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Abstract

The extracellular matrix (ECM) is readily enriched by decellularizing tissues with non-denaturing 

detergents to solubilize and deplete the vast majority of cellular components. This approach has 

been used extensively to generate ECM scaffolds for regenerative medicine technologies and in 

3D cell culture to model how the ECM contributes to disease progression. A highly enriched ECM 

fraction can then be generated using a strong chaotrope buffer that is compatible with downstream 

bottom-up proteomic analysis or 3D cell culture experiments after extensive dialysis. With most 

tissues, an insoluble pellet remains after chaotrope extraction that is rich in structural ECM 

components. Previously we showed that this understudied fraction represented approximately 80 

percent of total fibrillar collagen from the lung and other ECM fiber components that are known to 

be covalently cross-linked. Here we present a hydroxylamine digestion approach for chaotrope-

insoluble ECM analysis with comparison to an established CNBr method for matrisome 

characterization. Because ECM characteristics vary widely among tissues, we chose five tissues 

that represent unique and diverse ECM abundances, composition and biomechanical properties. 

Hydroxylamine digestion is compatible with downstream proteomic workflows, yields high levels 

of ECM peptides from the insoluble ECM fraction and reduces analytical variability when 

compared to CNBr digestion.
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Introduction

The extracellular matrix (ECM) serves diverse functions and is a major component of the 

cellular microenvironment 1, 2. In addition to functioning as a physical scaffold for cells, the 

ECM initiates and maintains essential biochemical and biomechanical cues required for 

tissue development, differentiation and homeostasis through sequestration and release of 

growth factors and cryptic matrix sites, modulation of hydration levels, and pH of the local 

microenvironment, 3 to name a few. Although it is fundamentally composed of water, 

proteins and polysaccharides, the ECM exhibits an extraordinary level of tissue specificity as 

a result of reciprocal interactions with various cellular components that generate unique 

ECM compositions and architectures 1, 4. However, dysregulation can lead to the formation 

of fibrosis prevalent in many pathologies such as idiopathic pulmonary fibrosis, 

atherosclerosis and solid tumors 5–9. Despite these important functions and roles in disease, 

analytical methods to accurately quantify the abundance of ECM components in tissues are 

not standard. In particular, there are very few methods currently available to characterize 

insoluble ECM (iECM) components, which are rich in high molecular weight covalently 

cross-linked fiber proteins that undoubtedly play a dominant role in defining tissue 

architectures 10.

Isolation of insoluble tissue ECM requires enrichment through extensive decellularization 

steps to remove bulk cellular components that are solubilized by detergents. Post-

decellularization, a chaotrope is often used to facilitate protein denaturation and the 

solubilization of a fraction of the remaining ECM components. After this extraction an 

insoluble pellet remains that contains a significant amount of protein based on strong acid 

hydrolysis and amino acid analysis 11. It was recently shown that greater than 80% of 

fibrillar collagen in murine liver and mammary gland resides in the iECM fraction 12 – a 

fraction excluded from traditional proteomic methods. Additionally, we have shown 

previously that the use of chemical digestion with cyanogen bromide (CNBr), prior to 

enzymatic cleavage with trypsin, is both necessary and sufficient to fully solubilize insoluble 

ECM components, such as fibrillar collagen from the liver and lungs 11, 12. This method was 

recently used to achieve higher levels of core matrisome protein sequence coverage 

compared to other ECM analysis strategies 13 and has been successfully applied to the 
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characterization of ECM from mammary gland, liver, heart, lung, bone, and solid tumors, 

further supporting the general utility of the approach 8, 11, 12, 14–17.

Chemical digestion with cyanogen bromide (CNBr) is an obvious choice for ECM 

proteomics due to its extensive use in the biochemical analysis of collagens since its 

introduction as a cleavage agent in the early 1960s 18. Initially, in the presence of 

trifluoroacetic acid (TFA), a cyanosulfonium bromide derivative of protein methionine is 

formed. Under such acidic conditions, this intermediate leads to the formation of 

methylthiocyanate and homoserine iminolactone, which decompose spontaneously to 

(carboxy terminal) homoserine lactone and a new NH2-terminal fragment (Supplementary 

Figure S1-A) 18. Despite the ability of CNBr digestion to solubilize insoluble collagen 

matrices, there are several caveats associated with the use of CNBr. First, CNBr has a high 

degree of toxicity and requires careful handling during preparation, use and disposal 19. 

