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ABSTRACT

Co-translational protein targeting to membranes de-
pends on the regulated interaction of two ribonucleo-
protein particles (RNPs): the ribosome and the signal
recognition particle (SRP). Human SRP is composed
of an SRP RNA and six proteins with the SRP GTPase
SRP54 forming the targeting complex with the het-
erodimeric SRP receptor (SRa3) at the endoplas-
mic reticulum membrane. While detailed structural
and functional data are available especially for the
bacterial homologs, the analysis of human SRP was
impeded by the unavailability of recombinant SRP.
Here, we describe the large-scale production of all
human SRP components and the reconstitution of
homogeneous SRP and SR complexes. Binding to
human ribosomes is determined by microscale ther-
mophoresis for individual components, assembly in-
termediates and entire SRP, and binding affinities
are correlated with structural information available
for all ribosomal contacts. We show that SRP RNA
does not bind to the ribosome, while SRP binds with
nanomolar affinity involving a two-step mechanism
of the key-player SRP54. Ultrasensitive binding of
SRP68/72 indicates avidity by multiple binding sites
that are dominated by the C-terminus of SRP72. Our
data extend the experimental basis to understand
the mechanistic principles of co-translational target-
ing in mammals and may guide analyses of complex
RNP-RNP interactions in general.

INTRODUCTION

The universally conserved signal recognition particle (SRP)
is a prime example for a ribonucleoprotein particle (RNP)

with an essential physiological function featuring complex
RNA folds and conformational changes, and with the SRP
RNA even supporting catalytic activity (1-3). The SRP
system is the main targeting route for integral membrane
proteins and secretory proteins to the endoplasmic rectic-
ulum (ER) in eukaryotes. SRP recognizes hydrophobic N-
terminal signal sequences (or signal anchor sequences) of its
client proteins as soon as they emerge from the ribosome (4—
6). Mammalian SRP comprises the highly base-paired SRP
RNA (also referred to as 7SL RNA) of ~300 nt and six pro-
teins (SRPY, SRP14, SRP19, SRP54, SRP68 and SRP72)
(Figure 1A). It is divided into the functionally independent
Aludomain (SRP9/14 and 5/ /3’ ends of SRP RNA) respon-
sible for translation retardation (7), and the S domain (in
the following denoted as SRPS) that recognizes the signal
sequence and binds to the membrane-bound SRP receptor
(SRaB heterodimer (8)) in a GTP-dependent manner. The
four largest proteins, SRP19, SRP54, SRP68 and SRP72,
belong to SRPS and are all essential for SRP function, while
the Alu domain is dispensable for protein translocation (9)
and the significance of elongation retardation is discussed
controversially.

Co-translational targeting is initiated by SRP binding to
the ribosome and scanning for nascent chains that carry a
signal sequence (‘scanning state’) prior to the establishment
of a committed state when the signal is bound to SRP (‘en-
gaged state’) in the SRP-RNC pre-handover complex (10—
12). Signal sequence recognition correlates with significant
structural changes in the key-player SRP54, a multi-domain
protein consisting of the signal-binding M (methionine-
rich) and the regulatory NG domain (N: four-helix bundle,
G: GTPase) (13). The M domain dives into the funnel of
the polypeptide tunnel exit of the large ribosomal subunit
engaging the signal, while the NG domain is stably locked-
in-place across the exit (12,14,15). Upon signal engagement,
the SRP-RNC complex is targeted to the ER by interaction
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Co-translational targeting by the SRP system. (A) Scheme for the mammalian SRP system and the targeting of RNCs to the translocon in the

ER membrane. SRP consists of six proteins (numbered by molecular weight in kDa) bound to SRP RNA acting as scaffold. The Alu domain reaches into
the factor binding site within the ribosomal 40S/60S subunit interface and the S domain binds to the signal sequence (ss) emerging from the polypeptide
exit tunnel (exit) in the signal pre-handover state (left). The multi-domain SRP GTPase SRP54 recognizes the signal with its M domain and establishes
the targeting complex consisting of its NG domain bound to the homologous NG domain of the SRP receptor SRa at a proximal ribosome binding
site. SRP68/72 are large solenoids including RBD and protein-binding modules. Upon signal handover to the translocon (right), the GTP-dependent (T)
stable targeting complex is activated at a distal SRP RNA site (5e and 5f loops; *: activation). The SRX domain of SRa regulates the membrane-anchored
Ras-like SRB GTPase (D: GDP). (B) SDS-PAGE gels of fully recombinantly reconstituted and purified SRP/SR complexes (Coomassie and methylene
blue stained). SRPS, SRPS/SR and entire SRP can be purified to homogeneity in large scale up to milligram amounts. SRP54 is added either as full-length
protein or as C-terminal deletion (AC) lacking the flexible signal-enclosing and exit-binding region.

with the SRP receptor (SR), and the RNC is finally handed-
over to a vacant translocation channel (translocon, Sec61
complex) (Figure 1A).

The targeting complex (TC) formed by the SRP GTPases
SRP54 and SR« constitutes the core of the SRP system and
regulates the entire process (16-19). The TC forms close
to the ribosomal tunnel exit at the ‘proximal site’ of the
SRP RNA and is relocated to a conserved ‘distal site’ in
the middle of the SRP RNA after the signal sequence is
handed over to the translocon. Only then, the SRP GTPases
are stimulated by the RNA as validated for bacteria (18).
After initially observing the removal of the TC from the
proximal binding site (20), the distal binding of the TC
has recently been visualized by high-resolution cryo-EM for
the mammalian system (18,21). GTP-hydrolysis dissociates
SRP from the SR, translation resumes, and the targeting cy-
cle is completed.

