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A robust workflow for native mass spectrometric analysis of
affinity-isolated endogenous protein assemblies

Paul Dominic B. Olinares,dr Amelia D. Dunn,Jr Julio C. Padovan,Jr Javier Fernandez-Martinez,§ Michael

P. Rout,§ Brian T. Chait "'

"Laboratory of Mass Spectrometry and Gaseous Ion Chemistry, The Rockefeller University, New York, NY 10065 USA.
YLaboratory of Cellular and Structural Biology, The Rockefeller University, New York, NY 10065 USA.

ABSTRACT: The central players in most cellular events are assemblies of macromolecules. Structural and functional
characterization of these assemblies requires knowledge of their subunit stoichiometry and intersubunit connectivity. One of the
most direct means for acquiring such information is so-called native mass spectrometry (MS), wherein the masses of the intact
assemblies and parts thereof are accurately determined. It is of particular interest to apply native MS to the study of endogenous
protein assemblies—i.e., those wherein the component proteins are expressed at endogenous levels in their natural functional states
rather than the overexpressed (sometimes partial) constructs commonly employed in classical structural studies, whose assembly
can introduce stoichiometry artifacts and other unwanted effects. To date, the application of native MS to the elucidation of
endogenous protein complexes has been limited by the difficulty in obtaining pristine cell-derived assemblies at sufficiently high
concentrations for effective analysis. To address this challenge, we present here a robust workflow that couples rapid and efficient
affinity isolation of endogenous protein complexes with a sensitive native MS readout. The resulting workflow has the potential to
provide a wealth of data on the stoichiometry and intersubunit connectivity of endogenous protein assemblies—information that is
key to successful integrative structural elucidation of biological systems.

Most Dbiological processes and cellular events are
accomplished by assemblies of macromolecules that form
dynamic hierarchies of functional modules." Mapping the
protein interaction networks that form these modules is
yielding important insights into cellular function. These data
are being gleaned through focused studies of individual
functional modules as well as from large-scale genetic and
protein interactome projects.”> One particularly informative
approach is affinity isolation of endogenously interacting
proteins with subsequent “bottom-up” mass spectrometric
(MS) identification of the participant proteins.* Because these
native assemblies are disrupted prior to the protein
identification step, it is usual to lose information about the
heterogeneity of the populations of assembled interactors, the
assembly masses, as well as their subunit stoichiometries. This
lost information is crucial for determining the molecular
architecture of macromolecular assemblies by integrative
structural methods™ and for modeling the dynamics and
behavior of functional modules within the cell. Although
subunit stoichiometry can be determined by peptide-based MS
methods such as label-free quantification’ or by spiking in a
labeled protein comprised of concatenated — reference
peptides,’ it is desirable to have available methods that can
directly measure the mass of intact, affinity-isolated
“endogenous” protein complexes. Here, “endogenous” refers
to assemblies isolated from their natural cellular environment
wherein the component proteins are expressed at normal levels
in their natural functional states It is particularly desirable to
have available direct methods that can examine and elucidate
such endogenous protein assemblies rather than the

overexpressed (often partial) constructs that are commonly
employed in classical structural studies. Such constructs may
be prone to stoichiometry artifacts and other unwanted
effects.’

One such method is native MS, which facilitates mass
measurement of non-covalent macromolecular assemblies,
thereby providing direct evidence on their stoichiometry and
intersubunit connectivity.'*"" Although the method has been
applied with spectacular success to increasingly large
assemblies," application of native MS to the measurement of
endogenous protein complexes has been limited. For example,
only a handful of the estimated several hundred endogenous
protein complexes from budding yeast (Saccharomyces
cerevisiae)”>" have been successfully analyzed by native
MS."'"*? Clearly, there is a huge gap between the small
number of protein complexes that have been successfully
interrogated by native MS versus the vast space of complexes
for which direct stoichiometry and interaction data are so
critically needed for integrative structural modeling.>®

One of the main challenges for successful native MS
analysis of endogenous protein complexes is the need to
capture sufficiently pristine cellular protein complexes and to
prepare them at high enough concentrations in electrospray
(ESI)-compatible solutions to obtain a useful MS spectrum.
Typical native MS experiments have required the availability
of relatively pure protein complexes with concentrations
exceeding a few hundred nanomolar in volatile buffer
solutions such as ammonium acetate.'®*® These requirements
have often led to the use of slow, sometimes inefficient
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procedures requiring large amounts of starting cellular
material for sample preparation. In response to the need for
increasingly facile and effective procedures, we present a
workflow that couples rapid, efficient affinity capture with
sensitive native MS analysis, and demonstrate its efficacy via
analysis of three exemplary protein complexes.

