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a b s t r a c t

Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometry (MS) remains the technique of
choice for the analysis of intact proteins from complex biological systems, i.e., top-down proteomics.
Recently, we have implemented a compensated open cylindrical ion trapping cell into a 12 T FT-ICR mass
spectrometer. This new cell has previously demonstrated improved sensitivity, dynamic range, and mass
measurement accuracy for the analysis of relatively small tryptic peptides. These improvements are due
to the modified trapping potential of the cell which closely approximates the ideal harmonic trapping
potential. Here, we report the instrument optimization for the analysis of large macro-molecular ions,
such as proteins. Single transient mass spectra of multiply charged bovine ubiquitin ions with sub-ppm
mass measurement accuracy, improved signal intensity, and increased dynamic range were obtained using
this new cell with increased post-excitation cyclotron radii. The increased cyclotron radii correspond
to increased ion kinetic energy and collisions between neutrals and ions with sufficient kinetic energy
can exceed a threshold of single collision ion fragmentation. A transition then occurs from relatively

long signal lifetimes at low excitation radii to potentially shorter lifetimes, defined by the average ion-
neutral collision time. The proposed high energy ion loss mechanism is evaluated and compared with
experimental results for bovine ubiquitin and serum albumin. We find that the analysis of large macro-
molecules can be significantly improved by the further reduction of pressure in the ion trapping cell. This
reduces the high energy ion losses and can enable increased sensitivity and mass measurement accuracy
to be realized without compromising resolution. Further, these results appear to be generally applicable to
FTMS, and it is expected that the high energy ion loss mechanism also applies to Orbitrap mass analyzers.
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. Introduction

Fourier-transform ion cyclotron (FT-ICR) mass spectrometry
MS) continues to deliver the highest mass resolving power and

ass measurement accuracy (MMA). FT-ICR MS is uniquely suited
or the analysis of complex natural mixtures, such as, fossil [1,2]
nd bio-fuels [3], biological imaging [4], metabolomics [5], and pro-
eomics [6,7]. The characterization of biological systems through
he analysis of intact proteins [8,9] and protein complexes [10]
ith FT-ICR MS, e.g., top-down proteomics, continues to reveal

he complex and dynamic nature of biological systems [11,12].
haracterization of post-translational modifications (PTM) plays
n important role in understanding the regulation and control

f biological systems. Top-down proteomic analysis effectively
haracterizes the number of PTMs, how PTMs change between
iological system states, and correlations between PTMs. Char-
cterization of proteomes through the analysis of intact proteins
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ontinues to progress with improvements in instrumentation and
ethodology such as the demonstrated analysis of over 100 kDa

roteins [13] and LC-MS of complex proteomes [9,11,12].
We are customizing a 12 Tesla FT-ICR mass spectrometer for

op-down proteomics applications, which require intact protein MS
easurements of molecular masses greater than 100 kDa, with iso-

opic resolution, ppm range MMA and optimally high sensitivity
nd dynamic range. The instrument has been upgraded with a new
rapped ion cell possessing a close to ideal DC trapping potential,
nabling increased ion excitation powers, and thus reduced space
harge effects along with improved MMA, sensitivity and dynamic
ange [14]. Initial experimental characterization of the new cell
onfirmed the improved performance for conditions typical to
ottom-up proteomics measurements, for a range of molecular
asses characteristic for tryptic peptides, up to ∼3 kDa [14]. Here
e report the characterization of the new cell for the analysis of
ntact proteins based on a consideration of the fundamental factors
nvolved in the high resolution measurements of macro-molecular
ons and a comparison with experimental results that support these
nsights. Analysis of the theoretical and experimental results sug-
ests additional possibilities for further optimization of the FT-ICR

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ljiljana.pasatolic@pnl.gov
dx.doi.org/10.1016/j.ijms.2008.10.010
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standard open cell configuration at higher pressure not shown).
This can be attributed to the transient life times defined by the ion-
neutral collision rate, rather than by the harmonicity of the trapping
potential, see discussion below.
A.V. Tolmachev et al. / International Jou

S instrumentation for the analysis of large molecules such as,
ntact proteins.

