstrated on a diverse sample
set in both ESI and nESI configurations. We are continuing
to investigate geometries to improve charge reduction efficien-
cy. As a function of the total ion chromatogram (TIC) there is
approximately a 50 % reduction in TIC upon corona discharge
application (Figure S5, Supporting Information). This is not
surprising, since the MCP detector signal is proportional to
charge. Also, as described in Fig. 2b & d, above the optimal
applied corona discharge voltage (ca. −3000 V), neutralisation
of all ionic species occurs, therefore further reducing the over-
all ion current. When mPEG2-NHS ester (10K) is electro-
sprayed from an acetonitrile solution, the resultant mass
spectrum is dominated by a complex overlapping series of
charge state below m/z 2000 (Fig. 3). Once the corona dis-
charge probe is turned on (−7000 V) the complex overlapping
ion series below m/z 2000 is significantly reduced. Now pres-
ent are well resolved, intense series representing charges +1,
+2, +3, +4 and +5. These spectra compare very favourably to
those previously acquired by ion-neutral interaction using the
superbases 1,1,3,3-tetramethyl guanidine and 1,8-diazabi-
clo[5.4.0]-undec-7-ene [22]. The main limitation of the super-
base methodology is the difficulty cleaning the instrument after

experiments. The neutral superbases can linger for weeks
causing all acquired spectra to be charge reduced. In stark
contrast, immediately after turning off the corona probe, no
charge reduction is observed.

Nano-electrospray ionisation

The corona discharge probe also operates efficiently in
combination with the borosilicate nanoflow infusion vials
(Fig. 1b). When performing native protein analysis by nESI,
it has been demonstrated that the observable charge state
with the lowest charge, is more than likely the most native in
structure and most likely to represent the solution-phase
structure [40–42]. Therefore, being able to rapidly and effi-
ciently reduce the overall charge state of the protein com-
plex of interest is beneficial. Catalina and coworkers [24]
have previously demonstrated a range of solution additives
termed “proton sponges” to effectively charge reduce a
variety of native protein complexes ranging in both molec-
ular weight and stoichiometry. The authors do document
reduced signal intensities with additives such as arginine,
however, absolute sensitivity reductions are not reported.
They also note that solutions containing these “proton
sponges” are troublesome for generating a stable nESI
spray. The CDP reported herein does not suffer such prob-
lems; a reduced TIC of 50 % is observed (Figure S5,
Supporting Information) and is considered acceptable and
the high flow rate (10–15 L/min) of N2 gas through the
corona discharge probe does not appear to overtly affect
nESI sensitivity or the charge state distribution of the native
protein complexes. The subsequent work by Van Duijn and
coworkers [25] has demonstrated that by the addition of
10 mM imidazole to the protein solution, prior to nESI,
effectively reduces the overall charge state distribution of
GroEL from +70 (base peak) to +53 (base peak) and inter-
estingly the resultant TWIM ATDs also appear narrower for
the ionic species possessing reduced charge, suggesting a
lower number of gas-phase conformers. A notable differ-
ence between the GroEL data reported herein (Fig. 4d) and
that of Van Duijn [25] is that the charge state distribution
reported by corona discharge is much broader (+71 to +50;
Fig. 4d) than that reported by the addition of imidazole (+58
to +48). Bornschein [23] has recently demonstrated that
charge reduction of native protein complexes can also be
achieved by cation/neutral interaction by the addition of an
unionized basic compound (1,8-diazabicylo[5.4.0]-undec-7-
ene) into the nESI source of the mass spectrometer. The data
reported herein show a much broader range of charge re-
duction for the protein complexes ADH (Fig. 4a) and PK
(Fig. 5) than that previously reported [23]. Whether such
gas-phase protein complex ions possessing significantly
reduced charge are representative of solution-phase struc-
tures is yet to be determined. Analogous to the ESI probe
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position, the nESI vial orientation in relation to the corona
discharge probe is critical. Spraying along the axis of the
discharge plate (Fig. 1b) appears to be the optimal position.
Under native buffer and MS conditions (100 mM ammoni-
um acetate) the proteins ADH, GDH, β-Gal and GroEL
appear in the m/z range 6000, 8000, 10,000 and 12,000
respectively (Fig. 4) with base peak charge states ranging
from +25 to +68. Upon corona discharge activation, there is
a significant reduction in the overall charge of all native
protein complexes. For example, the base peak of β-Gal
(Fig. 4b) possesses 44 charges; following charge reduction,

