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Abstract

Electrospray ionization mass spectrometry (ESI-MS) is a ubiquitously used analytical method 

applied across multiple departments in biopharma, ranging from early Research Discovery to 

Process Development. Accurate, efficient and consistent protein MS spectral deconvolution across 

multiple instrument and detector platforms (ToF, Orbitrap, FT-ICR) is essential. When proteins are 

ionized during the ESI process, a distribution of consecutive multiply charged ions are observed on 

the m/z scale, either positive [M+nH]n+ or negative [M-nH]n− depending on the ionization 

polarity. The manual calculation of the neutral molecular weight (MW) of single proteins 

measured by ESI-MS is simple, however algorithmic deconvolution is required for more complex 

protein mixtures to derive accurate MWs. Multiple deconvolution algorithms have evolved over 

the past two decades, all of which have their advantages and disadvantages, in terms of speed, 
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¶Jennifer L. Lippens is an Amgen Post-Doctoral Research Fellow

Supporting Information
Traditional peak-picking MW determination, detailed mass spectrometer instrument parameters, deconvolution algorithm details, 
external CsI m/z calibration in both positive and negative nESI mode, advanced deconvolution algorithm parameters, comb filter 
parameters, theoretical versus instrument derived peak widths, deconvolved denatured LC-MS AqpZ data, GroEL nESI positive ion 
mode data, deconvolved denatured LC-MS GroEL data; deconvolved denatured ubiquitin, myoglobin, BSA, NIST lysine and heavy 
chain data and accompanying mass measurement errors, IgG2-PEG12-Biotin, empty nanodisc and PEG-GCSF deconvolution without 
the implementation of the comb filter , PEG-GCSF intact linear MALDI analysis, denaturing LC-MS of GCSF-PEG analyzed at 
different source fragmentor voltages, a comparison of PMod, MaxEnt, iFAMS, UniDec and PMI Intact and the effects of algorithmic 
peak sharpening.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2020 August 06.

Published in final edited form as:
Anal Chem. 2019 August 06; 91(15): 9472–9480. doi:10.1021/acs.analchem.9b00062.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



user-input parameters (or ideally lack thereof) and whether they perform optimally on proteins 

analyzed under denatured or native solution and MS conditions. Herein we describe the utility of a 

parsimonious deconvolution algorithm (explaining the observed spectra with a minimum number 

of masses) over of a wide range of highly diverse biopharma relevant and research grade proteins 

and complexes (PEG-GCSF; an IgG1k; IgG1 and IgG2-biotin covalent conjugates; the membrane 

protein complex AqpZ; a highly polydisperse empty nanodisc, MSP1D1 and the tetradecameric 

chaperone protein complex GroEL) analysed under native MS, denaturing LC-MS, positive and 

negative modes of ionization, using multiple instruments and therefore multiple data formats. The 

implementation of a comb filter and peak sharpening option are also demonstrated to be highly 

effective for deconvolution of highly polydisperse and enhanced separation of a low level lysine 

glycation post translational modification (+162.1 Da), partially processed heavy chain lysine 

resides (+128.1 Da) and loss of N-Acetylglucosamine (GlcNAc; −203.1 Da) respectively.

Graphical Abstract

Introduction

Mass spectrometry plays a critical role in multiple stages of pharmaceutical research. From 

small molecule medicinal chemistry research efforts1 to high throughput screening efforts of 

drug targets2 to monoclonal antibody separation and accurate molecular weight 

determination3, mass spectrometry (MS) is a ubiquitous analytical method throughout 

biopharma. All the aforementioned examples rely on either liquid chromatographic (LC) 

separation or solid phase extraction (SPE) prior to MS analysis. A far less routine MS 

analytical method, in pharma at least, is native MS, where non-covalent protein-drug or 

protein-protein4 interactions remain intact within the gas-phase of the MS. In both cases, 

algorithmic spectral deconvolution is routinely performed within pharma, for routine 

accurate and rapid MW determination, on data derived from multiple instrument platforms 

(time-of-flight, Orbitrap and Fourier transform ion cyclotron resonance MS systems).

