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Interpretation of anomalously long crosslinks in
ribosome crosslinking reveals the ribosome
interaction in stationary phase E. colif
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Crosslinking mass spectrometry (XL-MS) of bacterial ribosomes revealed the dynamic intra- and
intermolecular interactions within the ribosome structure. It has been also extended to capture the
interactions of ribosome binding proteins during translation. Generally, XL-MS often identified the
crosslinks within a cross-linkable distance (<40 A) using amine-reactive crosslinkers. The crosslinks
larger than cross-linkable distance (>40 A) are always difficult to interpret and remain unnoticed. Here,
we focused on stationary phase bacterial ribosome crosslinking that yields ultra-long crosslinks in an
E. coli cell lysate. We explain these ultra-long crosslinks with the combination of sucrose density
gradient centrifugation, chemical crosslinking, high-resolution mass spectrometry, and electron
microscopy analysis. Multiple ultra-long crosslinks were observed in E. coli ribosomes for example
ribosomal protein L19 (K63, K94) crosslinks with L21 (K71, K81) at two locations that are about 100 A
apart. Structural mapping of such ultra-long crosslinks in 70S ribosomes suggested that these crosslinks
are not potentially formed within one 70S particle and could be a result of dimer and trimer formation
as evidenced by negative staining electron microscopy. Ribosome dimerization captured by chemical
crosslinking reaction could be an indication of ribosome-ribosome interactions in the stationary phase.
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Introduction

The bacterial protein translational machinery is primarily
driven by 70S ribosome and ribosomal binding factors. Several
other non-ribosomal proteins transiently bind/interact with
70S ribosomes during the process of initiation, elongation,
and termination of protein synthesis."”” Both bacterial and
mammalian cells control the protein synthesis via dimerization
of 70S ribosome to a 100S ribosome.> The 70S ribosome
dimerization is mainly facilitated by the binding of hibernation
promoting factor (HPF) and preserves the essential protein
functions of the ribosome. This ribosome dimerization mainly
occurs in the stationary phase of cell growth where the protein
translation rate is lower due to the resting 100S ribosomes.
The Cryo-EM structure of 100S ribosome dimer is determined
in Thermus thermophilus, B. subtilis, and S. aureus which is
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facilitated by HPF and may be required for maintaining the
active ribosomes for the next cycles of translation.*”® This is
also an important step in the cell cycle for the survival of E. coli
cells and to avoid ribosome stalling due to amino acid scarcity.
Ribosome dimers were found to be connected through the 30S
subunit and the ribosomal proteins S2, S3 and S5 were critical
for the 100S dimerization process.” At the stationary phase of
the E. coli growth cycle, the ribosome modulation factor (RMF)
and the hibernation promoting factor (HPF) are known to
reversibly bind 70S ribosomes to form and promote the for-
mation of 100S ribosome dimerization.”® The 100S ribosome
particle is translationally inactive due to blockage of peptidyl
transferase center and peptide exit tunnel by binding of RMF
and HPF.’ This inactivation state of the ribosome at the
stationary phase of the bacterial cell cycle is also known as
ribosomal hibernation. The RMF and HPF are released from
100S and 70S ribosome activity is restored when the cell
regrowth is initiated."®* The existence of ribosome dimeriza-
tion was also detected during the exponential phase of the cell
cycle in Staphylococcus aureus and Lactobacillus paracasei.”*
Ribosome dimerization evidence and mechanism are well
studied in E. coli and Thermus thermophilus.”** All reported
evidence of the ribosome dimerization is based on the presence
of 100S particles in a sucrose density gradient and the cryo-
transmission electron microscopy (cryo-TEM).>'" Recently, the
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ribosomal proteins S2 and S3 were discovered as the point of
contact between two 70S ribosome particles in 100S
dimerization.* However, this does not provide direct evidence
of interacting amino acid residues. To gain more insight into
the involvement of ribosomal proteins and respective residues
we designed the study to capture the ribosome dimer and
tried to rationalize the ultra-long crosslinks by combining the
sucrose density gradient, electron microscopy, chemical cross-
linking, and high-resolution mass spectrometry.

The XL-MS techniques have been actively utilized in the field
of protein biochemistry and proteomics to study the protein-
protein interaction and their topologies.">" The usage of
distance constraints obtained from the XL-MS in structural
biology is rapidly increasing to gain insights into low-resolution
protein structures.'®'” Most of the chemical crosslinkers
include the N-hydroxysuccinimide (NHS) esters as the main
reactive group that can selectively react with primary amine
groups of the proteins."® These are commonly used crosslinkers
that covalently link the interacting functional group within the
approximate distance in the protein. In the present study, we
have used an ETD-cleavable homo-bifunctional thioimidate
cross-linking reagent, diethylsuberthioimidate (DEST), which
can effectively crosslink the proteins under physiological
conditions.*** DEST has an 11 A spacer arm and crosslinks
to primary amines without altering their native basicity.
The total cross-linkable distance is ~24 A including lysine
side chains (~6.5 A) is similar to commercially available cross-
linkers. Recently, many MS cleavable and enrichable cross-
linkers were introduced for definitive identifications of cross-
links and to reduce the challenges in the conventional peptide
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fragmentation methods.'®**® Modern mass spectrometers
with Electron Transfer Dissociation fragmentation with supple-
mentary activation of HCD (EThcD) led to the best sequence
coverage for highly charged cross-linked peptides.”® These
advancements in crosslinking mass spectrometry are utilized
in this study to obtain more insight into ribosome dimerization
and involvement of ribosomal proteins and respective amino
acid residues at the stationary phase of the bacterial cell cycle.
In this study, we present evidence of ribosome dimer formation
at the stationary phase of E. coli that potentially explains the
formation of ultra-long crosslinks observed in the ribosome
crosslinking.