Most of the structural and biochemical studies have been
performed for the bacterial system from Gram-negative Es-
cherichia coli as it only consists of the SRP GTPases Fth
and FtsY bound to the single stem—loop SRP RNA of 114
nt (4.5S RNA). The bacterial system is easy to reconsti-
tute as the RNA folds intrinsically and Ffh binds to the
RNA on its own (22). Furthermore, GTP-hydrolysis by the
two SRP GTPases can be readily measured by fluorescence
methods (23) and by using the NG domain of FtsY with-
out the intrinsically disordered N-terminal A domain. In
contrast, due to its complexity the mammalian SRP sys-
tem imposes several obstacles that need to be overcome.
Typically, mammalian SRP has been purified from micro-
somes derived from canine pancreatic tissue (24). Thus,
amounts were limited and although the particle can be dis-
assembled and functionally reconstituted (25), the material
was not suited for biochemical or biophysical assays afford-
ing highly pure and/or modifiable components. In order to

overcome this drawback, we set up a large-scale reconstitu-
tion and purification protocol for the entire SRP, the SRPS
domain (sufficient for fully active translocation (9)) and the
heterodimeric SR (without N-terminal TMD, dispensable
for function (26)). While a parallel study used the reconsti-
tution of mammalian SRP for a mainly kinetic description
(21,27), we employed the reconstitution of the SRP system
in a comprehensive, quantitative study of its ribosome in-
teractions by microscale thermophoresis (MST). The pro-
tocols developed here are valuable tools for other ribosome
associated complexes and for analyzing the interactions of
hitherto less characterized RNPs.

MATERIALS AND METHODS

In the following, we focus on the description of reconstitu-
tion and purification of the human SRP system and the de-
tails of MST as key-method applied in this study. All mate-
rials and methods (including buffer composition) regarding
RNA and protein production as well as on the purification
of human 80S ribosomes and rabbit reticulocyte RNCs are
described in detail in the online Supplementary Data.

SRP(S) and SRP(S)/SR complex formation and purification

Complex formation and purification have been successively
established and refined over the years starting from small
SRPS RNA/SRP19 binary complexes (28) up to finally the
entire SRP system. The protein components were individ-
ually purified as monomers or respective heterodimers for
SRP9/14, SRP68/72 and SRaB. Potential trimming of flex-
ible termini was based on stability tests and crystal structure
analyses of all components. Protein concentrations were
measured either at 280 nm if purity was high (> 95%) or by
Bradford assay and corrected according to the relative pu-
rity estimated from quantitative analysis of sodium dodecyl
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sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
lanes.

For complex formation, each RNA construct was pre-
assayed for optimal folding by native RNA-PAGE analysis
in a Tris/Mg(OAc), buffer system. Briefly, RNAs were ei-
ther folded via a rapid snap-cooling from 90°C in ice water
(SRPS RNA with 145 nt: 105-249) or slow-cooled from 65
to 25°C (7SL RNA) in Buffer C. The snap-cooled RNA was
supplemented with Buffer C lacking NaCl and incubated
for 5 min at 37°C.

SRP and SR proteins were then subsequently added ei-
ther as monomers or as preformed heterodimers (9/14,
68/72 and SRaB) and incubated at room temperature in
slightly super-stoichiometric amounts with increasing ex-
cess from 120% to 200% for at least 5 min per addi-
tion. The hierarchy of protein addition always starts with
the scaffolding protein SRP19 (together with SRP9/14
for the entire SRP) followed by SRP68/72 and finally
by SRP54. The SRP receptor was then added and the
mixture incubated for 10 min at 37°C with an ex-
cess (2 mM) of non-hydrolyzable GTP analog (GMP-
PNP: 5-guanylyl-imidodiphosphate). After a short rest-
ing phase on ice, the sample was centrifuged for 10 min
at 14 000 x g to remove potential aggregates. All as-
sembled complexes were immediately purified via size-
exclusion chromatography (SEC) in Buffer L containing
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; pH 7.5), 250 mM KOAc, 5 mM Mg(OAc); and 1
mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP).
Thus, all assemblies with ribosomal samples were done in
homogeneous buffer compositions. Respective SEC frac-
tions of the SRP/SR complexes were pooled and immedi-
ately concentrated in a centrifugal filter device (Millipore).
The overall yield of complex formation was usually in the
range from 5% to 25%.

Microscale thermophoresis

In the MST setup, a dilution series of a ligand is mixed with
a low ‘tracer’ concentration of a fluorophore-labeled target.
The mixtures are filled in glass capillaries and placed on a
temperature-controlled sample tray that is excited with an
LED light and locally heated with an infrared laser (29).
The change of fluorescence upon heating mainly due to
thermophoresis (MST amplitude) is then recorded and data
points are presented in a dose-response curve. For MST
measurements, human 80S ribosomes or rabbit reticulo-
cyte RNCs were labeled with Atto-647 NHS-ester dye (N-
HydroxySuccinimide, Thermo Fisher). For this purpose,
the Atto-dye stock (2 mM in dimethyl sulfoxide (DMSO))
was diluted to a final concentration of 50 wM in Buffer Q.
Equal volumes of sample (100 w1, 100-500 nM) and dye so-
lution were mixed and the labeling reaction was incubated
for 30 min at RT in the dark. The excess dye was removed
from the sample by purification over a desalting column
(Zeba Spin, Thermo Fisher) equilibrated with Buffer Q. A
degree of labeling (DOL) of ~4-8 dye molecules per ribo-
some was determined by absorption measurements. As for
the RNCs, partial labeling of the nascent chain cannot be
excluded. However, due to the low DOL and randomness
of labeling we assume the effective ribosome concentrations

