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FT-ICR Theory – Ion Cyclotron Motion

• Inward directed Lorentz force causes ions to move in 
circular orbits about the magnetic field axis

Alan G. Marshall, Christopher L. Hendrickson, and George S. Jackson Encyclopedia of Analytical 
Chemistry, R.A. Meyers (Ed.), John Wiley & Sons Ltd, Chichester, 2000, pp. 11694–11728
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conversion with respect to external or internal spectral
peaks. Recent reviews describe the general features
and variants of such experiments [1] as well as the
milestones in historical evolution of each stage [2].
Here, we focus on principles and methods for detec-
tion of ion cyclotron rotation. Because ion cyclotron
motion must be spatially coherent to be detectable,
it is necessary to consider ion excitation as well.
Because ions must be confined for extended detec-
tion periods, it is necessary to discuss means for ion
trapping. Because the geometric requirements for
excitation/detection and trapping are different, it is
important to understand the tradeoffs in attempts to
optimize both aspects in a single geometric config-
uration. Finally, we shall briefly discuss the effects
of trap configuration, excitation mode, magnetic field
strength, ion charge density, ion-neutral collisions,
and digital data reduction on the appearance (po-
sition, shape, multiplicity, coalescence) of FT-ICR
mass spectral peaks.
This discussion will be limited to image-charge

detection, which has supplanted earlier detection
based on charge collection (“omegatron” [3–6]) and
power-absorption (“marginal oscillator” [7,8]) de-
signs. We shall not describe single-ion detection of
ion axial oscillation (see below) by a superconducting
quantum interference device (SQUID). Such exper-
iments have been used for ultraprecise atomic mass
measurements [9], and to determine the (lack of) mass
difference between the proton and antiproton [10].
However, because such experiments require liquid he-
lium temperature, and report only a single m/z value at
a time, they are not applicable to analytical mass spec-
trometry in which a wide range of m/z values must be
covered quickly. Another non-FT detection method
is axial ejection of the ions with time-of-flight mass
analysis by single-ion counting [11]: that method is
low-resolution but high-sensitivity.

2. Ion cyclotron motion

An ion of mass, m, and charge, q, moving in a
spatially uniform magnetic field, B, rotates about

Fig. 1. Ion cyclotron motion. Ions rotate in a plane perpendicular
to the direction of a spatially uniform magnetic field, B. Note that
positive and negative ions orbit in opposite senses.

the magnetic field direction as shown in Fig. 1. The
“unperturbed” cyclotron (rotational) frequency, ωc
(SI units), is expressed in Eq. (1) [1].

ωc = qB
m

(1a)

νc = ωc

2π
= 1.535611× 107 B

m/z
(1b)

in which νc is in hertz, B in tesla; m in microgram; z
in multiples of elementary charge.
A notable feature of Eq. (1) is that all ions of a given

mass-to-charge ratio, m/q, rotate at the same ICR fre-
quency, independent of velocity. That property makes
ICR especially amenable to mass spectrometry, be-
cause ion frequency is relatively insensitive to kinetic
energy, so translational energy “focusing” is not es-
sential for precise determination ofm/z. Moreover, at a
common static magnetic field value of 7.0 T (at which
the corresponding proton NMR Larmor frequency is
300MHz), ICR frequencies for ions of interest range
from a few kHz to a few MHz, a particularly con-
venient range for commercially available broadband
electronics.

3. Ion cyclotron excitation and detection

Treatment of resonant ion cyclotron dipolar excita-
tion and detection begins from the idealized model of
Fig. 2. The electric potential, V(y), between two in-
finitely extended parallel conductor plates varies lin-
early with y. Thus, the corresponding electric field,

Ion cyclotron motion. Ions rotate in a plane perpendicular to 
the direction of a spatially uniform magnetic field, 

Note that positive and negative ions orbit in opposite senses. 
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Once we make an ion, we move it into the center of the Magnet.
Then, we trap it before it can escape.

ION
+

Electrostatic Barrier 

“Gate” shut before 
the ion escapes

Ion is now trapped in the magnet.