. Experimental

.1. Cell design

Briefly, the compensated [15] cylindrical cell [16,17] used for
he experiments reported here has additional trapping electrode
egments to generate an electric field for ion confinement which
s significantly closer to the ideal harmonic trapping potential
18]. Extensive theoretical considerations were made in gen-
rating the compensated cylindrical cell design as previously
eported [14]. Previous experiments comparing the compensated
ell with a standard open cell configuration demonstrated signifi-
ant improvements for the compensated cell in sensitivity, MMA,
nd dynamic range for the analysis of tryptic peptides [14]. These
mprovements were based on the design of the compensated cell

aximizing the benefits of greater excitation radius while mini-
izing deleterious effects.

.2. Data acquisition

Bovine ubiquitin and serum albumin were acquired from
igma–Aldrich (St. Louis, MO) and used as received. Mass spectra
or direct infusion experiments were acquired on a modified [11]
ruker 12 Tesla FT-ICR mass spectrometer (Bruker Daltonics, Biller-

ca, MA) using electrospray ionization of a 1.0 �M ubiquitin from a
olution of 1:1 water: methanol with 2% acetic acid.

Mass spectra of this solution were acquired over a range of
xcitation powers, external accumulation times, and cell trapping
oltages in automated fashion using Xmass (Bruker Daltonics, Bil-
erica, MA) scripts. Typical values for results reported here were
.06 s for external accumulation and 2.0 V for cell trapping voltage.
ass spectra were acquired with excitation attenuation ranging

rom 0 to 16 dB. Peak to peak excitation voltages of 260, 150,
3, 61, 37 V corresponded to excitation attenuations of 0, 4, 8,
2, 16 dB. Results with differing accumulation times and trapping
otentials follow the same reported trends. Mass spectra were
btained at an approximate pressure of 1 × 10−10 and 3 × 10−10 Torr.
ass spectra at 3 × 10−10 Torr were obtained after one initial bake-

ut and pump down after insertion of the new cell. Subsequent
aking and pump down time resulted in a lower base pressure
f 1 × 10−10 Torr. The measured UHV pressure is expected to be
omewhat lower than the actual pressure in the ion trapping
ell due to the positioning of the ion gauge relatively closer to
he UHV turbo molecular pump than the ICR trapping cell. How-
ver, the relative difference between measured pressure values
hould correspond to the relative difference of the pressure in
he ion trapping cell. The ion gauge was calibrated while in the

agnetic field during initial construction of the mass spectrome-
er. External accumulation was performed in the standard Bruker
exapole with a short pulse of gas to increase trapping efficiency.
ollections of spectra were processed using in-house developed
oftware to characterize instrument performance. Each transient
as zero-filled twice, Fourier-transformed, and converted to the
/z domain.

Reverse phase LC-MS was performed at 10,000 psi on a
0 cm × 75 �m column packed in-house with C5 stationary phase

henomenex Jupiter 5 �m particles (Phenomenex, Torrance, CA)
11,12]. Mobile phase A was 0.05% trifluoroacetic acid, 0.2% acetic
cid, 25% acetonitrile, 5% isopropanol, and 69.75% water while
obile phase B was 0.05% trifluoacetic acid, 9.95% water, 45%

cetonitrile, and 45% isopropanol. Mass spectra for LC-MS were

F
a
o
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cquired from a 1.0 �g injection of bovine serum albumin (BSA)
n solvent A onto the reverse phase column.

. Results and discussion

.1. Characterization of the compensated cell

Optimization of the new compensated cylindrical cell for macro-
olecular ions used automated scripts that produced mass spectra

n a range of excitation powers covering post-excitation radii up to
he maximum possible radius Rmax (i.e., approximately the inner
ell radius, Rmax = 3 cm). The procedure was used previously for
n initial cell characterization using a mixture of peptides [14].
n this work we have used seven of the typically observed ubiq-
itin charge states. Fig. 1 shows a sample single mass spectrum
f ubiquitin obtained with the compensated cell with an exter-
al accumulation time of 0.06 s and an excitation attenuation
f 7 dB.