in the MST calculations to be close to the measured con-
centrations and labeling generally not to interfere with the
binding events. The concentrations of the labeled ribosomes
were adjusted to 1 to 20 nM (1 ODy4p = 20 nM) depending
on the estimated strength of the interaction to be measured
(see Supplementary Table S1 for all parameters in the re-
spective experiments). For Kp measurements according to
the law of mass action, fluorophore concentrations need to
be lower than the Kp-value, but due to sensitivity limita-
tions in the experimental setup, concentrations below 1 nM
were not possible. All SRP/SR ligands were carefully di-
luted in 16 micro reaction tubes in Buffer L (16x serial 1:1
dilution, final volume of 10 wl each) with concentrations
between 100 wM and 5 pM with the highest concentration
adapted to the strength of the interaction (usually at least
20x the Kp-value). SRP/SR samples and ribosomes (10 .l
each) were then mixed in a 1:1 ratio (final K* concentration
of 175 mM approximating physiological conditions) and in-
cubated at RT for 10 min before being loaded into 16 pre-
mium coated glass capillaries (NanoTemper Technologies).

MST measurements were performed using a Monolith
NT.115 (NanoTemper Technologies) according to manu-
facturer’s instructions (LED red). MST measurements were
carried out at 20°C with LED powers ranging from 60
to 100% according to the input concentration of the flu-
orophore. Each measurement was typically done at three
infrared-laser (MST) powers between 40% and 100%. One
measurement was defined by measuring the initial fluores-
cence signal for 5 s (baseline) followed by MST for 30 s
(fluorescence changes due to thermophoresis) and finish-
ing by again determining the fluorescence signal for 5 s
(reverse thermophoresis due to back diffusion upon cool-
ing). The obtained data were analyzed assuming a 1:1 bind-
ing model and by using the MO.Affinity Analysis Soft-
ware (NanoTemper Technologies) at the default time win-
dows (violet bars: baseline; red bars: used MST signals).
Data from at least three independent measurements were
combined to create one dataset for which the averaged
data points were fitted using a Kp-model (for Kp-values
> fluorophore concentration). For independent and non-
cooperative two-site binding data (SRP54), analysis was
done with program PALMIST (30).

For Kp-values lower than or equal to the fluorophore
concentration, accurate values cannot be obtained and
titrations result in dose-response curves yielding EC50-
values that are best fitted with a Hill-model (29). In these
cases, the Kp-values can be estimated to be lower than the
determined EC50-values. In case of Kp-values being signif-
icantly lower than the fluorophore concentration, satura-
tion curves with a kink at the point of saturation are ob-
tained that allow for the determination of the interaction
stoichiometry at the concentration of saturation. For ultra-
sensitive binding events, where the fluorescence change is
significantly steeper than for simple 1:1 binding and where
Kp-values are higher than the fluorophore concentration
(SRP72), EC50-values determined via the Hill-model give
an approximation for the Kp-values. Here, binding induces
cooperativity (Hill coefficient > 1), which indicates the in-
volvement of multiple dependent binding sites and might re-
flect conformational changes within the ligand upon bind-



ing (31). Thus, ultrasensitivity can be described as single
avidity process with multiple and synergistic affinities.

RESULTS
Large-scale reconstitution of the human SRP system

The production of recombinant RNPs critically depends on
the folding of the RNA scaffold (32). Each individual RNP
and RNA construct requires careful adaptation of the pro-
tocol for RNA folding. In contrast to E. coli SRP with its
plain stem-loop 4.5S RNA, mammalian SRP RNA (7SL
RNA) needs a temperature step for folding. For SRPS RNA
(145 nts), we found that it folds best via fast snap-cooling
in water before the addition of magnesium and potassium
ions. In contrast, folding of the entire SRP RNA was opti-
mized by a slow-cooling procedure in a folding buffer addi-
tionally containing sodium chloride.

RNP assembly in vivo is generally performed in a hierar-
chical fashion to ensure correct maturation of the particle
(33). In our in vitro assembly scheme, SRP and SR proteins
were thus added in a defined order either as monomers or as
preformed heterodimers (9/14, 68/72 and SRa3) and incu-
bated at room temperature in slightly super-stoichiometric
amounts with increasing excess from 120% to 200% (Sup-
plementary Figure S1). SRP assembly intermediates were
analyzed by electrophoretic mobility shift assays and pu-
rified by size-exclusion chromatography to homogeneity
up to milligram amounts (Figure 1B and Supplementary
Figures S2 and S3). The order of protein addition starts
with the scaffolding protein SRP19 (together with SRP9/14
for entire SRP) followed by the RNA modifiers SRP68/72
(or their RNA binding domains, RBDs). SRPS is step-
wise assembled from sub-complexes starting from SRP
RNA/SRP19 (binary complex), SRP RNA/SRP19/SRP54
(ternary complex), SRP RNA/SRP19/SRP68/72 (quater-
nary complex) and the entire SRPS with all four proteins.
Only in the presence of SRP19, SRP RNA is folded with an
exposed binding platform that allows SRP54 incorporation
into the particle reflecting the in vivo situation (34) and as
analyzed in detail before (35-37).

