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Goal
To evaluate the performance of a Q Exactive mass spectrometer for peptide 
identification, particularly its ability to access low-abundance proteins in a 
complex proteome.

Introduction
Mass spectrometry has become a widely used powerful tool 
for high-throughput analysis of complex proteomes1,2. 
Recent advances in mass spectrometry have made it possible 
to identify several thousand proteins and their modifications 
in complex proteomes in a single LC-MS experiment3,4. 
However, for routine analysis of extremely complex 
biological mixtures, two major challenges remain: sample 
complexity and range of protein abundance that often 
exceeds the capability of many currently available 
instruments. The Thermo Scientific Orbitrap mass analyzer, 
which was first described in 20005, has now become a 
mainstream analyzer because of its high sensitivity, high 
resolution and accurate-mass capabilities. In complex 
matrices, a single MS survey spectrum can contain hundreds 
of different, co-eluting molecular species of which only a 
fraction are often selected for identification by data-
dependent MS/MS. Adding to the challenge is the need to 
detect very low-abundance species in the presence of highly 
abundant ones. Consequently, a wide dynamic range in the 
survey scan, a fast sampling rate for MS/MS generation with 
improved sensitivity, and efficient fragmentation that 
produces high-quality spectra for low-abundance species are 
required for identification of very low-abundance proteins, 
which are often of particular biological interest due to their 
importance in cellular regulatory pathways6. 

Here we introduce the newly developed Thermo Scientific 
Q Exactive hybrid quadrupole-Orbitrap mass spectrometer 
(Figure 1). Coupling a quadrupole as a front-end mass filter 
to an Orbitrap™ mass analyzer, the Q Exactive™ instrument 
is capable of precursor ion selection for both selected ion 
monitoring (SIM) and data-dependent MS/MS experiments.  
The quadrupole mass filter allows transfer of ions of only a 
specified mass range into the c-trap for accumulation, thus 
improving sensitivity for both SIM and MS/MS experiments.    
In addition to the common features of an Orbitrap mass 

analyzer such as high mass accuracy, large inter- and 
intra-scan dynamic range, and low detection limits, the 
Q Exactive instrument’s advanced signal processing provides 
ultra-high resolution of 140,000 FWHM at m/z 200 and 
higher scan speeds at all resolution settings. In addition, 
parallel ion filling / fragmentation and Orbitrap detection 
improves practical acquisition rates, allowing up to 12 
high-quality MS/MS events per second. The multiplexing 
scan function, which performs a single Orbitrap detection for 
multiple precursors isolated individually, greatly improves 
throughput and detection limits for targeted analyses7.  
Finally, the S-lens increases the transmission of ions into the 
Q Exactive instrument, increasing the scan rate by reducing 
the ion injection time or increasing sensitivity by injecting 
more ions in those instances when the ion injection time has 
reached its maximum (max ion time).

In this study, a Q Exactive MS was evaluated for peptide 
identification from a yeast total cell lysate. The Q Exactive 
instrument’s ability to access low-abundance proteins in a 
complex proteome was investigated. The performance of the 
Q Exactive instrument was benchmarked against a 
TripleTOF™ 5600 mass spectrometer (AB Sciex).
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Figure 1. Schematic representation of the Q Exactive quadrupole 
mass spectrometer



2 Experimental
Sample Preparation
Yeast (Saccharomyces cerevisiae) cell lysate tryptic digest was 
a courtesy of Professor Steve Gygi at Harvard University.

Liquid Chromatography
A Thermo Scientific Easy-nLC II HPLC system was used in a 
single-column configuration for all Q Exactive MS 
experiments. A 75-μm x 15-cm, 3-μm particle C18 packed-
tip nano-LC column was used with a 110-minute gradient. 
A Thermo Scientific Acclaim PepMap C18 column (75-μm x 
15-cm, 3-µm particle size) with a 75-minute gradient was 
used with both the Q Exactive MS and TripleTOF 5600 MS 
for the benchmark study.

Mass Spectrometry
The Q Exactive instrument was operated using a data-
dependent top-10 experiment with 70K resolution for the 
full MS scans, 17.5K resolution for high energy collisional 
dissociation (HCD) MS/MS scans and a dynamic exclusion 
of 30 seconds. Detailed instrument parameters are listed in 
Table 1. The TripleTOF 5600 was run by a skilled operator 
in a core lab according to the manufacturer’s 
recommendations for this type of analysis. The instrument 
was operated using a data-dependent top-20 experiment 
with 30K resolution and 250-ms beam time for the full MS, 
and 15K resolution and 50-ms beam time for the MS/MS. 
The instrument was externally calibrated every 4 hours using 
a dedicated LC/MS run.

