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ABSTRACT: Two-dimensional mass spectrometry (2D MS) is a multiplexed tandem mass spectrometry method that does not rely
on ion isolation to correlate precursor and fragment ions. On a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR
MS), 2D MS instead uses the modulation of precursor ion radii inside the ICR cell before fragmentation and yields 2D mass spectra
which show the fragmentation patterns of all the analytes. In this study, we perform 2D MS for the first time with quadrupolar
detection in a dynamically harmonized ICR cell. We discuss the advantages of quadrupolar detection in 2D MS and how we adapted
existing data processing techniques for accurate frequency-to-mass conversion. We apply 2D MS with quadrupolar detection to the
top-down analysis of covalently labelled ubiquitin with ECD fragmentation and we develop a workflow for label-free relative quan-

tification of biomolecule isoforms in 2D MS.

INTRODUCTION

In mass spectrometry (MS)-based structural analysis of bio-
molecules, there are multiple methods available to probe three-
dimensional structures: non-covalent labelling such as hydro-
gen-deuterium exchange, radical or oxidative foot-printing (for
example, fast photochemical oxidation of proteins), amino-acid
or base-selective probes, as well as chemical crosslinking.t
The MS analysis of labelled biomolecules is performed either
by a bottom-up or a top-down approach.”®

High-resolution mass analyzers such as the Orbitrap or Fou-
rier transform ion cyclotron resonance mass spectrometers (FT-
ICR MS) enable the top-down tandem mass analysis of large
biomolecules with complex fragmentation patterns.’® The de-
velopment of fragmentation methods that result in high se-
guence coverage and favor backbone fragmentation, such as
electron capture dissociation (ECD) or ultraviolet photodissoci-
ation (UVPD), increases the accuracy of the location of the
modifications induced by the chemical probing method.12
Choosing top-down over bottom-up analysis reduces the num-
ber of experimental steps and the risk of losing the labels intro-
duced by the probing methods.*®

Nevertheless, top-down analysis comes with its own set of
limitations. Because of the complexity and number of the ac-
cessible dissociation pathways, ECD and UVPD often yield
low-abundance fragments. As a result, they usually require the
accumulation of approximately 10-100 measurements to obtain
a satisfactory signal-to-noise ratio (SNR).'*% ECD and UVPD
are therefore difficult fragmentation methods to couple with lig-
uid chromatography (LC), which does not allow for the

accumulation of much more than 10 scans for each analyte, be-
cause of the rate of change of elution profile, even when using
very fast and relatively low-resolution individual measure-
ments.*? In addition, standard tandem mass spectrometry tech-
niques require the isolation of a single ion species to enable cor-
relation between the precursor and fragment ions, most often
with a quadrupole mass filter.2® This method of isolation creates
a competition between the accuracy of the isolation and the pre-
cursor ion abundances. The method also depends on the ana-
lytes of interest, thereby making data-independent acquisition
difficult.” Moreover, for the analysis of protein modifications,
no quadrupole-based isolation can separate overlapping iso-
topic distributions, although adding an ion mobility step has
shown advantages.!®1° Separation between isobaric ion species
and co-eluting species is therefore a limitation that all existing
data-independent acquisition methods have in common.?

Two-dimensional mass spectrometry (2D MS) is a data-inde-
pendent method for tandem mass spectrometry which does not
require ion isolation or separation before fragmentation to cor-
relate between precursor and fragment ions.?* In a 2D FT-ICR
MS experiment, ion radii are modulated in the ICR cell accord-
ing to their cyclotron frequencies (which are inversely propor-
tional to their mass-to-charge ratios, or m/z) before fragmenta-
tion with a radius-dependent fragmentation method such as in-
frared multiphoton dissociation (IRMPD), ECD, or UVPD.?22®
The resulting fragment ion abundances (and therefore, intensi-
ties) are modulated according to the cyclotron frequencies of
the precursor ions.?* The dataset acquired in 2D MS experi-
ments can be Fourier transformed to yield a two-dimensional



mass spectrum (2D mass spectrum) which shows the fragmen-
tation pattern of each precursor ion species analyzed in the ICR
cell.?

