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Abstract  
 
Intact protein analysis by liquid chromatography-mass spectrometry (LC-MS) is now possible due 
to the improved capabilities of mass spectrometers yielding greater resolution, mass accuracy, 
and extended mass ranges.  Concurrent measurement of post-translational modifications (PTMs) 
during LC-MS of intact proteins is advantageous while monitoring critical proteoform status, such 
as for clinical samples or during production of reference materials.  However, difficulties exist for 
PTM identification when the protein is large or contains multiple modification sites.  In this work, 
analyses of low abundance proteoforms of proteins of clinical or therapeutic interest, including 
C-reactive protein, vitamin D-binding protein, transferrin, and immunoglobulin G (NISTmAb), 
were performed on an Orbitrap Elite mass spectrometer. This work investigated the effect of 
various instrument parameters including source temperatures, in-source CID, microscan type and 
quantity, resolution, and automatic gain control on spectral quality.  The signal-to-noise ratio was 
found to be a suitable spectral attribute which facilitated identification of low abundance PTMs.  
Source temperature and CID voltage were found to require specific optimization for each protein. 
This study identifies key instrumental parameters requiring optimization for improved detection 
of a variety of PTMs by LC-MS and establishes a methodological framework to ensure robust 
proteoform identifications, the first step in their ultimate quantification. 
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Introduction 
 
 Mass spectrometry by bottom-up analysis has been the workhorse of proteomics 
experiments by offering the ability to identify tens of thousands of peptides within a single LC-
MS/MS separation.1-2  However, analysis of intact proteins by LC-MS and LC-MS/MS is becoming 
more common as mass spectrometers with greater resolution, mass accuracy, extended m/z 
ranges and improved data analysis software are becoming available.  Bottom-up LC-MS/MS of 
digested proteins is currently a superior approach to identify sites of PTMs on peptides due to 
better fragmentation and fewer possibilities of localization, however, this technique destroys 
information regarding the relationship of multiple PTMs on a given protein species.  In contrast, 
analysis of intact proteins has the advantage that multiple sites of PTMs are preserved with the 
result that different forms of the protein, i.e. proteoforms,3 can be detected in the same analysis.  
These proteoforms may include differences in amino acid sequence and post-translational 
modifications in various combinations.  Compared to bottom-up experiments, analysis of intact 
proteins also has the advantage of simpler and more rapid sample preparation which therefore 
reduces the potential for experimentally induced PTMs such as deamidation and oxidation.   

Characterization of proteoforms and their modifications by LC-MS and MS/MS allows 
determination of biologically relevant groupings which increases understanding of the 
regulation, function and intracellular localization of proteins.4-6  In the biopharmaceutical 
industry, characterization of proteoforms is also important in monitoring the stability, efficacy, 
and immunogenicity of therapeutic proteins during production.7-8  Analysis of intact proteins is 
frequently performed by top-down MS/MS which differs from LC-MS analysis by performing 
fragmentation on the protein during the subsequent tandem MS analysis.  While top-down 
analysis may be used in a high-throughput manner, as protein size increases it becomes difficult 
to efficiently fragment the ionized protein and resolve fragment peaks,9-12 making PTM 
identification and site localization difficult.  Therefore, top-down MS/MS has typically focused on 
smaller proteins (less than about 50 kDa) due to insufficient fragmentation along with other 
issues as protein size increases such as solubility, the inherent difficulty in LC separation, and 
limits in mass spectrometer performance.  However, recent publications have shown successful 
MS analysis of large proteins, such as antibodies13-16 at about 150 kDa and large protein 
complexes in the mega-Daltons.17-20 Other limitations on top-down analysis for PTMs exist where 
the modification may be of low abundance, there are many modifications present, or there is a 
complex mixture of proteins being analyzed.  In these cases, slow scan speeds or low ion intensity 
may preclude selection and subsequent analysis of product ions during an automated LC-MS/MS 
run.  A recent interlaboratory comparison highlighted some of these difficulties.21     

Intact protein analysis without fragmentation may be preferred in cases where high-
throughput MS/MS does not perform optimally or when subtle changes in proteoform profiles 
need to be monitored across time or between samples.  For instance, time-of-flight (TOF) mass 
spectrometers are currently being used to analyze proteins in patient samples to detect markers 
for disease.22-27  For these types of analyses, high spectral quality is needed to ensure 
reproducible and reliable comparisons of the data.  Several review articles describe this issue for 
the TOF instruments.28-30  While efforts have also been made to improve data quality and 
reproducibility for bottom-up proteomic data,31-38 more work is needed for optimizing and 
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determining the reproducibility of intact protein measurements by LC-MS or MS/MS on the 
Orbitrap class of instruments.   