Ion sees barrier
and is turned back

From Primer 1998 Marshall.
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vm = magnetron motion
vc = cyclotron motion
vt = trapping oscillations

Alan G. Marshall, Christopher L. Hendrickson, and George S. Jackson Encyclopedia of Analytical 
Chemistry, R.A. Meyers (Ed.), John Wiley & Sons Ltd, Chichester, 2000, pp. 11694–11728

FT-ICR Theory – Combined Ion Motion



Time (ms)
8007006005004003002001000

Im
ag

e

0.05

0.04

0.03

0.02

0.01

0

-0.01

-0.02

-0.03

-0.04

-0.05

FT-ICR Theory - Excitation



FT-ICR Theory - Excitation

X

Y

Z or Bo

Time

Am
pl

itu
de

Excitation Electrodes



FT-ICR Theory 
Excitation

Alan G. Marshall, Christopher L. 
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SWIFT Excitation 
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FT-ICR Theory - Detection
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Signal Apodization in FT MS
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Mass Calibration in FT-ICR

Frequency  (kHz)
300250200150100500

Frequency Spectrum

m/z
14001300120011001000900800700600500

m
z

A
f= +BVt

f2

Mass Spectrum



Space Charge and Resolution in FT-ICR 
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FT-ICR Experiment - Event Sequences

- Use a single mass analyzer but separate the mass 
analysis and ion isolation events in time

- Can perform many successive stages of MS (MSn)

Event Sequence

Ionization

Ion Transfer / 
Ion Trapping

Parent Ion 
Isolation

Parent Ion 
Fragmentation

Daughter Ion 
Detection



(m/z)max(m/z)min m/z

Peak Capacity =
Dm50%

(m/z)max - (m/z)min

Dm50%• • •

Ultra-high Resolving Power



Separation 
Method

Maximum # of 
Components

Maximum
Peak Capacity

Theoretical
Plates

HP-TLC 6 25 1,000
Isocratic LC 12 100 15,000
Gradient LC 17 200 60,000
HPLC 37 1,000 1,500,000
CE 37 1,000 1,500,000
Open Tubular GC 37 1,000 1,500,000

ESI FT-ICR MS 525 200,000 60,000,000,000
m/Dm50% > 200,000
200 < m/z < 1,000
maverage +/- 0.25 Da Skip Prior Chemical Separation

and Identify Components by MS!
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required for individual component identification in complex petroleum samples,
only a narrow mass range could be analyzed at a time.12 Multiple spectral seg-
ments were then stitched together to yield the broadband mass spectrum. In a
later version of the instrument, that limitation was overcome by simply raising the
magnetic field to 5.6 T13 to enable high resolution, high mass accuracy, broadband
mass spectral analysis of petroleum distillates. Recently, the development of tem-
porally stable, high-field (>7 T), high-homogeneity magnets has led to the rapid
development of ultrahigh-resolution FT-ICR MS. With a routine mass resolving
power of >300,000 and sub-ppm mass accuracy, FT-ICR MS stands poised to
shed light on even the most complex materials with little or no dependence on
advances in separation science. Its inherent high resolving power and high mass
accuracy allow for baseline resolution of closely spaced isobaric species as well as
molecular formula assignment through accurate mass determination. For example,
Figure 3.1 shows the combined positive-ion (right) and negative-ion (left) ESI FT-
ICR mass spectra of a South American crude oil obtained with no chromatographic
preseparation. More than 17,000 different compounds are resolved and identified
from a single sample.14 The resulting compositional information may then be con-
veniently displayed in Kendrick15,16 or van Krevelen17–19 plots (see below) for
rapid visual comparisons to highlight compositional differences/similarities be-
tween samples. Recent advances in FT-ICR MS as well as its role in the growing
field of petroleomics have been the subjects of numerous review articles.20–23

900800700600500400300200

~

-900 -800 -700 -600 -500 -400 -300 -200
m/z

17,000+ Compositionally Distinct Components Resolved
by High Resolution 9.4 Tesla Electrospray FT-ICR MS

6,118 resolved
components

11,127 resolved
components

0

Positive Ion ESI Mass
Spectrum

Negative Ion ESI Mass
Spectrum

Figure 3.1. Combined positive and negative electrospray ionization 9.4-T Fourier transform ion cy-
clotron resonance mass spectra of a crude oil. Average mass resolving power, m/!m50%, is ∼350,000,
allowing for resolution and identification of thousands of basic (right) and acidic (left) species. The
11,127 peaks (right) represent the most complex chemical mixture ever resolved and identified in a
single mass spectrum.14

)Ryan P. Rodgers, Alan G. Marshall, Petroleomics: Advanced Characterization of Petroleum-Derived Materials by Fourier Transform Ion Cyclotron Resonance 
Mass Spectrometry (FT-ICRMS, Asphaltenes, Heavy Oils, and Petroleomics 2007, pp 63-93
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Figure 3.11. Negative-ion ESI selective ion accumulation 9.4-T FT-ICR mass spectrum of acidic
asphaltenes. Note the resolution of 55 peaks at a single nominal mass.

more complex petroleum fractions such as asphaltenes. For example, Figure 3.11
shows an ESI FT-ICR mass spectrum of acidic asphaltenes with 55 peaks re-
solved at a single nominal mass. Currently, detailed chemical composition (class,
type, and carbon number) of samples of such complexity is accessible only by
FT-ICR MS.

