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Abstract

By electron cryo-tomography and subtomogram averaging, translation-arrested
ribosomes were used to depict the clustered organisation of the TOM complex on the
surface of mitochondria, corroborating earlier reports of localized translation.
Ribosomes were shown to interact specifically with the TOM complex and nascent
chain binding was crucial for ribosome recruitment and stabilization. Ribosomes were
bound to the membrane in discrete clusters, often in the vicinity of the crista junctions.
This interaction highlights how protein synthesis may be coupled with transport, and

the importance of spatial organization for efficient mitochondrial protein import.

Keywords: Electron cryo-tomography/ mitochondrial protein import/ TOM complex/

ribosomes/ translation
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Introduction

Historically, cytosolic ribosomes were thought to exist in two main pools, a free
solution state and a endoplasmic reticulum (ER) membrane-bound state [1, 2], both
recently visualized in situ [3]. The membrane-bound ribosomes are engaged in a well-
orchestrated process, in which protein synthesis is mechanistically coupled to protein
translocation into the ER. This so called co-translational mode of transport utilizes
mechanisms that lead to translational stalling and precise positioning of the ribosomes

at the ER membrane translocon, the Sec complex [4-8].

Mitochondria constitute an important bioenergetic, metabolic and signaling hub, and
the biogenesis of mitochondrial proteins is an important factor that determines the
organelle’s function. The mitochondrial proteome of the yeast Saccharomyces
cerevisiae is composed of approximately 1000 proteins [9]. Almost all of them (99%)
are nuclear encoded, despite the presence of mitochondrial DNA. Mitochondria-
destined precursor proteins are synthesised on cytosolic ribosomes and are actively
imported through the Translocase of the Outer Membrane (TOM) complex. TOM forms
a common entry gate for mitochondrial precursor proteins that are subsequently
targeted to various mitochondrial locations [10-16]. Mitochondria have a double-
membrane structure, thus proteins destined for the mitochondrial matrix or inner
membrane are subsequently transported through one of two protein translocases of
the inner membrane. Proteins that possess positively charged N-terminal presequences

are substrates for the Translocase of the Inner Membrane (TIM23) complex [10-16].

For decades, it has been known that precursor proteins can be imported into

mitochondria post-translationally, after completion of their synthesis in the cytosol or
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in vitro in a ribosome free system [12, 17-19]. Meanwhile, cytosolic ribosomes were
detected in the vicinity of mitochondria by electron microscopy (EM), suggesting a role
for co-translational import [20, 21]. Additionally, various independent approaches have
shown an enrichment of mMRNAs encoding mitochondrial proteins, either on the
mitochondrial surface or in close proximity, both in yeast [22-27] and human cells [28,
29]. Their association was dependent on COP1- mediated targeting [30] and involved
the outer membrane-associated protein Puf3, which binds 3’ non-coding sequences of
mMRNAs [31, 32]. Mitochondrial surface-localized mRNA molecules were also found to
be active as templates for protein synthesis [27]. The mechanism of Ribosome-Nascent
Chain Complex (RNC) recruitment to mitochondria was also investigated by a de novo
ribosome binding assay [33-37]. In summary, there is a great deal of data in support of
localized synthesis of proteins at the mitochondrial outer membrane, yet the co-

localization of cytosolic ribosomes with TOM complex has never been shown to date.

Electron cryo-tomography (cryoET) is a technique by which proteins or complexes may
be studied in situ. Samples are preserved by cryo-fixation, imaged in the electron
microscope, and structures can be determined by subtomogram averaging (StA) [38].
The post-translational route for protein import into mitochondria was previously
studied by this method, revealing details of TOM-TIM23 supercomplex localization and
distribution [39]. In this work, we isolated native mitochondria with bound ribosomes,
confirming earlier reports of localized translation on the mitochondrial surface.
Ribosome numbers were low, thus we devised a method to isolate sufficiently high
numbers of Mitochondria with Associated Ribosomes (MAR) by translation arrest with
cycloheximide (CHX) treatment. Samples were characterized biochemically and imaged
using cryoET and StA. This demonstrated that a specific interaction between ribosomes

and the TOM complex occurs, and nascent chain binding is crucial for ribosome
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recruitment and stabilization on the mitochondrial outer membrane. Ribosomes, which
mark the position of TOM complexes, are organized on the mitochondrial surface in
discrete clusters, often within the vicinity of the mitochondrial crista junctions (Cls),

providing a long awaited view of mitochondrial bound cytosolic ribosomes.

Results

Cytosolic ribosomes co-purify with mitochondria and can be stabilized on the outer
membrane

In standard preparations of isolated yeast mitochondria, cytosolic ribosomes are not
observed bound to the outer membrane by cryoET (Fig 1A & D) [39]. We first
investigated if mitochondria-bound RNCs could be enriched with magnesium acetate
(Mg(OAc),), as Mg** ions are essential for ribosome and RNC stabilization. In
mitochondrial preparations isolated in the presence of Mg(OAc),, we were able to
clearly identify ~3 ribosomes (per um” mitochondrion surface area) bound to
mitochondria on average (Fig 1A, E - H & Fig EV1A), confirming the stabilizing effect of
Mg”". As the number of bound ribosomes was too low for quantitative statistical
analysis of protein import, we investigated further conditions for ribosome stabilization,
such as CHX treatment of the cells and CHX inclusion in the buffers for mitochondrial
isolation. CHX is known to block the translocation step of elongation, thus stabilizing
RNCs [40-42]. Now ~45 ribosomes (per pm* mitochondrion surface area) could be
clearly identified on the mitochondrial membrane, a 15-fold increase (Fig 1A, | & Fig
EV1A). The Mg* and CHX-treated mitochondria are subsequently referred to as MAR.
The steady-state protein levels of isolated control and MAR samples were analyzed to
confirm observations made by cryoET (Fig 1B). Accordingly, protein markers of both the

60S (uL22 and ul4) and the 40S ribosome (uS4) were significantly increased in the MAR
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128  sample compared to the control. Interestingly, the MAR sample also contained an

129 increased level of Egd1, which is a B subunit of the NAC complex [43-45]. Marker

130  proteins for mitochondria (Tom40, Tom20, Mia40, Cyc3), cytosol (Pgk1) and ER (Sec61,
131 Pdil) remained in equal amounts between control and MAR samples (Fig 1B).

