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Abstract. Native mass spectrometry (nMS) is a
technique growing at the interface of analytical
chemistry, structural biology, and proteomics that
enables the detection and partial characterization
of non-covalent protein assemblies. Currently,
the standardization and dissemination of nMS is
hampered by technical challenges associated
with instrument operation, benchmarking, and
optimization over time. Here, we provide a stan-
dard operating procedure for acquiring high-

quality native mass spectra of 30-300 kDa proteins using an Orbitrap mass spectrometer. By describing
reproducible sample preparation, loading, ionization, and nMS analysis, we forward two proteoforms and three
complexes as possible standards to advance training and longitudinal assessment of instrument performance.
Spectral data for five standards can guide assessment of instrument parameters, data production, and data
analysis. By introducing this set of standards and protocols, we aim to help normalize native mass spectrometry
practices across labs and provide benchmarks for reproducibility and high-quality data production in the years

ahead.
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Introduction

N ative mass spectrometry (nMS) has emerged as a valuable
approach to complement the field of structural biology
[1-3]. The technique utilizes “native”—or non-denaturing and
non-reducing—buffer conditions during the electrospray ioni-
zation process which helps preserve the primary and quaternary
compositions of proteins and their complexes for subsequent
MS analysis [4, 5]. nMS offers unique advantages to structural
biologists because modern mass analyzers provide highly ac-
curate mass measurements of the intact protein targets and any
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products that result from subsequent rounds of activation (i.e.,
tandem mass spectrometry, MS") [6, 7]. The gas-phase activa-
tion of protein complexes that yield sequence-informative
product ions, or native top-down mass spectrometry
(nTDMS) [8—10], provides insights into the identity of protein
subunits, their stoichiometry and even interaction sites in a
complex, and can help discover and characterize binding of
many classes of cofactors (e.g., metals, ligands, reaction prod-
ucts or substrates, drug fragments) [11-14]. Also for the char-
acterization of protein-subunits, the resolution of discrete mo-
lecular proteoforms that arise from polymorphisms, RNA
splicing variants, and post-translational modifications (PTMs)
allows protein assemblies to be viewed as multi-proteoform
complexes (MPCs), in which differentially modified subunits
combine into many possible complexes, each with potentially
discrete functions [15, 16].
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Over the last several years, numerous technological ad-
vancements have driven the increased application of nMS.
MS-compatible sample handling techniques (e.g., membrane
proteins embedded within nanodiscs [17], amphipols [18], and
detergent micelles [19, 20]) have facilitated mechanistic studies
on previously inaccessible membrane protein complexes. In-
novations in non-denaturing chromatography (e.g., online size-
exclusion [21, 22] and native GELFrEE [23]) have assisted in
the characterization of complex biopharmaceuticals [24], the
separation of endogenous protein complexes [23], and in-
creased the dynamic range of nMS in omics-level interroga-
tions on macromolecular assemblies [22, 25]. Also, data pro-
cessing and bioinformatics resources now permit the precise
MS deconvolution of high mass assemblies (e.g., protein
deconvolution, MagTran, UniDec) [26, 27], omics-level pre-
diction of MPCs [16, 28], and the automated interpretation of
tandem MS data (e.g., ProSight Lite, ProSightPC,
TDValidator, mMass) [29, 30]. Plus, the development in hy-
brid mass analyzer technologies [31-33], in particular time-of-
flight (TOF) [34-36] and Fourier Transform (FT), including
ion cyclotron resonance (ICR) and Orbitrap [37, 38], have
expanded the applicability of nMS to analytes with wide-
ranging size, shape, complexity, and throughput. For example,
ion-mobility has been widely applied to study biomolecule
conformations in the gas-phase [39-42], and novel instrument
designs, including the infinity cell for ICR analyzers [43, 44]
and the UHMR for the Orbitrap [45], have improved sensitivity
and resolving power for high-mass biomolecules, even for
protein assemblies over 1 MDa such as viral capsids and
ribosomes [46, 47]. Additionally, different MS" techniques,
including high-energy collision dissociation (HCD), source-
induced dissociation (SID), surface-induced dissociation, ultra-
violet photo-dissociation (UVPD), electron capture dissocia-
tion (ECD), and electron transfer dissociation (ETD) serve
complementary roles in the gas-phase characterization of na-
tive proteins and larger assemblies [8, 48-51].

