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Abstract

Protein complexes exhibit great diversity in protein membership, post-translational modifications 

and noncovalent cofactors, enabling them to function as the actuators of many important biological 

processes. The exposition of these molecular features with current methods lacks either throughput 

or molecular specificity, ultimately limiting the use of protein complexes as direct analytical 

targets in a wide range of applications. Here, we apply native proteomics, enabled by a multistage 

tandem mass spectrometry approach, to characterize 125 intact endogenous complexes and 217 

distinct proteoforms derived from mouse heart and human cancer cell lines in discovery mode. 

The native conditions preserved soluble protein–protein interactions, high-stoichiometry 

noncovalent cofactors, covalent modifications to cysteines, and, remarkably, superoxide ligands 

bound to the metal cofactor of superoxide dismutase 2. The data enable precise compositional 

analysis of protein complexes as they exist in the cell and demonstrate a new approach that uses 

mass spectrometry as a bridge to structural biology.

Introduction

Protein complexes play critical roles in an array of biological processes, including cancer1, 

senescence2, and cell cycle arrest3. Given the vital functions of these macromolecular 

assemblies, their identification and structural characterization is foundational to our 
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understanding of normal and disease biology. Thus, examination of cellular products at 

progressively higher levels of complexity, from peptides4, 5 to proteins6–8 to protein 

complexes9–11, paints an increasingly complete picture of the actuators of biological 

systems.

Current methodologies for analysis of protein complexes fall into two groups: those that 

provide detailed characterization of a single target and those that provide low-level 

information on a large number of interactions. Examples of the former include X-ray 

crystallography12, 13, fluorescence imaging14, cryo-electron microscopy15, 16, and co-

immunoprecipitation17, which are lower-throughput techniques that can require large 

amounts of purified and optimized samples. In contrast, the latter category includes the use 

of tandem mass spectrometry (MS) techniques in a peptide-based “bottom-up” 

methodology18. While bottom-up approaches can provide extensive maps of physical 

interactions19–21, they often fail to determine stoichiometry or the complete modification 

states of complex subunits.

In this study, we describe the first large-scale study utilizing our new proteomic 

platform22–25 that occupies the space between existing approaches to gain high molecular 

detail from relatively small amounts of unpurified endogenous protein complexes. We 

applied this pipeline to human and mouse samples and identified previously unreported 

protein–protein interactions, enzyme metal cofactors, and post-translational modifications. 

The detailed characterization and increased level of coverage achieved with native 

proteomics represents a powerful new middle ground for both targeted and discovery 

proteomics.

Results

An Approach to Native Proteomics

Native proteomics aims to directly identify and characterize proteoforms and multi-

proteoform complexes (MPCs)25. The latter is a term defined recently25 as the distinct set of 

protein complexes formed by the association of different proteoforms (monomeric proteins 

and their co- and post-translational modifications (PTMs)26) derived from the same or 

different genes. Complete elucidation of MPCs requires a “top-down” (TD) approach that 

begins with the lysis of samples with methods that maintain many endogenous non-covalent 

interactions (Fig. 1). Extracted soluble proteins and complexes are not chemically reduced 

and are subsequently subjected to one-dimensional separation using either ion exchange 

(IEX)27 or native GELFrEE (nGF) chromatography23, 24. Fractions are then subjected to 

detergent removal, desalting, or both, prior to analysis using a three-tiered tandem MS 

approach to native top-down mass spectrometry (nTDMS) to controllably disassemble 

protein complexes in the gas phase22. Lastly, the data extracted from the nTDMS experiment 

are searched with ProsightPC 4.0 or an online search engine for MPCs (SEMPC, http://

complexsearch.kelleher.northwestern.edu)25, 28 to identify, characterize, and score MPCs. 

Native proteomics is therefore a “discovery mode” experiment, as the identity of the 

complex is not known prior to analysis.
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In native proteomics, the nTDMS step provides the key to extensive molecular 

characterization of MPCs. Briefly, and using the human nucleoside diphosphate kinase 

(NDPK) heterohexamer as an illustrative example, a single charge state of one intact multi-

proteoform complex is isolated (Supplementary Fig. 1a), and activated to eject one or 

multiple subunits (Supplementary Fig. 1b). Next, activation is performed prior to isolation 

and each of the ejected monomers is isolated and fragmented individually (Supplementary 

Fig. 1c). The simultaneous activation of all ions in the source formally disconnects ejected 

monomers from their complexes. However, with validation of stoichiometry and 

measurement of the overall mass, confident assignments are made in nearly all cases. For 

NDPK, we confidently identified both ejected monomers as NDPKA (P15531) and NDPKB 

(P22392); the observed distribution of three intact MPCs was consistent with hexamers 

containing ratios of between 3:3 and 1:5 of the alpha and beta subunits, respectively 

(Supplementary Fig. 1a). In identifying and characterizing three related MPCs in a single 

experiment, a feat that is difficult or impossible using other approaches, this example 

demonstrates that stoichiometry and precise subunit composition can be quickly determined 

using a native top-down approach to protein complex analysis.