the base peak is reduced to 40 charges. However ions can
also be observed atm/z 18,800 corresponding to the +25 charge
state (Table S1, Supporting information). Interestingly, GroEL
(Fig. 4d) does not display the same level of charge reduction as
the other native complexes investigated. This maybe a function
of GroEL’s structure, or perhaps native protein complex ions of
higher m/z value do not undergo the same level of charge
reduction as ions of lower m/z value. Additionally, what is
not currently understood is the observed reduction in charge
state distribution towards higher m/z values for the native
protein MS spectra (Fig. 4a-d) acquired with the corona

Fig. 3 PEG 10 k analyzed by
ESI-corona discharge. Lower
spectrum, corona discharge off;
upper spectrum, corona
discharge on. Inset shows a
zoomed-in region of the singly
charged PEG 10 k ions. Charge
states are also annotated

Fig. 4 Native protein complex
analysis by nESI-corona
discharge; a ADH; b β-Gal; c
GDH; d GroEL. Lower spectra,
corona discharge off; upper
spectra, corona discharge on.
The most intense (base peak)
charge state has been annotated
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discharge source on; are the lower intensity high m/z values
a result of poor ion transmission through the instrument or
inefficient detector response for large molecular weight ions
possessing reduced charge? Or are these ions not produced
in abundant quantities during the ESI-corona discharge in-
teraction? This is currently under further investigation.

Travelling wave ion mobility

A number of experimental parameters must be carefully con-
sidered when performing a TWIM separation of charge re-
duced species. First, the TWIM amplitude must be ramped
during the experiment. This is to ensure that all the observable
charge states produced upon charge reduction are well sepa-
rated over the entire TWIM drift-time function. If one was to
use a single TWIM amplitude it would be challenging to
achieve such uniform TWIM separation on such large ions
with a wide spread of charge and mobility. For example, the
observable charge-reduced charge states from the protein PK
are +35 to +14 (Fig. 5; Table S2; Figure S6, Supporting
Information). Secondly, the TWIMpressure was reduced from
the standard operating pressure of 0.5 mbar to 0.2 mbar (N2).
The result of which dramatically improves the overall trans-
mission of the lower charge/high m/z ionic species. Another
alternative approach to improve ion transmission is to increase
the TWIM bias value from the standard 18 V to 40 V. This
improves transmission of the lower charge-high m/z ionic
species, but ion activation becomes a factor, and when ana-
lyzing native protein complexes, ion activation [37] must be
avoided if one is to derive any native Ω measurements from
the TWIM ATDs. Using the proteins ADH, GDH and β-Gal,

an effective TWIM calibration (Figure S2, Supporting
Information) can be performed over the ΩHe range 6830 Å2

to 15,640 Å2. These native protein complexes also span a
relatively widem/z range; 5800 to 10,000. With thism/z range
in mind, a TWIM calibration was performed and ΩHe values
were assigned to the PK charge reduced species which fell
within this m/z and drift-time range (Fig. 5 & Table S2,
Supporting Information). The authors are well aware that ion
movement through a TWIM device is complex [53, 54] even
when a single TWIM amplitude is utilised, and since all
TWIM measurements were performed using a TWIM ampli-
tude ramp (3–8 V), we describe our reported ΩHe values as
purely tentative (Fig. 5 and Table S2, Supporting Information);
only limited structural assignments are inferred vide infra.
Figure 5 represents a charge reduced TWIM spectrum acquired
for the protein PK under native conditions, and considering the
measuredΩHe values of pyruvate kinase which only fall within
the calibration range of ADH, GDH and β-Gal, we can assign
tentative ΩHe values to charge states +35 to +24. From these
values it appears that there is a gradual decrease in ΩHe value;
10,113 Å2 for +35 to 8194 Å2 for +24 (Fig. 5 & Table S2,
Supporting Information). These results suggest that the lower
the overall charge of the pyruvate kinase complex, the more
compact the structure becomes. Based on previous IM and
TWIM observations [47, 48] more accurate Ω value (He and
N2) derivation is achieved when the charge states, molecular
weights and Ω values of the calibrant and analyte ions
closely match. For example, the charge states of β-Gal
(the final TWIM calibration points; Figure S2, Supporting
Information) range from +45 to +48, which possess similar
TWIM drift-time ranges as the +24 to +28 charge states of