For proteins having molecular masses greater than a few thousand Daltons, optimization 
of the MS method is crucial to obtaining high quality spectra required for the identification of 
proteoforms, particularly those having low abundance.  This can be a complex and time-
consuming task and there is an absence of guidance in the literature for best practices to 
accomplish this.  Therefore, this study undertook an examination of the instrument parameters 
which are available for optimization.  These parameters were systematically analyzed and a 
generalized approach was developed for various proteins of various size, structure and potential 
modifications.  Rather than using available commercial protein mixtures, the study selected    
several human proteins that are diagnostically relevant or of therapeutic interest.  The proteins 
selected are C-reactive protein (CRP), vitamin D-binding protein (VDBP), transferrin, and 
immunoglobulin G (IgG), several of which have been the focus of intact MS analysis in previous 
work.14, 39-44  These proteins represent a range of characteristics including molecular weight, 
purity, and types/abundances of PTMs.  Patterns of proteoform detection were monitored 
following changes in MS settings, including source temperatures, in-source CID voltage, 
resolution, automatic gain control (AGC) and number of microscans, to determine suitable, 
reliable LC-MS methods for intact proteoform identification.  This study offers a systematic 
method for the evaluation and optimization of MS parameters and data analysis for intact protein 
analysis which are critical to the characterization and quantification of purified proteins for 
biopharmaceutical or reference material applications.  
 
Materials and Methods 
 

Human proteins were from the following sources:  CRP (NMIJ CRM6201-b, Wako USA, 
Richmond, VA), VDBP (Athens Research & Technology, Athens, GA), holo-transferrin (Sigma 
Aldrich, St. Louis, MO), and IgG (NISTmAb, candidate reference material 8670, National Institute 
of Standards and Technology, Gaithersburg, MD).  Samples were prepared for intact mass 
analysis by adding solution with volume fractions of 89.98 % water, 10 % acetonitrile, and 0.02 % 
trifluoroacetic acid (TFA).        

For intact mass analysis, measurements were performed on the Orbitrap Elite mass 
spectrometer (ThermoFisher Scientific, Waltham, MA) equipped with a heated ESI (HESI) source 
and an Ultimate 3000 RSLC system (ThermoFisher Scientific, Waltham, MA).  The regular flow LC-
MS gave improved data quality compared to nanoLC in preliminary testing and allowed for 
automated sample processing and so was selected for use in this study.  Samples were desalted 

and concentrated on either a 2.1 x 150 mm (Bio Wide Pore C8, 3 m, Sigma Aldrich, St. Louis, 
MO) or a 1.0 x 250 mm ID column (ProSwift RP-4H, Thermo Scientific, Sunnyvale, CA) with the 

temperature set to 60 ⁰C.  Samples were eluted at 200 L/min with a gradient of 10-50 % B over 
20 minutes (or 10 minutes for the 1 mm ID column) where A is a volume fraction of 0.02 % TFA 
in water and B is a volume fraction of 0.02 % TFA in acetonitrile.  The mass spectrometer tuning 
and calibration in the low mass range was performed with the Pierce™ LTQ Velos ESI Positive Ion 
Calibration Solution (ThermoFisher Scientific, Waltham, MA, catalog number 88323).  External 
calibration in the high mass range was performed using 3.5 μg/μL poly(propylene glycol) 
(PPG2700) and 7 mmol/L sodium acetate (Sigma Aldrich, St. Louis, MO).  Orbitrap parameters 
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that were used in the experiments include the following:  sheath gas flow rate 40, auxiliary gas 
flow 10, source voltage 3.5 kV, and S-lens RF level 70 %.  Parameters that were tested included 
the following variations in settings:  HESI temperature (250, 300, 350, 400) ⁰C; capillary 
temperature (300, 350, 380) ⁰C; and in-source collision-induced dissociation (CID) (0, 20, 40, 60, 
80) V.  Resolution and microscan numbers were varied in the instrument method between 
settings of 15 000 to 240 000 (at m/z 400) and 1 to 20, respectively.  The AGC setting for the 
Orbitrap MS scan was also set to values of 1x105, 5x105, 1x106, and 5x106 with a constant 
maximum Orbitrap ion injection time (500 ms).  The pressure (p) in the higher-energy collisional 
dissociation (HCD) cell was also changed in some experiments by adjusting the N2 gas flow.   

For comparison to an Orbitrap class instrument, LC-MS data was also collected on a 
quadrupole time-of-flight (Q-TOF, Agilent model 6550, Santa Clara, CA) with a Waters (Milford, 

MA) Atlantis RP column (300 m x 100 mm, 5 m) without heating.  A gradient from 5 % B to 90 

% B over 16 minutes was used (with a flow rate of 7 L/min) where A was a volume fraction of 
0.1% formic acid in water and B was a volume fraction of 0.1% formic acid in acetonitrile.  The 
MS2 spectra were collected in the extended mass range (2 GHz) and the slicer was set to high 
resolution mode.  Other Q-TOF parameter settings that were used include the following:  gas 
temperature 290 °C, drying gas 14 L/min, nebulizer 35 psig, sheath gas temperature 350 °C (flow 
rate 11 L/min), capillary 3.5 kV and nozzle voltage 2 kV.  Methods for the Q-TOF were optimized, 
but not tested to the same extent as those in the Orbitrap.   

Theoretical masses of the proteins were calculated with the NIST Mass and Fragment 
Calculator,45 http://www.nist.gov/mml/bmd/bioanalytical/massfragcalc.cfm.  Deconvolution of 
the Orbitrap mass spectra was performed with Protein Deconvolution version 2.0 (ThermoFisher 
Scientific, Waltham, MA).  Proteoforms with > 95% confidence were identified using at least 7 
ions of adjacent charge states with a tolerance less than 0.05 m/z.  BioConfirm (Agilent) was used 
for deconvolution of the Q-TOF MS spectra.  Signal-to-noise ratios (S/N) of the MS spectra were 
calculated by exporting the spectra from the raw file and calculating the ratio of the maximum 
to the median peak heights31, 46 using Microsoft Excel.  Modifications corresponding to the low 
abundance proteoforms in VDBP and transferrin were confirmed using bottom-up methods and 
are described in the Supporting Information.    
      
