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Supplementary Results  

Optimization LC-MS/MS Workflow  

FAIMS-MS/MS Settings 

In order to cover a broad proteoform mass range, two different LC-FAIMS-MS workflows 

utilizing internal compensation voltage (CV) stepping were used.1 For targeting proteoforms 

smaller than ca. 15 kDa (from now on referred to as the LMW method), the CVs −60, −50, 

−40, and −25 V were selected. Moreover, the acquisition was performed in peptide mode, i.e., 

with a higher pressure in the ion routing multipole (IRM), and CID fragmentation was utilized. 

In contrast, to target proteoforms larger than ca. 15 kDa (HMW method), the CVs −30, −20, 0, 

and +15 V were selected, and fragmentation was performed with EThcD. Moreover, the 

acquisition was performed in protein mode (lower pressure in the IRM), and a medium/high 

acquisition strategy was applied.2  

Ten technical replicates of a proteome derived from a cell lysate of human Caco-2 cells 

(enriched with proteoforms smaller than 20 kDa by SPE)3 were analyzed to examine the two 

methods in detail. The various CVs of the LMW and HMW methods resulted in different total 

ion chromatogram (TIC) profiles, highlighting the effectiveness of gas-phase separation by 

FAIMS (Supplementary Figure 2A). Notably, the combination of FAIMS with EThcD 

fragmentation resulted in a jagged TIC, i.e., the intensity of the consecutive MS1 signals varied 

considerably. According to the instrument vendor, Thermo Fisher Scientific, the reason for this 

is that the FAIMS DC offset is shared with the stacked ring ion guide (SRIG) DC. However, 

the SRIG DC offset is not restored to the precursor polarity on time to stabilize the precursor 

signal after an ETD reagent injection. Upon manual inspection, it was found that this did not 

affect the overall quality of the acquired MS2 spectra, but it may have an impact on label-free 

quantification. For proteoform identification, the raw files were analyzed by ProSightPD 

(FDR<1%). Only proteoforms with a C-score above 40 were considered to obtain well-

characterized proteoform identifications.4  

The LMW and HMW methods identified a similar number of proteoforms (1,515 and 1,384, 

respectively), but more proteins were identified by the LMW (515) compared with the HMW 

method (215) (Supplementary Figure 3). The LMW method identified more truncated 
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(subsequence) proteoforms than the HMW method; nevertheless, the majority of the 

proteoform spectral matches (PrSMs) were assigned to annotated (full-length) proteoforms in 

both methods. We adopted the definition of annotated proteoforms from ProSightPD, i.e., 

annotated proteoforms are all full-length proteoforms deposited in the database, including, e.g., 

start-methionine and signal peptide excision. In contrast, truncated proteoforms are 

proteoforms that have been truncated in a way that is not described in the database. 

Using the HMW method, the proteoform mass ranged from 5.7-57.9 kDa, with a median of 

15.4 kDa (Supplementary Figure 1A). Compared to that, the LMW method identified much 

smaller proteoforms in the mass range of 2.1-26.6 kDa, with a median of 6.1 kDa. Consistent 

with the literature,2 the low-resolution MS1 spectra enabled the detection of large proteoforms 

possessing charge states up to 57+ (Supplementary Figure 2B-D); however, the isotopic 

unresolved spectra led to lower accuracy in precursor mass determination compared to high-

resolution data. Thus, the maximum precursor tolerance for identifying annotated proteoforms 

in the medium/high datasets was set to 2.2 Da.2,5 In contrast, the LMW method enabled high 

mass accuracy and the resolution of the isotopic distribution, which are valuable tools for 

manual proteoform validation (Supplementary Figure 2E/F).6  

The high complementarity of the two methods was demonstrated by the low overlap regarding 

identified proteoforms (10%) and proteins (25%) (Supplementary Figure 1A, 

Supplementary Figure 3C). The LMW method identified slightly more acidic and 

hydrophilic proteoforms than the HMW method (Supplementary Figure 3D). Furthermore, 

consistent with previous studies,7 proteoforms identified with both methods showed a higher 

residue cleavage after EThcD fragmentation utilized in the HMW method compared to the CID 

fragmentation used in the LMW method (Supplementary Figure 4).  

In summary, the two MS methods provide complementary proteoform identifications attributed 

to the different FAIMS settings, acquisition strategies, and fragmentation mechanisms, 

enabling the characterization of proteoforms within a wide mass range.  

Repeatability  

Due to instrument variance, i.e., slight variations of retention times and MS performance, 

multiple injections of the same sample can result in different identifications.8 For a fair 

comparison between several sample preparation steps, it is essential to investigate the 

repeatability of technical replicates to distinguish between differences originating from 



5 

 

instrument variance and the actual sample preparation.9 In addition, evaluating the variability 

of LC-MS/MS allows a rational decision on how many replicates are required for each sample, 

ensuring a high number of identifications while also avoiding excessive measurement time. To 

this end, the datasets acquired to examine the HMW and LMW methods were evaluated 

regarding their reproducibility.  

On average, the LMW method identified 621±15 proteoforms from 320±8 proteins 

(average ± standard derivation, n=10) (Supplementary Figure 5A/B), with an overlap 

coefficient between the replicates of approximately 79% on the proteoform and 88% on the 

protein level (Supplementary Figure 1B), demonstrating a high reproducibility. Interestingly, 

the overlap coefficients of the annotated proteoforms (89%) were significantly higher than 

those from the truncated proteoforms (75%), which could possibly be explained by a higher 

abundance of annotated proteoforms (Supplementary Figure 5C). The number of assigned 

PrSMs correlates with the proteoform abundance and, thus, can be used as a rough semi-

quantitative approach.10 Overall, 79±1% of the PrSMs were assigned to annotated, and only 

21±1% were assigned to truncated proteoforms. The higher abundance of annotated 

proteoforms translates to an increased likelihood of selection for fragmentation and 

subsequently leads to more reproducible identification. Notably, the quality and the 

physicochemical properties of the identified proteoforms, such as isoelectric point, proteoform 

masses, and GRAVY score, were very similar for all replicates 

(Supplementary Figure 5D-G). 