132

133  Mitochondria exist in a dynamic network and interact closely with other organelles in
134 the cell, most notably the ER [46]. Thus, mitochondria isolated by differential

135 centrifugation inevitably co-purify with ER-membranes of similar density. Consequently,
136  CHX treatment also had the effect of increasing the overall level of ribosomes, which
137  were observed either bound to ER-membranes, or were free in solution (Fig 1J). These
138 background ribosomes were often found in close proximity to mitochondria and made
139  accurate statistical and structural analysis extremely challenging. Therefore, an

140 iodixanol gradient purification step [39] was included to remove soluble material and a
141 proportion of rough ER membranes, as visualized by western blot analysis (Fig 1C).
142 Mitochondrial marker proteins (Tom70, Ccpl, Cox12) were mostly enriched in 15-21%
143 fractions, similar to the ribosomal marker proteins uS4 and uL22. These three fractions
144  were pooled for further analysis by cryoET. The purification step removed a portion of
145  free cytosolic ribosomes and rough ER membranes (Fig 1C, K & Fig EV1B). The

146  purification step did not adversely affect the number of ribosomes bound stably to the
147  outer membranes of mitochondria (Fig 1A & Fig EV1A).

148

149  Ribosome binding to mitochondria is dependent on protein import and involves the
150 TOM complex

151  The TOM complex is the exclusive entry gate for imported mitochondrial proteins.

152  Therefore, to test the specificity of ribosomes binding to mitochondria, we assessed

153  the cytosolic ribosome interaction with the TOM complex in MAR samples. Affinity
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purification of the TOM complex, via its Histidine10-tagged core protein Tom22,
demonstrated that the ribosomal protein marker uL22 and the ribosome-localized
Hsp70 family chaperone Ssb1 could be co-purified (Fig 2A, lane 7). The ribosome-
Tom22ys interaction was lost when MAR samples were pretreated with EDTA (Fig 2A,
lane 8), which leads to ribosome dissociation by depletion of Mg”" ions. To confirm this
result, the ribosome-TOM complex interaction was further investigated by an
alternative approach. Affinity purification via HA-tagged Tom40, the TOM complex
component that forms the central pore of the translocase, demonstrated the co-
purification of ribosomal protein uL22 from MAR samples (Fig EV2A, lane 4). Similarly,
uL22 and Ssb1 were eluted with Tom40y,, when high molecular weight (HMW)
membranes, that also contain mitochondrial membranes (Fig EV2B), were subjected to

affinity purification (Fig 2B, lane 4).

The observed interaction of ribosomes with the TOM complex could be mediated by
nascent chains of mitochondrial precursor proteins. To test this hypothesis, we
analyzed ribosome association with mitochondria after dissipation of the
electrochemical potential (-AW) of the mitochondrial inner membrane with carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), as precursors with N-terminal
presequences and hydrophobic inner membrane proteins are known to require the —
AW for their import [12, 13, 16]. We observed a reduction in the amount of ribosomes
associated with mitochondria-enriched membranes in the samples treated with CCCP,
as indicated by ribosome marker proteins (uS4, uL22 and Egd1) (Fig 2C). This reduction
was dependent on the time of CCCP treatment (Fig 2C & D). It was shown previously
that mitochondrial precursor proteins accumulate in the cytosol upon dissipation of the
—AW [18, 47]. However, simultaneous treatment with CCCP and CHX did not reduce the

amount of ribosomes in isolated MAR and HMW membrane samples (Fig EV2C & D,
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lane 4). This may indicate that CCCP does not affect the localization of ribosomes that
are already stably bound to mitochondria. We reasoned that ribosome-bound nascent
chain import is involved in RNC binding to the mitochondrial outer membrane. Thus,
the nascent chain release should cause a ribosome dissociation from mitochondria.
Puromycin is a commonly used translation inhibitor that competes with
aminoacetylated tRNA at the ribosomal A site, causing premature translation
termination and polypeptide release [48]. However, the use of CHX during MAR
isolation procedure blocks nascent chain puromycilation. CHX inhibits eEF2-mediated
mRNA translocation showing a dominant effect over puromycin [42, 49]. For this
reason we applied hydroxylamine (NH,OH) as a nascent chain releasing agent [50, 51].
Hydroxylamine is a small compound that can reach the ribosomal active site and break
the tRNA-peptide bond. To confirm hydroxylamine properties we took advantage of
RNCs harboring the nascent chain for Tim9 (directed to the intermembrane space),
which was lacking a stop codon [52, 53]. A radiolabeled nascent chain bound to
ribosomes can be detected in a complex with tRNAs when analyzed by SDS-PAGE [52]
(Fig. EV2E, lane 1). Incubation of RNCs containing Tim9 with hydroxylamine caused the
aminolysis of tRNA-Tim9 complexes and formation of mature-size Tim9 protein (Fig
EV2E, lane 2). Next, we tested the effect of hydroxylamine on MAR samples and found
that ribosomes were dissociated from mitochondria upon treatment (Fig 2E, lane 2-5 &
F, Fig EV2F lane 2-5 & G). As expected, puromycin was not effective due to prior use of
CHX during MAR isolation (Fig 2E, lane 6). To further confirm that ribosomes dissociate
from mitochondria upon nascent chain release, we subjected MAR samples
preincubated with 1,5M hydroxylamine to centrifugation in an iodixanol gradient as
before. The majority of ribosomal proteins (uS4, uL22) and ribosome associated
proteins (Ssb1) were now detected in lighter fractions, similar to the cytosolic protein

Pgk1 (Fig EV2H). By cryoET, only 15 mitochondria-bound ribosomes (per um?
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mitochondrion surface area) could be identified in hydroxylamine-treated and purified
MAR samples, showing a 66% reduction compared to the untreated state (Fig EV2Il). To
exclude a negative effect of high hydroxylamine concentration on the ribosome 80S
structure, we purified cytoplasmic ribosomes preincubated with 1.5 M hydroxylamine
using the TAP-tagged large ribosomal subunit uL13arsp. The ribosomal proteins (uS4
and ulL22) were detected in the eluate at the same level in the control as well as the
hydroxylamine treated sample (Fig 2G, lanes 3 & 4). These results confirmed that
nascent chain release from the ribosome by hydroxylamine treatment does not cause
80S ribosome disassembly. Interestingly, hydroxylamine caused dissociation of the
Ssb1 protein from the ribosome (Fig 2G, lane 4). In line with our findings, previous
reports showed that Ssb1 proteins interact only with active ribosomes, when the
nascent chain is long enough to emerge from the exit tunnel [33, 44, 54]. To conclude,
the binding of ribosomes to the mitochondrial surface was sensitive to hydroxylamine,

which specifically removes nascent chains from the ribosome.