Untargeted Characterization of Mammalian Complexes

Next, we applied native proteomics to identify a variety of primary metabolic enzymes from 

CD-1 mouse hearts and characterize a wider range of MPCs from four human cancer cell 

lines (see Methods for more details). From ~600 fractions individually analyzed over the 

course of this study, we identified with high confidence 164 unique gene products (proteins); 

81 of these formed 125 unique MPCs (Supplementary Data Set 1) and the remaining 83 

were characterized as monomeric proteoforms (Supplementary Data Set 2). Overall, the 

intact masses of the identified proteins and complexes span from 5 to 316 kDa (Fig. 2a), 

demonstrating the applicability of the method to species far greater in mass than those 

reported by many previous denaturing top-down studies6, 7. Further increases in 

experimental capabilities will increase the mass range of identified MPCs (native MS of a 9 

MDa complex has been reported29), but the identification of these larger complexes also 

presents substantial challenges25. Here, many of the proteins identified are involved in 

cellular metabolism, including coenzyme metabolic processes, generation of precursor 

metabolites and energy, and primary metabolic processes (Fig. 2b). Thus, we extensively 

characterized the abundant enzymes driving primary metabolism, particularly those with 

high energy needs such as the cancer cell lines and heart tissue.

Native proteomics can directly determine protein complex stoichiometry, which is known to 

modulate enzyme activity30 and is critical to our understanding of many disease states1. In 

our study, the majority of MPCs identified were homomeric and ranged from homodimers to 

a homoheptamer (Fig. 2c). Two homomeric complexes that we identified were annotated 

differently in UniProt: the 10 kDa heat shock protein (P61640), which we identified as a 

homoheptamer and is annotated as a homohexamer, and the 3-hydroxyisobutyrate 

dehydrogenase (Q99L13) homotetramer that is annotated as a homodimer. Furthermore, we 

identified three homodimers (Supplementary Data Set 1) that were not predicted to form 

homomeric interactions of any stoichiometry, including the heart isozyme of murine fatty 

acid binding protein (FABPH, P11404). Serum levels of human FABPH (86% sequence 
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identity) have been used to diagnose myocardial infarction31; the dimerization of this 

biomarker may be of future relevance in clinical research. In addition to homomeric 

complexes, we also identified several heteromeric MPCs (Supplementary Data Set 1), 

including two novel heterodimeric interactions: peptidyl-prolyl cis-trans isomerase A (PPIA, 

P62937) binding to destrin (P60981) or to cofilin (P23528) (Supplementary Fig. 2). The 

ability of PPIA to catalyze the cis-trans isomerization of proline residues may serve to 

regulate the action of destrin and cofilin on actin fibrils. Thus, native proteomics can be used 

to both count and characterize known subunits with precision and discover new protein 

complexes. The results are complementary to those from bottom-up crosslinking studies32, 

as they provide the stoichiometry, as well as where complexes “start” and “stop” that is often 

difficult to determine from large-scale interaction networks. Moreover, unlike 

crystallography and cryo-electron microscopy, it does not require extensive purification, 

preparation, and potentially crystallization to determine MPC stoichiometry.

Characterization of Endogenous Metalloenzymes

In addition to protein–protein interactions, we were able to characterize metal cofactors 

binding to both proteoforms and MPCs. There are 1,378 metal cation cofactors annotated on 

the 20,197 curated human proteins in SwissProt (~7%), with many more likely unreported. 

Here, we observed and characterized 28 metal binding events, involving Zn2+, Cu1+, Mg2+, 

Mn2+, Ca2+, Fe3+, and one 3Fe4S cluster, including three previously unreported 

(Supplementary Table 1). With one exception, the bound metals corresponded to the 

proteins’ reported biological cofactors, including Mn2+, which according to the Irving-

Williams series is the easiest ion to replace in vitro33. Thus, the metal binding we observed 

is consistent with that found in the cellular environment. In the case of the one observed 

discrepancy, between the Mg2+ reported from in vitro studies34, and the Zn2+ cofactor we 

observed on isopentenyl-diphosphate isomerase (Q13907, Supplementary Fig. 3), we posit 

the native proteomics result to be more reflective of the in vivo system. Many enzyme 

cofactors depend critically on their local cellular environment; by eschewing traditional 

overexpression-based techniques in bacterial systems, native proteomics provides direct 

information on endogenously formed interactions requiring no prior perturbation of the 

tissue, cellular or genetic context.

