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Abstract. In recent years, there has been in-
creasing interest in top-down mass spectrometry
(TDMS) approaches for protein analysis, driven
both by technological advancements and efforts
such as those by themultinational Consortium for
Top-Down Proteomics (CTDP). Today, diverse
sample preparation and ionization methods are
employed to facilitate TDMS analysis of dena-
tured and native proteins and their complexes.
The goals of these studies vary, ranging from

protein and proteoform identification, to determination of the binding site of a (non)covalently-bound ligand,
and in some cases even with the aim to study the higher order structure of proteins and complexes. Currently,
however, no widely accepted terminology exists to precisely and unambiguously distinguish between the
different types of TDMS experiments that can be performed. Instead, ad hoc developed terminology is often
used, which potentially complicates communication of top-down and allied methods and their results. In this
communication, we consider the different types of top-down (or top-down-related) MS experiments that have
been performed and reported, and define distinct categories based on the protocol used and type(s) of
information that can be obtained. We also consider the different possible conventions for distinguishing between
middle- and top-down MS, based on both sample preparation and precursor ion mass. We believe that the
proposed framework presented here will prove helpful for researchers to communicate about TDMS and will be
an important step toward harmonizing and standardizing this growing field.
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Introduction

The past decade has witnessed tremendous progress in both
top-down (TD) and native protein mass spectrometry

(MS) [1]. Largely, this has been driven by technological evo-
lutions, including improvements in ionization techniques,
reduced-frequency multipoles for high-m/z transmission and
isolation, and high-m/z detectors, e.g., time-of-flight and

extended-mass-range ion cyclotron resonance (ICR) and
Orbitrap Fourier transform mass spectrometry (FTMS) [2, 3].
Likewise, the increased availability of sophisticated ion activa-
tion techniques (e.g., electron-based dissociation [4] and ultra-
violet photodissociation [5]) and high-resolution MS (a re-
quirement for the analysis of complex, crowded product ion
spectra) have allowed TDMS and even its large-scale applica-
tion, top-down proteomics, to become more mainstream, as
evidenced by the recent establishment of the multinational
Consortium for Top-Down Proteomics (CTDP) [6]. Both na-
tive and top-down MS have focused on the analysis of ever-Correspondence to: Frederik Lermyte; e-mail: f.lermyte@warwick.ac.uk
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larger and more complex proteins and, in recent years, research
has been carried out by some groups on the interface between
these two fields. In these studies, gas-phase dissociation of
noncovalent protein-protein and protein-ligand complexes has
yielded a wealth of information, as recently reviewed [4].

A result or side effect of the increased interest in this
relatively new field is the use of occasionally inconsistent, ad
hoc developed terminology in the literature. For example, the
term Bnative electron capture dissociation^ (native ECD) was
originally introduced in 2003 by Breuker and McLafferty to
refer to a process presumably initiated by asymmetric charge
partitioning during dissociation of the cytochrome c dimer
within a heated transfer capillary (i.e., without the introduction
of free low-energy electrons) and has recently been used by
Kelleher and colleagues to describe essentially the same pro-
cess occurring in the native ferritin complex [7–9]. However,
the term Bnative ECD^ has also been used by others to describe
experiments in which a folded protein complex was irradiated
with low-energy electrons within an ion cyclotron resonance
(ICR) cell [10–12], a process that is obviously fundamentally
different from that reported by Breuker and McLafferty.

Here, we make the case for a standardized, unambig-
uous lexicon to describe the different variants of native
and non-native TDMS experiments. We propose a possi-
ble Btaxonomy^ of TDMS approaches, highlighting those
types of experiments that are of particular relevance to
our own research interests. We are conscious of the fact
that others may wish to expand upon our proposed
lexicon in time. Our hope is that this work, like the
unambiguous definition of the term Bproteoform^ in
2013 [13] and the recent introduction of the ProForma
notation [14], will be an important step toward the full
regularization of the top-down field. The focus here is on
protein analysis, but of course, as TDMS is extrapolated
to other types of large biomolecules, such as nucleic
acids, the proposed nomenclature can be applied to these
types of molecules.

As most TDMS studies so far have been performed
using electrospray ionization (ESI), our discussion will
focus on protein ions generated in this way, although
some of these experiments can also be performed using
other methods, e.g., matrix-assisted laser desorption/
ionization (MALDI). For experiments in which controlled
backbone cleavage occurs (which we will argue is a
requirement to be considered TDMS), different terms
are introduced depending on whether the protein is mea-
sured from denaturing or non-denaturing solution, and in
the latter case, whether higher order structure is retained
during backbone cleavage. In what follows, we will
strike a balance between introducing a sufficiently pre-
cise vocabulary so that most types of TDMS experiments
can be referred to unambiguously, while not introducing
such a number of new terms that our nomenclature
becomes unwieldy. By necessity, and as will be
discussed later on, this will leave some degree of ambi-
guity, particularly in regard to the more Bniche^

experiments. We emphasize, however, that the lexicon
introduced here is meant to be flexible and extendable
by others, should the need arise in the future. The terms
we introduce or define unambiguously to denote different
approaches are, in approximate order of increasing ex-
perimental complexity:

� Intact mass measurement
� Native MS
� Complex-up
� Middle-up
� Middle-down
� (Denaturing) top-down (dTD or TD)
� Complex-down
� Native top-down (nTD)

Only the latter three should be considered Btrue^ top-down
methods, as only they inform on primary protein structure (vide
infra), although the former types of experiment also provide
highly valuable information. A cartoon representation of each
of these eight types of experiment is provided in Figure 1, and
their relation to one another, as well as to (extended) bottom-up
methods, is illustrated in Figure 2. An overview of methods not
relying on enzymatic digestion is provided in tabular form in
Table 1.