Next, we examined the gain of multiple injections regarding the number of identifications 

(Supplementary Figure 1C, Supplementary Figure 5H).9,11 On average, the second 

injection increased the proteoform identifications by 21% and the protein identifications by 

13% compared to a single injection. The third injection added, on average, 10% proteoforms 

and 7% proteins. Additional measurements led to a successive decreasing increment of 

identifications; for example, only 3% of additional proteoforms and 2% of proteins were 

identified after seven cumulative injections.  

The reproducibility of the HMW method was slightly worse than that of the LMW method 

(Supplementary Figure 6). For example, the overlap coefficient between two replicates was 

between 58-69%, mainly attributed to the lower reproducibility of truncated proteoforms 

(overlap coefficient of approximately 37%, compared to 79% for annotated proteoforms). This 

observation can possibly be explained by the bias against detecting small proteoforms with a 
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low-resolution MS1 acquisition method. Low-resolution MS1 data require deconvolution via 

the detection of charge patterns, which is more accurate when more charge states of a 

proteoform are present. Small proteoforms, however, typically have a reduced number of 

detectable charge states compared to larger proteoforms. With the HMW method, the second 

injection increased, on average, the proteoform and protein identifications by 35% and 16%, 

whereas the third injection added 20% and 8%, respectively. The reproducibility of the HMW 

method regarding the number of identifications, physicochemical properties, and confidence 

of the identifications was very high, similar to the LMW method.  

Based on the technical repeatability analysis, we performed three replicates per sample for the 

following investigations utilizing the LMW and HMW methods to increase the number of 

proteoform identifications while keeping the measurement time moderate. Notably, the 

number, confidence, and physicochemical properties of the identified proteoforms were highly 

reproducible within technical replicates (Supplementary Figure 5, 6).  

Influence of the Injection Amount 

Different sample preparations yield different protein quantities that can be injected for LC-

MS/MS analysis, which can affect the depth of the analysis.12 On the one hand, too low 

injection amounts may prevent the identification of low abundant proteoforms. On the other 

hand, too high injection amounts may result in non-optimal chromatographic separation caused 

by broad and overlapping peaks, as well as by column overloading. Thus, the influence of the 

injection amount on the number and confidence of proteoform identifications was investigated. 

For this, 30-1,200 ng of a proteome derived from human Caco-2 cell lysate (enriched with 

small proteoforms by SPE) were analyzed in triplicates by LC-MS/MS using the LMW 

method.  

In general, the higher the injection amount, the higher the number of identifications, ranging 

from 197±10 to 734±8 proteoforms and 137±8 to 360±15 proteins (average ± standard 

derivation, n=3) at 30 ng and 1,200 ng, respectively (Supplementary Figure 1D). The overlap 

coefficient between all injections was in the same range as for technical replicates, 

demonstrating that with decreasing sample amounts, only a subset of abundant proteoforms 

was identified (Supplementary Figure 7A/B).  

Besides the number of identifications, the confidence of proteoform identifications was also 

improved with increasing injection amount. For example, the average residue cleavage 
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increased from 19±1% (30 ng injection) to 30±1% (900 ng injection) 

(Supplementary Figure 7C). In addition, the higher the sample amount, the higher the number 

of modified proteoforms identified; e.g., an injection of 30 ng resulted in only 14 serine-

phosphorylated proteoforms, whereas more than five times more (72) were identified with an 

injection of 1,200 ng (Supplementary Figure 7D).  

Interestingly, the ratio of the annotated compared to truncated proteoforms decreased with 

increasing sample injection amount (Supplementary Figure 7E/F). With a 30 ng injection, 

approximately the same number of annotated (101±9) and truncated proteoforms (96±4) were 

identified. In contrast, the injection of 1.2 µg results in twice as many truncated (517±7) than 

annotated proteoforms (217±3). The same trend, even with a higher degree, was observed for 

the number of assigned PrSMs. This observation could possibly be explained by the lower 

abundance of truncated proteoforms, which is consistent with the repeatability studies of LC-

MS/MS measurements described above.  

Based on these results, it is evident that injecting approximately the same amount of 

proteoforms for LC-MS/MS analyses is essential to ensure a fair comparison of different 

sample preparation methods. Therefore, in this study, a similar injection volume was injected 

for all experiments based on the total number of ions. 

Influence of the Enrichment of Suitable Proteoforms 

Human Caco-2 cells were lysed in PBS buffer, with the same batch of Caco-2 cells used for all 

experiments. Aliquots were purified by MCW precipitation and subjected to various sample 

preparation strategies using the established LC-MS/MS workflow. All experiments were 

performed in triplicates to increase the number of identifications and examine the 

reproducibility. For the isolation of proteoforms by MWCO filters, the sample was applied to 

a 30 kDa filter and centrifuged.13 Thus, theoretically, only proteoforms below the MWCO size 

can pass the filter. Furthermore, size-based fractionation strategies were performed to enrich 

proteoforms smaller than approximately 30 kDa. In the PEPPI protocol,14 proteoforms are 

separated by SDS-PAGE and eluted from the gel through passive elution. In contrast, the 

GELFrEE system recovers the proteins in solution after gel electrophoresis.15 Another size-

based separation method is SEC, which was conducted with an acidic organic-aqueous mobile 

phase. Besides that, we applied an acidic acetonitrile-based depletion strategy,16–18 specifically 

depleting proteoforms larger than 15-30 kDa, whereas small proteoforms remain in solution. 
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For SPE sample preparation, the proteome was loaded on a C18 SPE cartridge, and the bounded 

proteoforms were washed with an acidic water solution.3 Subsequently, proteoforms were 

eluted with a high content of organic solvents.  