2D MS has been applied to the analysis of small molecules
and agrochemicals, polymers, protein tryptic digests and top-
down analysis of proteins.?>28 2D MS has also been used for the
label-free relative quantification of modified peptides in a
proof-of-concept study.?®3! One application of label-free quan-
tification by 2D MS is the top-down analysis of covalently la-
belled proteins.

New developments in ICR cells have enabled increased re-
solving power and SNR in FT-ICR MS, which have improved
top-down approaches for protein footprinting techniques.” 2 In
mass spectrometers equipped with dynamically harmonized
ICR cells, quadrupolar 2 o detection can be optimized with the
appropriate electronics. By detecting ion signals at the 2 har-
monic, the resolving power can be doubled for a given transient
length or the transient length can be halved for a given resolving
power..®® In this study, we perform 2D MS for the first time on
a dynamically harmonized ICR cell with quadrupolar detection
to determine the protein solvent-accessible surface area. We
then compare our results with a previously published study
achieved by standard tandem mass spectrometry on FT-ICR MS
by isolating the [M+10H]*% charge state of ubiquitin with in-
creasing concentration of an acetylation reagent and fragment-
ing the ions by collision-induced dissociation (CID). %

In this study, we discuss the benefits of quadrupolar 2 » de-
tection in 2D MS and our adapted data processing pipelines for
the analysis of different proteoforms. We acetylated ubiquitin
with fivefold molar excess of N-hydroxysuccinimidyl acetate
(NHSAC) and reaction products were analyzed with top-down
2D MS with ECD fragmentation. We show how 2D MS can be
used for the analysis of the covalently labelled protein, and what
analytical information can be gleaned from 2D MS that cannot
be obtained by isolating precursor ions before fragmentation.

EXPERIMENTAL METHODS
Sample preparation

The acetylation of ubiquitin (50 pg) was achieved by dilution
in 50 mM triethylamine-bicarbonate (pH 7.6, Sigma-Aldrich,
Saint Louis, MO, USA) buffer at 0.5 mg/mL and addition to a
5-fold molar access of NHSAc (Tokyo Chemical Industry Co
Ltd, Tokyo, Japan) at room temperature for 1 hour. The sample
was desalted on an OPTI-TRAP™ macrotrap column (Opti-
mize Technologies, Oregon City, OR, USA) using an aqueous

solution with 0.1% formic acid and eluted by 80% acetoni-
trile / 20% water solution with 0.1% formic acid. The solution
was diluted to 2 uM final protein concentration in aqueous so-
lution of 1% acetic acid and 50% methanol for analysis (all sol-
vents were LC-MS grade and obtained from Merck, Darmstadt,
Germany).

Instrument parameters

All experiments were performed on a 12 T solariX FT-ICR
mass spectrometer (Bruker Daltonik, Bremen, Germany) with
an electrospray ion source operated in the positive mode and
direct infusion at a flow rate of 108 uL/h %, lons were accumu-
lated for 0.5 s before transfer to the dynamically harmonized
ICR cell (2XR Paracell). The one-dimensional mass spectrum
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Scheme 1. Pulse sequence for the 2D MS experiment with fre-
quency and m/z range for quadrupolar detection (dimensions are
not to scale).

was acquired over an m/z 196.51-3000 range in quadrupolar

detection mode at the 2w harmonic, as described by Nikolaev et
al., with a 1M datapoint transient, with 64 averaged scans.%6%"

