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Conclusion
 Higher resolution is highly beneficial for improving confidence and sequence 

coverage for identification of larger proteins.

 High resolution is necessary to identify large proteins using LC-MS/MS. 

 The 480,000 resolution mode shows promise for further improvements in the 
confidence of top-down protein identifications.

 ProSightPC software version 3.0 is well suited for identification of complex intact 
protein mixtures.
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Overview
Purpose: We will demonstrate in this poster that high mass resolution  (>200,000) is 
necessary for ultimate confidence in the identification of proteins above 40 kDa.  A 
comparison between various resolution settings for both direct infusion and LC-MS/MS 
data are shown.

Methods: Yeast enolase  (47 kDa) was injected into a hybrid ion trap-Orbitrap  mass 
spectrometer via direct infusion and electron transfer dissociation (ETD) MS/MS spectra 
were acquired at 60,000, 120,000, 240,000, and 480,000 resolution.  Yeast enolase was 
also separated on a PLRP-S column and injected into the same mass spectrometer and 
HCD MS/MS data were acquired at 60,000, 120,000, and 240,000 resolution.  Bovine 
serum albumin (66 kDa) was also introduced to the mass spectrometer via direct 
infusion and both higher-energy collisional dissociation (HCD) and ETD MS/MS spectra 
were acquired at 240,000 and 480,000 resolution.  All data were reduced to 
monoisotopic masses using THRASH1 and identified using software optimized for 
analysis of intact protein data.

Results: For the direct infusion data for enolase, the 240,000 resolution ETD data 
produced both the most sequence coverage as well as the best expectation value.  This 
was primarily due to the resolution of peaks from those from other isotopic clusters as 
well as the low-abundance background chemical noise.  For the LC-MS/MS data, the 
120,000 resolution produced the most unique identifications primarily for proteins below 
20 kDa.  However, the 240,000 resolution data produced far more hits for intact enolase, 
primarily due to the improved success in the measurement of the precursor mass.  In all, 
4 different gene products were identified from the yeast enolase sample, including both 
enolase 1 (46642 Da) and enolase 2 (46754 Da).  The 240,000 resolution data was the 
only dataset where both intact enolase forms were identified.  Finally, intact BSA was 
fragmented using ETD at 480,000 resolution and the improved resolution led to 
additional sequence coverage for the HCD and ETD data.

Introduction
In Fourier transform-based mass spectrometers, there is a trade-off between the 
acquisition time for a single scan and the resolution of that scan.  For bottom-up 
proteomics experiments, scientists often choose a resolution that is sufficient to resolve 
the isotopes of the fragments while keeping scan speed as high as possible.  However, 
for top-down datasets, MS/MS spectra can produce very high peak density and 
interference of peaks in isotopic distributions becomes common. Here we studied the 
effect of instrument resolution on the confidence in MS/MS identification of large, intact 
proteins.  We found that maximizing the resolution rather than maximizing throughput 
produces the most confident results.

Methods
An enolase sample (Sigma, E6216-500UN) was dissolved in 0.1% formic acid 
water/acetonitrile at a concentration of 10 pmol/µL. The protein solution was directly 
infused at 3 µL/min into a Thermo Scientific Orbitrap Elite hybrid ion trap-Orbitrap mass 
spectrometer equipped with ETD and HCD. MS/MS spectra were acquired for 
1–2 minutes at 60,000, 120,000, and 240,000 resolution with 5 microscans per 
spectrum. An additional dataset was acquired using HCD at 480,000 resolution for 
2.5 minutes using a developer’s kit that enabled this higher-than-specified resolution for 
the Orbitrap EliteTM system. The enolase sample was also separated on a Thermo 
Scientific Accela HPLC system with a PLRP-S1 x 50 mm i.d. column (Michrom 
Bioresources) using 20-80% acetonitrile gradient in 0.1% formic acid over 30 min at a 
flow rate of 70 µL/min, introduced into the mass spectrometer using a Thermo Scientific 
HESI ion source, and analyzed at resolution settings for both the precursor and product 
ion at 60,000, 120,000, and 240,000 each .

Data were searched using a prerelease version of Thermo Scientific ProSightPC 
software version 3.0.  For direct infusion experiments, a single spectrum was created by 
averaging across the full elution profile, running THRASH to reduce the spectra to a list 
of monoisotopic masses, and subsequently searching the MS/MS data as Single Protein 
searches with the FASTA sequence of the target protein.  For BSA, disulfide 
modifications were added to cysteines using the Sequence Gazer to increase sequence 
coverage in the middle of the protein.  The yeast enolase LC/MS data were first reduced 
using THRASH in ProSightHT (a feature with the ProSightPCTM software), retaining the 
top 3 peaks per 100 Da, and searched against the February 2012 simple top-down 
yeast database downloaded from the Kelleher Group ftp site.  The data were first 
searched with an absolute mass search with a 5000 Da precursor tolerance with 15 ppm 
fragment tolerance to identify intact proteins, followed by a biomarker search with 15 
ppm tolerance for both precursor and fragment ions to identify truncated protein forms. 
Identifications with E-values better than 1e-4 were considered to be confident hits.

