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The conserved signal recognition particle (SRP) cotranslationally delivers ~30% of the proteome to the eukaryotic
endoplasmic reticulum (ER). The molecular mechanism by which eukaryotic SRP transitions from cargo recogni-
tion in the cytosol to protein translocation at the ER is not understood. Here, structural, biochemical, and single-
molecule studies show that this transition requires multiple sequential conformational rearrangements in the
targeting complex initiated by guanosine triphosphatase (GTPase)-driven compaction of the SRP receptor (SR).
Disruption of these rearrangements, particularly in mutant SRP54¢;;6¢ linked to severe congenital neutropenia,
uncouples the SRP/SR GTPase cycle from protein translocation. Structures of targeting intermediates reveal the
molecular basis of early SRP-SR recognition and emphasize the role of eukaryote-specific elements in regulating
targeting. Our results provide a molecular model for the structural and functional transitions of SRP throughout
the targeting cycle and show that these transitions provide important points for biological regulation that can be

perturbed in genetic diseases.

INTRODUCTION

Proper biogenesis of nascent proteins is a prerequisite for the gen-
eration and maintenance of protein homeostasis in all cells (I). The
signal recognition particle (SRP) pathway is an ancient and univer-
sally conserved pathway that cotranslationally delivers most mem-
brane and secretory proteins, which comprise nearly 30% of the
proteome, to the eukaryotic endoplasmic reticulum (ER) or the bac-
terial plasma membrane (2, 3). SRP recognizes translating ribo-
somes bearing an exposed N-terminal hydrophobic signal sequence
or transmembrane domain (TMD) on the nascent polypeptide. The
interaction of SRP with the SRP receptor (SR) recruits the ribosome-
nascent chain complex (RNC) to the Sec61p translocase at the ER
(or SecYEG in bacteria), where translation of the nascent protein
continues and is coupled to their insertion into or translocation
across the membrane (2, 3).

The most conserved components of SRP and SR are found in
bacteria, where SRP is composed of a 4.5S SRP RNA tightly bound
to the SRP54 protein (named Ffh in bacteria). SRP54 contains a
methionine-rich, M domain that binds the SRP RNA and recognizes
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the signal sequence or TMD on the nascent polypeptide emerging
from the ribosome exit tunnel (Fig. 1A). A special guanosine triphos-
phatase (GTPase) domain in SRP54, termed NG, forms a guanosine
5'-triphosphate (GTP)-dependent complex with a homologous
NG domain in SR (Fig. 1A). The two NG domains undergo coop-
erative rearrangements upon their assembly, which culminate in
the reciprocal activation of the GTPase activity of one another
(4, 5). The essential 4.5S RNA accelerates SRP-SR assembly 10%-fold
to activate protein targeting, via a conserved GNRA tetraloop that
makes transient contacts with the SR NG domain before the forma-
tion of the stable NG heterodimer (6-8). Compared to the bacterial
homologs, eukaryotic SRP and SR underwent an extensive expan-
sion in size and complexity. Eukaryotic SRP contains a larger 7SL
RNA on which five additional protein subunits (SRP19, SRP68/72,
and SRP9/14) are assembled (9). While bacterial SR is a single pro-
tein in which the NG domain is preceded by two lipid-binding
helices (10, 11), eukaryotic SR is an /B heterodimer anchored at
the ER via association of the SRa X domain with SR, an integral
membrane protein (Fig. 1A) (12, 13). The role of many eukaryote-
specific SRP subunits is not well understood. For example, a recent
work identified a molecular recognition feature (MoRF), a short
interaction motif (residues 242 to 261) in the disordered SR linker
connecting the SRo. X domain to its NG domain (Fig. 1A) (14). The
SR MOoREF specifically accelerates SRP«SR assembly in response to
the ribosome and was proposed to functionally replace the role of
the 4.55 SRP RNA in bacterial SRP (7, 8, 15), but how it carries out
these functions is unclear.