Despite significant achievements within many labs using
nMS over the past decade, the development of universal stan-
dards would help set a baseline of quality for newcomers and of
reproducibility for expert groups, as recommended by the NIH,
NSF, and other regulatory bodies [52—55]. While many proto-
cols have been published on nMS methodology in select sys-
tems, they often describe the analysis of native proteins or
assemblies not readily available to the research community
and do not detail the optimization of acquisition parameters
[56-59]. Moreover, the complex instrumentation and technical
difficulty of nMS are barriers in disseminating the technology
more widely. A valuable addition to the field is a tutorial that
demonstrates the analysis of commercial proteins that are rea-
sonably stable and broadly accessible. Herein, we present
standard samples and an operating procedure for a Thermo
Fisher Q Exactive Orbitrap HF with Extended Mass Range
(QE-EMR) and for a Thermo Fisher Q Exactive Orbitrap with
Ultra High Mass Range (UHMR). The Orbitrap mass analyzer
[38, 60] represents a growing platform for nMS analysis. We
include representative spectra and raw data for the proposed
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protein standards and provide a troubleshooting guide for
common challenges encountered. We also outline parameters
for the ion source, ion optics, collision cells, and vacuum
pressures that have been optimized for high signal intensity
and signal-to-noise ratio (SNR) using Orbitrap technology
across the 30-300 kDa molecular weight range.

Experimental Section

Fig. 1 contains a workflow of the proposed procedure and can
help readers navigate this document.

Reagents

A complete list of part numbers and vendor information for
standards, key reagents, solvents, and other resources used are
available in Table S1.

Preparation of Solvents and Standards

Stock solutions (1 M) of LC-MS grade ammonium acetate
(Sigma Aldrich) was prepared in LC/MS Grade Optima™
Water (Thermo Fisher Scientific) and then filtered using a
0.2 um pore size Nalgene™ Rapid-Flow™ sterile disposable
filters (Fisher Scientific). Protein stock solutions (10 mg/mL)
were prepared in LC/MS Grade Optima™ Water (Fisher Sci-
entific) with aliquots flash frozen and stored at — 80 °C. Protein
stocks were desalted and solvent exchanged into 150 mM
ammonium acetate [61] using Amicon Ultra-0.5-mL centrifu-
gal filters with 10-50 kDa molecular weight cut-offs, depend-
ing on protein molecular weight. First, the filter device was
equilibrated with 500 pL of 150 mM ammonium acetate and
spun for 5 min at 12,000 xg. The protein sample was then
dispensed into the filter device, up to a total volume of
500 pL, and spun for 5 min at 12,000 Xg or until the sample
was concentrated to a volume of 100 pL or less. Ten to 15
consecutive washes were performed by adding enough ammo-
nium acetate (150 mM) for a total volume of 500 pL and spun
at 12,000 xg for 5 min. Sample was pipetted carefully out of the
device and diluted to the initial volume with 150 mM ammo-
nium acetate. The final analytical samples were prepared at a
concentration of 10 pmol/uL in 150 mM ammonium acetate.
While several methods for buffer exchanging and desalting are
compatible with nMS, we have found that the ability to in-
crease the number of washes using the Amicon spin filters
provides flexibility in the extent of desalting — which depends
on the sample type and original buffer conditions. Poor wash-
ing or desalting results in salt adduction and non-covalent
adducts; we thus recommend 10 to 15 consecutive washes as
this will ensure that the sample quality is optimal for nMS after
exchange from most biochemical buffers.