Results and Discussion 
 
Optimizing Instrument Parameters 

 
a) Mass Spectrum Averaging 

 
Spectral quality was found to be sensitive to the number of MS scans averaged in the analysis.  

In the Orbitrap, there are two ways to average scans during online LC-MS.  The first is to average 
the MS scans as they are collected by the instrument (microscans).  The second is to manually 
average the MS scans across the LC peak.  For each of the proteins, both parameter conditions 
were tested and the spectral quality was assessed from the S/N calculated from the ratio of the 
maximum to median intensity in the spectrum.  For the smallest protein, CRP, an increase in S/N 
was observed up to 5 microscans and resulted in reduced signal variability (Figures S-1 and S-2, 
respectively).  Averaging MS scans across the LC peak at full width at half maximum (FWHM) 

http://www.nist.gov/mml/bmd/bioanalytical/massfragcalc.cfm
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results in the highest S/N (~500) regardless of the number of microscans used.  For the other 
proteins, similar results were observed, i.e. simply increasing the number of microscans did not 
result in the highest S/N.  For example, using at least 5 microscans along with averaging across 
the LC peak (Figures S-1 and S-3) was found to improve the spectral quality for IgG (S/N ~60).  The 
overall S/N is likely lower for IgG compared to CRP due to proteoforms at low abundance which 
are not discriminated against when calculating S/N as the ratio of the maximum to median 
intensity.  Based on these results, 10 microscans with spectral averaging at FWHM of the LC peak 
was used for all proteins for the remainder of the study.   

These results show that S/N may be compared between runs for the same protein and may 
be useful for verifying that the instrument is working optimally between days or between labs; 
however, it may present a challenge in setting one threshold value for different proteins to pass 
quality control measures where chromatographic separation of protein impurities and/or 
proteoforms is limited.  In cases where proteoforms are not completely resolved, the S/N will 
represent the most abundant form present.  The results also have implications for top-down LC-
MS/MS experiments where using a greater number of microscans will slow scan speeds, resulting 
in fewer MS/MS being collected for each protein; however, if the S/N is not high enough, the 
proteoforms at low abundance may not be detected and selected for subsequent interrogation 
by the mass spectrometer.  Additionally, manual spectral averaging of LC peaks is not possible in 
high-throughput, top-down MS/MS experiments.  Therefore, LC-MS analysis with spectral 
averaging across the peak at FWHM may be preferred for experiments where high sensitivity is 
required.   
 

b) Automatic Gain Control (AGC) 

 
Another parameter investigated was the AGC which, by limiting the total number of ions 

trapped, reduces space-charge effects on the ions and can lead to improved resolution and mass 
accuracy.47  The AGC, along with the maximum ion injection time, limit the total length of each 
MS scan; therefore, in these experiments, the ion injection time was held constant at 500 ms in 
order to ensure that only AGC values were influencing the results.  AGC values of 1x105, 5x105, 
1x106, and 5x106 were tested for the two largest proteins, transferrin and IgG, and changes in the 
intensity, proteoforms and mass accuracy were monitored.  Increasing the AGC value generally 
had only slight effects on the mass accuracy, with median values of 22.2, 29.2, 27.0, and 26.3 
ppm from the lowest to highest AGC setting (Fig. S-4).  This is likely due to the inherit limits in 
accuracy for proteins of this size.  However, at the lowest and highest settings, 1x105 and 5x106, 
there were three proteoforms with errors in the expected mass > 60 ppm (S3, G1F/G2F+2Hex–
GlcNAc, G2F/G2F+2Hex).   

Additionally, as AGC values were increased, there was an overall decrease in the abundances 
of the protein ions likely due to loss of coherence or increased chance of collision with residual 
N2 gas in the C-trap resulting in fragmentation and/or scattering.47-48  This resulted in the number 
of proteoforms detected at low abundance to vary with the AGC setting.  One of the IgG 
proteoforms (G0F/G1F+2Lys) was only detected at the lowest two AGC settings tested likely due 
to the high signal intensity.  Several other IgG proteoforms were only detected as the AGC was 
increased (G2F/G2F+2Hex, G0F, and G1F).  While it is possible that the partially glycosylated IgG 
proteoforms may arise due to fragmentation of the glycans at the higher AGC settings, the slight 
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shift in the charge state envelope toward higher m/z values (lower charge states) that also 
occurred when changing the AGC may instead aid in detection of the additional proteoforms.  
Because there were minimal gains observed in changing the AGC setting, a value 1 x 106 was used 
for the remainder of the experiments in order to detect the majority of the proteoforms with 
abundant signal. 
 

c) Source Parameters 

 
The quality of MS spectra was found to be sensitive to the settings of the electrospray source.  