Quality Control 

The injection amount of all samples was adjusted to achieve a TIC of ca. 3-6×109. Strikingly, 

the profiles and most intense signals in the TICs were similar in all raw files of the different 

approaches, with the exception of the acetonitrile depletion, which showed a different TIC 

profile (Supplementary Figure 12A). The retention time stability across the entire 

measurement series was reasonable based on randomly selected precursors at the start 

(variation approximately smaller than 1.5 min), middle (variation <2 min), and end (variation 

<3 min) of the gradient (Supplementary Figure 12B-D).  

Further, we examined the confidence of the proteoform identified by the various sample 

preparation strategies, including the C-score, E-value, p-score, and residue cleavage 

(Supplementary Figure 13). Only slight differences were observed; for example, the highest 

average C-score was obtained with the GELFrEE approach (1,241), whereas the highest 

residue cleavage was obtained for proteoforms identified after acetonitrile depletion (29.8%).  

 

Modified Proteoforms  

Generally, the number of modified proteoforms correlated with the total number of 

identifications, i.e., the more identified proteoforms, the more modifications were detected. For 

example, proteoform isolation by MWCO filters resulted in the identification of 178 

phosphorylations on serine residues and 19 N-terminal myristoylations. After the gel-based 

approaches, the number of identified proteoforms with oxidized cysteine residues was low 

(GELFrEE: 18, PEPPI: 41), which might be explained by the reduction of the proteoforms 

using β-mercaptoethanol or dithiotreitol prior to electrophoresis. The fact that disulfides were 

still identified is in agreement with the results of the investigations of reduction/alkylation of 

the proteoforms and can be explained either by incomplete reduction or re-oxidation of the 

cysteine residues during sample preparation.  

Besides biological modifications, we investigated the occurrence of artificial modifications 

introduced during sample preparation and downstream analytics. To this end, the raw files were 
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deconvolved with FLASHDeconv, and the mass features were analyzed with MSTopDiff 

(Figure 5D). In all approaches, mass shifts of 16 Da, 32 Da, and 48 Da that could be assigned 

to (multiple) oxidation events were observed. In the PEPPI dataset, adducts from β-

mercaptoethanol (Δm=60.01 Da, 2-OH-ethyl thio-serine, and Δm=76.00 Da, cysteine 

mercaptoethanol) were observed, an artifact from incubating the sample in Laemmli buffer 

prior to SDS-PAGE separation. It should be noted that reduction/alkylation of the sample prior 

to separation with PEPPI, as envisaged in the original PEPPI protocol,14 would prevent the 

formation of β-mercaptoethanol adducts. Furthermore, employing reductive agents such as β-

mercaptoethanol is not mandatory and can be replaced with other alternatives such as DTT or 

completely omitted. The SPE sample preparation resulted in the identification of a formylation-

related mass shift (Δm=28.00 Da), which can be explained by the use of formic acid at ambient 

temperature. 

 

Identified Proteins  

Among the ten most abundant protein sequences identified (based on PrSM count), there was 

considerable overlap between the investigated approaches, except for acetonitrile depletion. 

Notably, the acetonitrile depletion resulted in a bias towards histone proteins; e.g., six of the 

ten most abundant proteins belong to histone proteins. The tubulin-specific chaperone (UniProt 

accession: O75347-1) was identified among the most abundant proteins in all samples. Besides 

that, the mitochondrial 10 kDa heat shock protein (P61604), ribosomal proteins (P05387, 

P39019), parathymosin (P20962), S-100 proteins (P31949, P60903), Calmodulin (P0DP23), 

and triosephosphate isomerase (P60174-1) were identified with a high abundance in all 

approaches, except after acetonitrile depletion. Interestingly, the Histone H4 protein (P62805) 

was the most abundant protein in all datasets but the MWCO dataset, where it was not even in 

the top ten.  

 

Variations of the Proteoform Isolation Strategies  

Several variations of the investigated sample preparation strategies were examined 

(Supplementary Figure 17). The SPE protocol was initially performed with reversed-phase 

C18 phases3 and further studied using C4 phases. Compared to the C18, the C4 protocol 



10 

 

resulted in almost identical identifications regarding the number, confidence, reproducibility, 

and physicochemical properties (proteoform mass, GRAVY score, and pI).  

The acetonitrile depletion method can be performed either under acidic (ACN/NaCl with 0.1% 

TFA) or basic (ACN/TEAB, pH 8.5) conditions. Compared to the acidic depletion described 

above, the basic depletion resulted in a significantly lower number of identifications, with 

401±46 proteoforms and 225±24 proteins (n=3). Strikingly, significantly more proteoforms 

with an acidic pI were identified using the ACN/TEAB approach, resulting in a median pI of 

7.2 (ACN/NaCl: 9.8). This observation perfectly aligns with the results described above about 

the influence of the pH on the pI of the proteoforms identified. Furthermore, the identified 

proteoforms were more hydrophobic using the ACN/TEAB method (GRAVY score of −0.27) 

compared to the ACN/NaCl protocol (−0.54).  

Besides 30 kDa MWCO filters, 50 kDa and 100 kDa filters are often utilized. However, 

applying the MWCO protocol described in the Material and Method section to 100 kDa filters, 

the subsequent LC-MS/MS analysis resulted in a critical column pressure profile, i.e., the 

pressure increased successively and showed jumps up to 50 bar. Finally, the analysis of the 

samples prepared with 100 kDa filters clogged the ESI emitter; therefore, these filters were not 

further investigated. The 50 kDa filter led to fewer identifications (546±21 proteoforms from 

284±14 proteins) compared to the 30 kDa MWCO filter. Furthermore, the identified 

proteoforms were more hydrophilic, with a median GRAVY score of −0.7 (30 kDa MWCO 

filter: −0.56).  