The SRP receptor was subsequently added at 37°C with
an excess of a non-hydrolyzable GTP analog (GMP-PNP:
5’-guanylyl-imidodiphosphate) either as SRaNG domain
only, as full-length protein including the N-terminal X do-
main (38) or as deletion construct lacking the charged
ribosome-binding region (RBR) in the X-NG linker (39).
The small Arf-like integral membrane GTPase SR that
binds the X domain was co-expressed in solution without
its N-terminal TMD to form a GTP-stable SRaf3 complex
(40). Incubation of SRPS with the SR results in the recon-
stitution of the stable SRPS/SR targeting complex, which
does not require the Alu domain.

In order to obtain systematic quantitative data of the hu-
man co-translational targeting system, we aimed at the re-
constitution of a complete homologous system including
human ribosomes. Large-scale preparations for Puromycin-
treated human monosomes from HeLa cells had been estab-
lished for previous structural studies (41,42). We adapted
the protocols for buffer homogeneity and speed to maintain
the vulnerable RNA expansion segments of the human ri-
bosome. The homogeneity and quality of the human mono-
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somes were assessed by negative-stain and high-resolution
single particle cryo-EM at 3.3 A. The tunnel exit, and there-
fore the SRPS/SR binding site, was found to be protein free.

Thermodynamic dissection of SRP interactions with the ribo-
some

MST is a recently established method to determine accurate
dissociation constants (Kp-values) in the picomolar to mil-
limolar range within minutes with almost no restriction to
molecular mass and low sample requirements (29). It is thus
perfectly suited to study large molecular assemblies like the
SRP/SR /ribosome system. MST measures concentration
variations of an intrinsically or labeled fluorescent probe in
a temperature gradient. Here, the ribosomes were covalently
labeled with an N-HydroxySuccinimide-ester (NHS-ester)
absorbing at 647 nm. The fluorescence signal allowed for
measurements of the labeled ribosomes at concentrations
between 1 and 20 nM with a typical value of approximately
10 nM (ODygy = 0.5) resulting in signal amplitudes of nor-
malized fluorescence between 30 and 1300. Subsequently we
tested all individual components, different mutant variants
as well as sub-complexes, and entire SRPS or SRP(S)/SR
assemblies for their affinities with the human ribosome and
integrated the data in the known structural and functional
context.

First, SRP RNA alone does not interact at all with
the ribosome (Figure 2A and Supplementary Figure
S4A). Further, neither SRP19 nor the binary SRPS com-
plex (SRP RNA/SRP19) bind, which confirms previous
SRP/ribosome cryo-EM structures showing SRP19 not to
be in direct contact with the ribosome (12,14). To test for
the significance of our S-domain binding data, we added
the Alu domain to the binary complex by including the
entire 7SL RNA of 300 nt and the SRP9/14 heterodimer.
Indeed, also this complex is unable to bind to ribosomes
demonstrating that the Alu domain does not significantly
contribute to ribosome binding.

Next, we tested various constructs of SRP68/72, which
are known to remodel the SRP RNA (43). We first used the
C-terminal region of SRP72 including the RBD (SRP72-
RBD+C) that binds to SRP RNA and constitutes the ma-
jor part of a contact between SRP and the ribosome ob-
served by cryo-EM (‘C4-contact’ (11,44)). This SRP72 vari-
ant alone binds to the ribosome with a Kp-value of roughly
1 .M (920 4+ 150 nM) (Figure 2B), showing that even in the
absence of SRP RNA and despite the intrinsic flexibility of
SRP72-RBD (44) the ribosome-binding epitope is formed.
We further examined whether SRP72 has additional bind-
ing sites with the ribosome. Fitting the SRP72 data to a
simple Kp-model results in an unaltered affinity (820 &£ 320
nM) (Supplementary Figure S5). However, the steepness of
the curve is indicative of an ultrasensitive binding event re-
sembling cooperativity (n = 2.8), and data fit substantially
better to a Hill-model resulting in an increased affinity (520
+ 40 nM) (Figure 2B and Supplementary Figure S5). In
order to see whether the SRP68 subunit of the physiolog-
ical heterodimer modifies the affinity, we added full-length
SRP68 in a SRP68/72 complex. Indeed, the complete het-
erodimer binds about three times stronger with an affinity of
160 4 20 nM and with similar ultrasensitivity (n» = 2.3) that
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Figure 2. MST data for SRPS assembly complexes and SRP68/72 with the 80S ribosome. (A) SRPS assembly: SRP RNA, SRP19 and the binary complex
thereof do not bind to the ribosome. The Alu domain including the SRP9/14 heterodimer is not a primary ribosomal-binding site. Low affinity SRPS
binding to the ribosome is induced by the SRP68/72 heterodimer. The interaction involves more than the SRP68/72 RBD-domains previously characterized
as ribosome binders at the C4-contact. (B) SRP68/72: Ribosome binding of heterodimer constructs. SRP72-RBD alone binds weakly and the large
solenoidal parts of SRP68/72 contribute significantly. The flexible very C-terminus of SRP72 is relevant for ribosome binding. ®: Binding of SRP72 is
ultrasensitive (Hill-model with EC50 values), indicative for multiple binding sites and an avidity mechanism.

therefore can be attributed to SRP72. Previously, we iden-
tified a surface loop of SRP68 interacting with 28S rRNA
at the C4-contact (44). However, it seems unlikely that this
small contact site alone accounts for the observed stronger
binding observed for the heterodimer. If we truncate the C-
terminus of SRP72 (last 70 residues) to the structured re-
gion of SRP72-RBD as seen in our recent crystal struc-
ture (44), the affinity of this SRP68/72 variant drops to 420

4+ 110 nM. In this case, ultrasensitivity is weaker and the
binding curve can be approximated by a simple Kp-model.
These data show that the very C-terminus, a region physi-
ologically and pathologically relevant due to phosphoryla-
tion and caspase cleavage (45), contributes significantly to
ribosome binding.