How eukaryotic SRP transitions from cargo recognition to later stages
of the targeting pathway is a long-standing question. Cross-linking,
cryo—electron microscopy (cryo-EM), and single-molecule (sm) studies
of the RNCeSRP complex showed that SRP is in a “proximal” con-
formation during cargo recognition, in which the signal sequence
binds in a hydrophobic groove in the SRP54 M domain, and SRP54-
NG docks at ribosomal proteins uL23/ulL29 near the exit tunnel
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Fig. 1. smFRET detects multiple conformational changes upon SRP-SR assembly.

(A) Domain structures of SRP54 and SR. (B) Forster resonance energy transfer (FRET)

donor (green stars) and acceptor (red stars) pairs to measure conformational changes in SRP and SR. Left: The “proximal” conformation with SRP54-NG near the ribosome
exit. Middle: The “distal” conformation with SRP54-NG at SRP68/72. Right: FRET pair to measure the end-to-end distance of SR. “19,” SRP19. (C to E) Location of the FRET
dyes in the structures of RNC-bound SRP [(C); Protein Data Bank (PDB): 3JAJ] and RNC-SRP-SR in the distal state [(D and E); PDB: 6FRK]. The ribosome is not shown for
simplicity. (F to I) FRET at single-molecule (sm) resolution (smFRET) histograms of SRP labeled with SRPpyox (F and G) or SRPpjstal (H and 1) probes without (F and H) and with
(Gand ) SR present. pdf, probability density function; E¥, uncorrected FRET efficiency. n is the number of bursts in each histogram, obtained from at least three independent

measurements. The data were fit to the sum (solid line) of three Gaussian functions with

low, medium, and high FRET (dashed lines). WT, wild type. (J and K) smFRET histograms

of SR labeled with SRcomp Without (J) and with (K) SRP present. These histograms were not fit as the intermediate E* arises from dynamic sampling of SR (fig. S5A).

(Fig. 1B, left, and Fig. 1C) (5, 16, 17). However, the density for
SRP54-NG at the exit site was not observed upon SR addition in
early cryo-EM analyses (17, 18). A recent cryo-EM structure of the
RNC+SRPsSR complex resolved SRP in a distinct conformation, in
which the SRP«SR NG complex docks at a “distal” site of 7SL RNA
where SRP68/72 is located (Fig. 1B, middle, and Fig. 1D) (19). This
structure is proposed to represent a late, “prehandover” conforma-
tion of the targeting complex, in which the ribosome exit site is
vacated for interaction with the Sec61p translocase (18, 19). These
observations highlight the conformational dynamics of SRP and
raised further questions as to the mechanisms by which SRP transi-
tions between different functional states in the targeting pathway. It
was unclear where SRP assembles with SR, given the distinct loca-
tions of SRP-NG in the different structures. Although kinetic anal-
yses showed that SRP preorganized in the proximal conformation is

Lee etal., Sci. Adv. 2021; 7 : eabg0942 21 May 2021

optimized for assembly with SR and suggested the ribosome exit
site as the site of initial SR recruitment (5), why this conformation
is conducive to SR binding was not understood, nor the mechanism
that drives SRP from the proximal to the prehandover structure.
Furthermore, the mechanism of initiation of protein translocation
remains unresolved as there are still a number of open questions.
For example, a ~200-amino acid disordered linker separates SRaNG
from the membrane proximal X/B domains in the SR complex
(14, 20), posing another potential barrier for cargo loading onto the
membrane translocase. In addition, GTPase activation in the SRP«SR
complex acts as a double-edged sword: While GTP hydrolysis drives
disassembly of SRP from SR to enable their turnover (21, 22) and is
not required for protein translocation per se (21, 23), premature
GTP hydrolysis could abort targeting before the RNC engages
Sec61p and/or other translocases (24, 25). Whether and how the
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timing of GTP hydrolysis is regulated is unclear. Last, the functional
and physiological roles of the conformational dynamics in SRP have
not been demonstrated.