2.6. EI, FD, and APPI for Access to Nonpolars

The success of the first ESI FT-ICR MS analysis of crude oil led to the rapid
expansion of the technique to other petroleum-derived materials,32 coal,19,35,37 and
humic and fulvic acids.53,54 However, due to the selectivity of ESI for only the
most polar species, other ionization methods are necessary to extend the wealth
of compositional detail provided by FT-ICR MS to nonpolar species. To that end,
we have recently modified our current instruments to accept commercial electron
ionization, atmospheric pressure photoionization55 and field desorption23,56,57 ion
sources. Other researchers have investigated thermal desorption probes coupled
with electron ionization58 or metal complexation59–61 to gain access to the non-
polars.

EI FT-ICR MS relies on thermal desorption of the sample in an inert heated
inlet system prior to ionization. As a result, EI FT-ICR MS is not well suited for
analysis of extremely heavy materials such as resids. The operating temperature
limit of the oven and thermal stability of the inert inlet coatings prevent opera-
tion above 400◦C. However, the technique is well suited for the analysis of light
to moderately heavy distillates that may be lost to volatilization in FD analysis

)Ryan P. Rodgers, Alan G. Marshall, Petroleomics: Advanced Characterization of Petroleum-Derived Materials by Fourier Transform Ion Cyclotron Resonance 
Mass Spectrometry (FT-ICRMS, Asphaltenes, Heavy Oils, and Petroleomics 2007, pp 63-93
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Figure 1.
Schematic representation of the structure and glycoforms for recombinant monoclonal
antibody, IgG1k.
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Figure 2.
Broadband positive ESI 9.4 T FT-ICR MS mass spectrum for an IgG1k antibody protein.
The characteristic charge state distribution envelope from 47+ to 67+ (m/z 2,200 – 3,200) is
achieved by front-end skimmer dissociation of non-covalent adducts.
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Figure 3.
Top: Positive ESI 9.4 T magnitude-mode FT-ICR mass spectrum for quadrupole-selected
IgG1k showing 57+ charge state molecular ions along with various adducts, based on an
11.6 s transient with 5 isotopic beats (inset). Bottom: Mass scale-expanded segment,
demonstrating unit mass baseline resolution of the isotopic distribution at ~290,000 average
resolving power.
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Tandem mass spectra are deconvolved by THRASH [28], and
ProSight Lite v1.1 is used for fragment ion identification [29].

Results and Discussion
Ultrahigh Resolution

At 21 tesla, ions of m/z 200–2000 oscillate at 1.6 MHz–
160 kHz, enabling high mass resolving power at high spectral
acquisition rate. For example, with absorption-mode process-
ing [26] the isotopic distribution of the 48+ charge state of
bovine serum albumin (BSA, 66 kDa) is resolved by use of a
0.38 s detection period (Figure 2), which facilitates top-down
proteomic analysis of up to 100 kDa proteins by online LC/MS.
Further, Figure 2 exhibits excellent signal-to-noise ratio for a
single spectral acquisition (>150:1 for the highest magnitude
isotopic peak), which facilitates rapid on-line chromatographic
analysis. Longer detection period generates higher resolving
power, with resolving power >1 million routinely achievable
for BSA and other large proteins. Shown in Figure 3 is an
ultrahigh resolution spectrum (12 s detection period) for the
isolated 48+ charge state of BSA with greater than 2 million
resolving power for the highest magnitude peaks (and slightly
lower for other isotopes). To the best of our knowledge, this
result represents the highest resolving power ever reported for
BSA, and promises high performance analysis of even larger
proteins [30, 31]. We processed Figure 3 in magnitude mode
and without apodization for direct comparison with prior work
[10]. Note that the data shown in Figure 3 is the result of a
single acquisition, whereas the prior record was the result of
100 averaged scans. High signal magnitude is evident at the
end of the detection period, so that future improvement in the
memory depth of the digitizer or implementation of heterodyne

detection should extend the resolving power even further.
However, signal for higher charge states (e.g., <m/z 1300)
damps at much higher rate (resolving power limited to
~500,000), presumably because of nonlinear increase in colli-
sion rate caused by higher ion collision cross-section and
velocity [32]. Resolving power for higher charge states is,
therefore, pressure-limited and lower base pressure is required
for higher resolving power of higher charge states.