Results
Direct Infusion of Enolase (47 kDa)

For enolase, three direct infusion experiments of ETD of the 44+ charge state 
precursor of enolase at m/z 1086 were acquired at the 60,000, 120,000, and 240,000.  
Each datasets represents a ~50 s infusion.  As can be seen in Table 1, as the 
instrument resolution was increased, the true fragment matches increased while the 
matches to the background signal were reduced even though the number of acquired 
spectra were reduced.

TABLE 1. Comparison of identification results for the three different direct 
infusion experiments of electron transfer dissociation of the 44+ charge state of 
enolase.  The acquisition time was roughly the same (~50 s), but the ProSightPC 
E-values and number of matching fragments are dramatically improved with 
increasing resolution.

Resolution Acquisition Time # spectra c ions
z• ions E-value

60,000 50 s 18 43
18 6.60e-61

120,000 51 14 49
27 1.86e-84

240,000 52 10 54
29 3.46e-104

LC/MS/MS of Enolase (47 kDa)

To demonstrate that similar gains in ID confidence could be realized for larger proteins 
by increasing resolution for LC-MS/MS data, data-dependent LC-MS/MS runs using 
HCD were acquired for the enolase sample at the same three resolution settings of 
60,000, 120,000, and 240,000. In addition to the target enolase protein that eluted 
from 8-10 minutes, several other chromatographic peaks of significant abundance 
were also detected (Figure 2).  

ProSightPC searches of the 3 datasets led to the identification of 11 different 
polypeptide species corresponding to 4 yeast gene products, enolase 1 (UniProt 
accession P00924), enolase 2 (P00925), superoxide dismutase (P00445), and 
inorganic pyrophosphatase (P00817).  Many of these identifications correspond to 
sequence truncations of enolase 1 and could only be identified using the ProSightPC 
biomarker search.  Further, superoxide dismutase was identified with an internal 
disulfide bond using the “Disulfide” option in the ProSightPC absolute mass search 
The sequence map in Figure 3 shows the cysteines involved in the disulfide bond as 
grey highlights and all y fragments on the towards the N-terminus of the sequence 
include the -2 Da modification corresponding to the loss of 2 hydrogens.
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FIGURE 1. Comparison of 832-834 m/z region for direct infusion datasets 
acquired at 60,000, 120,000, and 240,000 resolution. The single peak at 
m/z 833.11 for the 60,000 and 120,000 resolution datasets was resolved into 2 
separate peaks in the 240,000 resolution dataset corresponding to the 4th peak 
in the 3+ isotopic distribution and the 3rd peak in the 6+ isotopic distribution.

FIGURE 2. Base peak and total ion chromatograms for the 240,000 resolution 
LC-MS/MS run of the yeast enolase sample.  While the target enolase protein at 
~8.5 minutes was the most abundant in the sample, there are several other 
significant chromatographic peaks at 0.5, 2, 4.4, 7.4, and 12.3 minutes 
corresponding to protein contaminants as well as truncated forms of enolase.

FIGURE 4.  Comparison of precursor isotope patterns for the 56+ charge state of 
enolase at 60,000, 120,000, and 240,000 resolution. The 240,000 resolution 
spectrum is baseline resolved, leading to improved accuracy in the 
determination of the monoisotopic mass of the precursor ion.

FIGURE 6. HCD spectrum of 44+ precursor ion of enolase at 480,000 resolution.  
There are three isotopic distribution corresponding to three fragments of intact 
enolase.

The higher resolution also provides better mass measurement accuracy.  The RMS 
ppm error for the matched fragments was 5.6 ppm at 60,000 resolution, 2.6 ppm for 
120,000 resolution, and 1.8 ppm for the 240,000 resolution data.  This is not 
unexpected behavior for THRASH, which fits isotopic clusters directly in the profile 
data and narrower peaks will provide better mass measurement precision.  The E-
values calculated in Table I were calculated using a 15 ppm fragment tolerance in the 
ProSightPC search. The E-value calculation in ProSightPC software is sensitive to 
fragment mass accuracy and thus narrower mass tolerances produce better results as 
long as sequence coverage is still maximized.  Thus, as expected, a subsequent 
ProSightPC search of the 240,000 resolution data performed using 5 ppm fragment 
ion tolerance, led to a substantial improvement in the E-value to 5.5e-145.