It is particularly important to optimize these parameters to achieve the S/N levels necessary for 
the detection of low abundance ions.  For the MS instrument used in these studies, the protein 
eluting from the LC is desolvated primarily by the combined action of the nebulizing gas, HESI 
source temperature, and heated ion transfer capillary.  Under a constant gas flow rate, 
temperatures for the capillary and HESI probe of the Orbitrap were used with values above and 
below those recommended by the manufacturer (350 ⁰C for the capillary and 250 ⁰C to 350 ⁰C 

for the HESI source are recommended for a constant LC flow rate of 200 L/min).  Another tested 
setting was the in-source CID voltage which may be used for the removal of non-covalently bound 
solvent or salt adducts.  In these experiments, the in-source CID setting was tested at 20 V 
increments over a range of 0 V to 80 V.  For each of the mass spectra collected in these 
experiments, the signal-to-noise ratio (S/N) was calculated from the spectra averaged at FWHM 
of the LC peak.   

Figure 1 shows changes in S/N for MS spectra upon changing the in-source CID voltage for 
CRP, VDBP, transferrin and IgG collected at the optimal capillary and HESI temperatures for each 
shown in Table 1.  The full analysis of all instrument parameters of each protein is shown in Figure 
S-5 (A-D).  Representative MS spectra are also shown in Figures S-6 and S-7 for normal and 
optimized instrument parameters, respectively.  The highest quality spectra were found for all 
proteins when the capillary temperature was set at 300 ⁰C, below the manufacturer’s general 
recommendation.  However, the proteins were found to require different settings for the HESI 
and in-source CID parameters to maximize the S/N of the MS spectra (Table 1).  Optimal HESI 
temperatures for each protein varied considerably from 250 ⁰C to 400 ⁰C.  The optimal HESI 
temperatures determined for each protein appeared to generally correlate with retention time.  
As the protein retention time and the amount of acetonitrile present increased, the HESI 
temperature (shown in parentheses) required generally decreased as follows:  transferrin (400 
°C), IgG (250 °C), VDBP (350 °C), and CRP (250 °C).  This data provides a starting point for analysis 
of other proteins; however, further optimization may be needed as observed by the optimal 
temperature determined for IgG.  A value of 20 V for in-source CID was optimal for all proteins, 
except the largest (IgG) which required 40 V.  Optimized in-source CID voltages improved 
desolvation which reduced noise in the spectrum (Fig. 2A) and improved mass accuracy (Fig. 2B) 
due to the effective increase in resolution.  On the other hand, higher in-source CID values 
(especially at increased HESI and capillary temperatures) caused in-source fragmentation and 
loss of labile PTMs and this must be carefully monitored during intact protein analysis.  As 
intensities of the fragment ions increase, the S/N appears to level off (for example as observed 
between 40 V and 60 V for CRP in Fig. S-5A) or even increase (for example between 40 V and 60 
V in VDBP, Fig. S-5B).   
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Figure 1:  Changes in S/N for transferrin (green circles), CRP (blue diamonds), VDBP (red X’s), 
and IgG (purple squares) with increasing in-source CID (V).  Optimal Orbitrap capillary and HESI 
temperatures (⁰C) were experimentally determined (shown in Table 1) and used for each 
protein.   
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Figure 2A:  Orbitrap mass spectra showing the most abundant peaks for IgG proteoforms with 
in-source CID voltage set at the following voltages from top to bottom: 0, 40, 60, or 80 V.  The 
spectrum shown at the top has a different m/z range due to a shift of the most abundant peaks.  
Changes in resolution, measured at FWHM of the largest peak, were 6412, 6257, 5963, and 
5137 (top to bottom). 
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Figure 2B:  Changes in mass accuracy for IgG proteoforms are shown for increasing in-source 
CID voltages.  As voltage is increased, the signal decreases due to in-source fragmentation of 
the proteoforms; therefore, G2F/G2F was not observed at 80 V and the mass accuracy could 
not be determined. 
 

 
Interestingly, the two largest proteins studied have several local maxima in S/N for different 

instrument parameter settings (Fig. S-5C and S-5D).  This may be attributed to the presence of 
several charge state envelopes in the spectrum for each protein.  Transferrin has two charge state 
envelopes centered near m/z 2000 and m/z 2600 and at the recommended capillary temperature 
(350 ⁰C), they are approximately at the same intensity (Fig. S-6C).  Upon varying the capillary 
temperature, HESI temperature and in-source CID voltage, one envelope becomes dominant and 
is reflected in increased S/N for various parameter settings (Fig. S-7C).  Similar to transferrin, the 
optimal instrument parameter settings result in a shift in the IgG charge states to one dominant 
envelope (Fig. S-6D and S-7D).  These shifts in charge states for transferrin and IgG are significant 
upon changing parameters at the front-end of the instrument and are due to changes in protein 
conformation which has been previously reported for MS analysis of proteins with variations in 
temperature, solvents, or pH.49-55   
    

d) Resolution 

 
For each of the four proteins, another set of experiments was performed where the 

resolution was varied from 15 000 to 240 000 at m/z 400.  For CRP, no isotopic resolution of the 
peaks was found for 15 000 or 30 000.  Partial resolution is observed at an instrument setting of 
60 000 while baseline separation of the peaks is observed at the two highest resolution settings 
(120 000 to 240 000).  These settings are in agreement with expected values required for a 
protein of this size.56  The optimal S/N was found for a setting of 120 000 (Table 1) rather an 240 
000 likely due to the decrease in signal with increasing resolution.  For the other proteins, VDBP, 
transferrin and IgG, separation of the isotopic peaks is not possible due to their large molecular 
weights.  Therefore, resolution of the peaks containing post-translational modifications (PTMs) 
was investigated.  Using the lowest resolution settings (15 000) works well and was found to give 
the highest S/N for all three largest proteins.  As anticipated, increasing the resolution setting led 
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to decreases in S/N,47-48 though, it was found that higher resolutions can be used to give 
acceptable results.  No improvements were noted in the VDBP spectra by increasing the 
resolution, but using a resolution of 30 000 for transferrin and IgG was possible despite the 
decreased S/N.  As the resolution is increased to 60 000, only IgG was found to give MS spectra 
that could be deconvoluted by the software.  The changes in IgG proteoforms observed are 
described in Identification of Proteoforms below.    
 