EXPERIMENTAL SECTION

Cell culture, cryolysis and affinity isolation. Tagged
budding yeast strains were cultured using standard procedures,
harvested, flash-frozen in liquid nitrogen and cryomilled using
a planetary ball mill (Retsch) as previously described.”’ The
resulting cryomilled cell powder was stored indefinitely at —80
°C or lower until sample processing. Typically, we obtain 2—
2.5 g of cell powder per 1L of yeast culture grown to midlog
phase. Affinity isolations were performed using antibody-
conjugated magnetic beads as previously detailed””*® (see
Supporting Information). The protein complexes bound to the
magnetic beads were then eluted either by addition of peptide
(PEGylOx) or protease cleavage.

Nondenaturing elution. PEGylOx preparation and elution
was performed as described previously.” For peptide elution,
15 puL of 2 mM PEGylOx in 20 mM Tris pH 8.0, 100 mM
NaCl, 2 mM EDTA, 5% EtOH, and 0.01% Tween-20 was
added to the beads containing the bound protein complexes
and elution was achieved by gentle rotation for 15 min at room
temperature. For elution by protease release, the beads
containing bound protein complexes were incubated with 0.5—
2 pg of the protease (i.e., 1 pg protease/g of frozen cell
powder) in 10-30 pL of protease digestion buffer (HRV 3C
protease: 20 mM HEPES pH 7.4, 150 mM NaCl, 0.05%
Tween-20, 1 mM DTT or TEV protease: 50 mM Tris pH 8,
0.5 mM EDTA, 1 mM DTT, 100 mM NacCl, 0.05% Tween-
20). Incubation was performed for one hour at 4 °C with
gentle rotation. Depending on the engineered cleavage site
available, either the His-tagged HRV 3C protease (1 pg/uL
stock; EMD Biosciences) or the His-tagged AcTEV protease
(1 pg/uL stock; Life Technologies) was used.

Removal of elution reagent and buffer exchange.
Depletion of the PEGylOx elution reagent and buffer
exchange were performed using a Zeba micro desalting spin
column with 40-kDa molecular weight cutoff (MWCO)
(Thermo Scientific). First, the column was equilibrated four
times with 50 puL each of the desired native MS buffer by
centrifugation at 1,500xg for 1 min each at room temperature.
Then, the PEGylOx-eluted sample (volume 10-13 pL) was
loaded onto the column, spun for 2 min, and collected. For
protease depletion, the protease-eluted sample was collected
and the beads were washed with 10-30 pL filtration buffer
(FB: 20 mM HEPES pH 7.4, 0.01% Tween-20). The wash was
pooled with the sample and the volume adjusted to 150 uL
with FB. The mixture was then loaded onto a 0.5 mL
centrifugal filter Microcon with 100-kDa MWCO (Ultracel
YM-100 from Millipore), pre-washed twice with FB. The
Microcon was centrifuged for 5 min at 12,000 rpm at 4 °C.
Afterwards, 150-200 pL FB was added and another round of
centrifugation was performed until the final volume was less
than 20 pL. Buffer exchange into the respective native MS
buffer was performed similar to what was outlined for
PEGylOx removal, except that it was performed at 4 °C
instead of at room temperature.

Native MS analysis. An aliquot (2-3 pL) of the sample was
loaded into an in-house fabricated gold-coated quartz capillary
and sprayed using a static nanospray source into the Exactive
Plus EMR instrument (Thermo Fisher Scientific).”” Typical
MS parameters include capillary temperature, 100 °C-150 °C;
instrument resolution setting, 8,750 or 17,500; total number of
scans, 100 (see Supporting Information for more details).

RESULTS AND DISCUSSION

Overall Experimental Workflow. Previously published
methodologies for sample preparation of endogenous protein
complexes from yeast have employed mechanical cell lysis
using glass beads followed by multiple affinity isolation and
chromatographic steps (Table S-1). In contrast, our workflow
(Figure 1) employs a highly optimized affinity capture
methodology”***'* that enables efficient recovery of tagged
endogenous protein assemblies. The cells expressing the
tagged target protein complex are cultured, harvested, flash-
frozen in liquid nitrogen (LN), and then mechanically
fractured and milled at LN temperatures until the cells are
reduced into a micron-sized powder. This cryomilling step
maximizes the efficiency and speed of solvent extraction of
the protein complexes, while preserving their native
environment prior to the solvent extraction step; cryolysis has
been demonstrated to consistently preserve the oligomeric and
functional states of the proteins at the moment of flash-
freezing in LN.*7***" In addition, the milled frozen cell powder
can be stored at -80 °C almost indefinitely and aliquots can be
weighed out depending on the scale or needs of the
experiment. This convenient stopping point decouples the
largely non-perturbative (at the level of the protein assemblies)
preparation of the cellular material from subsequent affinity
isolation, buffer exchange and native MS analysis steps. Since

