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Investigation of the structure, assembly and function of protein-nucleic acid macromolecular
machines requires multidimensional approaches in both molecular and structural biology. Here
we describe new modifications to an Orbitrap mass spectrometer, enabling the high resolution
native MS analysis of 0.8-2.3 MDa prokaryotic 30S, 50S and 70S ribosome particles and the 9 MDa
Flock House virus. The instrument’s improved mass range and sensitivity readily exposes the
unexpected binding of the ribosome associated protein sra.

The use of hybrid approaches in structural biology, for instance cryo-electron microscopy and crosslinking mass
spectrometry, has yielded a tremendous amount of new insight in the workings of some of nature’s most intricate
molecular machines'-®. Native Mass Spectrometry (native MS)” can play an eminent role in the characterization of
these molecular machines by providing insight into their composition, modularity and ligand binding®-'°, revealing
structural details that might be elusive using other methods. However, owing to their high complexity and molecular
weight, analysis of these protein complexes requires a dedicated mass spectrometer that combines high mass
resolution, high mass range and high sensitivity. The recently introduced Extended Mass Range Orbitrap™ (EMR)
instrument!" was designed to address this need and has now been successfully used for systems in the 20-250
kilo-Dalton (kDa) range'213. Although this instrument could also successfully analyze whole viruses up to 4.5 mega-
Dalton (MDa), its low sensitivity at high mass to charge ratios (m/z) greatly reduced its applicability in analyzing
such particles''°,

Protein—nucleic acid complexes attain a relatively low number of charges during electrospray ionization as their
oligonucleotide components contribute to the mass but maintain little to no net positive charge (Figure 1a). This
property of protein-nucleic acid complexes, together with their high molecular weight, make them particularly
challenging to analyze with current native mass spectrometry instrumentation. Therefore, we set out to modify an
Orbitrap instrument with the aim to particularly improve the sensitivity at high m/z, thereby extending the upper
mass limit and enabling high-resolution accurate mass measurement of large protein—nucleic acid complexes.
Distinguishingly, the QE-UHMR (Q-Exactive Ultra-High Mass Range), as it is named, is based on the Q-Exactive
platform, but uniquely features a high mass quadrupole and several modifications enhancing the efficient detection
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of ions of very high m/z. To demonstrate its capabilities, we analyzed multiple high molecular weight protein—nucleic
acid assemblies: 30S, 50S and 70S E. coli ribosomal particles and authentic Flock House virus particles containing
genomic RNA.

Critical to successful native mass spectrometric analysis of large protein-nucleic acid complexes is the efficient
transmission of their ions, which exhibit very high m/z values, through the mass spectrometer to the detector. While
the Orbitrap mass analyzer has no theoretical upper m/z limit, transmission through radio frequency (RF) confining
multipoles greatly hampers the detection of high m/z ions. Our modifications (methods section), are aimed at
increasing the transmission and resolution of ions with an m/z ratio above 20,000. Briefly, focusing of ions is
enhanced by lowering the RF frequency of the instrument’s ion guides. In-source trapping of the ions provides
improved and controllable desolvation while focusing the ion cloud in the front end of the mass spectrometer. Finally,
transport of the high m/z ions from the C-trap into the Orbitrap mass analyzer is optimized to efficiently capture
them (Supplementary Fig. 1). The collective result of these modifications is a substantial increase in ion
transmission and an extension of the upper experimental m/z limit to more than double that compared to the EMR,
as can be shown through analysis of Hepatitis B virus like particles (Figure 1B, Supplementary Fig. 2a). Additionally,
the high mass quadrupole of the QE-UHMR allows isolation and fragmentation of protein complexes at very high
m/z values, enabling tandem MS analysis (Supplementary Fig. 2b-c)'®. Here, we demonstrate the enhanced
capabilities of this instrument through the analysis of several challenging protein—nucleic acid assemblies.

Prokaryotic ribosomes are large, protein-ribonucleic acid molecular machines responsible for the translation of
proteins from messenger RNA transcripts. They consist of two parts: the smaller 30S ribosome and the larger 50S
ribosome that assemble together in the presence of Mg?* ions into the 70S ribosome'®. The 30S ribosomes are
mainly responsible for translation initiation and consist of 21 proteins (RS1 to RS21) and a fragment of ribosomal
RNA (16S rRNA). The 50S ribosome, which contains the catalytic peptidyl transferase site, consists of 36 proteins
(RL1 to RL36) and two rRNA fragments (5S and 23S rRNA). The complete 70S ribosome reaches a molecular
weight of approximately 2.30 mega-Dalton'”. Structural investigation of E. coli ribosomes is challenging, not only
due to the size and molecular complexity of these molecular machines, but also due to their inherent heterogeneity.
Some ribosomal proteins may be present sub-stoichiometrically while other ribosome interacting proteins may be
recruited at the different stages of translation. Additionally, small modifications have been mapped to both the
ribosomal proteins and rRNA fragments'81°. A further challenge for native MS analysis is the requirement of Mg?*
ions to stabilize in particular the 70S particles, which causes significant peak broadening and signal suppression in
the resulting mass spectra. Notwithstanding the fact that the Robinson group reported impressive MS data on
ribosome particles already a decade ago?’?', mass spectra displaying the heterogeneity in the 30S and 50S
particles are absent and previously no mass could be assigned from the unresolved spectra of the 70S particles.