Second, the protocol for CNBr digestion is relatively laborious and involves a critical 

transfer step of the post-chaotrope iECM pellet into a glass vessel suitable for the strongly 

acidic conditions of digestion, introducing an opportunity for increased technical variability. 

Third, we have observed declining mass spectrometer performance during acquisition of 

large data sets of CNBr-digested iECM, necessitating additional sample clean-up steps and 

frequent instrument preventative maintenance measures.

Therefore, we sought to implement an orthogonal chemical digestion approach to 

circumvent these issues and improve sample throughput. Hydroxylamine (NH2OH) is a 

nucleophilic amine reported to cleave at Asn-Gly (NG) sites in proteins. In protein 

microenvironments at low pH, NG sites cyclize to an imide, which is then subjected to 

nucleophilic attack by NH2OH. Hydrolysis releases a C-terminal hydroxamate and N-

terminal glycinyl residue (Supplementary Figure S1-B). In the past, this method has been 

used successfully to produce small soluble peptides, such as insulin-like growth factor 20. It 

has several advantages over CNBr including elimination of the transfer step after chaotrope 

extraction, safety, low cost, relatively low cross-reactivity, and has been reported to be 

selective for Asn-Gly linkages 21, 22. Therefore, we sought to address two major questions: 

1) Compared to CNBr, will hydroxylamine digestion allow for comparable solubilization 

and quantification of ECM proteins while reducing technical variability? 2) Does tissue type 

influence the recovery of matrisome components across the chemical digestion approaches?

While traditional global proteomics approaches have improved our understanding of matrix 

composition, these approaches lack the ability to accurately quantify ECM protein 

abundance and stoichiometries in the microenvironment. Here we employ our previously 

described targeted LC-SRM (liquid chromatography-selected reaction monitoring) approach 

with ECM-specific stable isotope labeled (SIL) quantitative concatamers (QconCATs) to 

evaluate the two methods. Five previously described QconCAT proteins covering 170 

peptides which represent 82 ECM, ECM-associated, and common cellular contaminant 

proteins of ECM preparations 8, 11, 12 are utilized here. We leveraged this approach to 

provide a quantitative comparison of insoluble ECM prepared by CNBr and NH2OH 

chemical digestion methods. In addition, we used a data-dependent LC-MS/MS approach to 

make qualitative assessments between methods. Our data reveal that NH2OH achieves 

equivalent or greater abundance of ECM components in all tissues analyzed. Overall, the 
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results presented here provide an alternative ECM enrichment methodology that can be 

applied to a variety of tissues for identification and quantification of chaotrope-insoluble 

matrix proteins.

Materials and Methods

Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

Sodium chloride was from Acros Organics (part of Thermo Fisher). Microcentrifuge tubes 

and other consumables were from Axygen Inc. (Union City, CA). Formic acid (FA), 

trifluoroacetic acid (TFA), and hydroxylamine hydrochloride were from Fluka (Buchs, 

Switzerland). Anhydrous potassium carbonate, guanidine hydrochloride, sodium hydroxide, 

and Optima acetonitrile were from Fisher Scientific (Pittsburgh, PA). Trypsin (sequencing 

grade, TPCK treated) was from Promega (Madison, WI).

QconCAT Design

Stable isotope-labeled QconCATs were designed as previously described 23. Six QconCATs 

were used to make 170 peptides covering 82 proteins in the Mus musculus proteome. 

Sequences are previously noted 12.

Sample Preparation

Three replicates of frozen bone, lung, liver, skin, and skeletal muscle harvested from a 6-

week old female mouse (The Jackson Laboratory, Bar Harbor, ME) were powderized in 

liquid nitrogen using a ceramic mortar and pestle. Weighed tissue (approximately 5 mg of 

each) was homogenized in freshly prepared high-salt buffer (50 mM Tris-HCl, 3 M NaCl, 25 

mM EDTA, 0.25% w/v CHAPS, pH 7.5) containing 1x protease inhibitor (Halt Protease 

Inhibitor, Thermo Scientific) at a concentration of 10 mg/mL. Homogenization took place in 

a bead beater (Bullet Blender Storm 24, Next Advance, 1 mm glass beads) for 3 min at 4 °C. 