Cryogenic lysis of cells with SpA-tagged protein subunit

Single-step affinity isolation of endogenous SpA-tagged protein
assembly using IgG-conjugated magnetic beads (30-60 min, 4 °C)

k<
)
(=3 e

: 4

Protease elution
(60 min, 4°C) )

Protease removal
(20 min, 4 °C)

Competitive peptide
elution (15 min, RT)

?’c L(é“

Peptide removal and
buffer exchange (5 min, RT)

Buffer exchange
(5 min, 4 °C)

Native MS analysis Native MS analysis

Figure 1. Workflow for affinity isolation of endogenous protein
complexes coupled to native MS.
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all these latter steps can potentially perturb native protein
assemblies, convenient tests can be made on small aliquots of
the frozen powder to assess the relative levels of perturbation
under different conditions in order to optimize these steps.

The frozen cell powder is rapidly thawed into an appropriate
extraction buffer containing protease inhibitors to minimize
protein degradation, yielding a crude lysate that is rapidly pre-
cleared by centrifugation. Magnetic beads conjugated with the
affinity capture reagent are then added to the supernatant for a
single-step affinity isolation with incubation times as short as
30 min—sufficient for capturing >90% of the tagged protein
on the beads together with its associated interactors while
minimizing nonspecific protein-protein interactions, which we
have shown tends to build up over time.””*® The use of non-
permeable (2.7 um diameter) magnetic beads facilitates small-
scale isolations using quick and efficient washing steps as well
as subsequent rapid elution into minimal volumes (=10 pL),
which maintain the concentration of the target protein
complexes at suitably high levels for native MS analysis.

Here, we have concentrated our efforts on the widely used
affinity tag protein A from Staphylococcus aureus (SpA)
because of its high affinity for the Fc-domain of IgG and the
ready availability of extensive collections of genomically
SpA-tagged yeast strains.” The genomically tagged genes are
under the control of their endogenous promoters ensuring that
the tagged gene products are expressed at their native levels.
These tags, which are mostly C-terminal, are generally not
observed to interfere with the function of the tagged protein.
The affinity capture reagent conjugated to the magnetic beads
is simply bulk IgG from rabbit serum with its advantages of
high affinity, ready availability, and low cost. Native elution
methods for the SpA/IgG-based affinity isolation system have
been developed for structural studies such as cross-linking and
electron microscopy and include incubation with a competitive
peptide”™ or protease release through a cleavage site that is
incorporated together with the affinity tag.”*** Here, we tested
both types of nondenaturing elution strategies and optimized
subsequent steps after elution prior to native MS analysis.

After elution, the sample must be desalted and exchanged
into a native MS-compatible buffer such as ammonium
acetate.”® It also proves necessary to remove the eluting
reagent, which has to be added in high molar excess to be
effective.””® Furthermore, the elution reagent removal and
buffer exchange steps all involve sample interaction with the
surfaces of membranes, tube walls, and resins, with the
undesirable potential for substantial adsorptive losses.
Therefore, it is crucial to passivate these surfaces with surface-
active agents such as detergents even though these nonvolatile,
sticky substances can interfere with subsequent ESI-MS
analysis at higher concentrations.”’

Sample loss during post-elution handling can be
minimized through judicious use of detergent without
compromising the MS response. Prior to native MS analysis,
it is usually necessary to exchange the sample elution buffer to
a volatile buffer that is compatible with ESI-MS (Figure 1). To
do this, we compared a number of buffer exchange columns
and determined that the Zeba desalting microspin columns
(ThermoFisher Scientific) performed best in our hands, and
that addition of a detergent such as Tween-20 was crucial for
efficient sample recovery (Figure 2). Because detergents
generally interfere with the ESI-MS response, we determined
a working range of Tween-20 concentrations that yielded both