Here, we demonstrate a profound advancement in the native MS analysis of 70S, 30S and 50S ribosome particles
through the use of the newly developed QE-UHMR mass spectrometer. The enhanced transmission for high m/z
ions allows detection of high molecular weight complexes. Moreover, the gain in sensitivity allows the use of charge
reduction through the addition of triethylammonium acetate to the spray solution in order to further enhance the
mass resolving power'>?2, Figure 2a (top panel) shows the mass spectrum of intact E. coli 70S ribosomes in the
presence of 10 mM Mg?*, with ions centered around 36,000 m/z. The well-resolved series of charge states allows
determination of the accurate mass of the fully assembled 70S ribosome of 2316 + 1 kDa, which matches well with
the expected mass (2302 kDa). The mass deviation of 0.6% with the theoretical mass is partly attributable to
incomplete desolvation but is mainly caused by the non-specific adduction of the Mg?* ions.

Lowering the Mg?* concentration leads to disassembly of the 70S particles into the 30S and 50S particles (Figure
2a, bottom panel). Using the QE-UHMR, these native MS spectra revealed a number of previously hidden details.
The two most abundant 30S ribosome assemblies (788.59 + 0.08 kDa and 850.1 + 0.10 kDa) exhibit a mass
difference of approximately 61.50 kDa (figure 2B). The mass of 850.09 kDa is in good correspondence with the
expected mass for complete 30S particles (847.54 kDa) and we hypothesize that the mass of 788.59 kDa originates
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from the sub-stoichiometric presence of the RS1 protein (expected mass loss 61.2 kDa). The RS1 protein is loosely
associated to the 30S particles and is highly dynamic. Therefore, the protein is often intentionally removed before
crystallization and is absent in all high resolution cryo-electron microscopy reconstructions?. RS1 mediates the
interaction of the mRNA with the 16S rRNA and is essential for E. coli translation in vivo?*?°, We additionally
resolved two lower abundant 30S particles (793.75 + 0.08 and 855.26 + 0.05 kDa) that also display the partial
absence of the RS1 protein. However, the 5.16 kDa mass difference between the two sets of assemblies seems to
indicate the presence of a small ribosome interacting protein. Top-down tandem MS experiments of the 30S
ribosome particles (Figure 2d and Supplementary Fig. 3) provided a more accurate mass of 5095 Da which we
assigned to the ‘stationary-phase-induced ribosomal associated protein’ (sra, expected mass 5095.8 Da)'8. Bottom-
up LC-MS/MS analysis of all proteins present in the 70S ribosome preparation confirmed the presence of the sra
protein and revealed it to be the most abundant non-ribosomal protein in the preparation (Figure 2e). The sra protein
is a ribosome interactor that is bound to around 10% of the E. coli ribosomes during log phase growth, but this
increases to 40% when the bacteria enter stationary phase?®. Our measurements indicate that approximately 22%
of the 30S particles in the preparation have sra protein bound.

The majority of the significantly larger 50S ribosome particles (Figure 2c) exhibited a mass of 1389.7 + 0.15 kDa,
which is in good agreement with the expected molecular weight of a 50S particle without the stalk complex (50S —
RL10[RL7/12]4). This highly flexible structure consists of one copy of the RL10 protein bound by two heterodimers
of RL12 and RL7. The stalk complex, mediating the interaction of the ribosome with GTPase elongation factors, is
only partially annotated in the available high-resolution structural models and the RL7/RL12 proteins are the only
ribosomal proteins that do not directly interact with the rRNA?’. Dissociation of the stalk complex pentamer from the
50S ribosome has been observed before in MS experiments and may be more significant under low magnesium
conditions?'?8. We also detected a less abundant form of the 50S particles with a mass of 1431.5 + 0.65 kDa, which
fits best to 50S particles missing only a single RL7/RL12 heterodimer (50S — [RL7/12]2).