An optimized protocol for analyzing small proteoforms has recently been developed for the 

PEPPI fractionation, utilizing anion-exchange stage-tip (anion-exchange disc-assisted 

sequential sample preparation, AnExSP) purification instead of MCW precipitation].19,20 In 

agreement with the literature, AnExSP identified more small proteoforms due to avoiding the 

precipitation step.20,21 However, fewer proteoforms larger than 10 kDa were identified, 

resulting in an overall reduced number of identifications (543±123 proteoforms from 

289±58 proteins). The average proteoform size using PEPPI-AnExSP was significantly 

reduced (6.6 kDa) compared to PEPPI-MCW (8.2 kDa). Similar to PEPPI-MCW, PEPPI-

AnExSP showed a bias towards more acidic proteoforms.  
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Proteoform Fractionation 

A recently developed two-dimensional low/low pH reversed-phase LC separation scheme was 

utilized to fractionate the proteome of Caco-2 cells in the first dimension into 48 fractions, 

which were subsequently concatenated into eight pools.22 As a gel-based method, GELFrEE 

was employed, fractionating eight fractions below approximately 50 kDa. All experiments 

were performed in triplicates, and the samples were analyzed with two injections using the 

LMW and HMW methods, respectively. 

Fractionation Efficiency  

The fractionation efficiency and the properties of the different fractions were examined in more 

detail for both approaches. In the LC-based approach, all pools were quite similar regarding 

their number of identifications, ranging from 325±32 to 489±71 proteoforms (fractions 4 and 

6, respectively) and 186±8 to 225±28 proteins (fractions 8 and 6, respectively) 

(Supplementary Figure 20A). The overlap between two adjacent pools in the LC-based 

fractionation schemes was approximately 30% on proteoform and 50% on protein level 

(Supplementary Figure 20B). In addition, 73% of the proteoforms were uniquely identified 

in only a single fraction, demonstrating the high separation efficiency 

(Supplementary Figure 20C). No differences between the various fractions regarding the 

physicochemical properties (proteoform pI, mass, or isoelectric point) were observed. This is 

in accordance with previous reports and can attributed to the applied concatenation strategy 

(Supplementary Figure 20D-F).22  

The gel-based fractionation showed a slightly worse separation efficiency compared to the LC-

based fractionation (Supplementary Figure 21A-C). The number of identifications was more 

diverse, ranging from 80±9 to 606±314 proteoforms (fractions 1 and 6, respectively) and 41±10 

to 272±35 proteins (fractions 1 and 4, respectively). In particular, the first three fractions had 

a relatively high proteoform overlap (60-75%), while the overlap of adjacent fractions was 

approximately 40%. About 69% of the proteoforms were identified in only a single fraction, 

which is in a similar range as in the LC-based fractionation. Due to the size-dependent 

fractionation, the median proteoform size increased with increasing fraction number 

(Supplementary Figure 21D), from 7.9 kDa in fraction 1 to 20 kDa in fraction 6. Although 

most large proteoforms were identified in fractions 7 and 8, many small proteoforms were also 

identified, so the average proteoform size was around 10 kDa. The observation of small 
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proteoforms in fractions corresponding to higher mass ranges is in agreement with previous 

studies. The pI decreased with increasing fraction number, with more acidic proteoforms 

identified in later fractions. Compared to that, no clear trend was observed regarding the 

GRAVY score (Supplementary Figure 21E/F).  

Proteoforms Identified in this Study  

The most abundant proteoforms (based on PrSM count) were full-length proteoforms from 

Histone H4 (P62805), Calmodulin (P0DP23), and the Tubulin-specific Chaperone A 

(O75347). More than 1,380 protein sequences were identified with at least two different 

proteoforms; from 32 protein sequences, more than 100 proteoforms were identified 

(Supplementary Figure 22A). Note that we here cannot distinguish between biologically 

formed proteoforms and such formed due to artifacts during analysis (e.g., artificial 

truncations). 

Due to the high sequence coverage, several proteoforms carrying modifications on different 

residues could be unambiguously identified. For example, the guanine nucleotide-binding 

protein (P63218) was identified with six proteoforms, including a S-geranylgeranyl cysteine, a 

C-terminal truncated form (removal of the propeptide) in combination with geranylgeranyl 

cysteine and cysteine methyl ester, respectively, and four previously undescribed C-terminal 

truncations (Supplementary Figure 24). 

TDP inherently provides information about the N- and C-terminus of the proteoforms. 

Analyzing the identified canonical N-termini revealed that the start methionine was typically 

excised when the adjacent amino acid was glycine, alanine, proline, serine, threonine, cysteine, 

or valine (Supplementary Figure 26A/B). In contrast, the start-methionine was typically not 

excised if the amino acid in the second position was aspartate, glutamate, lysine, arginine, 

leucine, isoleucine, phenylalanine, asparagine, tryptophan, or glutamine. This observation is in 

agreement with previous studies, reporting that the start-methionine is processed by the 

methionine aminopeptidase based on the size of the adjacent residue.23 Approximately 30% of 

the proteoforms were N-terminally (excluding start methionine excision), 32% C-terminally, 

24% N- and C-terminally truncated, and 14% were annotated full-length proteoforms. The 

truncated proteoforms showed diverse potential cleavage sites 

(Supplementary Figure 26C/D). Several proteoforms with truncated signal peptides were 

identified, such as mitochondrial proteins from the Cytochrome c oxidase (P15954, P14406, 
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P12074, P24311, P20674, P10606, P10176, P13073,) confirming the annotated signal peptides. 