Fig. 5 The native protein
complex PK analyzed by nESI-
IM corona discharge.
Annotated are selected charge
states and tabulated ΩHe values
(Å2). Standard deviation values
(σ) are also reported as Å2 and
were derived from three TWIM
measurements made at three
different TWIM velocities; 190,
195 and 200 m/s. The data is
displayed as an intensity map;
the x-axis represents the m/z
scale and the y-axis represents
the total TWIM drift-time (ms)
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charged-reduced pyruvate kinase. The charge, m/z and Ω
values of these ions are clearly very different however their
mobilites are similar, therefore the extent to which the
aforementioned properties may introduce errors into the
TWIM derived ΩHe values for the measured pyruvate
kinase complex is not yet clearly understood.

If one compares the pyruvate kinase charge states
which are common to both the native nESI and corona
discharge nESI sample, there are some interesting obser-
vations which can be made. The TWIM derived ΩHe

values for the native nESI and corona discharge nESI
for charge states +35 through +32 are essentially identi-
cal (Figure S7, Table S2 & S3, Supporting Information). For
example, the TWIM measured ΩHe value for the native (coro-
na discharge off) and corona discharge on, +35 charge state are
10,075 ±7Å2 and 10,113 ±59 Å2 respectively. The ATD peak
shapes are also closely matched. There is also little measure-
able difference in measuredΩHe value for the +32 charge state;
9828 ±58Å2 (corona discharge off) and 9757 ±68 Å2 (corona
discharge on). This would imply that there is little or no
measurable structural alteration for a given charge state of a
native protein complex (PK) upon ESI corona discharge
charge reduction.

One could envisage that if mobility measurements were
performed on a drift-tube instrument [47, 48, 55] operating
with a nESI corona discharge source, one could obtain Ω
measurements in both He and N2 which could potentially be
used as TWIM calibrant species, spanning a wide m/z and
importantly, wide mobility range. This is currently under
investigation, since it is not clear as to whether ions of
significantly reduced charge would make suitable TWIM
calibrants for ions possessing higher levels of charge.
Additionally, one could use this approach to further examine
the properties of large biological ions as a function of Ω
value and activation energy analogous to those recently
published by Hall [36]. Using corona discharge one could
access and explore a much broader range of charge states
than those currently available though solution [24, 25] and
gas-phase [23] charge reduction.

Conclusion

An in-house built probe which operates by producing local-
ized negatively charged ions by the mechanism of point-to-
plane corona discharge has been demonstrated on a wide
sample class range. This modular design can potentially be
fitted to any instrument ESI source. Efficient manipulation of
ionic charge can readily be performed by either adjustment of
the corona discharge voltage or the gas flow (N2) through the
probe in either ESI or nESI mode, with no significant loss in
detection sensitivity. Effective charge reduction has been dem-
onstrated on GFP, UBQ, PEG 10K and the native protein

complexes ADH, PK, GDH, β-Gal and GroEL. We have
demonstrated that for the protein complex PK, a particular
charge state, regardless of whether it was generated by nESI or
corona discharge nESI, the measured Ω values were essen-
tailly identical. We have also calculated TWIMΩHe values for
the charge-reduced charge states (+35 to +24) of the native
protein complex PK. Utilizing known protein standards as
TWIM calibrants, it appears that the ΩHe values of the charge
reduced PK complex decreases by 20 % as the charge reduces
from +35 to +24. Crucial to detection of these low mobility
charge reduced species, are the optimisation of instrument
parameters such as TWIM bias, pressure, amplitude.
Moreover, the combination of corona discharge charge reduc-
tion has the potential to produce a new set of TWIM protein
calibration standards that span a widem/z, charge andmobility
range. It would appear from the diverse sample set presented
herein, this home built corona discharge source can be used as
a generic method for ionic charge reduction. This has the
distinct advantage of not having to add solution additives or
the use of strong basic compounds or radioactive particles in
the source of the mass spectrometer to achieve ionic charge
reduction. We envisage this simple and rapid method of
reducing an ions charge, in particular, native protein com-
plexes will prove very effective for future structural biology
IM-MS experiments.
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