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The use of a new electrospray qQq Fourier transform ion cyclotron mass spectrometer (qQq-FTICR
MS) instrument for biologic applications is described. This qQg-FTICR mass spectrometer was
designed for the study of post-translationally modified proteins and for top-down analysis of
biologically relevant protein samples. The utility of the instrument for the analysis of phosphor-
ylation, a common and important post-translational modification, was investigated. Phosphory-
lation was chosen as an example because it is ubiquitous and challenging to analyze. In addition,
the use of the instrument for top-down sequencing of proteins was explored since this instrument
offers particular advantages to this approach. Top-down sequencing was performed on different
proteins, including commercially available proteins and biologically derived samples such as the
human E2 ubiquitin conjugating enzyme, UbCH10. A good sequence tag was obtained for the
human UbCHI0, allowing the unambiguous identification of the protein. The instrument was built
with a commercially produced front end: a focusing rf-only quadrupole (QO0), followed by a
resolving quadrupole (Q1), and a LINAC quadrupole collision cell (Q2), in combination with an
FTICR mass analyzer. It has utility in the analysis of samples found in substoichiometric
concentrations, as ions can be isolated in the mass resolving Q1 and accumulated in Q2 before
analysis in the ICR cell. The speed and efficacy of the Q2 cooling and fragmentation was
demonstrated on an LCMS-compatible time scale, and detection limits for phosphopeptides in the
10 amol/uL range (pM) were demonstrated. The instrument was designed to make several
fragmentation methods available, including nozzle-skimmer fragmentation, Q2 collisionally acti-
vated dissociation (Q2 CAD), multipole storage assisted dissociation (MSAD), electron capture
dissociation (ECD), infrared multiphoton induced dissociation (IRMPD), and sustained off
resonance irradiation (SORI) CAD, thus allowing a variety of MS™ experiments. A particularly
useful aspect of the system was the use of Q1 to isolate ions from complex mixtures with narrow
windows of isolation less than 1 m/z. These features enable top-down protein analysis experiments
as well structural characterization of minor components of complex mixtures. (J Am Soc Mass
Spectrom 2005, 16, 1985-1999) © 2005 American Society for Mass Spectrometry
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challenges analytical techniques and the design

of instruments for biological mass spectrometry.
The development of soft ionization methods such as
electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) [1, 2] provided the
ability to analyze nonvolatile molecules such as pro-
teins and peptides, and since then biologically derived
samples continue to push the limits of the technology.
Examples of these challenges include several protein
modifications such as phosphorylation and glycosyla-
tion, which require extremely soft ionization conditions
as well as ion source and interface parameter settings
that minimize collisional activation and prevent the loss
of such modifications. Thus, the provision of tunable
ion sources and optics for these types of analyses is
invaluable. Several other favorable attributes for an
instrument designed for biological mass spectrometry
include (1) increased dynamic range capabilities for the
analysis of very complex mixtures, (2) improved sensi-
tivity, (3) improved fragmentation techniques, (4) unit
resolution for precursor ion selection, (5) high mass
resolution, and (6) high mass accuracy.

Many mass spectrometers provide an intra-scan dy-
namic range of 10°>-10° (3D quadrupole ion traps,
quadrupole time-of-flight instruments) requiring most
biologically derived samples (which may have a dy-
namic range of >107) to be processed through a series of
lengthy and time-consuming separations to purify the
sample. The dynamic range of triple quadrupole instru-
ments and FITMS instruments is theoretically higher
(10* and above), allowing these types of instruments to
provide more information about complex biological
samples. As biological samples are often difficult and
expensive to isolate, highly sensitive instruments are
desired, especially when analyzing modified peptides
found in substoichiometric amounts compared with
their unmodified homologs.

Additional problems occur in cases where labile
modifications (such as sulfation, O-glycosylation, and
phosphorylation) occur, since these are often easily lost
during ionization or collisional activation. Directed
fragmentation methods that leave the modification of
the protein/peptide intact during fragmentation are
preferred, so that the location and nature of the modi-
fication of the peptide/protein can be determined. To
date, two (related) directed fragmentation processes
have been described, wherein labile bonds between
modifications and the amino acid side chains are not
broken: electron capture dissociation (ECD) [3-5] and
electron-transfer dissociation (ETD) [6]. The former
process is based on the capture of thermal electrons
which results in the predominant peptide cleavage at
the N—C, bond without fragmenting the most labile
side-chain modifications [7-10]. This fragmentation
method is usually performed in FTMS instruments
where it has been extensively demonstrated. However,
two groups have recently shown that the process can
also be achieved in an ion trap [11, 12]. Electron transfer
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dissociation (ETD) has been introduced in linear ion
traps [6]. This fragmentation method utilizes gas-phase
reactions between protonated peptides and radical an-
ions, transferring electrons upon ion-ion interaction
and, thus, producing peptide fragmentation similar to
ECD. For the fragmentation of large biomolecules (such
as intact proteins or large peptides), the high mass
accuracy and resolution associated with FTMS provides
a distinct advantage over the lower resolution ion trap.