Results and discussion

Chemical crosslinking of the ribosome captured the dimers
and trimers

The stationary phase E. coli K12 cells were lysed, diluted, and
divided into two parts, one part was used as a control (not
crosslinked), and the other was used for the crosslinking
reaction with DEST. The ribosomes were isolated and purified by
the sucrose cushion and sucrose density gradient centrifugation
methods from crosslinked and control cell lysate. The sucrose
cushion centrifugation was employed to collect all ribosomes
followed by a 10-50% sucrose density gradient. The sucrose density
gradient profile peaks corresponding to the 70S ribosome mono-
mer, dimer, and trimer were isolated and analysed by negative
staining electron microscopy and high-resolution mass spectro-
metry. The overview of the ribosome crosslinking and mass
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Fig. 1 Ribosome XL-MS workflow. The stationary phase E. coli ribosomes are crosslinked with DEST. Crosslinked proteins are digested with trypsin
followed by crosslinked peptide enrichment using SCX chromatography and high-resolution mass spectrometry data acquisition with four different

methods of precursor fragmentation.
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Fig. 2 (a) Sucrose density gradient fractionation of non-crosslinked (control)
and the crosslinked ribosome. Both crosslinked and non-crosslinked
ribosomes were purified with a 10-50% sucrose gradient. Dimer and
trimer peaks were the result of crosslinking. (b) 70S monomeric ribosome
particles, dimer, and trimer peaks were analyzed using negative staining
electron microscopy.

spectrometry analysis workflow is given in Fig. 1. The control
sucrose density gradient profile which has no crosslinker added
only yields three peaks corresponding to 30S, 50S, and 70S
ribosome particles (Fig. 2(a)). Interestingly, we did not observe
the polysome peaks in the control ribosome sucrose density
gradient. Polysomes are the multiple 70S ribosome particles held
together by mRNA. The stationary phase of the E. coli sucrose
density gradient generally comprises more polysomes than the 70S
monomer when the cell lysate was directly layered on a sucrose
density gradient.”” The absence of polysome may be due to the two-
step ribosome isolation and purification procedure. In contrast, the
sucrose density gradient of the crosslinked ribosomes yields two
additional peaks at the place of the polysomes that were pooled
separately and analysed by negative staining cryo-electron micro-
scopy and mass spectrometry (Fig. 2(b)). These peaks appeared to
be dimers, trimers, and tetramers generated after the crosslinking
reaction with DEST. Previously, it was shown that the non-
translating 70S ribosome particles form 100S dimers with HPF
and RMF at the stationary phase and under stressed conditions.>”
In this experiment, we did not observe any crosslinks of HPF, or
RMF to ribosomal proteins; however, we did observe a few peptides
and dead-ends of HPF and RMF in the crosslinked sample
which suggests the transient interactions of these proteins to the
stationary phase ribosome (Table S1, ESIt). The 100S particle may
have dissociated during the two-step ribosome isolation but the
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interacting ribosomes which were held by mRNA were captured by
DEST crosslinking. The presence of crosslinked 70S particles was
confirmed by negative staining cryo-electron microscopy. The
additional evidence of the 30S and 508S link via ribosomal proteins
S19 and L31 was obtained by high-resolution mass spectrometry
analysis of these crosslinked proteins. The deep analysis of dimer
and trimer peaks yields some ultra-long crosslinks that are con-
sistent with electron microscopy observations. The data strongly
suggest that upon chemical crosslinking, transiently interacting
ribosomes are captured in the form of dimers, trimers, and
tetramers at the stationary phase of E. coli.

DEST crosslinked ribosome dimers do not dissociate in a low
magnesium sucrose density gradient