Considerations for Data Interpretation 

 
The identification of existing proteoforms in a purified protein sample is accomplished by 

comparing a deconvoluted spectra against a list of known/predicted proteoform masses.  The 
success of the identification is affected by several factors including the mass accuracy and 
resolution of the mass spectrometer, deconvolution of the spectra and the presence of 
unexpected proteoforms in the sample.  In bottom-up proteomics, the calculation of theoretical 
values for masses of peptides and their fragments is made by summing monoisotopic elemental 
masses.  Many programs are available for this calculation and produce equivalent results.45, 57-62  
However, for intact proteins, it was observed that the values for the theoretical average 
molecular weight were not consistent among all tested molecular mass software.16  The principal 
reasons for this are likely due to different values of elemental average masses which may exist 
and the presence of rounding errors in the calculation.  The average mass value is dependent 
upon the isotopic abundances of the elements within the protein which have been shown to be 
influenced by biological activity.  Thus, isotopic distribution differences may exist between 
organic and inorganic elemental sources45, 63-64 producing small differences in average mass 
values.  While this difference is insignificant for a single amino acid, accumulation over several 
hundred residues becomes discernable on high mass accuracy instruments.  An existing 
program45  (see Materials and Methods) was updated to include average elemental masses 
derived using isotopic abundances from organic sources to generate the theoretical values for 
each of the proteoforms (Table S-1).  Using the weighted average atomic masses of the organic 
elements for the four proteins analyzed in this study resulted in a 5 ppm mass shift of the 
theoretical masses for all proteoforms.  Comparison of the proteoform masses for all four 
proteins from the deconvoluted Orbitrap spectra to the theoretical calculations using organic or 
inorganic masses gave median errors of 7.7 and 12.7 ppm, respectively, showing an improved 
agreement between the theoretical and experimental values and an increase in confidence of 
the assignments.    

Because deconvolution of each proteoform mass includes the contribution of several 
different charge states across the m/z range, there is an error associated with the derived values 
and intensities.  For the Protein Deconvolution software, variations between the different charge 
state values used in the calculations were typically found to have less than 50 ppm standard 
deviation for the data collected in these experiments and tend to be greater for proteoforms at 
low abundance possibly due to noise or overlap of ions at similar m/z which may be due to 
incomplete desolvation or residual salt adducts.  For example, the masses of the 5 major 
proteoforms and all other minor forms in the IgG sample have median standard deviations of 
10.4 ppm and 35.7 ppm, respectively.   



 

12 
 

The mass accuracy may also be affected by the presence of proteoforms with similar 
molecular weights.  For example, the transferrin data was initially a concern since the 
experimental value was lower by 161 ppm and 136 ppm for the Orbitrap and Q-TOF data, 
respectively, compared to the amino acid sequence provided by UniProtKB.  Upon further 
investigation, bottom-up analysis revealed that the amino acid variation I448V was present in the 
greatest abundance (Table S-2).  Four other amino acid variations (TF*C1, TF*C2, TF*C3, and 
Q->E) and were also identified in the pooled transferrin sample.  The peptide spectral counts of 
the tryptic peptide containing V at position 448 was identified about six times more often than 
the peptide found in the other isoforms containing I.  Because the mass spectrometers used in 
this study were unable to fully resolve these sequence variants (+14, +4 +44 Da mass differences 
for C1, C2, and C3, respectively, compared to I448V), only the most abundant form is observed 
in the deconvoluted spectrum for the intact protein.  When comparing the experimental data to 
the most abundant sequence variant, the Orbitrap and Q-TOF mass values have respective errors 
of 15 ppm and 40 ppm (Table S-1).  Therefore, the mass of the experimental data is likely a 
weighted average of these values and while the mass error is relatively low for this source of 
transferrin, these results should be kept in mind while analyzing other proteins from pooled 
sources.   
 
Identification of Proteoforms 

 
Protein MS spectra were processed with Protein Deconvolution (or BioConfirm for Q-TOF 

data) and proteoforms were identified.  Proteoform masses were generally within 30 ppm of the 
theoretical values (a full list of the major and minor proteoforms identified with both instruments 
are listed in Table S-1).  Data collected on the Q-TOF were used to verify presence of the 
proteoforms and the reproducibility of their measurement.  However, some proteoforms could 
not be identified in the Q-TOF spectra (Table S-1) possibly due to lower resolution, instrument 
parameters not being completely optimized or differences in the deconvolution software.  
Measurements were relatively straightforward for CRP measured on the Orbitrap.  The 
deconvoluted mass was 23 027.878 Da which is within 2 ppm of the theoretical mass calculated 
from the organic source corrected average masses for the elements and includes the expected 
disulfide bond and an N-terminal pyro-glutamic acid (see Table S-3 for a summary of the protein 
sources, PTMs and amino acid sequence variations).  The mass from the Q-TOF agrees with the 
Orbitrap value giving an error of 15 ppm.  Changes in the Orbitrap parameters do not appear to 
significantly affect the MS or deconvoluted spectra of CRP until the highest temperatures or 
voltages are used leading to in-source fragmentation.   