1384 1385 1386
m/z

Bovine Serum Albumin
66,433 Da

= 150,000m50%

m

[M+48H]48+

0.38 second
Detection Period

Figure 2. Single-scan electrospray FT-ICR mass spectrum of
the isolated 48+ charge state of bovine serumalbumin following
a 0.38 s detection period. Mass resolving power is approxi-
mately 150,000, and the signal-to-noise ratio of the most abun-
dant peak is greater than 150:1. The ion accumulation period
was 250 ms and the ion target was 5,000,000
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Figure 3. Single-scan electrospray FT-ICR mass spectrum of
the isolated 48+ charge state of bovine serumalbumin following
a 12 s detection period. Mass resolving power is approximately
2,000,000, and the signal-to-noise ratio of the most abundant
peak is greater than 500:1. The ion accumulation period was
250 ms and the ion target was 5,000,000
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40,187 Peaks

Externally Calibrated Mass Accuracy for Seven Peptide Mixture

Figure 4. Measured mass error distribution for eleven mono-
isotopic peaks of seven peptides (multiple charge states are
observed for angiotensin II, melittin, and Substance P). Data
were collected continuously (3691 spectra) over the course of
~1 h, for which 40,187 total peaks were measured. Mass errors
were grouped into 5 ppb bins and plotted as the total number of
mass measurements per bin. No signal averaging was used to
calculate the error for each measured peak, the ion target was
500,000 for each spectrum, and the ion accumulation period
varied from 1.5 to 3 ms
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Single-scan electrospray FT-ICR mass spectrum of the isolated 48+ 
charge state of bovine serum albumin



Principle of Trapping in the Orbitrap  

Orbital traps
Kingdon (1923)

• The Orbitrap is an ion trap – but there are no 
RF or magnet fields!

• Moving ions are trapped around an electrode
- Electrostatic attraction is compensated by 

centrifugal force arising from the initial tangential 
velocity

• Potential barriers created by end-electrodes 
confine the ions axially

• One can control the frequencies of oscillations 
(especially the axial ones) by shaping the 
electrodes appropriately

• Thus we arrive at …



Orbitrap - Electrostatic Field Based 
Mass Analyser
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Korsunskii M.I., Basakutsa V.A. Sov. Physics-Tech. Phys.1958; 3: 1396.
Knight R.D. Appl.Phys.Lett. 1981, 38: 221.
Gall L.N.,Golikov Y.K.,Aleksandrov M.L.,Pechalina Y.E.,Holin N.A. SU Pat. 1247973, 1986.



• Only an axial frequency 
does not depend on initial 
energy, angle, and position 
of ions, so it can be used 
for mass analysis 

• The axial oscillation 
frequency follows the 
formula

zm
k
/

=

Ion Motion in Orbitrap



Ions of Different m/z in Orbitrap

• Large ion capacity -
stacking the rings 

• Fourier transform needed 
to obtain individual 
frequencies of ions of 
different m/z



How Big Is the Orbitrap?

FTICR, the use of ion trapping in precisely defined electrode
structuresfrom the radiofrequency ion trap, pulsed injection
and the use of electrostatic fieldsfrom the TOF analyzers.
Altogether, these features resulted in a powerful and unique
combination of analytical features. At the same time, they
allowed one to address some of the major limitations of the
older relatives, such as necessity for a superconducting magnet
in FTICR, severe limitations on space charge in the
radiofrequency ion trap, or on dynamic range of detection in
TOF analyzers.

■ HOW DOES IT WORK?
The Orbitrap mass analyzer consists essentially of three
electrodes as shown in Figure 1. The cut-outs represent both

the standard trap as introduced commercially in 2005 and the
so-called high-field compact trap introduced in 2011.3,4 Outer
electrodes have the shape of cups facing each other and
electrically isolated by a hair-thin gap secured by a central ring
made of a dielectric. A spindle-like central electrode holds the
trap together and aligns it via dielectric end-spacers. When
voltage is applied between the outer and the central electrodes,
the resulting electric field is strictly linear along the axis and
thus oscillations along this direction will be purely harmonic. At
the same time, the radial component of the field strongly
attracts ions to the central electrode.
Ions are injected into the volume between the central and

outer electrodes essentially along a tangent through a specially
machined slot with a compensation electrode (a “deflector”) in
one of the outer electrodes. With voltage applied between the
central and outer electrodes, a radial electric field bends the ion
trajectory toward the central electrode while tangential velocity
creates an opposing centrifugal force. With a correct choice of
parameters, the ions remain on a nearly circular spiral inside the
trap, much like a planet in the solar system. At the same time,
the axial electric field caused by the special conical shape of
electrodes pushes ions toward the widest part of the trap
initiating harmonic axial oscillations. Outer electrodes are then
used as receiver plates for image current detection of these axial
oscillations. The digitized image current in the time domain is

Fourier-transformed into the frequency domain in the same
way as in FTICR and then converted into a mass spectrum.