The stationary phase of the bacterial cell is the equilibrium
between the numbers of dividing and dying cells when the
protein translation rate is much lower than that of the
exponential phase. The majority of ribosomes are resting but
still held on mRNAs as polysomes.”® We did not observe the
polysomes peaks in the sucrose density gradient using our
conditions of ribosome isolation. However, upon DEST cross-
linking of the cell lysate yield dimers and trimers peaks in a
sucrose density gradient. Furthermore, we checked whether the
resultant dimers and trimers dissociate in a low magnesium
sucrose density gradient before analysing them via electron
microscopy and mass spectrometry. The divalent magnesium ions
(Mg”*) are essential for neutralizing the charge on ribosomal RNA
(rRNA) and stabilization of 70S ribosome particles. The lower
concentration or complete removal of Mg®* causes ribosomes
to disassemble into the 30S and 50S particles.”® We applied
the dimer and trimer samples on the low magnesium sucrose
gradient to see how the highly crosslinked dimer and trimer
particles dissociate into 70S monomers or 30S and 50S particles.
Interestingly, the crosslinked ribosome, dimer, and trimer
partially dissociate into the 30S and 50S particles in the low
magnesium sucrose density gradient (Fig. 3). The partial dissocia-
tion of the crosslinked ribosome, dimer, and trimer particles
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Fig. 3 Sucrose density gradient of crosslinked and non-crosslinked
(control) ribosomes with high (10.5 mM, orange curve) and low magne-
sium ions (1 mM). Crosslinked ribosomes (XL) do not completely dissociate
in a low magnesium sucrose gradient (blue curve). In the control sample,
70S ribosomes dissociate into 30S and 50S subunit particles in low
magnesium as shown by the black curve.
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confirmed that the non-crosslinked particles dissociated but
the highly crosslinked ribosome particles did not completely
dissociate. It also suggests that a greater number of inter-
molecular crosslinked proteins keep ribosome particles intact in
low magnesium. The crosslinked ribosomes isolated by a high
magnesium sucrose density gradient were further analysed via
high-resolution mass spectrometry with previously developed four
fragmentation methods.”> The mass spectrometry analysis of
cross-linked peptides from ribosome dimer and trimer fractions
identifies some ultra-long crosslinks of ribosomal proteins, that
are far beyond the cross-linkable distance of DEST.

Chemical crosslinking could capture the ribosome-ribosome
interactions

Mass spectrometry data acquisition of crosslinked peptides
using the four-fragmentation mass spectrometry method and
in-house developed crosslinked peptide search algorithm were
employed for confidant identification. This novel approach
used to obtain the complete fragmentation information of the
crosslinked peptide by CID, HCD, hcd, and ETD is extensively
discussed previously.*>?° The target and decoy 70S ribosomal
protein database was created from the most recent E. coli K12
proteome downloaded from the Uniprot database. The 70S
ribosome crystal structure (4YBB) coordinates from the PDB
database were added to the searching algorithm to accurately
calculate the distance of cross-linked residues. The distance
restraints obtained from XL-MS analysis are particularly impor-
tant to determine the molecular proximity, topology, and
relative orientation of individual ribosomal proteins in the 70S
ribosome.*’ XL-MS provides definitive binary interaction data
(e.g., subunit A is close in space to subunit B) and spatial
restraints between proteins with a resolution of several amino
acids at the primary sequence level (limited by the location
of cross-linkable residues). These restraints are in the range of
7-30 A, with a median distance of approximately 15 A for the
most commonly used lysine-reactive reagents and slightly
shorter for carboxyl-reactive hydrazides and zero-length
crosslinks.>* We observed several cross-linkable (short dis-
tance) intra- and inter-molecular crosslinks from the dimer
and trimer ribosomes most of which were previously observed
(Fig. S1 and Table S2, ESI{).>%?

Lauber and Reilly isolated the ribosomes from E. coli K12
and cross-linked them with DEST. They observed 52 intra-
protein and 19 interprotein crosslinks within the 30S or 50S
subunits. However, the linkage between these two subunits
proteins was not observed.?® Ji et al. reported 132 intra-protein
and 84 interprotein crosslinks confidently identified with 1%
FDR from the ribosome using the XLSearch algorithm.?*> The
majority of these short crosslinks also observed and identified
confidently in the current experiment. Multiple interprotein
crosslink of L9-L28 at different amino acid residues observed
by Lauber and Reilly and Ji et al. also observed in the current
experiment. In the current experiment, we observed more intra-
protein crosslinks than interprotein crosslinks which is con-
sistent with the previously reported crosslinks. However, there
are few short intra- and interprotein crosslinks that Lauber and
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Reilly observed were not observed in the current experiment or
vice versa due to the different experimental conditions. Tuting
et al. reported 115 intra-protein cross-links and 71 interprotein
cross-links that are within the cross-linkable distance threshold
(30 A for intra- and 37.5 A for inter-molecular cross-links).>

In our current approach to confidently identify the cross-
links, we fragmented the precursor ions with CID, HCD with
different energies and mass ranges, and ETD with supplemental
HCD energy (EThcD). One precursor yielded four MS2 spectra
that were searched for crosslinked peptide pairs. DEST cross-
linked peptides preferentially dissociate at the amidine group in
ETD yielding mass pairs of Peptide-NH2 (P-NH2) and Peptide +
Linker + NH3 (P + L + NH3) of both constituent peptides that
were the prerequisite to qualify for the real DEST crosslinks.
CID and HCD MS2 spectra provide a series of fragment ion
information that is needed to identify the crosslinked peptide.
The hed MS2 with a lower mass range and higher energy yields
more internal fragment ions and immonium ions which pro-
vides the complementary information of the individual residues
present in the crosslinked peptides. This four-fragmentation
mass spectrometry approach provides a simple but reliable
and confident identification of cross-links. We reliably identified
about 100 short-distance intra- and intermolecular crosslinks in
70S ribosome dimers and trimers. The distances (Co—~Ca) within
the range of 5-30 A of cross-linked residues were considered the
short crosslinks and mapped separately in the 70S ribosome
crystal structure (Fig. 4 and 5). The crosslinking distance of
the unresolved proteins or residues in the crystal structure are
not calculated and labeled as NA in the final crosslink list.
For instance, the initial 10 residues of ribosomal protein S11
were not resolved in the 4YBB crystal structure. We observed
the crosslink between the residues K3-K14 and A2-K14 of S11. It
was previously shown that the initiator methionine is cleaved by
aminopeptidase and the second residue alanine was methylated.**
Our observation of initiator methionine removal and crosslinked
second residue alanine with K14 shows the flexibility of the
N-terminal domain of S11. This could be the reason that the
S11 N-terminal domain was not resolved in the crystal struc-
ture. Additionally, the crosslink distance between L1 and L15
was not calculated in Table S2 (ESIT) due to the absence of L1 in
the 4YBB crystal structure.

