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Native mass spectrometry (MS) and surface induced dissociation (SID) have been applied to study the
stoichiometry and quaternary structure of non-covalent protein complexes. In this study, Methanosarcina
thermophila 20S proteasome, which consists of four stacked heptameric rings (737370, symmetry), has
been selected to explore the SID dissociation pattern of a complicated stacked ring protein complex. SID

produces both « and 3 subunits while collision induced dissociation (CID) produces only highly charged
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a subunit. In addition, the charge reduced 20S proteasome produces the a;[3; fragment, reflecting the
stacked ring topology of the complex. The combination of SID and charge reduction is shown to be a
powerful tool for the study of protein complex structure.

© 2014 Published by Elsevier B.V.

1. Introduction

Ring and stacked ring structures are common in protein
complexes. Understanding the quaternary structure of protein
complexes is necessary for defining their structure-function
relationship. Native mass spectrometry (MS) with electrospray
ionization (ESI) has been coupled with tandem mass spectrometry
(MS/MS) to study the quaternary structure, stoichiometry and
conformations of protein complexes [1-7]. Human serum amyloid
P (SAP) and GroEL are two examples of stacked ring complexes
studied using these techniques. Human serum amyloid P (SAP;
125 kDa) is a pentameric ring structure and the crystal structure is
available [8]. Each SAP pentamer has two faces, one contains five
a-helices and is referred as the A face; the other one contains five
double-calcium binding sites and is referred as the B face [9]. The
decamer can be assembled from the A-A interface [8], A-B
interface [10], or B-B interface [9]. GroEL is another example of a
stacked ring structure, as shown by crystallography results. It is a
tetradecameric protein complex (801kDa) consisting of two
heptamer rings [11]. GroEL has served as a large protein complex
model system for gas phase studies [12-15] and both ion mobility
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(IM)-MS and CID have been employed to study GroEL ligand
binding properties [16-18].

CID of stacked ring protein complexes generally follows the
typical asymmetric dissociation pattern to produce highly
charged monomer and their corresponding (n — 1) mer fragments
for SAP decamer [19] and GroEL tetradecamer [15,18,20].
Therefore, CID provides limited information about its three-
dimensional structure. SID was employed as a complementary
activation method to dissociate these protein complexes. SID of
SAP decamer gives not only monomer, but also dimer, tetramer
and hexamer, presumably because the ring-ring interaction
between monomers is stronger than the monomer-monomer
interface in a single ring [19]. In addition, SID of GroEL
tetradecamer produces a wide variety of fragments. The charge
reduced (by adding triethylammonium acetate, TEAA [21,22])
GroEL tetradecamer precursor in particular produces significant
abundance of heptamer, reflecting the native ring-ring topology
[23]. These results show SID’s potential to characterize the
structure of stacked ring protein complexes.

20S proteasomes, which are large stacked ring structure
protein complexes, are studied here to explore the SID dissocia-
tion pattern and to determine whether substructure information
is provided. The 20S proteasome is the core particle of the
proteasome, and is a large energy dependent protease found in all
three domains of life [24]. It is part of the ubiquitin-proteasome
pathway the cell uses to remove degraded and unwanted
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proteins. The 20S proteasome is composed of structurally related
o and 3 subunits, and the four stacked heptameric rings structure
is shared among the three domains of life (archaea, bacteria, and
eukaryote domains). The assembly is an o;f3;8707; symmetric
structure, with the o subunit rings located as the outermost rings
and the two [ subunit rings sandwiched in between [25,26].
The stacked ring complexes have been observed in X-ray crystal
structures for archael, yeast, and mammalian proteasomes
[27-29] and electron micrographs of bacterial, archael, yeast,
and human proteasomes [30-33]. However, the subunit
compositions are different in the three life domains. Eukaryotic
20S proteasome contains seven different o subunits (a; — a7) and
seven different (3 subunits (3; — 37) [25,26,30,33-35]. In contrast,
the 20S proteasomes in actinobacteria and archaea only have one
to two different o subunits and one to two different 3 subunits
[24-27,32,36]. CID has been applied to dissociate the 20S
proteasomes from the archaeon Methanosarcina thermophila.
Typical asymmetric dissociation pathways are observed [37].
Because of the simple composition of the a and 3 subunits, the
M. thermophila 20S proteasome is selected for our research. SID is
applied to dissociate the 20S proteasome of M. thermophila in
order to reveal the dissociation pattern of the large stacked ring
protein complexes by SID. Unfortunately there is no crystal
structure for 20S proteasome from M. thermophila but a stacked
ring structure would be consistent with the X-ray crystal
structures of Archaeon Thermoplasma acidophilum [27] and
Eukaryote yeast [28]. SID is used here to confirm whether the
structure of the 20S proteasome from M. thermophila is consistent
with these other known crystal structures.