The pulse sequence for the 2D MS experiment is shown in
Scheme 1. The two pulses in the encoding sequence (precursor
detection and modulation) were set at 5.02 dB attenuation with
1.0 pus per excitation frequency step (frequency decrements
were 625 Hz). The corresponding amplitude was estimated at
250 Vpp, with a 1.9% sweep excitation power for an amplifier
with a maximum output of 446 Vp,. The encoding delay t; was
incremented 4096 times with a 3 s increment, which corre-
sponds to a 166.67 kHz frequency range. No phase-cycled sig-
nal averaging was employed in the experiment. Because of the
digital clock in the Bruker electronics in quadrupolar 2 o detec-
tion, the minimum cyclotron frequency for the modulated pre-
cursor ions was 122.8 kHz for a maximum m/z 3000 during ex-
citation, leading to a m/z 808.1-3000 mass range for precursor
ions. Captured ions were fragmented by ECD, using the fol-
lowing parameters: the hollow cathode current was 1.3 A, the
ECD pulse length 10 ms, ECD lens 7 V, and ECD bias 1.0 V.*
Finally, in the horizontal fragment ion dimension, the excitation
pulse in the detection sequence was set at 2.60 dB attenuation
with a 15 ps/frequency step (frequency decrements were 625
Hz). The corresponding amplitude was estimated at 330 Vp,
with a 37% sweep excitation power for an amplifier with a max-
imum output of 446 V.. The horizontal mass range was m/z
196.51 — 3000 (corresponding to a frequency range of 1875.0-
122.8 kHz). Transients were acquired over 0.559 s with 1M data
points. The total duration of the experiment was 68 minutes.

Data processing

The two-dimensional mass spectrum was processed and vis-
ualized using the Spectrometry Processing Innovative Kernel
(SPIKE) software (available at www.github.com/spike-project,
version 0.99.27, accessed on June 1% 2021) developed by the
University of Strasbourg (Strasbourg, France) and CASC4DE
(MKirch-Graffenstaden, France) in the 64-bit Python 3.7 pro-
gramming language on an open-source platform distributed by
the Python Software Foundation (Beaverton, OR, USA).%* Pro-
cessed data files were saved using the HDF5 file format. The
2D mass spectrum was apodised with the Kaiser apodisation
and zerofilled once, denoised with the SANE algorithm (with a
rank of 30) and visualized in magnitude mode.“° The size of the
resulting datasets was 1,048,576 data points horizontally (frag-
ment ion dimension) by 4,096 data points vertically (precursor
ion dimension).

Frequency-to-mass conversion was quadratic in both the ver-
tical precursor ion dimension and the horizontal fragment ion
dimension.** However, due to the quadrupolar 2 o detection,
the parameters of the conversion equation were specific to each
dimension, as will be discussed in the next section.®® For each
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precursor ion species, 5 fragment ion scans were added up to
cover the entire precursor isotopic distribution and get complete
isotopic distributions for all fragment ions. The resulting one-
dimensional fragment ion patterns were peak-picked in SPIKE.
Peak assignments were performed using the Free Analysis Soft-
ware for Top-down Mass Spectrometry (FAST-MS) developed
by the University of Innsbruck (Innsbruck, Austria) in the 64-
bit Python 3.7 programming language.*> FAST-MS generated
theoretical c/z and y fragment lists for ubiquitin variably modi-
fied with 4-6 acetylations located on lysine and methionine res-
idues.

RESULTS AND DISCUSSION
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Figure 1. (a) 2D ECD mass spectrum of acetylated ubiquitin (*:
electron capture lines, green). (b) Zoom-in on the fragmentation
pattern of [M+H]°* with 4-6 acetylations. The red lines indicate dis-
sociation lines for the various c fragments listed around the periph-

ery.

In this study, the 2D MS experiment is performed in a dy-
namically harmonized ICR cell with quadrupolar 2 o four-plate
detection.®* % The ICR cell was “shimmed” to ensure that the
precursor ions were centered at the start of the pulse sequence
(see Scheme 1).%” The frequency range of the broadband pulses
for precursor ion excitation and modulation covers the reduced
cyclotron frequencies of the precursor and fragment ions (61.4-
937.5 kHz). The frequencies measured during the transient

cover the second harmonic of the reduced cyclotron frequencies
of the precursor and fragment ions (122.8-1875.0 kHz). In ad-
dition, the digital modulation frequency set by the instrument
electronics corresponds to the second harmonic of the cyclotron
frequency of the highest m/z in the excitation pulse, instead of
its cyclotron frequency as in detection of the fundamental fre-
quencies.?