Since the initial demonstration of native MS experiments on proteins and complexes by 

Chait5, Loo6 and others7, 8, this unique area of MS has steadily grown from what was 

initially a niche area, to a fully established research field, described as gas-phase structural 
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biology9, 10. The proteins investigated using native MS and solution conditions (typically 

200 mM ammonium acetate, pH 6–711, 12) have ranged from the original holo-myoglobin5 

and the alcohol dehydrogenase homotetrameric complex13, to multi-subunit complexes such 

as GroEL14 and valinyl-oxidase15 described in the late 1990s and early 2000s, to the present 

day, highly polydisperse nanodisc molecules16, 17, membrane proteins18 and mega-Dalton 

virus capsids19. Denaturing LC-MS has also proven itself to be a highly enabling platform 

for the rapid determination of accurate MWs of denatured proteins 20 and is routinely used 

within pharmaceutical research for monoclonal antibody characterization, bispecific 

antibodies and proteins of therapeutic interest2, 3, 21,22.

MW determination of a protein or complex can be performed either manually or through 

software, by performing data smoothing and centroid processing, followed by adjacent peak 

assignment (Figure S1, Supporting Information) based on the following formulae 

reproduced from Fenn23:

z(m1) = x(m2 − mp)
m2 − m1 (1)

where z is the calculated charge for m1; m2 is the ion with x less charge, therefore in this 

case x=1, appearing higher in the m/z scale; x can also be 2, 3, 4, 5 etc, as long as the correct 

m/z value for m2 is chosen; mp is the mass of the proton (1.00728 Da). The numerical 

values for m1 and m2 are based on MS derived m/z values. Once the value for z is 

determined, the intact MW can easily be calculated:

neutral MW   = z(m1 − mp) (2)

For the more complex MS spectra, such as those derived from tandem MS experiments of 

poly disperse molecules, such as alpha-Crystallin B24, choatropic partial disruption of 

transcription factor iEF325 and the highly polydisperse empty MSP1D1 nanodisc16, 17 

manual peak picking is challenging, if not impossible. In these cases, algorithmic 

deconvolution is a prerequisite for accurate MW determination. However recently, effective 

manual MW determination of an empty MSP1D1 nanodisc has been described17.

One of the first and arguably the most heavily used protein deconvolution algorithms is the 

Bayesian probability based Maximum Entropy26. Maximum Entropy was originally 

designed to deconvolve MS data of low MW, denatured, multiply charged protein spectra, 

acquired on low resolution quadrupole-based instruments20. On MS instruments where the 

proteins are analysed in near neutral pH aqueous solutions11, 12 the measured charge states 

are typically wider than the expected isotopic peak width distribution and also asymmetric 

due to solution, buffer and salt adducting11.

To date there are multiple algorithms available for protein ESI MS spectral deconvolution 

that have evolved over the last twenty years, some of which have focused on denaturing 

protein spectral data23, 26, 27. However, recently with the advent of native MS9, 10, there has 

been a renewal of interest in charge deconvolution algorithms28–33. UniDec29 and FFT-based 

Campuzano et al. Page 3

Anal Chem. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deconvolution32 represent a significant step forward in protein spectral deconvolution. 

UniDec has the ability to efficiently deconvolve ion mobility based and highly polydisperse 

native MS data, such as those generated on empty MSP1D1 nanodiscs. UniDec also 

incorporates a comb filter which allows the user to explicitly define the MW repeat of the 

incorporated phospholipid. The FFT-based deconvolution method developed in the Prell 

lab32 does not require any prior known charge or repeat unit values, but solely relies on the 

fundamental frequencies and higher harmonics for MW determination of highly 

polydisperse and polymeric ions such as nanodiscs and polyethelene glycol. The latest 

algorithm development called PMI Intact (Protein Metrics) enables rapid and efficient 

deconvolution of native MS and denaturing LC-MS spectral data.

Herein, we present the deconvolution of native and denatured MS spectral data for a 

monoclonal antibody (NIST IgG1k); an antibody drug conjugate-like molecule (IgG1 and 

IgG2 conjugated to biotin); the PEG-GCSF protein; a membrane protein (AqpZ); an empty 

nanodisc (MSP1D1) and a chaperone protein complex (GroEL), acquired on a quadrupole 

time-of-flight (Q-ToF), an LC-ToF, a Fourier transform ion cyclotron resonance (FT-ICR) 

and an Orbitrap MS instrument using both positive and negative modes of ionization; all of 

which are discussed in the context of a biopharmaceutical relevant universal deconvolution 

algorithm. The deconvolution algorithm described is the PMI Intact Mass algorithm33, 34 

which uses both forward (m to m/z) and backward (m/z to m) mappings. The Intact Mass 

algorithm also includes a step to bias the deconvoluted neutral mass spectrum to a 

“parsimonious” solution with minimal mass peaks as necessary to explain the observed m/z 
spectrum.