2. Materials and methods

The M. thermophila 20S proteasome was purchased from
Calbiochem (San Diego, CA). The protein solutions were dialyzed
against 1L of 500mM ammonium acetate (Sigma-Aldrich, St.
Louis, MO) at pH 7 using Slide-A-Lyzer MINI Devices, with a 3.5 kDa
molecular weight cut off membrane (Thermo Fisher Scientific Inc.,
Rockford, IL) at 4°C overnight. The final concentrations obtained
are about 4 wM for the M. thermophila 20S proteasome. TEAA was
purchased from Sigma-Aldrich (St. Louis, MO) at pH 7 and added
into the protein solutions to achieve 0.1/0.9 TEAA/ammonium
acetate (v/v, 10mM/90 mM) for charge reduction experiments
[21,22] as indicated in the text.

The experiments were performed on a Synapt G2 HDMS
instrument (Waters MS Technologies, Manchester, UK) [38,39]
modified to include a custom SID device located before the IM
cell as described previously [40]. The ESI capillary voltage was
1.3-1.5kV, the ion source temperature was ~30°C, and the source
pressure was about 6 mbar. The cone voltage was found to be
optimal at 100V because no significant fragmentation was
observed under this cone voltage and relatively strong and
distinguishable precursor peaks can be observed. Although these
conditions provide stronger signal and better resolved precursor
peaks, use of this cone voltage may contribute to some
pre-unfolding of the complex in the ion source region and more
highly charged monomer in SID spectra.

The trap collision cell flow rate of argon was set at 10 mL/min
when collecting mass spectra and CID MS/MS spectra for better
transmission efficiency of the high m/z precursors. The pressure
reading of argon in the trap ion guide was ~6.0 x 1072 mbar. The
trap flow rate of argon was set to 4 mL/min when collecting SID
MS/MS spectra because higher pressure may lead to significant
scattering in the SID device and decrease the signal dramatically.
The pressure reading of argon in the trap ion guide during SID was
~3.3 x10"2mbar. CID MS/MS was performed by changing the

“Trap CE” in the tune page to accelerate the ions to collide with
collision gas and SID MS/MS was performed by tuning the voltages
on the electrodes of the SID device to steer the ion beam to collide
with the surface and increase the “Trap DC bias”, which increases
all of the DC offsets on the Trap cell and upstream of the Trap cell,
to accelerate the ions into the surface. The flow rate to the helium
cell was 120 mL/min. The pressure of nitrogen in the IM cell was
2.2mbar. The IM wave height and velocity were 16.0V and
200 ms~ !, respectively. The time-of-flight (TOF) analyzer pressure
was 7.0 x 107 mbar.

3. Results and discussion

The M. thermophila 20S proteasome contains identical 27.4 kDa
a subunits and identical 21.8 kDa [3 subunits [32,36,37]. The whole
20S proteasome is thus about 690kDa. A prevoius CID study
has shown that one and two a subunits can dissociate from
the complex and form the (20S proteasome-a) and (20S
proteasome-2at) fragments [37]. The intact 690kDa 20S
proteasome complex can be preserved under the experimental
conditions (Fig. 1). In order to explore the fragmentation patterns
of the complex, both CID and SID are performed to dissociate
the M. thermophila 20S proteasome before and after charge
reduction with the addition of 10% TEAA (ammonium acetetate
90 mM, TEAA 10 mM) in solution (Fig. 1). TEAA reduces the number
of charges by about 25% (from +53 to +39).

The +53 and charge reduced +39 of the 20S proteasome
precursor were selected for CID and SID experiments for
comparison of dissociation of different charge states. The CID
spectrum at 200V acceleration voltage and the SID spectrum at
160V acceleration voltage (Fig. 2) of the +53 precursor are selected
to exemplify the CID and SID spectra because of good spectral
quality and the fact that remaining precursors can be observed
under these conditions. CID of the +53 20S proteasome follows the
asymmetric dissociation pattern (Fig. 2a) and produces the
27.4kDa o subunit and the complementary (20S proteasome-ot)
fragment, in agreement with previous CID results [37]. Different
from CID, a series of charge stripping peaks are observed in SID
(Fig. 2b). In addition, SID produces products corresponding to both
the 27.4kDa a subunit and 21.8 kDa 3 subunit and these products
also appear at lower charge states than detected for CID. Low
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Fig. 1. The mass spectra of M. thermophila 20S proteasome before and after charge
reduction with 10% (v/v) TEAA in solution.
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Fig. 2. The MS/MS spectra of +53 charged M. thermophila 20S proteasome. The
symbols label different charge states of the species indicated in the figure (see
legends). (a) CID spectrum at 200V acceleration voltage (10,600 eV). The o subunit
(27.4kDa) dissociates from the 20S proteasome and complementary (20S
proteasome-a) fragment is observed. (b) SID spectrum at 160V acceleration
voltage (8480 eV) with the upper m/z region magnified by 5 times. A series of charge
stripping peaks of the precursor are observed (the 20S proteasome peaks at lower
charge states than the +53 at m/z values of approximately 13,000-14,000). Both the
a subunit (27.4 kDa) and 3 subunit (21.8 kDa) are observed in the low m/z region of
the spectrum. Low abundance (20S proteasome-a) fragment is also observed in the
SID spectrum at high m/z (17,500-22,000). The S/N is 2-3 in this high m/z range,
likely, in part, due to the existance of fragments corresponding to loss of B subunits.
Possible explanations for the low abundance and poor S/N of high m/z (20S
proteasome-a ) fragments in SID is kinetic energy discrimination in the SID device
and the fact that SID produces two product types (loss of a and 3) and many more
charge states than CID, leading to overlap of peaks and a decrease in abundance for
any given peak.