Samples were then spun for 20 min 18,000 × g at 4 °C, and the supernatant removed and 

stored as Fraction 1. A fresh aliquot of high-salt buffer was added to the remaining pellet at 

10 mg/mL of the starting weight, vortexed at 4 °C for 15 min, and spun for 15 min. The 

supernatant was removed and stored as Fraction 2. This high-salt extraction was repeated 

once more to generate Fraction 3, after which freshly prepared guanidine extraction buffer (6 

M guanidinium chloride adjusted to pH 9.0 with NaOH) was added at 10 mg/mL and 

vortexed for 1 hour at room temperature. The samples were then spun for 15 min, the 

supernatant removed, and stored as Fraction 4. Fractions 1, 2, & 3 were combined and all 

fractions were stored at −20 °C until further analysis. The remaining pellets of each tissue 

representing insoluble ECM proteins were treated with either hydroxylamine or cyanogen 

bromide.

Hydroxylamine (NH2OH) Treatment

Following Fraction 4, pellets were treated with freshly prepared hydroxylamine buffer (1 M 

NH2OH-HCl, 4.5 M guanidine-HCl, 0.2 M K2CO3, pH adjusted to 9.0 with NaOH) at 10 

mg/mL of the starting tissue weight 24. The samples were briefly vortexed, then incubated at 

45 °C with end-over-end rotation for 17 hours. The tubes were fastened shut due to pressure 
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build-up during incubation. Following incubation, the samples were spun for 15 min at 

18,000 × g, the supernatant removed, and stored as Fraction 5 at −20 °C until further 

proteolytic digestion with trypsin. The final pellet was stored at −20 °C until further 

analysis.

Cyanogen Bromide (CNBr) Treatment

Following Fraction 4, pellets were transferred to a glass vial and treated with 100 mM 

CNBr/86% TFA (v/v) solution at 10 mg/mL of the starting tissue weight. The samples were 

agitated in the dark at room temperature for 17 hours. Following incubation, the solvent was 

evaporated under N2, followed by 3 × 1 mL washes with 100 mM ammonium bicarbonate 

(pH 8) in hichw the samples were briefly vortexed and dried in a speedvac. The dried 

samples were stored as Fraction 5 at −20 °C until further proteolytic digestion with trypsin. 

Immediately prior to trypsin digestion, Fraction 5 was re-suspended in freshly prepared urea 

buffer (8 M urea in 100 mM ammonium bicarbonate) at 10 mg/mL, vortexed for 1 hour at 

room temperature, and the supernatant used for tryptic digestion.

Trypsin Digestion

200 μL of the Fraction 4 & 5 of all samples were subsequently subjected to enzymatic 

digestion with trypsin using a filter-aided sample preparation (FASP) approach and C18 

cleanup as previously described 25. Prior to trypsin digestion, 200 fmols of each SIL peptide 

(170 peptides total) were spiked into 200 μL of sample to allow for two injections per 

sample (100 fmols eQ 1–6 per injection).

LC-SRM Analysis

Samples were analyzed by LC-SRM and LC-MS/MS as described 17. Equal volumes from 

each post-digestion sample were combined and injected every third run and used to monitor 

technical reproducibility. Skyline was used for method development and to extract the ratio 

of endogenous light peptides to heavy internal standards from LC-SRM data for protein 

quantification as described 26. LC-MS/MS data was processed as previously described 12. 

Limits of detection, quantification, and dynamic range were determined for each peptide as 

previously described 11. Final endogenous peptide values are expressed as fmol peptide/mg 

of starting wet tissue weight. Principal component analysis (PCA) and partial least squares-

discriminant analysis (PLS-DA) were performed using the MetaboAnalyst 3.0 online 

platform with sum and range scaling normalizations 27. To control for any technical 

variability introduced prior to chemical digestion we normalized the CNBr and NH2OH 

treated samples to the measured protein abundance of the sECM fraction. Additionally, in 

order to ensure that the increased ratios (12C6/13C6) were a result of increased endogenous 

protein signal and not a result of decreased QconCAT digestion efficiency, we analyzed a 

subset of each tissue extract with pre-digested QconCAT and found no evidence of reduced 

QconCAT digestion efficiency. All data has been made publically available through the 

