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ABSTRACT

Theta capillary nanoelectrospray ionization (6-nanoESI) can be used to ‘supercharge’
protein ions directly from solution for detection by mass spectrometry (MS). In native top-
down MS, the extent of protein charging is low. Given that ions with more charge fragment
more readily, increasing charge can enhance the extent of sequence information obtained by
top-down MS. For 6-nanoESI, dual-channelled nanoESI emitters are used to mix two solutions
in low to sub-pus prior to MS. The mechanism for 6-nanoESI mixing has been reported to
primarily occur: (i) in a single shared Taylor cone and in the droplets formed from the Taylor
cone, or (ii) by the fusion of droplets formed from two separate Taylor cones. Using 6-nanoESI-
ion mobility-MS, native protein solutions were rapidly mixed with denaturing supercharging
solutions to form protein ions in significantly higher charge states and with more elongated
structures than those formed by pre-mixing the solutions prior to nanoESI-MS. If 6-nanoESI
mixing occurred in the Taylor cone and in the droplets resulting from the single Taylor cone,
then the extent of protein charging and unfolding should be comparable or less than that
obtained by pre-mixing solutions. Thus, these data are consistent with mixing occurring via
droplet fusion rather than in the Taylor cone prior to ESI droplet formation. These data also
suggest that highly charged protein ions can be formed by the near complete mixing of each
solution. The presence of supercharging additives in pre-mixed solutions can suppress volatile
electrolyte evaporation, limiting the extent of protein charging compared to when the additive
is delivered via one channel of a 8-nanoESI emitter. In 6-nanoESI, the formation of two Taylor
cones can presumably result in substantial electrolyte evaporation from the ESI droplets

containing native-like proteins prior to droplet fusion, thereby enhancing ion charging.
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Top-down mass spectrometry (MS)-based proteomics is rapidly becoming a central
method for the characterization of intact proteins and protein complexes.! Electrospray
ionization (ESI) is renowned for its ability to transfer intact proteins and protein complexes
from the solution to the gas phase.? Multiple charging is beneficial in tandem mass
spectrometry (MS/MS) measurements for enhancing sequence information in charge-state
dependent fragmentation methods (e.g., electron capture dissociation, electron transfer
dissociation, and ultraviolet photodissociation at lower pressures),>® and signal increases
proportionally with charge state for charge sensitive detection (e.g., FT-ICR, Orbitrap and
charge detection MS”). Protein ions formed from denaturing solutions typically have higher
and broader charge state distributions than those formed from native-like solutions because the
unfolded conformations have higher surface areas and thus, more protonation sites can be
accommodated.® In contrast, protein ions generated from native-like solutions can be compact
and more closely represent their native-like conformations. Retaining the native-like structures
of proteins in the gas-phase is important for obtaining accurate information regarding non-
covalent complexes (e.g., ligand binding affinities and locations, stoichiometry, and assembly
dynamics).”!? In methods that use isotopic or reactive labelling and whole protein mass

spectrometry to probe solution-phase protein structure (e.g., top-down hydrogen-deuterium
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exchange and fast photochemical oxidation of proteins it is often beneficial to
maximize protein ion charging, and retaining native-like structures after ion formation is not
necessarily required. Enhancing charge states is also beneficial in limited charge reduction
experiments for the analysis of heterogeneous, high mass complexes in native mass
spectrometry.!”

Several methods have been developed to increase the charge states of protein ions

formed from native solutions, collectively termed ‘native supercharging’. Native

supercharging methods include: (i) doping small molecule additives with low vapor pressure



directly into native protein solutions in low concentrations (e.g., m-nitrobenzyl alcohol!822 or
sulfolane!®?32%), (ii) increasing the electric field between the ESI emitter and the MS entrance
(“electrothermal supercharging™),? (iii) increasing the gas pressure in the ion source,? and (iv)
dual channel ESI using theta capillaries for rapid mixing of the native and denaturing solutions
during the ESI process.?”-?® For the latter method, the extent of protein ion charging can be
increased by more than 100% compared to the alternative methods for common test proteins.?®
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Figure 1. Theta nanoelectrospray ionization (0-nanoESI) emitters and mechanisms. (a)
Cross section of 8-nanoESI emitters. Dg represents the diameter of each channel perpendicular
to the septum. (b) Representative scanning electron micrograph of the tip of the 6-nanoESI
emitters used in this work where the diameter Dg is approximately 180 nm. (c) In mechanism
1, the two solutions mix in a shared Taylor cone and inside the resulting droplets. In mechanism
2, a separate Taylor cone forms from each channel and droplets undergo fusion to result in
combined droplets containing a mixture of the two solutions.