The overall benefits of high mass accuracy and
resolution provided by FTICR instruments have been
discussed extensively, where it is recognized that in
addition to reducing false positives in peptide mass
mapping and peptide sequencing experiments, better
accuracy and speed are achieved for database searches
[13-15]. In addition, measurements of 1 ppm mass
accuracy have been shown to be adequate for determin-
ing the unique amino acid composition of peptides
smaller than 600 Da, [16], with the caveat that differen-
tiation of peptides that have the same elemental com-
position but contain isomeric amino acids, e.g., Leu/Ile,
obviously requires high-energy CAD or high-energy
ECD MS/MS. The use of accurate mass measurements
in combination with HPLC, spawned novel methods for
database searching such as the use of accurate mass tags
and retention times to create databases, which can then
be used for identification and quantitation purposes
[17]. In addition, the recent ease of use and ability to
perform high throughput bottom-up LCMS experi-
ments using the ICR cell as a mass detector have
facilitated the implementation of these measurements
for routine experiments involving peptide sequencing
for protein identification purposes [18]. This has given
rise to another original method of determining the
sequence of a peptide where accurate masses of frag-
ment ions can be used to determine elemental compo-
sition and, hence, amino acid composition, composition
based sequencing (CBS), which can be carried out, i.e.,
for de novo sequencing purposes [19, 20].

Accurate mass measurements are essential for top-
down sequencing since the number of possible candi-
dates for a given mass drops precipitously with increas-
ing mass accuracy [21]. Top-down sequencing
(sequencing of whole proteins) is a complementary
approach to bottom-up (sequencing of peptides usually
produced by proteolytic digestion of the protein of
interest) [22, 23], and is becoming more widespread
with the increased use of FTICR instruments that pro-
vide the resolution and accuracy required for unambig-
uous assignments of large, multiply charged fragment
ions [24]. Although bottom-up protein analysis ap-
proaches have proven to be extremely successful and a
diverse set of software tools are available for these
analyses, they are normally unable to provide 100%
sequence coverage, and sequence alterations and post-
translational modifications (PTMs) are often missed.
Top-down approaches on the other hand provide, by
definition, 100% sequence coverage since the intact
protein is the starting point for the analysis. Thus, one



J Am Soc Mass Spectrom 2005, 16, 1985-1999

qQq-FTICR MS FOR POST-TRANSLATIONAL ANALYSIS 1987

- [
g 3
(a) EZ O
“ L
s =
S
= = s ” - ol :b :0 Al i
| N & o s & P |
a s Ic&cell e
RNG ST Q2 13
| J ‘ v % e Gate Valve
|./ | i . ; -
Hn\ | = If | = '
i ' |<I1 I1 T Hex Hexz 7 X
OR SK Q2 Verap Vitrap
V.

inner-rings

Figure 1. A schematic of the qQg- FTMS instrument (not to scale). Section (a) of the instrument was
based on the API 365 triple quadrupole mass spectrometer: OR: orifice; RNG: focusing ring; SK:
skimmer; QO: RF only quadrupole, Q1: resolving quadrupole, Q2: LINAC collision cell. Section (b) is
a custom-built system: Hex1 and Hex2: rf-only transfer hexapoles. The ion cyclotron resonance cell is
a capacitatively coupled cylindrical cell divided into three axial segments. The pressures measured in
the various sections of the instrument are shown on the bar above the figure.

can determine the total number of modifications on a
protein by measuring the intact mass and comparing
the measured and expected masses, and one can then
localize the modification to a region or sometimes to a
single amino acid residue by successively fragmenting
the protein. The protein mass alone can sometimes be
informative, especially when characterizing proteins
from known open reading frames where a modification,
splice variant or mutant form of the specified protein
can be identified from the measured mass value. How-
ever, the protein mass alone is often insufficient to
identify an unknown protein since PTMs and process-
ing could change the predicted mass of the protein, or
the predicted open reading frame (ORF) might be
incorrect [25]. That said, a combination of the intact
mass and partial protein sequence data derived from
protein fragmentation can be very successful in protein
identification [26].

High-resolution, accuracy, and sensitivity are clearly
important for the unambiguous assignment of protein
identity and PTM sites. In an effort to achieve these
characteristics, a hybrid Fourier transform mass spec-
trometer was built in a collaborative effort by research-
ers at Boston University School of Medicine and MDS
SCIEX. This qQq-FTICR system provided the flexibility
of performing CAD in the RF collision cell (q2) or ECD
or SORI-CAD in the ICR cell. The use of the mass
resolving quadrupole (Q1) for precursor isolation pro-
vided improved speed and simplicity. These features
enabled either detailed top-down or bottom-up ap-
proaches to be explored for protein analysis, resulting
in a more complete characterization of proteins.

To explore the utility of this instrument for biological
applications, two common biological challenges were
chosen: the analysis of PTMs and top-down protein

sequencing. For the former, protein phosphorylation
was focused on as it is arguably one of the most
common and important PTMs. Furthermore, the analy-
sis of protein phosphorylation allowed exploration of
the advantages of different features and fragmentation
methods provided by this novel instrument as this
post-translational modification is usually found in sub-
stoichiometric concentrations and the modification is
sometimes labile. In addition, top-down sequencing on
both commonly available standards and on biologically
derived samples was explored to test the utility of this
instrument for the analysis of whole proteins.