Na�ve MS

(Denaturing)TD

Na�ve TD

Intact 
mass

Complex-
down

Digest Middle-up

Digest Middle-down

Complex-up

Figure 1. Various (non-)native top-down and allied methods
as defined in this work
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Proposed New and Updated Termi-
nology for Top-Down Experiments

Intact Mass Measurement/Native MS

The most basic experiment, this entails the measurement of the
mass of an intact protein or complex under denaturing or native
solution conditions, respectively, without any controlled disso-
ciation being performed. While, therefore, this method is not
truly part of the top-down Btoolbox^ (and referring to it as Btop-
down^ should be avoided), it is an important first step in any
TD experiment, as it can reveal protein integrity and complex
stoichiometry (under native conditions) and provide valuable
clues about proteoforms, e.g., sequence variants and possible
presence of (non-)covalent modifications.

Valuable information and improved desolvation can be
obtained by subjecting a natively ionized protein or complex
to limited (collisional) activation. If this is performed in con-
junction with, and prior to, ion mobility measurements, this
type of collision-induced unfolding (CIU) experiment can pro-
vide valuable insight into (changes in) the stability of various

elements of protein structure in the gas phase [17]. Increasing
gas-phase activation leads to backbone cleavage and/or (for a
complex) monomer ejection, and these experimental strategies
will be discussed in subsequent sections.

Complex-Up

Going a step beyond determination of the mass of a protein
complex, this type of experiment involves ionizing a
noncovalent protein-protein complex from a native-like solu-
tion, after which it is partially disassembled in the gas phase in
a controlled manner, without (significant) backbone cleavage
in any of the subunits. Even then, this method can provide
information on the complex architecture and stoichiometry,
analogous to a middle-up experiment (vide infra) in solution
but without involving an enzymatic/chemical digestion step.
For instance, if collision-induced dissociation (CID) is used, a
monomer is typically ejected carrying away a disproportion-
ately large fraction of the total net charge of the complex, with
minimal salt or water adduction, allowing accurate mass mea-
surement of the individual subunits making up the complex.

No diges�on Diges�on

M < 3 kDa 3 kDa < M < 7 kDa 7 kDa < M

Intact Frag Intact Frag Intact Frag
Middle-

up
Middle-

down
eBUPBUPDenaturingNa�ve

Intact Frag
(denaturing) 

TD
Intact mass 

measurement
Monomer Complex

Intact Frag
Na�ve MSNa�ve TD

Backbone 
cleavage

Release 
subunit(s)

Na�ve TD

Complex-downComplex-up

Na�ve MS

Intact Frag

Intact Frag

Protein MS

Figure 2. How the methods described in Figure 1 relate to one another, as well as to (extended) bottom-up approaches. The Btrue^
top-down methods are given in bolded text

Table 1. Overview of the MSMethods Without Enzymatic/Chemical Digestion That We Define in This Manuscript, with the Bottom Three Making Up the BTrue^
Top-Down Methods

Buffer Backbone fragmentation Tertiary structure destroyed Quaternary structure destroyed

Intact mass Denaturing No N/A N/A
Native MS Native No No No
Complex-up Native No Yes/no Yes*
Denaturing TD Denaturing Yes N/A N/A
Complex-down Native Yes Yes/no Yes*
Native TD Native Yes No No

*This includes cases in which folded subunits or complexes are ejected from a precursor complex, as has been reported in surface-induced dissociation experiments
[15], as well as in CID of charge-reduced complexes [16]
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Additionally, the remaining, charge-stripped complex will be
shifted to higher m/z, which has been exploited in the past for
separation of overlapping signals from a polydisperse complex
[18, 19]. Another important dissociation method used in
complex-up MS is surface-induced dissociation (SID), which
can result in ejection of subcomplexes that remain
noncovalently bound, providing information on subunit con-
nectivity in the original (larger) complex [15, 20, 21]. While
complex-up work so far has primarily focused on the analysis
of multi-protein complexes, we note that this can be extended
to other types of complexes (protein-peptide, protein-RNA,
etc.) and suggest that the same term is also appropriate to use
in these cases.

Denaturing Top-Down

In these experiments, the precursor protein is ionized from a
denaturing solution, resulting in an extended gas phase confor-
mation and high charge states of the (usually monomeric)
protein. Dissociation is usually facile, as no significant
noncovalent contacts need to be overcome to effect product
ion release, although ECD/ETD with concurrent activation via
collisions and/or infrared photons in a so-called activated-ion
ECD/ETD experiment often improves dissociation efficiency
and cleavage coverage [22–25]. The denaturing top-down
(dTD) approach focuses on protein identification and sequence
characterization by maximizing information on primary struc-
ture and is historically the first type of top-down experiment to
have been demonstrated and reported [26–28]. Because of this,
we propose that dTD should be the default interpretation of
Btop-down^ (TD), if no more precise method is specified. A
good recent example of the application of this type of experi-
ment in the context of top-down proteomics is provided by the
first pilot project of the CTDP in 2014, in which 74
proteoforms of histone H4 were identified using dTDMS [6].
BDeep sequencing^ using two-dimensional MS with FTICR
MS is a recently developed method that has shown promise to
enhance cleavage coverage in dTDMS [29, 30]. Ionization and
dissociation of intact proteins using MALDI in-source decay
can be classified as a dTDMS experiment as well [31, 32].

Complex-Down

This experiment aims to elucidate the stoichiometry of a
noncovalent complex while simultaneously providing se-
quence information. Because of this, this approach combines
the benefits of nativeMSwith proteoform identification. Using
native ESI and high-m/z transmission/detection, a given charge
state of the gas-phase protein-protein complex is selected for
dissociation. Subsequently, as in a complex-up experiment,
vibrational activation ejects a relatively highly charged mono-
mer, a process that is commonly assumed (although alternative
mechanisms have been suggested [33]) to involve unfolding of
the ejected monomer and (to a large extent) annihilation of
higher order structure. The ejected monomer can in turn be
subjected to what is effectively a dTD experiment by further
activation. If this activation is performed after gas-phase

isolation of the ejected monomer (i.e., in an MS3-type experi-
ment), this is most easily carried out in an ion trap analyzer
(with subsequent product ion detection using a high-resolution
FTMS).