Materials and Methods

Mass Spectrometry

Nano-electrospray ionization (nESI) native MS was performed using the following source 

voltages and pressures: Q-ToF Synapt G1 (Waters Corporation): source temperature 25 °C, 

source backing pressure 6.0 mbar, sample cone 25–200 V, trap collision voltage 75–125 V, 

in cC4F8; OrbitrapEMR (ThermoScientific): source transfer capillary temperature 250 °C, 

source collision induced dissociation 80 V, higher-energy collision induced dissociation 

(HCD) 20 V, N2; 15 Tesla solariX FT-ICR (Bruker Daltonics): source transfer capillary 

temperature 100 °C, Skimmer 1 50 V , collision cell voltage 30 V, in SF6. A more detailed 

discussion of all instrument parameters can be found in the Supporting Information. Protein 

samples were all in the concentration range of 10–20 μM, in 200 mM ammonium acetate 

and introduced in to the MS systems using a gold coated glass nESI needles (Long thin wall, 

M956232AD1-S; Waters Corporation) in positive and negative ionization mode. High m/z 
calibration was performed in under both positive and negative nESI modes of acquisition 

using a 100 μg/μL solution of CsI (Figure S2, Supporting Information). Denaturing LC-MS 

was performed on an open access enabled 6230 ToF MS (Agilent) connected to an Infinity 

1290 LC (Agilent) system, operated with a Zorbax SB300, C8 50 × 2.1 mm, 3.5 μm 

analytical column. More detailed native-MS and LC-MS conditions are noted in the 

Supporting Information.
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Materials

The following proteins and complexes were used in this study: a homotetrameric membrane 

protein AqpZ35; an IgG1 mAb biotin covalent conjugate34 (deglycosylated using PNGaseF, 

QA Bio, E-PNG01); an IgG2 conjugated with NHS-PEG12-Biotin (ThermoFisher Scientific, 

21312; 2.5 molar equivalents prepared in an identical manner to those described in34); an 

empty MSP1D1 nanodisc17; the PEG-GCSF protein36; a tetradecameric chaperone complex 

GroEL12 and the NIST IgGk mAb37. All proteins and complexes were buffer exchanged in 

to aqueous 200 mM ammonium acetate (diluted from Sigma-Aldrich 7.5 M stock, A2705–

500ML) using a P6 micro bio-spin filter (BioRad, 7326221). The AqpZ 200mM ammonium 

acetate solution also contained 1.1% w/v octyglucoside35.

Computation

A detailed algorithm description can be found in the Supporting Information. Briefly, PMI 

Intact uses an iterative algorithm to deduce the mix of charges in each small interval of the 

m/z spectrum. All charge values are set equally likely for the first deconvolved mass 

spectrum; new charge values are then computed from the previous deconvolved mass 

spectrum and the process is repeated. PMI Intact applies a small “parsimony” bias against 

m/z intervals with many different charges, because multiple true masses mapping to the 

same m/z bin are less common than deconvolution artifacts caused by charge uncertainty. On 

each iteration, the algorithm updates the charge vectors, which provide probabilities for each 

charge at each point of the observed m/z spectrum. New charge vectors are determined by 

the last deconvolved mass spectrum along with a-priori assumptions about smoothness of 

charging and likelihood of mass coincidences. The new charge vectors give a new 

deconvolved mass spectrum, and each iteration reduces the sum of the squares of the 

differences between the observed m/z spectrum and the m/z spectrum computed from the 

last set of charge vectors and deconvolved mass spectrum. For polydisperse targets such as 

nanodiscs, the algorithm can incorporate a user defined comb filter. For example, 677.5 Da 

would be used to describe the delta mass for a nanodisc lipid containing 

dimyristoylphosphocholine (DMPC; Figure S3, Supporting Information). Native and 

denaturing MS deconvolution was performed using PMI Intact (w2.15–584 develop; Protein 

Metrics Inc). Raw unprocessed MS data files are dragged directly into the Create Project 

User Interface (Figures S4–S5, Supporting Information). More detailed discussions of the 

“Advanced” deconvolution parameters can be found in Figure S6 (Supporting Information). 

For additional algorithm information please refer to the Supporting Information or Bern et. 
al.33.

