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Protein complexes are pivotal to most cellular processes. Emerging evidence
indicating dimer assembly by pairs of ribosomes suggests yet unknown folding
mechanisms involving two nascent chains. Here, we show that co-translational
ribosome pairing allows their nascent chains to ‘chaperone each other’, thus
enabling the formation of coiled-coil homodimers from subunits that misfold
individually. We developed an integrated single-molecule fluorescence and
force spectroscopy approach to probe the folding and assembly of two nas-
cent chains extending from nearby ribosomes, using the intermediate filament
lamin as a model system. Ribosome proximity during early translation stages is
found to be critical: when interactions between nascent chains are inhibited or
delayed, they become trapped in stable misfolded states that are no longer
assembly-competent. Conversely, early interactions allow the two nascent
chains to nucleate native-like quaternary structures that grow in size and sta-
bility as translation advances. We conjecture that protein folding mechanisms
enabled by ribosome cooperation are more broadly relevant to intermediate
filaments and other protein classes.

Cells rely on the faithful production of protein complexes. According
to textbook models, newly translated polypeptides first undergo a
conformational search for the native tertiary structure', and then a
diffusion-driven assembly into larger complexes*°. This paradigm is
challenged by mounting evidence of co-translational assembly, either
between a fully-formed diffusing subunit and a nascent chain®"
(termed “co-post assembly”), or between two nascent chains*™
(termed “co-co assembly”). We recently revealed over 800 co-co
assembling homodimers, thus showing the general nature of this
biogenesis route’. However, the biochemical methods and disome
selective ribosome profiling (DiSP)'® employed thus far do not detect
the nascent chain structures nor the conformational changes during

the folding and assembly process. Single-molecule fluorescence and
optical-tweezers methods have made important advances in studying
nascent chain folding but remain limited to single ribosome-nascent
chain complexes (RNCs)>'"'%, As a result, we lack insight into the con-
formational basis and functional relevance of protein complex
assembly enabled by coupled ribosomes.

Here, we study these issues using the human intermediate filament
lamin, whose homodimeric coiled-coil structure represents the largest
co-co assembly class™. Lamins form a scaffold for the nuclear envelope
that spatially organizes chromatin®®*°, with mutants being the root cause
for diseases including premature ageing and cardiomyopathies?. Lamin
A and its splice variant lamin C contain three domains***: the N-terminal
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Fig. 1| Formation of lamin RNC pairs. A Structure of the lamin A/C homodimer
showing the coiled-coil rod domains 1A, 1B and a part of domain 2AB (PDB code: 6JLB%).
B Lamin RNC pairing in vivo. Bottom: Ribosome density along the LMNA mRNA for RNC
pairs (pairing via the nascent chains, blue) and for single RNCs (grey), as obtained by
DiSP for U20S cells, with 150 mM KCI and (Bissulfosuccinimidyl suberate) crosslinker
present upon cell lysis. Two replicate data sets are shown, as bars representing the
position-wise 95% Poisson confidence intervals corrected for library size and smoothed
with 15-codon wide sliding window". RPM: reads per million. Top: Lamin nascent chain
fragments for optical tweezer experiments (C). Dashed lines: ribosome stalling positions.
SecMstr: peptide sequence for efficient translation stalling. Yellow bars: coiled-coil
domains. Also indicated are the amino acids of the three fragments. C Optical tweezer
approach to constitute RNC pairs. Ribosomes, coupled to beads via DNA handles,
translate lamin fragments until a secMstr-mediated translation arrest using in vitro

transcription-translation. Next, the beads are repeatedly brought together for 5, to let
nascent chains interact and dimerize, and separated again (grey arrows). A stable tether
upon pulling, of twice the DNA handle length, indicates dimer formation (black arrow),
while no tether is formed when the chains do not dimerize. RNC cartoon from Bertolini
et al®, Reprinted with permission from AAAS. D The fraction of dimerization attempts
yielding dimer formation, determined as depicted in (C), for three lamin fragments
(n=136 LMNA31_123, n =140 LMNA3;_311, n = 46 LMNA3;.476 cycles). Error bars are standard
error of proportion. E Rupture force of nascent chain dimer tethers, as measured by
ramping up the tether tension, for three lamin fragments (n=8 LMNA3;-123, n=30
LMNA3;-311, N =24 LMNA3,_476 rupturing events). Boxes indicate 25th and 75th percen-
tiles, whiskers indicate the SD, center line indicates mean. Star: significant difference,
p<0.05 (two-sided Mann-Whitney U test, LMNAz;.153/L MNAz.311: p = 0.036, LMNAz;-13/
LMNA3;-476: p=0.017). Source data are provided as a Source Data file.

unstructured head domain, the central a-helical rod domain that med-
iates dimer formation (Fig. 1A, B, Supplementary Fig. 1), and the
C-terminal tail domain with an immunoglobulin-like fold”. Lamin poly-
merization occurs in the nucleus by head-to-tail assembly of lamin
homodimers®. The lack of lamin heterodimers”, even though lamin A
and C have identical dimerization domains, led to suggestions of a post-
translational sorting mechanism that recognizes the different tail
domains®. Co-co assembly can alternatively promote isoform-specific
homomer formation, and more generally avoid promiscuous interac-
tions between conserved oligomerization domains®.

Results

In vivo detection of lamin nascent chain interactions

We first studied lamin co-co assembly in vivo, including the depen-
dence on cell type (U20S and HEK cells) and DiSP conditions that can
potentially influence the detected assembly onset (Fig. 1B, Supple-
mentary Fig. 2). The DiSP method is based on isolating RNC pairs that

are coupled via their nascent chains (disomes), as well as uncoupled
RNCs (monosomes), followed by sequencing their protected 30
nucleotide-long RNA footprints as in standard ribosome profiling.
Consistent with co-co assembly, the number of mRNA reads for lamin
RNC pairs increased after synthesis of coil 1B, as the reads decreased
for the uncoupled RNCs'™. This lamin dimerization transition was
robustly observed, and did not depend on factors that can affect
nascent chain interactions, such as the salt concentration (150 or
500 mM KClI) or presence or absence of a protein-protein crosslinker
(BS3 and EDC, see Supplementary Fig. 2). The robustness of the lamin
nascent chain interactions may originate from the comparatively large
dimer interface of its coiled-coil structure. Co-translational dimeriza-
tion is an alternative mechanism to classical post-translational dimer
formation, in which monomers find each other by diffusion through
the cytosol. However, pull-down experiments on TwinStrep-tagged
lamin showed that no wild-type lamin was co-purified*, further sup-
porting the notion that lamin co-co dimerization occurs in vivo.
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In vitro formation of lamin RNC pairs