Mitochondrial-bound ribosomes are specifically oriented for protein import

To investigate the 3D localization of ribosomes bound to mitochondria, iodixanol
purified MAR samples were investigated in detail by cryoET and StA (Fig 3). Two
different populations of ribosomes could be clearly observed; the first was a distinct
group located at the mitochondrial membrane (MAR-M, orange arrowheads in Fig 3A-
C) and the second group was more peripherally associated (MAR-P, blue arrowheads in
Fig 3A & C). In order to visualize ribosome distribution and their specific orientation
with respect to the membrane, the MAR-M (1215 subvolumes) and MAR-P (419
subvolumes) structures were determined by StA (Fig 3D, E & Fig EV3). Placing the MAR-
M and MAR-P structures back into the 3D volume revealed a number of interesting

details. Firstly, both groups form discrete clusters on mitochondria (Fig 3F), in
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agreement with previous data reporting on the distribution of proteins arrested
through TOM-TIM23 supercomplexes [39]. Soluble MAR-P clusters are associated with
a neighbouring MAR-M groups (Fig 3F). In general, polysomes form clusters that
translate mRNA simultaneously and form highly flexible structures [55-57]. On this
basis, we suggest that ribosomes in the MAR-P group are polysomes, attached to MAR-

M ribosomes through mRNA molecules (Fig 3G).

In the MAR-M population, ribosomes were clearly specifically oriented with the
polypeptide exit tunnel pointing towards the outer membrane for import, often
observed within the vicinity of the CJs (Fig 3G, H). Ribosomes were also observed to
group locally around a tubular section of one mitochondrion, which is possibly a fission
constriction (Fig 31-L) [58]. Interestingly, TOM-TIM23 arrested preproteins were
previously found to cluster around a fusion septum [39], providing additional support

for the idea that protein import sites occur at specific microdomains.

Using ribosomes to investigate clustering of the TOM complex

The ribosome provides an effective tool to mark the position of the TOM complex in
situ. To investigate observed clustering of protein import sites on the mitochondrial
surface in more detail, distance calculations were made between individual ribosomes
and their closest neighbour using an established protocol [39]. This revealed that ~90%
of TOM complexes exist in discrete clusters, marked by two or more ribosomes located
<50 nm apart (Fig 4A). For statistical analysis of ribosome numbers, the absolute values
of both MAR-M and MAR-P populations on individual mitochondria were correlated to
the surface area of the outer membrane. This revealed a linear correlation for both
populations, with an average value of 157 MAR-M (TOM complexes) and 84 MAR-P per

umz outer membrane surface respectively (Fig 4B). Many recent reports detail the

10
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relationship between the import machinery and the CJ [52, 59-62]. To directly visualize
the spatial relationship between the TOM complex and the CJ in situ, the distance
between each MAR-R ribosome and its nearest CJ was calculated (Fig EV4). This was
compared to previous data (now visualised differently) showing the distribution of
saturated TOM-TIM23 supercomplexes (Fig 4C). This analysis revealed that whilst both
TOM and TOM-TIM23 supercomplexes tend to cluster preferentially around Cls, the
TOM complex distribution is significantly broader than that of TOM-TIM23 (Fig 4D).
Additional statistical analyses were performed to investigate the distribution of cluster
sizes. For both data sets, <15% of ribosomes existed as a single entity, and the major
group size was between 2-5 ribosomes per cluster (Fig 4E & F). In the MAR-M
population, ~5% of ribosomes existed in ‘superclusters’, defined as a group of >26
ribosomes. MAR-P clusters existed in groups of maximum 25 ribosomes, similar to that
reported previously for cytosolic ribosomes observed in whole cells [56]; in this case

‘superclusters’ were not seen (Fig 4F).

Comparison to ribosome tethering to the ER

From the same samples that were used for cryoET of MAR-M and MAR-P, 230 ER-
bound Ribosomes (ER-R) could also be identified for StA from the same tomograms (Fig
5A, B & Fig EV3). Visualization of the resulting average in the 3D volume also revealed
discrete clusters on small vesicles (Fig 5C). However, as we only report on a small part
of the ER-R population, detailed statistical analysis of clustering was not carried out. A
small density could be observed to make a connection between ribosomes and the ER
membrane (Fig 5D). By docking X-ray structures of yeast ribosomes [63] into the ER-R
and MAR-M StA maps, the density was identified as rRNA expansion segment eS7"a (Fig
5E). This is in agreement with previous reports of ER membrane-associated canine

ribosomes [57]. Contra to the ER-R population, at this resolution eS7"a is not seen to

11
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connect to the mitochondrial membrane (Fig 5F). No density was observed for rRNA
expansion segment e527" in either structure (Fig 5E & F), in line with previous reports

of its extremely dynamic behavior [63].

The lack of protein or rRNA density between the ribosome and the mitochondrial
membrane suggests that CHX-stabilized ribosomes could be tethered to the TOM
complex by the polypeptide chain only. Analysis of the distances between MAR-M or
ER-R populations and their corresponding membranes demonstrated the variability in
tethering between the two groups. The average distance (measured from the base of
the cleft between the 60S and 40S subunits to the membrane) was similar, at ~13 nm
and ~ 12 nm respectively (Fig 5G & Fig EV5). The more notable difference was the
variation in tethering distances, with variance calculated at 8.6 nm for MAR-M and 3.2
nm for ER-R populations respectively (Fig 5G, H & Fig EV5). With respect to tethering
distances, the ER-R group displayed a clear narrow distribution, with ~70% of
ribosomes within the range 10-14 nm from the membrane. The MAR-M group however
displayed a much wider distribution, with only ~50% within the same range. A StA
calculated for the MAR-M population that included only ribosomes located within the
10-14 nm range (240 particles, a similar number to that used in the ER-R average) did
not result in additional information (data not shown). Due to the extremely low
number of ribosomes bound in conditions without CHX stabilization, StA was not
possible. Such a flexible mode of tethering agrees with the observation that the MAR-
M population exhibits a significant degree of orientational flexibility with respect to the

position of the polypeptide exit tunnel relative to the membrane (Fig 3H).