PRIDE database (PX-Submission #185523)

Barrett et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2018 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LC-MS/MS Analysis

Samples were analyzed on an LTQ Orbitrap Velos Pro mass spectrometer (Thermo Fisher 

Scientific) coupled to an Eksigent nanoLC-2D system through a nanoelectrospray source. 8 

μL of sample was injected onto a trapping column (Agilent Technologies ZORBAX 300SB-

C18, dimensions 5 × 0.3 mm, 5 μm) and washed with 0.1% formic acid (FA) in water at a 

flow rate of 5 μL/min for 5 min. The analytical column (100 μm i.d. × 150 mm fused silica 

capillary packed in house with 4 μm 80 Å Synergi Hydro C18 resin (Phenomenex; Torrance, 

CA)) was then switched on-line at 600 nL/min for 10 min to load the sample. The flow rate 

was adjusted to 350 nL/min, and peptides were separated over a 120-min linear gradient of 

2–40% ACN with 0.1% FA. Data acquisition was performed using the instrument supplied 

Xcalibur (version 2.1) software. The mass spectrometer was operated in positive ion mode. 

Full MS scans were acquired in the Orbitrap mass analyzer over the 300–1800 m/z range 

with 60,000 resolution at m/z 400. Automatic gain control (AGC) was set at 5.00E+05 and 

the ten most intense peaks from each full scan were fragmented via HCD with normalized 

collision energy of 35. MS/MS spectra were acquired in the Orbitrap mass analyzer with 

15,000 resolution. All replicates of each tissue were run sequentially and pre-digested yeast 

alcohol dehydrogenase standard (nanoLCMS Solutions LLC, Rancho Cordova, CA) was run 

between tissue groups to monitor drift in analytical performance.

Database Searching and Protein Identification

MS/MS spectra were extracted from raw data files and converted into .mgf files using MS 

Convert (ProteoWizard, Ver. 3.0). Peptide spectral matching was performed with Mascot 

(Ver. 2.5) against the Uniprot mouse database (release 201701). Mass tolerances were +/− 10 

ppm for parent ions, and +/− 0.01 Da for fragment ions. Trypsin + NH2OH or Trypsin + 

CNBr enzyme specificity was used, allowing for 1 missed cleavage. Met oxidation, Pro 

hydroxylation, protein N-terminal acetylation, and peptide N-terminal pyroglutamic acid 

formation were set as variable modifications (maximum number of 8) with Cys 

carbamidomethylation set as a fixed modification. Scaffold (version 4.4.6, Proteome 

Software, Portland, OR, USA) was used to validate MS/MS-based peptide and protein 

identifications. NH2OH cleavage at NG or NX sites was evaluated by merging Scaffold 

peptide reports for all tissues analyzed and reporting the total number of NG or NX cleavage 

observations in the entire dataset (Supplementary Table S4). Peptide identifications were 

accepted if they could be established at greater than 95.0% probability. Protein 

identifications were accepted if they could be established at greater than 99.0% probability 

and contained at least two identified unique peptides.

Error Tolerant Searches

Raw LC-MS/MS data was converted to peak lists using MS Convert (ProteoWizard, Ver. 

3.0). Peptide spectral matching was performed with Mascot (Ver. 2.5) against the Uniprot 

mouse database (release 201701). Unbiased error tolerant searches were performed using 

Byonic 28 in order to identify unknown and unpredicted modifications induced by each 

chemical digestion method. PSMs (peptide spectral matches) were only used for analysis if 

their expectation value (analogous to p-value) was less than 0.05, and the total number of 
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occurrences of each mass addition/subtraction was plotted using GraphPad Prism 6.0 

(GraphPad Software Inc, La Jolla, CA).

Results

Chemical digestion of insoluble ECM components

Using previously reported conditions for hydroxylamine (NH2OH) 24 and our existing 

method for cyanogen bromide (CNBr) digestion 11 we evaluated NH2OH digestion of five 

tissues using several criteria including 1) quantitative yield using LC-SRM with stable 

isotope labeled standards 2) the number of unique proteins identified by data-dependent, 

global LC-MS/MS analysis and 3) potential side product generation (i.e. modifications) 

using error-tolerant database searches. In order to assess these criteria, we utilized an 

experimental workflow based on a modified version of our previously published protocol to 

characterize five murine organs: lung, liver, muscle, skin and bone (Figure 2A). These 

tissues were chosen as they represent organs or organ systems that vary greatly in the 

abundance of their ECM components relative to total protein content. For example, bone was 

chosen as a non-compliant and high ECM abundance tissue. Along these same lines, skin, 

muscle and lung were chosen as compliant tissues with high to medium ECM abundance, 

while liver is representative of tissues with low ECM abundance. Proteomic analysis of 

ECM components were compared across the two chemical digestion methods (CNBr vs. 