Theta capillaries are nanoelectrospray ionization (nanoESI) emitters that are divided
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into two channels by a glass septum=-Y which can be used to rapidly mix two solutions during



ESI prior to MS analysis (Figure 1a, b). The mixing process can occur within microseconds
to sub-microseconds.?*3! Theta nanoESI (0-nanoESI) has been used to measure rapid HDX
rates in liquid droplets®*>3 (e.g., 3660 s*! for formation of -NH>D* from —-NH3"),* to probe

3134 and to observe short-lived reaction intermediates.’® In native

protein folding/unfolding,
supercharging via 8-nanoESI, one channel of the theta capillary is loaded with a native protein
solution (in ammonium acetate) and the other channel can be loaded with a denaturing solution
containing a supercharging agent, such as a cyclic alkyl carbonate supercharging additive (e.g.,
4-vinyl-1,3-dioxolan-2-one or 1,2-butylene carbonate).?® The mixing of the two solutions
during the ESI process can result in the formation of protein ions in comparable charge states
as those formed directly from a denaturing supercharging solution. The rapid timescale of
mixing and high protein ion charge states that can be formed should be particularly useful for
probing solution-phase structure by hydrogen-deuterium exchange MS.!> However, the
mechanism of solution mixing in 6-nanoESI has been the subject of some controversy in the
literature.

Since the first use of theta capillaries in mass spectrometry experiments,*° two primary
mechanisms have been proposed for solution mixing. The more commonly invoked mechanism
for 0-nanoESI is that the two solutions are mixed within a single Taylor cone and in the
resulting droplets formed from this Taylor cone (Figure 1¢).2723° This ‘shared Taylor cone’
mechanism has been suggested for tips ranging in size from ~600%° to 4000%’ nm per channel
(Dg in Figure 1a). Based on the use of confocal microscopy to probe the mixing of two dyes
rhodamine B and fluorescein in two separate channels of theta capillaries (Dg of ~2000 nm;
Figure 1a), Derrick and co-workers?® reported that a single Taylor cone was visible in early 0-
nanoESI experiments. More recently, Derrick and co-workers®> proposed that mixing could

also occur via the coalescence of charged droplets after their formation, although high speed



microscopy data of non-tapered 6-nESI emitters with large orifices (D of ~300 pm ) supported
the single Taylor cone mechanism.

In 2017, Zare and coworkers®? queried the shared Taylor cone mechanism that mixing
occurred primarily in the Taylor cone and in the droplets resulting from a single Taylor cone.
Micro-particle image velocimetry was used to visualize the Taylor cone and spray region for
theta capillary tips with channels that were ~2000 nm wide (Dp of ~2000 nm; Figure 1a).
Microscopy images revealed a separate Taylor cone-jet originating from each theta capillary
channel with the two plumes repulsing each other owing to Coulombic repulsion. At ~200 um
from the exit of the theta tip, droplets from the two sprays began to fuse. The authors suggested
that the — physically unexpected — fusion of repulsive droplets resulted from inertial mixing, in
which frequent and highly energetic collisions between charged droplets can overcome their
Coulombic repulsion (Figure 1¢). Any mixing in the Taylor cone was estimated to be more
than 10° times lower than via droplet fusion based on a computational fluid dynamics model.

In this work, the mechanism of 8-nanoESI is investigated for emitter tips in which the
orifice sizes are < 200 nm wide (Figure 1b). Using ion mobility MS, we demonstrate that rapid
mixing of native-like protein (containing ammonium acetate) and denaturing supercharging
solutions using 6-nanoESI results in protein ions that are significantly more unfolded than
protein ions formed when the two solutions are mixed prior to ESI. Furthermore, protein ions
formed from 6-nanoESI of native and denaturing supercharging solutions are comparable to
those formed directly from denaturing supercharging solutions (without ammonium acetate) in
terms of charge and conformations. These results are more consistent with the mixing of the
native and denaturing supercharging solutions occurring via separate Taylor cones and

subsequent droplet fusion.



METHODS

Experiments were performed on a Synapt G2-Si quadrupole-time-of-flight (Q-ToF)
mass spectrometer with a travelling wave (T-wave) ion mobility spectrometry (TWIMS) cell
(Waters Corp.; Milford, MA, USA), and a NanoLockSpray nanoelectrospray ionization source,
in which the nanoelectrospray ionization emitter is positioned perpendicular to the sample cone
at the MS inlet. All solutions were electrosprayed at a flow rate of ~20 nL/min by applying 0.9-
1.2 kV to the emitter tip. The source temperature was set to 80-100°C. For each solution
investigated, 100 mass spectra were collected and averaged. All mass spectra were externally
calibrated using caesium iodide. Au/Pd coated borosilicate single channel nanoelectrospray
ionization emitters were purchased from Thermo Fisher Scientific (1.2 mm o.d., ~1 um i.d.;
San Jose, CA, USA). Dual channel nanoelectrospray ionization emitters were pulled from
borosilicate capillaries (1.5 mm o.d., theta capillary, Harvard Apparatus, USA) to a tip inner
orifice diameter of ~180 nm per channel perpendicular to the dividing septum (Figure 1) using
a microcapillary puller (P-97, Sutter Instruments) and sputter-coated with a thin layer of Au/Pd
(1:1 mol ratio) for 20 s (Scancoat Six, Edwards, UK). The tip dimensions were measured by
scanning electron microscopy imaging (FEI Nova NanoSEM 450 FE-SEM, Thermo Fisher
Scientific). All materials were purchased from commercial sources. Refer to Supporting
Information for details.