Experimental

Figure 1 is a diagram of the novel electrospray qQg-
FTICR instrument. The detailed instrument design was
described elsewhere [27]. The front end construction is
based on a commercial triple quadrupole (AB/MDS
SCIEX API 365) with the third resolving quadrupole
being replaced by the transfer hexapoles 1 and 2 and the
ICR cell. The instrument employs a typical curtain-gas
ion source design, a focusing rf-only quadrupole (Q0), a
stubby quadrupole (ST) for improved ion transmission,
followed by a resolving quadrupole (Q1), and a LINAC
quadrupole trapping collision cell (Q2) [28-30]. The
inter-quadrupole plates 1Q1, 1Q2, and IQ3 also provides
conduction limits and can be used as trapping plates for
the LINAC. Ions are then transmitted from the collision
cell into the ICR cell using two rf-only hexapoles
separated by a gate valve [31]. The home built ICR cell
is a closed cylindrical cell similar to the Beu and Laude
design [32] but with extra, external trapping plates.
The in-house built ESI qQq-FITMS uses a 7 Tesla
actively shielded magnet (Cryomagnetics Inc., Oak
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Ridge, TN), and the ICR cell was controlled by the
Ionspec (Irvine, CA) Omega data system. The qQq
section instrument is controlled by an Apple Power PC
and LC2Tune/MacDAD software (MDS SCIEX, To-
ronto, Canada) with the exception of IQ2 and IQ3
DAC s, which are controlled by the Omega data system.
An in-house built nanoelectrospray source was used for
all experiments. The hexapoles, Q0 and Q2, were al-
ways operated in the rf-only mode. Nitrogen collision
gas was always present in Q2 for both MS' (3.7 X 1073
mbar) and MS* (5.9 X 10> mbar) experiments to
collisionally cool and focus the ions. The pressures
reported were calculated from the measured pressure in
the manifold. For MS' experiments the collision energy
was kept below 10 eV to avoid fragmentation.

The instrument allowed several types of MS* exper-
iments to be performed. Ions could be isolated by
transmission through Q1 in a mass filtering mode, or in
the ICR cell by the conventional SWIFT method [33].
Fragmentation could be performed in Q2 by controlling
the axial injection energy as in a triple quadrupole or
QqTOF, or by using sustained off resonance irradiation
(SORI)-CAD [34], electron capture dissociation (ECD)
[3], or infra-red multi-photon dissociation (IRMPD) [35]
in the ICR cell (IRMPD fragmentation was not per-
formed in the experiments described here). Q2 CAD
experiments were performed by increasing the DC
voltages of the front end ion optic elements, which
effectively raises the collision energy (typical collision
energies used were 15-35 eV). Typical isolation win-
dows for Q1 were 2 to 3 m/z wide for MS? experiments,
to transmit the isotopic cluster. ECD experiments were
performed in the ICR cell by irradiating trapped ions
with low-energy electrons from the 6 mm diameter
dispenser cathode (model STD200, Heatwave, Watson-
ville, CA), which was heated using 5 V at 1.2 A across
the heating filament. The electron beam was directed
into the ICR cell by changing the voltage bias on the
cathode body for periods of 5-500 ms using a charac-
teristic energy of 0.2 eV. Gas pulses were not used in
general except for SORI-CAD or for the detection limit
experiments described later. The total pulse duration
for ECD experiments varied between 750 ms and 2 s.
The SORI CAD [34] experiments were carried out after
isolating the species of interest using Q1. These exper-
iments were performed by calculating the off resonant
excitation frequency as described by Mirgorodskaya et
al. for both single or multiple SORI events [36].

The presence of the Q2 collision cell facilitated fast
MS' and MS? experiments. All MS' experiments were
performed using collision gas in Q2 and keeping colli-
sion energies low, to facilitate translational cooling of
the ions so that use of pulse gas collisional cooling in the
ICR cell was unnecessary. This method improved ac-
quisition speed by at least 2 to 3 s, as there was no need
to evacuate the pulse gas from the ICR cell before
detection. Thus, the precursor ions could be accumu-
lated and fragmented independent of the detection of
the fragment ions in the ICR cell. This geometry al-
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lowed the FT ICR mass measurements in an LC-com-
patible time scale. Furthermore, Q2 could be used to
store and accumulate ions before transferring the ions
into the ICR cell, and this increased the abundance of
the precursor ions in the FTICR mass analyzer, thus
effectively increasing the dynamic range [37].

Precursor ion selection in the resolving quadrupole
Q1 allowed unit m/z resolution and could be used to
separate the species of interest from other ions or
contaminants present. In conventional FTICR instru-
ments, the ICR cell is used to isolate the precursor of
interest using SWIFT [33]. However, SWIFT experi-
ments can be limited in utility. Space charge effects and
volume constraints in the cell restrict the initial number
of ions in the cell so that the ions of interest in the cell
are a subset of the ions initially present in the cell.
Furthermore, SWIFT can sometimes radially excite ions,
causing ion activation loss. With this hybrid instrument,
selected ions of interest were isolated by Q1 and accu-
mulated in Q2 before these species were transferred to
the ICR cell. Hence, species found in substoichiometric
concentrations could be analyzed with ease since the
ICR cell was filled only with ions of interest, effectively
increasing the dynamic range. This capability has been
shown previously with custom built FTMS instruments
[38—-40], but this instrument was unique in coupling the
well-developed MDS/SCIEX front end capabilities with
FTMS. A more detailed description of the geometry and
construction of this novel hybrid mass spectrometer has
been presented [27] and will be published elsewhere.
Electronic noise signals were evident in many of the
spectra and are marked with an asterisk. These signals
were clearly distinguishable from real ions as they did
not exhibit an isotopic signature. While these signals
have not been completely eliminated, their intensities
have been substantially reduced by improved shielding
and removal of ground loops from the system.