NH2OH) to determine the ability of each method to solubilize and, with the aid of trypsin, 

generate proteolytic peptides for ECM protein quantification.

The tissue extraction/fractionation and digestion workflow used prior to LC-SRM data 

acquisition is shown as a schematic representation in Figure 1A. Our sample preparation 

protocol yields three distinct fractions: 1) cellular, 2) soluble ECM (sECM), and 3) insoluble 

ECM (iECM). Samples destined for CNBr or NH2OH digestion were prepared identically. 

The location of CNBr and NH2OH cleavage sites within the primary sequence of collagen 

alpha-1(I) are shown in Figure 1B. CNBr cleaves specifically at methionine residues, with 

collagen alpha-1(I) having 8 cleavage sites. In contrast, NH2OH is reported to cleave at Asn-

Gly sites, with 6 sites for collagen alpha-1(I). However, we also observed cleavage at other 

Asn-X sites in our dataset, which accounts for an additional 7 potential cleavage sites in 

collagen alpha-1(I), although not all were not observed in our MS data (Figure 1B). Our 

hypothesis that NH2OH would be a good alternative to CNBr was based on early reports of 

hydroxylamine-sensitive bonds in collagen alpha-1(I) 29 – the most abundant iECM protein 

in the tissues analyzed.

Evaluation of hydroxylamine chemical cleavage specificity

NH2OH and CNBr cleavage were evaluated by performing database searches using dual 

cleavage specificity (i.e. trypsin + NH2OH or trypsin + CNBr). Although NH2OH has 

previously been reported to be specific for NG sites, we evaluated NX sites as well, where X 

is any other amino acid. Although we found that NG represented the combination with the 

highest number of cleavage events, all other NX combinations with the exception of cysteine 

were observed, with a preference toward small amino acids (Figure 2A). However, NG 

cleavage was observed, on average, 10-fold higher frequency compared to all other 
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combinations (Supplementary Table S1). QG and QX sites were also investigated for 

potential cross-reactivity, but cleavage was not observed. As a negative control, these search 

conditions were used on a subset of the sECM fractions that had not been exposed to 

chemical digestion conditions. Cleavage C-terminal to Asn residues in this fraction was 

observed less than 1% of the time, indicating chemoselectivity of NH2OH treatment.

Fibrillar collagen abundance as a percentage of total protein in the hydroxylamine prepared 

iECM fraction was quantitated using LC-SRM data (Figure 2B). As expected, bone tissue 

showed the highest abundance of fibrillar collagen in the iECM fraction accounting for 

>90% of total quantified protein. In more compliant tissues, such as skin and lung, fibrillar 

collagen abundance represented 75% and 52% of total quantified protein in the iECM 

fraction, respectively. In the softest tissues analyzed with the lowest overall ECM content, 

muscle and liver, fibrillar collagen represented 43% and 25% of total quantified protein in 

the iECM fraction.

CNBr cleavage was specific to the C-termini of methionine residues as reported 12, 18. In the 

case of CNBr database searches, we also included two additional variable modifications, 

homoserine (Met to Hse) and homoserine lactone (Met to Hsl). The average observed 

missed cleavage percentage for trypsin across all CNBr and NH2OH digested tissues was 

found to be 8.5% and 8.3%, respectively. Semitryptic peptides with ragged N-termini 

represented 9.8% (CNBr) and 6.8% (NH2OH) of total peptides. Semitryptic peptides with 

ragged C-termini or non-tryptic peptides each represented less than 1% of total peptides 

identified.