By regulating the DC trapping potential applied to each trapping
egment of the new ion trapping cell, the optimum compensated
lectrode configuration can be compared to the standard open
ylindrical cell configuration [14]. Fig. 2 shows the total ion cur-
ent (TIC) profile of mass spectra obtained for a range of excitation
owers for both the compensated and standard open cell configu-
ations at an approximate pressure of 1 × 10−10 Torr. Increased TIC
s observed for the compensated cell configuration at higher excita-
ion radii relative to the standard open cell configuration. Note that
n excitation attenuation of 3 dB corresponds to ∼0.75Rmax [14].
he TIC improvement obtained with the compensated cell is less
ronounced for ubiquitin than for previously reported peptide mass
pectra [14]. Observation of the positive effect of electric field com-
ensation on the transient life time requires the UHV pressure to
e sufficiently low. To illustrate this behavior, Fig. 2 also shows the
IC profile for the compensated cell at a relatively higher pressure
f 3 × 10−10 Torr. (The TIC values for mass spectra at ∼3 × 10−10 Torr
ere scaled to facilitate comparisons in TIC trends between the dif-

ering pressures). With the cell pressure increased by a factor of 3,
he two cell configurations produced similar results (data for the
ig. 1. ESI mass spectrum of ubiquitin obtained using the compensated cell, with
n excitation attenuation of 7 dB, from a single transient 1.3 s long, with resolution
f ∼230,000 and insert detail of the 11+ charge state.
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ig. 2. Total ion current (TIC) versus excitation power (plotted in terms of atten-
ation, dB) for the compensated cell configuration, spectra were acquired at
1 × 10−10 Torr (squares), open cell configuration, ∼1 × 10−10 Torr (triangles), and

ompensated cell configuration at an increased pressure of ∼3 × 10−10 Torr (circles).

Because the observed increase in TIC with the more ideal
rapping potential of the compensated cell is due to improved
oherence of the excited ion cloud, the mass measurement accuracy
MMA) of the compensated cell also improves relatively to the stan-
ard open cell configuration [14]. The MMA improvement observed

or the compensated cell with increasing excitation power, Fig. 3,
an be attributed to decreased space charge effects at larger exci-
ation radii, consistent with earlier results obtained for the peptide
alibration mixture [14]. Improved MMA can also be attributed to
igher S/N at higher excitation radius, however we do not expect

his to be significant, since the trends were reproducibly obtained
or a wide range of ion populations and S/N ratios [14]. Note that

ithout the compensation of the trapping potential to a more ideal
armonic trapping field, the MMA does not improve at increased

ig. 3. Mass measurement error, plotted as ppm, versus excitation power, plotted
n terms of attenuation dB, for the compensated cell configuration (squares) and
pen cell configuration (triangles). The internal calibration using 6 charge states of
biquitine was used for the mass measurement error calculation.
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ig. 4. Resolution of ubiquitin 7 to 13+ obtained at excitation attenuations of 9 dB
circles), 7 dB (diamonds), 5 dB (triangles), and 3 dB (squares) corresponding to
pproximately 0.4, 0.5, 0.6, and 0.75 of the maximum cell radius, Rmax, of ∼3.0 cm.

xcitation radii as demonstrated by the standard open cell con-
guration results, Fig. 3. This is due to radial electric fields of the
tandard open cell configuration having deleterious effects to the
on cloud coherence and motion. Such effects typically become

ore pronounced at increased excitation radii. Also, the demon-
trated improvements of MMA for the compensated cell are not due
o external calibration artifacts as the MMA of each mass spectrum
as estimated using ubiquitin charge states as internal calibrants.

hus, when the compensated cell is used, increased excite power
onditions (3 dB) resulted in optimizing MMA while also maxi-
izing sensitivity, as indicated by TIC. The mass accuracy trends

btained for ubiquitin, Fig. 3, are similar to peptide mixture mass
ccuracy results that used more detailed dB increments (0.5) and a
ange of different ion populations [14].