We next added the SRP68/72 heterodimer to the
binary SRPS complex to form a quaternary SRPS



(RNA/SRP19/68/72) complex. This assembly intermedi-
ate constitutes the nucleolar pre-SRPS (the Alu domain
folds independently) prior to the final SRP54 addition in
the cytosol (34). We started with the truncated SRP68/72—
RBD constructs as previously published (44). Interestingly,
this complex (including the SRP72 C-terminus) binds with
slightly lower affinity to the ribosome (1.65 £ 0.25 uM)
(Figure 2A) compared to SRP72-RBD+C alone (1 pM),
indicating a repulsion of the SRP RNA in this sub-complex
missing the major part of SRP68/72. When we employ the
SRP68/72 heterodimer (without the SRP72 C-terminus),
we find again a significant increase in ribosome binding (Kp
of 370 + 80 nM, in range with isolated SRP68/72AC), sup-
porting the observation that a major contribution to SRPS—
ribosome interaction stems from the large solenoidal parts
of SRP68/72. In line with this finding, mutation of the SRP
RNA at the 5f-loop within the C4-contact (44) (231-AG
to 231-GA) are not sufficient to significantly impair SRP-
ribosome binding (data not shown).

Taken together our data show that binding of the
SRP68/72 heterodimer follows an ultrasensitive response
dependent on the SRP72 C-terminus. Although the large
solenoids of SRP68/72 have not been structurally charac-
terized due to intrinsic flexibility, they serve as important
contact sites in ribosome interaction.

SRP54 is the major determinant of SRP-ribosome interac-
tion

In order to complete SRPS assembly, we investigated the
contribution of SRP54 to ribosome binding. SRP54 is a
multi-domain protein (NGM domains) with the C-terminal
M domain being responsible for SRP RNA, signal sequence
and ribosome binding at the polypeptide tunnel exit of the
60S ribosomal subunit. We started the MST analyses with
full-length SRP54 and ribosomes (Figure 3A). Full-length
SRP54 alone already binds with high affinity (Kpl of 30
4 10 nM, sub-curve fitting in the nanomolar range). How-
ever, the data cannot be fitted at micromolar concentrations
due to aggregation effects, which is a known phenomenon
of SRP54M that complements its hydrophobic binding site
in trans (46). When the SRP54 C-terminus is truncated to
the well-structured SRP54M domain by deleting 70 residues
(SRP54AC), the stability of the protein is significantly in-
creased. The binding curve of SRP54AC reveals two inflec-
tion points suggesting a two-site binding mode (30) with
an overall Kp of ~200 nM (Figures 3A and 4). While the
first binding event clearly shows a Kp ~ 100 nM, an ad-
ditional low affinity interaction is detected in the micro-
molar range. To dissect this bimodal binding, we measured
affinities for SRP54MAC and SRP54NG individually. In-
deed, the separate titrations coincide with a high affinity for
SRP54MAC (Kp1 of 100 + 20 nM) and a low affinity bind-
ing for SRP54NG (Kp2 of 1.65 £+ 0.45 pM) (Figure 4).
When we replace human SRP54 for the bacterial ho-
molog Ffh from E. coli, which can functionally replace
SRP54 in in vitro translocation assays (47) but lacks the ex-
tended C-terminus, we find an ~10-fold reduction in the
overall affinity (2.30 + 0.6 uM) (Figure 3A). Chloroplast
SRP54 from Arabidopsis thaliana, which acts both in a co-
and post-translational mode, contains an even further ex-
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tended C-terminus involved in ¢pSRP43 protein binding
(48,49). However, despite the extension that is enriched in
positively charged residues (50), cpSRP54 shows low affin-
ity binding to human ribosomes with a Kp in the low micro-
molar range (>1.2 wM, not fitted to saturation due to ag-
gregation, cp. human SRP54). These data highlight species-
specific differences in the interaction between SRP54 and
the tunnel exit.

With the assembly of a ternary SRPS complex consist-
ing of SRP RNA/SRP19/54, we observe a further increase
in ribosome binding affinity (Kp-value < 4.7 nM) com-
pared to SRP54 alone (Figure 3B). This high affinity pushes
the analysis toward its limits as the fluorophore (ribosomes
at 4.7 nM) is present in the same concentration range as
the Kp-value and thus an accurate value cannot be given.
Here it does not matter, whether we use the SRP54AC con-
struct or full-length SRP54. Due to the tight binding, we
almost obtain a saturation curve indicated by an emerging
‘kink’ upon saturation. Saturation occurring around the flu-
orophore concentration additionally allows for the valida-
tion of the 1:1 stoichiometry of our SRP systems bound to
ribosomes.