Results and Discussion

Native-MS Deconvolution

It is important to note that the PMI software is vendor neutral and accepts spectral data 

directly from the raw, unprocessed data files, therefore does not need to be converted to text 

format (typically m/z versus intensity) prior to deconvolution. The full deconvolution 

process ranges from approximately 0.5–2.0 min per data file (nESI infusion and LC-MS; 

and number of iteration and processor dependent) based on a HP Z620 Workstation (Intel 
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Xeon 3.7 GHz, 16GB RAM, 12 cores) and the files described herein were processed across a 

network (data files not stored locally on the processing PC).

Figures 1a–d display the deconvoluted spectral data for multiple proteins and complexes 

ranging in MW (97.1 kDa to 802.4 kDa), stoichiometry (up to a tetradecamer) and 

polydispersity, all measured under native MS and solution conditions (200 mM ammonium 

acetate) by nESI using different MS instruments. See Supporting Information, Figures S7 

and S8 for a discussion regarding denatured and native MS theoretical versus instrument 

derived peak widths.

Figures 1a and 1b represent typical monoclonal antibodies (mAbs) and antibody drug 

conjugates (ADCs) which are highly specific and potent modalities used to treat multiple 

disease indications38, 39. Figure 1a displays the NIST IgG1k mAb standard analysed under 

positive ion native nESI mode on an Orbitrap-EMR MS. As can be seen, the main 

glycoforms are easily identified (G0F/G0F, G0F/G1F, G1F/G1F and G1F/G2F). A lower 

intensity and lower MW species are also identified as the aglycosylated G0F, G1F and G2F 

(146.5 kDa to 146.9 kDa40). Figure 1b represents a biotin conjugated IgG1 (Scheme 1a; 10 

molar biotin equivalents) of relatively simple spectral complexity and MWs ranging from 

145.9 kDa to 147.7 kDa, analysed under positive ion native nESI mode on a Q-ToF MS 

Adjacent mass differences correspond to 338.8 +/−10.1 Da (theoretical difference is 339.5 

Da) representing biotin covalent conjugation to native lysine residues consistent to those 

previously described by FT-ICR34.

Membrane proteins constitute over 50% of current druggable targets41, 42 therefore their 

characterization by pharma using MS is of high importance17, 35, 43. The analysis of AqpZ, 

acquired on an FT-ICR (Figure 1c) represents a membrane protein homotetrameric complex 

with a low level of polydispersity (n = 0 to 4). For AqpZ, the observed MW differences in 

the deconvolved spectrum are small, ranging from 97.1 to 97.2 kDa, representing a 

previously described N-terminal formylation (theoretical MW addition of a formylation is 

28.01 Da35). Based on the observed MW differences of adjacent formylation proteoforms 

(32.8 +/−1.9 Da) it would be challenging to positively determine which post translational 

modification is present. One would require either ultrahigh resolution mass measurements44 

and/or proteolytic digestion35. An additional larger MW is observed corresponding to an 

approximate 182 Da increase, which is not observed when AqpZ is analysed under 

denaturing LC-MS conditions (Figure S9, Supporting Information), therefore we attribute 

this species to an unidentified non-covalent adduct.

Figure 1d represents the deconvolved spectrum of GroEL; the simplest in terms of spectral 

complexity presented herein. However, the measured charge states (negative nESI; z = 50- to 

58-) are detected far higher in the m/z scale (>14,000) and represent a higher level of salt 

and buffer adduction than NIST IgG1k sample, the IgG1-biotin conjugate or the AqpZ 

complex, therefore representing a different challenge for spectral deconvolution. Upon 

deconvolution a major species of MW of 802.4 kDa is detected under negative nESI mode 

(consistent with the positive nESI mode data; Figure S10, Supporting Information). The 

raised baseline and partially resolved charge states in Figure 1d are indicative of additional 

species, close in MW. In both deconvolved spectra (positive and negative nESI) there is 
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evidence of a lower MW species (791 kDa). Previously described GroEL spectra45, 46 have 

also displayed additional low level species present at similar m/z values to that of GroEL. 

The characterization of these species are beyond the scope of this manuscript, however are 

likely to be either truncated constructs of GroEL or additional protein complexes not 

removed during the purification procedure12. A denatured LC-MS GroEL spectrum is 

displayed in Figure S11 (Supporting Information) showing detection of additional lower 

MW species. Also note that the separation of this low intensity species from adjacent charge 

states is improved under negative nESI due to the charge states appearing higher in the m/z 
scale emphasizing the importance of the rarely utilized negative ion nESI in native MS47. In 

all the aforementioned cases (Figure 1a, b, c & d) highly comparable Basic and Advanced 

deconvolution parameters were used (Figure S6, Supporting Information).