Approaches to purify RNC pairs from cells, like our DiSP method, are
less suited to study nascent chain conformations'®***, due to RNC
heterogeneity and the difficulty of incorporating measurement
probes. Hence, we aimed to construct RNC pairs in vitro, stalled at key
phases of translation identified by the DiSP data: before the onset of
dimerization, with only the small a-helical coil 1A fully translated, after
the dimerization onset with coils 1A and 1B fully translated, and finally
after translation of coil 2AB, with the full-length rod domain translated
and ribosome exposed (Fig. 1B).

To construct pairs of RNCs coupled by their nascent chains, we
first linked biotinylated ribosomes to polystyrene beads via 5 kb DNA
handles (Fig. 1C). Synthesis of lamin nascent chains by the bead-
tethered ribosomes was performed by in vitro transcription-transla-
tion, using the ‘SecM strong™? sequence to stall translation at positions
indicated above (Fig. 1B, Supplementary Fig. 3). Two such beads were
captured by two optical traps, repeatedly brought together, within
about 200 nm for about 5 seconds, and separated again. We quantified
the fraction of approach-retract cycles in which a tether formed
between the beads that was twice the length of a single DNA handle
(Supplementary Fig. 4), and hence indicated the coupling of two RNCs
via their nascent chains (Fig. 1C). This fraction increased from below 10
% to above 50 % with increasing fragment length (Fig. 1D). Such an
increasing trend agrees with the lamin DiSP data (Fig. 1B), and with
coupling taking place via the nascent chains, rather than via other
(ribosomal) components. While rare, we did detect dimerization
events already for the shortest fragment, indicating an earlier assembly
onset than detectable by DiSP (Fig. 1B). Interactions between shorter
nascent chain dimers may be detected less efficiently by DiSP, while
the polysome structure may also reduce their interactions. To probe
the stability of the nascent chain dimers against dissociation, we
measured the force required to rupture the tether by increasing the
distance between the beads. The tethers ruptured in a single step, in
line with coiled-coils unfolding and dissociating discretely during
pulling®. The rupture force indeed increased with fragment length,
from about 5 pN to over 15 pN (Fig. 1E), consistent with a progressively
larger coiled-coil dimer interface. Based on the DiSP data alone, one
cannot formally exclude that lamin nascent chains do not homo-
dimerize, but instead form complexes with other nascent chains. Thus,
the in vitro experiments presented here provide direct support for the
ability of lamin nascent chain homodimerization. Overall, the data
indicated that lamin nascent chains dimerized when brought in close

Fig. 2 | Fluorescent detection of nascent lamin dimers. A Approach for visual
verification of N-terminal co-localization. Two nascent chains can be linked by the
FIAsH dye, which binds to a bipartite tetracysteine motif formed by two cysteines at
each N-terminus, if they co-localize as in the native coiled-coil dimer structure
(Fig. 1A). Bound FIAsH becomes fluorescent and is detected by scanning a confocal
excitation beam (yellow beam, green arrows) along the molecular tether, while the

optical tweezers laser beams (blue) trap the beads. B Corresponding data. Bottom:
detected fluorescence scans in time, showing bead movements in stretch-relax
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proximity, with associations that start at short chain lengths and
become more resistant against forced dissociation with increasing
chain length.

We studied how these findings related to coiled-coil structural
features, in order to obtain further mechanistic insight (Supplemen-
tary Fig. 5). Coiled-coil structures are based on interactions between
heptad sequences in each coil, denoted as: (abcdefg),,. Residues at
positions a and d are mainly hydrophobic and make up the core of the
coiled-coil interface. Coiled-coils have a packing arrangement termed
knobs-into-holes (KIH)**>¢, with certain residues like Leucine, Valine,
and Isoleucine packing particularly well within this arrangement con-
sidering their side chain packing geometries***. A tabulation of these
interactions indicated that going from the short to the intermediate
fragment increased the stability the most, while the longest fragment
gained less in comparison (Supplementary Fig. SA-C). The same is
concluded when computing the cumulative residue-residue contact
energy®’ along the lamin dimer interface (Supplementary Fig. SD-F).
These computations agree with our measurements of the mean rup-
ture force, which doubles from construct 1 to construct 2 (from 7 pN to
14 pN, p <0.05), but increases only marginally to construct 3 (18 pN,
p=0.5). Overall, this analysis indicated that most of the lamin dimer
stability is contributed by coil 1B, as it has the most heptad repeats and
more ideal packing amino acids at the a and d positions, when com-
pared to coils 1A and 2B.

We note that the applied force acts on the inter-chain contacts, as
both are perpendicular to the helical axis in our assay (Fig. 1C). Hence,
substantial alpha-helical unfolding likely does not occur before inter-
strand contacts are broken. This is in line with previous work, which
suggests that mechanical unfolding of coiled-coils involves the
simultaneous breakage of many intra- and inter-chain contacts***’, We
also note that rupture forces between 8 and 15 pN were observed,
whichiis in the same range as the rupture forces observed here (Fig. 1E).
In contrast, when the force acts in parallel to the helical axis, helices
can elongate before the strands separate*>***,

