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Abstract

The combination of native electrospray ionisation with top-down fragmentation in mass spectrometry
allows simultaneous determination of the stoichiometry of noncovalent complexes and identification
of their component proteoforms and co-factors. While this approach is powerful, both native mass
spectrometry and top-down mass spectrometry are not yet well standardised, and only a limited
number of laboratories regularly carry out this type of research. To address this challenge, the
Consortium for Top-Down Proteomics (CTDP) initiated a study to develop and test protocols for native
mass spectrometry combined with top-down fragmentation of proteins and protein complexes across
eleven instruments in nine laboratories. The outcomes are summarised in this report to provide robust
benchmarks and a valuable entry point for the scientific community.

Introduction

A single gene can give rise to many distinct proteoforms.’® The need to accurately identify and
structurally characterise these proteoforms has led to significant technological developments in
recent years, most notably in so-called ‘top-down’ mass spectrometry (MS) of intact proteins.*® This
term refers to measurement of the intact mass of the protein, followed by gas-phase fragmentation
to obtain sequence information. In 2021, the Human Proteoform Project was conceived, with the
ambitious goal of producing a high-quality atlas of human proteoforms.’® However, in addition to the
precise primary structure of a proteoform, it is also critical to characterise its interactions and
corresponding noncovalently bound functional complexes with other proteins and/or co-factors. This
information is lost in most top-down MS experiments, which are carried out under denaturing solution
conditions. Conversely, ‘native’ MS, in which noncovalent complexes are preserved during transfer
into the gas phase, offers a powerful method to characterise interactions between proteins and to
determine the stoichiometry of complexes.'**> The power of the combination of native ionisation with
extensive top-down proteoform characterisation has been convincingly demonstrated in recent years,
for example in the identification of novel endogenous complexes, previously unknown co-factors, and
regulatory post-translational modifications.'®*?° However, the use of this powerful integrated
approach is still rare.
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The limited adoption of this approach, known as ‘native top-down’,?! ‘nativeomics’,'® and ‘complex-

down’?¥%>, is primarily due to the perception that both native and top-down MS are challenging, let
alone the combination of the two. Although efforts have been made in recent years to make both
methods more widely applied,* & 7 262 neijther has been standardised to the same extent as
conventional bottom-up proteomics. Furthermore, even if one overcomes the barrier to entry that is
created by the lack of standardisation and successfully carries out the different steps of this type of
experiment, i.e., native ionisation (with electrospray ionisation), gas-phase disassembly of the
complex, subsequent backbone fragmentation, and analysis of the resulting data (see Figure 1), there
is still the issue of assessing the quality of the results. The relatively sparse relevant literature makes
it difficult for a newcomer to the field to identify appropriate benchmark data, ideally acquired on a
similar instrument with a protein that is conveniently available.

Having identified this unmet need for robust protocols and benchmarks, the Consortium for Top-Down
Proteomics (CTDP) launched the ‘Native Top-Down Initiative’ in 2020. This is conceptually similar to
other recent community initiatives in mass spectrometry-based proteomics and structural biology.?*
33 A range of laboratories, covering all major instrument families for protein MS, were invited to
perform native ionisation with subsequent top-down fragmentation of a set of six standard proteins
that covered a broad mass range from 27 to 800 kDa. These included monomeric as well as multimeric
proteins, and water-soluble as well as membrane proteins. The corresponding author conceptualised
the study and proposed it to the Consortium for Top-Down Proteomics, and five participants are
Directors of the Consortium. Additional participants were invited to provide specific expertise or
perspectives, including experience with membrane proteins, an industry-based lab, and
representation of a [aboratory not based in North America or Europe. It is important to note that not
all participants had prior experience with this type of experiment; therefore, the protocols used in this
study can demonstrably be implemented by users with various levels of expertise. This report will
convincingly lower the entry bar and serve as a convenient benchmark.