■ HISTORY OF THE TECHNOLOGY
The roots of the Orbitrap analyzer can be traced back to 1923
when the principle of orbital trapping was realized by Kingdon5

by placing a charged wire inside an enclosed cylindrical metal
can. The ions formed by discharge inside the can were attracted
toward the wire but “missed” it if they had sufficiently high
tangential velocity, starting to orbit around the wire for
prolonged periods of time.
Experiments performed with the Kingdon trap over the

subsequent half a century and reviewed in 20086 proved the
efficiency of electrostatic trapping but offered no hint as to how
to use this device for mass analysis. Because of advances in
charged particle optics, new electrostatic fields began to be
used, e.g., a quadro-logarithmic potential distribution was
employed by Knight for orbital trapping of laser-produced
ions.7 Crude mass analysis was performed by means of axial
resonant excitation of trapped ions, with ions being detected by
a detector placed near the axis outside of the trap. As such a
device was not capable of separating even the simplest mixtures,
this attempt made it clear that there is still a very long way to a
high-performance analyzer. Considerable improvements in all
key areas were necessary, most notably a more accurate
definition of the quadro-logarithmic field, an ion injection into
the analyzer from an external ion source, and ion detection
matching the features of the trap.
These crucial issues have been successfully addressed in the

seminal work of Makarov.8 Unlike in the previous attempts, the
central electrode was implemented not as a thin wire but rather
as a massive metal electrode manufactured with the accuracy of
machining at the limit of the present-day technology. Outer
electrodes followed the equipotential surface matching the
shape of the central electrode; they were split into two halves to
work as receiver plates for image current detection. Geometry
of the trap was optimized to improve the sensitivity and reduce
higher harmonics.
Following the first proof-of-principle experiment with a laser

ion source, a number of very significant technological advances
were implemented to bring the analyzer to practice. One of the
most important advances was the development of pulsed
injection from an external ion storage device of the C-trap
type.3 Such a storage device (Figure 2) effectively decouples the
Orbitrap analyzer from any preceding ion source, ion
transmission device, or analyzer. Therefore, any device capable
of selecting or transmitting precursor ions as well as any
fragmentation technique could be interfaced to the Orbitrap.
The first commercial instrument to utilize this capability,

LTQ Orbitrap Classic, was introduced by Thermo Electron
(currently Thermo Fisher Scientific) in 2005 and was followed
by important extensions of the same family: (i) Addition of a
collision cell after the C-trap in LTQ Orbitrap XL (2007) has
opened a route to utilizing higher-energy collisions (with
energies higher than those achievable in the linear ion trap),
hence the term higher collision energy dissociation (HCD).9

(ii) Addition of electron transfer dissociation (ETD)
capabilities to that instrument made it possible to expand the
range of post-translational modifications amenable for analysis
in proteomic applications.10 (iii) MALDI source operating at
reduced pressure became the basis of high-end LTQ Orbitrap
XL MALDI instrument.11 (iv) A stacked ring rf ion guide (so-
called S-lens) brought about 10-fold higher transfer efficiency in

Figure 1. Cut-outs of a standard (top) and a high-field (bottom)
Orbitrap analyzer. Reprinted with permission from Thermo Fisher
Scientific. Copyright 2012 Thermo Fisher Scientific.

Analytical Chemistry Feature

dx.doi.org/10.1021/ac4001223 | Anal. Chem. 2013, 85, 5288−52965289



Getting Ions into the Orbitrap

• The “ideal Kingdon” field has been known since 
1950’s, but not used in MS. Why?
There is a catch

– how to get ions into it ?

• Ions coming from the outside into a static electric field 
will zoom past, like a comet from the outer space flies 
through a solar system

• The catch: 
The field must not be static when ions come in!

– A potential barrier stopping the ions before they reach an 
electrode can be created by lowering the central electrode 
voltage while ions are still entering

• Thus we arrive at the principle of 

Electrodynamic Squeezing

A.A. Makarov,Anal. Chem. 2000, 72: 1156-1162.
A.A. Makarov, US Pat. 5,886,346, 1999.
A.A. Makarov et al., US Pat. 6,872,938, 2005.



Curved Linear Trap (C-trap) for ‘Fast’ Injection

Push

Trap

Pull

Lenses

Orbitrap

Gate

Deflector

• Ions are stored and cooled in the RF-only        
C-trap

• After trapping the RF is ramped down and DC 
voltages are applied to the rods, creating a field 
across the trap that ejects along lines 
converging to the pole of curvature (which 
coincides with the orbitrap entrance). As ions 
enter the orbitrap, they are picked up and 
squeezed by its electric field

• As the result, ions stay concentrated (within       
1 mm3) only for a very short time, so space 
charge effects do not have time to develop

• Now we can interface the orbitrap to whatever 
we want!