The VDBP used in this study was isolated from pooled human plasma and therefore is 
much more complex than the CRP sample.  Additionally, 25 other proteins were identified by 
bottom-up analysis (Table S-3).  Deconvolution of the VDBP MS spectra confirms the presence of 
the 3 common sequence variants (GC-1F, GC-1S, and GC-2)65 along with the previously reported 
major O-linked trisaccharide (HexNAc-Hex-NeuAc, +656) for GC-1F and GC-1S39 (Fig. S-8).  Also at 
lower abundance, peaks that match the most abundant form, GC-1F, plus an additional hexose 
(Hex, +162), N-acetylhexoseamine (HexNAc, +203) or both (+365) were identified.  Although the 
addition of HexNAc to VDBP is known to occur, it has not been previously reported during intact 
LC-MS analysis.  These proteoforms at low abundance are not found if MS parameters are not 
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optimized.  Data from the Q-TOF is in agreement with the Orbitrap (Table S-1); however, due to 
the lower resolution there is only a shoulder peak for the lowest abundant variant, GC-2 with an 
expected mass of 51 215.0 Da (Fig. S-8).  The similarity of the Q-TOF and Orbitrap spectra show 
the changes in glycosylation detected are likely not due to fragmentation of the labile glycan.  
Additionally, these PTMs were confirmed by bottom-up analysis (Table S-4).  Data collected from 
different lots of protein shows that changes in protein abundance can be detected semi-
quantitatively (Fig. S-9) due to the abundance being determined as the sum of the individual ions 
detected.  Similar to the CRP data, changes in instrument settings near the ones giving the 
greatest S/N result in few changes in the identification of the major proteoforms until in-source 
fragmentation and losses of labile glycan groups occur. 

The transferrin used in this study was also from pooled human plasma and was found to 
vary in amino acid sequence (discussed above and shown in Table S-2).  It was confirmed during 
LC-MS analysis to contain 19 disulfide bonds along with 2 or 3 sites of complex N-linked 
glycosylation.  The most abundant form of glycosylated transferrin identified is the tetrasialo 
form of the biantennary N-glycan (S4), shown in Figure 3, as was found in other studies of the 
normal population.43  For optimized instrument parameters, minor forms of the protein due to 
differences in glycosylation were detected (S3, S5) along with additional Hex (+162), HexNAc 
(+203), and deoxyhexose (fucose, +146) residues which have been reported during bottom-up 
analysis of glycopeptides66 and released glycans67 from transferrin, but  the relative amounts of 
these modifications have not been previously reported during intact MS analysis of the protein 
due to either lack of resolution or interpretation of the data.  Q-TOF data allow detection of the 
same proteoforms (Table S-1) indicating that results are reproducible and is not likely due to 
degradation of the glycan.  Bottom-up analyses also confirm the presence of the PTMs that can 
combine to create the proteoforms observed (see extracted ion chromatograms in the 
Supporting Information).  Changes in instrument parameters at or near the two local maxima in 
S/N (marked as points a and c in Fig. S-5C) resulted in changes in the minor proteoforms identified 
(Fig. 3).  As the capillary temperature was increased to 380 ⁰C or the in-source CID voltage was 
not applied for the optimal capillary and HESI temperatures, one of the glycoforms (S2, having 
only one of the sites of glycosylation occupied) was no longer identified in the deconvoluted 
spectra (Fig. 3).  Source conditions in these cases did not appear to cause loss of the S2 glycoforms 
from the protein since the relative abundance of S2 did not increase and new peaks did not 
appear in the deconvoluted spectrum due to fragmentation of the glycoforms due to higher 
temperatures.  The optimized LC-MS analysis of intact transferrin is relatively sensitive for 
detection of proteoforms at low abundance since the S2 proteoform has been previously been 
found to be present at about 1 % of the total serum transferrin in the normal population.68    
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Figure 3:  Deconvoluted spectra of transferrin collected with different Orbitrap parameters.  
Spectra are ordered starting with the highest S/N at the top and correspond from top to 
bottom with data in Figure S-4C.  Proteoforms with different glycan structures (S2, S3, S4, and 
S5) along with the addition other sugars (fucose, +146; hexose, +162; HexNAc, +203) or TFA 
adducts are shown.  Source settings for each spectrum are shown as capillary (⁰C)/HESI (⁰C)/ in-
source CID (V).    