MS and Ion Source Parameters

A custom Thermo Fisher Q Exactive Orbitrap HF MS with
Extended Mass Range (QE-EMR) [8] and a commercially
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Figure 1. Workflow of the proposed standard operating procedure for native mass spectrometry. Text in gray boxes denotes the
specific step in the procedure. Text at the top of the boxes indicates the location of that step within this document; the text at the

bottom of each box elaborates on the specific step

available Thermo Fisher Q Exactive Orbitrap MS with Ultra
High Mass Range (UHMR) were used. Suggested values for
key instrument tuning and data acquisition parameters are
provided in Table S2. The QE-EMR and UHMR mass spec-
trometers were mass calibrated for extended mass range mode
using a 50 mg/mL Cesium lodide solution in water at an HCD
pressure regulator setting of 4 V. Table S2 contains the UHV
pressures that correspond to each regulator pressure setting on
the QE-EMR and UHMR instruments. The effect of pressure
and collision voltage settings on the CsI spectrum have been
discussed previously [56]. nMS analyses were performed on
commercial Nanospray and Nanospray Flex Ion Sources with a
static NSI probe (Thermo Fisher Scientific) as well as a
capillary-based ion source described previously [62]. Detailed
assembly and sample loading instructions for all sources are
available as supplemental information. The sources were held
at a voltage of +0.9-2.0 kV and the inlet capillary of the MS
was heated to 330 °C (QE-EMR) or 300 °C (UHMR). Back
pressure can be applied to the Thermo Fisher Nanospray (Flex)
Ion Source to initially stabilize the electrospray signal or to
overcome clogging of the emitter, which is commonly ob-
served for larger proteoforms or complexes.

Data Analysis

Spectra were manually inspected and analyzed using Thermo
Xcalibur 4.0 Qual Browser (Thermo Fisher Scientific, Inc.) and
assembled into a figure for publication using Adobe Illustrator
CC 2015.3. Table S3 contains spectral parameter averages and
ranges derived for the indicated base peak(s), as well as values
for resolution, baseline intensity, and noise intensity. SNR was
calculated by subtracting the baseline intensity (B) from the
signal intensity (NL) and the noise (N) intensity, and dividing:
SNR=(N—B) /(N —B). The mass spectra data files (RAW)
of the protein standards measured on the QE-EMR are publicly
available online at https://massive.ucsd.edu under Accession

Number MSV000083343. Fragmentation data were analyzed
using ProSight Lite [30] with a 25 ppm error cutoff for
identified fragments.

Results and Discussion

Five protein systems were used to evaluate instrument perfor-
mance across several dimensions. Bovine carbonic anhydrase
(CA, 29.1 kDa) was chosen as representative of monomeric
and small proteins and can aid in the evaluation of labile co-
factors such as bicarbonate or metal ions. An antibody was
chosen as a standard given the significant literature precedent
in the analysis of antibodies by nMS [63-66]; thus, SILu
antibody (147 kDa) provides a Biopharma-relevant sample
type in a standard panel and assists in the diagnosis of mass
accuracy and resolution of glyco-proteoforms. Finally, tetra-
meric pyruvate kinase from rabbit muscle (PK, 230 kDa),
tetrameric alcohol dehydrogenase from baker’s yeast (ADH,
148 kDa), and dimeric enolase from baker’s yeast (93 kDa) are
proposed as standards in the analysis of non-covalent protein
assemblies and their dissociated subunits and to test ion trans-
mission efficiency at high m/z.

Representative spectra acquired on the QE-EMR are pro-
vided in Figure 2 for this set of standard proteins and com-
plexes. Table S3 contains values or ranges for signal intensity,
signal-to-noise ratio (SNR), and resolution for the indicated
base peaks derived from multiple replicates of each standard on
the separate ion sources. Overall, these standards yield an
average NL of 9.47 x 10° and average SNR of 1447 (N=16;
Standard Error =+ 769). The reported values serve to illustrate
typical ranges that can be expected in the analysis of the
standards. In our hands, the variability in these ranges stems
from spray instability and from non-uniform tip sizes.
Tables S4-S5 contain deconvoluted average masses, and mass
errors relative to the theoretical masses of the standards.
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Figure 2. Representative native mass spectra acquired on the QE-EMR for carbonic anhydrase (a), SILu antibody (b), pyruvate
kinase (c), and alcohol dehydrogenase (d). NL indicates signal intensity and SNR the signal-to-noise ratio for the most abundant
charge state. The insets show a zoom-in of the indicated charge state. Asterisks in panel 1d denote protein impurities in the sample