Results

Study design

Nine laboratories generated data in this study, with a total of eleven instruments: 5 Orbitraps, 4
quadrupole/time-of-flight (QTOF), and 2 Fourier transform ion cyclotron resonance (FTICR)
instruments. At the beginning of the study, before any data collection was performed, five of the
participants collaboratively created an optimised protocol which was then used by all nine
participants. A visual summary of this protocol is shown in Figure 1, and an overview of the model
proteins and acquired datasets is shown in Table 1. The protocol itself can be found in the
Supplementary Information. Participants were allowed free choice of the methods for spectrum
deconvolution and fragment assignment. The methods they used are summarised in Supplementary
Figure S1. For ion activation and fragmentation, they were instructed to use only collision-based
methods to facilitate comparison between datasets. At the start of the study, participants were asked
to self-report their experience level with native (top-down) MS. At the end, they were asked to self-
report the perceived difficulty of different steps of the experiment. An overview of these survey results
can be found in Supplementary Figures S1 and S2. Overall, the responses indicated a relatively broad
range of experience levels at the start of the study, as well as a consensus about the relative difficulty
of most of the analysis steps, with obtaining extensive backbone fragmentation and analysis of
membrane proteins being particularly challenging.
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Figure 1. Summary of the protocol for top-down analysis of natively ionised proteins used by study
participants. Optional steps are shown in dashed lines, steps specific to water-soluble proteins in gold,
and those specific to membrane proteins in blue.

Protein Mass Subunits | Datasets | Average obtained | Typical native
(kDa) cleavage coverage | precursor charge
state for activation
Soluble proteins
Carbonic anhydrase 2 | 29 1 11 (23.5+9.3)% 10+
(CA)
Haemoglobin (HB) 64 4 11 o:(37.1+14.4)% 16+
B:(27.2+15.6)%
Alcohol 148 4 10 (10.6 + 4.5)% 25+
dehydrogenase (ADH)
GroEL 801 14 3% (4.1+2.4)% 70+
Membrane proteins
Bacteriorhodopsin 27 1 5 (17.3+10.3)% 9+
Aquaporin Z (AgpZ) | 99 4 3xk (4.3+2.4)% 16+
(detergent: C8E4)
Aquaporin Z (AgpZ) | 99 4 Gxk* (4.9+£2.9)% 16+
(detergent: DDM)

*In total 7 participants carried out native MS of GroEL; however, only 3 (all using Orbitrap UHMR instruments) generated
interpretable fragment spectra from this precursor; ** 7 participants successfully carried out native MS of AqpZ in C8E4;
however, only 3 (2 with Orbitrap UHMRs, 1 with an FTICR) were able to generate interpretable fragment spectra; *** of the
5 datasets with fragment spectra, only 4 reported observation of the tetramer (3 Orbitrap UHMRs, 1 FTICR), while the fifth
reported a trimer. A sixth dataset (acquired on a QTOF) reported trimeric AqpZ, but fragmentation was unsuccessful.

Table 1. Overview of the datasets generated in this study (note: the mass value in the second column
is for the native multimer, where applicable). Proteins in the first four rows are water-soluble; those
in the last three are membrane proteins. More information on these proteins can be found in
Supplementary Table S1.
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Similar native spectra across different laboratories and instruments

