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SUPPLEMENTARY EXPERIMENTAL PROCEDURE 

Chemicals and materials 

Iodoacetamide was supplied by Sigma-Aldrich (Steinheim, DE). Ammonium bicarbonate (AMBIC) and 

dithiothreitol were purchased from Fluka (Buchs, CH), while urea and formic acid from Merck 

(Darmstadt, DE). Endoproteinase Asp-N and Glu-C, PhosSTOP phosphatase inhibitor cocktail tablets and 

complete mini EDTA-free cocktail tablets were obtained from Roche Diagnostics (Mannheim, DE). 

Bradford protein assay was supplied by Bio-Rad Laboratories (Hercules, CA, USA). For the fabrication of 

the trap and analytical columns the following chemicals were used: acetone and 2-propanol were 

supplied from Merck (Darmstadt, DE), and methanol HPLC grade from Biosolve B.V. (Valkenswaard, NL). 

The packing materials used were Zorbax SB-C18, 1.8 µm 80 Å and 300 Å pore size and 3.5 µm 300 Å from 

Agilent (Santa Clara, CA, USA) and ReprosilPur 120 Å C18, 3 µm from Dr. Maisch GmbH (Ammerbuch, 

DE). The reversed phase C18 300 Å solid phase extraction (SPE) columns were purchased from Grace 

Vydac (Columbia, MD, USA). The water used in all experiments was obtained from a Milli-Q purification 

system (Millipore, Bedford, MA, USA). 

Sample preparation 

HeLa digests were prepared as described previously:38 prior to digestion the proteins were reduced 

(with dithiothreitol) and carbamidomethylated (with iodoacetamide). The protein concentration was 

estimated by a Bradford assay and subsequently the cell lysate was split into three samples of 200 µg for 

the digestion by the three applied digestion protocols. For preparing the Asp-N and Glu-C digests, the 

protocols reported by Giansanti et al. were used.39  

Formic Acid non-enzymatic digestion 

For the acid induced non-enzymatic digestion, the HeLa lysate was diluted to a final concentration of 0.1 

µg/µl using a solution of formic acid (final concentration of 2% FA) and incubated at 100 °C. We tested 

incubation times from 30 min to 4 h, and studied parameters including cleavage specificity, total peptide 

identifications, relative yield of middle-range sized peptides and the unwanted occurrence of known 

side reactions (Table S-2).36 The digests were analyzed in single runs and the same amount of sample 

(based on starting material) was injected. As a result of this evaluation we selected a 1h incubation time 

due to the generation of a high number of middle-sized peptides while retaining a high cleavage 

specificity and keeping the occurrence of side reactions low (Table S-2). Of note, compared to enzymatic 

methods, the acid hydrolysis at any of the tried conditions provided lower sensitivity. According to 
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literature, this phenomenon has been attributed to the distribution of peptide products which leads to a 

decrease in the absolute quantity of any single peptide due to the lower specificity of the method.35,51 

We cannot rule out this hypothesis, but we also believe that the overall digestion efficiency may also 

play an important role for this observed phenomenon, as we noticed a substantial increase in the signal 

of the UV trace at the end of the SCX gradient (see Figure s-3a), likely representing partially digested 

proteins. 

Sample clean-up and pre-fractionation 

Following digestion sample clean-up was performed using solid-phase extraction (SPE) columns; C18 

with a 300 Å pore size. Prior to the MS analysis, samples were fractionated to reduce the complexity by 

using strong cation exchange (SCX) chromatography. Briefly, SCX was performed on an Agilent 1100 

HPLC system (Agilent Technologies, Waldbronn, Germany) using a Zorbax BioSCX-Series II column (50 

mm × 0.8 mm, 250 Å 3.5 μm). SCX solvent A consisted of 0.05% formic acid in 20% acetonitrile, while 

solvent B was 0.05% formic acid, 0.5 M NaCl in 20% acetonitrile. ~200 μg peptides were dissolved in 10% 

FA and loaded onto the SCX column with buffer A. Special attention was given not only to the pore size 

of the SCX material, but we also applied a modulated gradient which favors the separation of highly 

charged peptides. In this way, the elution window of peptides with z < +4 is reduced, favoring the 

separation and collection of higher charged peptides (Figure s-3a). In more detail the following gradient 

was used: 0–5 min (0% B); 5-7 min (0-2% B); 7-15 min (2-3% B); 15-25 min (3-8% B); 25-35 min (8-20% 

B); 35-45 min (20-40% B); 45-51 min (40-90% B); 51-55 min (90-90% B); 55-56 min (90-0% B) and 56-100 

min (0% B). A total of 50 SCX fractions were collected, pooled into 11 fractions and dried in a vacuum 

centrifuge. 