A.A. Makarov et al., US Pat. 6,872,938, 2005.
A. Kholomeev et al., WO05/124821, 2005.



Dependence of resolving power on m/z for the following analyzers (all data are shown 
for a 0.76 s scan): (i) standard trap (magnitude mode, 3.5 kV on central electrode), (ii) 
compact high-field trap (eFT, 3.5 kV on central electrode), (iii) FTICR (magnitude mode, 
15 T), (iv) FTICR (absorption mode, 15 T). 

Comparison of Resolving Power as a function of mass for 
Orbitrap and ICR

of Q Exactive and became popular for proteomics and high-
throughput screening.15

■ ORBITRAP vs OTHER HIGH-RESOLUTION
ANALYZERS

Figure 3 shows a comparison of physical and analytical features
for all three high-resolution, full mass range m/z analysis
techniques utilized in mass spectrometry. It is instructive to
perform a pairwise comparison of the analyzers.
Orbitrap vs FTICR. Basic FTICR design precedes Orbitrap

by almost three decades.16 During this time, the progress has
been driven by a string of ingenious innovations as well as the
growing field strength of available superconducting mag-
nets.17,18 Although the attempts to employ the Fourier
transform detection method in high-resolution mass analyzers
have been made in other trapping devices as well,19 Orbitrap is
the first FT device after FTICR to reach commercialization.
Disregarding the vast differences in size and cost, these two
analyzers share a number of similar features. In both analyzers,
the ions are trapped in ultrahigh vacuum to ensure very long
mean free paths (of many tens or even hundreds of kilometers).
Furthermore, the ions are detected based on their image
current and FT data processing while they are moving at
significant kinetic energies (of several hundred or few thousand
volts). Thus for both of these analyzers, resolving power R is
proportional to the ratio of the detection time Tdet to the period
of main oscillations T, and the in-spectrum dynamic range
depends relatively weakly on Tdet. However, in FTICR, ions
move in the magnetic field of large superconducting magnets
and therefore, appropriate mathematics being applied, T is
directly proportional to m/z and R inversely scales with m/z. In
the Orbitrap analyzer, the ion motion is determined by the
electrostatic field, which leads to T being proportional (and R
inversely proportional) to the square root of m/z. The
consequence of this difference is that, for any FTICR and for
any Orbitrap device, there is a critical m/zc below which the
resolving power achieved for the same T is higher for FTICR
but above which the Orbitrap analyzer starts to show higher
resolving power. An example is shown in Figure 4, with m/zc

around 300 for 15 T FTICR and a high-field compact trap and
4000 for a standard trap. This slower decrease of resolving
power with m/z allows users to employ Orbitrap mass
spectrometers also for very high m/z.20

The use of just electrical fields for ion trapping ensures a
small size of the analyzer and makes it possible, at least in
principle, to use it in benchtop and even portable instruments.
However, the compact size has also important implications for
its analytical parameters. Bigger size means lower axial
oscillation frequency and thus lower resolution at the same T.
Thus, counterintuitively, smaller trap can possess better
analytical properties than the larger trap (Figure 1). This is
not so in FTICR, where a larger size of the trap is considered
beneficial, as the ion capacity increases and the space charge
effects diminish, while the constant magnetic field throughput
the trap ensures that the cyclotron frequency remains size-
independent. The drive toward smaller size in the Orbitrap
analyzer may limit its charge capacity or result in a larger mass
shift due to space charge effects, but its central electrode gives it
a massive advantage by shielding the ions on different parts of
the near-circular trajectory from each other and thus greatly
increasing the effective charge capacity compared to a device
with no central electrode or with a thin, wire-type central
electrode. The high charge capacity translates in high dynamic
range, reaching 4 orders of magnitude or larger in a single mass
spectrum.21

Perhaps the greatest advantage of the FTICR analyzer is its
ability to accept ions with low and very low energies and to trap
them practically indefinitely (many hours), subjecting to a
variety of excitations (UV, IR, collisional, etc.) and ion−ion as
well as ion−neutral reactions. Moreover, one can select a
precursor ion in the FTICR analyzer with high resolution, e.g.,
isolating a single isotopomer of a large molecule, excite and
analyze it, and then de-excite and reanalyze. This flexibility is
practically absent in the Orbitrap analyzer, where high-energy
ions colliding with neutrals or other ions, or undergoing
unimolecular dissociation, are usually lost just within several
seconds after injection.