Before addressing the fragmentation data, we wished to benchmark the native MS experiment itself.
There have been previous efforts to accomplish this;® 2 however, here we had access to a much larger
dataset, with more proteins, more instruments, and more laboratories. To our knowledge, our work
represents the first multi-laboratory study of both native MS and native top-down MS of a range of
protein complexes. In the literature, there is broad consensus that native MS leads to lower charge
states and a narrower charge state distribution compared to MS under denaturing conditions.'? 34
There have been previous efforts to study the relationship between protein mass, conformation, and
charge state;3*3” however, these studies have typically been carried out by single laboratories, and as
such, it is unclear to what extent the observed native spectra depend on instrument- or operator-
related factors. Figure 2 shows representative native spectra for three proteins from our set of
samples, each acquired on three different instrument types. It is immediately apparent in this figure
that the native charge state distributions are relatively consistent between different operators and
instruments, although there were some minor instrument-to-instrument variations, particularly for
aquaporin Z. This observation is likely be related to the gas-phase removal of the detergent molecules
used for solubilisation. A plot of the observed average charge states per protein per instrument type
can be found in Supplementary Figure S3. Our results indicate that this property is indeed mostly
determined by protein-specific factors. This consistency also suggests that the different nano-
electrospray sources produced ions with similar conformations and internal energies. Additionally, the
correct stoichiometries were observed for the oligomeric species with different instruments, which
supports the increasing adoption of native mass spectrometry as a versatile tool to determine protein
complex stoichiometry. Peak width in the native spectra, however, differed significantly between
instruments.

CA *GroeL & 16 AqpZ

QTOF

Orbitrap

\W\

l N \V‘

2250 3000 375010000 11500 130005000 7000 9000

m/z
Figure 2. Native mass spectra of (a) CA, (b) GroEL, and (c) AqpZ (detergent: C8E4), acquired on FTICR,
QTOF, and Orbitrap instruments (data from 5 participating laboratories in total). Additional native
spectra can be found in Supplementary Figure S4.

Resolving power and cleavage coverage
For an accurate determination of the mass of a protein, resolving power —which is inversely correlated
with peak width — is an important factor. In native MS, significant peak broadening is caused by the
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formation of nonspecific adducts with water molecules, sodium cations, etc. As a result, the effective
resolving power (i.e., peak centre m/z divided by the full width at half maximum) can be orders of
magnitude lower than the limit imposed by the mass analyser, and the ability to reduce the presence
of the aforementioned clusters is a critical factor. This can be accomplished by thorough desalting
prior to ionisation, controlled gas-phase activation for improved desolvation, or a combination of
both. This controlled activation has been achieved in different ways, including careful control of
pressures and voltages in the source region of the instrument, and — particularly in certain Orbitrap
instruments — extended trapping under moderately activating conditions. Some of these strategies
have been implemented in the commercially available instruments that were used in this study, and
different instrument designs employ different methods. Further details on this topic have been
described in several key publications.'® 33 Figure 3a shows the effective resolving power obtained
for each protein, broken down by instrument type. A clear trend for lower effective resolving power
can be seen as the mass of the intact protein ion increases, indicating — as one might expect — that
larger proteins tend to retain more water and/or salt during ionisation. We note that the theoretical
resolving power limit imposed by the mass analyser decreases with m/z in Orbitrap and FTICR
instruments. In practice, this factor adds only a minor contribution to the observed peak broadening
compared to adduct formation.* The type of instrument used still plays an important role, as Orbitrap
platforms tended to generate narrower peaks than other instrument types, particularly for water-
soluble proteins; however, this seems to be due to differences in desolvation prior to entry in the mass
analyser. In some datasets, particularly those acquired with FTICR instruments, the obtained effective
resolving power was higher for the membrane protein aquaporin Z compared to soluble proteins of
similar mass (haemoglobin and ADH). A possible explanation is that participants erred on the side of
using very ‘soft’ instrument settings for water-soluble proteins, which prevented unfolding, but also
led to incomplete desolvation. The deliberate harsher tuning required for stripping detergent
molecules from membrane proteins therefore may have also improved the removal of water and salt.
However, two participants reported the observation of trimeric AqpZ — almost certainly formed
through unintentional gas-phase dissociation of the complex during detergent removal — when using
DDM to assist in solubilisation rather than the expected tetramer, illustrating the risk of over-
activation. Conversely, the C8E4 detergent seems to be easier to remove, providing a greater ‘safety
margin’ between detergent removal and disruption of the native complex. At the same time, it should
be noted that while C8E4 is very good for native MS, it can have a denaturing effect in solution, and
stability of complexes should be checked. One workflow that has been suggested is to use DDM for
protein purification, followed by a detergent exchange to C8E4 just prior to native MS analysis.*®