Nascent lamin complex formation observed by fluorescence

To test whether the observed nascent dimers are consistent with the
native coiled-coil lamin structure, we integrated fluorescence detec-
tion into the optical tweezers assay (Fig. 2A). We inserted a pair of
adjacent cysteines at the lamin N-terminus and reasoned that two such
pairs should co-localize in the native parallel coiled-coil conformation.
Hence, a bipartite tetra-cysteine motif would form that can bind the

i Dimer unfolding
i Tether rupture

« FlAsH fluorescence

cycles and the FIAsH fluorescence signal between the two beads (green arrowhead).
The FlAsH signal is only observed when the tether is under tension and hence stably
in focus. RNC pair construct: LMNA3;-476. Top: corresponding measured force
acting on the beads and tether. Blue dashed line: sudden drop in force indicates
unfolding, while FIAsH keeps the N-termini connected (A). Red dashed line: tether
rupture, likely by dissociation of one of the DNA handles from the bead surface.
Source data are provided as a Source Data file. RNC cartoon from Bertolini et al.’.
Reprinted with permission from AAAS.
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Fig. 3 | Delayed RNC interaction promotes non-native lamin dimer conforma-
tions. A Diagram of nascent chain dimer force spectroscopy approach. Lamin
nascent chain dimers are formed as depicted in Fig. 1 C, and subsequently exposed
to repeated stretching and relaxation while the split-FIAsH-tag (green dot, see also
Fig. 2A) keeps N-termini bound together upon unfolding. B Classes of force-
extension behaviour of lamin nascent chain dimers. Black lines are theoretical
worm-like chain (WLC) curves for both nascent chains being compact (left) or fully
unfolded (right). The position of the measured data (blue) in between these two
reference curves indicates what fraction of the nascent chain (how many amino
acids) is in the compact state, and what fraction is in the extended state. During
stretch-relax cycles four classes are observed, with the majority of the chain: (1)
remaining unfolded, (2) initially compact and extending and compact gradually
under tension, as expected for linear a-helices, (3) initially compact and unfolding

discretely below 45 pN, as expected for coiled-coil dimer structures, (4) initially
compact and remaining so up to 45 pN, typically for multiple stretch-relax cycles,
indicative of a kinetically trapped misfolded state. Data are shown for LMNA3;-476¢
fragments. C Frequency of stretch-relax cycles with observed force-extension fea-
tures (see panel B), for lamin nascent chain dimers of three nascent chain lengths.
n =14 LMNA3;-123 molecules, 24 pulling cycles, n =29 LMNA3;-3;; molecules, 43
pulling cycles, n =54 LMNA3;.476 molecules, 100 pulling cycles. Dimer formation
and misfolding increases in frequency with increasing nascent chain length, at the
expense of unfolded states. LMNA3;.3; and LMNA3y.476 are significantly different
(p=0.002, Chi*test). Error bars: standard error of proportion. Colours are as in
panel B. Source data are provided as a Source Data file. RNC cartoon from Bertolini
et al.'. Reprinted with permission from AAAS.

FIAsH dye*¢, which becomes fluorescent upon binding, and detectable
by confocal fluorescence imaging. We performed the above approach-
retraction protocol to form a lamin RNC pair and exposed it to FIAsH in
solution. To detect bound FIAsH, a confocal fluorescence excitation
beam was scanned across the beads and along the connecting tether. A
fluorescent signal indeed appeared in-between the beads, visible as an
additional line in kymographs that display the subsequent fluores-
cence emission scans (Fig. 2B). Consistent with the formation of an in-
register parallel coiled-coil, we detected a FIAsH signal when tethers
were formed. As in the measurements without the FIAsH dye (Fig. 1D),
the longer fragments again showed higher dimer formation frequency
(Supplementary Fig. 6).

Delayed RNC interaction promotes non-native lamin dimer
conformations

The above experiments showed that dimers of nascent lamin chains
can be formed in situ but did not provide insight into unsuccessful
assembly attempts or folding errors. We surmised the split FIAsH-tags
may keep the N-termini connected after full unfolding, which could
allow us to directly follow dimer formation and dissociation, including
underlying conformational changes. Upon RNC coupling and FIAsH
exposure, tethers indeed remained intact after lamin dimers were
unfolded by stretching, as evidenced by a force drop to a non-zero
level and the continued presence of the fluorescence signal (Fig. 2B).

Note that the fluorescence signal is not visible at the lowest forces
because the molecular tether may exit the confocal imaging plane. The
force and fluorescence signals disappeared when the tether fully
ruptured (broke), which could be due to FIAsH, Dig-AntiDig, uL4 or
biotin-neutravidin dissociation, but whose rupture force should not
depend on nascent chain length. Accordingly, we found similar rup-
ture (or tether breaking) forces for all three constructs (Supplemen-
tary Fig. 7). In this manner, nascent chain dimers could be cyclically
unfolded by stretching and then given a chance to reform by relaxa-
tion (Fig. 3A).

The measured forces and extensions (bead-to-bead distance)
during the stretch-relax cycles report on the degree of nascent chain
compaction. In principle, nascent chain compaction during relaxation
and decompaction during stretching can reflect various underlying
conformational changes. Details of the force-extension data can be
used to distinguish these possibilities. For instance, a sudden and
discrete increase in extension during stretching typically indicates an
unfolding transition. In turn, this shows that a folded state had formed
in the previous relaxed state. We note that the FIAsH moiety may not
always bind, for instance, if the two coils would initially not be in
register. Stretching would then lead to simple tether breakage, as we
have observed in the absence of FIAsH (Fig. 1, Supplementary Fig. 7).
Out-of-registry rupture and assembly therefore cannot be studied in
higher detail with our method.
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Four classes of behaviour were observed (Fig. 3B, Supplementary
Fig. 8), with individual RNC pairs showing different classes from one
cycle to the next (Supplementary Fig. 9). The chains were for the lar-
gest part either: (1) initially unfolded, and remaining so throughout the
stretch-relax cycle, (2) initially compact and gradually decompacting
during stretching (or conversely becoming gradually more compact
during relaxation), with the data resembling previous pulling experi-
ments on stretched linear o-helices’*%, (3) initially compact and
unfolding discretely, consistent with the formation and unfolding of
the coiled-coil dimer*° (see also Fig. 2B), or (4) initially compact and
remaining so throughout the cycle, with the applied force unable to
unfold the structure.