MassLynx (Waters) was used to process mass spectra and arrival time distributions.
Mean and error values for average charge states and collision cross sections were calculated
from triplicate measurements using a different emitter for each measurement. Errors are
reported as one standard deviation. To calculate collision cross sections (CCS), calibration
curves were created for converting measured arrival times to CCS values. TWIMS arrival times

for cytochrome ¢ (13+ to 19+) and apo-myoglobin (15+ to 24+) ions formed from denaturing



solutions of 10 uM protein in 48.25/48.25/3.5 water/methanol/acetic acid (%/% v/v), were first
corrected for m/z dependent flight times, according to,
tgr = tqg — 0.001 X tgpe X m/z%°

where t 4 is the corrected arrival time, t4 is the measured arrival time, and tgp( is the enhanced
duty cycle delay coefficient which is 1.30 ms for the Synapt G2-Si. The measured arrival time
values used were the mean of Gaussian distributions fitted using GraphPad Prism 9.0.0 for
Windows (GraphPad Software, San Diego, California USA). The average of three separate
measurements was used. Calibrant CCS values*® were corrected for charge and reduced mass

according to:

CCS
CCS' =

1 1 \*°
z X (MW(protein) + MW(N2)>
where CCS'’ is the corrected CCS value, CCS is the literature CCS value,* z is the charge,
MW protein) is the molecular weight of the protein, MW(N>) is the molecular weight of the
drift gas, N2. The natural logarithm of CCS' and t4 were used in the calibration curves. The
resulting calibration curves had R? values of 0.9895 (cyt c¢) and 0.9958 (apo-myoglobin). To
estimate CCS values corresponding to the native, alpha-helical, and near-linear states of
cytochrome ¢, apo-myoglobin, and carbonic anhydrase II in nitrogen, the linear calibration
curve obtained by Williams and coworkers®’ for converting helium cross sections to nitrogen
cross sections was used. Cross sections in helium were calculated using the exact hard-spheres
scattering model*® simulations for cytochrome ¢ and apo-myoglobin by Jarrold and
coworkers,?* and converted to nitrogen values using the linear conversion:
CCSy, = CCSye x 1.2806 + 0.2432
To estimate the CCS values for the three states of carbonic anhydrase II, the CCS values for
cytochrome ¢ and apo-myoglobin were extrapolated based on the relative number of amino

acid residues. The CCS per amino acid residue is linearly proportional to the charge per amino



acid residue. Specifically for helium, the native state CCS values increase by ~12 A residue™,
the alpha-helical state CCS values increase by ~22 A?residue’!, and the near-linear state CCS
values increase by ~33 A?residue.?°
RESULTS AND DISCUSSION

Formation of highly charged protein ions from native solutions using theta
nanoelectrospray ionization emitters. Protonated ions of cytochrome ¢, apo-myoglobin, and
carbonic anhydrase II were formed from either: (i) a single channel nanoESI capillary
containing the protein in a denaturing supercharging solution of 45.75/45.75/5/3.5
water/methanol/1,2-butylene carbonate (BC)/acetic acid (%/% v/v) (conventional nanoESI), or
(i1) a theta capillary in which one channel contained a native protein solution (pH ~7 in 200
mM ammonium acetate) and the second channel contained a solution of 41.5/41.5/10/7
water/methanol/BC/acetic acid (%/% v/v) (6-nanoESI) (Figure 2). BC is added to significantly
increase the protein ion charge states (Figure S1), as also shown in previous studies.* The
extent of charging for cytochrome ¢, apo-myoglobin and carbonic anhydrase II formed from
native-like solutions from one channel of a theta capillary was relatively low and consistent
with that expected for native MS (Figure S2). Since protein ion charging in ESI is highly
dependent on the applied spray voltage and the distance from the tip to the inlet, these
parameters were optimized using cytochrome c to ensure maximum charging (Figure S3). The
orientation of the dividing septum of the theta tip to the inlet of the mass spectrometer did not
strongly affect protein ion charging or arrival time distributions (Figure S4). In addition, the
use of a single channel of a 0-nanoESI emitter compared to the use of a conventional emitter
of a similar orifice size does not generally affect the observed protein ion charge state
distributions (see below and Figure S5).

For all three proteins studied, similar ion charge state distributions were obtained from

both conventional nanoESI of a denaturing supercharging protein solution, and 6-nanoESI
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mixing of a native-like protein solution with a denaturing supercharging solution (Figure 2 a-
f). For example, when formed by conventional nanoESI (or 8-nanoESI) the most abundant
charge state of cytochrome ¢ ions (MACS) was 21+ (21+), the highest observed charge state
(HOCS) was 23+ (23+) and the average charge state (ACS) was 19.8 £ 0.1 (19.1 + 0.6) (Figure
2a, d). Similar results were obtained for apo-myoglobin (Figure 2b, e) and carbonic anhydrase
II (Figure 2¢, f). In a previous report® in which 0-nanoESI was used for native protein
supercharging, protein ion charge states were higher than those observed here. For example,
the average charge state reported for cytochrome ¢ was 23.1 £ 0.1 compared to 19.1 = 0.6 in
Figure 2d.28 These data are consistent with the higher charging obtained by using an instrument