Having benchmarked the native MS experiments as described above, we next moved on to the top-
down fragmentation studies. Typical precursor charge states used are listed in Table 1, and the
protocol can be found in the Supplementary Information. Furthermore, our raw data files, which
include instrument settings, are available (see Data Availability Statement below) an we encourage
the interested reader to download and use spectra acquired on a similar instrument to their own as a
starting point. While good resolving power and accurate precursor mass determination are important,
a key to proteoform characterisation is the effective generation and identification of backbone
fragments. To compare this factor between datasets, we calculated the cleavage coverage - defined
here as the number of observed specific backbone cleavage sites divided by the total number of inter-
residue bonds — as a global metric for each spectrum. We then plotted the cleavage coverage for each
protein by instrument type, and this is shown in Figure 3b (average values across all datasets are
reported in Table 1). As was observed for resolving power, a decrease in cleavage coverage with higher
mass was apparent. This can be rationalised as follows: With increasing protein mass, the charge state
(and thus the number of mobile protons) and the number of available vibrational modes both
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increase; however, the latter to a good approximation increases linearly with mass, while the former
increases more slowly. A plot of the absolute number of observed cleavages per protein per
instrument type can be found in Supplementary Figure S5, and this revealed a lower variability than
the cleavage coverage percentage: Typically, around 40-50 cleavages were observed for most water-
soluble proteins (fewer for GroEL), and around 20-30 for most membrane proteins. One factor that
likely contributes to the lower number of cleavages (both relative and absolute) for membrane
proteins is that detergent removal effectively ‘cools’ the ion in the gas phase. Furthermore, membrane
proteins typically carry fewer charges than water-soluble proteins of the same mass due to micelle
shielding®® %’ (particularly when C8E4 is used) meaning that the same voltage offset leads to lower
laboratory-frame collision energies, while the number of mobile protons also decreases. Generally, no
instrument type clearly outperformed the others in terms of obtained cleavage coverage. The
exception to this was GroEL, for which only Orbitrap instruments, specifically ‘Q Exactive UHMR’
models optimised for the analysis of high-mass ions, yielded interpretable fragment spectra.
Representative fragment spectra can be found in Supplementary Figure S6.
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Figure 3. (a) Boxplots of the obtained resolving power by protein and instrument type. Proteins are
divided into soluble and membrane proteins, and then arranged by increasing precursor mass. (b)
Boxplots of the obtained cleavage coverage by protein and instrument type. Proteins are again divided
into soluble and membrane proteins, but now sorted by increasing monomer mass. Grey dashed lines
in both panels are added to guide the eye and show the trend for lower resolving power and cleavage
coverage versus mass. Both boxplots show the minimum and maximum values as whiskers, the mean
value is indicated by a dotted line, and the solid line represents the median. The boxes indicate 25%
of the upper and lower quartile respectively. Individual data points are indicated as black dots.