Analytical Chemistry

minimal sample loss and minimal interference during native
MS analysis. These studies were carried out with two test
samples: (i) IgG (M, =150 kDa), which represents a class of
classically “non-sticky” glycoproteins and (ii) an affinity
isolated seven-member Nup84 complex (M, =600 kDa), which
represents a more “sticky” protein assembly. These samples
were buffer-exchanged into 150 mM ammonium acetate in the
presence of varying concentrations of Tween-20 (Figure 2).
With no Tween-20 in the buffer, more than 80% of the input
IgG and virtually 100% of the Nup84 complex were lost to the
desalting column. However, with increasing concentrations of
Tween-20 the recovery was observed to increase until
maximum recovery was achieved at Tween concentrations at
and above 0.001%. We then investigated the effect of Tween-
20 on the mass spectra obtained from these protein complexes.
Our prior experience with Tween-20 on native MS using a
Waters Synapt Q-TOF demonstrated sufficient interference as
to make the mass spectra virtually unusable (data not shown),
so we were pleasantly surprised when we found that we could
obtain well-resolved native MS with the Exactive Plus EMR
Orbitrap mass spectrometer. Indeed, with appropriate tuning,
we observed negligible native MS interference from Tween-20
with concentrations up to 0.01% (Figures S-1). Thus, we chose
to carry out all our elution reagent removal and buffer
exchange steps in the presence of Tween-20 with
concentrations ranging between 0.001% and 0.01%.

A B

% Tween-20
0 0.0001  0.001 0.01

100— 0001% 0.01%

) Ctrl Rec Lost Rec Lost Rec Lost Rec Lost
kDa Nup133

80| 98+ ™~Nup120
B Nup84*/
g 60 ] 64 85/145C
g 0.0201 % 51 | sen
> 40
R 0 %7 —Sec13

Sl Ll -HRV 3C

protease
% Tween-20

Figure 2. Effect of increasing Tween-20 concentration on sample
retention during buffer exchange. (A) IgG recovery from buffer
exchange (n=6). Protein quantification was based on gel band
intensities. For more details, see Supporting Information and
Figure S-1. (B) SDS-PAGE separation of buffer-exchanged
Nup84 complex obtained from affinity isolation and elution by
HRYV 3C protease.

Elution with a competitive peptide. A disulfide bond-
constrained 13-amino acid peptide (termed FclII) was evolved
to bind competitively to the SpA-IgG binding interface.”®
PEGylOx,”* a modified FclIII peptide with four PEG units at its
N-terminus has been shown to competitively elute SpA-tagged
protein complexes under nondenaturing conditions in 15 min
at room temperature.” Because fairly high concentrations (2
mM) of PEGylOx are needed for efficient elution of native
protein complexes, it proves important to have an effective
means for its later removal prior to the MS step. We found that
high concentrations of this 1.7-kDa peptide can be rapidly and
effectively depleted by buffer exchange using a desalting spin
column with 40-kDa MWCO,” making subsequent native MS
analysis feasible.
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Figure 3. Affinity isolation, peptide elution and native MS analysis of the endogenous GINS assembly from budding yeast. (A) SDS-
PAGE separation and Coomassie staining to assess the post-elution sample handling steps. Elution was performed with 2 mM PEGylOx,
which was later removed by buffer exchange into 150 mM ammonium acetate, 0.01 % Tween-20. (B) The native MS spectrum of the
endogenous yeast GINS complex and (C) the peak series for the Ctf4 trimer. For the full spectra, see Figure S-2. (D) Spectrum showing

HCD activation of the GINS complex.

We analyzed the yeast GINS complex (Figure 3) to assess
the efficacy of our workflow that incorporates peptide elution
(Figure 1, left). GINS complexes, which are an essential
component of the eukaryotic DNA replication machinery,” are
expected to be present in S. cerevisiae in modest abundance
(=1,000 copies per cell*™*"). Affinity capture was performed
using the GINS component Psf2 with a 26-kDa C-terminal
SpA tag bearing three complete IgG-binding domains and one
almost complete IgG-binding domain.*** For this procedure,
1 g of frozen grindate was used. Psf2 assembles into the GINS
complex with Psfl, Psf3 and S1d5,”** as confirmed by SDS-
PAGE (Figure 3A) and bottom-up LC-MS analysis (Tables S-
2 and S-4). Ctf4 was also observed and has been shown to
direct%l associate with the GINS complex throughout the cell
cycle.