Figure 4. Dependence of resolving power on m/z for the following analyzers (all data are shown for a 0.76 s scan): (i) standard trap (magnitude
mode, 3.5 kV on central electrode), (ii) compact high-field trap (eFT, 3.5 kV on central electrode), (iii) FTICR (magnitude mode, 15 T), (iv)
FTICR (absorption mode, 15 T).
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The One Hour Yeast Proteome*□S

Alexander S. Hebert‡§**, Alicia L. Richards§¶**, Derek J. Bailey§¶, Arne Ulbrich§¶,
Emma E. Coughlin§, Michael S. Westphall§, and Joshua J. Coon‡§¶!

We describe the comprehensive analysis of the yeast pro-
teome in just over one hour of optimized analysis. We
achieve this expedited proteome characterization with
improved sample preparation, chromatographic separa-
tions, and by using a new Orbitrap hybrid mass spectrom-
eter equipped with a mass filter, a collision cell, a high-
field Orbitrap analyzer, and, finally, a dual cell linear ion
trap analyzer (Q-OT-qIT, Orbitrap Fusion). This system
offers high MS2 acquisition speed of 20 Hz and detects up
to 19 peptide sequences within a single second of oper-
ation. Over a 1.3 h chromatographic method, the Q-OT-
qIT hybrid collected an average of 13,447 MS1 and 80,460
MS2 scans (per run) to produce 43,400 (x! ) peptide spectral
matches and 34,255 (x! ) peptides with unique amino acid
sequences (1% false discovery rate (FDR)). On average,
each one hour analysis achieved detection of 3,977 pro-
teins (1% FDR). We conclude that further improvements
in mass spectrometer scan rate could render compre-
hensive analysis of the human proteome within a few
hours. Molecular & Cellular Proteomics 13: 10.1074/
mcp.M113.034769, 339–347, 2014.

The ability to measure differences in protein expression has
become key to understanding biological phenomena (1, 2).
Owing to cost, speed, and accessibility, transcriptomic anal-
ysis is often used as a proteomic proxy (3, 4). That said,
mRNA is a genetic intermediary and cannot inform on the
myriad of post-translational regulation processes (5–7). For
the past decade considerable effort has been invested in
maturing proteomic technology to deliver information at a rate
and cost commensurate to transcriptomic technologies.

Historically yeast, with its 6600 open reading frames, has
been the preferred proteomic technology test-bed (8). In
2003, Weissmann and colleagues measured approximate ex-

pression levels of each yeast gene using either GFP or TAP
tags (9). This seminal work established that !4500 proteins
are expressed during log-phase yeast growth. Subsequent
mass spectrometry-based studies have confirmed this early
estimate (9–12). With this knowledge, we hereby define com-
prehensive proteome analysis as an experiment that detects
!90% of the expressed proteome (! 4000 proteins for yeast).
Note others have used the term “nearly complete” for this
purpose; we posit that comprehensive has identical meaning
(i.e. including many, most, or all things) (13).

Initial MS-based proteomic analyses of yeast, each identi-
fying up to a few hundred proteins, were conducted using a
variety of separation and MS technologies (14–16). Yates and
co-workers reported the first large-scale yeast proteome
study in 2001 with the identification of 1483 proteins follow-
ing ! 68 h of mass spectral analysis, i.e. 0.4 proteins were
identified per minute (17). Their method—two dimensional
chromatography coupled with tandem mass spectrometry—
has provided a template for large-scale protein analysis for
the past decade (18–20). By incorporating an offline first
dimension of separation with more extensive fractionation (80
versus 15) Gygi et al. expanded on this work in 2003 (21). That
said, the modest increase in identified proteins (1504) re-
quired 135 h of analysis, reducing the protein per minute
count to 0.2. Armed with a faster hybrid mass spectrometer
capable of accurate mass measurement, Mann and col-
leagues achieved detection of 2003 yeast proteins in an im-
pressive 48 h (0.7 proteins/minute) in 2006 (22).

From these three pioneering studies we begin to see the
impact of mass spectrometer acquisition rate on the depth
and rate of proteome analysis. The most recent application of
such technology to the yeast proteome, however, The Mann
work used a hybrid linear ion trap-ion cyclotron resonance
Fourier transform instrument (LTQ-FT) that delivered MS2

scans at a rate of !650 ms (23). The earlier studies, i.e. Yates
and Gygi, relied on the considerably slower scanning (1–3
s/scan) three-dimensional ion trap technology. In 2008, using
the novel Orbitrap hybrid mass spectrometer, Mann and col-
leagues reported on the first comprehensive analysis of the
yeast proteome by identifying nearly 4000 proteins (10). Ex-
tensive fractionation (24) and triplicate analysis of each frac-
tion rendered the study a considerable time investment at
!144 analysis hours (0.5 proteins/minute). In 2010 our group
achieved similar comprehensive analysis, but improved se-
quence coverage, using fractionation and multiple proteases
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encode a corresponding protein, are commonly used to verify
the FDR of proteomic data sets. For the one hour experi-
ments, between three and eight dubious ORFs were identified
per dataset (Table I), confirming these data are indeed well
below the 1% FDR threshold.