All materials were purchased from Sigma Chemicals
(St. Louis, MO) unless specified otherwise. MilliQ water
(Millipore, Bedford, MA) was used during the prepara-
tion of biological samples before gel separation. Nu-
Page Novex gels, MOPS buffer, and colloidal Coomas-
sie stain, used for protein separation and visualization,
were purchased from Invitrogen (Carlsbad, CA). Sol-
vents used for mass spectrometric analysis and gel band
preparation such as methanol, water and acetonitrile
were HPLC grade and were obtained from Burdick and
Jackson (Muskegon, MI). Peptides used for testing the
sensitivity of the instrument were made, purified, and
quantified by Cell Signaling Technology (Beverly, MA).
Digests were performed according to Shevchenko et al.
[41]. Peptides and digests were desalted using stage tips
equipped with Empore Disk C18 (3M, Minneapolis,
MN) [42]. Proteins were desalted using R1/50 POROS
material (Applied Biosystems, Framingham, MA) as
described previously by Gobom et al. [43]. All peptides
and digested samples were analyzed using a spray
solution of 60% methanol in 5% formic acid. Needles
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Figure 2. A product ion spectrum of the tyrosine phosphorylated peptide TNLSEQY®ADVYR is
shown. The resolving power of the ICR mass analyzer is demonstrated by this spectrum that displays
a fragment ion at m/z 761.761 that has an atypical isotope distribution—a result from overlap of the [M
+ 2H — H,O*" and the [M + 2H — NH;]** species. (Filled circle: —H,O; asterisk: electronic noise).

were pulled using a heated filament micropipette puller
(P-97, Sutter Instrument, Novato, CA).

UbCH10 was cloned into the Eco RI, Xho 1 sites of a
pET28b vector (Novagen) using a nonexpression host,
Novablue. The plasmid was amplified and purified and
used to transform competent E. coli BL21 (DE3) cells.
Transformed cells were selected using kanamycin sul-
fate 30 ug/mL (OmniPur, Gibbstown NJ). A fresh
inoculum of these transformed cells was grown at 37 °C
until an o.d. of 0.6 absorption units was reached.
Isopropyl-B-D-thiogalactopyranoside (IPTG) was then
added to a final concentration of 0.4 mM and incubated
for 2 to 3 h. The cells were then harvested at 4 °C,
washed, and lysed. The His-tagged protein was puri-
fied from lysate by passing it over a Ni-NTA column
(Qiagen, Valencia, CA). An aliquot of this protein
preparation was then desalted using a column consist-
ing of 30 nL of POROS R1 reversed-phase material
(Applied Biosystems) as described by Gobom et al. [43].
Samples were eluted directly into a nanoelectrospray
needle. The top-down experiment was performed by
isolating the selected ion using Q1 and by performing
Q2 CAD on the ion, at a collision energy of ~23 eV.

Results and Discussion

One of the most important characteristics of FTICR MS
is the high mass resolving power (routinely >10° and
occasionally 10°) [44]. The advantages provided by this
feature were evident in the details of the Q2 CAD (using
conditions cited in the Experimental section) fragment
ion spectrum of the tyrosine-phosphorylated peptide
TNLSEQ(pY)ADVYR (see Figure 2). For instance, the
doubly charged fragment ion at m/z 760.832 showed an

atypical isotope distribution (in all the figures the
phosphate moiety is denoted by a filled diamond #).
Further analysis revealed the overlap of the [M + 2H —
H,OJ** and the [M + 2H — NH;]*" species. Although
the '°C, isotope peak of the former species was nomi-
nally isobaric with respect to the >C, species of the
latter, the exact masses differed by 0.01 Da and were
easily resolved by this instrument, even for doubly
charged ions at m/z 760 by this instrument. High
resolving power (100,000 FWHM) and mass accuracy of
~1 ppm could be readily achieved when an internal
calibration of the spectra was performed (in this case
the y,," and y;>" ions were used to internally calibrate
the spectrum). Although in typical MS? spectra resolv-
ing the —H,O/—NH; species is not biologically inter-
esting, it is important to note that this mass shift is the
same shift observed on deamidation of asparagine or
glutamine residues [45]; this post-translational modifi-
cation is linked to protein aging, protein folding disor-
ders, and protein degradation.

To test the achievable sensitivity of this instrument, a
dilution series of the phosphopeptide EPGPIAPST-
NS(pS)PVLK [leucine labeled "*C, (98%) and *°N;(98%)]
that had been quantified using amino acid analysis was
performed. Nanoelectrospray [46, 47] was used to test
the limits of detection. Since separate needles were used
for each experiment, sample cross-over problems were
avoided. Figure 3a, b, and ¢ show mass spectra sum-
ming 10 scans for 100 fmol/uL, 10 fmol/uL, and 1
fmol/uL, respectively. Q2 accumulation time of 0.5 s
was used for these experiments without any collisional
cooling in the ICR cell. Even the 1 fmol/uL sample
analyzed by nanoelectrospray ionization provided a
signal-to-noise ratio (S/N) of more than 20. The total
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(a) (b) (c) show nanoelectrospray ionization spectra for a dilution series of the synthetic

phosphopeptide EPGPIAPSTNSS®PVLK. These spectra were acquired without Q1 isolation, with a
Q2 accumulation time of 0.5 s and without collisional cooling in the ICR cell. (d) and (f) show the
spectra of a dilution series extending to even lower concentrations; these spectra were acquired with
Q1 isolation, with Q2 accumulation time of 1.5 s, and collisional cooling in the ICR cell.

acquisition time required for each of these spectra was
1 s, a value well within a time scale compatible with
LC/MS experiments.

To improve the detection limit, the Q2 accumulation
time was increased to 1.5 s, a 2 s collisional cooling and
pump down delay following a 2-ms nitrogen gas pulse
(resulting peak pressure in ICR cell ~6.6 X 10”7 mbar)
in the ICR cell and a 2 s detection period were used
(pressure in ICR cell ~3 X 10~ '°mbar), bringing the
total cycle time to 5.5 s. The resulting spectra summing
10 scans are shown in Figure 3d, and correspond to the
analysis of solutions containing 1 fmol/uL, 100
amol/uL and 10 amol/ uL of the same phosphopeptide,
respectively. The S/N of ~3 was achieved at 10 amol/
wL, indicating the approximate detection limits of this
instrument. Although 5.5 s per cycle is not compatible
with “discovery-type” LC/MS experiments, it is suffi-
ciently short to perform LC/MS experiments in a di-
rected fashion: for example, the targeted analysis of
specific peptides.