Alternatively, a pseudo-MS3 experiment can be performed
by either subjecting all ejected products from the complex to
dissociation (complicating data processing in case of non-
identical subunits), or by performing monomer ejection by in-
source (e.g., nozzle-skimmer) activation and then isolating an
ejected monomer for dissociation. The latter option has the
downside of possibly creating ambiguity in assigning a highly
charged monomer to a particular precursor complex, although
during data processing, ions appearing only under harsh in-
source conditions can be linked to CID products formed after
isolating precursors that appear under gentle source conditions
[34]. The term Bcomplex-down^ has been proposed by
Wysocki and colleagues for experiments in which a complex
is broken down into subunits and then further into covalent
fragments [35]. The utility of this method for large protein
complexes with monomer isolation has been demonstrated by
Kelleher and colleagues [36, 37]. We propose that the term
Bcomplex-down^ is appropriate whether or not gas-phase iso-
lation of the ejected monomer is performed, and can therefore
refer to either a one- or two-step process. It should be clear from
the context how the term should be interpreted, and we feel it is
not necessary at this point to propose separate terms for both.
We again note that this methodology can be extended to other
types of complexes, and these should also be referred to as
complex-down experiments. The analogy between complex-
up/complex -down and middle-up/ middle -down MS is obvi-
ous, and the analogous terms are distinguished by not involving
an enzymatic digestion step in the former methods.

Native Top-Down

Like complex-up and complex -down, this method relies on
native (electrospray) ionization of monomeric proteins and
noncovalent assemblies (although reports of ionization of intact
peptide oligomers and protein complexes using MALDI have
recently been published [38, 39]). In contrast to the aforemen-
tionedmethods, the higher order structure is largely assumed to
be retained during backbone cleavage in native top-down
(nTD) experiments. Because of this requirement for selective
backbone dissociation, advanced fragmentation methods such
as ECD or ultraviolet photodissociation are typically used. In
many cases, this leads to an observed dissociation pattern that is
correlated to the secondary and tertiary structure of a protein or
protein complex, and we propose that this type of experiment
should be the default interpretation of Bnative top-down.^ Both
monomeric proteins as well as subunits within larger com-
plexes can be probed with nTD, as illustrated in Figure 2.
Examples can be traced back to the early 2000s, and cleavage
sites have been linked to salt bridge patterns, presence of alpha-
helices, crystallographic B factor, and surface exposure [19,
40–51]. The original Bnative ECD^ experiment by Breuker and
McLafferty also falls within the nTD category as, despite the
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fact that the cytochrome c dimer was disassembled in the gas
phase, the observed fragmentation pattern revealed that back-
bone cleavage occurred while the protein was in a folded state
[7]. In addition to probing the Bnative^ state of the protein,
probing of the gas-phase structure(s) after unfolding and
refolding of the protein has also been performed [41, 52], as
well as varying the level of gas-phase activation to generate a
Bmelting curve^ (i.e., plot of fragment intensity versus laser
power or pre-activation energy) [53]. For the sake of simplicity,
these studies will also be considered as nTD experiments in our
framework, as they all lead to a fragmentation pattern that
allows inference of the higher order structure. While both
ionization and backbone cleavage in nTD are necessarily per-
formed in a way that maintains higher order structure, in some
studies ions were subsequently subjected to a limited (not
sufficient to cause formation of b and y fragments) level of
collisional activation to promote fragment release (somewhat
similar to a complex-up experiment), under the assumption that
structural information at that stage was already encoded in the
sites of backbone cleavage [46, 47]. Radical-directed dissocia-
tion can be used as an alternative approach and primarily yields
information on spatial proximity between cleavage sites and
the site where the radical is generated [54].

Native top-down can also be used to determine the binding
site(s) of noncovalent ligands, for example drugs, metal ions,
and other small molecules such as spermine or 18-crown-6
[55–59] (identification of covalent binding sites is more effi-
ciently performed using dTD methods [60, 61]). As is typical
for nTD, a dissociation method is used that cleaves the protein
backbone, while leaving noncovalent interactions intact, which
leads to the masses of fragments that contain the binding site
being shifted by the mass of the ligand. Experiments to map a
protein/protein or peptide/protein interface with native top-
down methods should also be grouped into this category [62,
63]. Conversely, tandem MS using an activation method that
does disrupt noncovalent interactions and thus induces ligand
release is also useful, as this can help identify the ligand. This
type of experiment would fit into the complex-up category
rather than native top-down.

While the above framework should prove useful for describ-
ing the majority of top-down studies described in the literature
so far, there are no doubt cases where none of the terms defined
here are fully accurate. For example, activated-ion ECD or ETD
experiments are typically carried out using denatured proteins
[22, 23]. If the protein were instead sprayed from native buffer,
but with the higher order structure being mostly or completely
annihilated in the gas phase prior to backbone cleavage, one
could make the argument that this should no longer be consid-
ered a Bnative TD^ experiment. Instead, this might merit the
introduction of a new term, e.g., Bactivated-ion native TD.^
Another type of ambiguity arises when considering very strong-
ly bound ligands (e.g., certain instances of metal binding), where
the (non)covalency of this interaction may be controversial.
Such a case blurs the distinction between localization of a
post-translational modification by denaturing TDMS and iden-
tification of the binding site of a noncovalent ligand by native

TD. While it has long been established that CID of peptide-
metal complexes often results in b/y fragments that carry the
metal ion [64, 65], side-by-side comparisons with Bsofter^ acti-
vation methods such as ECD have rarely been performed [56].
As it has therefore not been definitively established to what
extent these observations inform on the native (solution) struc-
ture of these complexes, care should be taken when including
this type of experiment in the nTD category, although this does
seem to be the best fit among the classes presented here. If the
need for more detail arises, authors may wish to modify one of
the terms given in this paper.