with a capillary-skimmer ion source interface®#042

compared to that obtained using a Z-spray
ion source interface (of the Synapt G2-Si instrument)?’ for standard protein ions formed from
denaturing, cyclic alkyl carbonate supercharging solutions. These data further demonstrate that
theta capillary nanoESI emitters can be used to form protein ions directly from native solutions

in comparable charge states as those formed from denaturing solutions by conventional

nanoESI.
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Figure 2. Protein ions formed by theta capillary ‘native supercharging’ have charge states
and arrival time distributions comparable to protein ions formed directly from
denaturing-supercharging solutions. Representative (a-f) mass spectra and (g-1) TWIMS
arrival time distributions for individual charge states (black) and summed (blue) for (a, d, g, j)
cytochrome c, (b, e, h, k) apo-myoglobin, and (c, f, 1, 1) carbonic anhydrase II ions formed from
either (a-c, g-1) a single channel nanoESI capillary with a denaturing supercharging solution
containing 10 puM protein with 45.75/45.75/5/3.5  water/methanol/1,2-butylene
carbonate/acetic acid (%/% v/v), or (d-f, j-1) a theta capillary with one channel containing 10
uM protein in 200 mM ammonium acetate (pH ~7) and the other channel a solution of
41.5/41.5/10/7 (%/% v/v) water/methanol/1,2-butylene carbonate/acetic acid. The most
abundant charge state, highest observed charge state (HOCS) and average charge state (ACS)

are indicated. The asterisk indicates a peak corresponding to a chemical contaminant.
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To compare the conformations of the highly charged protein ions formed by 6-nanoESI
with those formed using conventional nanoESI, TWIMS was used. For all three proteins
studied, similar arrival time distributions for the entire charge state envelopes were obtained
from both conventional nanoESI of a denaturing supercharging protein solution, and 6-
nanoESI mixing of a native-like protein solution and a denaturing supercharging solution
(Figure 2). For all three proteins, the maxima of the arrival time distributions are consistent
for ions formed by conventional nanoESI or 6-nanoESI. The width of the arrival time
distributions for apo-myoglobin formed from 6-nanoESI is wider compared to conventional
nanoESI (Figure 2h, k) and mirrors the trends in widths for the corresponding charge state
distributions. This wider arrival time distribution could be explained by slightly less unfolding
of the protein ion on the timescale of solution mixing, ion formation, transfer and detection.
However, the overall similarity between the arrival time distributions for protein ions formed
by conventional nanoESI compared to 6-nanoESI indicates that the extent of elongation of the
protein ions formed by these two methods are largely comparable. Furthermore, since the
protein ions formed from denaturing supercharging solutions should be largely unfolded, these
data indicate that the protein ions formed by 6-nanoESI from native solutions can unfold during

the electrospray process.
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Figure 3. Theta capillary native supercharging results in unfolded protein ions with
similar conformations to protein ions formed directly from denaturing-supercharging
solutions. (a-c) TWIMS arrival time profiles of individual charge states, and (d-f) collision
cross sections (CCS) as a function of charge state, when formed from either a single channel
nanoESI capillary with a denaturing supercharging solution containing 10 uM (a,d)
cytochrome c, (b,e) apo-myoglobin or (c,f) carbonic anhydrase II with 45.75/45.75/5/3.5
water/methanol/1,2-butylene carbonate/acetic acid (%/% v/v) (red plots) or a theta capillary
with one channel containing 10 pM protein in 200 mM ammonium acetate (pH ~7) and the

other channel a solution of 41.5/41.5/10/7 water/methanol/1,2-butylene carbonate/acetic acid
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(%/% v/v) (black plots). Dotted lines correspond to the approximate collision cross sections
of the protein ions in their native, a-helical and near-linear states.>*-> Error bars correspond to
the standard deviation of triplicate measurements and are not visible (< 0.6%).

To investigate the extent of protein unfolding during the ionization process in 0-
nanoESI, the arrival time distributions and collision cross sections (CCS) of individual charge
states of cytochrome ¢, apo-myoglobin, and carbonic anhydrase Il formed from 6-nanoESI
mixing were compared to those formed directly by conventional nanoESI of denaturing
supercharging protein solutions (Figure 3). Interestingly, for all three proteins, individual
charge states had similar arrival time distributions (Figure 3a-¢) and CCSs (Figure 3 d-f)
under both nanoESI conditions (differences in CCS <1.5%). As expected, the arrival times for
the ions of the three proteins decrease with increasing charge state and decreasing mass (Figure
3a-c). The similarity in arrival time distributions and CCS for ions formed by conventional
nanoESI and 6-nanoESI further indicate that the conformation of ions formed from native
solutions by 0-nanoESI mixing with denaturing supercharging solutions are directly
comparable to those formed from denaturing conditions in conventional nanoESI.