Discussion

12
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Using cryoET, we were able to provide supportive evidence for the existence of co-
translational import into isolated mitochondria. Using CHX-arrested RNCs bound to
mitochondria, we performed StA and biochemical analyses to

demonstrate that cytosolic ribosomes are localized at the mitochondrial outer
membrane due to nascent chain import. This is based on several lines of evidence
described as follows. Firstly, we were able to detect the ribosome-TOM complex
interaction, which was reversible by induction of nascent chain release. CryoET and StA
revealed two groups of associated ribosomes, a distinct population located at the
mitochondrial membrane (MAR-M), and a second group of soluble polysomes (MAR-P).
The MAR-M group was directionally oriented with the polypeptide exit tunnel pointing
towards the membrane for import and was tethered through the TOM complex by the
polypeptide chain. The ribosomes in the MAR-P population displayed more undefined
orientations. In human cells, polysomes were found to exist in various conformations,
ranging from unordered to helical, planar and spiral [56]. It is possible that organelle
isolation and thus the absence of certain cytosolic factors could result in the

predominantly undefined orientations described here.

The tethering distance between MAR-M and the mitochondrial membrane and ER-R
and the ER membrane is 12-13 nm, but the variance is approximately 3-fold more (8.6
nm to 3.2 nm) for MAR-M. The larger variation in tethering distance is likely due to the
flexibility and varying angle of attachment afforded by the connection made through a
nascent polypeptide chain. Interestingly, dissipation of the membrane potential by the
chemical uncoupler CCCP affected ribosome association with mitochondria only if CCCP
treatment preceded the addition of CHX. This indicates that post lysis RNC recruitment
to mitochondria had no significant effect on our results. These data do not exclude the

presence of a specific mitochondrial receptor for ribosomes that may be critical for

13
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specific earlier steps of import, such as binding and initiation. A connection is observed
between ER-R and the membrane by eS7"a, which is flexible in yeast as it is not
stabilized by ribosomal proteins such as L28e, found in other species [63]. This could
explain why eS7'a appears to be partially twisted away in both structures, similar to

that observed previously [4].

Here, we were able to locate 167 TOM complexes per umzouter membrane surface,
approximately 2-fold more than the 69 TOM-TIM23 import sites determined in the
previous study [39]. This is in agreement with the fact that TOM is more abundant in
mitochondria than TIM23 [64]. We also demonstrate that import through the TOM
complex occurs in the vicinity of CJs, but this distribution is significantly broader than
for arrested TOM-TIM23 supercomplexes. Our data therefore highlight key roles that
the TIM23 complex may play in the mitochondrial organizing network. Both MAR-M
and MAR-P were seen to associate with mitochondria in the form of clusters, also
observed for proteins imported by the TOM-TIM23 route [39]. Import sites were
observed to cluster around fusion sites [39] and in this work, around a potential fission
constriction. Yeast proteins that are reportedly involved in fusion and fission are
imported to mitochondria from cytosolic ribosomes [58, 65]. This is therefore
consistent with the idea that import sites can redistribute to specific regions of

mitochondria [39].

In conclusion, our data provides structural evidence supporting the theory that
nuclear-encoded mitochondrial proteins are synthesized locally at the mitochondrial
outer membrane. mRNA recruitment to the mitochondrial surface is a key step to sort
and polarize translation within the cell [22, 27, 66]. During ongoing translation the

distance between the nascent chain and protein translocase is short, increasing the
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import efficiency [67]. Knowing that protein translocation is much faster than protein
translation, protein length may determine if the two processes will occur
simultaneously [68]. It is therefore no surprise that the most studied protein thought to
be delivered to mitochondria in a co-translational manner is Fum1, with a larger than
average molecular weight [69]. Nevertheless, by stalling translation with CHX, we could
observed different ribosome populations, including strings of polysomes present on the
mitochondrial surface. Thus, at any given time, only a small fraction of ribosomes are
seen to interact with the TOM complex, whilst many more could translate

mitochondrial proteins from a single mRNA molecule.

Correct mRNA and protein delivery is likely more challenging with increasing cell
volume and a higher demand for timely organization of mitochondrial biogenesis [70].
An interesting case was recently reported for the MDI A-kinase anchor protein, present
in the mitochondrial outer membrane. MDI recruits a translation stimulator, La-related
protein, and promotes mRNA tethering and local protein translation during oogenesis
and early embryonic development of Drosophila melanogaster [71]. MDI-La-related
protein complex formation was crucial for successful hatching and mitochondrial DNA
replication, pinpointing the requirement for mRNA localization in efficient
mitochondrial biogenesis. Thus, the importance of recruiting RNA molecules coding for
mitochondrial proteins to the outer membrane and their localized translation is likely

enhanced in specific cell types and developmental stages of higher eukaryotes.
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Materials and Methods

Yeast strains and growth conditions

The strains used in this study were derivatives of Saccharomyces cerevisiae YPH499
(MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801) or BY4741 (MATa,
his3A1; leu2A0; met15A0; ura3A0). The YPH499 strains carrying centromeric plasmids
that express Tom40, Tom40,, or Tom22y,s were described previously [72-74]. A strain
that carried chromosomally integrated uL13arap Was purchased from GE Dharmacon

(Lafayette, CO, USA).

Yeast were grown at 19 — 24 °C on YPGal medium (1% w/v yeast extract, 2% w/v
bactopeptone, 2% w/v galactose) with the addition of 0.1% w/v glucose or YPG
medium (1% w/v yeast extract, 2% w/v bactopeptone, 3% w/v glycerol) to mid-
logarithmic phase. To stabilize ribosomes media were supplemented with 50 pg ml™ of

CHX for the final 45 min of the culture as indicated.

Purification of mitochondria and MAR samples

Crude mitochondria were isolated according to a standard procedure [75] and
resuspended in sucrose/MOPS (SM) buffer composed of 250 mM sucrose, 10 mM
MOPS-KOH (pH 7.2). For crude MAR isolation, solutions were supplemented with 50 pg
ml™ CHX and 2 mM Mg(OAc),. For protein steady-state level analysis, mitochondria
were solubilized in Laemmli buffer with 50 mM DTT, denatured at 65 °C for 15 min and

analyzed by SDS-PAGE and Western blotting.