Data Analysis
Thermo Scientific Proteome Discoverer software version 1.3 
with the MASCOT™ and/or the SEQUEST® search engine 
was used for all searches of the yeast database. Raw files 
generated by the Q Exactive instrument were searched 
directly using a 10-ppm precursor mass tolerance and a 
20-mmu fragment mass tolerance. Raw files from the 
TripleTOF 5600 were processed into .mgf files using 
ProteinPilot 4.0 software and searched with MASCOT 
against the yeast database using a 10-ppm precursor mass 
tolerance and a 50-mmu fragment mass tolerance. Ion 
injection times for each of the full-MS and MS/MS scans of 
an entire Q Exactive LC-MS/MS run were generated using 
RawMeat software (Vast Scientific) version 2.0.

Results and Discussion
Protein abundance levels were previously experimentally 
determined for the entire yeast proteome of more than 4000 
proteins through genome-wide tagging experiments8. Since 
then, yeast tryptic digests have been used routinely as a 
standard complex mixture for research purposes as well as 
for benchmarking instrument performance by several leading 
proteomics research groups9,10,11. Traditionally, for in-depth 
analysis of whole-cell lysates, protein and/or peptide 
fractionation is employed prior to LC-MS/MS. In the past 
few years, the resolution, mass accuracy and MS/MS scan 
rate of mass spectrometers have improved significantly, often 
allowing for in-depth proteome analysis without extensive 
sample fractionation12,13. Here we used a single-dimension 
LC-MS/MS experiment to investigate the performance of the 
Q Exactive instrument for profiling the yeast proteome.

Evaluation of Q Exactive Performance for Protein 
Identification
As shown in Figure 2, nearly 2000 protein groups and over 
12,000 unique peptides were identified at 1% FDR from 
1 µg of yeast digest using an online one-dimensional 
separation LC-MS/MS run with 110-minute on-column 
chromatographic separation time. Combining results of two 
replicate experiments produced 2180 protein groups and 
over 15,000 unique peptides (Table 2). When the amount of 
sample loaded on the column was reduced to 10 ng of yeast 
digest, more than 1000 protein groups and 6000 unique 
peptides were still identified (Figure 2).

The MS/MS success rate (percentage of MS/MS scans that 
resulted in confident identifications) for the Q Exactive 
instrument was approximately 50% for the 1-µg sample 
load (Table 2). The high success rate is attributed to the high 
quality of the MS/MS scans.

Table 1. Q Exactive method parameters

Parameters Settings

Full MS scan range 400-2000

MS/MS fixed first mass 100

AGC
1e6, full MS 
5e4, MS/MS

Max injection time 
(ms)

2, full MS 
60, MS/MS

Isolation width (m/z) 2.0

NCE 27

Under fill ratio 1%

Dynamic Exclusion 30 sec

Figure 2. Number of proteins and peptides identified from varying 
amounts of yeast whole-cell lysate digests on the Q Exactive MS

Protein groups Unique peptides
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MS/MS sensitivity
The higher sensitivity of the MS/MS scans on the Q Exactive 
instrument is achieved via the incorporation of an S-lens, 
which provides higher transmission of all ions into the mass 
spectrometer. The increase in ion flux both 1) improves the 
duty cycle/scan rate by lowering the parent ion injection time 
for high intensity ions and 2) increases the sensitivity for 
low-intensity ions by increasing the number of precursor ions 
in the Orbitrap mass analyzer for a given maximum ion 
injection time.

Analysis of the raw data files indicated that the average ion 
injection times in full MS and MS/MS were only 0.5 msec 
and 36 msec, respectively, when 1 µg of yeast digest was 
analyzed. With all Thermo Scientific ion trap and Orbitrap 
instruments, ion injection time is automatically adjusted 
depending on the ion flux using the patented automatic gain 
control (AGC) technique. This dynamic control of ion 
accumulation, unlike the fixed beam time on Q-TOF 
instruments, allows the ion accumulation time to be inversely 
proportional to parent ion abundance. This means that the 
quality of the MS/MS spectra is the same for low-abundance 
ions as high-abundance ions and that the spectra usually 
look similar at the bottom of the chromatographic peak as 
they do at the top of the chromatographic peak.

Dynamic range
The AGC function allows the Q Exactive instrument to 
effectively identify peptides from complex samples with a 
large dynamic range of abundances. As a result, a dynamic 
range of >100,000 was achieved for precursor intensity of 
identified peptides from yeast digests when 1 µg of sample 
was analyzed (Figure 3). With 10 ng of yeast digest, the 
Q Exactive instrument reached a dynamic range of over 
4 orders of magnitude for peptide precursor intensity.