Native MS characterization of this affinity-isolated GINS
complex yielded a well-resolved charge-state distribution
centered at m/z 6,000 (Figure 3B) corresponding to a mass of
131,094 + 5 Da—i.e., the mass of the complex consisting of
Psfl, Psf2, Psf3, and SId5 at unit stoichiometry. A separate
peak series corresponding to the Ctf4 trimer was also
observed, albeit at relatively low signal intensity (Figure 3C).
Indeed, Ctf4 has been previously shown to constitutively form
a homotrimer, which serves as a platform for multivalent
interactions with other replisome assemblies, including the
GINS complex.*® Here, its observation as a separate trimer
indicates that it most likely dissociated from the GINS

complex subsequent to the affinity isolation step, during the
treatment prior to electrospray or during the electrospray
process, but not in the gas phase.

Inducing  collision-activated ~ gas-phase  dissociation
generates charge-stripped subcomplexes with lower charge-
states and highly charged ejected subunits.*”** This can be
achieved in the EMR by increasing the HCD voltage, which is
applied to all ions exiting the transport multipole (all-ion
activation) as there is no prior precursor mass selection
possible in this particular instrument. Increasing the HCD
voltage offset from 75 V to 200 V yielded two charge-stripped
subcomplexes (Psf1/Psf2/S1d5 and Psf2/Psf3/S1dS) together
with the corresponding ejected subunits Psf3 and Psfl,
respectively  (Figure 3D).  Additional  subcomplexes
(Psf1/Psf3/S1d5 and Psf2/S1d5) were also observed at lower
signal intensity (Table S-3). From these results, we are able to
derive an subunit connectivity map (Figures 3B and 3D),
which is consistent with the structures of the homologous
human GINS complex.” This interaction map is also
consistent with that previously found from native MS analysis
of the human GINS complex,” with the exception of the
Psf2/Psf3 interaction in the Psf2/Psf3/SId5 heterotrimer
observed in this study. The measured mass errors for the
complex and subcomplexes ranged from 0.002% to 0.1%, and
the masses of the two dissociated subunits (Psfl and Psf3)
agreed with the predicted masses to within 30 ppm (Table S-
3).
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Figure 4. Affinity isolation, protease elution and subsequent native MS analysis of the endogenous Nup84 complex from budding yeast.
(A) SDS-PAGE separation and Coomassie staining to assess the post-elution sample handling steps. Elution was achieved by cleavage
with the HRV 3C protease, later removed by filtration. Subsequent buffer exchange was performed with 500 mM ammonium acetate,
0.01% Tween-20. The native MS spectrum of the Nup84 complex with (B) low and (C) high in-source activation. The structural model for
the Nup84 holocomplex is also shown based on integrative structural studies.****

Elution with HRV 3C protease. The HRV 3C protease is a
22-kDa cysteine protease, which acts with high specificity and
is active at 4 °C.”' We tested two commercially available HRV
3C proteases and found that the His-tagged version required
less enzyme-per-substrate ratio than the GST-tagged version
(Figure S-3). This could be due to the dimerization of the
GST-tagged version, which reduces its effective protease
concentration. In addition, the higher molecular weight (=45
kDa) of the GST-tagged version makes post-elution protease
removal more challenging. For these reasons, we opted to use
the His-tagged HRV protease in the protease elution leg of the
workflow (Figure 1, right).

We optimized the conditions for native elution using this
protease in terms of starting amount of frozen grindate, elution
volume, and temperature, determining that 1 pg protease was
sufficient to completely release captured protein complexes on
affinity isolation beads exposed to 1 g of resuspended frozen
grindate within one hour at 4 °C (Figure S-4). Because this
protease release step was most effective in small volumes
(typically 10 pL), the concentration of protease used was high
(5 uM); thus, to avoid interference in native MS analysis, it is
important to remove the protease from the sample prior to the
ESI-MS step. We were able to remove most of the 22-kDa
protease without incurring significant losses of the protein

complexes through the use of a 0.5-mL filter concentrator with
a 100-kDa MWCO and just two wash steps of 150-200 uL
each (Figure 4A). Rapid and efficient buffer exchange into a
native MS-compatible buffer containing ammonium acetate
and Tween-20 was then achieved by the small desalting spin
column with 40-kDa MWCQO, identical to that used for
PEGylOx removal (Figure 4A). Note that in previously
published protocols (Table S-1), the eluting protease was
removed either by a second round of affinity isolation using a
different tag in the target protein complex or by size-exclusion
chromatography. These extra steps dilute the samples, extend
sample handling times, and can lead to significant sample
losses.

