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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Overview 
Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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FIGURE 3.  Faster MS/MS allow for sampling lower  abundant  
precursors 
 

FIGURE 4.  Faster MS/MS increases reproducibility between   
the individual LC/MS experiments  
 

FIGURE 5.  Faster MS/MS increases coverage  of lower abundance  
proteins 
 

On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
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On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 
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The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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FIGURE 3.  Faster MS/MS allow for sampling lower  abundant  
precursors 
 

FIGURE 4.  Faster MS/MS increases reproducibility between   
the individual LC/MS experiments  
 

FIGURE 5.  Faster MS/MS increases coverage  of lower abundance  
proteins 
 

On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 

SEQUEST is a registered trademark of University of Washington. All other trademarks are the property of 
Thermo Fisher Scientific and its subsidiaries.  

This information is not intended to encourage use of these products in any manners that might infringe the 
intellectual property rights of others. 

Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Overview 
Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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precursors 
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On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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intellectual property rights of others. 
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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Overview 
Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 
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The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   
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Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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FIGURE 3.  Faster MS/MS allow for sampling lower  abundant  
precursors 
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On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Overview 
Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 
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experiment 
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On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Overview 
Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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FIGURE 3.  Faster MS/MS allow for sampling lower  abundant  
precursors 
 

FIGURE 4.  Faster MS/MS increases reproducibility between   
the individual LC/MS experiments  
 

FIGURE 5.  Faster MS/MS increases coverage  of lower abundance  
proteins 
 

On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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Conclusion 
Comprehensive and reproducible coverage of complex proteomes 
achieved in as few analytical steps as possible is essential for 
successful investigating of proteome dynamics on a system-wide level. 
The technological advancements offered by Orbitrap Fusion mass 
spectrometer, notably increased speed of acquisition, gained by novel 
instrument architecture and extensive parallelization and multitasking 
of its operations have resulted in substantial improvements in practical 
performance for proteome characterization when compared to the 
existing state-of-the-art technologies. Importantly, considerable 
improvements in throughput and coverage for low-abundance species 
led to near complete yeast proteome coverage in a single two-hour 
long LC/MS analysis. 
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Purpose: Devising a novel multitasking mass spectrometer to 
improve performance in proteome sequencing experiments 

Methods: The performance of the new instrument was evaluated 
with complex digests  

Results: Significant improvements were achieved for peptide 
identification rates and experimental throughput.  Nearly 
complete coverage is reported for yeast soluble proteome in a 
single 2 hour LC-MS/MS experiment 

 

Introduction 
In the recent years there has been a considerable progress in 
comprehensive analysis of complex proteomes using digested 
protein mixtures and LC/MS.  Specifically, nearly complete 
proteome coverage has been achieved for several small 
proteomes, including yeast (1) using a 4 hour-long single-
dimension separation and data dependant acquisition. There has 
been also a notable progress made in characterizing human 
proteome with up to 10,000 protein groups identified using a 2D 
separation (1).  To large extent these landmark achievements 
were due to rapid innovations in analytical instrumentation, 
specifically LC/MS systems (2-4).  Recent advances in sensitivity 
and acquisition rates of both survey and MS/MS scans allowed 
for sampling much more high quality MS and MS/MS data in 
shorter periods of time (2-5).  High-resolving power, high mass 
accuracy and low detection limits of the full scan when paired 
with fast and sensitive MS/MS provide a powerful experimental 
combination for interrogating a complex protein digests (4).  
Despite these recent advances, there is still a mismatch between 
numbers of species that are present in the survey scan, the ones 
that are sampled by MS/MS and yet the third, even smaller 
subset of MS signals that ultimately gets identified via a database 
search of the corresponding MS and MS/MS data (1, 6).  One of 
the largest limitations to date has been the effective MS/MS scan 
rate, i.e. the rate at which the instrument can acquire high quality 
MS/MS data necessary for peptide identification via a database 
search.  Current commercial instruments are limited to 
approximately 7-8 Hz practical MS/MS scan rate leaving many 
precursors visible in the survey scan unsampled (3). In this  
report we describe a novel mass spectrometer based on the 
quadrupole, linear ion trap and ultra-high field Orbitrap™ 
technologies. Combination of mass resolving quadrupole, ion 
routing multipole and dual pressure linear ion trap allows for 
separating ion isolation, fragmentation and detection spatially and 
for parallelization of these processes.  As a result significantly 
increased scan rates in both MS and MSn experiments are 
attained. We used enzymatic digests of soluble proteins from the 
single celled fungi Saccharomyces cerevisiae to assess the 
performance of the new instrument in the typical proteomics 
experiments and demonstrate that nearly complete proteome 
coverage can be obtained in two hours. 