In some cases, the deposited signal peptide in UniProt24 differed from the identified proteoform 

by a few amino acids. For example, the mitochondrial ATPase inhibitor (Q9UII2) was 

identified with a cleaved signal peptide deposited in UniProt and several proteoforms that are 

one or a few amino acids longer and shorter, respectively.  
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Supplementary Notes: Various Observations 

In the course of this study, several observations were made, which partially led to the failure 

of experiments. The description of these experiments can provide important insights into 

potential issues to be taken into account for the design of top-down proteomics experiments. 

In addition, various general observations during sample preparation or LC-MS/MS analysis are 

described.  

 The solubilization of precipitated proteoforms in LC-MS loading (3% acetonitrile, 0.1% 

TFA) buffer for the 1D-LC control results in a significant protein loss, evident in insoluble 

precipitates. Thus, we tested the use of 8 M guanidinium hydrochloride and subsequent 

dilution with LC-MS loading buffer to increase the protein recovery. Although the 

solubilization was successful, i.e., no precipitate was observed after centrifugation, the 

injection of the sample for LC-MS/MS analysis resulted in (reproducible) clogging of the 

electrospray emitter. Notably, the emitter clogging often occurred not directly when the 

sample was injected but several hours/injections later. Furthermore, it is noteworthy that 

the clogging of the column or the electrospray emitter was frequently observed when the 

sample was not sufficiently cleaned and still contained salts, for example. 

 The use of ETD fragmentation in combination with FAIMS resulted in issues with the spray 

stability and, thus, a jagged total ion chromatogram. Although this does not affect the 

overall quality of the MS2 spectra, it might influence label-free quantification. Note that 

we used the Thermo Scientific™ Orbitrap™ Tribrid™ Series 3.4 instrument control 

application (v3.4.3072.18) for all measurements.  

 The isolation of proteoforms suitable for TDP was also investigated using 100 kDa MWCO 

filters. However, after performing the described protocol and subsequent LC-MS/MS 

analysis, the column pressure of the nano pump increased successively and showed jumps 

up to 50 bar. After that, the column could only be cleaned by excessive washing with Magic 

Mix (25:25:25:25 MilliQ/acetonitrile/methanol/isopropanol plus 0.1% formic acid).  

 The reduction of proteoforms in PBS buffer resulted in a significant loss of proteins due to 

protein precipitation. Therefore, the reduction/alkylation of the proteoforms was performed 

in a buffered (200 mM triethylammonium bicarbonate; pH 8.5) 8 M GndHCl solution.  

 The performance of the LC-MS/MS instrument was monitored by injecting an in-house 

complex proteoform standard (Escherichia coli proteome enriched in small proteoforms by 

solid-phase extraction3 supplemented with a six-protein standard (Thermo Fisher 
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Scientific, product number A33526). The intensity of the TIC and the number of identified 

proteoforms were valuable indications of the instrument's performance. The in-house 

complex proteoform standard was analyzed approximately every 1-2 days. When a 

performance drop was observed, the front end of the mass spectrometer was cleaned 

according to the manufacturer's recommendations. Independently of this, the FAIMS 

electrodes were cleaned regularly every 1-2 weeks.  

 Calibration of the instrument was performed approximately every two weeks.   
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Supplementary Figures 

 

Supplementary Figure 1: Selection of a suitable LC-FAIMS-MS/MS workflow. (A) 

Proteoform mass distribution and proteoform overlap of the two methods utilizing different 

FAIMS-MS settings to target the high- (HMW) and low/medium-molecular-weight (LMW) 

proteoforms. (B) Proteoform and protein accession overlap coefficients of technical replicates 

using the LMW method. (C) Number of identified proteoforms and proteins using the LMW 

method as a function of the number of technical replicates. All raw files were analyzed together 

in a multi-consensus analysis, and the number of proteoforms identified in a combination of 

different numbers of replicates was calculated. (D) Influence of the injection amount on the 

number of identifications using the LMW method (n=3).  
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Supplementary Figure 2: Advantages of the acquisition methods used in this study for 

proteoform analysis. Different FAIMS-MS settings were used, targeting high- (HMW) and 

low/medium-molecular-weight (LMW) proteoforms. (A) Total ion counts (TICs) of the different 

FAIMS CVs demonstrate the excellent separation performance of the gas-phase fractionation 

strategy. The HMW method used EThcD fragmentation, resulting in a jagged TIC. (B) Low-

resolution spectrum of a 44.6 kDa large proteoform with charge states >50. (C) Low-resolution 

spectrum of a 26.5 kDa proteoform and (D) zoom-in to one charge state reveals several 

modified forms. (E) High-resolution spectrum of a 9.9 kDa proteoform and (F) zoom-in to one 

charge state shows the isotopic pattern.  
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Supplementary Figure 3: Comparison of the selected LC-FAIMS-MS methods. (A) Count 

of identified protein accessions, proteoforms, and proteoform spectral matches (PrSMs). (B) 

Percentage of full-length and truncated proteoforms and PrSMs assigned to annotated or 

truncated proteoforms. (C) Overlap of the identified proteins using the LMW (red) and HMW 

(black) methods. (D) Distribution of the proteoforms' isoelectric points (left) and GRAVY scores 

(right).  
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Supplementary Figure 4: Comparison of the residue cleavage using CID and EThcD 

fragmentation. Fragment maps of (A, B) Adapter SH3BGRL (O75368); (C, D) D-dopachrome 

decarboxylase (P30046); (E, F) Protein S100-A13 (Q99584). CID fragmentation: A, C, E; 