We observed 17 interprotein ultra-long crosslinks in dimer
and trimer ribosomes. The linkage between the 30S and 50S
subunits found between ribosomal protein S19 and L31 situ-
ated on the surface of the interface were observed crosslinked
via lysine (519 (K29)-L31 (K70)) (Table 1). The lysine (K70) is
situated at the C-terminal domain of L31 and is still unresolved
in the crystal structure. The C-terminal domain of L31 was found
to be highly flexible and have two distinct conformations.** This
is consistent with our observed short crosslink between K62 and
K70 of ribosomal proteins L31 (Table S2, ESIt) and the crosslink
between L31 and S19. The L31 C-terminal domain interacts
simultaneously with S19 and itself at K62-K70. In the 4YBB
70S ribosome crystal structure the L31 is not resolved, and
therefore the distance between S19 and L31 is not calculated.
This linkage has recently been mapped by data-driven homology

RSC Chem. Biol., 2022, 3, 886-894 | 889
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Fig. 4

(a) Ultra-long crosslink between ribosomal proteins L19 and L21. (b) The crosslinked peptide is confidently identified by four different

fragmentation methods. CID and HCD spectra give a series of b and y ions. The EThcD spectrum confirms the partially fragmented crosslinked peptide
mass pairs and additional confirmation by the presence of immonium ions in the hcd spectrum.

modeling and the distance has been calculated.’> Our short
(L31, K62-K70) and long crosslinks ((S19, K29-L31, K70)) corro-
borate with their observation and confirm the binding of the L31
C-terminal domain to the S19 during the assembly of the
ribosome.

Ultra-long intermolecular crosslinks

About 100 short-distance crosslinks were observed in the
ribosomal proteins within the cross-linkable distance (5-30 A)
of the DEST crosslinker (Table S2, ESIt). The DEST crosslinker
has an 11 A spacer arm which leads to ~24 A cross-linkable
distance. The crosslinks beyond the cross-linkable distance are
often rationalized by the flexibility of the protein domains in

890 | RSC Chem. Biol., 2022, 3, 886-894

the solution and live cells. The observed ultra-long crosslinks
cannot be explained by the flexibility of protein domains, but
rather suggest the novel ribosome-ribosome interactions at the
stationary phase of the E. coli. The crosslink between 30S
subunit ribosomal protein S4 (K156) and 50S subunit riboso-
mal protein L17 (K35) is 171 A long. Both proteins are located
on the opposite side of the ribosome and this linkage is not
possible within one ribosome particle. In order to crosslink
with these residues, the other ribosome particle must be in its
proximity which strongly suggests that there could be transient
interaction between two ribosome particles. At the same time,
S4 (K156) also crosslinks with the ribosomal protein L22 (K98)
which is also approximately 177 A. Ribosomal proteins L17 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The ultra-long crosslinks (>40 A) are mapped in the 70S ribosome
crystal structure (PDB 4YBB) using the PyXlinkViewer plugin in PyMOL
v2.4.1 — Schrodinger, LLC.

L22 are closer and may interact with S4 simultaneously.
The ribosomal particles orient in such a way that S4 can easily
crosslink with L17. Recently, S4 protein was demonstrated to be
more flexible than other ribosomal proteins and forms a
capped ring around the RNA-exit tunnel with Nus-factors
SuhB.*

Lauber et al demonstrated the 30S subunit ribosomal
protein S1 crosslink with small subunit proteins S2, S3, S6,
S7, S9, S18, S19, and S21.>' Recently, Tuting et al. remodeled
the S1 interactions and found new crosslinks with S10, L9, and
L1 ribosomal proteins.** We found the C-terminal domain of S1
(K555) crosslink with the large subunit 50S ribosomal protein
L27 (K4). Since the S1 protein is not structurally characterized
in many of the 70S ribosome crystal structures including 4YBB,
the crosslink L27 (K4) and S1 (K555) is not mapped and not
able to rationalize.