 

Methods  

Proteolytic digests (courtesy of Gygi lab) were separated by 
reverse phase chromatography using a Thermo Scientific™ 
EASY-nLC™ 1000 system pump at 300 nL/min of 2-25% 110 min 
gradient to a 50 cm Thermo Scientific™ EASY-Spray™ source 
column.  All data was acquired using the Thermo Scientific™ 
Orbitrap Fusion™ Tribrid™ mass spectrometer. The ions are 
introduced into the mass spectrometer through the heated ion 
transfer tube kept at 275oC, followed by the stacked ring ion 
guide (S-lens, set at 60%). To prevent neutral species, droplets, 
and clusters from entering the mass resolving quadrupole, the 
line of sight between the atmospheric pressure ion source and 
the quadrupole is interrupted by the active beam guide, a 90 
degrees bent flat-rod quadrupole with an axial DC field.  After 
exiting the active beam guide region, ions are transferred to 
quadrupole mass filter (Q1). The ions then travel through C-trap 
to ion routing multipole (IRM), kept at 5-10 mTorr.  This nitrogen 
filled multipurpose device is used for ion trapping, accumulation, 
fragmentation and subsequent routing to the ion trap or Orbitrap 
mass analyzers. For high resolution analysis, ions are moved 
from the IRM to a C-trap (7) and then a high field Orbitrap 
analyzer ( 8) operated with -5 kV. For unit resolution analysis, 
ions are moved from the IRM to a dual pressure linear trap 
operated at a scan rate of 66.6 Th/msec. For data-dependent 
acquisition, the method was set to 3 s time interval between 
adjacent FTMS scans.  The instrument automatically calculated 
how many MS/MS it can perform in this time period. The AGC 
target values for FTMS and MSn were 200K and 10K 
respectively. The FTMS AGC target was lowered compare to the 
previous Orbitrap instruments to take advantage of improved ion 
transmission from ion routing multipole to C-trap. Normalized 
collision energy was set to 35% for HCD occurring in the ion 
routing multipole. All raw files were searched with the Thermo 
Scientific™ Proteome Discoverer™ 1.4 software, using the 
SEQUEST® (9) in combination with Percolator (10) to score and 
rank peptide spectral matches.  Only peptides with spectral FDR 
of less than 1% were considered.  To evaluate depth of 
penetration into the yeast proteome, the S. cerevisiae database 
search results were processed and annotated as previously 
described (5).  

 

Results  
Tribrid Instrument Architecture 

The mass spectrometer used here consisted of three different 
mass separation devices: a quadrupole mass filter, a high field 
Orbitrap analyzer and dual pressure linear trap mass analyzer 
(Figure 1). 

 

FIGURE 1.  Tribrid Instrument Architecture 

 

 

 

 

 

 

 

 

 

 

 

The tribrid architecture with independently controlled ion routing 
multipole allows for any dissociation experiment (HCD, CID  
and ETD) to be performed at any stage of MSn and fragments 
subsequently analyzed either in Orbitrap or in linear ion trap. Scan 
rate improvements are achieved through speeding up the individual 
ion manipulation events. This includes faster Orbitrap acquisition 
rates (Table 1) and parent ion isolation using Q1.   

 
TABLE 1: Resolving power settings of the instrument and 
corresponding transient times and spectrum acquisition rate 

 

 

 

 

 

 

 

 

 

 

Additional time savings come from event parallelization and out of 
order event execution. Execution of MS/MS can be shortened by 
almost 40% when ion selection and accumulation are done 
simultaneously with ion trap acquisition.  In practice this allows for 
ion trap MS/MS scan rate in excess of 22 Hz. Out of order execution 
of MS/MS events is based on selecting the precursors for MS/MS 
using the most recently completed full FTMS scan, while conducting 
the MS/MS events in parallel with the ongoing FTMS scan.  This 
saves approximately 250 ms per cycle obviating the necessity for 
preview scan. 