For further MAR purification, OptiPrep iodixanol density gradient medium (Sigma-

Aldrich, St. Louis, MO, USA) was used. Crude MAR were separated on a step gradient
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409  with 10 layers (1 ml volume each) ranging from 0 to 27% v/v of iodixanol in Gradient
410 buffer (10 mM Tris-HCl, 8.75% w/v sorbitol, 2 mM Mg(OAc),, 50 ug ml™ CHX, pH 7.4) by
411 centrifugation at 80,000 x g for 40 min at 4 °C using SW41 Ti rotor (Beckman Coulter
412 Inc., Miami, FL, USA). To analyze the organellar sedimentation profile, each gradient
413  fraction was collected and precipitated with 10% (w/v) trichloroacetic acid (Carl Roth
414  GmbH). The protein pellet was washed with iced-cold acetone, solubilized in Urea
415 Sample buffer (6 M Urea, 125 mM Tris-HCI, 6% SDS, 50mM DTT and 0.01% (w/v)

416  bromophenol blue, pH 6.8) denatured at 37 °C for 15 min and analyzed by SDS-PAGE
417  followed by Western blotting. For cryoET analysis, fractions with the highest

418  mitochondrial content (corresponding to 15% and 21% iodixanol concentrations) were
419  pooled, diluted 10-fold with SM buffer supplemented with 50 pg mI™* CHX and 2 mM
420  Mg(OAc), and centrifuged at 22,000 x g for 20 min at 4 °C to re-isolate MAR. Pelleted
421 MAR were resuspended in SM buffer as before and used for further analysis.

422

423  Isolation of high molecular weight membranes

424 To isolate HMW membranes, yeast cells were harvested, washed with ice-cold water
425  and disrupted in Lysis buffer (20 mM Tris-HCI, 10% w/v glycerol, 100 mM NaCl, 2 mM
426  PMSF, 50 mM iodoacetamide, pH 7.4) with glass beads (425-600 um, Sigma-Aldrich)
427 using a Cell Disruptor Genie (Scientific Industries, Bohemia, NY, USA) at 2,800 rpm for 7
428  minat4 °C. To isolate HMW membranes under ribosome stabilizing conditions, Lysis
429  buffer was supplemented with 2 mM Mg(OAc), and 50 pug ml™ CHX. Cell debris were
430 removed by centrifugation at 4,000 x g for 5 min at 4 °C. HMW membranes were

431 pelleted by centrifugation at 20,000 x g for 15 min at 4 °C, washed and resuspended in
432 Lysis buffer. The protein concentration was determined by the Bradford method. To
433 confirm mitochondrial enrichment, the equal amount of control mitochondria and

434 HMW membranes, based on protein concentration, were solubilized in Laemmli buffer
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containing 50 mM DTT, denatured at 65 °C for 15 min and protein steady-state levels

were analyzed by SDS-PAGE and Western blotting.

Dissipation of the mitochondrial inner membrane electrochemical potential
Cells were treated with 10 UM CCCP (Sigma-Aldrich) for 0.5 - 3 hours before cell
harvesting. Translation was inhibited by addition of 50 pg ml™ CHX prior to cell

harvesting and followed by MAR or HMW membranes isolation.

Nascent chain release assay

In order to analyze ribosome dissociation from mitochondria upon nascent chain
release, 55 pg of crude mitochondria or MAR were suspended in 550 ul of Release
buffer (10 mM HEPES, 250 mM sucrose, 80 mM KCI, 5 mM MgCl,, 5 mM methionine, 10
mM KH,PO,) or SM buffer, both supplemented with 0 - 1.5 M hydroxylamine (Sigma-
Aldrich), 3 mM puromycin dihydrochloride (Sigma-Aldrich) or 25 mM EDTA, adjusted to
pH 7.4 with HCl) and incubated for 15 min at 30 °C with gentle shaking. Mitochondria
were re-isolated by centrifugation at 20,000 x g, washed with SM buffer and analyzed
by SDS-PAGE followed by Western blotting. To purify MAR after nascent chain release,
2 mg of isolated crude MAR were incubated for 15 min at 30 °C in 2 mL of Release

buffer with 1.5 M hydroxylamine and separated on 0-27 % iodoxanol gradient.

Immuno-affinity purification of Tom40,,,

MAR (600 pg) or HMW membranes (3 mg) isolated from cells expressing either a wild-
type or HA-tagged version of Tom40 were solubilized in Digitonin buffer A (1% w/v
digitonin, 20 mM Tris-HCl, 150 mM NaCl, 10% w/v glycerol, 50 mM iodoacetamide, 1
mM PMSF, 2 mM Mg(OAc),, 50 pg mlI™ CHX, pH 7.4) for 20 min at 4 °C. After clarifying

centrifugation at 20,000 x g for 15 min at 4 °C, supernatants were incubated with anti-
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461 HA agarose (Sigma-Aldrich) for 1.5 h at 4 °C. Protein complexes were eluted by

462 incubation with Laemmli buffer with 50 mM DTT. Samples were analyzed by SDS-PAGE
463  and Western blotting.

464

465 Immuno-affinity purification of Tom22,;

466 1 mg of isolated MAR containing HIS-tagged Tom22 (Tom22ys) were suspended in
467 Buffer B (10 mM MOPS-KOH, 250 mM sucrose, 80 mM KCl, 5 mM MgCl,, 5 mM

468 methionine, 10 mM KH,PO,/ K;HPO, pH 7.2) supplemented with 25 mM EDTA in order
469  to disrupt ribosomes. Control samples were mixed with Buffer B without EDTA. After
470  incubation for 20 min at 4 °C, all samples were centrifuged at 20,000 x g for 10 min at
471 4 °C, washed with Buffer B and the pellet solubilized in Digitonin buffer C (1% w/v

472 digitonin, 20 mM Tris-HCl, 100 mM NaCl, 10% w/v glycerol, 50 mM iodoacetamide, 20
473  mM imidazole, 1 mM PMSF, 2 mM Mg(OAc),, 50 ug ml™ CHX, pH 7.4) for 20 min at 4 °C.
474  After a clarifying centrifugation at 20,000 x g for 15 min at 4 °C, the supernatant was
475  incubated with Ni-NTA agarose (Qiagen, Hilden, Germany) for 1 h at 4 °C. Protein

476  complexes were eluted by incubation with Elution buffer (20 mM Tris-HCI, 100 mM
477 NaCl, 400 mM imidazole, pH 7.4). Eluted proteins were precipitated with StrataClean
478  resin (Agilent Technologies, Santa Clara, CA, USA). The samples were incubated with
479  Laemmli buffer with 50 mM DTT at 65 °C for 15 min and analyzed by SDS-PAGE

480  followed by Western blotting.