Taken together, our high-resolution native MS data clearly exposes the heterogeneity in the 30S and 50S particles.
The heterogeneity in these sub-particles may partly explain why the mass spectra of the 70S particles presented
here are less well-resolved, as they evidently represent the sum of the heterogeneous 30S and 50S particles. To
explore the limits of our QE-UHMR mass spectrometer even further we performed native MS analysis of Flock
House virus (FHV). FHV is an insect virus with a single stranded RNA (ssRNA) genome encapsidated by a protein
shell of 33 nanometers in diameter consisting of 180 copies of the 43.6 kDa capsid protein alpha (Cpd). The
segmented genome is formed by the 3107 nucleotide RNA1 that encodes an RNA-dependent RNA polymerase
and the 1400 nucleotide RNA2 that encodes the capsid protein?®. Together, the protein and RNA segments form
the virus with a theoretical mass of over 9 MDa. We analyzed the authentic virions of FHV purified after infection of
cultured Drosophila cells using native MS. Figure 3a shows the resulting mass spectrum, a clear series of sharp
and well-resolved charge states is observed around 42,000 m/z, a region inaccessible to the EMR''. Moreover, with
an average peak width at half height of around 70 m/z, the mass spectrum allows mass measurement with
unparalleled mass resolution. The accurate mass of FHV measured here is 9325.5 + 0.8 kDa, which agrees well
with the expected mass when assuming 180 copies of Cpa and the two RNA segments (9307.2 kDa). Strikingly,
top-down tandem MS experiments of the virions revealed the release of two proteins with masses of 39193.23 +
1.65 Da and 4394.61 + 0.5 Da (Figure 3b and Supplementary Fig. 4). These masses correspond well with the
masses expected for capsid protein beta and the membrane-permeabilizing gamma peptide, formed through auto-
proteolytic cleavage of Cpq during viral maturation®®3'. Since the native mass spectrum of the intact virion appears
to represent a relatively homogeneous population of virus particles, and no Cpq could be detected, we conclude not
only that the auto-proteolytic cleavage is complete but also that majority if not all peptide gamma copies remain
non-covalently associated to the capsid after they have been formed.

Here, we have described a new QE-UHMR mass spectrometer with a substantially extended mass range and
increased sensitivity and mass resolution at high m/z. This new instrument allows high-fidelity, hypothesis-free mass
analysis of E. coli ribosome particles revealing the sub-stoichiometric association of the elusive small protein sra.
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The exposed heterogeneity in the particles should enable native MS of ribosomal particles from both prokaryotic
and eukaryotic sources as a quality control step prior to subsequent analysis by electron microscopy or
crystallography. Furthermore, the well-resolved spectrum of the nearly 10 MDa Flock House virus exposed the fate
of the membrane lytic gamma peptide. This type of high-resolution native MS analysis could be extended to study
ribosomal binding of drugs, antibiotics and/or initiation/elongation factors, detection of low copy number viral
proteins such as polymerases or proteases, as well as to the analysis of numerous other complex macromolecular
machines. By improving the accessibility to this type of mass spectrometry research we foresee a significant
increase in its application in future hybrid structural biology studies.
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Figure 1 | Increased sensitivity for high m/z ions enables high-resolution mass analysis of protein—nucleic acid macromolecular
machineries. a. Ratio of the measured and expected m/z value for a number of protein assemblies (blue) and protein-nucleic acid assemblies
(orange, RNA content as a percentage of the molecular weight). The values for protein-only assemblies are taken from literature. b. lon
transmission efficiency plotted against m/z values for the QE-UHMR (orange) and the EMR (blue). The average m/z values of several protein (-

nucleic acid) complexes have been annotated, assemblies measured in this work are labeled with an asterisk.
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Figure 2 | Accurate mass measurement of
70S, 50S and 30S ribosome particles. (a)
Left: structures of the E. coli 70S ribosome
consisting of the 50S (proteins in blue and
rRNA in cyan) and 30S (proteins in red and
rRNA in orange) particles. Right: native mass
spectra of the 70S, 30S and 50S ribosomes.
Charge states of all these particles were well-
resolved even at 36,000 m/z. (b) Distinct
particles of the 30S ribosome. Masses are
shown as mean * s.d. (c) Distinct particles of
the 508 ribosome. In most of the particles the
pentameric stalk complex is absent. (d) Q-ToF
tandem MS spectra reveal the release of the
sra protein and the RS6 protein that has a
variable number of glutamate residues at the
C-terminus. (e) Abundance of proteins in the
ribosome preparation. The sra protein is
substantially more abundant than other stress
related proteins (raiA, RsfS and hpf) or
common ribosome interacting proteins (see

also Supplemental table 5).
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c) Q-ToF tandem MS of the FHV particles reveals that the capsid protein alpha in the particles is fully cleaved into the capsid protein beta and

the gamma peptide. Structure of the FHV 5-fold symmetry axis (PDB entry 4FTE) shows the capsid protein beta (blue) and the cleaved peptide

gamma (yellow).
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