Table 1 contains the annotations of post-translational modifi-
cations, sequence variations, and cofactors considered in the
mass calculations. The average mass error in the measurement
of the standards was = 1.6 Da (12.2 ppm). These values can
serve as criteria for assessing the quality or reproducibility of
the data, and for tracking instrument calibration or
performance.

Figure 2a contains a native mass spectrum of bovine carbonic
anhydrase II, showing four charge states (8—11+) spanning the
m/z range of 2600-3700. The observed charge state distribution,
centered at high m/z with few charge states, is consistent with the
model advanced by Fernandez de la Mora, which estimates the
maximum charge of globular protein ions that retain their native
structures [4]. The inset around the 9+ charge state illustrates

base-line resolution and reflects the major species that is rou-
tinely observed by nMS of CA. The most abundant proteoform
corresponds to CA with the initiator methionine removed
(MetOFF), N-terminal acetylation (NtAc) of the adjacent Ser,
and a single bound Zn (II) ion. The assigned 2+ oxidation state
for the zinc ion, yielding a theoretical mass for CA of
29,088.0 Da, is most consistent with the experimentally derived
result (29,087.5 Da+0.4). The molecular ion at <5% relative
intensity, indicated in red, corresponds to the observed base peak
with an addition of one + 62 Da adduct peaks asserted here to be
a bicarbonate (HCO;") ion ionically bound to the protein. The
observation of Zn (II) bound to CA along with bicarbonate, its
natural reaction product, is in accordance with the known crystal
structure and enzymatic activity [67].

Table 1. PTMs, sequence variations, and cofactors considered in theoretical average masses of Table S4. MetOFF? indicates whether the initiator methionine has

been removed

Standard MetOFF? PTM/cofactor Sequence variations
CA Yes NtAc (42.0 Da) Zn (II) (63.7 Da) -
SILu Yes Major glycoform: 2x Pyroglutamate (Q), GOF+G1F (1607.47 + 1445.33 Da) -
PK Yes Beta-mercaptoethanol (76.1 Da) S = A (-16.0 Da)
ADH Yes NtAc (42.0 Da) 2% Zn (IT) (127.4 Da) 12 V (- 14.0 Da)
EN Yes - 1=V (-14.0 Da)
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Figure 3. MS? spectrum showing the isolated 34+ charge state of the PK tetramer that was activated to release four charge states
(22—25+) shown in the inset to span the range of 2300-2650 m/z, that correspond to the ejected PK subunits, with an observed
average mass of 57,941.2 Da (theoretical average mass: 57,942.8 Da). In order to achieve this spectral result on the QE-EMR, the 34+
charge state (6817 m/z) of the full-length PK tetramer was isolated with a 10 m/z window and collisionally activated in the HCD cell
(120 V) at a pressure regulator setting of 2 V. The resultant MS? is an average of five scans of ten microscans each

The spectrum in Figure 2b of SILu antibody, shows a charge
state distribution (22-28+) that spans the range of 5000—
7000 m/z. The inset highlights five known glyco-proteoforms
of SILu (Table S5) that differ in mass by ~ 162 Da, consistent
with increments in hexose content. The mass of the observed
SILu glyco-proteoforms matched to their theoretical masses
with an average standard error of =0.5 Da (3.6 ppm) thus
serving as a benchmark expectation for mass accuracy in this
high m/z region of the spectrum.