481

482 Immuno-affinity purification of uL13ar,p

483 uL13arap cells were treated with CHX, pelleted and washed with ice-cold water. Yeast
484  cells were resuspended in Lysis buffer supplemented with 2 mM Mg(OAc), and 50 pg
485  ml™ CHX, followed by disruption with glass beads using the Cell Disruptor Genie at

486 2,800 rpm, for 7 min at 4 °C. Cell debris were removed by centrifugation at 20,000 x g
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487  for 15 min at 4 °C. The protein concentration of the supernatant (cytoplasmic fraction)
488  was determined by the Bradford method. 3 mg of protein were incubated with 1.5 M
489 hydroxylamine for 30 min at 30 °C with gentle shaking. Samples were cooled on ice and
490  subjected to IgG-Sepharose (GE Healthcare) affinity chromatography for 1 h at 4 °C.
491 The column was washed 3 times with Washing buffer (20 mM Tris-HCI, 150 mM NaCl, 2
492 mM Mg(OAc),, 50 pg ml™ CHX, pH 7.4), followed by the elution of protein complexes
493  with Laemmli buffer with 50 mM DTT. Samples were analyzed by SDS-PAGE and

494  Western blotting.

495

496  Generation of RNCs and release assay

497 [*°S] methionine labeled Tim9-RNCs were generated as described previously [52].
498  Radiolabeled RNCs were resuspended in Release buffer supplemented with 1.5 M

499  hydroxylamine and incubated for 30 min at 30 °C with gentle shaking. Reaction

500 mixtures were mixed with Laemmli buffer containing 50 mM iodoacetamide,

501  denatured at 65 °C for 15 min and analyzed by SDS-PAGE followed by autoradiography
502 (Variable Mode Imager Typhoon Trio, GE Healthcare).

503

504  Electron cryo-tomography and subtomogram averaging

505  Mitochondrial samples at a protein concentration of ~5 mg ml™* total mitochondrial
506  protein were mixed 1:1 with 10 nm protein A-gold (Aurion, Wageningen, The

507 Netherlands) as fiducial markers and applied to glow-discharged R2/2 Cu 300 mesh
508  holey carbon coated support grids (Quantifoil, Jena, Germany) by gentle pipetting.
509  Grids were blotted for ~4 s in a humidified atmosphere and plunge-frozen in liquid
510 ethane in a home-made device. Dose-fractionated tomograms (3-8 frames per

511 projection image) were typically collected from +60° to -60° at tilt steps of 2° and 5-8

20


https://doi.org/10.1101/119339
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/119339; this version posted March 22, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

available under aCC-BY-ND 4.0 International license.

um underfocus with a total dose per tomogram of <140e’/A%. Data collected at 42,000x

(corresponding to a pixel size of 3.3 A) on the Titan Krios were used for all StA.

Electron cryo-tomography

Tomography was performed either using a Tecnai Polara, Titan Krios (FEl, Hillsboro,
USA) or JEM-3200FSC (JEOL, Tokyo, Japan) microscope. All microscopes are equipped
with field emission guns operating at 300 keV, K2 Summit direct electron detector
cameras (Gatan, Pleasanton, USA) and either a post-column Quantum energy filter
operated at a slit width of 20 eV (FEI microscopes) or an in-column energy filter
operated with a slit width of 40 eV (JEOL microscope). Dose fractionated data were
collected using Digital Micrograph (Gatan) with various pixel sizes (depending on the
microscope) per image. Tomograms were aligned using the gold fiducial markers and
volumes reconstructed by weighted back-projection using the IMOD software [76].
Contrast was enhanced by non-linear anisotropic diffusion (NAD) filtering in IMOD [77].

Segmentation was performed using AMIRA (FEl).

Subtomogram averaging

For the MAR-M and ER-R populations, two-point coordinates corresponding to the
centre of the ribosome and the centre of either the outer mitochondrial or ER-
membrane were marked manually in IMOD [76]. Sub-volumes from twice-binned
tomograms were then extracted from NAD filtered data and an initial alignment and
averaging performed in SPIDER [78]. This average was used as a reference for
alignment and refinement using PEET [79]. A full 360° search was performed in Phi
(twist around the particle), whereas Theta and Psi (bending in the x-y plane and z
angles respectively) covered only +/-90°. 1215 subvolumes were used for the MAR-M

structure and 230 subvolumes for the ER-R calculation, using a mask to exclude the
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membrane from the alighment. In the final iteration step for the MAR-M average, NAD-
filtered tomograms were replaced by unfiltered contrast transfer function (CTF)-
corrected data (Fig. 3d). Due to the reduced particle number for the ER-R population,
this final step was not performed. Resolution estimates were obtained using
conventional ‘even/odd’ Fourier shell correlation (FSC), applying the 0.5 FSC criterion,
using a mask to exclude the membranes from this estimate. In order to visualize the
distribution and orientation of the MAR-P population in 3D space, a StA was also
calculated. One-point co-ordinates were selected in the centre of each ribosome, and
subvolumes extracted for a full angular search in all three directions (Fig. 3e). All NAD-
filtered ribosome populations were displayed in AMIRA using the PlaceObjectsInSpace
tool (Fig. 3). X-ray data of yeast ribosomes (PDB-4V6l with PDB-31ZD, including a model
of the position of €527") [63] were docked into comparably NAD-filtered 3D maps of
MAR-M or ER-R structures using Chimera (Fig. 5e & f), which was also used to remove
low contrast background noise for display using the ‘hide dust’ tool (UCSF, San

Francisco, USA).