We observed multiple redundant ribosomal protein L19
(K63) crosslinks with L21 (K81) and L19 (K94) crosslinks with
L21 (K71) (Fig. 4 and 5). These proteins are about 100 A away

Table 1 Ultra-long crosslinks (>40 A) observed in ribosomal proteins
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2 3

Fig. 6 Proposed ribosome dimer interaction models (1, 2, and 3) con-
structed using the PDB 4YBB crystal structure in PyMOL v2.4.1 — Schro-
dinger, LLC. The locations of ribosomal proteins/residues and the crosslink
distance are approximate based on the crystal structure.

and situated opposite to each other in the 70S ribosome crystal
structure. Their linkage is not possible in one ribosome struc-
ture. Similarly, the ribosomal L17 (K121) crosslinked with L33
(A2) where the starting methionine of L33 is cleaved off, and the
N-terminal of the second residue alanine is available to cross-
link with ribosomal protein L17 (K121) which is also over 100 A
apart. The accurate distance was not calculated due to the lack
of the first three residues of L33 in the 4YBB crystal structure.
Also, the C-terminal domain (K233) of small subunit protein S3
is crosslinked with 50S subunit protein L28 (K54). Interestingly,
this is another linkage observed between the small subunit and
the large subunit but the C-terminal domain of L33 is not
resolved in the crystal structure and is not able to map the
crosslink distance.

The presence of an ultra-long crosslink in the 70S ribosome
proteins strongly supports the inherent plasticity of the 70S
monomer in response to a variety of stress conditions. The
stationary phase is a typical nutrient limiting stage where 70S
ribosomes form the 100S dimer after binding of HPF and RMF.
Upon reliving of stress conditions, 100S particles dissociate
into the 30S and 50S subunits.>® We crosslinked at the sta-
tionary phase and captured the dimers and trimers that were
still resting on mRNA or accumulated in the stationary phase

Trap m/z z Peptide 1 Peptide 2 X-link length (A) Protein 1 Protein 2
2 504.497 5 [M*1]K[136.10]VR(A) (R)L[K83]GNTGENLLALLEGR(L) 243.1 L36 S4
2 497.898 5 (K)[K16]ILKQAKGYYGAR(S) (M)[E2]TIAKHR(H) 41.5 L20 L22
2 663.633 4 (R)E[K9]SVEELNTELLNLLR(E) [M1]PKIK(T) 82.1 L29 L35
3 465.275 3 (—)M*[153.13]AH[K4]K(A) (K)AA[K555]GE(—) NA 127 s1
4 457.503 4 (R)[K63]ISNGEGVER(V) (R)[K81]HYR(K) 99 L19 L21
4 435.76 4 (R)[K17]LQELGATR(L) (R)[K10]EQGK(G) 59.8 L18 L25
4 438.765 4 (R)K[153.13]VIA[K57](-) (R)SE[K121]AEAAAE(-) NA L32 L17
4 546.619 3 (K)[K48]DHHSR(R) (R)FEDG[K91]K(V) 271 S15 L24
4 971.91 3 (K)QSRV[K156]AALELAEQR(E) (R)HEII[K35]TTLPK(A) 320.9 S4 L17
4 518.703 5 (K)VEK[136.10JAVESGDK[K29]PLR(T) (R)FNIPGS[K70](—) NA S19 L31
4 912.732 4 (R)SHDALTAVTSLSVDK[155.09]TSGE[K37]HLR(H) (K)C[K7]PTSPGR(R) 100 L32 L2
4 533.634 3 (R)SE[K121]AEAAAE(—) (M)[a2]KGIR(E) NA L17 L33
4,9 648.128 4 (K)VEKAVESGD[K28]K[136.10]PLR(T) (R)FNIPGS[K70](—) NA S19 L31
5 377.741 4 (R)K[136.10]GR[K233](—) (R)VSA[K54]GMR(V) NA S3 L28
6,9 559.342 4 (R)V[K156]JAALELAEQR(E) (R)ADRIL[K98]R(T) 318.6 S4 L22
8 420.863 5 (R)GEKVKIV[K76]FR(R) (K)TRSN[K261|R(T) 99 L21 L2
9 438.274 4 (R)[K94]AKLYYLR(E) (R)GE[K71]VK(I) 106 L19 L21

NA - distance not calculated due to crosslinked residue or protein is not present in the crystal structure (PDB 4YBB); M* -
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before completely dissociating into the 30S and 50S subunits.
Therefore, this data indicates the presence of 70S ribosome
particles in proximity or transiently interacting in the stationary
phase (Fig. 6).

Conclusions

Inter- and intra-molecular ribosomal protein interactions are
essential in the translation process and adequately studied by
chemical cross-linking mass spectrometry. However, the interac-
tions of translating or stationary phase ribosomes are not known
except for the 100S particle formation. We provide the evidence of
ribosome dimerization and their interactions and systematically
explain the ultra-long crosslinks generated by DEST in the sta-
tionary phase of the E. coli using the combination of the sucrose
density gradient, electron microscopy, four fragmentation mass
spectrometry methods, and an in-house developed crosslinking
search algorithm. The translating and resting ribosomes on
mRNA were captured by chemical crosslinking in the form of
the dimer, trimer, and tetramer as evidenced in a sucrose density
gradient, electron microscopy, and ultra-long crosslink analysis.
The ribosome interactions need to be further investigated for their
significance in the translation process.