Of the 28 systems characterized with metal cations, two, the murine aconitate hydratase 

(aconitase, Q99KI0) monomer and the human alpha enolase (P06733) dimer, best exemplify 

the ability of native proteomics to characterize untargeted metalloproteomic systems. We 

observed the citric acid cycle enzyme aconitase (82.8 kDa) with an additional mass 

consistent with a 3Fe4S cluster and between zero and two copies of a Zn2+ cofactor (Fig. 

3a). Tandem MS provided confident protein identification and partial localization of the 

Zn2+, to a region near the active site but far from the 3Fe4S cluster as predicted by the 

crystal structure (Fig. 3b and Supplementary Fig. 4). The addition of Zn2+ has been shown 

previously to inhibit the enzymatic turnover of aconitase, but its binding was not localized35. 

The zinc binding in conjunction with the observation of the catalytically inactive 3Fe4S 

cluster (as opposed to the active 4Fe4S cluster36) provide compelling evidence that we 

observed the catalytically inactive form of the aconitase. In addition, we characterized the 

Mg2+-binding motif of the alpha enolase dimer. Mass spectra of the intact dimer and ejected 
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monomer each showed evidence of zero and one copy of the previously reported di-Mg2+ 

cofactor (Fig. 3c), while the ESI-produced native monomer showed no evidence of the 

cofactor (Supplementary Fig. 5). Thus, the holoenzyme was only present in the dimeric 

complex, indicating the ability of the di-Mg2+ to stabilize the dimer. However, the most 

abundant dimer peak consisted of one apo- and one holo-subunit (Fig. 3d), and we did not 

observe the two holo-subunits per dimer reported previously37. By maintaining the fragile 

noncovalent interactions in the system, subunit stoichiometry and metal binding information 

are obtained simultaneously, which provides a complete view of new MPC associations and 

composition.

Elucidation of Sequence Polymorphisms and Processing

Amino-acid and spliced isoform variants can modulate protein subcellular localization38 and 

drive specific disease states39. By ejecting subunits and then fragmenting them, we can 

directly characterize this variation from the proteins that participate in protein complexes. 

We observed and characterized two mouse hemoglobin subunit beta-1 chains (P02088), 

which differed by three amino acids and corresponded to products of the S- and D-alleles 

(Supplementary Fig. 6a, b). We also observed each as a heterodimer bound to hemoglobin 

alpha chain (P01942), which had a major species corresponding to the S69N and G79A 

variant, and a minor (~20% abundance) form with just the S69N variant (Supplementary 

Fig. 6c, d). In addition, we characterized many primary sequence processing events that are 

critical for protein transport and function. Of the identified proteoforms, 152 of the 217 were 

observed with the initiator methionine removed (–Metini), and an additional 35 were 

observed with their signal peptide cleaved, providing strong evidence for the subcellular 

location of the protein. Many of these events closely corresponded to annotations in UniProt, 

though a few did not. For example, two forms of the nipsnap homologue 3A monomer 

(Q9UFN0) were identified with the first 25 and 27 residues cleaved, indicating a potentially 

novel signal or mitochondrial transit peptide (Supplementary Fig. 7a, b). Likewise, the 

NAD(P)H-hydrate epimerase (Q8NCW5) homodimer was characterized with each monomer 

consisting of residues 53–288, instead of residues 48–288 as is predicted following 

mitochondrial transit peptide removal (Supplementary Fig. 7c). Thus, the pipeline can be 

used for precise characterization of a gene product’s isoform and subcellular localization as 

well as to provide de novo information on unannotated processed protein products.

Identification of Post-Translational Modifications

The fact that PTMs contribute to the proteoform complexity of intact proteins in denaturing 

top-down proteomics is well established40. Native proteomics also characterizes these 

modifications, but performs better with larger and more heterogeneous proteoform 

distributions due to the reduced number of charge states in the spectrum41. At the monomer 

or subunit level, we identified and characterized 116 examples of N-terminal acetylation, 

two geranylgeranylations and C-terminal carboxymethylations on the RHOA and CDC42 

monomers, part of a known enzymatic processing event that allows the Rho-family proteins 

to anchor to the cellular membrane42. Additionally, up to four pyridoxal phosphate 

modifications were observed bound to lysines on the dimeric murine cytosolic aspartate 

aminotransferase (P05201, Supplementary Fig. 8), and a single one bound to human 

phosphoserine aminotransferase (Q9Y617). In each of these cases the pyridoxal phosphate 
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modifications activate the enzyme’s binding pocket43. However, for the former, only one 

modification per subunit was annotated prior to this study. Native proteomics is also useful 

for untargeted characterization of large glycoproteins. For example, the ~74 kDa 

serotransferrin from mouse (Q921I1) was found to have its single glycosylation site 

occupied with a biantennary, sialated glycan that was ~30% fucosylated (Supplementary 