We then tested the overall optimized protocol for the right
leg of our workflow (Figure 1) using the Nup84 subcomplex
(2,000 copies/cell), which forms the outer rings of the yeast
nuclear pore complex (NPC)—the sole mediator of molecular
transport between the cytoplasm and the nucleus.”>>> Nup84
was tagged at the C-terminus with the same SpA construct as
that used for Psf2-SpA except that it was preceded by 10
amino acids bearing the cleavage site for HRV 3C protease.”
Using this Nup84-HRV-SpA strain, we affinity-isolated the
Nup84 complex from 2 g of frozen grindate obtained from 1 L
of yeast culture grown to midlog phase. SDS-PAGE analysis
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Figure 5. Affinity isolation, protease elution and subsequent native MS analysis of the endogenous exosome assembly from

budding yeast. (A) SDS-PAGE separation and Coomassie staining

to assess the post-elution sample handling steps. Elution was

achieved by cleavage with the TEV protease, later removed by filtration. Buffer exchange into 400 mM ammonium acetate, 0.01 %
Tween-20 was then performed. (B) Representative native MS spectrum of the affinity-isolated exosome complex and the
corresponding peak assignments, except for the 205-kDa subcomplex marked with *, which matched three possible subassemblies

(see Table S-3).

of aliquots (10% of the sample) from each major step in the
workflow (Figure 4A) showed negligible losses. Importantly,
we used 0.01% Tween-20 in the protease depletion and buffer
exchange steps. Bottom-up LC-MS analysis of the buffer-
exchanged sample confirmed capture of the seven known
components of the Nup84 complex (Tables S-2 and S-5).

Native MS analysis of the sample with minimal in-source
activation yielded five main ion series (Figure 4B). The
highest charge-state series centered at m/z 9,227 (48+), which
deconvolutes to a mass of 442,890 + 50 Da and corresponds to
a heterohexameric complex comprised of Nup84, NupS§5,
Nup145C, Nupl20, Sehl, Secl3 at unit stoichiometry. A
separate ion series for Nup133 (measured mass of 133,192 + 4
Da) was also observed. Its charge-state distribution indicates a
native-like state, suggesting that it dissociated in solution and
not in the gas phase. Nup133 has been shown to be the most
labile of the seven Nup84 subcomplex components, readily
dissociating from the subcomplex during affinity isolation.”
Of the two other main ion series observed, one has a mass of
385,340 + 20 Da corresponding to a pentameric subassembly
consisting of one copy each of Nup85, Nup145C, Nupl20,
Sehl, and Sec 13 and another a mass of 123,850 + 10 Da
matching the Nup85/Sehl dimer. The Nup84 subunit by itself
was also observed (84,463 + 1 Da) (Table S-3).

Ramping the in-source dissociation parameter to the
maximum (from 50 V to 200 V) and slightly increasing the
trapping gas generated more peak series corresponding mainly
to dissociated subcomplexes and subunits (Figure 4C). In
addition to the five peak series observed from Figure 4B, two
additional heterotrimers were detected with masses 244,191 +
13 Da, corresponding to Nup120/Nup85/Sehl, and 204,810 +
12 Da, corresponding to Nup145C/Nup85/Sehl (Table S-3).
The latter was observed with a higher charge-state distribution
than predicted for the native-like state (about 31+)*
indicating that dissociation and partial unfolding had occurred

in solution and/or during the electrospray process. An ion
series for Nupl20 was also observed with charge-state
distribution centered at 33+, which is higher than what is
predicted for native-like state (about 23+),* indicating that it
likely arose from gas-phase dissociation. However, a search
for the peak series corresponding to the charge-reduced
assemblies resulting from Nup120 ejection did not yield any
matches, likely due to their low signal intensities.

In terms of intersubunit connectivity, Nup85 and Sehl
interact strongly and the Nup85/Sehl dimer associates both
with Nup145C and with Nup120. These observations are all
consistent with protein domain mapping, cross-linking and
integrative structural investigation of the endogenous Nup84
complex from budding yeast.*** Overall, comparison with the
expected calculated masses shows that the measured masses
fall between 0.01% and 0.05% for the complexes,
subcomplexes and Nupl33, and below 40 ppm for the
dissociated component proteins, namely Nup84 and Nupl120
(Table S-3).