When we now form complete SRPS including all four
SRP S domain proteins, we measure the same high affinity
in saturation with Kp‘s below 4.7 nM for particles includ-
ing either SRP54 or SRP54AC (Figure 3C). Especially for
the complex with full-length SRP54, the saturation curve
is shifted toward lower concentrations indicating enhanced
binding in respect to SRP54AC. The data reveal stronger
binding than observed by previous fluorescence-based bind-
ing measurements in equilibrium using either native SRP
from pancreatic tissue and non-translating wheat-germ ri-
bosomes (Kp of 71 nM, (51)) or MST using reconstituted
human SRP and rabbit-reticulocyte ribosomes (Kp of 120
nM, (27)) and validate the high quality of our in vitro recon-
stituted SRP complexes.

SRP consists of two functional folding units, namely
SRPS and the Alu domain. In order to validate our differ-
ent reconstituted SRPS complexes as the main ribosome-
binding domains, we reconstituted the entire human SRP
consisting of the native 7SL RNA and all six SRP pro-
teins (Figure 1B and Supplementary Figure S1). Folding
of 7SL RNA is significantly more difficult than for SRPS
RNA and slow-cooling is superior to snap-cooling. Never-
theless, complete recombinant human SRP can be purified
using the assembly scheme established for SRPS. The MST
measurements revealed high affinity binding of SRP to ri-
bosomes in the (sub-) nanomolar range (saturation well be-
low the used ribosome concentration of 2.2 nM) similar to
SRPS alone (Figure 5A). The Alu domain might slightly
contribute to ribosome binding, which however cannot be
quantified with the current setup.

The modulation of SRP-ribosome interaction by SR

In the next step, we included the SRP receptor, which is
known to be involved in ribosome binding (15,38,52). Re-
cently, we found that a conserved and positively charged
ribosome-binding region (RBR) in the linker between the
X and NG domains of SR« is responsible for SRa affinity
for the ribosome as demonstrated by pull-down assays (39).
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Using the MST setup as above, we obtain a Kp-value of 410
=+ 50 nM for the SR heterodimer (Figure 5B, upper pan-
els), which is higher than reported earlier by biosensor tech-
niques (52). When we delete the entire N-terminal region of
SRa including the linker and the X domain (and therefore
SRB), this SRaNG construct is unable to bind to the ri-
bosome, thus confirming the importance of the N-terminal
binding epitope. Moreover, when we perform our measure-

ments witha SRaARBR /SR construct, we hardly observe
any binding (Kp > 7.5 pM), which is consistent with previ-
ous pull-down data (39).

Finally, we employ all components in the assembly of
the entire human SRP(S)/SR /ribosome system. Assaying
SRPS/SR without signal sequence in MST, we obtain Kp-
values in the (sub-)nanomolar range (<1.4 nM with SRP54
and <1.2 nM with SRP54AC, respectively) thereby bring-
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Figure 5. MST data for entire SRP and SRP receptor complexes with and without signal. (A) Entire SRP: Fully assembled recombinant SRP binds with
high affinity in the low nanomolar range to empty human ribosomes (Hill-fitted saturation curve). The original MST trace is shown as typical example,
highlighting the data quality even at lowest fluorophore concentrations. (B) SRP receptor (SR) and SRPS/SR complexes: The SRaf heterodimer binds
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proximal site of the SRP RNA. #: The RNCs (rabbit reticulocyte lysate ribosomes) behave differently in the MST measurements (highlighted in red).

ing our MST measurements to the limits of detection (Fig-
ure 5B, lower panels). In presence of the receptor, SRP bind-
ing to the ribosome is increased, although it is not known
whether this reflects the direct binding of SR to the ribo-
some according to a dual recognition (52) or is due to other
stabilizing effects. Inline with these observations, a strong
influence of the ribosome on the SRP/SR interaction has
been recently described for the mammalian system (27).

Contribution of the signal sequence

In order to simulate binding of a nascent chain in the
SRP-RNC pre-handover state, we fused a typical signal se-
quence (ss, from yeast dipeptidyl aminopeptidase B) to the
C-terminus of full-length SRP54 (SRP54ss), an approach
that has been validated previously (53). This SRP54 variant
alone binds to the ribosome with an overall Kp of ~200 nM
(Supplementary Figure S4B). SRP54ss shows similar sta-
bility as SRP54AC (see above) and does not aggregate due
to hydrophobic interactions like full-length SRP54. As ex-
pected, incorporating the signal into SRPS using SRP54ss

results in a very strong binding (<2.0 nM for SRPS/SR) as
observed for SRP without signal (Figure 5C).

In order to complete the MST study with the physiolog-
ically relevant SRPS/SR/RNC interaction, we measured
the affinity of the entire recombinant SRPS/SR system to
RNCs exposing an SRP-targeting signal. While the ther-
mophoretic behavior is different for the rabbit reticulocyte-
lysate RNCs compared to the non-translating human ribo-
somes, we again observe a very high binding affinity with
a Kp in the sub-nanomolar range (<0.9 nM) (Figure 5C).
Using our experimental setup, we thus cannot differentiate
between the affinities of SRP and SRP/SR for empty ribo-
somes and those exposing a nascent chain. However, similar
values have been reported recently also from MST experi-
ments using reconstituted human SRP with a fused signal
sequence (5.1 £ 2 nM) or with an RNC carrying a signal
sequence (3.1 £ 1 nM) (27). Therefore, having a signal se-
quence fused to SRP54 or presented by the ribosome does
not seem to significantly change SRP binding to the ribo-
some.