Fig. 9). However, while native proteomics offers high detail on glycan abundance, it does not 

provide the structure and complete molecular detail of these glycosylated proteoforms. In 

addition, it was observed bound to between zero and two copies of its Fe3+ cofactor, with the 

non-fucosylated species showing a 52% increase in normalized di-iron binding when 

compared to the fucosylated form (Fig. 3e, f). According to the crystal structure of human 

serotransferrin, we hypothesize that the steric vicinity of N-linked glycans in the C-terminal 

lobe can hinder the binding of one of the irons. Glycoproteins have proven to be especially 

challenging to identify with traditional top-down and bottom-up proteomics methods and are 

often chemically modified or cleaved; here we show the simultaneous identification and 

characterization of a large intact glycoprotein and its metal cofactor with no prior glycan 

derivatization.

Beyond monomer-level proteoform characterization, native proteomics also provides MPC-

level information of PTM occupancy on intact complexes that is not available from 

denaturing top-down and bottom-up methodologies25. In many cases, intact complex PTM 

stoichiometry did not appear to depend on PTM occupancy of the subunits, a “random” 

association that then produces a distribution of MPC masses with relative abundances that 

follow a multinomial distribution (Supplementary Fig. 10). However, this was not always 

observed, as exemplified by the triosephosphate isomerase (TPI, P60174) dimer. In this case, 

we characterized three major MPCs, each with roughly equal abundance (Supplementary 

Fig. 11a). Isolation of each of the MPCs individually, monomer ejection (Supplementary 

Fig. 11b), and fragmentation of each of the three subunit proteoforms (Supplementary Figs. 

11c and 12, Supplementary Data Set 2) indicated that they were made up of the –Metini, the 

N-terminally acetylated, and the –Metini and phosphorylated forms of isoform 2 of TPI. 

However, the intact MPCs did not follow a multinomial distribution; the phosphorylated and 

acetylated forms were not observed dimerizing with themselves or each other 

(Supplementary Fig. 11d). The lack of observable interactions between these forms indicates 

that their modification states inhibit dimerization, consistent with a proteoform-specific 

“stoichiometric control.” While the N-terminal acetylation is distal to the dimerization 

domain, consistent with an allosteric interaction, the phosphorylation, as currently 

annotated, lies near the dimer interface, which may directly interfere with dimerization 

(Supplementary Fig. 11e). Differential modification of proteins, especially phosphorylation, 

has long been thought to modulate protein complexation. However, the precise and 

simultaneous measurement of subunit modification and complex stoichiometry, difficult or 

impossible with other methodologies, now allows these situations of proteoform-specific 

stoichiometric control to be read out quickly with minimal perturbation.

Post-translational modifications of cysteine residues are rarely annotated, with only four 

cysteine persulfide and eight cysteine glutathionylations annotated on the entire validated 

UniProt human proteome. However, many of the non-terminal modifications characterized 

here were, in fact, located on cysteines. We observed 15 gene products with cysteine 
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modifications (Supplementary Table 2), forming 22 proteoforms, with many combining to 

form MPCs. Only four of these characterized cysteine modifications were annotated in 

UniProt. As an example, the dimeric creatine kinase M from mouse heart (P07310) was 

observed with four monomer proteoforms corresponding to: the unmodified form, a cysteine 

persulfide modification, a cysteine persulfide and a homocysteinylation, and a 

glutathionylation (Supplementary Fig. 13). The high stoichiometry and heterogeneity of 

cysteine modifications in creatine kinase, all previously unknown, strongly support previous 

evidence that the modification state of this cysteine modulates enzyme function44. On the 

other hand, the Parkinson’s disease-related dimeric protein deglycase DJ-1 (Q99497) has 

been reported to undergo cysteine modification as a response to cellular oxidative stress45. 

Ejected from the dimer, we observed the unmodified form, a form with the active cysteine 

modified to a sulfinic acid, and a form with the cysteine sulfated (Supplementary Fig. 14). 

The prevalence of these cysteine modifications across a variety of proteins imparts an 

enhanced ability for cells to handle and respond quickly to cellular stress, likely through 

redox-sensitive regulatory mechanisms. Furthermore, these findings also allude to 

previously unreported and ubiquitous cysteine modifications in a variety of cellular proteins 

that are essential to normal function.