The compacted states (4) indicated the formation of stable non-
native conformations that differ from coiled-coil or linear a-helical
structures®. These states were preserved for multiple cycles until the
tether ruptured, indicating that the nascent chains could no longer
form coiled-coil-like dimers. Conversely, unfolded (1) and a-helix-like
states (2) could transition at O pN to the coiled-coil-like state that
unfolded in discrete steps (3) (Supplementary Fig. 9). In line with these
data and the increased dimerization propensity with nascent chain
length (Fig. 1D), class (3) was found to increase in frequency with
nascent chain length, while classes (1) and (2) decreased (Fig. 3C).
Notably, class (4) was only observed for the longest fragment (Fig. 3B,
C, Supplementary Fig. 8). Note that these stretch-relax assays with
different fragment lengths thus allow one to study the conformational
consequences for nascent chains that start interacting during different
phases of translation. Also note that unfolded polypeptides may be in
different rotational states that can affect the ability to form secondary
and tertiary structure. Overall, these data indicated that two neigh-
bouring nascent chains can adopt a-helical and coiled-coil dimer
structures early during translation, which grow as translation pro-
gresses. Alternatively, however, non-native states are promoted when
the interactions between chains are delayed until later phases of
translation.

Co-co assembly suppresses intra-chain lamin misfolding

A key question concerns the conformational competition that deter-
mines the different observed folding pathways. Native complex for-
mation can be in competition with aggregation interactions between
the chains, or misfolding interactions within chains—both of which
could yield the observed non-native states (Fig. 3). To address this
issue, we probed single ribosome-associated lamin nascent chains, in
the absence of partnering RNCs (Fig. 4A). First, we generated stalled
ribosomes tethered to beads via 5kb DNA handles as before, using
suppressor tRNAs to biotinylate the nascent chains N-terminally. After
trapping one bead, the biotinylated nascent chain was linked to a
second trapped bead via another 5 kb DNA handle. Next, we cyclically
first separated and subsequently approached the two optical traps,
thus stretching and relaxing the a-helical lamin rod domains by their N-
and C-termini, for all three lamin fragments (Fig. 4A).

With single RNCs, we observed three of the four classes (Fig. 4B, C,
Supplementary Fig. 10): (1) unfolded, (2) a-helix-like, and (4) non-
native. As expected, observations of the discrete unfolding corre-
sponding to the coiled-coil-like dimer class (3) were negligible. The
data indicated that a second nascent chain is not required, but may
promote a-helix formation. However, most notable was the promi-
nence of the non-native class (4). This class was observed for all frag-
ments, at frequencies ranging from 20% for the shortest to 60% for the
longest (Fig. 4C), while for the RNC pairs it was detected for the longest
fragment only, and at a low frequency of 20% (Fig. 3C). These data
indicate that in the absence of another lamin nascent chain, the indi-
vidual lamin nascent chains were prone to form compact and stable
non-native structures. Indeed, polypeptides that can form a-helices
can also form misfolds that have high contact-order and are hence
compact®. Conversely, the presence of a second nascent chain

suppressed this lamin misfolding while enabling the coiled-coil-like
assembly. Hence, native structure formation here is not inhibited, but
instead promoted by interactions between nascent polypeptide
chains.

Ribosome pair asymmetry and proximity

We thus far paired two identical RNCs (Figs. 2 and 3) in order to study
the interaction between two nascent chains in similar phases of
translation. Alternatively, one ribosome may have translated sub-
stantially further than the other. To study this asymmetric scenario, we
performed RNC pairing assays as before (Fig. 3), but now using one
bead with an intermediate-fragment RNC (LMNAs;.3;;) and one bead
with a long-fragment RNCs (LMNA3;.476). These conditions indeed
produced tethers and showed the previously observed classes during
stretch-relax experiments: (1) unfolded, (2) a-helix-like, (3) coiled-coil-
like, and (4) non-native (Supplementary Fig. 11A, B). These data thus
showed that asymmetric RNC pairs also can generate lamin dimers in
vitro. The intermediate-long asymetric RNC pairs displayed a higher
frequency of non-native cases than the symmetric intermediate
RNC pairs, which did not show these states (Supplementary Fig. 11C).
This is consistent, as the longer nascent chain of the leading ribosome
provides more opportunities for non-native interactions. These
experiments in vitro show that ribosomes being in similar phases of
translation and in close proximity on the RNA message is not
strictly required but may be beneficial for co-translational lamin
dimerization.

It has been shown that ribosomes can favor unfolded over folded
states of nascent chains’. A similar or even stronger effect might occur
here, as two ribosomal surfaces are brought in close proximity to the
lamin dimer when it forms co-translationally. To test the potential
difference in lamin dimer stability on and off the ribosome, we purified
lamin dimers of the intermediate construct, after engineering ybbR
tags for DNA handle attachment, and performed similar single-
molecule stretching and relaxation experiments in the absence of
ribosomes (Supplementary Fig. 12). Strikingly, the purified dimers
could not be unfolded even when stretched to the maximum force of
65 pN in our assay. While small unfolding events were observed, for the
majority of curves they totaled less than 30 nm (Supplementary
Fig. 12D). Such a destabilizing effect of ribosome proximity may be
beneficial to co-co assembly, by allowing more options for finding the
lowest-energy dimeric state.