Methods that provide information on protein primary struc-
ture (dTD, complex-down, nTD) are distinguished from those
that do not (intact mass measurement/native MS, complex-up).
We propose that the latter two should not be considered Btrue^
top-down methods (see Figure 2). As explicitly implied by the
term Btop-down,^ an intact, high-molecular weight protein (or
complex) needs to be ionized, transmitted, and detected (i.e.,
getting to the top), and subsequently broken down to smaller
fragments via gas-phase (backbone) dissociation (getting back
Bdown^ to a lower mass). In native MS (or intact mass mea-
surement under denaturing conditions), the first step is accom-
plished, but no dissociation is performed. Similarly, as a pro-
tein complex is only separated into smaller subcomplexes or
monomers (without cleavage of covalent bonds) in complex-
up, it does not meet the proposed criteria listed above and is not
considered among the top-down methods.

Top or Middle? Up or Down?
The above discussion focuses primarily on the types of experi-
ment made possible in recent years through improvements in
MS technology. Considerable advances have also been made in
sample preparation, leading to several experimental strategies
worth mentioning (and defining unambiguously) in this context,
particularly Bmiddle-up^ and Bmiddle-down^ (depicted at the
bottom of Figure 1). Conceptually, these share some similarities
with the complex-up/complex-down workflows described
above, as (large) subunits are released from a larger assembly.
The difference is that, in middle-up/middle-down, this release is
performed in solution, by cleaving covalent bonds, rather than
by disrupting noncovalent interactions in the gas phase. Current-
ly, middle-up/middle -down studies have focused primarily on
the analysis of monoclonal antibodies (mAbs), and the methods
will be discussed with this application in mind (but methods for
other types of proteins can also be accommodated).

Middle-Up [66]

Effectively, this experiment entails intact mass measurement
after cleaving the protein of interest into several large
fragments/subunits via digestion. This can be achieved either
chemically (e.g., disulfide bond reduction or cyanogen bro-
mide digestion to cleave C-terminal to methionine residues)
[67], by stopping proteolytic digestion after a limited amount of
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time, or by using structure-specific enzymes that are selective
for only one or a handful of cleavage sites in the protein. For
example, for studies of mAbs, IdeS [68, 69], and GingisKHAN
[70] allow cleavage in the lower and upper hinge region,
respectively. Additionally, disulfide reduction can be
employed to yield a limited number of relatively large frag-
ments (either by itself or in combination with limited/restricted
proteolysis, depending on the protein that is analyzed). An
example of this is mAbs light and heavy chain analysis, as
illustrated in Figure 3. Accurate (often isotopically resolved)
mass determination of these large fragments then provides
information on the protein integrity and possible modifications

(but not the location of modifications or mutations), without the
need for experimentally challenging accurate-mass determina-
tion of the intact, large protein. As depicted in Figure 3, how-
ever, the monoisotopic peak is usually too low in intensity to be
observed, potentially complicating data analysis [71].

Middle-Down

This term was first coined in 2009 [72], although the general
concept predates this publication by a number of years [26, 73].
As in middle-up, digestion is used to cleave the protein of
interest into large fragments/subunits, but rather than just a mass

eBU

MD

MD

BU

49300 49310 49320 49330 49340 49350 49360

M (Da)

Adalimumab
(heavy chain)

MMono

Adalimumab
(light chain)

23390 23400 23410 23420 23430

M (Da)

MMono

4356 4358 4360 4362 4364 4366 4368 4370

M (Da)

MMono

DIQMTQSPSSLSASVGDRVT
ITCRASQGIRNYLAWYQQK

1875 1877 1879 1881 1883 1885

M (Da)

MMono

DIQMTQSPSSLSASVGDR

Figure 3. (Center) general structure of a monoclonal antibody (IgG1), surrounded by simulated (using Bruker DataAnalysis 4.1)
isotope distributions for (top-left) the 49 kDa heavy chain, (top-right) the 23 kDa light chain, (bottom-left) an example 1.9 kDa
enzymatically derived peptide consisting of the first 18 N-terminal light chain amino acid residues, and (bottom-right) an
example 4.4 kDa enzymatically derived peptide consisting of the first 39 light chain N-terminal residues. The former two represent
typical precursor masses for middle-up (MU) and middle-down (MD) MS, whereas the latter two fall within the bottom-up (BU) and
extended bottom-up (eBU) mass range, respectively. Isotope distributions were simulated using the sequence of adalimumab, and
the monoisotopic peak for each species (too low in intensity to be detectable for the heavy and light chain) is indicated in blue. The
isotopic envelope is outlined using a solid red line, simulating the signal obtained at a resolution insufficient to resolve the individual
isotope peaks
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measurement of these fragments, gas-phase dissociation is sub-
sequently performed [68]. This has the benefit of simplifying the
experiment—specifically formAb analysis; separating the heavy
and light chain prior to MS/MS can facilitate spectral assign-
ment, while disulfide reduction allows more complete unfolding
and improves dissociation efficiency. As with top-down protein
analysis, there exist large-scale applications of middle-up and
middle-down protein analysis, referred to as middle-up and
middle-down proteomics. As a side note, the first publication
that proposed the Btop-down^ nomenclature also demonstrated
the benefits of employing limited digestion to complement stan-
dard bottom-up data [26].

BTop-down^ and Bmiddle-down^ are thus distinguished not
based on precursor ion mass, but rather whether digestion
(chemical or enzymatic) of a larger precursor occurred prior
to MS analysis. However, we note that it is not always easy to
draw the line between bottom-up and middle-down experi-
ments, and Bextended bottom-up^ has been proposed as a term
for peptides that fall in the intermediate mass range [74, 75].
We propose that rough guidelines can be defined based on the
precursor mass. Following existing literature on this subject,
we propose that Bbottom-up^ be the default term for precursors
below 3 kDa, Bextended bottom-up^ for precursors between 3
and 7 kDa, and middle-down if the precursor mass exceeds
7 kDa [74]. In general, tandem MS studies become more
challenging with increasing precursor mass, and we note that,
while middle-down fragmentation of 25 kDa subunits (e.g.,
light chain or Fd subunit of a mAb) is feasible and sequence
coverage of ca. 70% has been demonstrated [68], similar anal-
ysis of 50 kDa subunits (e.g., heavy chain or F(ab) subunit of a
mAb) is still very challenging experimentally [76]. The in-
creased precursor mass also has implications for data analysis,
particularly as most data processing workflows rely on knowl-
edge of the monoisotopic precursor mass. As shown in Fig-
ure 3, this becomes difficult or impossible to observe directly in
many middle-down experiments. The different cases illustrated
in Figure 3 use the mAb adalimumab (marketed as Humira for
the treatment of arthritis) as an example, with simulated isotope
distributions being displayed for the intact heavy and light
chains, as well as a small and large peptides originating from
in silico digestion of the light chain.