To test the application of the instrument to complex
mixtures, 100 fmol of a tryptic B-casein digest was
analyzed by nanoelectrospray ionization. Figure 4a
shows the mass spectrum of the digest using a pulse
sequence with a 1 s total duration time. Using Q1 as a
mass filter, a clean isolation of precursors was achieved,
as demonstrated in Panel b featuring the unmodified
peptide DMPQAFLLYQEPVLGPVR. The asterisks indi-
cate electronic noise in the spectrum, which are also
evident in the MS” spectrum. Panel ¢ shows the Q2
CAD product ion spectrum of this isolated peptide, still
using a pulse sequence with a 1 s duration. The isola-

tion, fragmentation, and cooling of ions before transfer
and detection in the ICR cell allowed for fast acquisi-
tion, so that low abundance species in complex mix-
tures could be analyzed in short periods of time using
discrete nanoelectrospray or LC/MS. Q1 was capable of
isolating a single isotopic peak of the doubly charged
peptide at m/z 840.9195. In Figure 5b, a single isotopic
ion species of the '*C and '°N labeled peptide (leucine
labeled *C4 and '°N;) EPGPIAPSTNS(pS)PVLK was
isolated in a direct injection nanospray experiment at 10
fmol/uL. This peptide is labeled with both the °C and
>N species, each being enriched to 98% and, thus,
signal for a somewhat under-enriched species is evident
at m/z 840.4190. Since it can be seen that the most
abundant isotopic peak in this doubly charged cluster
was isolated from both its isotopic neighbors, clearly
the isolation window was less than 1 m/z FWHM. A
4-fold loss in signal intensity of the ion species was
observed, when using such a narrow window of isola-
tion, as is commonly observed for quadrupole mass
filters. This loss could be compensated by increasing the
accumulation time if necessary. The ability for unit m/z
isolation is particularly important in top-down protein
studies (see below), where the multiply charged protein
precursor ion may fall within only one m/z unit of ions
due to substantial contaminants, for example, sodium-
adducted species, sequence variants, or post-transla-
tionally modified precursors.

The same B-casein digest was diluted to 20 fmol/uL
for further experiments (Figure 6a). A doubly charged
peptide ion was observed at m/z 1032.417 and corre-
sponded to the singly phosphorylated peptide FQ(pS)E-
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Figure 4. (a) The MS' mass spectrum obtained for 100 fmol of a
tryptic B-casein digest using a total pulse sequence time of 1 s (an
LCMS-compatible time scale). The arrow points to the ion at m/z
1093.587, corresponding to peptide 199-217. (b) Q1 isolation of the
peptide 199-217 from a tryptic digest of B-casein. (c) A Q2 CAD
product ion spectrum of the peptide 199-217 from a tryptic
B-casein digest, which identified the peptide and protein unam-
biguously. (Asterisk: electronic noise).

EQQQTEDELQDK. To evaluate the advantages of per-
forming peptide fragmentation in Q2 outside the FTICR
cell versus SORI-CAD inside the cell, this phosphopep-
tide was isolated using Q1 (Figure 6b) and a SORI-CAD
experiment (12 Vy,,, —1.5% Aw,) was performed (Figure
6¢). SORI CAD is often useful for unmodified peptides
or modified peptides with stable modifications, as this
type of fragmentation produces enough sequence infor-
mation to identify the peptide of interest and locate the
site of the nonlabile modification. However, limitations
become obvious in the case of labile modifications such
as serine and threonine phosphorylation. In the partic-
ular case of the peptide FQ(pS)EEQQQTEDELQDK
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where the O-substituted phosphate is very labile, a
phosphoric acid (H;PO,) equivalent was readily lost
from the serine residue, leaving a dehydroalanine resi-
due. This is indicated in Figure 6¢c by the complete
conversion of the phosphorylated precursor to the
dephosphorylated species [M + 2H — H,PO,]** after
the SORI CAD event. No further sequence-revealing
fragment ions were observable in the product ion
spectrum. To generate information pertaining to the
sequence and localization of the phosphorylation site,
additional SORI CAD experiments are generally neces-
sary. This is time consuming, as several collision gas
pulses in the ICR cell are necessary, with the concomi-
tant evacuation of the ICR cell before detection of ions.
In contrast, the fragmentation spectra obtained from the
Q2 generally required less than 1 s and significant
sequence coverage could be obtained from Q2 CAD
spectra, since many collisions take place during frag-
mentation and trapping in the collision cell. Thus, even
after the labile H;PO, was lost, the resulting fragments
underwent further collisions and fragmentations, with
the result that sequence information relating to the
localization of the dehydroalanine residue and, hence,
the prior phosphorylation site could be unambiguously
determined, as per Figure 6d. This also applies to the
threonine phosphorylated peptides which formed a
dehydroaminobutyric acid residue on losing a phos-
phoric acid equivalent. The Q2 CAD spectrum shown in
Panel D also displayed several peptide fragments that
have the phosphorylation site still intact. This favorable
situation may be due to the use of collision energies of
only 15 eV.