Preference for specific fragmentation sites

In addition to global cleavage coverage, the site-selectivity of backbone cleavages is important. Three
alternative hypotheses can be postulated a priori: (1) cleavage sites are randomly distributed along
the protein sequence; (2) there is a systematic, protein-dependent preference for certain cleavage
sites; or (3) site preferences are instrument-dependent. In particular, for collision-based dissociation
of native proteins on ‘Q Exactive’ Orbitrap instruments, site-selectivity has previously been linked to
both residue-specific factors and to higher-order structure, depending on the specifics of the
experiment.*® %° Here, however, we once again had the opportunity to extend the previous work by
including results from different instrument types. The histograms in Figure 4 show the number of
times a cleavage site was observed for carbonic anhydrase, haemoglobin, and ADH, ranging from 0
(fragments resulting from this cleavage were never observed) to 11 (fragments resulting from this
cleavage were observed by all labs, with all instruments). Equivalent figures for GroEL,
bacteriorhodopsin, and aquaporin Z can be found in Supplementary Figure S7. Clear fragmentation
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‘hotspots’ can be distinguished, and these are often associated with specific residue types, most
notably C-terminal to aspartic acid, as indicated in the plots, and consistent with previous work. %
Summed across our dataset, the fraction of possible cleavage events C-terminal to aspartic acid was
notably higher than for other residue types and the number of ‘missed’ cleavages significantly lower,
especially in the terminal regions (See Supplementary Figure S8 and Supplementary Table S2). This
charge-remote fragmentation pathway is not dependent on mobile protons,® explaining why it is
common in the rather low-charge state ions created in native ESI. For the membrane proteins
bacteriorhodopsin and aquaporin Z, fragmentation was preferentially observed in the transmembrane
helices, in agreement with earlier work.>! Remarkably, some fragments were observed in 11 out of 11
datasets, indicating very high inter-laboratory reproducibility, and clearly showing that protein-
specific factors are key for determining site-selectivity of fragmentation, regardless of the specific
instrument used.

Another interesting pattern visible in both Figure 3b and Figure 4 is the greater propensity for
fragmentation of the alpha subunit of haemoglobin than the beta subunit. Looking at the overall
cleavage coverage values across all datasets, these were (37.1 £ 14.4)% and (27.2 £ 15.6)% for the
alpha and beta subunit, respectively. While these confidence intervals do overlap (p = 0.13), it is
noteworthy that in 10 out of 11 individual datasets, the cleavage coverage for the alpha subunit was
higher, strongly suggesting that these observations indeed reflect an inherent difference in
fragmentation propensity. From the cleavage site histograms in Figure 4, it is apparent that the main
C-terminal fragmentation ‘hotspot’ in the alpha subunit extends further toward the N-terminus
compared to the equivalent in the beta subunit, and it also contains significantly more sites where
cleavage was observed in 10 or even 11 out of 11 datasets. This can be rationalised by comparing the
sequence of both proteins, as in the alpha subunit this 30-residue region contains two proline and two
aspartic acid residues, as opposed to one of each in the beta subunit. These regions are highlighted in
the monomer structures in Supplementary Figure S9.

We also performed a small-scale comparison between the obtained cleavage coverage with natively
ionised versus denatured precursors. For this, three participants, covering all three instrument types
(Orbitrap, QTOF, and FTICR), performed top-down CID of denatured carbonic anhydrase and ADH. We
selected these specific proteins for two reasons: (1) We already had datasets from all participating
labs for each of them under native conditions, and (2) one is a monomer, while the other natively
forms a tetramer. During dissociation after native ionisation, the latter ejects a highly-charged
monomer, which subsequently fragments, whereas the former can only (partially or fully) unfold and
then fragment. For the natively ionised CA and ADH, the average cleavage coverage values achieved
by these three participants were (23.7 £ 7.0)% and (10.8 + 4.0)%, respectively, i.e., in line with the
(23.5 £ 9.3)% and (10.6 £ 4.5)% across datasets from all labs. With denatured precursors, the
corresponding values were (25.0 = 5.5)% and (8.8 = 4.5)%. While our dataset is too small to draw
general conclusions about native vs. denatured mode MS, these results indicate — perhaps surprisingly
— that at least in CID-based top-down MS of ADH and CA, similar cleavage coverage values can be
obtained from natively ionised as from denatured precursors. Charge-remote cleavage C-terminal to
aspartic acid was less pronounced for the denatured precursors (see Supplementary Figure S10).
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Figure 4. Number of observations of site-specific cleavage in (a) carbonic anhydrase, (b) alpha subunit
and (c) beta subunit of haemoglobin, and (d) alcohol dehydrogenase. The residue-specific cleavage
sites are highlighted in orange, and the most common cleavage regions in yellow. N-terminal
acetylation of CA and ADH is indicated with a grey box. Equivalent figures for GroEL,
bacteriorhodopsin, and aquaporin Z can be found in Supplementary Figure S7.