In summary, the values as obtained here by all MST anal-
yses give a comprehensive survey of the strength of the in-
teractions between human ribosomes (or RNCs) with the
co-translational protein targeting machinery including both
SRP and SR, and pinpoint the individual contributions of
each component, which match current structural and func-
tional data.

DISCUSSION

While co-translational targeting by the SRP system is uni-
versally conserved, its complexity evolved simultaneously
with the diversification of life. Mammalian SRP and SR in-
volve eight proteins acting at the ER membrane. We estab-
lished the recombinant purification of all components and
the stepwise reconstitution of various sub-complexes finally
resulting in the complete reconstitution of the mammalian
SRP system. All SRP complexes can be formed and purified
to homogeneity, and their ribosome interactions were ana-
lyzed guided by high-resolution structural data from X-ray
crystallography and cryo-EM.

With all human components on hand, we started the dis-
section of the interaction of SRP/SR with the ribosome and
RNC:s, respectively. We established the individual contribu-
tions of single components, sub-domains or mutant vari-
ants, and of constitutive heterodimers on ribosome bind-
ing affinity (Kp-values) by MST. MST analyses using la-
beled ribosomes instead of various labeled ligands guaran-
tee a consistent setup for all affinity measurements. More-
over, comparative experiments by fluorescence anisotropy
fail under these conditions, and classical isothermal titra-
tion calorimetry is unfeasible in terms of quantity and con-
centrations necessary. The obtained quantitative MST data
are in excellent agreement with the contacts visualized by
the currently available cryo-EM data, schematized in Figure
6, using native SRP derived from pancreatic tissue. Nearly,
all MST data have been acquired with highly purified non-
translating human ribosomes reflecting a scanning mode of
SRP/SR (and especially SRP54) for a client protein bear-
ing a signal sequence. Intriguingly, SRP amounts in mam-
malian cells are estimated to be 10-100 times (~500 nM
(54)) lower than ribosomes, and fast scanning is necessary
for efficient protein targeting (55).

As revealed by our MST data, SRP RNA alone does not
bind to the ribosome, which might reflect the lack of a sta-
ble 3D-fold when not bound to any SRP protein (36,56).
However, even the reconstitution with SRP19 (to fold the S
domain RNA) or with SRP9/14 (to fold the Alu domain)
does not induce ribosome binding, showing that RNA fold-
ing per se is not sufficient. When we follow the in vivo SRP
assembly path, which as ribosome biogenesis takes place in
the nucleolus, and only add the SRP68/72 RBDs and the
C-terminus of SRP72 to the folded S domain RNA along-
side SRP19, we observe a first weak ribosome binding. With
the addition of the complete SRP68/72 heterodimer bind-
ing affinity increases significantly, showing that SRPS vari-
ants are sufficient for ribosome interaction. Thus, the Alu
domain does not significantly contribute to binding, which
agrees with previous data indicating that SRP in the scan-
ning mode is able to stay bound to translating ribosomes
and the Alu domain may still be detached (12).
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Despite the recent progress in the biochemical and struc-
tural characterization of crucial parts of the eukaryote-
specific SRP68/72 heterodimer (43,44), its entire structure
and function have not been elucidated. The stepwise analy-
ses of these two large solenoidal proteins in our study con-
firm the significance of the ribosomal C4-contact (11,44).
However, our data show that in particular the unstructured
C-terminus of SRP72, which is physiologically important
and involved in regulation (45), is also an important de-
terminant of ribosome interaction and seems to cause an
ultrasensitive binding response. Ultrasensitivity in binding,
also known as avidity (31) observed i.e. in simultaneous
antibody—antigen interactions (57), indicates multiple bind-
ing sites within SRP72 to the ribosome. All current cryo-
EM structures of mammalian SRP at the ribosome suf-
fer from SRP dynamics, resulting in a dramatic difference
in resolution between the ribosome (<3.5 A) and differ-
ent parts of SRP (ranging from 4 to 15 A or being com-
pletely disordered) (12,21,58). So far, only a small part of
the SRP68/72 heterodimer has been resolved on the ribo-
some (with rather low local resolution), while the major part
of both solenoidal proteins is obviously too dynamic. Sim-
ilarly, in mammals the ribosomal RNA contains large ex-
pansion segments, some of them (ES27L and ES39L) in
close vicinity of SRP68/72, which are also not resolved
in the cryo-EM structures and might at least transiently
contact the heterodimer. It seems, that the entire SRP72-
RBD+C region first needs to be stably engaged with the ri-
bosome to allow subsequent interactions likely induced by
conformational changes within SRP68/72.

Similarly, the ribosomal-binding sites of SR are chang-
ing during the SRP cycle and have not been pinpointed,
although they were validated by cross-linking and various
biochemical and biophysical assays (15,38,39,52). Recently,
we identified the flexible and highly positively charged RBR
within the X-NG linker of SRa as a main contributor
to the interaction (39), which nicely matches our MST
data. The interaction of similar RBR regions present in
protein linkers or tails is an emerging theme in a multi-
tude of dynamic complexes of associated factors with ribo-
somes such as chloroplast cpSRP54, co-translational chap-
erones like the Hsp70 Ssb (59) or the nascent polypeptide-
associated complex (NAC) (60), or the evolutionary con-
served YidC/Oxal/Alb3 receptor family (61). Given the
recent advances in cryo-EM technology, high-resolution
structure determination of these complexes becomes feasi-
ble.