abundance (20S proteasome-a) fragment is also formed but the
(20S proteasome-[3) fragment has not been directly observed at
the signal-to-noise (S/N) level in the high m/z end of the spectrum.
Ion mobility failed to further separate different fragments in that
m/z range (data not shown). Therefore, the (20S proteasome-[3)
fragment may exist but the amount is lower than the (20S
proteasome-a) fragment and is not directly observed. The peak
intensities of the a subunit are much stronger than those of the
 subunit, supporting the hypothesis that the intensities of the
the (20S proteasome-[3) peaks are weaker than those of the 20S
proteasome-a) fragment. SID allows not only the dissociation of
monomer from the outermost o ring, but also from the inner
B ring. SID thus provides more structural information about this
stacked ring protein complex. However, the wider variety of
monomer fragments still does not reflect the existence of the
heptameric ring structure in the 20S proteasome. Because a
previous SID study of GroEL tetradecamer shows that the
combination of charge reduction and SID gives a more dominant
separate ring fragment (GroEL heptamer ring) [23], it is desirable
to check the SID dissociation pattern of charge reduced
M. thermophila 20S proteasome.

The CID spectrum at 200V acceleration voltage and SID
spectrum at 160V acceleration voltage (Fig. 3) of the +39
precursor shows good spectral quality with remaining precursors
measurable under these conditions. The 20S proteasome at this
charge state does not dissociate at 200V CID, which is the highest
accessible CID acceleration voltage of the instrument. Only one
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Fig. 3. The MS/MS spectra of +39 charged M. thermophila 20S proteasome. (a) CID at
200V acceleration voltage (7800eV), which is the highest accessible in the
instrument, did not dissociate the +39 20S proteasome. Only one charge stripping
peak is observed. (b) SID spectrum at 160V acceleration voltage (6240 eV). A series
of charge stripping peaks of the precursor are observed along with the o subunit
(27.4kDa) as the major monomer fragment observed. A 7a+7(3 (345 kDa) fragment
is observed, consistent with the a;3;3707 structure of the complex.

charge stripping peak is observed. In contrast, SID dissociates the
20S proteasome to produce the 27.4kDa o subunit and,
significantly, 345kDa fragments corresponding to the 7a+7(3
subcomplex. A series of charge stripping peaks of the precursor
is also observed. Of particular importance is the fact that SID of
the charge reduced M. thermophila 20S proteasome can break
the a;B7B70; 28-mer from the center plane to produce the
o737 substructure. This information reflects the stacked ring
structure and is in agreement with the observation of 7-mer rings
for SID of GroEL tetradecamer. It is noteworthy that no individual
7o or 7@ ring structures are observed in the SID spectra of
M. thermophila 20S proteasome presumably because the interac-
tion between the 7a and 73 rings is stronger than that between
the two 7 rings. This is consistent with how the 20S proteasome
is believed to assemble, with the formation of a 7-member a-ring
followed by addition of 3 subunits to form half proteasomes,
which then dimerize to form the intact 20S complex [41].
Of course, this does not preclude the chance that the stability
of the gas phase complex is different from its solution phase
origins.

4. Conclusion

The combination of SID and charge reduction is shown to be a
useful tool to explore the stacked ring structure of 20S proteasome
protein complexes. The results agree with the previous SID study of
GroEL [23]. SID produces not only the « but also the 3 subunit from
the highly charged (+53) M. thermophila 20S proteasome before
charge reduction. The most striking result of this work is that SID
breaks the charge reduced +39M. thermophila 20S proteasome
from the center plane to produce o3, reflecting the native
topology of the complex. Dominant monomers of high charge are
also detected, suggesting unfolding (supported by ion mobility
results, Fig. S1) as a result of harsh cone voltage conditions and/or
SID voltage. Overall, the native MS SID study provides the following
information that can allow one to propose the native topology of
the complex: (1) The intact m/z values correspond to 14« and 143
monomers. (2) An o737 fragment is produced. (3) o monomers are
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more abundant than 3 monomers, suggesting that « is more likely
on the surface than [3. (4) Subspecies such as tetramer plus trimer
are not formed, making a ring structure likely (dominant
monomers for SID occur from symmetrical ring structures;
substructures should occur if they exist, based on other SID data).
Taken alone, the information already allows useful speculation on
the topology (outer a rings sandwiching interior 3 rings). When
combined with X-ray crystal structures or electron micrographs of
related species, the topology is confirmed by the SID results.

More stacked ring protein complexes with well-defined
structures should be studied utilizing SID and charge reduction
to check whether those ring structures can also be preserved.
Based on published SID results for GroEL 14-mer and SAP decamer,
plus the M. thermophila 20S proteasome results shown here, SID is
a useful activation method that splits intact rings from multi-ring
protein complexes.
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