Proteome-wide considerations

To assess the importance of interfacial contacts for co-translational
dimer formation throughout the proteome, we analyzed the inter- and
intra-molecular contacts of co-co candidates from our DiSP study'
(Supplementary Fig. 13). We found that the relative abundance of inter-
vs. intra-molecular contacts was similar for high and low confidence
co-co assembling candidates (Supplementary Fig. 13A). Two peaks
were observed: A first subpopulation of nascent dimers that showed
over 10-fold more inter- than intra-chain contacts (15% of dimers),
suggesting an important role for the partner chain in stabilization.
Coiled-coils including lamin are very dependent on inter-chain con-
tacts, as they rely solely on an a-helix structure for intra-chain stabili-
zation. The second sub-population showed less than 10-fold more
inter- than intra-chain contacts at co-co onset (85% of dimers), which
could indicate partial domain folding before dimerization. Dimers in
this group may also employ self-chaperoning, in particular dimers with
an inter- vs. intra-chain contact ratio of more than 1. For most proteins,
the inter-chain contacts were more important at the co-co assembly
onset than after translation, when considering the total dimer interface
(Supplementary Fig. 13C). This suggested that the stabilizing initial
inter-chain contacts are further stabilized by intra-chain contacts later
during translation. Thus, the self-chaperoning mechanism may be
especially useful in early translation phases.
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A Diagram of optical tweezer approach to probe single monomeric lamin nascent
chains. B Classes of observed force-extension behaviour for monomeric lamin
nascent chains. Black lines: reference for a single nascent chain being compact (left)
or fully unfolded (right). Four classes of conformational states are distinguished,
with the majority of the chains: (1) remaining unfolded, (2) initially compact and
extending gradually under tension, as expected for linear a-helices, (3) initially
compact and unfolding discretely, typical for a dimer state that cannot form here,
(4) initially compact and remaining so up to 45 pN, typically for multiple stretch-
relax cycles, indicative of a kinetically trapped misfolded state. Data is shown for
LMNA31.476 fragments. C Frequency of stretch-relax cycles with specific force-
extension features (see B), for lamin nascent chain monomers of three nascent
chain lengths (n =14 LMNA3;.123 molecules, 45 pulling cycles, n =13 LMNA3;.31
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molecules, 32 pulling cycles, n =17 LMNA3;.476 molecules, 65 pulling cycles).
LMNA3,.3; and LMNA3, 476 are significantly different (p =0.0003, Chi>test). Error
bars are standard error of proportion. D Competition between initial lamin nascent
chain interactions and factors that affect it. A site (orange) can engage in non-native
interactions (orange arrows), and native (a-helical) folding and (coiled-coil)
assembly (green arrows). The coils natively contact ‘in-register’ early in translation.
Delayed interactions causes more competition from ‘out-of-register’ interactions.
Larger ribosome distances inhibit the stabilizing assembly interactions and pro-
motes intra-chain misfolding interactions. E Schematic of ribosome-pair and
diffusion-driven assembly. The former promotes proper folding and assembly by
establishing native inter-chain contacts before non-native intra-chain contacts can
form, and by limiting cytosolic exposure. Source data are provided as a Source Data
file. RNC cartoon from Bertolini et al.". Reprinted with permission from AAAS.
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Discussion

In this study, we report that by coupling co-translationally, RNC pairs
can drive the assembly of coiled-coil homodimers composed of
subunits that misfold in isolation. We find that physical RNC proxi-
mity and their translation progress along the mRNA biases the
competition between native and non-native contacts, which both can
form within single chains or between two chains (Fig. 4D, Supple-
mentary Fig. 14). Specifically, residues that are translated early can
form non-native contacts with chain segments that are translated
later (Fig. 4D, red arrows), which compete with native coiled-coil
contacts (Fig. 4D, green arrows). Timely formation of the latter native
contacts between nascent chains allows the realization of partial
coiled-coils, which grow in size and stability as translation proceeds
(Fig. 4E). Conversely, non-native contacts are promoted when the
RNCs either cannot interact, or interaction is delayed until later
phases of translation. Lamin nascent chains then misfold and are no
longer assembly-competent (Fig. 4B, C). These risks should be fur-
ther aggravated when assembly is postponed until after translation,
and the monomeric lamin subunits must diffuse through the cytosol
in order to dimerize (Fig. 4F). Overall, nascent chain interactions
during translation thus provide a reciprocal chaperoning function

that suppresses misfolding, in contrast with the view that high local
nascent chains concentrations promote aggregation®..

The ability to synthesise complexes composed of misfolding-
prone subunits may be of broad relevance to cells, as it expands the
range of possible protein structures and functions. Indeed, the elon-
gated lamin shape renders the lamin subunits prone to misfolding in
monomeric form, yet is also key to its unique mechanical properties®™.
The early and co-translational lamin dimerization we observed may be
relevant to efficient subsequent import into the nucleus, where lamin
dimers polymerize®. Importin-a, which binds the lamin nuclear loca-
lization signal and can inhibit premature polymerization®*, may hence
provide co- and post-translational lamin chaperoning functions.
Lamina-associated polypeptide 2a (LAP2a) may also help to maintain a
soluble pool of lamin dimers in the cytosol®.

Coupled folding and assembly by RNC pairs can impact other
translational processes. For instance, peptide bond formation and
translational pausing are known to be affected by co-translational
folding and related generated pulling forces in the order of 10 pN*>¥,
and may similarly be controlled by co-translational assembly transi-
tions. While our data do not directly show the forces generated by
lamin dimerization, the dimer disruption forces we measured (several
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tens of pN) are of similar order as co-translational folding events®*,
which suggests that they are large enough to modulate translational
activity.

The mechanism we report is likely more widely relevant, given the
recently observed prevalence of RNC pairing for coiled-coil and other
homodimer classes, including BTB and Rel homology domain
proteins'®, and may extend to heterodimers, higher-order oligomers,
as well as membrane-based biogenesis. For instance, it is an interesting
question whether intermediate filaments with a heterodimeric coiled-
coil structure also assemble co-translationally in trans, thus involving
two rather than one mRNA strand, and hence rely on the self-
chaperoning mechanism we report. Our mechanism may thus con-
tribute to understanding the architecture and (mutation-induced)
misfolding of proteins ranging from intermediate filaments to major
regulatory and metabolic proteins such as initiation factor 2B and Fatty
Acid Synthase. Furthermore, the findings raise the question of whether
the formation and translation synchrony of RNC pairs is controlled.
The latter may be achieved by sequence-induced translational pausing
or regulatory factors, as recently studied in ribosome collision
detection®. Finally, the results may open up new routes in artificial
protein and mRNA therapy design.