The multi-domain SRP54 protein undergoes the largest
conformational changes within SRP, and mediates and reg-
ulates all states along the SRP cycle. For SRP54, we were
able to discriminate two binding events manifested in a two-
site binding curve. The distinction of two events requires in-
dependent binding with significantly different affinities (30)
in contrast to the cooperative ultrasensitive interaction as
observed for SRP72. While the molecular interpretation of
such events is not straightforward, the comparison of MST
data for the entire protein and its single domains allows
for the assignment of the binding events to individual do-
main interactions with the ribosome. The M and NG do-
mains are known to be uncoupled by a flexible linker helix
making an independent binding highly plausible (11-13).
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by asterisks) and the SRP cycle is completed. #: MST data for SRPS/SR indicate a very tight RNC interaction before GTP-hydrolysis occurs (although

the Alu domain and translocon were missing in the assay).

As inferred from cryo-EM data, the first and high-affinity
binding reflects the tight contact of the M domain at the ri-
bosomal tunnel exit, while the second and weaker contact
corresponds to the NG domain when it binds across the
exit in the scanning and the engaged pre-handover states
(10,11). Our MST data also highlight the importance of the
C-terminus of SRP54M in ribosome binding. The tail in-
cluding two amphipathic helices is known to fold into the
signal-binding groove of SRP54M in the absence of the sig-
nal and to form a lid in its presence (12,58) thus completing
the groove to form a hydrophobic barrel. Our MST data
show, that SRP54 binding by itself is rather strong with
a Kp-value of 30 nM that weakens about threefold upon
deletion of the SRP54M C-terminus. The weak binding of
SRP54NG in the low micromolar range nicely matches with
the rather small interface between SRP54N and the riboso-
mal proteins uL23 and uL29 across the tunnel exit shown
in cryo-EM structures (12,58).

Furthermore, comparison of MST data from human
SRP54 with bacterial Ffh and chloroplast ¢cpSRP54 reveals
that despite the high conservation of the ancient SRP54
protein family (19), this key subunit has undergone specific
adaptations to match the ribosomal surface of the respec-
tive organism. Of note, the SRP54 homolog Ffh from E.
coli does not contain the extended C-terminus (47 residues
shorter), but binds only slightly weaker (~80 and 1 nM
for RNCs (62)) than reported for mammalian SRP (~71
nm and 0.2 nM for wheat-germ RNCs (51)), and the SRP-
ribosome interaction in E. coli occurs nearly exclusively via
the Ffh M domain (63). Specific adaptations are also ob-
served at the ribosome around the tunnel exit e.g. the bac-
terial extensions of ribosomal proteins ulL.23 or the chloro-
plast specific extension of uL24c and ulL29¢ (64). These ex-
tensions seem even more important considering that in the
chloroplasts of higher plants (like A. thaliana) cpSRP54 acts
on its own in the co-translational mode as ¢pSRP has lost
the SRP RNA (65). These data highlight the importance of
using a homologous system for quantitative studies.

Our MST data of SRPS complexes show that as long as
SRP54 is not assembled into SRP, ribosome binding is of
moderate affinity at most. Eukaryotic SRP assembly in vivo
proceeds in the nucleolus until all protein components are
incorporated except for SRP54, which is added in the cy-
tosol (34,66). The details of SRP biogenesis are not known,
however separating it in two parts, a nucleolar and a cy-
tosolic one, is essential for correct SRP assembly (67). This
ensures that only upon addition of SRP54, SRP will bind ef-
ficiently to ribosomes (100 x increased affinity with SRP54),
which excludes non-functional particles (without SRP54)
from competing for ribosome binding. Given the impor-
tance of the SRP pathway for protein targeting, it seems un-
likely that the biogenesis of SRP is unmonitored. Whether
there are quality control mechanisms in the nucleolus that
prohibit the export of incomplete or damaged SRP assem-
bly intermediates is not known. In eukaryotic ribosome bio-
genesis, more than 200 protein factors are necessary to drive
and control the assembly and maturation of the two riboso-
mal subunits (68). When pre-60S is exported to the cytosol,
the ribosomal tunnel exit is occupied by late biogenesis fac-
tors that need to be removed before the 60S is ready to en-
gage in translation (69). Excluding SRP54 from the nucleus
is an elegant way to avoid premature completion of SRP,
which otherwise might interfere with maturation of the pre-
60S particle.

In order to answer specific biochemical and functional
questions of SRP/ribosome interactions, the complete in
vitro reconstitution of the SRP system as described here
is required. The quality of the recombinant particles is
validated by high affinity binding to the ribosome in the
low nanomolar or (as for the RNC) even sub-nanomolar
range as measured by MST. MST is thus a valuable tool to
complement modern RNP biology as performed by high-
throughput or single-molecule methods. The MST values
obtained here for non-translating ribosomes are at least 50
times stronger than reported previously for the eukaryotic
SRP system (27,51), which we attribute to the enhanced pu-



rity and the use of an entirely human system. As the concen-
tration of ribosomes in the cell is in the micromolar range, a
thermodynamic control of co-translational targeting is im-
possible and would sequester most of SRP in unproduc-
tive complexes. The high affinity of SRP throughout the
SRP cycle shown here supports the idea that faithful co-
translational protein targeting is rather a question of bind-
ing kinetics (3,70), creating a time window for conforma-
tional changes of the targeting machinery in respect to the
ribosome. Overall, our study provides valuable tools and
protocols for the in vitro analysis of SRP/ribosome interac-
tion and may serve as an example for the analysis of com-
plex RNP-RNP interactions in general.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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