Of the 746 annotated internal acetylations and succinylations across the 164 proteins 

identified in this study, none were observed. In an attempt to increase acetylation, we treated 

HEK293T cells with Trichostatin A (TSA), a non-specific deacetylase inhibitor46, prior to 

lysis and analysis (Supplementary Fig. 15a). Even mitochondrial malate dehydrogenase, an 

abundant homodimer that has been previously reported as tri-acetylated after TSA 

treatment47 was only observed as the unmodified form (Supplementary Fig. 15b, c). The 

dynamic range of our measurement was ~800, indicating that no acetylated forms were 

present at greater than ~0.1% abundance. Further, N-terminal acetylations were observed on 

over half of the proteoforms reported here, strongly indicating that acetylated proteoforms 

can be maintained in native proteomics. The sub-stoichiometric abundances of many 

acetylated and phosphorylated proteoforms can be attributed in part to the increased 

sensitivity and dynamic range of the bottom-up techniques used to identify these sites; a 

previous study of global internal acetylation in yeast determined that ~1% of sites were 

occupied at >1% stoichiometry48. In some cases, modifications at extremely low 

stoichiometry may drive signaling cascades and other highly sensitive biological 

mechanisms. However, they may also represent stochastic cellular processes that have little 

effect on the action of the protein, or they may also be caused by chemical modification 

during sample preparation49. In contrast to bottom-up studies, the ability of native 

proteomics to measure the relative stoichiometry and dynamics of these modifications 

should help clarify which post-translational modifications play critical roles in the 

functioning of cells and tissues.

Observation of Protein-bound Metals and Small Molecules

In addition to post-translational modifications, we also characterized several fragile small-

molecule binding events. Three of the Ras-superfamily small guanosine triphosphate 

(GTP)ase proteins were observed bound to guanosine diphosphate (GDP), the 

dephosphorylated form of their substrate. The first, monomeric GTP-binding nuclear protein 
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Ran (P62826), was observed bound to GDP with ~40% of the ions also bound to either Zn2+ 

or Cu1+ (Supplementary Fig. 16); GDP binds predominantly to the cytosolic form of the 

protein and affects nucleocytoplasmic transport50, while the metal binding has not been 

previously reported. The other two, RHOA (P61586) and CDC42 (P60953), are both in the 

Rho family of small GTPases, and were both observed in heterodimeric form bound to 

RHOGDI1 (P52565, Supplementary Fig. 17). Each complex was bound to GDP and Mg2+, 

two cofactors reported to drive formation of the heterodimeric complex and allow the 

GTPase to migrate through the cytosol to various locations on the plasma membrane50. 

Noncovalent enzyme cofactors are almost universally lost upon denaturation of an 

endogenous sample during preparation for denaturing top-down or bottom-up analysis; 

native proteomics provides a promising new method for characterization of the thousands of 

human protein cofactors, in addition to the potential to identify unknown protein-small 

molecule interactions.

However, the identification of labile small molecules was not limited to cofactors. The intact 

mass spectrum of the tetrameric human mitochondrial superoxide dismutase (SOD2, 

P04179) exhibited five peaks differing in mass by 33 ± 1 Da; the lowest-mass peak is 

consistent with the tetramer and its four Mn2+ cofactors (Fig 4a). Gentle activation of the 

ions rapidly dissociated these peaks, converting them into the ~89 kDa holo-tetramer (Fig 

4b, c; isotopically resolved in Supplementary Fig. 18). Mapping the isotopic distributions of 

the holo-enzyme with three copies of either its substrate (superoxide) or products (oxygen 

and hydrogen peroxide) over the observed data provided strong evidence that the additional 

peaks were consistent with multiple copies of the superoxide substrate (Fig 4d). This 

example demonstrates the ability of native proteomics to identify an enzyme as well as its 

stoichiometry, cofactors, and even substrate in a single experiment and in discovery mode. 

Capturing these extremely fragile interactions could provide critical information about 

enzymatic mechanisms in a large variety of protein systems.

Discussion

As demonstrated throughout, an integrated platform for native proteomics for the untargeted 

characterization of abundant complexes in mammalian proteomes is now feasible, providing 

a new type of compositional information about endogenous complexes and their molecular 

associations. We applied native proteomics to mouse hearts and a variety of human cancer 

cell lines; the methodology is applicable to diverse tissues, fluids or cell-based sources. 

Additional modifications, already demonstrated in the literature, could further expand the 

proteome coverage of native proteomics to membrane and lower abundance complexes. 

Further, the current platform requires substantially more sample than traditional denaturing 

bottom-up, crosslinking experiments,32 or denaturing top-down proteomics7, but future 

application of ‘online’ native separations with automated tandem MS will dramatically 

improve these methodological requirements.

Leveraging a greatly expanded ability to tackle large molecular weight proteins and their 

complexes, we provide a first glimpse at the possibility of direct measurement of protein–

protein and protein–ligand interactions. The general applicability of the methodology to 

these noncovalent interactions will catalyze new techniques for determination of drug targets 
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and metalloenzyme composition and function. However, characterization of proteoforms and 

their complexes is not limited to noncovalent interactions, with this wave of results 

contributing to the view that even complex arrays of covalent modifications such as those 

involving N-glycosylation are tractable in a top-down approach to molecular analysis. Yet 

native proteomics goes beyond the characterization of protein modification determined by 

traditional proteomics techniques, allowing the modifications to be placed within the context 

of the intact molecular machinery connecting tightly with the function of endogenous 

proteins.