Methods

Disome selective profiling (DiSP)

U20S (ATCC Cat# HTB-96, RRID: CVCL_0042) and HEK293-T cells
(DSMZ Cat# ACC 635) were cultivated in high glucose DMEM media
containing GlutaMAX and pyruvate (Gibco), which was freshly sup-
plemented with 10% heat-inactivated FCS (Gibco), 100 U/mL penicillin
and 100 pg/mL streptomycin (Gibco) and were grown in a humidified
incubator with 5% CO, at 37 °C (HERAcell 150i). Variations in the lysis
protocol were implemented in different datasets. A lysis buffer with
physiological salt concentration (50 mM HEPES pH 7.0, 10 mM MgCl,,
150 mM KClI, 1% NP40, 10 mM DTT, 100 pg/ml CHX, 25 U/ml recom-
binant Dnasel (Roche) and protease inhibitor (complete EDTA free,
Roche)) was used for DiSP of HEK293-T and U20S cells (Supplemen-
tary Fig. 2A, D). A high-salt lysis buffer containing 500 mM KCI was
employed for DiSP of HEK293-T cells to test possible effects on the
detected onset of lamin disome formation (Fig. 1B). DiSP of U20S cells
was also performed by lysing cells in the presence of chemical cross-
linkers (Supplementary Fig. 2C). In this case, the lysis buffer was sup-
plemented with 2.5mM BS3 and 20 mM EDC. Cells were scraped in
crosslinker-containing lysis buffer on ice, such that crosslinking
occurred simultaneously with cell lysis. After lysis, DiSP samples were
processed’®. Briefly, clarified cell lysates were loaded on sucrose gra-
dients (5% - 45%), centrifuged for 3.5 h at 150,000 x g 4 °C (SW40-rotor,
Sorvall Discovery 100SE Ultracentrifuge) and fractions corresponding
to the monosome and disome peaks were collected. 30 nt long foot-
prints were extracted from both monosome and disome fractions and
deep sequenced. DiSP gene density profiles show the position-wise
95% Poisson confidence interval corrected for library size, and read
counts are smoothed with a 15-codon wide sliding window.

Cloning

All primer sequences used for cloning are available in Supplementary
Table 1. LMNA corresponding to lamin C that lacks the unstructured
head domain (residues 31-542), was PCR-amplified from a self-made
U20S cDNA library (SuperScript™ Il first-strand synthesis Kkit,
ThermoFisher). The employed PCR primers (MB143 + MB144) added
an Ndel restriction site followed by a splitFIAsH tag (SF: MAGSCCGG)
at the 5 end and a TwinStrep tag (TS: GGSGSAWSHPQFEKGG
GSGGGSGGSAWSHPQFEKGA) with a BamHI overhang at the 3’ end of
the construct (final sequence named SF-LMNC-TS). T4 DNA ligase was
used to ligate the gel-purified PCR fragment into a BamHI/Ndel-
restricted pET3a vector. The resulting plasmid was confirmed by
Sanger sequencing. Fragments for Gibson assembly were generated by

PCR reactions on the SF-LMNC-TS amplicon (described above) using
the primer combinations JS9 and JS10, JS9 and JS11, JS9 and JS12. Pri-
mers JS7 and JS8 were used to create the linear pRSET plasmid back-
bone, containing the SecMstrong sequence (FSTPVWIWWWPRIRGPP)
at the 5’ end and the T7 promoter at the 3’ end. The LMNA-containing
fragments were assembled with the linear plasmid backbone by Gib-
son assembly. Plasmids were isolated using standard procedures and
confirmed by Sanger sequencing. From these plasmids, the linear
dsDNA templates for the in vitro transcription/translation reaction
were amplified by PCR using primers JS28 and JS29.

Plasmids for post-translational lamin constructs (pJS81, pJS82)
were cloned using homology-based in vivo DNA assembly®’. The pET3a
backbone was linearized from stop to start by PCR using oligos JS169
and JS170. N-terminal extensions (M-HHHHHH-AGS-C/CC-GG) were
added via primers JS315 (single Cys) or JS316 (double Cys), respec-
tively, and the C-terminal ybbR-tag was introduced with JS318. After
Dpnl digestion, Escherichia coli XL1 cells were transformed with
backbone and insert for in vivo assembly. Plasmids were selected on
ampicillin-containing LB plates and confirmed by Sanger sequencing.

Purification of post-translational lamin constructs

BL21(DE3) + pRare (Cam®) cells containing pJS81 (Amp®) or pJS82
(AmpR), respectively, were grown at 30 °C in 1L 2xYT medium sup-
plemented with 100 ug/mL ampicillin and 5 ug/mL chloramphenicol.
When the ODgg reached 1, expression was induced with1 mM IPTG for
4 hours. Cells were harvested by centrifugation at 4 °C, 4000 rcf for
15 min and snap-frozen in liquid nitrogen. The pellet was resuspended
in lysis buffer (50 mM HEPES-KOH pH 7.5, 150 mM KCl, 5% (v/v) gly-
cerol, cOmplete EDTA-free protease inhibitor cocktail (Roche)) to ~-100
OD/mL and lysed in a French pressure cell press at 16,000 PSI. The
lysate was clarified by centrifugation at 4 °C, 30,000 rcf for 30 min.
The supernatant was loaded onto a Protino Ni-NTA Agarose
(MACHEREY-NAGEL) gravity flow column, washed (25 mM HEPES-KOH
pH 7.5, 500 mM KCl, 5% (v/v) glycerol) and eluted (25 mM HEPES-KOH
pH 7.5, 150 mM KCl, 5% (v/v) glycerol, 250 mM Imidazole pH 8.0). The
sample was concentrated with a centrifugal filter (MWCO 5 kDa) and
dimers were isolated by size-exclusion chromatography (Akta Super-
dex 200 pg) using coupling buffer (50 mM HEPES-KOH pH 7.5, 10 mM
MgCl,, 5% (v/v) glycerol). Pooled dimeric fractions were concentrated
again and snap-frozen in liquid nitrogen.

Attachment of DNA handles to purified lamin dimers

Purified His-CC-LMNA31-311-ybbR protein was coupled to 20 nt oligo
(Supplementary Table 1) modified with CoA (Biomers GmbH) in the
presence of 50 mM HEPES, 10 mM MgCI2 (both Merck) and 1uM SFP
synthase (addgene) at 4°C overnight. The remaining oligos were
removed by Ni-NTA purification (Protino, MACHEREY-NAGEL). The
1.3 kb DNA handles were created by PCR amplification from pUC19
plasmid (New England Biolabs) using primers modified with phosphate
on one end and either biotin or digoxigenin on the other end (Eurofins,
Germany). The DNA fragment was purified using Qiagen PCR Pur-
ification Kit (Qiagen). The DNA was subsequently digested with
Lambda exonuclease (New England Biolabs) at 37 °C for 2 h, followed
by 10 min inactivation at 75 °C. Obtained ssDNA was purified with an
Amicon 30kDa column (Merck, Darmstadt, Germany). The second
strand was completed using Deep Vent (exo-) DNA polymerase (New
England Biolabs), dNTP mix (ThermoFisher) and a phosphorylated
primer (Eurofins, Germany) starting 20 nt downstream to create the
overhang. The final product was purified using PCR purification Kit
(Monarch). The 1.3kb DNA handles with 20 nt overhang com-
plementary to the oligo attached to protein and biotin or digoxigenin
was ligated to protein-oligo complex using T4 ligase (New England
Biolabs) at 16 °C for 4 h followed by overnight incubation on ice. The
resulting DNA-LaminDimer-DNA complex was flash-frozen and stored
at —80 °C for future analysis.
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Coupling of neutravidin-DNA handles to beads