The first consequence of using quadrupolar detection is that,
for equivalent resolution and m/z range, each transient duration
is halved, resulting in 2D MS experiments that are less time-
and sample-consuming. The resolving power in the horizontal
fragment ion dimension remains theoretically unchanged, while
the SNR in quadrupolar 2 o detection is typically reduced com-
pared to standard detection.**** Secondly, the coefficients re-
quired in the frequency-to-mass conversion equation of 2D
mass spectra recorded with quadrupolar 2 o detection are dou-
ble in the horizontal fragment ion dimension than the coeffi-
cients for the frequency-to-mass conversion in the vertical frag-
ment ion dimension. Finally, the digital modulation frequency
set by the instrument electronics is doubled in quadrupolar 2 ®
detection compared to detection of the fundamental frequencies
(see Scheme 1).The modulation frequency for a precursor ion is
defined as ficg — fmin, Where fcr is the reduced cyclotron fre-
quency of the ion and f,,;,, is the digital modulation frequency
set by the instrument electronics. Doubling f,,;, increases the
lowest precursor m/z (which corresponds to a cyclotron fre-
quency of fy + fmin, in Which fy is the Nyquist frequency or
reduces the necessary Nyquist frequency.? In the 2D MS ex-
periment, the Nyquist frequency in the vertical dimension cor-
responds to the cyclotron frequency range of the precursor
ions.With all other parameters remaining equal, reducing the
frequency range increases the theoretical resolving power of the
2D mass spectrum in the vertical dimension.?

Figure 1a displays the 2D ECD mass spectrum of acetylated
ubiquitin. Fragment m/z are plotted horizontally, and precursor
m/z are plotted vertically. The autocorrelation line
M/ 2)precursor = (M/Z) pragmene (i€ identity line) results
from the modulation of precursor ion radii and abundances with
their own reduced cyclotron frequency and shows all the pre-
cursor ions observed in the 2D MS analysis. Horizontally, frag-
ment ion scans show the fragmentation pattern of each precur-
sor ion. Vertically, precursor ion scans show all the precursors
of'a given fragment ion. The horizontal resolving power (m/Am,
where Am is the full width at half-maximum of the fragment ion
peak) was measured to be 200,000 at m/z 400 and the vertical
resolving power was 1,300 at m/z 874 (corresponding to 2,800
at m/z 400). We can also extract electron capture lines:

[M +nH]™ +e™ = [M 4 nH]® D+ (eq. 1)
(m/Z)precursor = ﬁ (m/Z)fragment (eq. 2)

where n is the charge state of the precursor ions. In Figure 1a,
electron capture lines for the capture of 1 electron by the 7-
10+charge states are plotted in green. As shown in equation 2,
their slopes are 6/7, 7/8, 8/9, and 9/10.

The 2D ECD mass spectrum also shows harmonics of the au-
tocorrelation line as curved lines. The presence of harmonic
peaks is caused by the non-sinusoidal modulation of the precur-
sor ions.2: 2 Scintillation noise manifests as vertical streaks
along the m/z of the precursor ions and is caused by the fluctu-
ation of the number of ions in the ICR cell from scan to scan
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and can be filtered out by the use of a denoising algorithm dur-
ing data processing.*® Figure S1 in the Supporting Information
shows the complete 2D mass spectrum, including harmonics of
the autocorrelation line. Most harmonics are similar to the ones
obtained in 2D MS with standard detection at 1@. One noticea-
ble difference between detection at 1® and quadrupolar detec-
tion at 2w is the presence of the 1w subharmonic (at double the
measured m/z). In the 2D mass spectrum, we observe the sub-
harmonic of the autocorrelation line at a % slope, at approxi-
mately 15-20% intensity of the autocorrelation line.