Another critical attribute of intact protein MS measurements
s mass resolving power, which should be sufficient to resolve iso-
opic structure. Fig. 4 shows resolving power as a function of charge
tate obtained at 4 different excite powers which result in excita-
ion radii ranging from ∼0.4 to ∼0.75Rmax. The observed decrease
n resolution with increased excitation power (i.e., lower dB) can be
ttributed, in part, to an increased contribution of magnetron fre-
uency dispersion due to deviations from the quadrupolar trapping
otential. Another factor is the shorter life time of the ion signal
ue to an increased rate of the ion neutral collisions [19]. Note
hat, due to lower intensity, the resolution estimated for 9+ ions
as additional uncertainty. The following calculations estimate the
ontribution of ion neutral collisions to the observed resolution.

.2. Estimations of the ion signal lifetime

The velocity of ion motion during detection, v, can be esti-
ated via the cyclotron frequency ω (angular units) and the

ost-excitation cyclotron radius rc as follows:

= ωrc (1)
he unperturbed cyclotron frequency can be used for this approxi-
ate estimation:

=
(

ze

m

)
B (2)
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where, the ion charge is expressed via the charge state z and the
lementary charge e, m is the ion mass, and B is the magnetic field
ntensity. The characteristic time between ion neutral collisions,
coll, can be estimated as the inverse collision frequency, using the
ross section, ˝, of the ubiquitin ion:

coll = 1
(nv˝)

(3)

The ubiquitin ion cross section is dependent on many factors
uch as, ion charge state, initial solution conditions, ion heating
uring desolvation and transport into the ion cell, etc. For present
urposes, an approximate value of 1600 Å2 will be used for ˝ [20].
sing a B of 12 Tesla, rc of 2 cm, the gas number density correspond-

ng to the pressure 1 × 10−10 Torr, and an ion charge state, z of 10,
e obtain the following quantities:

= 2� × 215 kHz

= 2.7 × 104 m/s

coll = 0.66 s (4)

The result of an ion neutral collision depends on the kinetic
nergy as follows. A low energy collision between a macro-
olecular ion, with m of 8560 Da, and a small neutral molecule,
ith mg of 28 Da, results in a minor change in the magnitude and

irection of the pre-collision ion velocity. Thus, multiple ion neu-
ral collisions may be needed to de-phase the ion motion from the
ohesive forces arising from the excited coherent ion cloud motion.
lternatively, above a certain threshold of ion kinetic energy, a sin-
le ion neutral collision may result in ion fragmentation, which
ould immediately exclude the ion from the coherent ion cloud.

uch high energy collisions should result in the observed signal life
imes for the excited coherent ion cloud being defined by Eq. (3).

The kinetic energy of the post-excitation cyclotron ion motion
s as follows:

kin = mv2

2e
(5)

V units are used for convenience. Using the previously estimated
on velocity we obtain:

kin = 3.25 × 104 eV (6)

The collision energy in the center of mass (CM) reference frame:

CM = Ekinmg

(m + mg)
= 106 eV (7)

Thus, the ion energy is sufficiently high that ion fragmentation
an occur [21–23]. The CM energy is approximately independent
f the ion molecular mass m, considering m � mg and m/z ∼1000,
haracteristic for ESI multiply charged ions. For example, the 77+
harge state of bovine serum albumin ion (m = 66 kDa) will experi-
nce approximately same CM collision energy (106 eV) as the above
biquitin 10+ ion, regardless of ∼8 times difference in the molecu-

ar mass. The center of mass collision energy can be reduced using
ighter neutral gas molecules. Replacing the nitrogen in the UHV
hamber with helium (mg = 4) results in CM energy of only 15 eV
s calculated using previously defined parameters and equations.
imilar experimental measurements to those reported here but
ith helium collision gas will be considered for future studies.