Data analysis in top-down protein mass spectrometry

Software tools used by participants in the analysis of precursor and fragment spectra are summarised
in the Methods (Table 2). As MS measures mass-to-charge ratios, the charge states of ions must be
determined to assign their mass. This process is quite different for a large, native-like precursor,
compared to fragments that often have masses below 10 kDa, and both operations need to be carried
out successfully. For fragments, modern MS instruments can often resolve the isotopic distribution,
unlike for intact (native) proteins. As isotope peaks are spaced approximately 1 Da apart, measuring
the spacing on the m/z axis often makes fragment charge state determination trivial. Algorithms that
model the isotopic distribution based on the average composition of proteins can then estimate the
monoisotopic mass of the fragment for comparing to candidate assignments, or the entire isotopic
distribution can be matched to an in silico generated one.>*>® In contrast, for intact protein precursors,
conventional instruments are unable to resolve isotope peaks, and other algorithms for charge state
deconvolution are required (vide infra).




282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303
304

305
306
307
308
309
310
311
312
313
314
315
316
317
318

319
320
321
322
323
324
325
326
327
328

A particular challenge in top-down MS is that the total signal intensity is divided over a large number
of fragments.”” Therefore, fragment signal-to-noise ratios can be rather low, and spectral averaging is
often required. Plots showing the degree of averaging used (both in terms of acquisition time and
number of scans) in precursor and fragment spectra are shown in Supplementary Figure S11. While
there was a slight tendency by some QTOF users to acquire a greater-than-average number of scans,
both the mean and range of degrees of spectral averaging were quite comparable between QTOF,
Orbitrap, and FTICR instruments. However, there was a clear trend toward less spectral averaging for
intact precursors than for fragments (as the intensity is divided among significantly fewer signals). This
procedure usually works well in vendor-specific software; however, freely available alternatives that
work with vendor-neutral MS data formats such as mzML often do not perform as well as the
proprietary software in our experience. An option that was used by a plurality of participants in this
study was the MASH software series,*®%2 which can read in data from a relatively broad range of
instruments, as well as generic formats that can be generated after spectral averaging using vendor-
specific software. In top-down MS data analysis, it is important to carefully choose the minimum
signal-to-noise level and mass error tolerance. Making these parameters too ‘loose’ will result in many
false positive assignments, while making them too restrictive will lead to real fragment signals not
being identified (i.e., false negatives). Figure 5 illustrates this concept, as well as the use of mass error
distributions to assess the quality of fragment assignments. Visual comparison of the calculated
(coloured circles) and observed (black solid traces) isotope distributions often makes it obvious
whether an assignment is reliable, although the (correct) assignment of a y;7%* fragment is worth
highlighting. This ion had a mass of nearly 20 kDa; therefore, its intensity was distributed over a large
number of isotopologues, which led to a reduced signal-to-noise ratio, illustrating the particular risk
of overly restrictive search settings in top-down protein analysis.

As researchers become more experienced with their particular instruments and data analysis
software, they will generally develop their own criteria for a confident assignment. As a starting point,
we recommend looking for three or more sequential isotope peaks with signal-to-noise ratios greater
than 3 for fragments larger than 2 kDa, and two or more sequential peaks with signal-to-noise greater
than 3 for smaller fragments (as the total intensity in this case is mostly concentrated in the first two
isotopologues). Note that it would usually not be expected for the calibration of the instrument to
fluctuate significantly within a narrow m/z range; therefore, the spacing between the isotope peaks
should be close to the expected value (usually around 1.0034 Da, i.e., the mass difference between
12C and 3C). For very large fragments, spacing between isotope peaks might become less clear or
disappear altogether; in this case, signal assignment has to rely purely on mass accuracy. While it is
speculative at this point, it could also be imagined that some of the observations from the current
study (e.g., typical number of backbone bonds cleaved, higher percentage of aspartic acid residues
cleaved compared to other amino acids, missed cleavages mostly in the middle of the sequence) could
be incorporated in scoring functions in the future.