Figure S12 (Supporting Information) displays a range of proteins (ubiquitin, myoglobin, 

NIST light and heavy chain and BSA) of varying MW (8.1 to 66.7 kDa) analysed by 

denaturing LC-MS, which have been deconvolved using the comparable settings to those 

used for native MS spectral processing described in Figures 1, 2 and 3. All spectra are 

artifact-free and are measured to an overall RMS error of 4.7 ppm to the expected theoretical 

values (Table S1, Supporting Information). In all processed examples described herein, an 

estimate of expected charge state distribution must be input and is typically set to a wide 

value (z = 10+ to 100+; Figure S6, Supporting Information). This is not the case for the 

original Maximum Entropy algorithm26 or the FFT-based deconvolution algorithm32 but is 

required for UniDec29. In rare cases such as the nanodisc16, 17, a charge state distribution 

can be challenging to predict and interpret. However, based on the MW versus z relationship 

established by de la Mora48, an approximate charge distribution can be predicted.. 

Additionally, it is also common practice to perform a “scouting” deconvolution over a wide 

m/z, MW and z range, then perform a narrow “focused” deconvolution. Ideally, a spectral 

deconvolution algorithm with minimal input parameters is preferred.

Comb Filter: Deconvolution of high polydisperse pharmaceutical relevant molecules:

A comb filter sums or averages evenly spaced points in a signal. PMI Intact allows the user 

to specify a comb filter to average peaks corresponding to MWs with anticipated mass 

deltas. The comb filter was added to the “backwards step”. A comb filter of width 1 is 

implemented as an averaging filter with weights 0.25, 0.5, 0.25 applied to points in the last 

neutral MW spectrum at masses:

m − Δ, m, and m + Δ (3)

where Δ is the delta mass (79.98 Da for phosphorylation, for example) and m is the neutral 

MW. The averaged value is then used to set the probability for charge k at m/z point mi = 

1.00728 + m/k. A comb filter of width 2 uses a weighted average of:

m − 2Δ, m − Δ, m, m + Δ, and m + 2Δ (4)
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An ADC is composed of an antibody with high affinity to a specific target and a covalently 

attached cytotoxic agent, via native lysine, reduced cysteine or engineered cysteine 

residue49–51. The resultant drug-to-antibody ratio (DAR) typically ranges from 1 to 8 

covalent drug conjugations, using a cleavable or non-cleavable linker52. Depending on the 

level/heterogeneity of the glycosylation and the MW of the covalently attached moiety, the 

resultant MS spectrum can be polydisperse. Currently, there are four ADCs approved by the 

US FDA and more in clinical trials53, 54. If one considers the FDA approved chimeric IgG1-

based ADC Brentuximab vedotin (ADCETRIS®), multiple overlaps between glycosylated 

charge states (G0F/G0F, G0F/G1F, G1F/G1F) and the cysteine conjugated mono-methyl-

aurustatin E (MMAE; MW 1316.6 Da55) will occur at higher DAR values, resulting in a 

complex MS spectrum. To reduce the spectral complexity, groups have deglycosylated 

(PNGaseF treated) and analysed ADCs under native-MS conditions56 where charge states 

appear higher in the m/z scale, resulting in an improved level of separation. However, 

processing highly congested MS data with an effective deconvolution algorithm, regardless 

of where in the m/z scale the charge states appear, an accurate MW should be readily 

achieved. Figure 2a displays the deconvolved spectrum of an IgG2 mAb (glycans intact) 

covalently modified with NHS-PEG12-biotin (2.5-molar equivalents) at native lysine 

residues (Scheme 1b) resulting in multiple covalent MW additions of 825.6 Da. Within the 

lower m/z regions of the spectrum, the data is highly congested, however, higher regions of 

the spectrum (m/z 3750–4750) individual charge states begin to be resolved (Figure 2a, 

Inset). Including the comb filter (delta mass 825.6 Da) effective deconvolution was achieved. 

Utilizing the comb filter, the detection of lower S/N species, such as DAR 1, DAR2, DAR 10 

and DAR 11 are now significantly improved (Figure S15a, Supporting Information). The 

average DAR value, with and without the use of the comb filter is also subtly different (5.63 

vs 5.54 respectively). This has implications for not only which techniques (LC-MS, native 

MS, LC-UV, LC-HIC) are used to derive the DAR value34, 57, but also which deconvolution 

parameters are used to process the MS data; the use of consistent parameters and algorithms 

is key to optimized experimental process and consistent results.