This high energy ion loss through fragmentation mechanism is

imilar to a high energy ejection mechanism, previously described
heoretically by Arkin and Laude [19]. The mechanism proposed by
rkin and Laude was based on ion motion simulations using their
wn collision algorithm combined with SimIon (Scientific Instru-
ent Services, Ringoes, NJ). While indeed such collision ejection

u
t
T
t
O
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echanisms might have a significant role in the transient lifetime
f relatively low molecular weight ions, for larger molecular weight

ons, such as intact proteins, the ion fragmentation mechanism will
ave a more significant effect as fragmentation will occur prior to

on ejection.

.3. Experimental confirmation of estimations

To examine the dependence of the signal lifetime on the time
efore a high energy collision, we have studied the excited coherent

on cloud signal lifetime at several different excitation powers. Fig. 5
hows the temporal dependence of the ion intensity corresponding
o the maximum ubiquitin isotopic peak. This temporal depen-
ence was calculated by Fourier-transforming the time domain
ata in eight 128k slices and normalizing the intensity to the
ransform of the first 128k data points. Higher charge states have
roportionally increased ion velocities, Eq. (1)–(3), and thus have
horter times before an ion neutral collision, Eq. (3) (a more accu-
ate treatment would include charge state specific cross sections
20]). This trend is clearly seen in Fig. 5 for all four excite power
onditions shown, as increased excitation power corresponds to
ncreased ion velocities, according to Eq. (1), and thus smaller tcoll.

As shown in Fig. 6, a characteristic signal lifetime, �, can be
alculated using an exponential fit to the signal decay curves in
ig. 5. Interestingly, the lifetime, � of 0.5 s, for ubiquitin 10+ with
n excitation attenuation of 3 dB is consistent with the above cal-
ulation, tcoll of 0.66 s (recall both the calculations and gas pressure
eadings are approximate). The near linear dependence of � on 1/z
ith excitation attenuation of 3 dB is also consistent with the pre-

ious estimations. Note also in Fig. 6, the proportionally reduced
ignal lifetimes of ion signal at a UHV pressure of 3 compared to
× 10−10 Torr at the same excitation power (5 dB). The signal life-

ime shows a super-linear behavior for lower charge states, z of 7
nd 8, at low excitation powers, 7 and 9 dB (9 dB data not shown).
his can be attributed to reduced kinetic energies corresponding to
uch conditions, ECM �100 eV, so that the contribution of the high
nergy fragmentation mechanism becomes relatively less signifi-
ant compared to other mechanisms, and the transient lifetimes
orrespondingly increase.

To test this assumption, we have conducted a more detailed
nalysis on how the ion signal life time depends on the ion kinetic
nergy, i.e., in case of our measurements, the post-excitation radius.
ig. 7 shows excitation power (dB) profiles of the characteristic sig-
al lifetime observed for ubiquitin charge states 8, 9 and 10+, for
HV pressure 3 × 10−10 Torr. A sharp transition is observed in the

ange 7–9 dB from short-lived signals at higher excitation powers
i.e., lower dB values) to long lifetimes at the optimal excitation
owers. The more extended signals can be interpreted as a result of
he ion kinetic energy decreasing below the threshold for an effi-
ient single collision fragmentation. The ion-neutral collisions lead
o a minor change in the ion velocity (in terms of both magnitude
nd direction) since the ratio of the ion molecular mass to the neu-
ral mass is very high, in this case ∼300. Thus, multiple ion-neutral
ollisions are needed to completely de-phase the ion ensemble, a
esult similar to simulations performed by Arkin and Laude [19].
nterestingly, the long-lasting signals were obtained at the excita-
ion powers of low energy transition, regardless of the increased
HV pressure used for these measurements, 3 × 10−10 Torr. We

pecifically chose these experimental conditions since the observed
ange of signal lifetimes was consistent with the 1.3 s transients