In contrast to fragment signals, obtaining isotopic resolution is near-impossible for large, native-like
species, as peak broadening due to noncovalent adducts limits resolving power values to a few
thousand at best (as shown in Figure 3a). Different deconvolution strategies are thus required for
precursors than fragments. Charge detection approaches allow direct measurement of anion’s charge
state;®3% however, this is not (yet) common and in practice it is usually necessary to observe multiple
successive charge states and then apply a probabilistic deconvolution algorithm. While several
algorithms and software packages exist, a majority of participants in the current study used the freely
available UniDec software®®° for deconvolution of precursor spectra (see Supplementary Figure S1).
This software provides a mass and intensity list for the main ion series as well as less abundant species,
along with a confidence score for each. UniDec is not vendor-specific as a spectrum list can be used as
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input; however, it also supports upload of raw files from several different instrument manufacturers.
UniDec is included in the latest iteration of the MASH software package (MASH Native).®> While the
primary focus of this manuscript was on the use of known model proteins, the ultimate goal for many
readers will be to identify unknown proteins and complexes. As a proof-of-concept experiment, we
used MASH Native’s ‘Discovery Mode’ to analyse the carbonic anhydrase, ADH, and aquaporin Z data
obtained by one of the participants with an Orbitrap UHMR (Laboratory 5). The correct proteins were
identified by the software (See Supplementary Table S3).
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Figure 5. Fragment assignment and data quality assessment. (a) Fragment assignments after eTHRASH
deconvolution in the MASH software. The blue box shows correct assignments for a range of charge
states (coloured dots indicate the calculated isotope distributions). In the red box, incorrect
automatically assigned fragments (the result of choosing an inappropriately low signal-to-noise
threshold) are shown. Here, either manual rejection in combination with mass error filtering is needed
to exclude these fragments, or reprocessing with a higher signal-to-noise threshold. (b) Fragment
mass error distributions can be used to assess data quality.”® ”* For real fragment signals, a narrow
mass error spread around zero ppm is expected (top panel; blue bars). Poor instrument calibration
(middle) shifts the centre of this narrow distribution. Depending on the instrument, narrower
distributions (e.g., #2 — 5 ppm) might be expected. If data quality is poor and mainly noise is assigned
(a strong indication of an unsuccessful experiment), evenly distributed error values over a broad range
(bottom) are observed.

Discussion

Native and top-down mass spectrometry have each in their own right had a significant impact on our
understanding of molecular biology, and the combination of both methods promises to open up new
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scientific vistas. At the same time, however, newcomers to the field experience significant barriers to
entry, and more experienced practitioners regularly receive requests for advice on how to get started.
Here, we have developed protocols for this type of experiment and demonstrated their
implementation across a range of laboratories and instruments. Our post-study surveys (see
Supplementary Figure S2) showed that (nano-)ESI and gas-phase activation of membrane proteins
were experienced as more challenging than the experiments with water-soluble proteins. The
exception is the water-soluble GroEL, for which, as previously mentioned, only high-mass modified
Orbitrap instruments were able to induce monomer ejection and extensive backbone fragmentation.
This can be explained by the large size and stability of this complex, which results in a high amount of
energy being needed for monomer ejection and backbone fragmentation. The high-mass range
Orbitraps seem to be more capable of supplying this amount of energy than other, less specialised
instrument types.

The protocols described in this study will empower newcomers to the field(s) of native and/or top-
down protein MS to successfully ionise monomeric and multimeric, water-soluble and membrane
proteins in native mode across a wide mass range, and to obtain backbone fragmentation from these
ions. In particular, as native separation methods such as capillary electrophoresis and size-exclusion
chromatography are increasingly coupled with top-down approaches, these tools will drive new
biological insights through high-throughput analysis of protein complexes. The example data shown
in this report, as well as the high-level summaries of obtained resolving power and cleavage coverage
per instrument type, provide a valuable benchmark to assess data quality for several easily available
protein standards. One potential risk is overreliance on the overall cleavage coverage benchmarks, as
in an attempt to reach the target coverage value, newcomers might feel encouraged to
inappropriately loosen search parameters in their data analysis. Therefore, these numbers should be
used together with the cleavage site frequency data: If similar site-selectivity is observed in
conjunction with a similar overall coverage, one can be rather confident that a workflow is reasonably
optimised. We also refer to the representative fragment spectra from different instrument types in
Supplementary Figure S6 for further guidance.