The extent of unfolding in 6-nanoESI was further investigated by comparing the
experimental CCS values to theoretical CCS values of near-linear, completely alpha helical,
and native conformations for each of the three proteins (as calculated previously, see
Experimental),’® which are shown in Figure 3d-f. These data indicate that the cytochrome ¢
ions (13 to 23+) formed from 6-nanoESI mixing and conventional nanoESI are both largely
unfolded, with CCS values that are between those corresponding to alpha helical (~30 nm?)
and near-linear (~44 nm?) conformations. Similarly for apo-myoglobin ions (20+ to 32+), the
CCS values indicate largely unfolded conformations formed from both 6-nanoESI and
conventional nanoESI. For carbonic anhydrase II ions (23+ to 40+), CCS values also indicate

a degree of protein unfolding, with values comparable to or slightly larger than completely
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alpha helical. These results demonstrate that highly charged protein ions formed from native
solutions by 6-nanoESI mixing can be more elongated than ‘perfect’ alpha helices and can
approach conformations with similar CCS values as near-linear conformations. The charge and
conformation of these highly charged protein ions formed from 6-nanoESI mixing appear to
be directly comparable in charge and conformations to those formed from denaturing solutions.
That is, the rapid mixing during the ionization process of native and denaturing supercharging
solutions via 6-nanoESI results in protein ions which are both highly charged and unfolded.
Formation of protein ions via 0-nanoESI mixing vs. in-solution mixing. To compare
protein ion formation between mixing solutions via 8-nanoESI and mixing in-solution prior to
nanoESI, ions of cytochrome ¢, apo-myoglobin and carbonic anhydrase II were formed by 0-
nanoESI mixing of a native protein solution (200 mM ammonium acetate, ~pH 7) and a
denaturing supercharging solution containing 41.5/41.5/10/7 water/methanol/BC/acetic acid
(%/% v/v), or from one or both channels of a 6-nanoESI capillary containing a 1:1 (v:v) mixture
of the native protein and denaturing supercharging solutions. This latter approach is referred to
as “in-solution mixing” or “pre-mixing” and the former as “0-nanoESI”. For cytochrome c, the
pre-mixed solution (1:1 mix of native protein solution and denaturing supercharging solution)
was left to equilibrate overnight at 4°C and was electrosprayed from one or two channels of a
theta capillary. The overnight incubation was performed to allow sufficient time for protein
structural changes resulting from mixing to equilibrate. The resulting spectra were compared
to 0-nanoESI spectra collected immediately prior (Figure S6). Cytochrome ¢ ions formed after
in-solution mixing had significantly lower charge states compared to those formed by 6-
nanoESI. Moreover, the charge state distributions were not affected by whether the pre-mixed
solution was sprayed from one channel (Figure S6a) or both channels (Figure S6c) of the theta
capillary. That is, 0-nanoESI mixing of the native protein and denaturing supercharging

solutions resulted in a charge state distribution with an ACS of 19.4 + 0.1, which was
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significantly higher than those ions formed after the pre-mixed solution was electrosprayed
from one (15.6 £ 0.1) or both (15.5 £ 0.1) channels of a theta capillary, respectively (Figure
S6a, c, e). We also compared the effects of electrospraying a pre-mixed solution (pre-mixed
just prior to MS measurement) from one side of a theta capillary to a conventional single
channel nanoESI capillary and observed no significant differences, indicating that the tip
geometry itself does not affect the extent of protein ion charging and unfolding (Figure S5).
For apo-myoglobin and carbonic anhydrase II (Figure S7), the pre-mixing was performed just
prior to nanoESI because overnight incubation of the native protein and denaturing
supercharging solutions led to some protein degradation. Similarly to cytochrome ¢, the mass
spectra of apo-myoglobin and carbonic anhydrase II for in-solution mixing prior to nanoESI
compared to 6-nanoESI were remarkably different (Figure S7). For both proteins, nanoESI of
pre-mixed solutions resulted in significantly lower ion charging compared to 6-nanoESI
mixing. Furthermore, for all three proteins studied, the TWIMS arrival time distributions for
the entire charge state distributions formed after in-solution mixing (Figures S6b, d and S7e,
f) were broader and shifted to longer times than those formed using 8-nanoESI mixing (Figures
Sé6f and S7g, h). Broader arrival time distributions indicate that the protein ions formed by in-
solution mixing generally exhibited a larger range of conformations compared to those formed
by 0-nanoESI mixing. The longer arrival times reflect the lower charge states observed from
in-solution mixing as compared to 0-nanoESI mixing. These data indicate that rapid mixing of
native protein solutions and denaturing solutions by 8-nanoESI during the electrospray process
can result in significantly increased protein charging and conformational differences compared

to when the solutions are mixed prior to nanoESI.
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Figure 4. 0-nanoESI mixing of native cytochrome c solutions and denaturing,
supercharging solutions results in ions with larger collision cross sections than those
formed after pre-mixing. (a) TWIMS arrival time distributions of individual charge states of
cytochrome ¢ formed from either theta nanoESI mixing (red) or pre-mixing (blue) of a 10 uM
cytochrome c¢ solution in 200 mM ammonium acetate (~pH 7) with a solution of 10/7/41.5/41.5
(%/% V/V) butylene carbonate/acetic acid/methanol/water. For pre-mixing, the solution was
incubated overnight to reach equilibrium. The equilibrated mixture was loaded into both
channels of a theta capillary. (b) Collision cross sections (CCS) as a function of charge state
for 6-nanoESI mixing or pre-mixing where both channels were loaded with the equilibrated
solution. Dotted lines correspond to the approximate collision cross sections of the protein ions

18



in their native, a-helical and near-linear states.’”** Error bars correspond to the standard
deviation of triplicate measurements and are not visible (< 0.8%).