 
 

Even though the IgG sample analyzed was not from a pooled source, it was a complex 
sample due to the large number of PTMs present.  It is comprised of two heavy and two light 
chains with a total of 16 disulfide bonds, 2 N-terminal pyroglutamates, loss of the C-terminal K 
from both heavy chains and glycans (G0F, G1F, or G2F) attached to an asparagine (N) residue in 
the constant region of each heavy chain.16  It should also be noted that in these studies, it is not 
possible to determine the exact glycan structure and there may be more than one glycan form 
present for each mass.  Similar to the transferrin data, the IgG sample had three regions of locally 
maximized S/N for different instrument temperatures and voltages (Fig. S-5D).  In comparing the 
deconvoluted spectra for these three regions, it was found that using a capillary temperature of 
350 ⁰C or 380 ⁰C caused the loss of several proteoforms at low abundance (G0F, G1F, G0F/G0F-
2HexNAc, G2F/G2F+3Hex shown in Fig. S-10).  Under optimized instrument parameters (300 ⁰C 
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capillary temperature, 250 ⁰C HESI temperature, and 40 V in-source CID), several differences 
were observed during LC-MS analysis of the intact protein compared to previous data.16  The 
differences in this work include the addition of 3 hexose residues identified on the intact protein.  
The proteoforms with only one N glycosylation site occupied (G0F and G1F) were also not 
previously detected by an Orbitrap class instrument.  Additionally, proteoforms with a loss of 
HexNAc were identified based on accurate mass assignment; however, these proteoforms are 
difficult to distinguish from proteoforms containing the addition of one C-terminal lysine and 
both are expected to be present.  The Q-TOF was unable to detect or resolve eight of the IgG 
proteoforms at low abundance (Table S-1), but did confirm the presence of G1F/G1F-HexNAc and 
G0F/G1F+K observed in the Orbitrap data.  All proteoforms shown in Fig. S-10 are consistent with 
those previously identified in bottom-up measurements of the glycopeptides16, 69-70 and released 
glycans71 and analysis of the intact protein show the relationship between these modifications. 

Another interesting observation was made for deglycosylated IgG measured at different 
gas pressures in the HCD cell.  For the typical pressure used during intact protein analysis, the 
addition of one or two hexoses on the protein were identified along with the addition of C-
terminal lysine which is similar to previous results.16  When the pressure was reduced so that Δp=  
-1.3x10-9 Pa (-1.0x1011 Torr), up to 3 additional Hex residues (5 total) could be identified (Fig. 

S-11).  The additional hexose residues are likely due to additions of terminal -galactose to the 
glycan69-71 and non-enzymatic glycation of the protein at lysine residues which has been 
previously shown.16, 70  No differences were observed in fully glycosylated IgG upon using a lower 
pressure for analysis.  With the exception of IgG, no significant differences could be detected in 
the proteoforms for the other proteins at lowered HCD cell pressures.  However, for VDBP, an 
increase in S/N occurred at lower pressures due to decreased intensities of the unassigned peaks 
present which may be related to protein impurities. 

Deconvolution of the IgG spectra for different resolutions (Fig. 4) was also found to result 
in changes in the proteoform assignments based on mass accuracy.  The lowest resolution, 15 
000, allowed identification of the 5 major forms (mixtures of G0F, G1F, and G2F glycans) along 
with only one N glycosylation site occupied (G0F or G1F), one or two losses of HexNAc from 
G0F/G0F, and G2F/G2F with the addition of up to three hexose residues.  Increasing the 
resolution to 30 000 allowed similar proteoforms to be identified and additional PTMs were 
found at lower abundance (additional losses of HexNAc from the glycan structures).  At the 
highest resolution, 60 000, proteoforms at the lower and higher mass range were no longer 
found, but additional identifications were made (unprocessed forms containing the C-terminal K 
residue on one or both heavy chains).  As resolution is increased, the proteoform intensity 
decreases as it is inversely proportional to the square root of m/z.47-48  However, changing values 
for the instrument parameters does not necessarily result in quantitative changes in proteoform 
intensity due to new or different charge states included in the deconvolution.  Therefore, relative 
intensities between different resolutions of the proteoforms in Fig. 4 should be interpreted with 
caution.  Additionally, analysis of IgG at different resolutions shows that some of the low 
abundance proteoforms may not be reproducibly identified; therefore, it may be useful to test 
this parameter when analyzing other large proteins.       
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Figure 4:  Deconvoluted Orbitrap spectra of glycosylated IgG collected at 15k, 30k, or 60k 
resolution.  Because IgG has two possible sites of N-linked glycosylation, various combinations 
of the glycoforms (G0F, G1F, and G2F) are present.  The predominant form of this IgG has a loss 
of both C-terminal lysine (K) residues from the heavy chain, however proteoforms containing 
either one or two K were identified (green).  Peak assignments due to loss of HexNAc (blue) 
were also observed.  For clarity, peaks are labeled in the 30k and 60k plots only if they are 
different from the 15k plot; peaks that are not found in all 3 spectra are enclosed in boxes.   
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Conclusions 
 

The reproducibility of bottom-up proteomics has been under investigation in recent 
work31-32, 34 and implementing standard operating procedures has been shown to reduce 
variability between labs.33  However, few studies have examined the reproducibility of intact 
protein identifications from LC-MS or MS/MS experiments and limited work has been published 
describing optimized MS methods for detection of proteoforms, especially those with labile post-
translational modifications present at low abundance.  In this study, intact proteins of different 
sizes and containing different types and degrees of PTMs were used to investigate the influence 
of instrument parameters on the quality of collected MS spectra and the effect on identified 
proteoforms.  As shown, these settings are crucial for meaningful data to be collected and 
interpreted to increase our understanding of intact proteins.  Investigations of intact proteins, 
more so than for peptides, have many difficulties to overcome, such as achieving good 
chromatographic separation, resolution of multiple potential proteoforms and selecting source 
settings for sufficient desolvation.  Along with these factors are sources of error which may be 
involved in calculating intact protein theoretical masses and deconvolution of the data.  
Therefore, any improvement to the analysis achieved by optimization is crucial to the success of 
the experiment. 