SRP is an essential targeting machine in bacteria and higher
eukaryotic organisms (26, 27), and SRP54 deficiency is embryonically
lethal in zebrafish models (28). Recently, mutations in SRP54
(T115A, T117A, or G226E) were linked to severe syndromic neu-
tropenia with Shwachman-Diamond-like features, a rare recessive
autosomal disease associated with neurodevelopmental defects or
pancreatic dysfunction (29, 30). In zebrafish models, overexpres-
sion of SRP54G6k in SRP54%'~ is dominant negative and recapitu-
lated multiple disease phenotypes (28, 29). Intriguingly, part of the
phenotype was attributed to reduced expression of the XBP1 tran-
scription factor in SRP54,;6x expressing cells (28, 29) as a result of
the failure of SRPg,y6r to localize the XBP1u mRNA to the ER for
unconventional splicing by the ER stress sensor Irel (28). However,
the precise molecular basis of the defect associated with SRP546,26
remains unknown. A recent study suggested that the SRP54 NG
domain bearing G226E did not form a stable complex with SRANG
(31), leading to the hypothesis that SRPgza6g fails to target ribo-
somes to the ER (28). However, as SRP«SR complex formation is
strongly regulated by additional domains and subunits in mamma-
lian SRP and SR and further by the ribosome and signal sequence
(5), the molecular basis of the defect associated with SRPg6E re-
mains unclear.

To address these questions, we studied the global conformation-
al changes in the human SRP«SR complex bound to the ribosome
and signal sequence using Forster resonance energy transfer (FRET)
at sm resolution. Three pairs of smFRET probes detected multiple,
sequential conformational rearrangements in SRP and SR that
prime the translating ribosome for engagement with translocases
at the ER. We isolated multiple mutations that disrupt these con-
formational rearrangements at distinct stages, including SRP54¢226g
linked to congenital neutropenia. These mutant analyses elucidate
the sequential molecular movements that occur after SRP«SR bind-
ing and demonstrate the essential roles of these rearrangements
in the initiation of protein translocation. Cryo-EM structures of
the targeting complex with SRPga6g reveal the architectural fea-
tures of the targeting complex at early stages. Our results provide a
molecular model to explain how the SRP pathway transitions from
the cargo recognition to the pretranslocation stage and could in-
form on the mechanism of analogous transitions in other protein
targeting pathways.

RESULTS

SRP and SR undergo multiple large-scale rearrangements
during targeting

We developed three FRET pairs that monitor distinct molecular
movements in the targeting complex. On the basis of the cryo-EM
structure of SRP bound to signal sequence-bearing ribosome (16, 17),
detachment of SRP54-NG from the ribosome exit was detected us-
ing a donor dye (Atto550) labeled at SRP19(C64) and an acceptor
dye (Atto647N) labeled at SRP54(C12) (Fig. 1, B and C, proximal
probes or SRPpoy) (5, 16). On the basis of the structure of RNCe
SRP.SR distal state complex (18, 19), docking of SRP54-NG at
the distal site was detected using a donor dye (Cy3B) labeled at
SRP54(C47) and Atto647N labeled near SRP68(P149) (Fig. 1,
B and D, distal probes or SRPpj). Last, we monitored the end-to-end
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distance of SR using Atto550 labeled at the C terminus of SRONG
and Atto647N labeled at the N terminus of SRB (Fig. 1, B and E,
compaction probes or SRcomp). The estimated distances between
the dye pairs are ~44 A for SRPp,o, in the proximal conformation
and ~39 and ~36 A for SRPp;g and SRcomp» respectively, in the distal
conformation.