The extent of unfolding of protein ions formed by 0-nanoESI mixing or in-solution
mixing was examined by comparing the TWIMS arrival time distributions and collision cross
sections of equivalent charge states of cytochrome ¢ (Figure 4). For in-solution mixing, the
mixture was loaded into both channels of a 0-nanoESI emitter. Dramatic differences in ion
arrival times and CCS values were observed when the ions were formed from 6-nanoESI (red
data lines and points in Figure 4) compared to in-solution mixing prior to conventional
nanoESI (blue data lines and points in Figure 4). The CCS values obtained for protein ions
formed by 6-nanoESI in Figure 4b and 3d were within an average of 2.6% of each other across
nine charge states, even though these data were obtained on two different days under conditions
that were optimised for either denaturing supercharging solutions (Figure 3d) or nanoESI of
pre-mixed native protein and denaturing solutions (Figure 4d). Cytochrome ¢ ions formed
from 0-nanoESI had longer arrival times (between ~0.5 to 0.7 ms longer) than the equivalent
charge states formed from in-solution mixing (Figure 4d). Furthermore, cytochrome ¢ ions
formed from 0-nanoESI mixing had 6-7% larger CCS than the corresponding ions formed after
in-solution mixing (Figure 4d). These differences in TWIMS arrival times and CCS values
indicate that ions formed from 6-nanoESI mixing were significantly more unfolded than those
formed after in-solution mixing prior to nanoESI. These results are surprising because the
compositions of the two solutions are identical, and thus the protein ion charging and
conformations are strongly dependent on whether the two solutions are mixed prior to ESI or
during the ESI process. Furthermore, the timescale of mixing in 6-nanoESI is significantly
faster (sub to low ps) than in-solution pre-mixing (minutes to hours prior to nanoESI), so it
would be expected that 8-nanoESI mixing would result in similar or lower protein charge states

and similar or less unfolded conformations compared to pre-mixing prior to nanoESI. Thus,
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these results suggest that the process of ion formation differ for mixing via 6-nanoESI
compared to nanoESI after pre-mixing of the same solutions. Alternatively, the final droplet
compositions from which the protein ions are emitted may differ for 6-nanoESI compared to
nanoESI of the pre-mixed solutions.

Charge-manipulated ions (supercharged or charge-reduced) may differ subtly from

equally charged ions produced directly by ESL.#3

One possibility is that supercharging additives
such as BC may reduce the number of opposing charges present in electrosprayed proteins (i.e.,
reduce aspartate and glutamate anionic sites in zwitterionic protein ions). Higher additive
concentrations could exert a larger effect. As protein ions are electrohydrodynamically emitted

from droplets,*

higher BC concentrations in fusion-derived droplets (due to rapid
methanol/acetic acid evaporation) could yield ions with fewer opposing charges (and, thus,
fewer restraining ion pairs) than the protein ions released from pre-mixed droplets. Hence,
more deformable cytochrome ¢ ions from fusion-derived droplets could lead to larger CCSs
than those of identically charged ions from pre-mixed solutions.

The mechanism of theta nanoelectrospray ionization. Two distinct mechanisms for
0-nanoESI have been reported in the literature (Figure 1c¢). In the two Taylor cone mechanism,
solution mixing of the two solutions occurs by fusion of charged droplets derived from each
theta capillary channel Taylor cone.*? In the shared Taylor cone mechanism, the two solutions
combine in a single Taylor cone to form initial ESI droplets that are a mixture of both solutions.

The latter mechanism is more commonly invoked in the literature?”-2%-3

including for 6-
nanoESI with small bore tips.?° Based on results in the literature from high-speed microscopy,*?
ESI from larger bore theta emitters (Dg of 2000 nm) can result in the formation of two separate
Taylor cones. However, the mechanism is less clear for narrower bore emitters.

The electrospray droplet composition just prior to the moment of ion formation can be

considered in four key scenarios: (i, ii) 0-nanoESI of native protein solutions and denaturing
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supercharging solutions via the two different mechanisms (shared Taylor cone or dual Taylor
cones; Figure 1c¢), (iii) conventional nanoESI of denaturing supercharging protein solutions,
and (iv) conventional nanoESI of pre-mixed native protein solutions and denaturing
supercharging solutions. In all cases, after the solutions exit the tip of the emitters, a stream of
charged droplets form and are accelerated down a pressure and potential gradient towards the
MS entrance. During this process, volatile components of the charged droplets evaporate,
decreasing the radius and increasing the charge density of the droplets. If the electrostatic
repulsion on the droplet surface overcomes the droplet surface tension (i.e., near the Rayleigh
limit),*-4¢ ESI droplets undergo fission to produce offspring droplets. Cycles of evaporation
and fission can occur until fully desolvated gaseous ions are formed.