Double-stranded DNA (dsDNA) molecules were prepared by PCR
amplification using digoxigenin (DIG) and biotin 5-end-modified pri-
mers (Supplementary Table 1). 2DIGfw5kbp and 3BIOrevSkbp were
used with pOSIP-TT as a template in a two-step Phire Green Hot Start Il
PCR (Thermo Scientific) reaction. The 5kb PCR product was purified
using the QIAquick PCR Purification Kit (QIAGEN). 10 nM 5 kb DNA was
coupled to 2 pM neutravidin (Thermo Scientific) by incubation in
10 mM PBS overnight at 4 °C. 2.1 pm diameter carboxyl-functionalized
polystyrene beads (Spherotech) were modified with anti-digoxigenin
(anti-DIG, Roche), using the carbodiimide crosslinker EDAC, following
the PolyLink protein coupling kit protocol (Polysciences). Subse-
quently, the resulting 5kb neutravidin-DNA handles (1.7 um contour
length) were coupled to the anti-DIG beads at a reaction ratio of ~-10
neutravidin-DNA/bead for 30min at 4°C. The beads with the
neutravidin-DNA handles were then washed several times with Tico
buffer 20 mM HEPES-KOH pH 7.6, 10 mM (Ac),Mg, 30 mM AcNH,,
4 mM B-mercaptoethanol) and split into two batches (modified pro-
tocol from ref. 61).

Ribosomes from an RNase-deficient E. coli K-12 strain (Can20/
12E%?) were biotinylated in vivo at the ulL4 ribosomal protein and
subsequently isolated”. Biotinylated ribosomes were added to one
batch of Tico-washed neutravidin-DNA modified beads at 350 nM,
supplemented with murine RNase inhibitor (New England Biolabs) and
incubated at 4 °C for 30 min. The remaining unbound ribosomes were
then removed via pelleting and the beads were washed once with Tico
buffer before they were resuspended directly into the cell-free tran-
scription/translation mix described below.

Cell-free protein synthesis and co-translational labelling

The cell-free transcription/translation mix used in this study is a
customized version of the bacterial PURE system without ribosomes
(PUREexpress A ribosomes, New England Biolabs). Biotin was incor-
porated co-translationally at the two N-terminal amber positions TAG
using the suppressor tRNA technique”. The system was supple-
mented with 10 pM of a modified tRNA pre-charged with biotinylated
lysine (Biotin-XX-AF_tRNA, amber, CloverDirect), 0.5-5pM trigger
factor, as well as murine RNase inhibitor (New England Biolabs).
Synthesis was initiated by mixing the system with the E. coli ribo-
somes coupled to beads, and the 5.5nM linear DNA template. The
reaction mixture was incubated at 37 °C for 30 min. The resulting
nascent chains remained attached to the ribosome due to the
SecMstr arrest peptide at the C-terminus®*®, Following the tran-
scription/translation reaction, the bead with their tethered and
stalled ribosome nascent chain complexes (RNCs) were resuspended
in TICO buffer (20 mM HEPES-KOH pH 7.6, 10 mM (Ac),Mg, 30 mM
AcNH,, 4 mM B-mercaptoethanol) at 4 °C. The RNC-coupled beads
were diluted in 300 pL TICO buffer prior to their usage in the optical
tweezers. As oxygen scavenger the P20 system (3 units per ml pyr-
anose oxidase, 90 units per ml catalase and 50 mM glucose, Sigma)
was used.

Preparation of the FIAsH dye

Stock solutions of 5mM were prepared by dissolving FIAsH-EDT,
(Carbosynth) in DMSO (Thermo Scientific) and stored in an inert
atmosphere at —20 °C. For experimental use, the stock solutions were
diluted in TICO buffer to a working concentration of 100 nM.

Optical tweezers assay and single-molecule data analysis

Correlated single-molecule force spectroscopy and multi-color con-
focal laser scanning spectroscopy measurements were carried out with
the C-trap instrument (Lumicks, Amsterdam). This instrument features
two optical traps formed by a high-intensity and polarization-stable
single 1064 nm laser, which is split into two orthogonally polarized
beams, one of which can be steered with a piezo mirror relative to the