To show that this type of experiment could be
performed on LC/MS time scales at low nanomolar
concentrations, a 10 fmol/ ul solution of a phosphopep-
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Figure 5. (a) The MS' mass spectrum obtained for 10 fmol/uL solution of the *C¢, **N; leucine-
labeled synthetic phosphopeptide EPGPIAPSTNSS®PVLK. As the isotopic purity of both the **C and
5N species is only 98%, a signal at m/z 840.419 is observed for the incompletely labeled peptide. (b)

Q1 isolation of the isotopic signal at m1/z 840.920.
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Figure 6. Analysis of the same digest of B-casein for which data is shown in Figure 4, diluted 5-fold.
(a) The MS' mass spectrum. (b) Isolation of the doubly charged peptide at m/z 1032.417
FQS®EEQQQTEDELQDK (the arrow indicates the selection of this species from the MS! spectrum).
(c) SORI CAD MS2 spectrum. The SORI-CAD event (arrow) gave rise to the predominant neutral loss
species and very few other fragments, with the result that it is impossible to localize the phosphor-
ylation. (d) Q2 CAD MS$S? spectrum containing sequence revealing fragments which allow the
unambiguous identification of the peptide and localization of the phosphorylation site. (Filled
diamond: fragments with phosphate intact; filled triangle: —H,PO,; filled circle: —H,O; asterisk:

electronic noise).

tide EGPIAPSTNS(pS)PVLK [leucine labeled *C (98%)
and "°N;(98%)] was analyzed. Figure 7a shows an MS
spectrum obtained using a total cycle time of 1 s with an
external accumulation time of 0.5 s. The low chemical
noise even in the MS spectrum is noteworthy (see
Figure 7a). Figure 7b shows a product ion spectrum for
the same concentration of phosphopeptide with a 1.5 s
accumulation time in Q2 and a total acquisition time of
2 s. Remarkably, the Q2 CAD MS? spectra for this partic-
ular peptide exhibited many fragment ions bearing the
intact allyl phosphoester and, thus, allowed unambiguous
identification of the phosphorylation site. This phenom-
enon has also been observed for this peptide in a 3-D
ion trap and appears to be sequence-specific [48].

The instrument was equipped with an electron
gun [49], allowing electron—ion reactions such as
electron capture dissociation (ECD) [3] and electron
detachment dissociation EDD [50] to be used to
fragment peptides. ECD has been found to be partic-

ularly useful for phosphopeptide analysis because
the allyl phosphoester remains intact [8, 9]. To test
this capability on the new hybrid instrument, the
phosphopeptide LRL(pS)PSPTSQR was spiked into a
bovine serum albumin digest at an equimolar concen-
tration. Figure 8a shows the mass spectrum of the
complex mixture with the phosphopeptide peak
marked by a dotted arrow. Reported masses were
generated following internal calibration based on
trypsin autolysis peptides. Panel B shows the mass
spectrum of the phosphopeptide, [M + H]** m/z
661.3348, isolated by Q1. This isolated ion was sub-
sequently subjected to ECD and the spectrum ac-
quired from this experiment is shown in Figure 8c.
Because the bond to be broken is located in a ring,
ECD fragmentation does not produce N-terminal
fragment ions resulting from cleavage within proline
residues. By taking into account the fact that several
proline residues were present in this peptide, the
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Figure 7. (a) To demonstrate the sensitivity of the instrument in MS' and MS? modes, 10 fmol of the

phosphopeptide EPGPIAPSTNSS®PVLK was analyzed using a 1-s pulse sequence including 0.5 s of
external accumulation. (b) A product spectrum was acquired for the same concentration of peptide
using 15 eV collision energy with a 1.5-s accumulation time in Q2, for a total pulse sequence duration
of 2's. Most of the fragment ions seen in this spectrum correspond to fragment ions with the phosphate
group still attached. (Filled diamond: fragments with phosphate intact; filled triangle: —H,;PO,; filled

circle: —H,0O; asterisk: electronic noise).

phosphorylation site could be localized on the basis
of the observed ¢ and z fragment ions.

Another promising application of FTICR MS is the
ability to perform top-down protein analysis, ie., the

fragmentation of intact proteins [51]. The ability to start
MS" analysis with the intact protein, by definition, yields
100% sequence coverage, enabling the complete character-
ization of the protein and any associated post-translational
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Figure 8. A BSA digest was spiked with a phosphopeptide in an equimolar ratio (1 pmol/uL). (a)
The MS' spectrum of this mixture. The dotted arrow indicates the spiked phosphopeptide. (b) Clean
isolation of the phosphopeptide from the complex mixture using the resolving quadrupole Q1; this
isolated species was then subjected to ECD. (c¢) The ECD spectrum of the isolated phosphopeptide.
This spectrum provides enough information to localize the phosphorylation site. All fragment ions
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Figure 9. An example of a top-down experiment performed on ubiquitin (10+) is shown. The spectrum
was obtained by using Q2 CAD as the only means of fragmentation. A good sequence tag within the
protein was found and 100% sequence coverage of the protein was obtained. Only the major peaks have
been annotated; see supplementary discussion for more detail. (Asterisk: electronic noise)

modifications. This is of paramount importance when
carrying out phosphopeptide mapping studies. Often a
protein is isolated under two different conditions (e.g., at
different time points in the cell cycle) and several phos-
phorylation sites are mapped using one or two enzymes.
However, unless 100% sequence coverage is obtained, one
cannot be sure that the most biologically interesting sites
have been found. With a top-down approach, the accurate
intact mass of the protein provides information about the
number of modifications on the protein, the locations of
which can then be determined by fragmenting the protein
[52]. For top-down experiments to be successful, two
prerequisites have to be met: (1) the intact protein has to
be cleaved as efficiently as possible, and (2) high-resolu-
tion/high accuracy data are required to unambiguously
measure the mass of the numerous fragment ions gener-
ated and derive sequence information. Several of the
fragments produced by CAD are rather large and highly
charged, requiring high-resolution and high mass accu-
racy to identify the charge states and determine the
identity of the fragment ions. While top-down tandem
mass spectrometry experiments have been demonstrated
with some success on quadrupole time-of-flight (qTOF)
instruments [53-55], many of the protein fragments were
>15 kDa, thus requiring resolving power in excess of
20,000. Only an FTICR instrument with its high resolving
power (>10°) enables accurate assignments of charge state
and mass both for MS and MS? top-down experiments
when the fragment ions are of such high mass. This

approach, introduced by McLafferty and coworkers [24,
51] is proving to be useful for the application of biologi-
cally relevant samples, as shown by Kelleher and cowork-
ers [56, 57]. The top-down approach has been further
developed in terms of software [58—-60], and the refine-
ment of instrumentation for this purpose has recently
been described [61].