Online Methods

Preparation of mouse hearts

CD-1 mouse hearts were purchased from BioreclamationIVT. For the mitochondrial and 

cytosolic preparations, 20 mouse hearts were diced with a razor blade over ice and diluted to 

100 mg/mL with lysis buffer (250 mM sucrose, 10 mM Tris-HCl, 0.1 mM EGTA, pH 7.4) 

and frozen. Good results were generally obtained from ~100 mg of heart tissue (roughly one 

mouse heart). The heart tissue was homogenized using a glass-teflon homogenizer, and 

subcellular fractionation was performed as described previously23 to produce separate 

mitochondrial and cytosolic subcellular fractions. Heart samples that were not subcellularly 

fractionated were diced with a razor blade, and then cryo-ground in liquid nitrogen with a 

mortar and pestle. The ground tissue was then resuspended in lysis buffer and HALT 

protease inhibitor (Thermo Fisher Scientific) and frozen prior to analysis.

Preparation of cell lines

Human cell lines were obtained from ATCC or DSMZ and cultured according to 

manufacturer recommendations. In general, successful results were obtained from ~50 

million cells. All reagents for cell culture were obtained from ThermoFisher, unless 

otherwise noted. Lymphocyte cell lines included Ramos (Burkitt Lymphoma, B cell), Hg-3 

(Chronic lymphocytic leukemia, B cell), and Jurkat (Acute lymphoblastic leukemia, T cell); 

all grown in RPMI-1640 supplemented with 10% fetal bovine serum, 10 mM HEPES, and 1 

mM sodium pyruvate. In addition to lymphocyte cell lines, human embryonic kidney cells 

(HEK-293T) cells were grown in DMEM supplemented with 10% fetal bovine serum, 50 

U/mL penicillin, and 50 μg/mL streptomycin. All cells were grown in 150 cm2 flasks and 

harvested while cells were in log phase growth. Lymphocytes were grown in suspension, 

whereas HEK-293T cells were adherent and were lifted using 0.05% Trypsin-EDTA 

solution. HEK-293T were treated with 20 μM Trichostatin A (TSA, Sigma) and 5 mM 

nicotinamide (NAM, Sigma) for 18 hours, similar to previously established methods.46 Cells 

were pelleted by centrifugation, washed using cold PBS, re-pelleted, and cell pellets were 

stored at −80° C until processed. Mycoplasma testing was performed quarterly for all cell 

lines used in this study using either the LookOut Mycoplasma Kit (Sigma) or the 

MycoProbe Mycoplasma Detection Kit (R&D systems). Cell lines were authenticated using 

the GenePrint® 10 System (Promega, Chicago, IL), which uses short tandem repeat (STR) 

analysis.
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Cells were lysed using a detergent-free hypotonic lysis buffer consisting of 15 mM Tris-HCl 

(pH 7), 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM sucrose (all from 

Sigma), 1x HALT protease and phosphatase inhibitor (ThermoFisher), and 10 mM sodium 

butyrate (Sigma). Cell pellets were resuspended using 10:1 volume of lysis buffer to 

approximate volume of cell pellet. Cells were allowed to swell for 1–2 hours in a constant 

temperature of 4° C. Mechanical disruption was used to complete the lysis, using either a 

probe sonicator or the gentleMACS dissociator. For sonication, cells were lysed using the 

following parameters: 33% amplitude, 2x-30 sec pulse. For dissociation, cells were lysed 

using the “E” program (most disruptive setting). Cellular debris and intact organelles were 

pelleted by centrifugation (10,000 × g for 5 minutes at 4° C) and the supernatant, which 

contained primarily soluble cytosolic proteins, was transferred to a clean, siliconized 

microcentrifuge tube. The lysate was either fractionated immediately or stored at −80° C 

until fractionated.

Native GELFrEE

Mouse heart samples were fractionated by native-GELFrEE as described previously23, 24. 

Briefly, 0.5–1 mg of protein extract was mixed with 3 volumes of solubilization buffer (50 

mM imidazole, 500 mM aminocaproic acid, 1 mM EDTA, pH 7.0) and incubated on ice for 

30 min. The samples were cleaned with solubilization buffer (3 times 300 μL) and 

concentrated using a 30 kDa molecular weight cutoff spin filter (Millipore). The final 

volume of 100 μL of sample was mixed with 30 μL of 70% glycerol and 0.1% Ponceau S for 

loading. Fractionation was performed in a 10 cm long 1–10 or 1–12% T gradient gel using a 

6 mm ID tube via imidazole-based clear native GELFrEE buffer system. A voltage range of 

200–1000 V was applied for protein separation, and 150 μL fractions were collected 

manually.