LC-MS and LC-MS/MS set up 

Nano-UHPLC-MS/MS was performed on an Agilent 1290 Infinity System (Agilent Technologies, 

Waldbronn, DE) connected to an Orbitrap Fusion (Thermo Fisher Scientific, San Jose, CA). Fused-silica 

capillary analytical and trap columns were prepared as previously described.40 The UHPLC was equipped 

with a double frit trapping column and a single frit analytical column. A ReprosilPur C18 (3 µm particles, 

120 Å pore size 2 cm x 100 µm) was used as a trap column, and Zorbax SB-C18 (1.8 µm particles 80 Å 40 

cm x 50 µm) for the analytical column. For the 300 Å pore size set up the used materials were: Zorbax 

SB-C18 (3.5 µm particles, 300 Å pore size, 2 cm x 100 µm) for the trap, and Zorbax SB-C18 (1.8 µm 

particles 300 Å 40 cm x 50 µm) for the analytical column. The column, in both cases, was directly 
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connected to an in-house pulled and gold-coated fused silica needle (with a 5 µm o.d. tip). In both 

systems the generated back pressure was comparable, although the conventional RP C18 material 

blocked several times when middle-sized peptides were analyzed, likely due to poor mass transfer and 

precipitation. A voltage of 2.0 kV was applied to the needle and the ion transfer tube temperature was 

increased to 275 degrees. The survey scan range was from 350 to 1500 m/z at a resolution of 60000 

(200 m/z) with an AGC target of 4e5. The most intense precursor ions were selected for subsequent 

fragmentation at Top Speed within a 3 seconds duty cycle. A resolution of 30000 (200 m/z) and a 

maximum injection time of 125 ms were found to be ideal for MS/MS. The AGC target for the MS/MS 

was set to 1e5. When HCD was used 35% collision energy (CE) was applied, in the case of EThcD 40% 

supplemental activation (SA) was selected and when ETD was used 10% SA was applied. Additionally 

charge triggered MS/MS, instead of intensity triggered, was tested for the EThcD charge method. 

Data analysis 

The RAW files were processed using Proteome Discoverer (PD, version 2.1, Thermo Scientific, Bremen, 

DE) and the spectra were searched against the UniProt human database (version 2015_04). Searching 

was was performed using Sequest HT and the following parameters were used: unspecific searches with 

cysteine carbamidomethylation as fixed modification and oxidation of methionine as dynamic 

modifications. In the case of the FA induced digestion two additional dynamic modifications were 

included: formylation of the N-terminus and the conversion from Glutamate to pyro-Glutamate. Specific 

searches were performed by Sequest HT and Mascot (version 2.5.1, Matrix Science, London, UK) using 

the same modifications. Peptide tolerance was set to 10 ppm and MS/MS tolerance was set to 0.05 Da. 

The results were filtered using Percolator41,42 to a peptide and protein FDR < 1%. We further only 

accepted peptides with an Xcorr of at least 2. We performed an in-silico digest for the overall population 

of observed peptides for each enzyme, taking missed cleavages into account. The median of the peptide 

masses was then calculated in R.65 The parameters used to perform the in-silico digestion were: Glu-C 

cleavage C-terminal of E with maximum 2 missed cleavages. Asp-N cleaves N-terminally of DE and 

maximum 4 missed cleavages were allowed. Peptide sequence fragment coverage was calculated using 

in-house developed scripts. Theoretical ion series were calculated for each fragmentation method (b 

and y for CID and HCD, c and z for ETD and b, y, c and z for EThcD). Matching was performed with a 

tolerance of 0.05 Da, for peaks with intensities higher than 5% of the base peak. The global 

fragmentation coverage was calculated based on all possible fragments, disregarding the exact breakage 

positions. The H-score script was used to deconvolute the mgf files exported from PD.63  
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Figure S-1. Detailed experimental flow chart of the tested parameters in order to create an optimized workflow 

for middle-down proteomics. 
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Figure S-2. Cleavage specificity and number of missed cleavages observed in trypsin, Asp-N, Glu-C and formic 

acid HeLa lysate digests. The cleavage specificity, displayed by relative frequency of occurrence, is depicted at the 

C-terminal (P6 to P1) and N-terminal (P1’ to P6’) end of the cleavage site. Asp-N showed a high cleavage specificity 

for the N-termini side of Aspartate (D) residues (72%) and lower cleavage frequency at the N-termini side of 

Glutamate (E) (15 %). At a pH of approx. 8 and in ammonium bicarbonate buffer Glu-C mainly cleaves at the C-

terminal side of Glutamate (E) residues (72%).  The inset in each panel displays the proportion of missed cleavages 

and the median Mw of all identified peptides. 
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Figure S-3. Performance of the optimized SCX separation and the effect of the material pore size for the analysis 

of middle-range sized peptides. 
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a) The UV traces (arbitrary unit) detected in the SCX separations of the, from top to bottom, Asp-N, Glu-C 

and FA digestions, together with the in solution charge state distribution of peptides identified in the SCX 

fractions. The correlation between the charge state and the median of the molecular weight for the 

different SCX fractions is also represented, using the secondary y-axis of the graphs. 

b) Peptide Mw distribution observed by using the conventional (80 Å) and the larger pore size (300 Å) 

materials for the columns in the UHPLC system. Eleven SCX Asp-N fractions were analyzed and the median 

Mw in these fractions was calculated using the uniquely identified peptides. 
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Figure S-4. Performance of the 80 and 300 Å pore size material in RP chromatography. 