Mass accuracy
Characteristic of Orbitrap mass analyzers, the data generated 
by the Q Exactive mass spectrometer has very high mass 
accuracy. As shown in Figure 4, the calculated root mean 
square (RMS) of delta mass between the theoretical and 
experimental masses for all of the peptides identified at a 
1% FDR in 10 ng of yeast digest was 1.63 ppm. This high 
mass accuracy ensured confident identification of peptides.

Table 2. Number of identifications and MS/MS success rate from 1000 ng of yeast digest using two search engines 

Figure 4. Distribution of mass error of peptides identified at 1% FDR in 10 ng of yeast 
digest by the Q Exactive MS. The graph was generated by Proteome Discoverer™ 
software version 1.3. Calculated RMS is 1.63 ppm.

Figure 3. The Q Exactive mass spectrometer achieved 4 orders and 5.5 orders of 
inter-scan dynamic range at 10-ng and 1000-ng sample loads, respectively. Data in 
this figure spreads out in the Y-axis direction over normalized MASCOT ion score.

File Search 
engine

# MS/MS 
spectra PSMs* Protein 

groups
Unique 

peptides
Success rate, 

% 

1000 ng yeast 
digest_01

SEQUEST 33022 17597 1898 12340 53.3

Mascot 33022 16805 1846 11878 51.0

Combined 66044 34402 1945 12612 52.1

1000 ng yeast 
digest_02

SEQUEST 33257 17236 1906 12204 51.8

Mascot 33257 16435 1847 11726 49.4

Combined 66514 33671 1930 12466 50.6

Combined 
(All 4 searches)

Combined 132558 68073 2180 15270 51.3
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*PSM (peptide spectrum match) is the number of spectra that resulted in 1% FDR identification.



Performance comparison of Q Exactive and 
TripleTOF 5600 instruments
To further benchmark the Q Exactive MS for protein 
identification, especially in identifying low-abundance 
proteins, a series of carefully controlled comparison 
experiments was conducted using the Q Exactive instrument 
in our lab and a TripleTOF 5600 run by a skilled operator 
in a core lab. The LC separation time in this study was 
75 minutes for both instruments (described in the 
Experimental section). To ensure a fair and unbiased 
comparison of the instrument performance, exactly the 
same sample, LC column, and LC conditions were used for 
the analyses on the two platforms. Both the Q Exactive 
instrument and the TripleTOF 5600 were operated under 
the conditions that were optimum for this type of study 
based on manufacturer recommendations. The results of this 
comparison are shown in Figures 6, 7 and 8. 

Data acquisition rate
Another significant feature of the Q Exactive instrument is 
its advanced signal processing which leads to 1.8-fold 
improvement in resolution for a given acquisition speed. This 
allows for scan rates of up to 12 Hz at 17.5K resolution. In 
addition, Orbitrap detection and ion injection into the C-trap 
for the next detection cycle are performed concurrently. Thus, 
the practical duty cycle is only limited by the duration of the 
Orbitrap detection.

Figure 5 shows the actual duty cycle of the data-dependent 
top-10 HCD method that was used for this study. A cycle 
including 1 full MS scan at 70K resolution and 10 data-
dependent HCD MS/MS scans at 17.5K resolution was 
completed in 1.1 sec. The 10 HCD MS/MS spectra were 
acquired in only 0.83 seconds of this 1.1 sec total cycle time. 
Most importantly, the fast HCD MS/MS generated 
extremely high quality spectra that resulted in confident 
identification of low-abundance peptides.

The improved scan speed and sensitivity combined with the 
other benefits of the Orbitrap mass analyzer provide the 
basis of the Q Exactive instrument’s outstanding performance 
for protein identification.
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Figure 5. Practical duty cycle of Q Exactive mass spectrometer for 
peptide identification from whole cell lysate. Top: base peak 
LC-MS/MS chromatograph of 1000 ng of yeast digest. 
Bottom: stick view of scan events showing time window of a 
complete cycle of one full scan and 10 HCD scans.