other. Two fluorescence excitation lasers (532 nm and 638 nm) allow
for dual color confocal fluorescence, while the dedicated APDs assure
single-photon sensitivity. Measurements were performed in a mono-
lithic laminar flow cell with a stable passive pressure-driven micro-
fluidic system with 5 separate flow channels. Data was acquired at a
rate of 50 kHz, decimated/averaged down to 500 Hz, and was analysed
using custom scripts in Matlab and python. Calibration of the two
orthogonally polarized traps was performed using the power spec-
trum method, where the power spectra obtained from the beads
undergoing Brownian motion in the optical traps are fitted with a Lor-
entzian to obtain conversion parameters for displacements and forces in
nm and pN®. The trapping laser intensity was kept constant for all
measurements, resulting in a trap stiffness of about 260 + 50 pN/um. To
tether individual molecules, the optically trapped beads were brought
within close proximity for short time intervals, before separating them
to an inter-bead distance of about 3 pm. A slight increase in the force
would signal tether formation. Measurements were taken in a cycling
force spectroscopy mode, where the steerable trap was moved at a
constant rate of 0.2 pm/s between a minimum bead separation of 2 um
and a maximum force of up to 65 pN. The resulting force-extension
curves for individual tethers were fitted with two worm-like chains
(WLC) in series, one for the DNA handle contribution (extensible worm-
like chain, eWLC)® and the other for the stalled nascent chain con-
tribution (inextensible worm-like chain, WLC)®, yielding an average DNA
persistence length of 43 +10 nm (SD of 5nm) and a DNA stretch mod-
ulus of 1037 +388 pN/nm (SD of 194 pN/nm). Tethered molecules
undergoing only gradual transitions could not be fitted with the Odijk
inextensible approximation WLC model, and hence WLC rulers were
used corresponding to fully compacted and fully extended monomer
and dimer chains as depicted in Figs. 3B and 4B, and Supplementary
Figs. 4 and 8-12 using the average DNA parameters obtained above.
Four features were identified during the pulling-relaxation experiments
of monomers and dimers. Most of the total chain was characterized as:
(i) unfolded, (ii) extending or compacting gradually, (iii) compacted and
unfolding in discrete events, and (iv) compacted and not unfoldable.
More specifically, the features were: (i) An unfolded state, in which more
than half of the total monomer or dimer chain is unfolded, and remains
so during a stretch-relax cycle. (ii)) A compacted (or an extended) state
composed of more than half of the total monomer or dimer chain,
which displayed a gradual contour length increase (decrease) of more
than half of the total chain length during a stretch-relax cycle. (iii) A
compacted state composed of more than half of the total monomer or
dimer chain, which displayed multiple discrete contour length changes
totalling more than half of the total chain length during a stretch-relax
cycle. (iv) A compacted state composed of more than half of the total
monomer or dimer chain, which displayed no detectable contour length
change during a stretch-relax cycle.

Estimation of lamin dimer stability

To assess the dimer stability of our constructs, we considered the
following. Coiled-coil interactions involve heptad repeats (abcdefg),, in
both monomers. Residues a and d are predominantly hydrophobic and
make up the core of the coiled-coil interface, while e and g are typically
charged or polar and occupy the region between the core and the
solvent. (Supplementary Fig. 5A). Structural stability is affected by the
number of heptad repeats and the side chain packing at position a and
d, with Leucine, Valine and Isoleucine most commonly observed at
these positions®***"%%, The packing is affected by van der Waals
interactions between side chains, for instance®”. The packing
arrangement for coiled coils is termed knobs-into-holes (KIH) (Sup-
plementary Fig. 5C). A ‘knob’ is defined as a side chain of position a and
d residues that project from one helix and packs into a diamond-
shaped ‘hole’ formed by four side chains of an adjacent helix. Three of
the four residues of this diamond are themselves knobs, so that a
complementary interlocking structure results***. The a sites can
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accommodate more residue types than d, including the bulkier (-
branched amino acids, like Val and Ile. The inward pointing orientation
of the side chain at the d position is thought to best accommodate
amino acids which are not branched at the B-carbon®, Side-chain
mobility contributes significantly to the stability of the folded state.
The number of side chain rotamers, can be an additional source of
stability’®.

Hence, we counted the full heptads (abcdefg) for each construct
and considered the a and d amino acid. Construct 2 has 15 more
heptads than construct 1 (of which 5 had Val, lle or Leu at site a and d,
Supplementary Fig. 5B). In contrast, construct 3 gains only 7 more full
heptads compared to construct 2 (with less ideal amino acids at site a
and d). Thus, we predict that construct 2 is significantly more stable
than construct 1, while construct 3 is only slightly more stable than
construct 2. Consistently, the calorimetric enthalpy of coil 1B (in con-
struct 2 and 3) was measured as above 55 kcal/mol, while 2B (fully
present only in construct 3) showed a smaller ~3.7 kcal/mol”. These
values agree with our mean rupture forces, which double from con-
struct 1 (-7pN) to construct 2 (-14pN), but increase only marginally to
construct 3 (18pN, p-value: 0.5).

Next, we calculated inter-chain energies. Because side chains
are key to the interactions, we used side chain centroids to repre-
sent the residues. Residues were considered in contact if their
centroids were closer than 6.5 A, using Alphafold2 for structure
prediction (Supplementary Fig. 5D, E). Cumulative effective contact
energies were determined using the approach by Zhang C. et al.*.
Consistent with the above estimates and our data, the largest
energy drop is seen from construct 1 to construct 2 (Supplemen-
tary Fig. 5F).

One may note the regions with few contacts (marked in pink,
Supplementary Fig. 5D-F), which link the coils and hendecad patterns
(abcdefghijk). The hendecad region in coil 1B (res 207-277) forms an
untwisted helical section (Supplementary Fig. 5D), which gives rise to
mismatched inter-helical hydrophobic interactions and therefore to
fewer contacts®’. The fewer contacts within these regions are also
reflected in plateaus within the cumulative contact energies plot
(Supplementary Fig. 5F).

Calculation of all-atom inter- and intra-molecular contacts for
proteome-wide co-co assembly candidates

Initial structures of complexes were selected by aligning the amino
acid sequences of high and low confidence co-co candidates to
every protein chain larger than 25 amino acids from the PDB (Jan-
uary 3rd, 2023) using adlib (https://pypi.org/project/edlib/). Struc-
tural assemblies were a co-co candidate had at least 90% sequence
similarity with at least two protein chains were kept (n = 503 for low-
confidence and 95 for high-confidence genes, respectively). Then
pair-wise permutated interfaces between protein chains were cal-
culated. Interface contacts were defined as atom pairs of residues
from different protein chains that had a distance of less than or
equal to 5A. For these interface residues, intra-molecular chain
contacts were calculated. These stabilizing contacts were defined as
atom pairs of different residues from the same protein chain that
had a distance of less than or equal to 5 A and were at least 10 amino
acids apart on the protein chain. Only inter- and intra-molecular
contacts where both residues are emerged from the ribosomal exit
tunnel at the co-co onset (30 amino acids before the co-co onset
position) are considered and summed. Finally, the ratio between
ribosome exposed inter- and intra-molecular contacts for every
chain is calculated. Then the ratios of all chains from a co-co can-
didate were averaged by the median.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE282964. Source data are provided with
this paper.

Code availability

Data analysis of ribosome profiling datasets were performed with
RiboSeqTools™ (available at https://github.com/ilia-kats/
RiboSeqTools). Other relevant custom codes used in this work have
been deposited at zenodo/github [https://doi.org/10.5281/zenodo.
15184282].
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