Elution of TAP-tagged protein complexes. The TAP
tagging strategy involves an affinity tag construct with an
engineered TEV protease cleavage site between two affinity
handles—i.e., the SpA tag and the calmodulin-binding protein
(CBP).*” It is noteworthy that the TAP tag has only two
repeats of the synthetic Z-domain derived from SpA,4 and that
in our hands, the SpA tag described above (with almost four
full repeats*’) outperforms the TAP tag as an affinity reagent.”
Typically, the TAP method involves initial purification by
SpA/IgG binding, release by incubation with TEV protease,”
and a second-stage purification using the CBP, although it is
noteworthy that in the present work we use only the TEV
cleavage step. To test the workflow that we optimized for the
HRV 3C protease elution, we affinity-isolated the yeast
exosome assembly (5,000 copies/cell)”’ using a TAP-tagged
Csl4 strain. The exosome is involved in ribonucleolytic

6
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processing and exhibits 3’-5° exonuclease activity.””” We
affinity-isolated the exosome complex from 0.5 g of frozen
grindate, and determined that an equivalent of 1 pg of TEV
protease per 1 g of cryogrindate was sufficient to yield full
cleavage of the tagged protein with a one hour incubation at 4
°C (Figure S-5).

Figure SA shows the SDS-PAGE analysis of aliquots (10%
of each sample) from each major step in the workflow. Again,
key to the success of these steps was the inclusion of 0.01%
Tween-20. Trypsin digestion and subsequent LC-MS analysis
of the resulting sample demonstrated the presence of the
known components of the exosome, namely the nine main
subunits (Csl4-CBP, Mtr3, and Rrp4/40/41/42/43/45/46)
together with the catalytic Dis3 subunit forming the so-called
Exo0-10 assembly, the nuclear-specific associated factors Rrp6,
Lrpl, and Mtr4, as well as the cytoplasm-specific associated
proteins Ski7, Ski2, Ski3, and Ski8 (Tables S-2 and S-6).

From a representative native MS spectrum for the affinity
isolated exosome (Figure 5B), the most intense cluster of
peaks centered at m/z 9,500 corresponds to a measured mass
of 403,235 + 15 Da, which matches the expected mass of the
Ex0-10 complex within 0.05%. Another peak series
corresponds to Exo-10 with the loss of Csl4-CBP (366,115 +
10 Da) in solution or during the electrospray process at the
front of the instrument. Upon gas-phase activation, both these
complexes dissociated with ejection of Rrp40 (Figure 5B).
Additional peaks with charge-state distributions that indicate
native-like states point to subcomplexes also originating from
dissociation in solution or during the electrospray process. The
difference between the two measured masses (271,032 + 13
Da and 243,412 + 3 Da) corresponds to the mass of Mtr3
(27,620 Da, Table S-3), leading us to assign these masses to
Mtr3/Dis3/Rrp4/41/42/45 and  Dis3/Rrp4/41/42/45  sub-
complexes, respectively (Figure 5B). Most of the exosome
subcomplexes observed from in-solution and gas-phase
dissociation have been consistently observed in previous
native MS studies.'™'® Overall, the mass errors of the
assemblies and subassemblies were measured at or below
0.06% (Table S-3). Additional peak series were assigned to
associated compartment-specific factors that were bound to
the exosome during affinity isolation but that likely
dissociated during the post-elution handling steps or native
MS analysis. The cytoplasmic heterotetrameric Ski complex (2
copies of Ski8 and one copy of Ski2 and Ski3) was observed
(398,229 + 9 Da) with a charge-state distribution similar to
that characterized in an earlier native MS study.lg Finally, the
122-kDa nuclear-specific Mtr4 and the cytoplasmic-specific
85-kDa Ski7 were also detected (Figure 5B, Table S-3).

In addition, we observed satellite peaks corresponding to
mass shifts of 320-350 Da on the intact exosome and its
subassemblies (Figure S-6, Table S-3). Despite experiments
that employed more stringent washes and buffer exchange
steps, the presence of these satellite peaks remained
unchanged. Thus, we infer that these satellite peaks result
from adduction of presently unknown moieties or addition of
unknown post-translational modification(s).

Comparison of the two nondenaturing elution modes.
We have tested two modes of nondenaturing elution using (i)
incubation with a competitive peptide and (ii) protease
cleavage. The advantage of the peptide-based PEGylOx
release is its high elution efficiency and speed (30 min
together with peptide removal and buffer exchange). However,

Analytical Chemistry

we have observed PEGylOx adduction in some of the protein
complexes that we have characterized (e.g., the exosome
assembly shown in Figure S-7), indicating that even low
residual amounts of the nonvolatile peptide can cause
heterogeneity and signal attenuation during native MS
analysis.

Considering protease elution, an extensive library of TAP-
tagged yeast strains with TEV cleavage sites™ are
commercially available. When strains with appropriate
cleavage sites are not available, homologous recombination or
other DNA-insertion techniques are straightforward to
implement. Generally, we do not observe peak series
corresponding to the 22-kDa HRV 3C protease or 28-kDaTEV
protease in our native MS analyses (Figures 4B, 4C and 5B),
indicating that these have been efficiently removed by the
post-elution filtration step. However, even if residual protease
is left prior to native MS, only minimal interference is
expected and the corresponding peak series can still be readily
identified and characterized.

