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Abstract

Characterization of large molecular machines, such as the ribosome, under a breadth of biological
states to elucidate regulatory details remains challenging. Herein, a workflow combining complex-
up native mass spectrometry (nMS) with infrared multiphoton dissociation (IRMPD) and top-
down proteomics (TDP) was developed to enable the rapid and direct characterization of
ribosome heterogeneity. Preferential unfolding and fragmentation of rRNA by IRMPD enabled
proteoform-resolved characterization of £. coliribosome heterogeneity across growth states
revealing ribosomal protein (RP) heterogeneity in unprecedented detail. TDP characterization

of isolated RPs enabled confident proteoform characterization and facile interpretation of the
IRMPD spectra. Additionally, differences in proteoform relative abundances determined by
complex-up nMS and TDP reveal proteoform specific changes in relative interaction strengths.
This experimental framework paves the way to a more rapid understanding of the diverse
regulatory mechanisms conferred by ribonucleoprotein heterogeneity, including the role of RP
composition and post-translational modification (PTM) heterogeneity in modulation of translation
efficiency and specificity.

Precise temporal and spatial control of protein expression via regulation of the translation
machinery is critical to cellular energy conservation and adaptation to environmental
stresses.} Emerging evidence suggests heterogeneity in ribosome composition provides
enhanced regulatory capacity in the form of specialized compositions that, for example,
yield preference for specific mMRNAs, modulate translation speed and accuracy, and
ribosome subcellular localization.2"” Sources of heterogeneity include ribosomal RNA
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(rRNA) sequence and modifications, RP stoichiometry and PTMs, and ribosome-associated
proteins (RAPS). Native mass spectrometry has emerged as a powerful tool for

probing the structure and composition of macromolecular assemblies and informing
high-resolution structure determination.8-19 Landmark publications from Robinson and
co-workers demonstrated the utility of nMS measurements of the ribosome and its
subunits!1-13 for greater mechanistic understanding.14-18 Additionally, recent advances in
instrumentation dedicated to nMS have enabled Heck and co-workers to measure large
biomolecular assemblies, including the ribosome, with unprecedented resolution, accuracy,
and sensitivity.19-22 While nMS generally provides putative identification of assemblies,
subcomplexes, and subunits based on intact masses, TDP enables direct characterization

of subunit proteoforms23 for determination of primary structure and combinatorial
modifications.242> Recent studies have highlighted the advantages of integrating TDP into
workflows to achieve more extensive characterization of RPs, subcomplexes, and cation
binding sites.26-28 Despite these advances in the measurement of intact ribosomal assemblies
and characterization of ribosomal proteins, limited progress has been made to enable direct
elucidation of heterogeneity at the assembly level.

Here, we present the development of a combined approach using complex-up?® nMS with
IRMPD and TDP as a powerful framework for dissecting ribosome heterogeneity. IRMPD
yielded efficient dissociation of intact 30S and 50S subunits of £. coliribosomes via
preferential unfolding and fragmentation of the rRNA to liberate abundant RPs and RAPs.
Proteoform characterization by TDP combined with complex-up nMS revealed ribosome
heterogeneity in exquisite detail and provides a new approach to proteoform-resolved
relative interaction strengths.

Top-down proteomics was first performed to characterize the proteoforms present in £. coli
strain B ribosomes (Table S1). High-resolution nMS measurements of the intact 30S and
50S subunits (Figure 1A) contain baseline-resolved charge states that reveal three major
species for each subunit. The most abundant 30S subunit species correspond to the complete
30S subunit plus stationary-phase-induced ribosome-associated protein (SRA) and the 30S
subunit containing the addition of SRA and the loss of S1. A minor species also shows the
loss of S1 and S2. These observations are supported by the substoichiometric ratio of S1 due
to its weak and reversible association with the 30S subunit and additional nonribosomal
functions.30-32 The most abundant 50S subunit species corresponds to the intact 50S
subunit. Two additional abundant 50S subunit species were observed that correspond to

the complete loss of the L10(L7/L125), stalk complex and the loss of L1 with addition of
the RAP RsfS (ribosome silencing factor RsfS). Despite the high quality of the intact mass
measurements of the 30S and 50S subunits, a significant degree of heterogeneity in the form
of combinatorial subunit composition, RP PTMs, rRNA modifications, cation binding, etc.,
is masked within the charge state distributions of these state-of-the-art measurements.