Ion exchange chromatography (IEX)

Prior to loading, samples were buffer exchanged into 10 mM ammonium acetate using a 10, 

30, or 100 kDa molecular weight cutoff filter (Millipore), depending on the targeted 

molecular weight range. Samples were filtered using a 0.45 μm syringe filter, loaded on a 

500 uL sample loop and injected on an integrated CATWAX column (PolyLC) using an 

Agilent series 1100 (degasser, pumps, column compartment, UV module) and 1200 (fraction 

collector, fraction chiller) high-performance liquid chromatography setup. The CATWAX 

columns used contained equal amounts of PolyCAT A and PolyWAX LP, however two 

variations of columns were used: (1) 12 μm particle and 1500 Å pore and (2) 5 μm particle 

and 1000 Å pore. Samples were run on exploratory and optimized gradients of buffer A (10 

mM ammonium acetate, pH 7), and buffer B (1 M ammonium acetate, pH 7) with a flow 

rate of 0.25 mL/min to 0.5 mL/min using the Agilent ChemStation control software. To 

maximize the identification of new complexes, the IEX gradients were varied, but generally 

had a duration of 3 hours. Fractions were collected by time every 90 seconds, and did not 

depend on the elution profile. The separation was monitored by UV absorbance at 280 nm.

Antibody Blotting

For targeted studies of mitochondrial malate dehydrogenase, the lysates were separated 

using ion exchange and a dot blot was performed to localize fractions containing malate 
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dehydrogenase. For this dot blot, 2 μL of each fraction was spotted onto a nitrocellulose 

membrane. For blocking, the membrane was incubated in 5% (w/v) dry skim milk in tris-

buffered saline with 0.02% Tween-20 (TBST) for 30 minutes. The primary antibody was 

anti-human MDH2 rabbit monoclonal (ab181873; Abcam, Cambridge, UK) and was diluted 

1:10,000 in 5% (w/v) skim milk in TBST; the membrane was incubated in primary antibody 

for 2 hours at room temperature with agitation. Next, the membrane was washed for 3 × 5 

min washes with TBST. The secondary antibody was goat anti-rabbit IgG H&L horseradish 

peroxidase conjugated (ab97051; Abcam) and was diluted 1:20,000 in 5% (w/v) skim milk 

in TBST; the membrane was incubated in secondary antibody for 30 minutes at room 

temperature with agitation. The membrane was washed for 5 × 3 min washes with TBST. 

The membrane was then treated with SuperSignal West Pico Chemiluminescent Substrate 

(Thermo) for 5 minutes in the dark with agitation. The immunoblot was imaged using the 

Bio-Rad GelDoc™ XR+ and was automatically processed via the Image Lab™ software 

(Bio-Rad, Hercules, CA).

For measurement of global acetylation levels, the anti-acetyl blot was performed using the 

Anti acetylated-lysine (Ac-K2-100) multiMab Rabbit monoclonal antibody mix, which was 

purchased from Cell Signaling (#9814S).

Sample preparation for native TDMS

Fractions from native GELFrEE were first treated to remove detergent with 1–2 applications 

of a HiPPR detergent removal column (Thermo Fisher). Native GELFrEE and ion exchange 

fractions were exchanged into 100–200 mM ammonium acetate and concentrated using a 30 

kDa molecular weight cutoff spin filter (Millipore).

Native Top-Down MS analysis

Samples were introduced into the mass spectrometer with a custom nano electrospray source 

as described previously25 using 0.8 to 1.6 kV spray voltage. In total, approximately 600 

hundred samples were analyzed, with some being regenerated and interrogated more than 

once. All samples were analyzed with a Q-Exactive HF (Thermo) mass spectrometer 

modified as described previously22. To analyze protein complexes, we used a three-tiered 

approach22. Briefly, the intact complex mass spectrum was measured (MS1) using only 

moderate source energy to reduce salt adduction. One or more of the intact complex charge 

states was then quadrupole-isolated, and the monomer was ejected in the HCD cell (MS2). 

Finally, the monomer was ejected in the source, quadrupole-isolated, and fragmented for 

identification and characterization (MS3). In some cases, when the monomers were too 

tightly bound, the MS3 spectrum was obtained by increasing the activation energy of the 

intact complex in the MS2 step. A range of resolving powers were used (7,500 – 960,000), 

however, the MS3 spectrum was always collected at 60,000 or above to provide ample 

resolution for fragment ion deconvolution. Intact protein monomers were quadrupole-

isolated and fragmented in the HCD cell using equivalent parameters to those for MS2 and 

MS3 described above. The acquisition parameters in the mass spectrometer (mainly the 

pressure and energy of collisions in the source and HCD cell) were varied and optimized 

manually for each proteoform and MPC.
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Data analysis and processing

Low resolution MS1 and MS2 spectra were deconvoluted manually, with MagTran 

software51, or with Protein Deconvolution 4.0 (Thermo). All MS1 and MS2 mass value refer 

to average mass, when isotopic resolution was achieved the centroid average of the isotopic 

distribution was calculated with mMass software52. High resolution MS3 spectra were 

deconvoluted with Xtract software (Thermo); in some cases artefactual peaks were removed 

manually. Additional fragment ion analysis was performed with mMass.