Calculation of the number of ribosomes associated with each mitochondrion

In order to calculate the approximate number of ribosomes bound to mitochondria
during optimization of sample preparation (Fig. 1a), only side-view ribosomes were
counted. This is due to the ‘missing wedge’ of information in tomography and the
difficulty in identifying ribosomes bound to the upper and lower surfaces of
mitochondria, especially those that are large and dense (> 500 nm). These values
should therefore not be taken as absolute, but rather as a relative comparison between
all 4 sample preparation conditions. Sample sizes for side-view ribosomes (Fig. 1a) are
taken from 22 mitochondria in total and accumulate as follows: 30 MAR in +Mg(OAc),,

206 MAR in +Mg(OAc), +CHX and 824 MAR in +Mg(OAc), +CHX +l. After further data
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collection, an accurate absolute value was calculated for MAR-M and MAR-P
populations under final stabilizing conditions (+Mg(OAc), +CHX +1 in Fig. 1a), by
selecting only mitochondria in thin ice (< 500 nm) for the analysis, whereby ribosomes
could be clearly defined around the entire circumference (Fig. 4b). This was performed
for 923 MAR-M and 523 MAR-P data points, combined from 6 mitochondria.

Calculation of mitochondrial surface area was performed as previously described [39].

Calculation of ribosome distribution and clustering

The distance between ribosomes, and between ribosomes and Cls, was determined
with a MATLAB (Mathworks, California, USA) script as previously described [39]. In
order to calculate an accurate value based on coverage of the entire mitochondrial
surface, again only mitochondria that demonstrated both side-views and clear upper
and lower surface views of ribosomes were included in the analysis. This was
performed for 923 MAR-M, combined from 6 mitochondria. Averaged histograms were
calculated to depict the mean frequency of occurrence for each minimal distance. To
account for the different numbers of ribosomes in each data set, the mean frequency

was calculated as a percentage.

Calculation of ribosome distances from membranes

To calculate the distance between MAR-M or ER-R and their respective membranes,
the xyz co-ordinates corresponding to the position of the cleft between the 60S and
40S ribosomal subunits and the membrane were extracted and plotted. Again, only
side-views of ribosomes were used due to the difficulty in accurately defining both the
position of the cleft and the membrane in upper and lower surface views. The cleft was

chosen as a reference point as it is a clearly definable feature in individual tomograms.
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This accrued 824 data points from 15 tomograms for MAR-P and 140 data points from

11 tomograms for ER-R.

Miscellaneous

Protein concentration was measured by Bradford method using Roti-Quant (Carl Roth
GmbH) with bovine serum albumin as a standard. SDS-PAGE was performed according
to standard procedures. Protein extracts were examined on 12% and 15% acrylamide
gels. Western blot was performed using PVDF membranes (Millipore, Billerica, MA,
USA) and specific antisera were used for protein immunodetection. HA-tagged and
TAP-tagged proteins were detected by the use of monoclonal anti-HA and PAP Soluble
Complex antibodies (Sigma-Aldrich), respectively. Enhanced chemiluminescence
signals were detected by X-ray films (Foma Bohemia, Hradec Kralove, Czech Republic),
digitalized by Perfection V850 Pro scanner (EPSON, Long Beach, CA, USA) and
quantified using ImageQuant TL (GE Healthcare) software. The images were processed
using Photoshop CS4 (Adobe Systems, San Jose, CA, USA). The nomenclature of
proteins is according to the Saccharomyces Genome Database (SGD). For ribosomal

proteins, unified nomenclature was used according to [80].
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Figure 1 — Mitochondria are enriched with ribosomes after CHX treatment

A Average number of ribosomes bound to mitochondria for Control (-Mg(OAc), -
CHX), +Mg(OAc), only and two +Mg(OAc), +CHX (MAR) samples, from a crude isolation
and iodixanol purification (+1). Data were collected from 28 mitochondria (1196
ribosomes in total + s.e.m).

B The steady-state protein levels of isolated crude mitochondria are shown for
Control (-Mg(OAc), -CHX), and MAR (+Mg(OAc), +CHX) samples. Ribosomal proteins co-
isolate with mitochondria under ribosome stabilizing conditions (+Mg(OAc), +CHX). IMS
—intermembrane space, OM — outer membrane.

C Fractionation of MAR samples in a 0-27% iodixanol step gradient. lodixanol
gradient purified MAR (MAR, +I) were isolated from 15-21% iodixanol layers. Co-
sedimentation of a group of 80S ribosomes with mitochondria indicates their stable

interaction.
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865 D-K Corresponding example tomographic slices for the data shown in (A). (D)

866 Control (-Mg(OAc), -CHX) mitochondria are not associated with ribosomes. Scale bar,
867 0.2 um. (E) Samples treated with +Mg(OAc), only show ribosomes (boxed) bound to
868 mitochondria in a few cases. Scale bar, 0.3 um. (F-H) Enlargement of the boxes shown
869  in (E). Scale bars, 20 nm. (1) Crude preparation of a MAR (+Mg(OAc), +CHX) sample
870  shows many ribosomes bound to mitochondria, but also in (J), a high background of
871  free cytosolic ribosomes that distort accurate analysis. Scale bars, 0.2 um & 0.1 um
872 respectively. (K) Analysis of the iodixanol gradient purified MAR sample shows that
873 ribosomes remain stably bound to mitochondria after centrifugation. The background
874  level of free ribosomes and ER-membranes is reduced. Scale bar, 0.2 um.

875  Data information: In (B-C) samples were analyzed by SDS-PAGE followed by

876  immunodecoration with specific antisera. ER — endoplasmic reticulum.

877
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Figure 2 — Cytosolic ribosomes interact with the mitochondrial TOM translocase via
the nascent chain.

A B Cytosolic ribosomes co-purify with the TOM complex. (A) Immuno-affinity
purification of Tom22,,s from digitonin-solubilized MAR. MAR were pre-treated with 25
mM EDTA and washed before solubilization. Load 2%; Eluate 100%. (B) Immuno-affinity
purification of Tom40,, from digitonin-solubilized HMW membranes. Load 1%; Eluate
100%.
C,D Dissipation of the electrochemical inner membrane potential inhibits ribosome
recruitment to the mitochondrial surface. (C) The steady-state protein levels of HMW
membranes isolated from cells that were either untreated, or treated with 10 uM CCCP

for 3, 2 or 1 hour prior to harvesting. Translation was inhibited with 50 pg mI™* CHX for

30 min prior to harvesting. For analysis of protein levels after shorter CCCP treatment
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891 times see Fig EV2C & D. (D) Quantification of the ribosomal protein levels from samples
892  shownin (C). The protein levels of uS4 and uL22 in MAR were set to 100%. Data are
893  presented as mean + s.e.m, n=3.