Here, the 2D mass spectrum is shown as a contour plot, but
we cannot see enough detail to show the fragmentation patterns
of the 7+-10+ charge states of acetylated ubiquitin. Because of
the multiplicity of dissociation channels for the fragmentation
of proteins in ECD, fragment ion relative intensities in the 2D
mass spectrum can be equivalent to the intensity of signals
caused by harmonics or noise and plotting one without the other
is difficult.*® Nevertheless, discriminating analytically useful
signal from noise is readily achieved because, due to distinctly
different frequency relationships, they are in different areas of
the spectrum. The zoom on the fragmentation patterns shown in
Figure 1b illustrates how the fragmentation patterns can be eas-
ily distinguished. The red lines highlight various dissociation
lines to illustrate how they can be used to locate modifications.

(a) Autocorrelation line
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Figure 2. (a) Extracted autocorrelation line from the 2D mass
spectrum. Inset: zoom-in on the isotopic distribution of the
[M+10H+4Ac]'%*. The arrow marks the monoisotopic peak
(M1). (b) Mass spectrum of acetylated ubiquitin. Inset: zoom on
the isotopic distribution of the [M+10H+4Ac]** species from
the mass spectrum shown in Figure 2b. The arrow marks the
monoisotopic peak (Ml).

Figure 2a shows the extracted autocorrelation line (m/z 850-
1300) of the 2D ECD mass spectrum. The charge states of acet-
ylated ubiquitin that are modulated and fragmented in this 2D
mass spectrum are 7+ to 10+, each of them bearing 4-6 acetyla-
tions, which is consistent with the level of acetylation under similar

labelling conditions presented by Novak et al.3* The inset shows
the isotopic distribution of the [M+10H+4Ac]'%* precursor ion spe-
cies on the autocorrelation line. The signal from precursor ions is
modulated by radius (during the pulse-delay-pulse sequence in
Scheme 1) and by their abundance (during the ECD irradiation),
followed by Fourier transformation over 4096 scans. Therefore, the
SNR on the autocorrelation line is typically very high.# In the case
of the isotopic distribution of [M+10H+4Ac]*%*, the SNR for the
most intense peak is 720. The SNR for the monoisotopic peak is
20. For comparison, Figure 2b shows the one-dimensional mass
spectrum of acetylated ubiquitin. Both the mass spectrum and the
autocorrelation line show similar charge state ranges and number
of acetylations of each charge state. However, the relative intensi-
ties of the peaks are different between Figure 2a and Figure 2b:
while the relative intensities in the mass spectrum reflect ion abun-
dance and charge state, the relative intensities on the autocorrela-
tion line also reflect the fragmentation efficiency of each ion spe-
cies, which, for ECD, depends greatly on charge state.?® 8 The
SNR for the monoisotopic peak of [M+10H+4Ac]*** in the mass
spectrum is only 2-3, which is about 10 times smaller than for the
same monoisotopic peak extracted from the autocorrelation line in
in Figure 2a. With 4096 scans instead of 64, the SNR would be 8
times higher.

One issue in the top-down analysis of large biomolecules is
their accurate mass determination. Typically, deconvolution al-
gorithms based on the averagine method are used because the
SNR of the monoisotopic peak is often below the level of de-
tection.”® Although most biomolecules for which this issue
arises are much larger than ubiquitin, this result suggests that
using the autocorrelation line in 2D mass spectra may offer
more accurate analytical information by offering higher SNRs
for monoisotopic peaks of biomolecules.
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Figure 3. (a) Added-up fragment ion scans of m/z 1098
([M+8H+5Ac]®") extracted from the 2D mass spectrum of acety-
lated ubiquitin. (b) Zoom-in on the isotopic distribution of
[M+8H+4Ac-NH3]>* from the [M+8H+5Ac]®* precursor with lines
marking the fragment ion scans added up to obtain Figure 2a. (c)
Sequence coverage of [M+8H+5Ac]®, totaling 86% (acetylated
residues underlined).
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Table 1. Sequence coverage of each precursor ion in the 2D mass spectrum of acetylated ubiquitin (legend: Ac-acetylation, N/A -not