Shown in Figure 2c is a native mass spectrum of the pyru-
vate kinase tetramer from rabbit muscle, containing two major
charge state envelopes that range from 6000 to 7500 m/z and
span the 31-37+ protonation states; these correspond to two
multi-proteoform complexes (MPCs) of PK tetramers. The
mass of the most abundant PK multi-proteoform complex
(MPC) corresponds to the PK tetramer with each subunit being
MetOFF, followed by NtAc of the Ser residue, a S400A
sequence variant, and a covalent B-mercaptoethanol (BME)
modification at Cys165 on two subunits already present in
several commercial stock samples we have tested over the past
few years [16]. The second PK MPC contains three subunits as
described above, and one PK proteoform that consists of resi-
dues 23-531 of the full-length proteoform, resulting from an
endogenous N-terminal cleavage after Met22 [16]. The inset
shows that the full-length PK tetramer has a higher-mass

shoulder peak that corresponds to the PK tetramer with addi-
tional covalent BME modifications on the other two subunits.

While PK provides a robust standard for assessing the
transmission of ions up to 8000 m/z, a standard is needed,
namely alcohol dehydrogenase from yeast (Figure 2d), that
can probe the transmission of non-covalent assemblies in the
m/z range compatible with instruments designed for analysis <
6000 m/z. The major charge envelope centered around 5000—
6600 m/z corresponds to the tetramer of ADH; the minor
distribution in the range of 3200-4400 m/z corresponds in mass
to the ADH dimer. Changes in the HCD pressure regulator
setting can modulate the ratio of dimer to tetramer of ADH
detected and can be a useful tool for optimizing this parameter.
The inset contains a zoom-in of the 26+ charge state, highlight-
ing the major tetramer species, characterized as a homotetramer
of ADH subunits being MetOFF, followed by NtAc of the Ser
residue, an I->V sequence variation, and containing two Zn
(II) cofactors per subunit [10, 68, 69]. A lower molecular
weight alternative to ADH is the Enolase dimer (EN) from
Baker’s yeast, for which we present a native mass spectrum in
Supplemental Figure 1. The major charge state distribution
(22—18+) is centered around 4200-5200 m/z and corresponds
to the dimer of the enzyme. Charge state deconvolution of the
spectrum yields a mass 0£93,343.2 £2.3 Da, which is — 1.4 Da
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Figure 4. MS? spectrum showing the isolated 25+ charge state of the ADH tetramer that was activated to release the ejected ADH
monomer charge state distribution (15—18+) in the range of 2000-2350 m/z, and yielding an observed average mass of 36,746.0 Da
(theoretical average mass for Apo-ADH: 36,746.0 Da). The inset of the spectrum is a zoom-in of the 17+ charge state illustrating the
ADH monomer bound to 1 or 2 Zn (ll) ions. The inset also shows the presence of a — 44 Da mass shift from the base peak, consistent
with previous reports of yeast ADH [69]. To achieve this spectral result on the QE-EMR, the 25+ charge state (5900 m/z) of the ADH
tetramer was isolated with a 10 m/z window and collisionally activated in the HCD cell (175 V) at a pressure regulator setting of 2 V.
The resultant MS? is an average of five scans of ten microscans each

from the theoretical mass of apo-EN, assuming cleavage of the
initiator methionine and a known I->V sequence variant [70].

ADH and PK standards are high m/z ions that can aid in the
diagnosis of instrument transmission and MS-compatibility of
experimental sample preparation protocols. For this purpose,
SNR values can function as metrics of transmission efficiency
and reproducibility, with the caveat that they are not to be
interpreted as absolute measures of performance. For instance,
in the case of the PK standard, even though its NL intensity
values are high, ranging between 4.69 x 10> and 1.06 x 10° for
all replicates, the corresponding SNR range, 155-831, is lower
than that of the other standards. This apparent discrepancy
likely results from inferior transmission and desolvation of
large protein complexes through the instrument, causing higher
noise and lowering the SNR. The NL values reported in the
spectrum can differ between instrumental platforms, thus it is
important to consider these values in conjunction with SNR,
resolution, mass accuracy, and overall spectral quality in order
to assess longitudinal performance of the nMS system.