Conclusion
Recently, both the number and sophistication of published top-
down and middle-down protein analysis studies have been con-
sistently increasing, with several multinational studies being either
completed or underway. As the field becomes mainstream, and a
large number of labs try their hand at even themost complex types
of experiment using a variety of experimental methods and in-
struments, a certain degree of standardization of the field is now
essential. As such, it is the authors’ hope that the proposed lexicon
presented here will allow researchers to communicate about the
various types of top-down and middle-down protein analysis in a

clear, unambiguous way, paving the way for evenmore ambitious
projects to be carried out in the future.

Acknowledgements
This work was supported by EPSRC grant EP/N033191/1
(PBO, FL) and NIH grant R01GM103479 (JAL). We thank
the reviewers for their insightful comments.

Open Access
This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons
license, and indicate if changes were made.

References

1. Leney, A.C., Heck, A.J.: Native mass spectrometry: what is in the name?
J. Am. Soc. Mass Spectrom. 28, 5–13 (2017)

2. van de Waterbeemd, M., Fort, K.L., Boll, D., Reinhardt-Szyba, M.,
Routh, A., Makarov, A., Heck, A.J.: High-fidelity mass analysis unveils
heterogeneity in intact ribosomal particles. Nat. Methods. 14, 283–286
(2017)

3. Konijnenberg, A., Butterer, A., Sobott, F.: Native ion mobility-mass
spectrometry and related methods in structural biology. Biochim.
Biophys. Acta. 1834, 1239–1256 (2013)

4. Lermyte, F., Valkenborg, D., Loo, J.A., Sobott, F.: Radical solutions:
principles and application of electron-based dissociation in mass
spectrometry-based analysis of protein structure. Mass Spectrom. Rev.
37, 750–771 (2018)

5. Brodbelt, J.S.: Photodissociation mass spectrometry: new tools for char-
acterization of biological molecules. Chem. Soc. Rev. 43, 2757–2783
(2014)

6. Dang, X.B., Scotcher, J., Wu, S., Chu, R.K., Tolic, N., Ntai, I., Thomas,
P.M., Fellers, R.T., Early, B.P., Zheng, Y.P., Durbin, K.R., LeDuc, R.D.,
Wolff, J.J., Thompson, C.J., Pan, J.X., Han, J., Shaw, J.B., Salisbury, J.P.,
Easterling, M., Borchers, C.H., Brodbelt, J.S., Agar, J.N., Pasa-Tolic, L.,
Kelleher, N.L., Young, N.L.: The first pilot project of the consortium for
top-down proteomics: a status report. Proteomics. 14, 1130–1140 (2014)

7. Breuker, K., McLafferty, F.W.: Native electron capture dissociation for
the structural characterization of noncovalent interactions in native cyto-
chrome C. Angew. Chem. Int. Ed. Engl. 42, 4900–4904 (2003)

8. Breuker, K., McLafferty, F.W.: The thermal unfolding of native cyto-
chrome c in the transition from solution to gas phase probed by native
electron capture dissociation. Angew. Chem. Int. Ed. Engl. 44, 4911–
4914 (2005)

9. Skinner, O.S., McAnally, M.O., Van Duyne, R.P., Schatz, G.C., Breuker,
K., Compton, P.D., Kelleher, N.L.: Native electron capture dissociation
maps to iron-binding channels in horse spleen ferritin. Anal. Chem. 89,
10711–10716 (2017)

10. Li, H., Wolff, J.J., Van Orden, S.L., Loo, J.A.: Native top-down
electrospray ionization-mass spectrometry of 158 kDa protein complex
by high-resolution Fourier transform ion cyclotron resonance mass spec-
trometry. Anal. Chem. 86, 317–320 (2014)

11. Cook, S.L., Jackson, G.P.: Metastable atom-activated dissociation mass
spectrometry of phosphorylated and sulfonated peptides in negative ion
mode. J. Am. Soc. Mass Spectrom. 22, 1088–1099 (2011)

12. Kilgour, D.P.A., Hughes, S., Kilgour, S.L., Mackay, C.L., Palmblad, M.,
Tran, B.Q., Goo, Y.A., Ernst, R.K., Clarke, D.J., Goodlett, D.R.:
Autopiquer - a robust and reliable peak detection algorithm for mass
spectrometry. J. Am. Soc. Mass Spectrom. 28, 253–262 (2017)

13. Smith, L.M., Kelleher, N.L.: Consortium for top down, P.: Proteoform: a
single term describing protein complexity. Nat. Methods. 10, 186–187
(2013)

F. Lermyte et al.: A Standard Lexicon for Top-Down and Allied MS Approaches 1155



14. LeDuc, R.D., Schwammle, V., Shortreed, M.R., Cesnik, A.J., Solntsev,
S.K., Shaw, J.B., Martin, M.J., Vizcaino, J.A., Alpi, E., Danis, P.,
Kelleher, N.L., Smith, L.M., Ge, Y., Agar, J.N., Chamot-Rooke, J.,
Loo, J.A., Pasa-Tolic, L., Tsybin, Y.O.: ProForma: a standard proteoform
notation. J. Proteome Res. 17, 1321–1325 (2018)

15. Zhou, M., Wysocki, V.H.: Surface induced dissociation: dissecting
noncovalent protein complexes in the gas phase. Acc. Chem. Res. 47,
1010–1018 (2014)