EThcD fragmentation: B, D, F.  
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Supplementary Figure 5: Reproducibility of technical replicates of the LMW method 

regarding the number and physicochemical properties of the identifications. (A) Count 

of identified proteoforms and (B) protein accessions. (C) Overlap coefficients of the identified 
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full-length and truncated proteoforms. (D) Distribution of the residue cleavage of the identified 

proteoforms, (E) proteoform mass, (F) GRAVY score, and (G) isoelectric point. (H) Percentage 

increase in the number of proteoform and protein identifications with increasing number of 

replicates. 
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Supplementary Figure 6: Reproducibility of technical replicates of the HMW method 

regarding the number and physicochemical properties of the identifications. (A) Count 

of identified proteoforms and (B) protein accessions. (C) Overlap coefficients of the identified 
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full-length and truncated proteoforms. (D) Distribution of the residue cleavage of the identified 

proteoforms, (E) proteoform mass, (F) GRAVY score, and (G) isoelectric point. (H) Percentage 

increase in the number of proteoform and protein identifications with increasing number of 

replicates.  
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Supplementary Figure 7: Influence of the amount of injected sample on proteoform and 

protein identifications. (A) Overlap coefficients on protein and proteoform levels using 

various injection amounts. (B) Histogram of the abundance of proteoform identified with 1.2 µg 

and 30 ng injection. The abundance displayed on the x-axis is based on the logarithmic 

number of PrSMs identified with 1 1.2 µg injection. (C) Average residue cleavage (n=3, with 

standard derivation), and (D) number of identified modifications. (E) Average number of PrSMs 

and proteoforms assigned to annotated and subsequence proteoforms. (F) Ratio of PrSMs 

and proteoforms assigned to annotated and subsequence proteoforms.  
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Supplementary Figure 8: Analysis of identified truncated proteoforms after various cell 

lysis conditions. The two-dimensional histograms display the potential cleavage sites of 

truncated proteoforms identified after lysis with (A) GndHCl, (B) PBS, (C) SDS/Tris, (D) 

Urea/ABC, (E) ACN/NaCl, and (F) ACN/TEAB. The amino acids N- and C-terminal of the 

potential cleavage sites are denoted as X and X', respectively.  
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Supplementary Figure 9: Influence of the cell lysis conditions on the introduction of 

artificially modified proteoforms or stable non-covalent adduct formation. Randomly 

selected raw files for each cell lysis condition were deconvolved with FLASHDeconv and 

analyzed with MSTopDiff. (A) Intensity×count histogram after lysis with GndHCl, (B) PBS, (C) 

SDS/Tris, (D) Urea/ABC, (E) ACN/NaCl, and (F) ACN/TEAB.  
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Supplementary Figure 10: Influence of reduction/alkylation on proteoform 

identification. (A) Base peak chromatograms of all replicates (LMW method, CV −40 V). (B) 

MSTopDiff analysis of randomly selected raw files from the control, (C) reduced, and (D) 

reduced/alkylated samples. Deconvolution was performed with FLASHDeconv prior to 

MSTopDiff analysis. (E) Number of truncated and full-length proteoforms. (F) Analysis of 

identified truncated proteoforms after reduction/alkylation of the sample. The two-dimensional 

histogram displays the potential cleavage sites of truncated proteoforms. The amino acids N- 

and C-terminal of the potential cleavage sites are denoted as X and X'. 
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Supplementary Figure 11: Quality control of the proteoform isolation approaches. (A) 

PEPPI approach: SDS-PAGE was performed until proteoforms smaller than 30 kDa (based 

on a prestained marker) were separated. The gel is shown directly after electrophoresis and 

before excision of the gel bands below ~30 kDa. (B) GELFrEE approach: After fractionation 

of the whole proteome, 7.5 µl of each fraction was separated on an SDS-PAGE (CBB-

staining). (C) SEC approach: Prior to the enrichment of suitable proteoforms, nine proteins 

were separated to ensure that the column and HPLC were in appropriate condition. The 

chromatograms (λ=214 nm) from the six model proteins and (D) from the full Caco-2 proteome 

are shown. (E) Low pH fractionation: A protein mixture was separated prior to the fractionation 

to ensure that the column and HPLC were in appropriate condition. The chromatograms 

(λ=214 nm) from the six model proteins and (F) from the fractionation of the Caco-2 proteome 

are shown.  
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Supplementary Figure 12: Quality control of the datasets comparing different 

proteoform isolation strategies. (A) Total ion chromatograms (TICs) of one representative 

replicate for each approach. (B) Extracted ion chromatograms of three randomly selected m/z 

values at the start, (C) middle, and (D) end of the gradient.  
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Supplementary Figure 13: Quality scores of the proteoforms identified using various 

proteoform isolation strategies. (A) Distribution of the C-score, (B) −log(E-value), (C) 

−log(p-score), and (D) residue cleavage. The boxplots represent the 25-75% interval, with the 

whiskers within the 1.5 interquartile range and outliers displayed as filled dots. The black lines 

represent the medians. The unfilled rectangles and the labels show the mean value.  
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Supplementary Figure 14: Analysis of identified truncated proteoforms after various 

proteoform isolation strategies. Two-dimensional histograms displaying the preceding (X) 

and subsequent (X') amino acids of truncated proteoforms (A) without sample preparation 

(1D-LC), after sample preparation using (B) GELFrEE, (C) MWCO filter, (D) SPE, (E) 

acetonitrile depletion, (F) PEPPI, and (G) SEC.  

 

 

 

 

A B C

D E F

G

GELFrEE1D-LC

SPE

MWCO

PEPPIACN

SEC



32 

 

 

Supplementary Figure 15: Overlap and complementarity of various sample preparation 

strategies. (A) UpSet plot of protein accessions identified with the various approaches.25 (B) 

Total count (labels) and percentage of proteoforms and proteins and (C) truncated and 

annotated proteoforms identified in one or more sample preparation strategies. 
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Supplementary Figure 16: Influence of the combination of different proteoform 

isolation strategies. Number of identified (A) protein accessions and (B) annotated (full-

length) proteoforms.  
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Supplementary Figure 17: Influence of variations of sample preparation strategies on 

proteoform identifications. (A) Number of identified proteoforms and (B) protein 

acccessions. (C) Overlap coefficients on protein and proteoform levels. (D) Distribution of the 

proteoform mass, (E) GRAVY score, and (F) isoelectric point. The labels represent the mean 

value. 
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Supplementary Figure 18: Influence of multidimensional separation schemes on the 

identification of proteoforms and proteins. (A) Number of identified full-length and 

truncated proteoforms and (B) protein accessions. The label shows the average (n=3). 