Experimental

Bacterial growth and culture conditions

E. coli K12 MG1655 cells were grown for 12 h at 37 °C in 500 mL
of LB broth. Cells were pelleted by centrifugation at 8000 rpm
for 10 min using the JA10 Beckman Coulter rotor at 4 °C. The
cell pellet was washed twice with 20 mM HEPES, 100 mM
NH,C], pH7.4 and dissolved in lysis buffer (20 mM HEPES,
100 mM NH,CI, 10.5 mM Mg acetate, 0.5 mM EDTA, 5 mM
2-mercaptoethanol, 3 mM PMSF and Roche cOmplete protease
inhibitor tables 1/10 mL). The cells were lysed using Emulsifier
EmulsiFlex-C3 at 10000 PSI for 6 cycles at 4 °C. The lysate
was collected and centrifuged at 15000 rpm for 45 min in a
Beckman Coulter JA-20 rotor. The protein concentration was deter-
mined by Bradford assay using BSA as a standard. The cell lysate
was aliquoted and diluted with cross-linking buffer (25 mM HEPES-
NH,OH, 100 mM NH,C], 10.5 mM Mg acetate, pH 7.4@20 °C).

Chemical crosslinking and ribosome isolation

DEST was synthesized by following the protocol by Lauber and
Reilly and stored in a vacuum desiccator at 4 °C.*° DEST powder
was dissolved in crosslinking buffer and added to cell lysate at a
20:1 (DEST to protein) ratio.'® The reaction mixture was
incubated for 6 h at room temperature with a moderate vortex.
The crosslinking reaction was quenched by adding 250 mM
NH,CI. Excess and hydrolysed DEST was removed by Amicon
Ultra 10 K centrifugal filter (Millipore, Germany). The cross-
linked cell lysate was layered on a 1.1 M sucrose cushion
in Spedding buffer (20 mM HEPES-KOH pH 7.5 at 4 °C,
20 mM NH,C], 10.5 mM Mg acetate, 0.5 mM EDTA, 5 mM
2-mercaptoethanol, 3 mM PMSF) and centrifuged at 36 600 rpm
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for 18 h at 4 °C using a 70ti Beckman Coulter rotor in Optima
XPN ultracentrifuge. The ribosome pellet formed at the bottom
of the centrifuge tube was washed at least twice and dissolved
in Spedding buffer. Ribosome concentration was determined
by measuring the absorbance at 260 nm with Thermo Scienti-
fic™ NanoDrop 2000 UV-Vis spectrophotometer. 10 units (A260)
of ribosomes (approx. 500 pg) was layered on a 10-50% sucrose
density gradient and centrifuged at 19 000 rpm for 18 h at 4 °C
using a SW41 rotor in Optima XPN ultracentrifuge. The gradient
was fractioned with a homemade fractionator and A260 was
measured. The fractions corresponding to 70S monomer,
dimer, and trimer were pooled separately and divided into
two parts. One part of these pooled fractions was analysed by
crosslinking mass spectrometry and the other was analysed by
negative staining electron microscopy. A control ribosome
sample was prepared similarly by the two-step centrifugation
method without a crosslinker. A low magnesium sucrose
density gradient was performed to dissociate ribosomal subunits
similarly in Spedding buffer using 1 mM Mg acetate instead of
10.5 mM Mg acetate. The crosslinking reaction and sucrose
density gradient were repeated at least 5 times with different
DEST: protein ratios (20:1, 100:1, 200:1, 500:1, and 1000:1).

For mass spectrometry analysis, the pooled fractions were
precipitated with 10% TCA at 4 °C. The precipitated proteins
were centrifuged at 14.1 RCF and washed thrice with ice-cold
acetone. Proteins were dried and dissolved in 100 mM ammo-
nium bicarbonate, pH 7.8. Trypsin was added to the protein
solution at a 1:50 ratio and incubated at 37 °C for 18 h. The
cross-linked peptides were enriched by SCX and reverse phase
chromatography as described earlier by Lauber and Reilly.*® In
brief, the crosslinked peptides were injected into the SCX
column (TSKgel SP-NPR, 4.6 mm x 35 mm, Tosoh Bioscience)
and the eluent was captured on 10 different C18 trap columns
(Hypersil-Keystone Javelin, 1.0 mm x 20 mm, ThermoFisher
Scientific). The C18 trap columns were desalted by 5% ACN,
0.1% TFA in water for 10 min each at a flow rate of 0.3 mL min "
and then eluted with 90% ACN, 0.1%TFA in 10 Eppendorf tubes.
The eluate from each trap column was dried in a vacuum. These
enriched peptide fractions of the SCX were then resuspended in
0.1% FA in water for mass spectrometry analysis. The mass
spectrometry experiments were done once.

For electron microscopy analysis, the excess sucrose from
the pooled fractions of the 70S, dimer, and trimer peaks was
removed using Amicon 100 kD molecular weight filter in
separate vials. Each sample was diluted 25x using post-
crosslinking buffer (20 mM HEPES-KOH pH 7.5 at 4 °C,
20 mM NH,CI, 10.5 mM Mg acetate) and mixed with freshly
prepared 2% uranyl acetate in a 1:1 ratio. The mixture was
immediately applied to fresh glow discharged continuous carbon
EM grids. The solution that remained on the grid was blotted out
with Whatman filter paper and allowed to air dry for 1 h. The
images were recorded on a JEOL JEM 3200FS microscope.