16. Pagel, K., Hyung, S.J., Ruotolo, B.T., Robinson, C.V.: Alternate disso-
ciation pathways identified in charge-reduced protein complex ions. Anal.
Chem. 82, 5363–5372 (2010)

17. Dixit, S.M., Polasky, D.A., Ruotolo, B.T.: Collision induced unfolding of
isolated proteins in the gas phase: past, present, and future. Curr. Opin.
Chem. Biol. 42, 93–100 (2018)

18. Aquilina, J.A., Benesch, J.L., Bateman, O.A., Slingsby, C., Robinson,
C.V.: Polydispersity of a mammalian chaperone: mass spectrometry
reveals the population of oligomers in alphaB-crystallin. Proc. Natl. Acad.
Sci. U. S. A. 100, 10611–10616 (2003)

19. Lermyte, F., Williams, J.P., Brown, J.M., Martin, E.M., Sobott, F.:
Extensive charge reduction and dissociation of intact protein complexes
following electron transfer on a quadrupole-ion mobility-time-of-flight
MS. J. Am. Soc. Mass Spectrom. 26, 1068–1076 (2015)

20. Song, Y., Nelp, M.T., Bandarian, V., Wysocki, V.H.: Refining the
structural model of a heterohexameric protein complex: surface induced
dissociation and ion mobility provide key connectivity and topology
information. ACS Cent. Sci. 1, 477–487 (2015)

21. Zhou, M., Yan, J., Romano, C.A., Tebo, B.M., Wysocki, V.H., Pasa-
Tolic, L.: Surface induced dissociation coupled with high resolution mass
spectrometry unveils heterogeneity of a 211 kDa multicopper oxidase
protein complex. J. Am. Soc. Mass Spectrom. 29, 723–733 (2018)

22. Ledvina, A.R., McAlister, G.C., Gardner, M.W., Smith, S.I., Madsen,
J.A., Schwartz, J.C., Stafford Jr., G.C., Syka, J.E., Brodbelt, J.S., Coon,
J.J.: Infrared photoactivation reduces peptide folding and hydrogen-atom
migration following ETD tandem mass spectrometry. Angew. Chem. Int.
Ed. Engl. 48, 8526–8528 (2009)

23. Riley, N.M., Westphall, M.S., Coon, J.J.: Sequencing larger intact pro-
teins (30-70 kDa) with activated ion electron transfer dissociation. J. Am.
Soc. Mass Spectrom. 29, 140–149 (2018)

24. Horn, D.M., Ge, Y., McLafferty, F.W.: Activated ion electron capture
dissociation for mass spectral sequencing of larger (42 kDa) proteins.
Anal. Chem. 72, 4778–4784 (2000)

25. Breuker, K., Oh, H., Lin, C., Carpenter, B.K., McLafferty, F.W.:
Nonergodic and conformational control of the electron capture dissocia-
tion of protein cations. Proc. Natl. Acad. Sci. U. S. A. 101, 14011–14016
(2004)

26. Kelleher, N.L., Lin, H.Y., Valaskovic, G.A., Aaserud, D.J., Fridriksson,
E.K., McLafferty, F.W.: Top down versus bottom up protein characteri-
zation by tandem high-resolution mass spectrometry. J. Am. Chem. Soc.
121, 806–812 (1999)

27. Kelleher, N.L., Taylor, S.V., Grannis, D., Kinsland, C., Chiu, H.J.,
Begley, T.P., McLafferty, F.W.: Efficient sequence analysis of the six
gene products (7-74 kDa) from the Escherichia coli thiamin biosynthetic
operon by tandem high-resolution mass spectrometry. Protein Sci. 7,
1796–1801 (1998)

28. Loo, J.A., Edmonds, C.G., Smith, R.D.: Primary sequence information
from intact proteins by electrospray ionization tandemmass spectrometry.
Science. 248, 201–204 (1990)

29. Floris, F., Chiron, L., Lynch, A.M., Barrow, M.P., Delsuc, M.A.,
O'Connor, P.B.: Application of tandem two-dimensional mass spectrom-
etry for top-down deep sequencing of calmodulin. J. Am. Soc. Mass
Spectrom. 29, 1700–1705 (2018)

30. Floris, F., Chiron, L., Lynch, A.M., Barrow, M.P., Delsuc, M.A.,
O'Connor, P.B.: Top-down deep sequencing of ubiquitin using two-
dimensional mass spectrometry. Anal. Chem. 90, 7302–7309 (2018)

31. Nicolardi, S., Switzar, L., Deelder, A.M., Palmblad, M., van der Burgt,
Y.E.: Top-down MALDI-in-source decay-FTICR mass spectrometry of
isotopically resolved proteins. Anal. Chem. 87, 3429–3437 (2015)

32. van der Burgt, Y.E.M., Kilgour, D.P.A., Tsybin, Y.O., Srzentic, K.,
Fornelli, L., Beck, A., Wuhrer, M., Nicolardi, S.: Structural analysis of
monoclonal antibodies by ultrahigh resolution MALDI in-source decay
FT-ICR mass spectrometry. Anal. Chem. 91, 2079–2085 (2019)

33. Loo, R.R., Loo, J.A.: Salt bridge rearrangement (SaBRe) explains the
dissociation behavior of noncovalent complexes. J. Am. Soc. Mass
Spectrom. 27, 975–990 (2016)

34. Mrzic, A., Lermyte, F., Vu, T.N., Valkenborg, D., Laukens, K.:
InSourcerer: a high-throughput method to search for unknownmetabolite
modifications by mass spectrometry. Rapid Commun. Mass Spectrom.
31, 1396–1404 (2017)

35. Stiving, A.Q., VanAernum, Z.L., Busch, F., Harvey, S.R., Sarni, S.H.,
Wysocki, V.H.: Surface-induced dissociation: an effective method for
characterization of protein quaternary structure. Anal. Chem. 91, 190–209
(2019)