We employed nTDMS to demonstrate standard instrumen-
tal parameters for the characterization of ejected proteoforms in
the PK standard. Figure 3 contains the MS? spectrum of the
unmodified PK monomer ejected from an isolated charge state
of the PK tetramer (24+) using HCD activation energy, and

Supplemental Figures S2 and S3 show the source dissociation
followed by top-down backbone fragmentation of the ejected
PK monomer. This experiment can be described as nTDMS
because the subunit dissociated at the source from the native
complex is fragmented to generate sequence-informative ions.
The intensity of the isolated PK subunit that will be subjected
to fragmentation, typically with an NL value > 2 x 10° atan FT
resolution setting of 120,000 at 400 m/z, can serve as a diag-
nostic of ion transmission efficiency, as low precursor intensity
and subsequent poor fragmentation may indicate malfunction
or dirtying of the ion optics.

As a demonstration of a subunit-ejection experiment on a
non-covalent protein complex, we provide Figure 4, which
contains the MS? spectrum of the ADH monomer ejected from
the 25+ tetramer charge state, demonstrating binding by up to
two Zn (IT) cofactors and the presence of an ADH proteoform
with a —44 Da shift [69]. Given that no sequence-informative
ions are formed, this experiment does not technically fall under
the category of top-down; however, the visualization of the
ADH proteoforms with varying degrees of zinc-binding high-
lights the value of such an experiment for assigning complex
stoichiometry and for partial proteoform characterization.

This standard operating procedure for nMS has been helpful
in addressing typical analytical challenges in our setup
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including low SNR, spray instability, and malfunction of the
electrospray emitter. It has also proven useful for opti-
mizing the collision voltages and pressure settings in the
HCD cell for nTDMS. Moreover, the procedure provides
a framework for longitudinal assessment of instrument
performance over time and for technological develop-
ment, given that the nMS tools are subject to problems
not commonly seen in conventional proteomics assays
that employ highly automated workflows. To test the
validity of the protocol and the reproducibility of the
measurements, we have performed this procedure using
the proposed protein standards on a Thermo Fisher Q
Exactive Orbitrap Ultra High Mass Range mass spec-
trometer (UHMR). The UHMR instrument has improved
mass range and sensitivity for large molecular weight
ions (up to ~75,000 m/z compared to 20,000 m/z on
the QE-EMR), and enables isolation and tandem MS
analysis of protein complexes at higher m/z values [45].
These modifications include: lowering the RF frequency
of the instrument’s ion guides for enhanced ion transmis-
sion; in-source trapping of ions for improved
desolvation; and optimized transmission of high m/z ions
from the C-trap into the Orbitrap [45]. The spectra ac-
quired on the UHMR, presented in Figure S4, have SNR
and resolution values comparable to those acquired on
the QE-EMR (Table S6). Notably, even though SNR
values are in the same order of magnitude for both data
sets, the NL values for the UHMR spectra are lower than
those for the QE-EMR spectra, highlighting that signal
intensity should not be used as a standalone metric for
data quality.

Finally, we provide Table S7, which contains a list of
commonly observed problems and offers possible solutions,
in the event that the same spectral quality is not readily
achieved. The optimal parameters recommended in this article
are instrument-dependent and may not yield the best results
possible on every instrumental platform, as further optimiza-
tion may be necessary using other available settings. However,
given the benchmarking of key spectral metrics for the pro-
posed standards, it will be interesting to see comparisons across
instruments should this standard operating procedure be
adopted by others.

Conclusions

Native MS offers a major way to increase researchers’ success
with intact mass spectrometry of their proteoforms and their
complexes, even those of very high mass or complexity. The
further adoption of nMS by researchers spanning multiple
disciplines will necessitate adequate and standardized practices
in sample preparation, instrument setup, and in data acquisi-
tion. We propose that this report serve as a benchmark for
researchers at all levels of experience to asses and maintain
consistent instrument performance and high-quality data pro-
duction over time.
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