High-resolution mass spectrometry and database search

Enriched crosslinked peptide solution was dried in a speed
vacuum evaporator and redissolved in 25 mM ammonium

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bicarbonate, pH 7.5, and acidified with 0.1% formic acid (FA).
Approximately 1 pg of peptides were loaded on a nanoACQUITY
UPLC symmetry C18 trap column (waters) in 95% solvent A
(0.1% FA in water (HPLC grade)) and 5% solvent B (0.1%FA in
acetonitrile (HPLC grade)). Peptides were eluted and separated
using a 60 min gradient from 3 to 48% of solvent B at a flow rate
of 300 nL min~! on a C18 ACQUITY UPLC HSS T3 column
(Waters). The eluent from the C18 column was electrosprayed
in Thermo Orbitrap Lumos mass spectrometer in positive ion
mode using 1.8 kV voltage. Peptides with the precursor mass in
the m/z range 300 to 2000 with 3 to 8 charges were selected for
further fragmentation. The resolution for MS1 was set at
120 000 FWHM and the AGC target was set to 4.0 E5. Precursor
ions with intensity threshold 5.0 E6 were fragmented with three
different fragmentation methods including ETD, CID, and HCD
with variable fragmentation energy. Precursor ions with a
charge more than 3+ were first fragmented with ETD with
50 ms reaction time supplemented with 15% HCD energy. The
same precursor ion was fragmented with 35% CID energy. The
HCD fragmentation was done with 35% energy with a scan range
of 140-2000 m/z and 45% energy with a scan range of 68-800 m/z.
The raw data were converted to the Mascot generic format (mgf)
using the MSConvert program from ProteoWizard.

XL-MS data analysis

The mgf and extracted MS1 files were submitted to the Xlink
matcher program, an in-house built program that computes
metrics such as precursor mass errors, numbers of peaks
matched for each constituent peptide, percentages of ion
intensities matched to each constituent peptide, and scores
for tentative identifications from each fragmentation such as
CID, HCD, and EThcD. Crosslinked peptides were searched with
E. coli K12 ribosomal protein target database downloaded from
UniProt (https://www.uniprot.org/proteomes/UP000000625) and
randomized decoy database. Precursor mass tolerance was set to
5 ppm and fragment mass tolerance was set to 0.02 Da. The
enzyme digestion was set as full trypsin and variable modifica-
tions were set as methionine oxidation and deamidation (NQ).
The minimum peptide length was 4 and three missed cleavages
were allowed. Maximum crosslink mass was set to 5000 Da. The
crosslinked length (Xlink length) of the residues was calculated
using the 70S ribosome crystal structure (PDB 4YBB) down-
loaded from the RCSB protein data bank. The XYZ coordinates
(Ca) of all residues were downloaded in the standard mmCIF
format and manually curated the ribosomal proteins. The
simplified coordinate.text file was loaded on the Xlink matcher
program. The identifications from EThcD were searched with a
minimum of two mass pair peaks from the crosslinked peptide
pair. The output text files were sorted based on the maximum
intensity match, peptide mass pairs, and maximum peaks
matched. Crosslinked peptides were manually checked for con-
sistent identification from four fragmentation methods. The
cross-linked peptides with no mass pairs in EThcD and
no consistent identification with four different fragmentation
methods were removed from the final list. The crosslinked
residues were mapped and visualized in the 70S ribosome

© 2022 The Author(s). Published by the Royal Society of Chemistry
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crystal structure (PDB 4YBB) using the PyXlinkViever plugin tool
in PyMOL.*>’

Author contributions

SAM and JPR designed the study. BZ synthesized the DEST
crosslinker and SAM performed the experiments. SAM, BZ and
JPR analysed the data. SAM, JPR wrote the manuscript and all
authors contributed to its reviewing and editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We would like to thank David Morgan, Electron Microscopy
Center, Indiana University, Bloomington, for the negative-
staining microscopy images. This work was supported by the
National Institutes of Health grants R0O1 GM103725 and U54
GMO074807.

References

1 Y. Maki, H. Yoshida and A. Wada, Genes Cells, 2000, 5,
965-974.

2 E. Svidritskiy, G. Demo, A. B. Loveland, C. Xu and
A. A. Korostelev, eLife, 2019, 8, e46850.

3 D. Krokowski, F. Gaccioli, M. Majumder, M. R. Mullins,
C. L. Yuan, B. Papadopoulou, W. C. Merrick, A. A. Komar,
D. Taylor and M. Hatzoglou, Cell Cycle, 2011, 10, 2691-2702.

4 H. A. Feaga, M. Kopylov, J. K. Kim, M. Jovanovic and
J. Dworkin, J. Bacteriol., 2020, 202.

5 D. Matzov, S. Aibara, A. Basu, E. Zimmerman, A. Bashan,
M. F. Yap, A. Amunts and A. E. Yonath, Nat. Commun., 2017,
8, 723.