sed. The normal UHV regime resulted in lifetimes far exceeding the
ransient length which made it difficult to clearly see the transition.
he lifetime decline for dB values above optimal can be attributed
o increased space charge effects with the smaller cyclotron radii.
verall, the behavior in Fig. 7 is consistent with the expected kinetic
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Fig. 5. Transient decay curves showing the intensity of the most abundant isotope
peak for ubiquitin 7 to 13+ charge states versus time obtained by Fourier-
transforming the full 1 M word transient in eight 128k word segments. Each
transformed segment measures the ion signal obtained at a certain time point in
the transient. The observed segment intensities were normalized to the intensity of
the first segment for each charge state. Plots are shown for mass spectra obtained at
excitation attenuations of (a) 9 dB, (b) 7 dB, (c) 5 dB and (d) 3 dB for ubiquitin 7+ (open
triangles), 8+ (open circles), 9+ (open squares), 10+ (solid circles), 11+ (diamonds),
12+ (solid triangles), and 13+ (solid squares).

Fig. 6. The characteristic signal lifetime, �, for ubiquitin charges states 7 to 13+ (plot-
ted as 1/z) calculated by fitting the transient decay curves (see Fig. 5) observed at
7
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dB (diamonds), 5 dB (triangles), and 3 dB (squares) to an exponential function.
esults from a pressure of ∼1 (triangles pointing up) and 3 (triangles pointing
own) × 10−10 Torr are shown for an excitation attenuation of 5 dB. Pressure for all
thers was ∼1 × 10−10 Torr.

nergy driven mechanism. The center of mass kinetic energy esti-
ated for 10+ charge state at the transition, 9 dB, is ECM ≈ 33 eV.

he curve for 8+ shows the transition at ∼7 dB, corresponding to a
ery close CM energy of ≈33 eV, i.e., the kinetic energy reduction
ue to the lower charge state is compensated by an energy increase
ue to the greater excitation radius. This observation is consistent
ith the above assumption that the ion kinetic energy is the factor

hat determines the transition from short to long ion signal times.
.4. Generalization of single collision ion fragmentation
echanism

The results obtained for ubiquitin ions can be generalized to
arger molecular ions. Large ions require more collisions to pro-

ig. 7. The characteristic signal lifetime, �, at different excitation power levels (in
erms of attenuation dB) for ubiquitin 8+ (open circles), 9+ (squares), 10+ (solid
ircles), at a pressure 3 × 10−10 Torr.
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uce a noticeable effect on the ion trajectory, whether due to
on-neutral scattering or due to ion dissociation produced by mul-
iple ion-neutral collisions. The moderate post-excitation cyclotron
adii generally required for high resolution FT-ICR measurements
f large ions, rc �1 cm, ensure sufficiently low ion kinetic energies,
o that sufficiently long signals can be obtained under conditions of
ultiple ion-neutral collisions. Thus, the successful FT-ICR obser-

ation of very large ions, e.g., >100 MDa [24], was possible under
tandard UHV conditions.

The situation is different when higher ion kinetic energies are
sed, so that the single collision ion dissociation can occur. It is
ot generally known how the single-collision dissociation energy
hreshold depends on the molecular mass for the large protein ions.
or an approximate estimation one can assume that the center of
ass threshold energies are similar to that obtained above for the

biquitin ions, ECM ∼30 eV. Assuming the ion mass much larger
han neutral mass, the center of mass collision energy is defined
y the velocity of ion, Eq. (1). Under such assumptions, macro-
olecular ions of various sizes should experience the transition to

he high energy, short lifetime regime at similar conditions, largely
efined by the ion mass to charge ratio m/z and the post-excitation
yclotron radius rc. Assuming the high kinetic energy regime with
M energy exceeding the single collision dissociation threshold, it
an be expected that larger molecular ions having correspondingly
ncreased cross sections will require proportionally lower vacuum
n order to obtain long living signals.

Alternatively, if the high vacuum requirements cannot be
chieved, mass spectra can be obtained with the low energy
onditions. In this case, the dynamic range of measurements
uffers from the reduced excitation radius, since the induced signal
etected in FT-ICR is proportional to the ratio of the excite radius
o the cell radius [25]. Even more critical, space charge effects
ncrease inversely proportionally to the radius squared resulting
n increased shear forces which act to de-phase low abundant ion
omponents, such as ion populations corresponding to the small
sotopic peaks at the edges of the isotope distribution. To offset
he reduced dynamic range, accumulation of multiple spectra

ay be required under the low energy operation. Other methods
o increase dynamic range such as pre-selection of a narrow m/z
ange [26] or selective ejection of high abundant ions [27] can also
e effective.