Comparison of quantitative yield, protein and peptide identifications between CNBr and 
NH2OH digestion approaches

After characterization of NH2OH cleavage specificity, we sought to compare the quantitative 

yields of the CNBr and NH2OH digestion approaches to determine suitability of NH2OH 

digestion for analysis of the iECM. Total protein abundance as determined by LC-SRM data 

was used to make this quantitative comparison (Supplementary Table S2). We stratified 

proteins followed in our targeted assay into four major groups: cellular proteins, collagens, 

glycoproteins and proteoglycans. Total protein abundance in each group by CNBr or 

NH2OH digestion was plotted and compared for the five tissues tested (Figure 3A). Despite 

slight variations in yield within protein groups, the overall yields of CNBr and NH2OH were 

comparable with few notable differences. In general, NH2OH digestion followed by trypsin 

yielded a higher protein abundance than CNBr followed by trypsin. More specifically, 

cellular proteins quantified across the tissues tested were on average 2.5 fold higher in 

NH2OH preparations compared to CNBr. Along these same lines, collagens, glycoproteins 

and proteoglycans were found to be 1.6, 2.8 and 2.2-fold higher in NH2OH preparations, on 

average, for all tissues tested (Supplementary Table S3). While the general trend in the data 

suggests that NH2OH preparations are superior to CNBr preparations, there a few tissue 

specific phenomena revealed by the data. For example, collagens and proteoglycans 

quantified in bone tissue prepared with CNBr digestion and trypsin were found to be 1.4 and 

1.3-fold higher abundance than those prepared with NH2OH and trypsin (Figure 3A and 

Supplementary Table S3). These differences are largely driven by variations in basement 
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membrane (i.e. Col4a2, Lama2) and cytoskeletal (i.e. Act) component abundance between 

methods as discovered by performing principal component analysis (not shown) despite 

these proteins having fewer Asn-Gly motifs than Met residues. This indicates that trypsin 

access to these proteins is not dependent on release of the protein from crosslinked insoluble 

protein. Overall these proteins compose less than 3% of the total protein fraction in the 

insoluble bone ECM (Supplementary Table S2).

We performed data-dependent LC-MS/MS experiments to perform qualitative assessments 

of iECM digestion with cyanogen bromide or hydroxylamine (Supplementary Table S4). 

Across all tissues tested, CNBr and NH2OH digestion methods shared 227 protein 

identifications with CNBr and NH2OH yielding 63 and 51 unique protein identifications, 

respectively (Figure 3B). However, comparison of the total peptide identifications averaged 

across all tissues tested was less congruent between methods owing to the stochastic 

sampling of the DDA method and nature of each chemical digestion mechanism and 

specificity. As such, CNBr and NH2OH were found to have 690 and 789 unique peptide 

identifications, respectively, and shared an average of 702 peptides across all tissues tested 

(Figure 3B and Supplementary Table S5).

Error tolerant searches

To investigate if observed differences between digestion methods were a result of side 

reactions generated during CNBr or NH2OH cleavage reactions, we performed error tolerant 

searches on data-dependent LC-MS/MS data (Supplementary Figure S2). Several expected 

abundant modifications were identified such as deamidation of Asp, oxidation of methionine 

and proline, and a +6 Da addition that results from the inclusion of our heavy labeled 

QconCAT SIL peptides. One of the most common modifications identified (+15.99 Da) is 

primarily derived from the endogenous fibrillar collagen hydroxy-proline residues 

(Supplementary Figure S2). Two modifications that are specific to the CNBr cleavage 

mechanism were also determined: 1. Formation of a homoserine lactone 18 and 2. The low 

frequency bromination of tyrosine, for example, both the brominated and non-brominated 

forms of the collagen alpha-2(I) peptide GYPGSIGPTGAAGAPGPHGSVGPAGK were 

identified (Figure 4).

Discussion

Here we have expanded upon existing ECM proteomics methods by developing an 

alternative method for insoluble protein characterization that avoids many of the drawbacks 

associated with the cyanogen bromide reagent. We utilized data-dependent LC-MS/MS 

experiments to qualitatively assess differences in protein and peptide identifications and a 

matrisome-targeted LC-SRM method to more accurately quantify ECM protein abundance 

and stoichiometries from five tissues. All samples presented in the study are technical 

replicates to provide the most direct comparison between the methods. The combination of 

our global LC-MS/MS and targeted LC-SRM approaches with ECM-specific stable isotope-

labeled peptides revealed that an abundance of protein is present and available for analysis 