Direct Infusion of Enolase at 480,000 resolution

The standard upper resolution limit of an Orbitrap Elite mass spectrometer is 240,000, 
but this can be extended to 480,000 resolution using a special developer’s kit. Using 
this high-resolution mode, enolase was directly infused for 2.5 minutes with the 44+ 
precursor charge state fragmented by HCD at 480,000 resolution. The resulting 
spectrum was highly complex, with over 500 detected isotopic clusters.  A ProSightPC 
search of these data resulted in 70 matched fragments, 33 b ions and 37 y ions 
spanning the complete protein sequence (Figure 5). The higher resolution proved 
helpful yet again, increasing sequence coverage by resolving overlapping isotopic 
peaks. In the example in Figure 5, three overlapping isotopic clusters of larger peptide 
fragments are clearly resolved, each of which is a matching b or y fragment.  For lower 
resolution data, it is likely that at least the b73 ion would have been missed due to 
overlap with the much more abundant b148 ion. 
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The primary reason for the improvement in the number of matching fragments and 
improved E-value is that an increase in resolution leads to a decrease in peak 
interference for the isotopic distributions of fragment ions.  Figure 1 shows one such 
example where a single peak in the 60,000 and 120,000 resolution data is split into 
two separate peaks at 240,000 resolution, leading to the additional identification of the 
lower-abundance isotopic cluster. In addition, the 5th isotopic peak at m/z 833.44 of the 
6+ isotopic cluster is also resolved from 2 interference peaks that were also 
unresolved at 60,000 and 120,000 resolution.  As a result, the 6+ isotopic cluster, 
whose mass matches the c47

6+ ion, was easily detected during data reduction in the 
highest resolution dataset.  

Resolution 60,000 120,000 240,000
Accession 
Number

Theo Mass Best E-
value

b + y
ions

PSM’s Best E-
value

b + y
ions

PSM’s Best E-value b + y
ions

PSM’s

P00445 15711.8 5.26e-32 32 24 4.86e-29 34 14 2.38e-22 28 14

P00817 9076.82 8.57e-19 28 1

P00924 3489.8 2.57e-30 22 1 7.29e-34 22 1

P00924 7115.67 1.04e-45 38 3 1.36e-31 3 2.33e-27 27 1

P00924 8383.36 5.66e-14 16 1

P00924 10709.6 6.76e-12 14 1 9.35e-19 27 3

P00924 13104.9 2.07e-08 15 1

P00924 17748.2 6.84e-07 11 2

P00924 20876.1 8.66e-10 28 2

P00924 46642.2 5.62e-17 42 4 3.21e-11 44 11

P00925 46750.46 2.16e-5 21 1

Total 
ID’s

28 30 29

Table 2. ProSightPC results for the data dependent HCD LC-MS/MS data acquired 
at 60,000, 120,000, and 240,000 resolution.  The 120,000 resolution dataset 
produced the most identifications and the best E-values, while the 240,000 
resolution produced the most identifications for the intact forms of enolase 1 
and 2.

The detailed results are shown in Table 2.  The 120,000 resolution spectrum produced 
the most protein spectrum matches (PSM’s) and generally the best E-values.  
However, the 240,000 resolution dataset greatly outperformed the other two resolution 
settings in one important aspect: there were 12 combined identified spectra for the 
intact forms of enolase versus 4 for the 120,000 resolution dataset and none for the 
60,000 resolution dataset.  The 240,000 resolution dataset produced identifications for 
7 different precursor charge states (49+, 50+, 52+, 53+, 56+, 57+, 59+) versus only 3 
for the 120,000 resolution data (52+, 53+, and 55+). It was also the only dataset where 
intact enolase 2 was identified. The primary reason for the increased number of 
identifications is due to the higher resolution in the precursor spectrum (Figure 4), 
which led to a substantial increase in the number of correctly measured precursor 
masses.  It is possible that a experiment with 240,000 precursor resolution and 
120,000 fragment ion resolution may lead to the most identifications for more complex 
mixtures due to the throughput increase in MS/MS spectra at the lower resolution 
setting.  
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FIGURE 3. ProSightPC fragment map for superoxide dismutase.  The two 
cysteines in the sequence highlighted in grey contribute -1 Da to the mass of 
the y fragments that contain the disulfide.  This disulfide bond from site 58 to 
147 as shown above is recorded in the UniProt entry P00445.
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FIGURE 5. ProSightPC fragment map for 480,000 resolution HCD data for 
enolase 1.