annotated).
[M+10H]%0* [M+9H]® [M+8H]& [M+7H]™ Total
+4Ac 34% 63% 36% 16% 84%
+5Ac 57% 67% 86% 46% 89%
+6Ac N/A 32% 30% 34% 60%
(a) 4 acetylations
u4 O 10+ W 9+ W g+  mm 7+
% power in the vertical precursor ion dimension is insufficient to
* distinguish between precursor ion isotopes, the overlap between
5’ ’ I precursor ion isotopic peaks is hot complete. The relative inten-
0 il sities in fragment ion isotopic distributions in a single fragment
MQI FVKTLTGKT | TLEVEPSDT | ENVKAK I GDKEG I PPDOORL | FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG . . . . .
TN RELR cistibtion for iagmentfons, we summed up the fragment o
g ‘ ‘ | m scans before analysis. FAST MS compares experimental and
* theoretical relative intensities to gauge the quality of peak as-
g signments, peak-picking the fragmentation pattern for the full
Ly isotopic distribution of each protein isoform, then improves the
(b) 5 acetylations accuracy of the sequence coverage assignment, which provides
53 an optional advantage of adding-up adjacent scans in 2D MS.
< Because the fragment ion scans are adjacent, noise signals are
;}: correlated between them, and the SNR is only marginally af-
& fected.
= “ } The information fed into FAST MS was the ubiquitin se-
O 5T FVKT CTGKT T TLEVEPSBT [ENVKAK | QOKEGT PPOCORL | FAGKQLEDGRTL SOYN GRESTLHIVE ALRGG guence, the molecular formula of the acetylation, the number of
G ‘ “ I IMWmI modifications, and the location of the modification (M and K
g residues). The software then generated a library of theoretical
; isotopic distributions of a, b, ¢, y, and z fragments. Figure 3c
o) shows the sequence coverage of [M+8H+5Ac]?*. All peak as-
<, signments were validated manually, reaching a sequence cover-
(©) 6 tvlation age of 86%. For comparison, a one-dimensional tandem mass
6 €)% acelylations spectrum of [M+8H+(0-6)Ac]®* in similar conditions with 2M
g data points and 200 accumulated scans yielded a cleavage cov-
‘s erage of 84% (see Table S12 and Figure S2 in the Supporting
* information).
?[ N | The lists of peak assignments can be found in Tables S1 to
OMQIFVKTLTGKTITLEVEPSDTIENVKAKI(]JKEGIPPD(DRLIFAGKOLEDGRTLSDYN\QKESTLHLVLRLRGG Sll in the Supporting Informatlon Table l Summarlzes the Se'
S 0 u l T T quence coverage for each proteoform and charge state of acety-
< lated ubiquitin. Each fragmentation pattern has a different se-
S quence coverage, which depends on both the abundance of each
1; precursor ion and charge state, since the fragmentation effi-
z . ciency of ECD is charge state-dependent.!! The last column

Figure 4. Acetylation rate vs. residue index for ubiquitin modified
with (a) 4 acetylations (c fragments on top, z fragments at the bot-
tom), (b) 5 acetylations (c fragments on top, z fragments at the bot-
tom), (c) 6 acetylations (c fragments on top, z fragments at the bot-
tom).

The process of peak assignment and sequence coverage de-
termination using FAST MS is illustrated in Figure 3 for each
ubiquitin isoform. Figure 3a shows the summed fragment ion
scans of m/z 1098 ([M+8H+5Ac]®*). Five fragment ion scans
were extracted from the 2D mass spectrum to cover the precur-
sor ion peak of [M+8H+5Ac]® at m/z 1098 and co-added to ob-
tain the resulting fragment ion scan shown in Figure 3a. In Fig-
ure 3b, we illustrate why the fragment ion scans were added up
(individual extracted scans shown in red). Since the resolving

shows the sequence coverage for each ubiquitin proteoform af-
ter combining the results for all charge states. Because different
fragments are produced for each charge state, the total sequence
coverage is higher than the sequence coverage of each charge
state.