For protein identification purposes and for initial
characterization or screening, it is frequently unneces-
sary to perform extensive top-down analysis. It is often
sufficient to obtain a short sequence tag from abundant
fragment ions and the accurate mass of the parent ion to
determine identity [26]. Thus, quick experiments in the
order of 1 to 5 s may be sufficient to obtain the relevant
spectra for the generation of a sequence tag. Ubiquitin is
a well known standard used to test the performance of
instruments for top-down experiments and, thus, it was
chosen as an example to show the efficacy of Q2 CAD
for partial-sequence characterization of proteins. This
approach was shown using ubiquitin (1 pmol/uL) as a
model protein and the spectrum is presented in Figure
9. The MS/MS spectrum was obtained from a single Q2
CAD experiment without any effort being made to
maximize the number of cleavages. The spectrum
showed 30 cleavages for this protein, allowing construc-
tion of an excellent sequence tag.

Having tested the top-down approach with ubiq-
uitin, it was important to apply these methods to
proteins isolated from biologically derived samples, in
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Figure 10. The human recombinant protein UbCH10 was subjected to top-down sequencing and this
allowed the unambiguous verification of cloning sites and determination of the nature of the protein,
including the His tag and the linker region between the tag and the protein. Such experiments resulted
in a total of 21 fragment ions, (4 b-ions and 17 y-ions), and 100% sequence coverage. (Open square:
—NH;; filled circle: —H,O; asterisk: electronic noise).

this case a human His-tagged UbCH10 protein isolated
from HeLa cells. One of the major problems encoun-
tered while working with proteins from intact cells is
that the spectra are often complex, and there is a high
probability that the peak of interest may lie close to an
interfering peak. Having a resolving quadrupole capa-
ble of unit m/z resolution can be useful for the “gas-
phase” purification of an ion of interest from a complex
mixture of ions. Even more importantly, Q1 can be used
to isolate a particular ion from a complex mixture and
accumulate only that ion in the ICR cell so that space
charge from other ions does not affect the accuracy of
the mass measurement. This ability to select an isotopic
cluster (from a highly charged protein ion distribution)
in the ICR cell can be an important advantage where
accurate measurement of a large protein ion is required.
A human UbCHI10 protein (MW 19639) was analyzed
by top-down methods using this instrument. The re-
combinant protein, UbCH10 (MW 20591), had ambigu-
ous N- and C-termini as the DNA sequence information
obtained for this clone was not of good quality; thus, the
goal was to verify the cloning site and the nature of the
tag for this protein using top-down methods. Recombi-
nant human His-tagged UbCH10 was “crudely” puri-
fied (see Experimental section) and the resulting mix-
ture was analyzed using the hybrid instrument (Figure
9). Apart from the different charge states of the main
component, UbCHI10, several other species, some with
similar masses, are apparent in the FTMS spectrum (a
portion of the spectrum is shown in the inset of Figure
10). Q1 was used at unit resolution to isolate the [M +

24HJ**" ion from the adjacent peak ~1 m/z higher,
allowing a relatively clean CAD spectrum of the pro-
tonated ions to be obtained without interference from
the sodiated species. The mass of the intact protein was
determined from the measured m/z of the isotopic
cluster ions. The measured value of the protein was
20593.29 Da. Since the theoretical value of the protein is
20591.32 Da, this result indicated that the predicted
disulfide bond between the Cys102 and Cys114 was
reduced. Fragment ions of the parent ion at m/z 858.9
were accumulated for 1.5 s (it was observed that if
accumulation times longer than 1 s were used, charge
stripping and fragmentation of the initially trapped ions
resulted). A total pulse sequence of 5 s averaged for 5
scans was used to obtain the Q2 CAD spectrum shown
in Figure 9.

The spectra were analyzed by an in-house program
called MasSpike [62], similar to Thrash [63], which
reduces each spectrum into the monoisotopic peak list
of the fragment ions. This program operates by identi-
fying isotopic clusters based on S/N ratio. A matched
filter approach was then employed to determine the
charge state of the individual isotopic clusters. The
resulting charge state information allows the generation
of a model isotopic distribution [64, 65] that was aligned
with the observed isotopic distribution. This alignment
was achieved using a maximum likelihood comparison
between the observed isotopic distribution and its the-
oretical counterpart. The output peak list was then
compared with MS fragmentation output of the mole-
cule from GPMAW 6.0 (Lighthouse Software, Odense,
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Denmark) to reveal the identity of the ions. A total of 40
fragment ions were identified from the spectrum and
covered the complete sequence of the protein. Twenty-
one unique ions (17 y-ions and 4 b-ions) were identified
using the most abundant fragment ions after taking into
account the multiple charge states for the same frag-
ment ion. Unfortunately, a number of ions could not be
identified in this spectrum. Some of these ions could be
a result of incomplete desolvation in the source or
secondary fragmentation in Q2.