As a large ribonucleoprotein complex, the distinct chemical properties of the rRNA and
protein components of the ribosome were exploited to enable efficient subunit dissociation.
Our hypothesis was that IRMPD would yield preferential unfolding and fragmentation of the
rRNA accompanied by the efficient release of intact RPs and RAPs. Previous studies have
shown that the P—O bonds in phosphorylated polypeptides and oligonucleotides are strong
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chromophores for 10.6 xm photons. Additionally, DNA/RNA fragment more readily than
phosphorylated polypeptides due to phosphodiester bonds between every residue, yielding
far greater absorption cross sections.33:34 Experimental parameters under which covalent
bond cleavage was only expected for rRNA were refined using model phosphorylated
peptides/proteins and RNAs (Figures S1 and S2).

Figure 1B and 1C show complex-up nMS IRMPD spectra of mass selected 30S and 50S
ribosomal subunits, respectively. IRMPD yielded near complete dissociation of both 30S
and 50S subunits and extensive release of the constituent RPs and RAPs. The low mlz
regions of the IRMPD spectra are dominated by abundant charge state distributions of

the ejected proteins, and ultrahigh resolving power mass analysis enabled facile charge
deconvolution and monoisotopic mass determination (inset panels of Figure 1B and C). The
determined masses were assigned to RPs and RAPs with mass errors less than 2 ppm based
on proteoforms determined by TDP. Annotation of the IRMPD spectra immediately revealed
heterogeneity in RP PTMs, truncated RPs, and confirmed the presence of the RsfS. Another
striking characteristic of the IRMPD spectra is evidence for asymmetric charge partitioning
in the released RPs and RAPs resulting from the slow heating induced by IRMPD.3%:36

The high charge and low 77/ z of the released proteins indicate the possibility of significant
vibrational energy transfer from the rRNA to the proteins in addition to direct photon
absorption by proteins during the 10-40 ms process. Overall, IRMPD liberated greater than
60% of the core 30S and 50S ribosomal proteins and the RAP RsfS (Figures S3, S4).

Figure 2 shows structures of 30S and 50S subunits with the proteins observed in the IRMPD
spectra highlighted in red. To rationalize which RPs and RAPs were observed and the
relative intensities of the observed proteins, we examined the interface surface areas of

the proteins in available high-resolution structures of free 30S and 50S subunits. For the
50S subunit, we found the fraction of protein surface area involved in interfaces to be

a reasonable predictor of observation and relative abundance. Tables S2 and S3 contain
parameters related to the interaction of RPs with rRNA and other RPs, such as surface area,
hydrogen bonds, etc., calculated using PDBe PISA v1.52. For example, L9 was one of the
most abundant proteins observed in the IRMPD spectrum of the 50S subunit (Figure 1C)
along with loosely associated stalk complex proteins L7, L12, and L10. This intuitively
makes sense due to L9 association with the 23S rRNA via a small interface, 4.9% of total
surface area of L9, at the end of its elongated structure, as seen in Figure 2B. Of the

13 50S RPs observed in IRMPD and in the crystal structure, ten of them had interface
surface areas corresponding to less than 35% of their total surface area. Contrarily, RPs
L34 and L35 are buried within the folds of the 23S rRNA tertiary structure and have
fractional interface surface areas of 55% and 47%, respectively. Observation of these RPs
would require significant unfolding of the 23S rRNA. Interestingly, RP L20 was observed
in the IRMPD spectra, despite having the largest fractional interface surface area, 56%.
The elongated helical structure of the N-terminal portion of L20 is enveloped by folds of
the 23S rRNA. However, these folds are at the surface of the 50S subunit and likely more
readily disrupted to enable the release of L20 from the complex. Protein appearance energies
and intensities from energy-resolved IRMPD experiments (Figure S5) further illustrate the
sensitivity of IRMPD to subunit interface area and interaction strength.
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To demonstrate the utility of our combined nMS and TDP approach, we characterized
ribosomes isolated from £. colistrain K12 grown to mid-log, late-log, and stationary phase
by complex-up nMS and TDP. Native mass spectra of the intact 30S and 50S subunits

and IRMPD spectra of the mass selected subunits are provided in Figures S6 and S7.
Efficient and extensive dissociation of the subunits by IRMPD enabled a comparison of RP
proteoform relative abundances at different growth phases (Figure 3). Although the exact
function of C-terminal glutamylation of S6 is unknown, it is well-established that the extent
of glutamylation changes only during stationary phase in £. coli3" The intensity-weighted
number of C-terminal glutamylation was 0.755 + 0.003, 0.726 + 0.005, and 1.828 + 0.008
for mid-log, late-log, and stationary phase, respectively, and is in agreement with previous
studies. Similarly, the L7:L12 ratio is known to increase during the course of cell growth via
exchange of L12 and L7 (N-terminal-acetylated L12) monomers within the L10(L7/L125),
stalk complex.16:38 We observed L7:L12 ratios of 2.15:1, 4.29:1, and 14.0:1 for ribosomes
isolated from cell cultures in mid-log, late-log, and stationary phase, respectively. This is
consistent with understanding that N-terminal acetylation tightens interactions with L10

to increase the stability of the stalk complex during stationary phase.16:39 These results
were compared to proteoform relative abundances determined by TDP (Table S4) to further
investigate the accuracy of proteoform relative abundances determined by complex-up nMS
with IRMPD.