Distribution of the proteoform (C) mass, (D) isoelectric point (pI), and (E) GRAVY score. (F) 

Overlap coefficients between the replicates of the multidimensional separation schemes 

regarding the identified proteins and proteoforms.  
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Supplementary Figure 19: Analysis of identified truncated proteoforms after 

multidimensional separation schemes. Two-dimensional histograms displaying the 

preceding (X) and subsequent (X') amino acids of truncated proteoforms after (A) low pH 

fractionation and (B) GELFrEE fractionation.  

Low/low pH fractionation Gel-based fractionationA B
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Supplementary Figure 20: Fractionation efficiency of the low/low pH reversed-phase 

chromatography separation scheme. (A) Number of identified proteoforms and protein 

accessions and (B) overlap coefficient of the various pools. (C) Number of proteoforms that 

were identified exclusively in one to eight pools. (D) Distribution of the mass, (E) isoelectric 

point, and (F) GRAVY score of the identified proteoform spectral matches (PrSMs) in the 

different pools.  
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Supplementary Figure 21: Fractionation efficiency of the gel-based separation scheme. 

(A) Number of identified proteoforms and protein accessions and (B) overlap coefficient of the 

various pools. (C) Number of proteoforms that were identified exclusively in one two eight 

fractions. Distribution of the mass, isoelectric point, and GRAVY score of the identified 

proteoform spectral matches (PrSMs) in the different pools. 
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Supplementary Figure 22: Properties of proteoforms identified in this study. (A) 

Histogram of the protein accessions regarding the number of associated proteoforms. (B) 

Distribution of proteoform masses and (C) obtained residue cleavage. (D) Residue cleavage 

depending on the proteoform mass.  
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Supplementary Figure 23: Selected proteoforms carrying various PTMs. Fragment maps 

of proteoforms from (A) Glyceraldehyde-3-phosphate dehydrogenase (P04406), (B) Actin 

(P60709), (C) Histon H4 (P62805), (D) Programmed cell death protein 5 (O14737), (E) 

Calmodulin (P0DP23), (F) ADP-ribosylation factor 3 (P61204). Highlighted in: grey, 

methionine oxidation; red, N-terminal acetylation; green, histidine methylation; orange, lysine 

butyrylation; blue, serine phosphorylation; purple, tri-methylation; blue-green, N-terminal 

myristoylation.  

 

Supplementary Figure 24: Different proteoforms of the guanine nucleotide-binding 

protein G(I)/G(S)/G(O) subunit gamma-5 (P63218). Fragment maps of proteoforms with (A) 

S-geranylgeranylation cysteine, (B) S-geranylgeranylation cysteine and cleaved propeptide, 

(C) cysteine methyl ester and cleaved propeptide, and (D-F) previously undescribed C-

terminal truncations. Highlighted in: red, N-terminal acetylation; grey: S-geranylgeranyl 

cysteine; green, cysteine methyl ester.  
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Supplementary Figure 25: Different proteoforms of the acyl-CoA-binding protein 

(P07108). Fragment maps of the (A) unmodified, (B) N-terminal acetylated, (C) N-terminal and 

K19 acetylated, and (D) N-terminal acetylated and K55 acetylated form.  

 

 

Supplementary Figure 26: Identified proteoform termini in this study. (A) Count of the 

start-methionine excision and (B) ratio of start-methionine excision depending on the amino 

acids radii of gyration. (C) Percentage of full-length and truncated proteoforms. (D) Two-

dimensional histograms displaying the preceding (X) and subsequent (X') amino acids of 

truncated proteoforms.   
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Supplementary Tables  

Supplementary Table 1: Overview of LC-MS settings utilized in this study. LMW method: 

targeting low/medium-molecular-weight-range proteoforms <20 kDa. HMW method: targeting 

high-molecular-weight-range proteoforms >20 kDa.  

Setting LMW method HMW method 

CVs −60, −50, −40, −25 V −30, −20, 0, +15 V 

Acquisition mode High/High Medium/High 

Pressure mode (IRM) Peptide mode (8 mTorr) Protein mode (2 mTorr) 

Fragmentation CID, 25% EThcD, 10 ms ETD, 25% HCD 

Cycle time 3 s 3 s 

Dynamic Exclusion 
Two times within 30 s, 60 s 

exclusion, ±1.5 m/z tolerance 
Two times within 30 s, 60 s 

exclusion, ±1.5 m/z tolerance 

Mass range MS1 400-1,800 m/z 400-1,800 m/z 

Mass rage MS2 150-2,000 m/z Automatic 

Resolution MS1 
CV −60, −50 V: 60,000 

CV −40, −25 V: 120,000 
7,500 

Resolution MS2 
CV −60, −50 V: 50,000 
CV −40, −25 V: 60,000 

60,000 

AGC target MS1 200% 200% 

AGC target MS2 
CV −60, −50 V: 800% 

CV −40, −25 V: 1,000% 
1,000% 

Maximal injection time MS1 
CV −60, −50 V: 118 ms 
CV −40, −25 V: 246 ms 

50 ms 

Maximal injection time MS2 
CV −60, −50 V: 200 ms 
CV −40, −25 V: 250 ms 

250 ms 

# Microscans MS1 
CV −60, −50 V: 2 
CV −40, −25 V: 4 

10 

# Microscans MS2 
CV −60, −50 V: 2 
CV −40, −25 V: 4 

6 
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Supplementary Table 2: Number of assigned modifications depending on cell lysis 

conditions.  