Figure 2b represents an empty MSP1D1 nanodisc acquired on the Orbitrap-EMR instrument 

using intermediate activation energies (Supporting Information). Nanodiscs are enabling 

membrane mimetics and have been demonstrated as an effective means of immobilizing 

membrane proteins for further drug or fragment screening campaigns within pharma, using 

surface plasmon resonance58. The Inset displays a broad, polydisperse spectrum with clear 

areas of constructive overlap59. Effective deconvolution is achieved using a comb filter delta 

mass 677.5 Da (average MW of DMPC). An average MW of 141.542 kDa is derived of 

which there are approximately 143 ± 20–30 DMPC molecules (based on 2 x membrane 

scaffold proteins of MW 22.4 kDa) constituting this empty MSP1D1 nanodisc molecule, 

consistent with values previously described by native MS16, 17 and analytical 

ultracentrifugation58. The MW polydispersity determined using PMI (130 kDa to 160 kDa) 

using an applied Comb Filter setting of 1, is consistent with previously deconvolved 

MSP1D1 nanodisc spectral data17.

PEGylation is used to enhance the half-life of therapeutically active molecules60, 61 however, 

MS analyses typically result in highly polydisperse spectra within which neutral MWs 

cannot be ascertained manually; algorithmic deconvolution is essential. Figure 2c shows a 
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deconvolved average MW distribution of 39.953 kDa. This data represents a 18.8 kDa 

protein covalently modified with 21.9 kDa PEG similar to that described by Bagal36. The 

deconvolution was achieved using a comb filter delta mass of 44.1 Da resulting in an 

average MW of 39.953 kDa consistent with that previously published, without the need for 

spectral simplification by charge reduction36. The LC-MS deconvolved MW (Figure 2c) is 

highly consistent with that derived by linear MALDI-TOF-MS (40.050 kDa; Figure S13, 

Supporting Information) and contrary to recent opinion36, MALDI-MS is in fact an effective 

analytical method for MW determination of larger PEGylated protein constructs., with the 

caveat that linear MALDI-TOF will result in a larger MW spread (Figure S16, Supporting 

Information). Figure 2c inset shows the unprocessed data (from LC-MS) and highlighted (*) 

are a series of abundant ions differing by 44.1 Da superimposed on top of a highly 

polydisperse series of protein-PEG conjugate charge states and in the m/z scale where the 

two series overlap, constructive enhancement is observed. These PEG ions are likely to be a 

result of fragmentation within the MS instrument, as operating at a lower source fragmentor 

voltage reduced the intensity of these interferences and subtle differences in the deconvolved 

ion distribution are therefore also evident (Figure S14, Supporting Information). Figure S15 

(Supportng Information) displays the deconvolved data the IgG2-PEG12-Biotin, the empty 

MSP1D1 nanodisc and the PEG-GCSF molecule, all processed without the use of the comb 

filter. In all cases, the implementation of the comb filter improves spectral S/N. Finally, a 

brief but useful comparison and discussion is made between PMI Intact and five of the most 

commonly used protein deconvolution algorithms to process the highly polydisperse PEG-

GCSF LC-MS spectral data: MaxEnt (MassLynx, Waters), MaxEnt and PMod (MassHunter, 

Agilent), UniDec29 and iFAMS62 (Figure S16, Supporting Information). In brief, a full 

algorithm comparison is well beyond the scope of this manuscript, however, qualitatively, 

the more recently developed algorithms such as UniDec29, iFAMS62 and PMI33 appear to 

produce deconvolved spectra of superior quality.

Comparing Native and Denaturing MS Spectra

One must now consider whether deconvolution parameters can remain constant when 

processing denatured and native-MS spectral data and whether mass measurement parity is 

retained, for the same protein molecule. In this case, the NIST IgG1k mAb is compared. 