The extent of protein ion charging was significantly higher when using a standard
denaturing supercharging solution (Figure 2) that did not contain ammonium acetate than for
the pre-mixed solutions that contained ammonium acetate (Figures S5 and S6). The only key
difference between these two solutions is the presence of 100 mM ammonium acetate in the
pre-mixed solution. Thus, the use of ammonium acetate significantly decreased the extent of
protein charging under these conditions. Ammonium acetate is often used in native mass
spectrometry to reduce protein ion unfolding and salt adduction, and to increase solution
conductivity and ionic strength.** ESI-generated droplets formed from the pre-mixed solutions
consist of protein, ammonium acetate (BP of 117°C), acetic acid (118°C), the supercharger BC
(> 238°C), methanol (65°C) and water (100°C). During evaporation and fission, the volatile
components methanol, ammonium acetate and water should readily evaporate, while the
protein and BC should be preferentially enriched in the droplets. The presence of BC should
also reduce evaporation rates of low volatility species owing to colligative properties (i.e.
Raoult’s Law). Any ammonium acetate remaining in the ESI droplet can limit the extent of

protein ion charging owing to a buffering effect (i.e.,, the optimal buffering capacity for
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ammonium acetate is at pH 4.75)*” hindering the lowering of the pH in the ESI droplets relative
to droplets with lower ammonium acetate concentrations.*’ Alternatively, any residual
ammonia/ammonium competes with proteins to acquire charge during emission from
decomposing droplets. Charge is diverted to ammonia, when present.*®

The extent of protein ion charging and unfolding was significantly higher when native
protein solutions and denaturing supercharging solutions were mixed via 6-nanoESI compared
to pre-mixing prior to nanoESI (Figures 4, S5, S6). In the shared Taylor cone mechanism of
0-nanoESI (Figure 1c), initial ionic droplets should consist of a ~1:1 mixture of the two
solutions. That is, the composition of the ESI droplets should be comparable to the ESI droplets
formed by single channel nanoESI of a 1:1 mixture of the two solutions. However, the extent
of protein charging and unfolding obtained by 6-nanoESI is significantly higher than if the
same solutions are pre-mixed prior to nanoESI (Figures 4, S5, S6). Therefore, the shared,
single Taylor cone mechanism is inconsistent with these results.

Alternatively, in the two Taylor cone mechanism (Figure 1c¢), BC is not present in the
same initial droplets as the ammonium acetate and thus cannot prevent evaporation of
ammonium acetate early in the ESI process. Before droplet fusion, some solvent can evaporate,
which should lower the concentration of ammonium acetate more than if BC was present in
the droplet. Thus, after fusion of two droplets, the resulting droplet should have a reduced
concentration of ammonium acetate than in the pre-mixed solutions. With a lower
concentration of ammonium acetate, the protein can more readily unfold. This proposed model
is more consistent with our observation that 8-nanoESI mixing results in protein ions with
charge and conformations almost identical to those formed directly from denaturing
supercharging solutions, and with significantly higher charging and more extensive protein

unfolding than in-solution pre-mixing prior to nanoESI (Figures 4, S5, S6). These data also
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indicate that highly charged protein ions formed via 8-nanoESI mixing can result from the near

complete mixing of both solutions under these conditions.

CONCLUSIONS

Theta nanoelectrospray ionization can be used to form highly charged and unfolded
protein ions directly from native solutions, with comparable charge and conformation to those
formed from denaturing solutions. 8-nanoESI mixing of native and denaturing solutions can
also result in the formation of protein ions that are more highly charged and unfolded than pre-
mixing the same solutions prior to nanoESI. These results are consistent with the two Taylor
cone mechanism?? in which separate repulsive ion plumes emanate from each of the 6-nanoESI
orifices as opposed to the shared Taylor cone mechanism.?”-2°3% These data are also consistent
with charged droplets containing protein solution fusing with acidified droplets containing the
supercharging additive 1,2-butylene carbonate, resulting in the formation of highly charged
protein ions directly from a native solution.

0-nanoESI of native protein solutions can result in the formation of ions in higher

charge states than those formed directly from a denaturing solution,?®

which may now be
explained by this mechanism. Droplet fusion is a high energy process that could potentially
cause further protein unfolding. Droplet fusion should also result in larger droplets that may
survive longer before the protein ion is formed. The formation of fully desolvated ions further
into the ion source at lower pressures should reduce the extent of charge stripping that can
occur by proton transfer reactions.*” For example, protein ions in sufficiently high charge states
such as those formed here from native solutions using 8-nanoESI mixing with a denaturing
supercharging solution (such as the apo-myoglobin 31+ to 33+) can readily transfer a proton

to N> and O> at room temperature and reduced pressure (low mTorr).*?
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The use of theta nanoelectrospray ionization has potential for improving protein
sequencing experiments for biologically important proteins with unstable post-translational
modifications (which may dissociate in denaturing solution), or that readily aggregate or
decompose in denaturing conditions. Moreover, a clearer understanding of the mechanism of
0-nanoESI may potentially lead to the rational design of new supercharging additives to enable
more efficient droplet fusion, and more accurate reaction kinetics from 6-nanoESI for studying
highly reactive intermediates. It is also anticipated that the formation of highly charged and
unfolded protein ions using 8-nanoESI emitters should be beneficial for many different types
of isotopic (or reactive) labelling top-down MS/MS measurements to probe solution-phase
protein structures.