This study demonstrates the effectiveness of monitoring the quality of the MS spectra by 
the S/N averaged at FWHM of the LC peak.  This attribute was useful to ascertain the effect of 
changes in the instrument settings in seeking optimum values.  A key finding was that use of a 
lower capillary temperature than recommended by the manufacturer (300 ⁰C instead of 350 ⁰C) 
improved S/N for all proteins in this study which aided proteoform stability and retention of labile 
PTMs.  Additionally, the optimal HESI temperatures determined for each protein appeared to 
generally correlate with retention time due to the amount of acetonitrile present during elution 
from the column.  Similar to the principle of native MS,72 optimal instrument parameters under 
the “denaturing” conditions used in this study were found to result in the coalescence of the 
protein signal into fewer charge states due to changes in protein conformation which increased 
the detection of proteoforms at low concentrations.  As the data show, the capillary and HESI 
temperatures and in-source CID voltage are significant factors in the desolvation and adduct 
removal processes of the electrospray ionization source.  A range of temperatures/voltages was 
demonstrated to allow for identification of the major expected proteoforms for these proteins.  
However, less-than-optimum settings resulted in incomplete desolvation of the intact proteins 
or low instrument sensitivity, resulting in decreased S/N values for the MS spectra and a loss of 
identifications at low abundance.   

Our results show that optimum instrument settings are different for each protein 
investigated.  The value of optimizing these parameters is shown by the first identifications of 
several proteoforms of intact VDBP, transferrin and IgG (NISTmAb) reported in this study.  This 
highlights the difficulty in detection of different proteoforms within a mixture during a high-
throughput top-down experiment, especially for those at low abundance.  Therefore, optimized 
LC-MS analysis of purified (or at least well-resolved during chromatography) proteins may be 
preferred for a more complete analysis of the low abundance PTMs present.  For a detailed 
analysis of complex mixtures of proteoforms by LC-MS, it would be beneficial for automatic 
selection of the optimized instrument parameters for each protein as it elutes.  However, the 
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software that is available does not yet have this capability.  While it may not be possible to change 
source temperatures on a chromatographic time-scale, other parameters such as voltage, the 
number of microscans or resolution may be changed during the LC gradient based on retention 
time.  Alternatively, replicate analyses of samples may also be performed using different 
instrument parameters to improve detection of proteoforms by MS and MS/MS. 

The proteoforms identified in this study are important for each of these proteins as they 
are all topics of current investigations in healthcare, diagnostic or therapeutic areas.  These 
finding show the value in selecting appropriate source parameters for analysis of a given intact 
protein and provides a rational approach of optimizing the most important factors.  Optimized 
parameters determined in this work also offer a starting point for the reproducible analysis of 
other proteins and a method for benchmarking MS performance during intact protein analysis.  
Additionally, these methods build a foundation for future work in quantification of intact proteins 
by LC-MS. 
 
Disclaimer 
 
This is an official contribution of the National Institute of Standards and Technology.  Not subject 
to copyright in the United States.  Certain commercial equipment, instruments, software or 
materials are identified in this document.  Such identification does not imply recommendation 
or endorsement by the National Institute of Standards and Technology, nor does it imply that the 
products identified are necessarily the best available for the purpose.   
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(Fig. S-3) for single/averaged scans; mass errors for proteoform IDs at different AGC settings 
(Fig. S-4); S/N values at different instrument parameters for CRP (Fig. S-5A), VDBP (Fig. S-5B), 
transferrin (Fig. S-5C), and IgG (Fig. S-5D); MS spectra for proteins at instrument parameters 
recommended by manufacturer (Fig. S-6) and optimized parameters (Fig. S-7); VDBP 
deconvoluted spectra from Orbitrap and Q-TOF (Fig. S-8); VDBP deconvoluted spectra for two 
different lots (Fig. S-9); IgG deconvoluted spectra from different instrument parameters (Fig. S-
10); deglycosylated IgG deconvoluted spectra at different HCD cell pressures (Fig. S-11); masses 
of proteoforms identified (Table S-1); methods for bottom-up analyses; transferrin peptides 
identified with differing amino acids (Table S-2); summary of protein sources, PTMs found and 
purity (Table S-3); modified peptides identified for VDBP (Table S-4); MS/MS for modified 
transferrin and VDBP peptides; extracted ion chromatograms for glycosylated transferrin 
peptides. 
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Tables 
 
 
 
 

 

Protein MW 
(kDa) 

Capillary 
(⁰C) 

HESI 
(⁰C) 

In-source 
CID (V) 

Resolution S/N 

CRP 23 300 250 20 120 000 892 

VDBP 51 300 350 20 15 000 81 

Transferrin 80 300 400 20 15 000 1 244 

IgG 150 300 250 40 15 000 159 

 
Table 1:  Orbitrap instrument settings resulting in the highest S/N for the mass spectrum of each 
protein. 
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