CONCLUSION

We have described a robust and efficient workflow for
coupling affinity-isolation of endogenous protein complexes
with sensitive native MS readout to determine their
stoichiometry and elements of intersubunit connectivity.
General requirements for our protocol to work are the
availability of appropriate tagged strains as well as the ability
to affinity isolate the complex of interest and to stabilize these
in native MS compatible buffers. Compared to previously
published protocols (Table S-1), there are several noteworthy
features in our workflow that address one of the key limiting
factors of native MS—i.e., obtaining protein complexes in
sufficiently high concentration for effective native MS
detection. First, we use flash-freezing and cryolysis of cells to
preserve endogenous protein-protein interactions within the
native cellular milieu and minimize proteolytic damage. This
freezing-cryolysis step separates the preparation of cellular
material from subsequent downstream steps, allows flexibility
and control of the scale and timing of the affinity-isolation
step, and maximizes extraction efficiency of the desired
protein assemblies. Second, we employ single-step affinity
capture using antibody-conjugated magnetic beads, which
facilitates rapid and efficient isolation of protein complexes as
well as subsequent nondenaturing elution into small volumes
so as to maintain relatively high sample concentrations. The
resulting high efficiency of capture and elution enables us to
use modest amounts of starting material to gain access to
endogenous protein complexes that are expressed at medium
to low abundance. Third, we found that adding Tween-20 at
concentrations of 0.001%—0.01% prevents adsorptive losses
during the elution reagent removal, buffer exchange steps, and
presumably during sample loading in the nanospray
capillaries, without significant signal interference during
native MS analysis. Fourth, the use of the Exactive Plus EMR,
enabled sensitive native MS analysis. The high precision and
mass accuracy of the mass measurements (Table-S3) were
consistent with the good desolvation efficiency, high resolving
power and minimal peak interferences observed. The tuning of
the voltage offsets on the transport multipoles and ion lenses
enabled mass filtering of the incoming ions, particularly for
low-mass contaminants such as Tween-20 and residual
PEGylOx. Finally, the rapid protocol and streamlined sample
handling steps from resuspension of frozen cell powder to
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native MS analysis minimize both the time that the complexes
spend out of their native environment and sample losses.
Overall, the time required to go from frozen grindate to native
MS-ready samples is 2 h for the PEGylOx-based elution and 3
h for the protease-based elution.

We envision that our overall workflow should also be
applicable to other systems that use a competitive peptide or
protease for nondenaturing elution (e.g., ). We anticipate that
this facile workflow will enable routine and widespread
adoption of native MS for characterization of affinity-captured
endogenous protein assemblies.
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Figure 3. Affinity isolation, peptide elution and native MS analysis of the endogenous GINS assembly from
budding yeast. (A) SDS-PAGE separation and Coomassie staining to assess the post-elution sample handling
steps. Elution was performed with 2 mM PEGylOx, which was later removed by buffer exchange into 150 mM
ammonium acetate, 0.01 % Tween-20. (B) The native MS spectrum of the endogenous yeast GINS complex
and (C) the peak series for the Ctf4 trimer. For the full spectra, see Figure S-2. (D) Spectrum showing HCD

activation of the GINS complex.
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Figure 4. Affinity isolation, protease elution and subsequent native MS analysis of the endogenous Nup84
complex from budding yeast. (A) SDS-PAGE separation and Coomassie staining to assess the post-elution
sample handling steps. Elution was achieved by cleavage with the HRV 3C protease, later removed by
filtration. Subsequent buffer exchange was performed with 500 mM ammonium acetate, 0.01% Tween-20.
The native MS spectrum of the Nup84 complex with (B) low and (C) high in-source activation. The structural
model for the Nup84 holocomplex is also shown based on integrative structural studies.32,33
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Figure 5. Affinity isolation, protease elution and subsequent native MS analysis of the endogenous exosome
assembly from budding yeast. (A) SDS-PAGE separation and Coomassie staining to assess the post-elution
sample handling steps. Elution was achieved by cleavage with the TEV protease, later removed by filtration.
Buffer exchange into 400 mM ammonium acetate, 0.01 % Tween-20 was then performed. (B)
Representative native MS spectrum of the affinity-isolated exosome complex and the corresponding peak
assignments, except for the 205-kDa subcomplex marked with *, which matched three possible
subassemblies (see Table S-3).
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