 S-11 
 

a) Chromatograms obtained by injecting the same amount of starting material (late SCX fraction of the Asp-

N digest) analyzed on the 80 Å (upper panel, blue line) and the 300 Å (bottom panel, orange line) pore size 

columns. 

b) Illustrative extracted ion chromatograms of four peptides exhibiting a Mw > 4 kDa analyzed by using 

either the 80 Å (blue line) or 300 Å (orange line) pore size columns. The area under the curve (AUC) and 

the full weight at half maximum (FWHM) are depicted in the panels. 

 

 

Figure S-5. Peptide sequence fragmentation coverage obtained by each fragmentation method in the three 

applied digestion schemes. The median peptide sequence fragmentation coverage was calculated and 
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represented taking into consideration a) the whole dataset, b) peptides with 0 < Mw < 2.5 kDa, c) peptides with 2.5 

< Mw < 4 kDa and d) peptides with Mw > 4 kDa. 

 

 

Figure S-6. Performance of the peptide fragmentation techniques ETD, EThcD and HCD for z = +2 and z = +3 

peptides binned by their different Mw values. Combined data from Asp-N, Glu-C and FA induced HeLa digestions 

analyzed under the same LC settings, with optimized fragmentation parameters for ETD, EThcD and HCD. The 

number of identifications as well as the XCorr distribution (as a measure for spectra quality) are categorized by 

their z and Mw ranges. 
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Figure S-7. Performance of the peptide fragmentation techniques ETD, EThcD and HCD for each digestion data 

set (Asp-N, Glu-C and FA) binned by their different Mw values. Data from Asp-N (a), Glu-C (b) and FA (c) induced 

HeLa digestions analyzed under the same LC settings, with optimized fragmentation parameters for ETD, EThcD 

and HCD. The number of identifications as well as the XCorr distribution (as a measure for spectra quality) are 

categorized by their z and Mw ranges. 

 

 

Figure S-8. Comparison of the Mw distribution of the identified peptides in conventional EThcD and EThcD with 

charge triggered MS/MS. Frequency distribution of the Mw of the identified peptides by EThcD (purple) and EThcD 

with charge triggered MS/MS (green) when the eleven Asp-N SCX fractions are analyzed using identical 

experimental conditions. The median of the Mw is represented by dashed lines.  
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Figure S-9. Effect of deconvolution on Sequest and Mascot searches for the identification of middle-range 

peptides. Specific searches were performed by Sequest HT and Mascot on Glu-C (a) and FA (b) induced HeLa 

digestions data sets for each of the optimized fragmentation methods (ETD, EThcD and HCD). The number of 

identifications as well as the XCorr distribution (as a measure for spectra quality) are categorized by their Mw 

ranges for deconvoluted and non deconvoluted spectra search by Sequest HT and Mascot. 
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Table legend  

Table S-1. Summary of the protein and peptide identifications obtained for the Asp-N, Glu-C and FA initiated digest 

using the three different fragmentation modes (EThcD, HCD and ETD). The identifications rate (Id rate) and the 

median Mw are also depicted.  

 

 

Table S-2. Performance of the FA induced digestion at different incubation times. The table depicts also the 

percentage of observed cleavages at the C-terminus of D, the number of identified unique peptides, the median 

Mw of all detected peptides and the percentage of the unwanted side reactions observed. 
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Table S-3. Summary of the optimization of the resolution both at the MS and MSMS level, including the number of 

identifications, quality of the spectra and median Mw of SCX fractions containing peptides of different charge 

states. 

 

Table S-4. Summary of the optimization for the injection times, including the number of identifications, quality of 

the spectra and the median peptide sequence coverage. 

 

Table S-5. Summary of the parameters optimized for the different fragmentation techniques. 

 

Table S-6. Summary of the effect of deconvolution on Mascot and Sequest for the identification of middle-range 

peptides. Specific searches were performed by Sequest on non deconvoluted (a) and on deconvoluted spectra (b) 

as well as by Mascot on non deconvoluted (c) and on deconvoluted spectra (d). The number of peptides and 

proteins and summarized as well as the identifications rate (Id rate) and the median Mw and Score (XCorr and Ion 

Score, respectively). 
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