36. Belov, M.E., Damoc, E., Denisov, E., Compton, P.D., Horning, S.,
Makarov, A.A., Kelleher, N.L.: From protein complexes to subunit
backbone fragments: a multi-stage approach to native mass spectrometry.
Anal. Chem. 85, 11163–11173 (2013)

37. Melani, R.D., Skinner, O.S., Fornelli, L., Domont, G.B., Compton, P.D.,
Kelleher, N.L.: Mapping proteoforms and protein complexes from king
cobra venom using both denaturing and native top-down proteomics.
Mol. Cell. Proteomics. 15, 2423–2434 (2016)

38. Wang, J.S., Whitehead, S.N., Yeung, K.K.: Detection of amyloid beta
(Abeta) oligomeric composition using matrix-assisted laser desorption
ionization mass spectrometry (MALDIMS). J. Am. Soc. Mass Spectrom.
29, 786–795 (2018)

39. Beaufour, M., Ginguene, D., Le Meur, R., Castaing, B., Cadene, M.:
Liquid native MALDI mass spectrometry for the detection of protein-
protein complexes. J. Am. Soc. Mass Spectrom. 29, 1981–1994 (2018)

40. Horn, D.M., Breuker, K., Frank, A.J., McLafferty, F.W.: Kinetic inter-
mediates in the folding of gaseous protein ions characterized by electron
capture dissociation mass spectrometry. J. Am. Chem. Soc. 123, 9792–
9799 (2001)

41. Breuker, K., Oh, H.B., Horn, D.M., Cerda, B.A., McLafferty, F.W.:
Detailed unfolding and folding of gaseous ubiquitin ions characterized
by electron capture dissociation. J. Am. Chem. Soc. 124, 6407–6420
(2002)

42. Zhang, H., Cui, W., Wen, J., Blankenship, R.E., Gross, M.L.: Native
electrospray and electron-capture dissociation in FTICR mass spectrom-
etry provide top-down sequencing of a protein component in an intact
protein assembly. J. Am. Soc. Mass Spectrom. 21, 1966–1968 (2010)

43. Zhang, H., Cui, W.D., Wen, J.Z., Blankenship, R.E., Gross, M.L.: Native
electrospray and electron-capture dissociation FTICR mass spectrometry for
top-down studies of protein assemblies. Anal. Chem. 83, 5598–5606 (2011)

44. Cui, W., Zhang, H., Blankenship, R.E., Gross, M.L.: Electron-capture
dissociation and ion mobility mass spectrometry for characterization of
the hemoglobin protein assembly. Protein Sci. (2015)

45. Zhang, Y., Cui, W.,Wecksler, A.T., Zhang, H., Molina, P., Deperalta, G.,
Gross, M.L.: Native MS and ECD characterization of a fab-antigen
complex may facilitate crystallization for X-ray diffraction. J. Am. Soc.
Mass Spectrom. 27, 1139–1142 (2016)

46. Lermyte, F., Konijnenberg, A., Williams, J.P., Brown, J.M., Valkenborg,
D., Sobott, F.: ETD allows for native surface mapping of a 150 kDa
noncovalent complex on a commercial Q-TWIMS-TOF instrument. J.
Am. Soc. Mass Spectrom. 25, 343–350 (2014)

47. Lermyte, F., Sobott, F.: Electron transfer dissociation provides higher-
order structural information of native and partially unfolded protein
complexes. Proteomics. 15, 2813–2822 (2015)

48. Cammarata, M.B., Brodbelt, J.S.: Structural characterization of holo- and
apomyoglobin in the gas phase by ultraviolet photodissociation mass
spectrometry. Chem. Sci. 6, 1324–1333 (2015)

49. Cammarata, M., Thyer, R., Rosenberg, J., Ellington, A., Brodbelt, J.S.:
Structural characterization of dihydrofolate reductase complexes by top-
down ultraviolet photodissociationmass spectrometry. J. Am. Chem. Soc.
137, 9128–9135 (2015)

50. Warnke, S., von Helden, G., Pagel, K.: Analyzing the higher order
structure of proteins with conformer-selective ultraviolet photodissocia-
tion. Proteomics. 15, 2804–2812 (2015)

51. Li, H., Nguyen, H.H., Ogorzalek Loo, R.R., Campuzano, I.D.G., Loo,
J.A.: An integrated native mass spectrometry and top-down proteomics
method that connects sequence to structure and function of macromolec-
ular complexes. Nat. Chem. 10, 139–148 (2018)

52. Schennach, M., Breuker, K.: Proteins with highly similar native folds can
show vastly dissimilar folding behavior when desolvated. Angew. Chem.
Int. Ed. Engl. 53, 164–168 (2014)

53. Soulby, A.J., Heal, J.W., Barrow, M.P., Roemer, R.A., O'Connor, P.B.:
Does deamidation cause protein unfolding? A top-down tandem mass
spectrometry study. Protein Sci. 24, 850–860 (2015)

1156 F. Lermyte et al.: A Standard Lexicon for Top-Down and Allied MS Approaches



54. Ly, T., Julian, R.R.: Elucidating the tertiary structure of protein ions in
vacuo with site specific photoinitiated radical reactions. J. Am. Chem.
Soc. 132, 8602–8609 (2010)

55. Xie, Y., Zhang, J., Yin, S., Loo, J.A.: Top-down ESI-ECD-FT-ICR mass
spectrometry localizes noncovalent protein-ligand binding sites. J. Am.
Chem. Soc. 128, 14432–14433 (2006)

56. Wongkongkathep, P., Han, J.Y., Choi, T.S., Yin, S., Kim, H.I., Loo, J.A.:
Native top-down mass spectrometry and ion mobility MS for character-
izing the cobalt and manganese metal binding of alpha-synuclein protein.
J. Am. Soc. Mass Spectrom. 29, 1870–1880 (2018)