Figure 4 shows the acetylation rate vs. the residue index for
proteoforms with 4, 5, and 6 acetylations, for ¢ and z fragments.
Each plot combines the peak assignments for all charge states
(7+ to 10+) with M/K acetylation sites assigned by FAST MS.
These plots allow to locate acetylation sites and quantify the
extent of acetylation.?%3!

Figure 4a shows the extent of acetylation for ubiquitin with 4
acetylations from c fragments and z fragment ions, respectively.
Ubiquitin has 8 possible acetylation sites, namely M1, K6, K11,
K27, K29, K33, K48, and K63. From the N-terminus, the
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acetylation sites are M1, K6, K48, and K63. From the C-termi-
nus, the acetylation sites are K63, K48, K33, and K6. The most
easily accessible sites can therefore be located at K63, K48, and
K6. Residues M1, K11, K27, K29 and K33 are less solvent-ac-
cessible. The sequence coverage for ubiquitin with 4 acetyla-
tions is not sufficient to distinguish between K27, 29 and 33.

Figure 4b shows the acetylation rate for ubiquitin with 5 acet-
ylations from ¢ fragments and z fragments, respectively. From
the N-terminus, the acetylation sites are M1, K6, K29/33, K48,
and K63. From the C-terminus, the acetylation sites are K63,
K48, K33, K11, and K6 or M1. Figure 4c shows the acetylation
rate for ubiquitin with 6 acetylations from c fragments and z
fragments, respectively. From the N-terminus, the acetylation
sites are M1, K6, K11, K29, K48, and K63. From the C-termi-
nus, the acetylation sites are K63, K48, K33, K27, K11, and
M1.

From these results we can conclude that the most accessible
acetylation sites are K63 and K48, followed by K6, M1, and
K33, and finally K29, K27, and K11. This conclusion is con-
gruent with the conclusions by top-down CID MS/MS found by
Novak et al.** We should note that we observe loss of acetyla-
tion in Figure 3a. However, despite this result, all acetylation
sites for each isoform could be accounted for.

One advantage of broadband mode 2D MS over individual
MS/MS spectra is the ease with which the interactions between
charge state and protein modifications can be measured. Since
lysine, which is the main residue carrying the acetylation, also
carries the charge, and since acetylation is known for reducing
positive charges in proteins, we hypothesized that the charge
state of ubiquitin would be affected by acetylation.>® We calcu-
lated the average charge state of ubiquitin for each number of
acetylation using the intensities on the autocorrelation line and
the mass spectrum. Since measured intensities in FT-ICR MS
are proportional to the abundance and the charge of each ion
species, we calculated the average charge state for each pro-
teoform using the following equation:

Xz1(zn)

DO =g ienm €3

In which (z)(n) is the average charge state for n acetylations
and I(z,n) is the intensity of the peaks representing
[M+zH+nAc]*.

The results are plotted in figure S3 in the Supporting Infor-
mation. The average charge state decreases with the number of
acetylations, both in the mass spectrum and the autocorrelation
line, which is consistent with acetylation reducing the number
of positive charges on a protein. The results also show that the
average charge state is higher in the autocorrelation line than in
the mass spectrum, which is due to the factors determining the
intensity of a peak in FT-ICR MS. In the mass spectrum, peak
intensities are determined by ion abundance and charge state.
On the autocorrelation line of a 2D ECD mass spectrum, peak
intensities are determined by ion abundance, charge state and
the capacity to capture electrons, which increases with charge
state in positive ionization mode.?® Therefore, the average
charge state for each isoform is higher in the autocorrelation
line of the 2D mass spectrum than in the one-dimensional mass
spectrum.