Modification ACN/NaCl ACN/TEAB PBS GndHCl SDS/Tris Urea/ABC 

alpha-amino acetylated residue 535 332 452 357 414 450   

N6-acetyl-L-lysine 99 56 161 121 105 162   

O-phospho-L-serine 166 43 144 115 112 122   

half cystine 116 98 73 70 96 80   

N6-succinyl-L-lysine 36 18 56 77 59 85   

omega-N-methyl-L-arginine 25 1 64 33 48 56   

O-phospho-L-threonine 63 8 54 22 30 37   

L-citrulline 46   57 4 36 24   

asymmetric dimethyl-L-arginine 45   47   32 13   

N6-crotonyl-L-lysine 25   45 3 37 22   

O4'-phospho-L-tyrosine 11 5 32 24 14 27   

symmetric dimethyl-L-arginine 32 2 24 6 22 22   

N-myristoylglycine 31 8 5 15 11 8   

N6,N6,N6-trimethyl-L-lysine 17 5 14 1 10 1   

N6,N6-dimethyl-L-lysine 11   18 3 9 3   

N,N,N-trimethyl-L-alanine 5   8 6 9 16   

L-allysine 12   20   5 5   

N6-methyl-L-lysine 4 3 13 4 6 4   

S-palmitoyl-L-cysteine 3   5 10 9 5   

L-methionine sulfoxide 9 11 5 5   

N6-butanoyl-L-lysine 5   10 1 6 7   

O-(ADP-ribosyl)-L-serine 7   12 6   

hypusine 3   4 3 6 8   

deamidated L-asparagine 7 10 3 4   

1'-methyl-L-histidine 10 8           

S-geranylgeranyl-L-cysteine 1 2 1 6 1 7   

3'-nitro-L-tyrosine   6 4 4 4   

L-cysteine sulfinic acid 6 2 2 1   

3-hydroxy-L-proline   3 2 1 2   

N6-malonyl-L-lysine 1 2   1 1 2   

L-cysteine methyl ester 1 1   1 1 2   

S-nitrosyl-L-cysteine   2 1 1 2   

L-cysteic acid (L-cysteine sulfonic acid) 1 2 3     

L-methionine (R)-sulfoxide   3   2   

pyruvic acid (Ser) 1 1     1 1   

N6-lipoyl-L-lysine 1 1     2   

3-hydroxy-L-histidine 1 1 1     

N5-methyl-L-glutamine 1   2     

4-hydroxy-L-proline   1     1   

dimethylated L-arginine   1   1   

N,N,N-trimethylglycine 1             

L-phenylalanine amide     1     
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Supplementary Table 3: Number of assigned modifications depending on the 

proteoform isolation method. 

Modification 1D-LC GELFrEE MWCO SPE ACN PEPPI SEC 

alpha-amino acetylated residue 519 455 705 664 619 506 518 

O-phospho-L-serine 137 100 178 153 84 105 173 

N6-acetyl-L-lysine 122 103 152 119 75 72 115 

half cystine 78 18 156 102 111 41 95 

N6-succinyl-L-lysine 48 59 44 38 53 35 43 

omega-N-methyl-L-arginine 44 26 57 41 17 44 42 

O-phospho-L-threonine 23 28 44 38 39 22 31 

O4'-phospho-L-tyrosine 20 23 38 26 13 20 18 

symmetric dimethyl-L-arginine 8 11 23 10 39 10 26 

N-myristoylglycine 9 6 19 22 12 4 14 

L-citrulline 7 13 13 10 15 11 16 

N6,N6,N6-trimethyl-L-lysine 5 10 13 15 2 12 9 

N,N,N-trimethyl-L-alanine 7 9 14 9 6 13 8 

S-palmitoyl-L-cysteine 9 13 11 17 1 3 9 

N6-methyl-L-lysine 5 10 9 8 1 6 17 

N6-crotonyl-L-lysine 5 6 9 6 8 6 10 

asymmetric dimethyl-L-arginine 7 3 7 6 3 4 11 

N6-butanoyl-L-lysine 2 8 3 5 4 5 8 

1'-methyl-L-histidine 1  5 6 3 14 3 

3'-nitro-L-tyrosine 8 2 7 4  4 4 

S-geranylgeranyl-L-cysteine 3 5  7 11 1  

N6,N6-dimethyl-L-lysine 5 2 4 8  4 2 

L-cysteine sulfinic acid 2 5 10 2  1 4 

hypusine 3 3 3 4  5 4 

L-methionine sulfoxide 5  3 7  2  

L-methionine (R)-sulfoxide    2  12 2 

S-nitrosyl-L-cysteine 2 1 5 2  2  

N,N,N-trimethylglycine 2 2 2 2  1 2 

deamidated L-asparagine 3  1 6  1  

O-(ADP-ribosyl)-L-serine  3 3   1 3 
L-cysteic acid (L-cysteine 
sulfonic acid)   7    1 

3-hydroxy-L-histidine  1  1   5 

N6-lipoyl-L-lysine 1 1 1 1  1 1 

O-phosphopantetheine-L-serine  1 1  1 1  

L-phenylalanine amide 1   2    

3-hydroxy-L-proline  1     2 

N6-malonyl-L-lysine     1  2 

L-cysteine methyl ester 1    1   

S-farnesyl-L-cysteine  1      

N5-methyl-L-glutamine   1     
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Supplementary Table 4: Proteins identified in the study (xlsx-file). All database search 

results were combined using a multi-consensus search.  

 

Supplementary Table 5: Proteoforms identified in the study (xlsx-file). All database 

search results were combined using a multi-consensus search.  

 

Supplementary Table 6: Proteins with associated proteoforms identified in the study 

(xlsx-file). All database search results were combined using a multi-consensus search. 
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