We detected FRET between all three pairs of probes using a dif-
fusion-based sm technique with microsecond time-scale alternating
laser excitation (us-ALEX) (fig. S1, D to F) (32-34). This method
allows optical purification of doubly labeled particles (fig. S1, E and F)
and thus minimizes contributions from singly labeled species in the
analysis (Supplementary Methods). Unless otherwise specified, all
the measurements were made in the presence of a saturating con-
centration of ribosome (150 nM or ~1000-fold molar excess over
labeled SRP), so that the FRET measurements report on the confor-
mations in the complete targeting complex in which SRP«SR is also
bound to the ribosome and signal sequence. We used a soluble SR
complex in which the single SR TMD is removed. SRp TMD is
dispensable for function in yeast (35), while the GTPase domain was
found to be essential and sufficient for targeting and translocation
(36). Moreover, soluble SR show comparable stimulated GTPase
activity in complex with SRP compared to wild-type SR in proteo-
liposome (4). Thus, the soluble SR is a reasonable mimic of wild-type
SR to probe its interaction and allostery with SRP. Fluorescently
labeled SRP and SR retained the ability to target preproteins to the
ER [fig. S1, A to C; (5)]. We confirmed that the tested reaction con-
ditions did not alter the photophysical properties of fluorophores
(fig. S2), so that the observed FRET changes can be ascribed solely
to conformational changes in SRP and SR.

Signal sequence- and ribosome-bound SRPp,. mainly displayed
a high FRET population (Fig. 1F), indicating that SRP54-NG initially
docks near the ribosome exit tunnel as previously reported (5). In
contrast, ~70% of SRPp,ox displayed low FRET upon SR addition
(Fig. 1G), suggesting that interaction with SR induces SRP54-NG to
move away from the ribosome exit. The opposite was observed with
the distal probes: The smFRET histogram of SRPp;s was dominated
by low FRET populations (Fig. 1H), whereas approximately 34% of
the complex acquired high FRET upon addition of SR (Fig. 11),
indicating acquirement of the distal state in this population. These
results corroborate the recent structural analysis (18, 19) and together
demonstrate that the SRP NG domain detaches from the ribosome
exit site and docks at the distal site upon assembly with SR. Intrigu-
ingly, the fraction of the targeting complex that reached the distal
state is substantially lower than those that detached from the ribo-
some exit as detected by the proximal probes, suggesting that the
targeting complex samples additional conformations in which the
NG complex is not stably docked at either the ribosome exit or the
distal site.

Last, we monitored the global conformational changes of SR us-
ing the compaction probes that report on the proximity of its folded
NG and X/B domains (Fig. 1, B and E). As SR was implicated in
ribosome binding (14, 20), we first measured the conformation of
free SR with the 808 ribosome present. The smFRET histogram of
SRcomp exhibited a main peak at FRET ~0.15 (Fig. 1), il}dicating
that the NG and X/B domains are separated by >90 A in free
SR. When signal sequence- and ribosome-bound SRP were pres-
ent, however, the FRET distribution of SRcomp became broader and
shifted to higher FRET with a major peak at FRET ~0.7 (Fig. 1K).
These results show that SR undergoes a global compaction upon
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binding with cargo-loaded SRP, bringing its NG domain much
closer to the membrane-proximal X/B domains.

Sequential conformational rearrangements

in the targeting complex

To understand the molecular mechanisms that drive these confor-
mational changes, we introduced mutations that disrupt the inter-
action surfaces of SRONG with SRB, SRX, or SRP68/72 (Fig. 2A and
fig. S3, A to C). In addition, we characterized one of the SRP54 muta-
tions (G226E) that cause congenital neutropenia with Shwachman-
Diamond syndrome (Fig. 2A and fig. S3, A and C) (29, 30). None of
the mutations impaired SRP+SR complex assembly or their recipro-
cal GTPase activation (fig. S3, D to G). Contrary to previous reports
that suggested defects in the GTPase activity and SR interaction of
SRP54¢2265 (28, 29), we found that SRPx,6g displays basal GTPase
activity and stimulated GTPase reactions with SR as efficiently as