6 R. K. Flygaard, N. Boegholm, M. Yusupov and L. B. Jenner,
Nat. Commun., 2018, 9, 4179.

7 M. Ueta, C. Wada, T. Daifuku, Y. Sako, Y. Bessho,
A. Kitamura, R. L. Ohniwa, K. Morikawa, H. Yoshida,
T. Kato, T. Miyata, K. Namba and A. Wada, Genes Cells,
2013, 18, 554-574.

8 A. Wada, Y. Yamazaki, N. Fujita and A. Ishihama, Proc. Natl.
Acad. Sci. U. S. A., 1990, 87, 2657-2661.

9 L. E. Franken, G. T. Oostergetel, T. Pijning, P. Puri,
V. Arkhipova, E. J. Boekema, B. Poolman and A. Guskov,
Nat. Commun., 2017, 8, 722.

10 A. Wada, Genes Cells, 1998, 3, 203-208.

11 G. Akanuma, Y. Kazo, K. Tagami, H. Hiraoka, K. Yano,
S. Suzuki, R. Hanai, H. Nanamiya, Y. Kato-Yamada and
F. Kawamura, Microbiology, 2016, 162, 448-458.

12 M. Ueta, C. Wada and A. Wada, Genes Cells, 2010, 15, 43-58.

13 Y. S. Polikanov, G. M. Blaha and T. A. Steitz, Science, 2012,
336, 915-918.

14 ]J. Rappsilber, J. Struct. Biol., 2011, 173, 530-540.

RSC Chem. Biol., 2022, 3, 886-894 | 893


https://www.uniprot.org/proteomes/UP000000625
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cb00101b

Open Access Article. Published on 16 May 2022. Downloaded on 6/14/2026 6:59:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

15
16

17

18
19

20

21

22

23

24

25

26

A. Sinz, J. Mass Spectrom., 2003, 38, 1225-1237.

D. M. Schulz, C. Ihling, G. M. Clore and A. Sinz, Biochem-
istry, 2004, 43, 4703-4715.

B. X. Huang, H. Y. Kim and C. Dass, J. Am. Soc. Mass
Spectrom., 2004, 15, 1237-1247.

A. Sinz, Mass Spectrom. Rev., 2006, 25, 663-682.

M. A. Lauber and ]J. P. Reilly, Anal. Chem., 2010, 82,
7736-7743.

M. A. Lauber and J. P. Reilly, J. Proteome Res., 2011, 10,
3604-3616.

M. A. Lauber, J. Rappsilber and ]. P. Reilly, Mol Cell
Proteomics, 2012, 11, 1965-1976.

B. Zhao, C. P. Reilly and ]J. P. Reilly, . Am. Soc. Mass
Spectrom., 2019, 30, 1631-1642.

A. Kao, C. L. Chiu, D. Vellucci, Y. Yang, V. R. Patel, S. Guan,
A. Randall, P. Baldi, S. D. Rychnovsky and L. Huang, Mol.
Cell. Proteomics, 2011, 10, M110 002212.

C. Hage, C. Iacobucci, A. Rehkamp, C. Arlt and A. Sinz,
Angew. Chem., Int. Ed., 2017, 56, 14551-14555.

M. Matzinger and K. Mechtler, J. Proteome Res., 2021, 20,
78-93.

L. Kolbowski, M. L. Mendes and ]. Rappsilber, Anal. Chem.,
2017, 89, 5311-5318.

894 | RSC Chem. Biol., 2022, 3, 886-894

27

28

29

30

31

32

33

34

35

36

37

View Article Online

Paper

H. Yoshida and A. Wada, Wiley Interdiscip. Rev.: RNA, 2014,
5, 723-732.

F. Brandt, S. A. Etchells, J. O. Ortiz, A. H. Elcock, F. U. Hartl
and W. Baumeister, Cell, 2009, 136, 261-271.

M. H. Pontes, J. Yeom and E. A. Groisman, Mol. Cell, 2016,
64, 480-492.

B. Zhao, C. P. Reilly, C. Davis, A. Matouschek and J. P. Reilly,
J. Proteome Res., 2020, 19, 2758-2771.

E. D. Merkley, S. Rysavy, A. Kahraman, R. P. Hafen,
V. Daggett and J. N. Adkins, Protein Sci., 2014, 23, 747-759.
C.Ji, S. Li, J. P. Reilly, P. Radivojac and H. Tang, J. Proteome
Res., 2016, 15, 1830-1841.

C. Tuting, C. Iacobucci, C. H. Ihling, P. L. Kastritis and
A. Sinz, Sci. Rep., 2020, 10, 12618.

R. Kamp and B. Wittmann-Liebold, FEBS Lett., 1980, 121,
117-122.

Y. H. Huang, T. Hilal, B. Loll, J. Burger, T. Mielke, C. Bottcher,
N. Said and M. C. Wahl, Mol. Cell, 2020, 79, 1024-1036 €1025.
B. Beckert, M. Abdelshahid, H. Schafer, W. Steinchen,
S. Arenz, O. Berninghausen, R. Beckmann, G. Bange,
K. Turgay and D. N. Wilson, EMBO J., 2017, 36, 2061-2072.
B. Schiffrin, S. E. Radford, D. ]. Brockwell and
A. N. Calabrese, Protein Sci., 2020, 29, 1851-1857.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cb00101b