Strong agreement was observed between complex-up IRMPD and TDP on the intensity-
weighted number of C-terminal glutamylation on S6 and L7/L12 compositions, except in
one case. The C-terminus of S6 does not interact with other components of the ribosome.
Consequently, a high degree of agreement is expected and observed for all S6 proteoforms
during all phases of cell growth (Figure 4A). TDP is expected to give “true” proteoform
relative abundances, because the analysis is performed under denaturing conditions w onne
qu cromaograpy separation of the proteins. However, variations in interactions of the RPs,
perhaps modulated by PTMs, with rRNA or other RPs are expected to impact proteoform
abundances observed in complex-up nMS analysis due to varying strengths of interactions
within the assembly.

This is highlighted by the marked difference in the L7:L12 ratio (49:1 by TDP compared to
14:1 by complex-up IRMPD) determined during the stationary phase (OD 1.37, Figure 4B).
As discussed above, N-terminal acetylation in L7 is known to stabilize interactions between
the N-terminal domain of L7 and L10, the anchoring point of the stalk to the 50S subunit.
The underestimation of L7 abundance by complex-up nMS with IRMPD is attributed to

the increased stability of the L7-rich stalk complex and reduced yield of L7 monomers

in the IRMPD spectra. In the context of translation down-regulation during stationary
phase, a more rigid stalk complex may reduce efficiency of translation factor recruitment
and represent one of the many likely concomitant mechanisms for reducing translation
efficiency. Additionally, these results illustrate the potential for the combination of complex-
up nMS with IRMPD and TDP determined RP relative abundances to provide proteoform-
resolved interaction strengths in the context of very large, heterogeneous assemblies. This is
specificity that might only be attainable by native mass spectrometry.
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In summary, we developed a combined complex-up nMS and TDP workflow for direct
characterization of ribosome heterogeneity using £. coli as a model system. However,

the methodology is completely transferable to eukaryotic and archaeal ribosomes and is
applicable to ribonucleoproteins in general. We envision this approach playing a critical role
in characterization of ribonucleoprotein composition and discovery of associated proteins,
e.g., new classes of ribosome hibernation factors,%0 as well as providing critical biophysical
information that links specific proteoforms to regulatory mechanisms.
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Figurel.

Intact mass measurement of £. co/i 30S and 50S ribosomal subunits (A). Masses are shown
as the mean and standard deviation. Complex-up IRMPD spectra of 30S (B) and 50S (C)
subunits with red boxes indicating the precursor m/z selection window. The inset spectra
show zoomed-in regions of the IRMPD spectra containing intact RPs ejected from the
subunits and charge deconvolved mass spectra with partial annotation.
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B
55 rRNA

Figure2.
Structures of £. coli30S (A) and 50S (B) ribosomal subunits rotated 180° (left and right),

based on structures 7OE1 and 6PJ6 and adapted using Pymol. RPs observed and not
observed in the complex-up IRMPD analyses are highlighted in red and black, respectively,
and rRNA is shown in gray. RPs L1, L7/L12, L10, and L31 were observed but are not
present structures. RPs L34, L35, and L36 are buried within the folds of 23S rRNA.
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Figure 3.

Charge deconvolved complex-up IRMPD spectra of RPs S6 and L7/L12 demonstrating
changes in proteoform abundance as a function of growth phase for ribosomes isolated from
E. coli K12 cell cultures grown to ODgqq values of 0.22 (A), 0.57 (B), and 1.37 (C). E
indicates the number of C-terminal glutamylations, Me indicates lysine methylation, and Mg
indicates a Mg2*-bound species.
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Comparison of proteoform relative abundances determined by complex-up IRMPD and
top-down proteomics (TDP) based on six replicate analyses for each approach. The number
of S6 C-terminal glutamylations (A) and the stalk complex L7:L.12 composition (B) for

E. coli K12 ribosomes isolated from cultures with varying optical density at 600 nm.

Boxes represent 25-75 percentile, and whiskers indicate 99% confidence intervals. *S6
glutamylation at 1.37 optical density is significantly different, but this is an artifact of low
S/N of the tetra-glutamylation species in TDP precluding charge deconvolution.
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