Interestingly, the mechanism considered here can also be
pplied for Orbitrap mass analyzers which are based on an alter-
ative FTMS technique [28]. The injection of ions into the Orbitrap
efines the kinetic energy of ions during detection, fixed at ∼2 keV
er charge for 3.5 kV operation, independent of the ion mass to
harge ratio [28]. This total kinetic energy of ions in the Orbitrap is
lose to the value estimated above for our FT-ICR measurements,
hen the high excitation power conditions are used, rc ≈ 2 cm:

.2 kV per charge for 10+ ubiquitin ions, Eq. (6). In the Orbitrap,
nly the axial component of ion motion contributes to the detected
ignal, which corresponds to a fraction of the total ion kinetic
nergy, while close to 100% of the kinetic energy is used for detec-
ion in FT-ICR MS. The ion ensemble de-phasing due to collisions
s defined by the total ion kinetic energy, so similar scales of the
ressure-determined signal lifetime can be expected for Orbitrap.
We intentionally simplify the comparison, since the full treatment
ncluding a consideration of different space and image charge con-
gurations, cohesive forces due to the magnetic field, and other
pecifics of the two FTMS techniques, falls far beyond the scope

f this study). It should be noted that a relatively small range of
oscillations in Orbitrap, ±5 mm, is sufficient for detection of the

nduced signal, due to the compact dimensions of the Orbitrap cell.
Note that the robustness of the Orbitrap to space charge effects
29] permits using the relatively compact Orbitrap cell dimensions).

B
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a

ig. 8. LC-MS mass spectra of bovine serum albumin (BSA) obtained by summing
0 scans of the BSA LC peak. Several isoforms with various adducts were observed
nd the base peak of the 63+ cluster is shown in the insert.

newly developed high field Orbitrap utilizes an electric field up
o 2 times higher than previous Orbitrap mass analyzers due to
ecreased gap distance between electrodes with a high voltage

ncreased to 5 kV [29]. Isotopically resolved spectra of proteins up
o ∼50 kDa can be obtained using accumulation of multiple spec-
ra, thanks to improved pressure conditions, <1 × 10−10 Torr. A key
equirement for Orbitrap performance is the precise manufacturing
f the Orbitrap cell electrodes [29], the closed geometry of which
hould create a challenge for a radical reduction of the UHV pres-
ure. The current pressures within the Orbitrap cell result from a
emarkable engineering feat to achieve UHV range pressures con-
idering that the high pressure (∼1 mTorr) C-trap is positioned just
entimeters away.

Considering the relatively high ion kinetic energies used in the
rbitrap mass analyzers, we expect that a further optimization of

he technique for high molecular weight ions should face a simi-
ar choice of either creating nearly collision-free conditions during
etection or reducing the ion kinetic energy below the threshold
f the single-collision ion fragmentation. It should be noted that
ith the “excitation by injection” method currently employed in
rbitrap mass analyzers, the total ion kinetic energy during detec-

ion is fully determined by the high voltage applied to the central
lectrode, since the geometry of the ion cloud has fixed axial and
adial dimensions. Thus, adjusting to lower ion energies can only
e done by reducing the high voltage. A recent report for ∼50 kDa
rotein mass spectra used the high voltage reduced by factor of 2,

rom 5 to 2.5 kV [29]. Reducing the voltage results in the reduction
f the detected ion frequencies proportionally to the square root of
he voltage [30], effectively diminishing the mass resolution. This is
ifferent from FT-ICR, where the ion kinetic energy can be adjusted
sing reduced excitation radii, with just a negligible effect on the
haracteristic ion frequencies.