894 E-G Ribosomes dissociate from mitochondria upon nascent-chain release. (E)

895  Protein levels in MAR samples upon treatment with nascent-chain releasing agents:
896  hydroxylamine and 3 mM puromycin. 25 mM EDTA was used as reference of ribosome
897  clearance from MAR samples. (F) Quantification of the ribosomal protein levels from
898  untreated MAR and after treatment with 1.5 M hydroxylamine shown in (E, lane 2 and
899 5). The protein levels of uS4 and uL22 in MAR were set to 100%. Data are presented as
900 mean +s.e.m, n=3. (G) TAP-tag affinity purification of the ribosomes from cytoplasmic
901 fraction after hydroxylamine treatment from the uL13arsp strain. Hydroxylamine causes
902 nascent chain release together with chaperone Ssb1, without affecting 80S ribosome
903  structure. Load 4%; Elution 100%.

904  Data information: In (A-C, E, G) Samples were analyzed by SDS-PAGE and Western

905  blotting using specific antisera.

906
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908  Figure 3 — Ribosomes are oriented for import on the mitochondrial surface

909 A Tomographic slice showing the location of ribosomes (MAR-M, orange
910  arrowheads; MAR-P, blue arrowheads), associated with a mitochondrion. Scale bar, 0.1
911  um.

912 B Enlargement of the box shown in (A). Scale bar, 20 nm.
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C Tomographic slice showing the arrangement of MAR-M (orange arrowheads)
and MAR-P (blue arrowheads). Scale bar, 20 nm.

D StA of the MAR-M population (1215 subvolumes). The 60S subunit (yellow) and
40S subunit (orange) is shown with respect to the position of the mitochondrial
membrane.

E StA of the MAR-P population (419 subvolumes). The 60S subunit (light blue)
and 40S subunit (dark blue) is shown.

F Surface rendered mitochondrion as shown in (A), showing the distribution of
MAR-M and MAR-P groups.

G A MAR-M cluster and associated MAR-P group are shown with respect to the
mitochondrial outer membrane (transparent) and a crista junction (purple). The
potential path of polysomal mRNA is shown (red).

H Enlargement of a MAR-M cluster shown in (F), depicting the position of the
polypeptide exit tunnel (black arrows) with respect to the mitochondrial outer
membrane (transparent) and a crista junction (purple).

I Tomographic slice showing the location of ribosomes bound to a mitochondrial
outer membrane that has a partially tubular morphology. Scale bar, 0.1 um.

J Enlargement of the box shown in (I), both the MAR-M (orange arrowheads)
and MAR-P (blue arrowheads) distributions are shown. Scale bar, 20 nm.

K Surface rendered mitochondrion as shown in (1), showing the MAR-M

distribution and (l) with the MAR-P group included.
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936  Figure 4 — Ribosomes bind to mitochondria in discrete clusters near Cls
937 A Histogram showing closest-neighbour distribution distances between individual
938  ribosomes in the MAR-M group, expressed in percent. Error bars indicate the standard

939  deviation of the frequency distribution for each minimal distance.

41


https://doi.org/10.1101/119339
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/119339; this version posted March 22, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

available under aCC-BY-ND 4.0 International license.

B Scatter plot showing the number of ribosomes (MAR-M, orange; MAR-P, blue)
correlated to the surface area of individual mitochondria.

C Distribution plot showing the number of import sites (expressed in percent)
measured for TOM-TIM23 supercomplexes (green) and ribosome-labelled TOM
complexes (orange), correlated to their distance from the nearest CJ. Data are plotted
as a moving average in order to reduce the appearance of short-term fluctuations.

D Schematic showing the distribution of TOM and TIM23 complexes in the
mitochondrial membranes based on data shown in (C). The “mitochondrial contact site
and cristae organizing system” (MICOS), responsible for formation and maintenance of
the crista junction, is shown with respect to the TOM and TIM23 complexes.

E Histogram showing the number of MAR-M per cluster expressed in percent.

F Histogram showing the number of MAR-P per cluster expressed in percent.
Data information: In (E, F) Data were collected from 6 tomograms in total (923 data

points).

42


https://doi.org/10.1101/119339
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/119339; this version posted March 22, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

mitochondrial outer membrane

S 95 H s
9
® 20 € 20
s g
£E 15 g 15
3 - o 8
€8 1 = 10
£ S 5
o)
23 5 g 5
28 £
& 0 3 0 ‘
MAR-M  ERR 0 5 10 5 20 25

Ribosome-membrane distance (nm)

956  Figure 5 — Ribosomes are tethered to mitochondria through the strength of the

957  polypeptide chain interaction
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A B Reconstructed tomographic slices showing the location of ribosomes (green
arrowheads) bound to rough ER membrane vesicles (marked E) that co-purify with
mitochondria (marked M). Scale bars, 20 nm.

C Surface rendered rough ER membrane (sea green) showing the position of
associated ER-R (60S bright green/ 40S dark green), calculated by StA of 230
subvolumes.

D Enlargement of the red box shown in (c). ER-R attachment to the membrane
via ES7"a is also shown (red).

E, F Docked X-ray structures show the positions of ribosomal proteins (teal) and
rRNA (grey) in filtered StAs of ER-R (green) and MAR-M (yellow) structures. eS7"a (red)
and eS27", (black) are also shown.

G Graph showing the average distance between MAR-M and the mitochondrial
outer membrane (orange) and ER-R and the ER membrane (teal), and the
corresponding variance of tethering distances (grey). Calculations are made from the
base of the cleft between the 60S and 40S subunits. Data were collected from 15
tomograms (MAR-M) and 11 tomograms (ER-R), accruing 964 data points in total.

H Distribution plot showing the number of ribosomes (expressed in percent) in
MAR-M (orange) and ER-R (teal) data sets, correlated to their distance from the
membrane. Data are plotted as a moving average in order to reduce the appearance of

short-term fluctuations.
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