In case where the operation of the instrument was fully parallelized 
the mass spectrometer collected 2.9 times more MS scans and 2.1 
times more MS/MS scans. It shows that the increase in the scan rate 
for MS and MS/MS attained by parallelization of the instrument 
operations results in a 32% increase in peptide identifications and 
22% increase in protein identifications.  This data shows that the 
success rate as measured by the ratio of PSM to MS/MS was 
significantly higher when instrument operation was not parallelized 
(53% vs. 35%).  One of the likely reasons for this is a better “purity” of 
MS/MS spectra.  When the instrument is sampling precursors slower 
it is more likely to trigger on more abundant ions that are also more 
likely to be isobarically purer, i.e. without significant isobaric 
interference, leading to a higher “purity” MS/MS spectra. We 
expressed the number of identified peptides as a function of their 
precursor ion intensity in the Orbitrap spectra (Figure 3). These data 
shows that when the instrument is operated at maximum speed, i.e. 
fully parallelized, considerably larger number of peptide identifications 
is made from the lower intensity precursors compare to when the 
instrument’s operation is not parallelized. Therefore, notwithstanding 
reduced success rate, the increase in acquisition speed provided 
substantial benefits for the analysis of low signal-to-noise precursors. 
The average number of protein groups per LC/MS experiment 
increased 22%, while the number of protein groups identified in all 
three LC/MS experiments  increased by 31% when full parallelization 
was applied, reflecting significantly improved reproducibility between 
the individual LC/MS experiments (Figure 4). 

Instrument Performance with Complex Peptide Mixtures 
 
The performance of the new tribrid instrument was evaluated with 
yeast tryptic digest. We collected 14, 533 MS and 107, 413 HCD 
MS/MS spectra and identified 29 539 unique peptides (FDR<1%) 
and 3 880 protein groups in a single 140 min run (110 min gradient). 
This improvement in throughput is a direct consequence of scan rate 
increase for both survey and MS/MS scans (from 7.5 Hz to16 Hz on 
average for MS/MS).  To test this, we executed the same experiment 
without parallel operation of the mass resolving quadrupole, Orbitrap 
and ion trap mass analyzers.  This mode closely resembles how  
this type of experiment is performed on Orbitrap EliteTM mass 
spectrometer; we also matched MS/MS scan rate to the maximum of 
7.4 Hz, same as reported for Orbitrap Elite in a similar analysis (4).  
Although quadrupole isolation and HCD dissociation with detection 
in the ion trap are not available on Orbitrap Elite, we used this mode 
of operation in this comparison to ensure that we do not bias the 
results by altering MS/MS conditions. The results (average of three 
LC/MS analyses) are in the Table 2. 

 

TABLE 2: Effect of scan rate on the outcome of the  proteomics 
experiment 
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FIGURE 3.  Faster MS/MS allow for sampling lower  abundant  
precursors 
 

FIGURE 4.  Faster MS/MS increases reproducibility between   
the individual LC/MS experiments  
 

FIGURE 5.  Faster MS/MS increases coverage  of lower abundance  
proteins 
 

On a peptide level, the average number of unique peptides per  
LC/MS experiment increased 32%, while the number of unique 
peptides common to all three experiments increased 57% when  
full parallelization was applied, reflecting significantly improved 
reproducibility of protein sequence coverage between the individual 
LC/MS experiments (Fig. 4, right panel). We further quantitatively 
compared the ability of the instrument to identify low-abundance 
cellular proteins within yeast soluble proteome (5) when operated in 
fully parallelized vs. non-parallelized modes. The data from three 
replicate LC/MS runs were aggregated for each experiment, and the 
identified proteins were annotated with their cellular expressions 
levels. The results were expressed at the level of unique peptides, 
common between three replicate LC/MS experiments. Cellular 
expression levels for peptides were derived from their parent 
proteins.  At the peptide level the sequence coverage for high 
abundance proteins (>50 000 copies per cell) remained similar 
between the two experiments, at the same time the coverage for 
medium and low abundant proteins (<10 000 copies per cell) 
improved 2-4 times (Figure 5). This demonstrates that greater 
acquisition rates achieved through extensive parallelization and 
pipelining of the instrument operations result in improved proteome 
coverage, achieving near completeness for yeast in 2 hours, where 
most of the gains in terms of numbers and sequence coverage were 
for low abundance proteins. 
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