To aid in illustrating the application of these estimations to ever
arger target proteins consider the case of LC-MS mass spectra for
SA, as shown in Fig. 8. BSA has an m of 66 kDa and z of 57–70,

hus a shorter average time before an ion neutral collision after
xcitation. The cross section of BSA ions is ∼10 times larger than
he cross section of ubiquitin [31], making it problematic to cre-
te vacuum conditions for the high excitation power mode to be
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ffective. This increased cross section of larger proteins, such as
SA, is partially offset by fragmenting at increased collision ener-
ies. Increasing the size of molecules also increases the number of
nternal degrees of freedom which essentially allows energy, such
s from an ion neutral collision, to be dissipated into many more
hannels effectively increasing the energy required for dissociation
21–23]. Apparently, the increased dissociation energy is insuffi-
ient to compensate for the increased collision cross section and
ncreased excitation energy (due to increased charge states) and
urrently, the optimal mass spectra for BSA were obtained in the
ow energy regime, using reduced excitation powers (9 dB).

This demonstrates the complex interplay between sensitivity,
MA, and resolution in the analysis of larger macro-molecules,

uch as BSA [13,32]. Obviously, in the analysis of such systems, the
mproved sensitivity and MMA at higher excitation powers is desir-
ble. However, the decreased resolution at higher excitation powers
an make resolving the isotope distribution challenging. While
he resolution of ∼100,000 in Fig. 8 is sufficient for determining
he charge state from the isotope distribution, larger proteins will
equire increased resolution to observe resolved isotopic structures.

e are continuing to investigate the performance and optimization
f the compensated cell for large molecular systems and further
HV improvement should have a significant impact for obtaining
etter quality results for the larger proteins.

. Conclusion

We report optimization of the 12 T FT-ICR mass spectrometer
or the analysis of large macro-molecular ions, such as proteins.
he instrument was upgraded with a compensated open cylindri-
al ion trapping cell that enabled improved sensitivity, dynamic
ange, and mass measurement accuracy, due to the modified trap-
ing potential of the cell which closely approximates the ideal
armonic trapping potential. Single transient spectra of multiply
harged bovine ubiquitin ions showed sub-ppm mass measure-
ent accuracy, along with improved signal intensity and dynamic

ange, under conditions of increased post-excitation cyclotron radii
vailable with the new cell. An outcome of the increased cyclotron
adii is increased ion kinetic energy, which can result in ion frag-

entation from a single ion neutral collision. A transition can occur
rom relatively long signal lifetimes at low excitation radii to shorter
ifetimes, defined by the average ion-neutral collision time, for exci-
ation powers high enough for the single collision ion loss. Data
resented herein are consistent with the proposed signal lifetime
reatment that suggests a critical role of the total ion kinetic energy
or obtaining optimal conditions for the high resolution measure-

ents of large molecular ions. The observation is consistent with
revious studies indicating that high ion kinetic energy makes
he vacuum requirement more severe [29,33]. Continued improve-

ent of the FTMS technology involves using higher characteristic
requencies of ion motion, which permits higher mass resolution
chievable with shorter signal acquisition times. With FT-ICR this
an be achieved using higher magnetic fields, while with Orbi-
rap, a further increase of the electric field is used. In both cases,
he kinetic energy of ions increases substantially and can reach a
hreshold where just a single ion-neutral collision is sufficient to
xclude an ion from the coherent ion ensemble. Similar ion kinetic
nergy scales are used for conditions generally employed for FT-

CR and Orbitrap mass analyzers. While the high kinetic energy
peration was optimal for compounds of a moderate size, less than
10 kDa, for higher molecular weight compounds such as BSA,
sing increased excitation radii resulted in reduced transient life-
imes, thus reduced excitation powers were used, consistent with

[
[

[
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he considered mechanism. Under the reduced excitation power
peration reduced sensitivity and dynamic range and increased
pace charge related mass measurement errors were observed, and
ccumulation of multiple transients was necessary. Thus, further
eductions in UHV pressure are expected to enable the benefits of
ncreased excitation power to be applied to the analysis of larger

acro-molecular ions of interest.
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