Figure 3a represents the NIST IgG1k analysed under denaturing LC-MS conditions (oa-ToF, 

C8 reversed phase using n- propanol, TFA 0.1% and 70 °C3; Supporting Information) and 

Figure 3b, the native-MS and solution condition spectrum (nESI, 15 T FT-ICR, 200 mM 

ammonium acetate, Supporting Information). The zero-charged deconvolved MW and mass 

measurement for the glycoforms G0F/G0F-GlcNAc, G0F/G0F, G0F/G1F, G1F/G1F, 

G1F/G2F are presented in Figure 3c. The denatured LC-MS and native-MS spectra display 

highly comparable MWs and respective mass measurement values. Only the glycoform 

G0F/G0F-GlcNAc displays a significant difference in measured mass accuracy. Less 

adduction is observed under LC-MS denaturing conditions, therefore, improved mass 

measurement is achieved (unprocessed NIST data are displayed in Figure S17; Supporting 

Information). In the denatured LC-MS data (Figure 3a) a lower m/z leading edge species is 

detected. This species can be further resolved (Figure 3a, Inset, zoom of glycoform G0F/

G1F) by using the Peak Sharpening option under Advanced Settings (Figures S6 and S18, 

Supporting Information). This feature can also be detected as a leading edge in the native- 
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MS FT-ICR spectrum (Figure 3b). Upon Peak Sharpening, this species is further resolved 

(Figure 3d Inset) and is highly consistent to that presented in Figure 3a. This minor species 

has previously been characterized as an uncleaved C-terminal heavy chain lysine residue 

(+128.1 Da40) superimposed (but partially resolved) over the adjacent glycoform (G0F/G1F) 

species (des-K form). However, the MW difference obtained using two separate acquisitions 

(denaturing LC- MS-ToF and native FT-ICR MS) are also consistent with a loss of a 

GlcNAc (−203.1 Da) from an adjacent glycoform. Figure S19a (Supporting Information), 

shows the deconvolved LC-MS for the NIST mAb heavy chain where multiple, well 

resolved −GlcNAc (−203.1 Da) species are detected. In Figure S19b (Supporting 

Information) a +128.1 Da addition is detected, representing a low level unprocessed heavy 

chain C-terminal lysine residue40. It is likely these leading-edge partially resolved species in 

Figures 3a and 3b, are in fact a mixture of +128.1 Da and −203.1 Da and relative ion 

intensity values appear to support this hypothesis (Figures S18 and S19, Supporting 

Information).

A similar comparison between the IgG1-biotin 5-molar equivalent analysed under 

denaturing LC- MS and native MS (Figure S20, Supporting Information). In both cases, the 

application of the peak-sharpening feature allows for the improved definition and mass 

measurement of the +162 Da glycation; a lysine PTM commonly observed in mAbs63. This 

improvement in glycation definition has also been demonstrated through FT-ICR transient 

apodization34. Additionally, the trailing edge shoulder is now partially resolved in the 

native-MS spectra. The mass difference is approximately 40 Da, therefore likely a 

noncovalent sodium, potassium, ammonium adduct, or multiples thereof. Minor differences 

in charge state distributions of mAb conjugates and ADCs analyzed under native and 

denaturing MS conditions and related analytical techniques have been previously addressed 

by multiple groups34, 57, 64. We assume this difference also holds true for mAb glycoforms 

described herein (Figure 3a & 3b; note the minor intensity differences between glycoforms 

G1F/G2F).

Conclusions

The use of a parsimonious deconvolution algorithm has been demonstrated to efficiently 

deconvolute spectral data acquired for proteins and complexes, both pharmaceutically 

relevant constructs and research grade standards, analyzed under native MS and denaturing 

conditions (LC- MS) under both positive and negative modes of ionization. MS data from 

three different analysers (oa-ToF, Orbitrap and FT-ICR) and four different instrument 

vendors (Waters, ThermoScientific, Agilent and Bruker) were successfully deconvoluted 

without any file format change.

The proteins and complexes analysed varied in MW, stoichiometry and m/z range; the NIST 

IgG1k (mAb, 148.3 kDa); an IgG1-biotin conjugate (ADC-like; 146.5 kDa), IgG1-PEG-

Biotin (ADC- like; 147.5 kDa); a PEG-GCSF (39.9 kDa; up to 43 measurable PEG 20k 

units) an empty MSP1D1 nanodisc (141.5 kDa; two membrane scaffold proteins, 

approximately 124 to 170 measurable DMPC phospholipid molecules,), the membrane 

protein AqpZ (noncovalent homotetramer, 97.5 kDa) and the chaperone protein complex 

GroEL (homotetradecameric, 802.4 kDa). Highly comparable deconvolution parameters 
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were used in all cases and the resultant zero-charged spectra are artifact free (zero 

harmonics; third, half, double, and triple multiples of the protein MW). Additionally, when 

processing denatured LC-MS or native MS spectral data (of the same constructs, NIST 

IgG1k and the IgG1-biotin conjugate), the deconvolution parameters remained constant and 

unchanged. In both cases, the deconvolved, zero-charged data peak widths consistently 

reflect those of the unprocessed data. Mass accuracy is also highly comparable.