+6AC
+4ac (@) [MH10HI* (b) [M+9H** "
¥
— st —
— (c3+AC)* — (c3+Ad)*
+3AC +BAC +AAC 45AC
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Precursor ion m/z
(d) [M+7H]"*
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W
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Figure 5. Precursor ion scans for cs (m/z 390.21790, blue) and
c3tAc (m/z 432.22714, red) fragments for (a) 10+, (b) 9+, (c) 8+,
and (d) 7+ precursor charge states. *: artefact caused by the de-
noising algorithm.

In Figure 5, we seek to determine whether the acetylation of
both lysine and N-terminus methionine reduce the charge state
of ubiquitin. Therefore, we extracted the vertical precursor ion
scans from the 2D mass spectrum for the ¢z (m/z 390.21790,
blue) and the cs+Ac (m/z 432.22714, red) fragments, which in
turn enables us to quantify the acetylation of only the M1 resi-
due in ubiquitin. Figure 5 shows the c; fragment ion (blue)
alongside with its acetylated form (cs+Ac, red) for charge states
10+, 9+, 8+, 7+ in Figure 5a, 5b, 5¢c and 5d, respectively.

Figure 5a shows that ubiquitin with 4 acetylations produces
the c; fragment and that ubiquitin with 5 and 6 acetylations pro-
duce the cs+Ac fragment in the 10+ charge state. Therefore, the
5" most favored acetylation site is M1. In Figure 5b, for 9+
charged precursors, the cs+Ac fragment is only produced from
the ubiquitin with 6 acetylations, which means that M1 is the 6"
most favored acetylation site. In Figure 5¢ and 5d, we see that
only cs is produced from 7+ and 8+ charge states, which means
that M1 is, at best, the 7!" most favored acetylation site. As a
result, we can say that ubiquitin with an acetylation on the M1
residue skews towards higher charge states. This result suggests
that the acetylation of the methionine residue may not reduce
the charge state of ubiquitin like the acetylation of the lysine
residues does.

CONCLUSION

Stable protein covalent labelling coupled to 2D MS analysis
and ECD fragmentation has yielded information about solvent
accessibility at individual residues, particularly methionine and
lysines residues.® For the first time, 2D MS was applied with
quadrupolar detection on a dynamically harmonized ICR cell.
The detection at the 2« harmonic lead to a shorter experimental
duration and an increase in resolving power in the vertical pre-
cursor ion dimension.®

Because of the multiplexing inherent to the 2D MS experi-
ment, we were able to obtain in parallel the ECD fragmentation
pattern of 4 charge states of ubiquitin with up to 6 acetylations
each.? The resolving power in the vertical precursor ion scan
was sufficient to confidently correlate precursor and fragment
ions without unwanted contributions from different pro-
teoforms and without loss of precursor ion abundance due to
quadrupole isolation. We used the FAST MS software and de-
fined a workflow to assign all fragment ions generated from
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each charge state by ECD and quantify the extent of acetylation
of methionine/lysine residues, which were consistent with pre-
viously published results. 2% 42 34

2D MS showed the advantages of having the fragmentation
patterns of multiple isoforms and charge states in a single spec-
trum. First, the sequence coverage from the combined fragmen-
tation patterns of all observed charge states was higher than the
sequence coverage obtained from the charge state with the high-
est fragmentation efficiency. Second, the 2D mass spectrum en-
abled observation that acetylation reduces the gas-phase charge
state of ubiquitin, and more specifically that the acetylation of
lysine residues reduces the charge state to a higher degree than
the acetylation of the N-terminus M1 residue.

This study shows the potential for 2D MS coupled with ECD
fragmentation to yield comprehensive analytical information
for the top-down analysis of the proteoform mixtures. 2D ECD
MS can further be applied to the quantitative analysis of post-
translational modifications of proteins and to the structural anal-
ysis of covalently-labelled proteins.
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