Finally, we would like to provide some specific recommendations that we found to be helpful in the
course of this study. (1) Perform thorough desalting (i.e., multiple rounds) starting with a higher ionic
strength and going down to around 200 mM ammonium acetate for the working solution for nano-
ESI. (2) Carefully optimise both the nano-ESI voltage and emitter position to obtain a stable spray;
avoid trying to quickly acquire data with an unstable spray, as this will compromise data quality. (3)
Invest time in setting up a robust data analysis workflow, and, especially in the early stages, manually
verify deconvolution results and peak assignments; avoid ‘blind’ reliance on software tools without
validation. (4) Avoid applying excessive in-source activation in an attempt to fully desolvate ions, as
this can come at the expense of disruption of native protein-protein or protein-ligand interactions and
deplete precursor signal. (5) Similarly, avoid the use of excessively high collision energy in top-down
fragmentation, as this can lead to abundant formation of internal fragments (which are more
challenging to assign reliably); furthermore, some data analysis software struggles if no intact protein
signal is detectable in the fragment spectrum.

The combination of native MS with top-down fragmentation is able to provide uniquely detailed
information on proteoform-specific biomolecular interactions. In particular, this combination is not
only able to identify and characterise proteoforms, but also to link this information to protein
structure, complex stoichiometry, and other noncovalent interaction partners. The benchmarks and
guidance provided in this report will lead to a more widespread adoption of these methods by the
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scientific community in the coming years, so that they can be used to answer important biological
questions.

Methods

The proteins used for this study were either bought from Sigma or (in the case of AqpZ) supplied by
one of the participants. More information and catalogue numbers can be found in Supplementary
Table S1. All participants prepared the protein samples according to the given protocol (see
Supplementary Information). In general, all soluble proteins were dissolved in 200 mM ammonium
acetate solution, and for membrane proteins the respective detergent was added in 2x critical micelle
concentration. After desalting, all labs used nano-ESI with slightly different setups. The applied spray
voltage ranged from 0.7 to 2 kV depending on the instrument setup and sample. Table 2 shows the
used instrument types and data analysis software per lab. More details can be found in
Supplementary Table $4, including important tuning parameters for alcohol dehydrogenase (provided
as an example and potential starting point) on all instruments used.

Lab  MS instrument Data analysis software

1 Waters Synapt G2Si UniDec*, LcMsSpectatort

2 Orbitrap Q-Exactive UHMR UniDec*, MASH Explorert

3 Bruker solariX FTICR DataAnalysis*, MASH Explorert

4 Waters Synapt G2Si MassLynx (manual data analysis)**, UniDec*
5a Bruker solariX FTICR DataAnalysis*t, ClipsMSt

5b Orbitrap Q-Exactive UHMR BioPharma Finder*t, ClipsMSt

6 Orbitrap Q-Exactive UHMR UniDec*, TDValidatort

7 Orbitrap Q-Exactive UHMR  UniDec*, FreeStyle Extractt, ProSight Litet

8a Waters Synapt XS UniDec*, MASH Explorert

8b LTQ Orbitrap XL UniDec*, MASH Explorert

9 Agilent 6545XT SLIM QtoF Agilent Bioconfirm 10*t, deChargert, MASCOTT, ProSight Litet
Table 2. Instruments and software used by each participating lab. Software used for precursor and
fragment spectra are indicated by * and T, respectively.

Data availability statement

The mass spectrometry raw data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD047341.
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