Figure 6. Numbers of protein and peptide identifications from 
various amounts of yeast whole cell lysate digests using the 
Q Exactive MS and TripleTOF 5600 MS

Figure 7. Comparison of inter-scan dynamic range of identified precursor 
abundances between the Q Exactive instrument and the TripleTOF 5600. 
Data in this figure spreads out in the Y-axis direction over normalized 
MASCOT ion score.
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Peptide and protein ID comparison
As shown in Figure 6, the Q Exactive mass spectrometer 
consistently identified significantly more proteins and 
peptides in 10-ng, 100-ng and 1000-ng loads of yeast 
digest. The difference in the number of identifications was 
largest for the lowest sample load. This is due to the ability 
of the Q Exactive instrument to accumulate low- 
abundance ions and will be most profoundly evident when 
the amounts of peptides are at relatively low levels. From 
10 ng of yeast digest, the Q Exactive instrument identified 
691 proteins and 2540 unique peptides, nearly twice as 
many as were identified by the TripleTOF 5600. The 
Q Exactive instrument required less than 100 ng to 
identify the same number of proteins identified by the 
TripleTOF 5600 in 1000 ng.

The Q Exactive mass spectrometer also demonstrated a 
much higher MS/MS success rate than the TripleTOF 5600. 
At 1 µg of sample load, 50% of the MS/MS spectra 
generated by the Q Exactive instrument resulted in a 1% 
FDR identification while only 24% of the TripleTOF 5600 
MS/MS spectra resulted in confident identifications. The 
TripleTOF 5600 achieved a 7-ppm RMS mass accuracy for 
the identified peptides in both MS and MS/MS scans, 
suggesting that mass accuracy is not the limiting factor in 
the performance of this instrument.

Dynamic range comparison
As shown in Figure 7, the dynamic range of precursor 
intensity for peptides identified by the Q Exactive mass 
spectrometer is at least one order of magnitude larger than 
that generated by the TripleTOF 5600. This suggests that, 
compared to TripleTOF 5600, the Q Exactive instrument 
not only has lower detection limits in full-scan MS thus 
giving access to more low-abundance precursors, but also 
has higher sensitivity MS/MS, generating higher quality 
fragmentation spectra from those precursors.

Identification of low-abundance proteins comparison
The largest performance difference between the Q Exactive 
mass spectrometer and the TripleTOF 5600 in protein 
identification experiments was on the lower end of the 
range of cellular protein abundance (Figure 8). While both 
instruments identified about the same number of high-
abundance proteins, the Q Exactive instrument identified 
four times more proteins that were below 10,000 copies 
per cell (Figure 8, top). The bottom panel of Figure 8 
shows a Q Exactive MS/MS spectrum of a peptide that 
belongs to the YOR020C protein; a protein with an 
experimentally determined cellular copy number of 149.8 
This high quality spectrum, acquired from 10 ng of the 
yeast digest, contains every ion in the y ion series and three 
additional b ions. This demonstrates the ability of the 
Q Exactive MS to confidently identify low-abundance 
proteins from minute sample loads of complex mixtures.

Conclusions
The performance of the Q Exactive hybrid mass 
spectrometer was evaluated for bottom-up protein 
identification in complex mixtures. In discovery 
experiments, the Q Exactive instrument demonstrated a 
practical acquisition speed of up to 12 high-quality 
MS/MS scans per second at 17,500 resolution. With 
110-minute, single-column LC-MS/MS experiments, the  
Q Exactive instrument identified more than 1,000 protein 
groups and 6,000 unique peptides from 10 ng of yeast 
digest, and 2,000 protein groups and more than 12,000 
unique peptides from 1 µg of yeast digest. Data generated 
by the Q Exactive MS achieved an average mass accuracy 
of <2 ppm RMS. The Q Exactive instrument also 
provided more than 5 orders of inter-scan dynamic range 
of identified peptides, which was at least one order of 
magnitude better than the dynamic range provided by the 
TripleTOF 5600 mass spectrometer used for comparison.  
Results from our carefully conducted comparison not only 
indicated that the Q Exactive instrument significantly 
out-performed the TripleTOF 5600 for identification of 
proteins in complex samples but, also revealed that the 
performance difference between the two instruments lies 
in the Q Exactive instrument’s far superior ability to 
identify low-abundance proteins. The advantages of the 
Orbitrap mass analyzer such as high resolution, accurate 
mass and large dynamic range, combined with the 
increased sensitivity and acquisition rate, enable the 
Q Exactive MS to deliver more information to researchers 
looking to understand important processes in complex 
biological mixtures.
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Figure 8. Comparison of sequencing depth between the Q Exactive 
mass spectrometer and the TripleTOF 5600 using 10 ng of yeast 
digest. Top: Distribution of identified proteins over cellular copy 
number. Bottom: Spectrum of a peptide of yeast protein YOR020C, 
with estimated 149 copies per cell, identified from 10-ng yeast 
digest using the Q Exactive instrument.
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