Sometimes, a cloning site can shift the open reading
frame (ORF), resulting in changes in protein size/
sequence. In this case the 5’ cloning site was not well
characterized by nucleotide sequencing methods and
restriction enzyme mapping. However, since the trans-
lation product (the protein) was available, it proved
possible to obtain information about the 5’ cloning site.
The MS and MS? spectra verified the sites used for the
cloning and identified the 5’ linker region N-terminal to
the C-terminal His-tag that had been introduced to
facilitate purification. Previous attempts to characterize
this region by bottom-up approaches had failed because
the peptide containing this sequence stretch was not
observed. Using the MS" capability of the qQq-FTMS
system, obtaining fragment ions for all possible cleav-
ages was found to be possible and, thus, the hybrid
instrument was shown to be useful for the detailed
characterization and de novo sequencing of proteins.
The mass spectra of proteins from biological sources,
both recombinant and otherwise, often exhibit unusual
mass shifts due to sequence variation and or post-
translational modifications of the proteins [66, 67]. The
mass spectrum of UbCH10 also included some signals
having mass shifts that provide evidence of post-trans-
lational modifications which will be discussed else-
where, in more detail.

Conclusions

The advantages of this new hybrid instrument for
biological applications were highlighted in this study.
Although a special emphasis was placed on the analysis
of phosphopeptides, other modifications have been
investigated and will be described in subsequent pub-
lications. This instrument appeared to be particularly
useful for the analysis of labile modifications, primarily
because of the ability to selectively accumulate specific
low abundance species and apply different fragmenta-
tion methods. This gives one the choice of fragmenta-
tion methods when dealing with a diversity of biolog-
ical samples that behave very differently. For example,
Q2 CAD was very useful for the fragmentation and
localization of phosphorylation sites on serine and
threonine phosphopeptides because of the “signature”
dehydroalanine and dehydroaminobutyric acid ions
formed upon loss of the phosphate moiety, H;PO,.
However, this method cannot be used for O-glycosy-
lated peptides because the loss of the sugar moiety
upon fragmentation usually does not leave a “signa-
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ture”, with the result that the original position of the
glycan moiety cannot be determined. Thus, to localize
the site of glycosylation, backbone directed fragmenta-
tion methods such as ECD are necessary [68]. Another
important consideration when analyzing biological
samples is that ion optics must be tuned for the sample,
particularly when analyzing peptides with labile sub-
stituents. Thus, it is important that the control param-
eters of the ion optics are available to the instrument
user. For example, if one wished to perform LC/MS
analysis of a sample containing phosphopeptides, the
instrument could be optimized and tuned to avoid loss
of the phosphate moiety before fragmentation and the
appropriate fragmentation method could be selected.
Furthermore, the trapping/accumulation time can dif-
fer from one mass range to another and should be tuned
accordingly. Because of the time-of-flight effect inherent
in any external ion source FTMS, it is critical to be able
to adjust the ICR gated trapping parameters to maxi-
mize signal [69]. Another parameter that could be
optimized on the instrument is the frequency and
amplitude of the rf applied to the hexapoles to transfer
ions from Q2 to the ICR cell. Whereas these parameters
are not so sharply defined in the useable range, over
large m/z ranges it is important to optimize these values,
as they vary depending on the mass of the analyte.
The detection limits of the instrument were demon-
strated here to be in the low fmol/uL (nanomolar
range) for biological samples and 10 amol/uL for
synthetic samples, as a result of the ion transmission
efficiency of the instrument. Another feature was the
option to employ the Q2 LINAC collision cell, which
improved the extraction efficiency of ions in the colli-
sion cell by the application of a small axial electric field
in the quadrupole without placing severe limits on the
ion transmission window [28, 29]. The use of a quadru-
pole collision cell provided the important ability to
detect a wide range of fragment ions during MS?
experiments, in contrast to the more limited range
available in an ion trap. In an ion trap, where radial
excitation is used to fragment the precursors, fragment
ions below 1/3 of the precursor mass cannot be ob-
served because of the need to employ a moderately
large g-value to confine and fragment the precursor ion.
Thus, employing the qQq configuration as the first
stage of this instrument provides a significant advan-
tage in accessible fragment ion mass range, in compar-
ison to an ion trap. The importance of high mass
accuracy and high resolving power for identifying
peptides [70] and modifications on peptides [71, 72]
has been illustrated in several studies. The first of
these studies used characteristic ions in the low mass
region (yy, V2, ay, by, and b; ions) with mass accuracy
data in the low ppm range, to identify proteins [70].
The latter two studies showed that high resolution,
high accuracy data in low mass regions enabled the
detection of modified peptides based on characteris-
tic modifications to specific ions. These could be
clearly resolved from other interfering fragment ions
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and, thus, differentiated the modified peptides from
unmodified peptides that produce fragments of the
same nominal mass [71, 72].

Other advantages of this collision cell, in comparison
to a normal multipole, include limiting reactions be-
tween buffer gas molecules and ions, having the option
to operate the cell at the same pressure in MS and CAD
modes, and limiting the cross-talk between consecutive
experiments. The operating speed of this instrument for
both MS' and MS® modes results from its ability to
rapidly select precursor ions with Q1 without the need
to trap and eject other ions, as in an ion trap, and to
fragment and cool ions in Q2 before transfer of the ions
into the ICR cell, thus eliminating the need for collision
gas in the ICR cell and the time associated with pump-
ing it out before ion detection.

The most significant aspect of this instrument was its
versatility for addressing a number of different biolog-
ical problems. Combining the qQq commercial front
end with an ICR mass analyzer has resulted in a
number of improvements: increased selectivity of pre-
cursor ion species, increased sensitivity, increased ex-
perimental speed, and the availability of different frag-
mentation methods. All these factors made this
instrument particularly useful for the biological appli-
cations described here.
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