from tissues after chaotrope extraction.
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Our previously described approach to solubilize iECM using CNBr was effective and 

capable of outperforming orthogonal methods for ECM composition analysis 13. Despite this 

success, we sought to develop an improved chemical digestion approach using NH2OH that 

minimizes sample loss (i.e. no pellet transfer step), avoids the reactive and toxic CNBr 

compound and strong acid used for digestion, and provides similar or improved 

quantification precision and reproducibility. We evaluated alternative proteases and chemical 

digestion methods and determined that NH2OH digestion was the top candidate for further 

development. Advantages of this approach include digestions being carried out in the same 

vessel as chaotrope extraction (no sample transfer to glass vial) in aqueous solution at pH 9 

and a relatively modest chemical activity that is unlikely to generate extensive by-products 

that can hamper absolute quantification. In the case of CNBr, we suspect that liberated 

reactive species may negatively affect protein digestion with trypsin or account for the 

observed decreased MS instrument performance. Over time, a decrease in the resolution of 

low mass ions and in ion transfer efficiency (30–40%) of a calibration standard mix was 

observed after running samples prepared with CNBr. Generally, solid phase extraction (SPE) 

using C18 resin reduces, but does not eliminate, this effect.

From global LC-MS/MS analysis we determined that CNBr and NH2OH resulted in a 

similar number of identified ECM proteins irrespective of tissue type despite variations in 

the number of unique peptides generated between digestion approaches. These findings are 

supported by LC-SRM data that showed similarity between methods in the number of 

quantifiable peptides, however, the methods varied in terms of overall yield (i.e. total 

quantified protein). The NH2OH method yielded a higher concentration of ECM 

components and yielded more reproducible measures between replicates across all tissues 

except for bone. The specificity of the two chemical digestion approaches was evaluated by 

monitoring the occurrence of non-target cleavage events. While NG sites were the most 

preferred for cleavage, we found that NH2OH is relatively non-specific under the conditions 

used here. Although we did not observe NX cleavage on fibrillar collagen itself, it was 

observed in other proteins present in the iECM fraction. As a result, it is recommended that 

this be considered when performing database searches on data from NH2OH-treated 

samples. In addition, quantification of peptides that contain asparagine residues should be 

performed with caution.

A caveat of this work is that we did not perform deglycosylation which should increase 

sequence coverage, especially for proteoglycans 30–32. In our experience, the majority of 

proteoglycans and glycoproteins are extracted in the soluble ECM fraction prior to chemical 

digestion of the insoluble pellet 12. Further, we have intentionally avoided peptides with 

known glycosylation sites in our stable isotope-labeled standards used for quantification. 

However, deglycosylation of the prominent glycosaminoglycans (GAG) is required to 

maximize matrisome coverage and should be considered when this is an objective.

Not surprisingly, bone samples displayed the largest amount of structural ECM in the iECM 

fraction, the overwhelmingly majority being fibrillar collagen. Skin was second in total 

ECM abundance, followed by muscle, lung, and liver. Other major differences include the 

abundance of cytoskeletal components. As one might expect, muscle samples had a higher 

abundance of cytoskeletal components than all other tissues analyzed. In contrast, basement 
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membrane appears to be most abundant in those organs with lower total ECM content and 

higher cellularity, such as lung, muscle, and liver. The most abundant basement membrane 

protein across all tissues was found to be collagen IV as has been previously reported in 

skeletal muscle 33. Not surprisingly, basement membrane components were found to be most 

abundant in lung tissue owing to large membranous surface area supporting the endothelial 

barrier as needed for gas exchange. Some of the largest differences between the two methods 

appeared to be a result of differential solubilization of basement membrane and cytoskeletal 

components such as Col4a2, Lamc2, Tubb, and Vim. Initially, we speculated that this was 

due to differences in the number of CNBr (methionine specific) and NH2OH (asparagine site 

specific) cleavage sites. Indeed, differences do exist in the number of cleavage sites, but the 

findings do not support the idea that more cleavage sites lead to more efficient digestion and 

resulting higher measured protein abundance in the iECM fraction of the tissues tested.