From an industrial and biopharmaceutical perspective, this deconvolution algorithm suite is 

highly advantageous, as most laboratories within a Research Discovery and Process 

Development setting will likely use multiple MS instruments from different vendors; the 

ability to drag-and-drop multiple MS data files of different format and subsequently process, 

is highly attractive. Also, in certain cases it may be required that both denaturing and native 

MS analyses be performed on the same protein construct. For example, one may want to 

derive an accurate mAb MW through LC- MS analysis3; levels of specific covalent 

modification from high throughput screening campaign2; drug-to-antibody ratio34, 57, 65; 

assess the levels of degradation66 of biotherapeutic molecules or assess the levels of 

aggregation (by SEC coupled to native MS67) present in the sample. Native- MS in 

biopharma is also used for assessing the correct assembly of a nanodisc; it is rapid (ca. 5 

mins) and when combined with rapid and accurate deconvolution, one can accurately assess 

the level of DMPC incorporation and therefore ascertain its correct formation for further 

downstream manipulation of membrane proteins; for example SPR dose dependence 

experiments58. In summary, a single algorithm can now be used for protein deconvolution 

within the pharmaceutical Research Discovery environment, therefore removing much of the 

subjectivity that still exists in this most basic area of MS analytics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Native MS analyses using multiple MS instrumentation and subsequent algorithmic 

deconvolution of a diverse range of pharmaceutically relevant and research grade protein 

constructs: a) the NIST IgG1k mAb standard analyzed by nESI native-MS mode by 

Orbitrap-EMR MS; b) an IgG1 lysine-biotin (10 molar biotin equivalent;(34) PNGaseF 

treated) conjugate, analyzed by nESI native-MS by Q-ToF MS; c) aquaporin-Z analyzed by 

nESI native-MS by FTICR MS;(35) d) GroEL analyzed by negative native-MS nESI by Q-

ToF MS. Insets display the unprocessed data. The most intense charge state, the formylation 

stoichiometry, and the drug-to-antibody ratio (DAR) values are annotated.
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Figure 2. 
The effect of the comb filter (comb filter = 1) on the deconvolution of highly polydisperse 

MS spectral data: a) an IgG2 PEG12-biotin conjugate analyzed by denaturing LC-ToF MS; 

b) an empty MSP1D1 nanodisc(17) containing the phospholipid DMPC analyzed by nESI 

native-MS (Orbitrap-EMR); c) PEGylated protein analyzed by denaturing LC-ToF MS; * 

indicates free PEG differing by 44.1 Da. The MW (ave) is calculated from the superimposed 

(red hashed line) normal distribution. All insets display the unprocessed m/z data. The comb 

filter delta mass is also annotated. Figure S15a–c display the deconvolved spectra without 

the use of the comb filter.
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Figure 3. 
Comparative deconvolved spectra of the NIST IgG1k mAb analyzed under: a) denaturing 

LC-ToF MS; b) native-MS and solution conditions by FTICR. The insets in all cases display 

a zoom-in of the glycoform G0F/G1F post-peak sharpened processing; * represents a 

species previously postulated to be a low level unprocessed heavy chain lysine residue 

(+128.1 Da).(40) Minor differences in charge state distributions are observed when analyzed 

under native and denaturing MS conditions, consistent with other groups observations.

(34,57,64) c) Deconvolved MWs of denatured and native-MS analyzed NIST mAb 

glycoforms and their respective errors (in ppm) were calculated from n = 1 experiments. The 

major glycoform theoretical MWs are reproduced from Formolo et al.(40) MW 

measurements were derived directly from the software centered peak.

Campuzano et al. Page 18

Anal Chem. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
The synthetic scheme of lysine conjugation used to covalently modify the IgG1 and IgG2 

mAbs described herein; a) sulfo-NHS-LC-biotin lysine conjugation34; b) NHS-PEG12-biotin 

lysine conjugation. A single native lysine residue is represented as only the primary amine 

side chain. Observed MW additions for a single conjugation are annotated (Da, average 

MW).
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