Many of the acquired spectra proved to be challenging to analyze with traditional data 

analysis software packages and had to be curated manually. Specifically, the Xtract 

deconvolution software would often produce large numbers of spurious neutral masses 

corresponding to singly charged fragment ions, which had to be corrected by manual 

deletion or addition of peaks. Therefore, many of the metrics usually reported with high-

throughput proteomic reports (p-score, E-value, FDR, etc.) must be considered with caution. 

However, the raw data and fragment maps are publicly accessible (vide infra), and each 

identification was scrutinized to determine whether sufficient data was present to report the 

identification.

Masses derived from MS2 and MS3 data (MS1 and MS2 for monomers) were entered into 

the Prosight PC 4.0 software (Thermo) and searched against a database consisting of either 

UniProtKB human or mouse proteins, shotgun-annotated to account for protein 

modifications. Annotated modifications mentioned in the main text refer to the July 6, 2016 

release of UniProtKB. Protein complex stoichiometries were then determined manually and 

with the SEMPC, which is based on the CORUM database53 and information from 

UniProtKB to characterize and score an MPC with low or high molecular specificity 

depending on the underlying nTDMS data quality25.

Data Availability

The mass spectra .RAW data files and proteoform fragment maps that support the findings 

of this study are publicly available online at www.proteomexchange.org under accession 

number PXD005313.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Native proteomics implemented in untargeted mode
Samples are produced via native cell lysis or tissue homogenization methods and are 

fractionated with either native GELFrEE or ion exchange chromatography. The resulting 

fractions are analyzed using a three-tiered approach to native top-down mass spectrometry 

(nTDMS) which maintains many of the fragile noncovalent interactions prior to controlled 

fragmentation of protein complexes into subunits and their backbone fragment ions. Finally, 

the nTDMS data are analyzed with ProSight PC 4.0 and a Search Engine for Multi-

Proteoform Complexes to identify and characterize the complexes and proteoforms formed 

endogenously within the cell or tissue samples.
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Figure 2. A summary of results from performing native proteomics
(a) The molecular weight distribution of proteoforms and their assemblies characterized in 

this study. (b) The distribution of biological processes of the identified gene products. (c) 

The observed distribution of stoichiometries of identified homomeric multi-proteoform 

complexes (MPCs).
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Figure 3. Direct readout of metal cofactors by native proteomics
(a) An intact mass spectrum of murine aconitase showing the distribution of Zn2+ binding in 

addition to a mass shift consistent to within 0.3 Da with the 2+ charge state of its 3Fe4S 

cluster. (b) The crystal structure of porcine aconitase (98% sequence identity, PDB: 5acn) 

with the tandem MS-localized Zn2+ binding site indicated in purple. (c) The intact mass 

spectrum of the enolase dimer bound to zero and one copy (but not two) of its di-Mg2+ 

cofactors. (d) A crystal structure of the enolase dimer indicating the di-Mg2+ binding pocket 

that is only occupied on one monomer. (e) One of two iron-binding pockets of human 

serotransferrin (72% sequence identity) is located near two probable sites of N-linked 

glycosylation. (f) The normalized relative abundance of species with zero, one, and two 

bound Fe3+ cofactors indicates a 52% increase in the efficiency of binding two irons with a 

non-fucosylated glycan. See Supplementary Figure 9 for more details.
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Figure 4. Detection of labile superoxide bound to mitochondrial superoxide dismutase
(a–c) The intact mass spectrum of the tetrameric human mitochondrial superoxide dismutase 

bound to between zero and four copies of its superoxide substrate in addition to four copies 

of its Mn2+ cofactor. Slightly increasing the amount of ion activation in the electrospray 

source region, from 5 V (a) to 20 V (b) to 30 V (c), progressively ejected more of the 

weakly bound substrates while retaining the intact tetramer and all four of the Mn2+ 

cofactors. (d) A comparison of the observed fourth-highest mass peak from a (in blue) with 

theoretical isotopic distributions for the intact tetramer, its four Mn2+ cofactors, and three 

copies of either O2, H2O2, and O2
−. The arrow above each peak indicates the centroid, with 

the dotted lines corresponding to shifts of ±10 ppm; thus, the results strongly indicate the 

presence of superoxide and not either of the products. The difference in mass between O2
− 

and O2 is due to the difference in formal charge, changing the number of protons on the ions 

required to produce a net charge state of 20+.
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