To directly contrast the performance of the Q-OT-qIT hybrid
to the most recent comprehensive yeast analysis we analyzed
the same samples using a 240 min gradient. This longer method
mimics the 2012 study of Mann and colleagues (vide infra). With
the extended gradient conditions the Q-OT-qIT system identi-

FIG. 2. Overview of Q-OT-qIT scan cycle. At a retention time of 57.88 min scan #59,211, an MS1, was acquired and presented several
spectral features for MS2 analysis. Triangles indicate the 22 precursors that were selected for subsequent MS2 sampling—all of which were
acquired within 1 s of scan #59,211. 19 of these 22 MS2 spectra were subsequently mapped to sequence.

TABLE I
Summary of identification results for the quintuplicate one hour yeast proteome experiments using the Q-OT-qIT mass spectrometer. Note SGD

stems from the Saccharomyces Genome Database (www.yeastgenome.org)

Experiment PSMs Peptides Proteins SGD verified SGD un-characterized SGD dubious

1 43,423 34,535 4002 3630 337 8
2 43,622 34,495 3966 3608 331 7
3 42,339 33,450 3959 3595 334 3
4 43,326 34,347 3968 3602 337 8
5 43,343 34,449 3991 3623 341 4
Total 216,256 47,624 4395 3976 381 16

One Hour Yeast Proteome
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the one hour analysis (solid red) to four hour experiments on
either of the other systems (dotted black and blue).

Here we described new mass spectrometer technology that
is capable of achieving comprehensive yeast proteome cov-
erage within an unprecedented time-scale. Doubtless over the
past decade many improvements to sample preparation,
chromatography, and MS hardware have contributed to mak-
ing this achievement possible. Among all these, we attribute
increased mass spectrometer scan speed as the primary
reason for the acceleration in proteome analysis speed and
depth. Fig. 5 illustrates the pace of protein identifications for

several large-scale yeast proteomic analyses as a function of
the mass spectrometer MS2 scan rate. Note the rapid ascent
in protein identification rates scales correlates with increasing
MS2 scan rate.

The correlation depicted in Fig. 5 was somewhat surprising
to us as we expected that ionization suppression of lower
abundance peptides would become increasingly dominant as
complex peptide mixtures comprising whole proteomes are
separated over shorter gradients - i.e. from four to one hour
(46, 47). In other words, as the separation duration of the
online chromatography is compressed, increased co-elution
must occur. With increased co-elution one might expect that,
regardless of the MS speed or sensitivity, ionization suppres-
sion would prevent a considerable fraction of peptides from
becoming gas-phase ions - a requisite for MS detection. The
results shown here refute this hypothesis and confirm that
further improvements in MS sensitivity and speed will con-
tinue to reduce whole proteome analysis time, most likely to
less than one hour for relatively simple proteomes like yeast.

Finally, we conclude that comprehensive analysis of mam-
malian proteomes within several hours is now within our tech-
nical reach. Consider that recent estimates suggest between
10,000 and 12,000 proteins are expressed at any given time
for human cells in culture (48–50). That is only approximately
three to four times the complexity of the yeast proteome.
Thus, our current efforts are aimed at achieving comprehen-
sive coverage of mammalian system within just a few hours of
analysis. Looking forward, one more doubling of MS2 acqui-
sition rate, i.e. from 20 to 40 Hz, has potential to deliver
detection of the whole human proteome in just one to two

FIG. 4. Analytical metrics of yeast proteome analysis using the Q-OT-qIT (Fusion) as compared with qIT-OT (Orbitrap Elite) and Q-OT
(Q-Exactive) hybrids. The Q-OT-qIT (panel A, red) achieves identification of up to 19 peptides per second as compared with 10 with the
qIT-OT system (A, black). Peak depth is likewise considerably higher on account of the faster MS2 scanning rate of the Q-OT-qIT system (B).
C, plots the pace of unique yeast peptide identifications for the three instruments. For the one hour analysis, the Q-OT-qIT posts almost twice
as many unique peptide identifications as compared with the qIT-OT. Similar data, except for unique proteins, is shown in D.

FIG. 5. Rate of protein identifications as a function of mass
spectrometer scan rate for selected large-scale yeast proteome
analyses over the past decade. Each data point is annotated with
the year, corresponding author, type of MS system used, and refer-
ence number.
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Rate of protein identifications as a function of mass spectrometer scan rate for
selected large-scale yeast proteome analyses over the past decade. Each data point is
annotated with the year, corresponding author, type of MS system used, and reference
number.
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