An alternative explanation is that a smaller peptide from chemical digestion is partially lost 

through the filter-aided sample preparation approach (FASP) approach. For example, one 

peptide that we utilized to follow Col1a1 abundance (GSEGPQGVR) resides in a CNBr 

cleavage product of 26.2 kDa, while NH2OH digestion results in a Col1a1 fragment of just 

9.2 kDa. Thus, we postulated that our proportion of Col1a1 may be under-represented in the 

NH2OH samples resulting in a lower Col1a1/Col1a2 ratio due the smaller NH2OH fragment 

being partially lost through the 10 kDa MWCO filter employed in FASP digestion. However, 

Wisniewski et al. report efficient retention of small proteins (5 – 10 kDa) using a 10 kDa 

MWCO filter 34, 35.

Our results provide an updated ECM enrichment methodology for identification of 

chaotrope insoluble matrix proteins. Based on these findings, the NH2OH digestion 

approach for chaotrope-insoluble matrisome characterization is preferred to the CNBr-based 

chemical digestion method. In general, the NH2OH method for iECM solubilization yielded 

more reproducible results as demonstrated by smaller coefficients of variance (CVs) 

compared to CNBr iECM preparations. Eliminating the use of concentrated acid, along with 

the reactive and toxic compound CNBr reduces personal and environmental hazards. 

Overall, the semi-quantitative and quantitative results yielded more protein identifications 

and higher peptide levels for the new approach, suggesting equal or improved ability to 

solubilize the insoluble matrix. For bone analysis, we found the two approaches to be 

relatively similar in their overall yield suggesting either approach would be suitable for 

iECM characterization, however, it is likely that a standard demineralization step will be 

required to achieve equivalent or superior results for the mineralized matrix using this new 

method. For all other tissues tested, hydroxylamine performed the same or better than 

cyanogen bromide and is the recommended approach to characterize this challenging 

fraction of the proteome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Workflow diagram for comparative analysis of CNBr and NH2OH using quantitative 
QconCAT ECM proteomics
(A) Tissues are sequentially extracted to obtain cellular, soluble ECM (sECM) fractions. The 

pellet remaining after chaotrope extraction is subjected to either CNBr or NH2OH digestion. 

QconCATs are spiked into CNBr or NH2OH iECM fractions and samples are then 

enzymatically digested prior to data acquisition using an LC-SRM approach. (B) Schematic 

representation of the mature fibrillar collagen fibers of collagen alpha-1(1). CNBr cleavage 

sites (8 for Col1a1) are denoted by a double black slash while NH2OH cleavage sites (13 for 

Col1a1) are denoted by a double red (NG) or double orange (NX) slash. Green hexagonal 

markings denote known sites of cross-linking in the telopeptide region fibrillar collagen. 

Transparent purple boxes mark sequence regions that match to stable isotope labeled (SIL) 

QconCAT peptides (Uniprot IDs: Col1a1: P11087 and Col1a2: Q01149). ‡ denotes cleavage 

sites that were detected by LC-MS.
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Figure 2. Characterization of hydroxylamine cleavage specificity and fibrillar collagen 
abundance iECM fraction
(A) Observed hydroxylamine cleavage specificity across all tissues (1534 peptides total) 

from data-dependent LC-MS/MS experiments (B) Fibrillar collagen abundance derived from 

LC-SRM data plotted as percentage of total quantified protein in the iECM fraction.
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Figure 3. Comparison of quantitative yield, protein and peptide identifications between CNBr 
and NH2OH digestion approaches
(A) Protein group abundance plots for cellular proteins, collagens, glycoproteins and 

proteoglycan protein groups derived from LC-SRM data for tissues prepared with cyanogen 

bromide (C) or hydroxylamine (H). (B) Venn diagrams of average shared and unique protein 

and peptide identifications from all tissues derived from data-dependent LC-MS/MS 

experiments.
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Figure 4. CNBr selectively brominates tyrosine containing collagen peptides
(A) Non-brominated form of collagen alpha-2(I) peptide 

GYPGSIGPTGAAGAPGPHGSVGPAGK. (B) Brominated form of collagen alpha-2(I) 

peptide GYPGSIGPTGAAGAPGPHGSVGPAGK at position Y2. (C) Isotopic distribution 

of non-brominated collagen alpha-2(I) peptide, theoretical pattern inset. (D) Isotopic 

distribution of brominated collagen alpha-2(I) peptide, theoretical pattern inset.
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