57. Nshanian, M., Lantz, C., Wongkongkathep, P., Schrader, T., Klarner,
F.G., Blumke, A., Despres, C., Ehrmann, M., Smet-Nocca, C., Bitan, G.,
Loo, J.A.: Native top-down mass spectrometry and ion mobility spec-
trometry of the interaction of tau protein with a molecular tweezer
assembly modulator. J. Am. Soc. Mass Spectrom. 30(1), 16–23 (2019)

58. Goth, M., Lermyte, F., Schmitt, X.J., Warnke, S., von Helden, G., Sobott,
F., Pagel, K.: Gas-phase microsolvation of ubiquitin: investigation of
crown ether complexation sites using ion mobility-mass spectrometry.
Analyst. 141, 5502–5510 (2016)

59. Wilson, J.J., Kirkovits, G.J., Sessler, J.L., Brodbelt, J.S.: Photodissocia-
tion of non-covalent peptide-crown ether complexes. J. Am. Soc. Mass
Spectrom. 19, 257–260 (2008)

60. Hartinger, C.G., Tsybin, Y.O., Fuchser, J., Dyson, P.J.: Characterization
of platinum anticancer drug protein-binding sites using a top-down mass
spectrometric approach. Inorg. Chem. 47, 17–19 (2008)

61. Meier, S.M., Tsybin, Y.O., Dyson, P.J., Keppler, B.K., Hartinger, C.G.:
Fragmentation methods on the balance: unambiguous top-down mass
spectrometric characterization of oxaliplatin-ubiquitin binding sites. Anal.
Bioanal. Chem. 402, 2655–2662 (2012)

62. Clarke, D.J., Murray, E., Hupp, T., Mackay, C.L., Langridge-Smith, P.R.:
Mapping a noncovalent protein-peptide interface by top-down FTICR
mass spectrometry using electron capture dissociation. J. Am. Soc. Mass
Spectrom. 22, 1432–1440 (2011)

63. Jackson, S.N., Dutta, S., Woods, A.S.: The use of ECD/ETD to identify
the site of electrostatic interaction in noncovalent complexes. J. Am. Soc.
Mass Spectrom. 20, 176–179 (2009)

64. Loo, J.A., Hu, P., Smith, R.D.: Interaction of angiotensin peptides and
zinc metal ions probed by electrospray ionization mass spectrometry. J.
Am. Soc. Mass Spectrom. 5, 959–965 (1994)

65. Hu, P., Loo, J.A.: Gas-phase coordination properties of Zn2+, Cu2+,
Ni2+, and Co2+ with histidine-containing peptides. J. Am. Chem. Soc.
117, 11314–11317 (1995)

66. Zhang, Z., Pan, H., Chen, X.: Mass spectrometry for structural characteri-
zation of therapeutic antibodies. Mass Spectrom. Rev. 28, 147–176 (2009)

67. Srzentic, K., Zhurov, K.O., Lobas, A.A., Nikitin, G., Fornelli, L.,
Gorshkov, M.V., Tsybin, Y.O.: Chemical-mediated digestion: an alter-
native realm for middle-down proteomics? J. Proteome Res. 17, 2005–
2016 (2018)

68. Fornelli, L., Ayoub, D., Aizikov, K., Beck, A., Tsybin, Y.O.: Middle-
down analysis of monoclonal antibodies with electron transfer dissocia-
tion orbitrap Fourier transform mass spectrometry. Anal. Chem. 86,
3005–3012 (2014)

69. Chevreux, G., Tilly, N., Bihoreau, N.: Fast analysis of recombinant
monoclonal antibodies using IdeS proteolytic digestion and electrospray
mass spectrometry. Anal. Biochem. 415, 212–214 (2011)

70. Moelleken, J., Endesfelder, M., Gassner, C., Lingke, S., Tomaschek, S.,
Tyshchuk, O., Lorenz, S., Reiff, U., Molhoj, M.: GingisKHAN protease
cleavage allows a high-throughput antibody to Fab conversion enabling
direct functional assessment during lead identification of human mono-
clonal and bispecific IgG1 antibodies. MAbs. 9, 1076–1087 (2017)

71. Senko, M.W., Beu, S.C., McLafferty, F.W.: Determination of monoiso-
topic masses and ion populations for large biomolecules from resolved
isotopic distributions. J. Am. Soc. Mass Spectrom. 6, 229–233 (1995)

72. Boyne, M.T., Garcia, B.A., Li, M., Zamdborg, L., Wenger, C.D., Babai,
S., Kelleher, N.L.: Tandem mass spectrometry with ultrahigh mass accu-
racy clarifies peptide identification by database retrieval. J. Proteome Res.
8, 374–379 (2009)

73. Forbes, A.J., Mazur, M.T., Patel, H.M., Walsh, C.T., Kelleher, N.L.:
Toward efficient analysis of >70 kDa proteins with 100% sequence
coverage. Proteomics. 1, 927–933 (2001)

74. Laskay, U.A., Lobas, A.A., Srzentic, K., Gorshkov, M.V., Tsybin, Y.O.:
Proteome digestion specificity analysis for rational design of extended
bottom-up and middle-down proteomics experiments. J. Proteome Res.
12, 5558–5569 (2013)

75. Laskay, U.A., Srzentic, K., Monod, M., Tsybin, Y.O.: Extended bottom-up
proteomics with secreted aspartic protease Sap9. J. Proteome. 110, 20–31
(2014)

76. Srzentic, K., Nagornov, K.O., Fornelli, L., Lobas, A.A., Ayoub, D.,
Kozhinov, A.N., Gasilova, N., Menin, L., Gorshkov, M.V., Aizikov,
K., Tsybin, Y.O.: Multiplexed middle-down mass spectrometry reveals
light and heavy chain connectivity in a monoclonal antibody. Anal.
Chem. 90, 12527–12535 (2018)

F. Lermyte et al.: A Standard Lexicon for Top-Down and Allied MS Approaches 1157


	 and Allied Mass Spectrometry Approaches
	Abstract
	Section12
	Section13
	Section24
	Section25
	Section26
	Section27
	Section28

	Section19
	Section210
	Section211

	Section112
	Acknowledgements
	References