SUPPORTING INFORMATION

Additional details on materials, additional mass spectra and arrival time distributions for
protein ions, including control experiments.
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Figure S1. 1,2-butylene carbonate is used as an electrospray solution additive to
enhance protein ion charging. Representative mass spectra for (a, d) cytochrome c, (b, €)
apo-myoglobin and (c, f) carbonic anhydrase II formed from denaturing solutions with and

without butylene carbonate (BC) by single channel nanoelectrospray ionization. Denaturing
solutions contained 10 uM protein in 48.25/48.25/3.5/ water/methanol/acetic acid (%/% v/v).
Solutions containing BC had the same composition as denaturing solutions and an additional
5% BC by volume. Highest observed charge state (HOCS) and average charge state (ACS)
are indicated for each mass spectrum. The most abundant charge state is indicated on the
spectra above the corresponding peaks.
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Figure S2. Control native nanoESI spectra formed from one channel of theta capillary.

Representative mass spectra (a, b, ¢) and arrival time distributions (d, e, f) of cytochrome ¢
(a, d), apo-myoglobin (b, d), and carbonic anhydrase II (c, f) formed by nanoESI of aqueous
native solutions 200 mM ammonium acetate from one channel of a theta capillary. For apo-
myoglobin, the high charge states that are formed in low abundance are typical of native mass

spectra of this protein.! Without the heme group, the protein structures are destabilized.
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Figure S3. Optimisation of ESI spray voltage and tip-to-inlet distance. Panels a-f display
mass spectra collected during optimisation of spray voltage and distance from tip to MS inlet.
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ESI spray voltage 1.2 kV with tip at neutral distance relative to the MS inlet were deemed the
optimum conditions for charging and signal.
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Figure S4. Orientation of 0-nanoESI tip relative to the inlet of the MS has minimal
effect of protein ion charging and conformation. Effect on charge state distributions of
cytochrome ¢ formed from a theta capillary (Channel 1: 10 uM cytochrome ¢ solution in 200
mM ammonium acetate buffer (pH ~7), Channel 2: 41.5/41.5/10/7 water/methanol/1,2-
butylene carbonate/acetic acid(%/% v/v)) of different orientations of the theta tip relative to
the mass spectrometer inlet. Diagrams in (a-c) show the orientation of the tip where the blue
represents native protein solution and red the denaturing-supercharging solution. Highest
observed charge state (HOCS), average charge state (ACS), and most abundant charge state
are indicated on the spectra. (d) TWIMS arrival time distributions of individual charge states

when formed from each of the three theta tip orientations.
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Figure SS. Theta tip geometry does not affect protein ion charging and conformation
compared to single channel nanoESL. (a, ¢c) Mass spectra and (b, d) arrival time
distributions for cytochrome c ions formed from 1:1 (volume:volume) pre-mixed solution of
10 uM cytochrome c solution in 200 mM ammonium acetate (pH ~7) and 41.5/41.5/10/7
water/methanol/1,2-butylene carbonate/acetic acid (%/% v/v). The two solutions were mixed
just prior to nanoESI. The solution was electrosprayed from either a (a-b) single channel
capillary or (c-d) one channel of a theta capillary. Spectra are nearly identical in both cases
ruling out any structural effects caused by the theta capillary itself.
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Figure S6. Theta nanoESI mixing of native protein solutions and denaturing,
supercharging solutions results in significantly higher charging compared to in-solution
pre-mixing and is not a result of theta emitter tip geometry. Representative (a, ¢, €) mass
spectra and (b, d, f) TWIMS arrival time distributions of cytochrome ¢ ions formed from
either (a-d) in-solution or (f-g) theta nanoESI mixing of a 10 uM cytochrome ¢ solution in
200 mM ammonium acetate buffer (pH ~7) with a solution of 41.5/41.5/10/7
water/methanol/1,2-butylene carbonate/acetic acid (%/% v/v). For in-solution pre-mixing, the
solution was incubated overnight to reach equilibrium. The equilibrated mixture was loaded
into either (a-b) one channel of a theta capillary (purple semicircle), or (c-d) both channels of
a theta capillary (two purple semi-circles). Half-blue half-red circle indicates a theta capillary
with one side containing native protein solution (blue) and the other side the denaturing
solution (red). Most abundant charge state and average charge states (ACS) are labelled.
Shaded areas on arrival time distributions indicate standard deviations from triplicate
measurements.
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Figure S7. 0-nanoESI mixing of native solutions of larger proteins and denaturing,
supercharging solutions results in higher protein charge states than if solutions are
mixed prior to nanoESI. Representative (a-d) mass spectra and (e-h) arrival time
distributions for (a, c, e, g) apo-myoglobin and (b, d, f, h) carbonic anhydrase II ions formed
from either (a-b, e-f) in-solution or (c-d, g-h) theta capillary mixing of a 10 M protein
solution in 200 mM ammonium acetate buffer (~pH 7) with a solution of 41.5/41.5/10/7
water/methanol/1,2-butylene carbonate/acetic acid (%/% v/v). Average and most abundant
charge states are labelled. Shaded areas on arrival time distributions indicate standard
deviations from triplicate measurements, with the exception of (e) which was done in
duplicate.
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