wild-type SRP (fig. S3, E and G). Using a pair of FRET probes incor-
porated in the NG domains of SRP and SR (5), kinetic measure-
ments further showed that SRPg;,6g associates with and dissociates
from SR three- and fivefold faster, respectively, than wild-type SRP
(Fig. 3, A to C). The FRET efficiency between the SRP54 and SRal
NG domains was 57% lower for the targeting complex formed by
SRPg2z6k (Fig. 3D), suggesting that this mutation alters the confor-
mation or dynamics in the NG heterodimer. The more dynamic
nature of the SRPGy6reSR complex and/or its stabilization by the
ribosome and the SR MoRF element (see the next section) may ex-
plain why an earlier size exclusion chromatography study using
isolated SRP54-NG and SR failed to detect this complex (31). Never-
theless, the equilibrium dissociation constant (Kg) of the targeting
complex formed with SRPg,26x (23 nM) is within twofold of that of
the wild-type complex. As efficient SRP«SR interaction requires
both the ribosome and signal sequence (5), these results also rule
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Fig. 2. SR compaction drives GTPase movements in the targeting complex. (A) Summary of the mutations characterized in this study and their phenotypes derived
from the data in (B) to (M). Mutations are colored on the basis of the interactions disrupted. Details of each mutation are shown in fig. S3 (A to C). (B to J) smFRET histo-
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compaction (D, G, and J) probes. The data were analyzed as in Fig. 1. The red dashed lines outline the corresponding histograms of the wild-type targeting complex.

(K and L) Quantification of the populations in low (

), median (), and high (lll) FRET states detected by the proximal (K) or distal (L) probes. (M) Quantification of SR

compaction, calculated from the fraction of targeting complex displaying high FRET (E* = 0.6 to 0.8) and subtracting the corresponding value in the histogram of ribosome-
bound SR. All values are normalized to that of the wild-type targeting complex. Error bars in (K) to (M) denote SD from at least three independent experiments.

Lee etal., Sci. Adv. 2021; 7 : eabg0942 21 May 2021

40f13

1202 ‘LT 12quiaydog uo A30[0uyda], JO 9Imsu] BILIOJI[E)) 18 S10"00UdI0S MMM//:sd)IY WOy pOpeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

A 25 SRP-SR association kinetics B ) SRP-SR dissociation kinetics
. 1.
G226E wT
2 G226E 8 1
2
8
~ s g os
e S
5 = 06
g 4 H
= WT S 0a
E
05 * 202
0 100 200 300 400 % 100 200 300 400 500 600 700
[SR] (nM) t(s)
E RNC-SRP,, SR RNC-SRP_,,..-SR
early A earlyB
Alu-
Proximal domain

S-domain

site

C SRP  |SRPgyee D FRETefficiency
O 04r ) .
Kon 14+02 [44£02 i -
aotmts )| A ED 4202 ¢
0.060 g 0.3~ |
+0.017 s
(Kfast, 22%) §
koff 00.001011 0.10 U:) 02k |
-1 +0. ‘
L (Kslow:78%) +0.004 g ) I
0.022 g o |
+0.005 2
(overall) m
[ |
WT  G226E
F RNC-SRP_,-SR

G226E

early A

Fig. 3. Biochemical characterization and cryo-EM maps of RNC-SRPg226e*SR. (A to C) Association (A) and dissociation (B) kinetics of SRP and SRPg226¢ With SR. The data
in (A) were fit to eq. S5. The data in (B) were fit to eq. S6 for SRPg26e and eq. S7 for SRP. The obtained ko, (mean * fitting error, n = 2) and ko (means + SD, n =3 to 5) values
are summarized in (C). kst and ksjow for SRP are the rate constants of the fast and slow phases (eq. S7), and the overall ko is the weighted sum of the two phases. (D) FRET
efficiency between donor and acceptor dyes on SRP54-NG and SRaNG in RNC-SRP-SR and RNC-SRPg226e:SR complexes. Values are means +SD (n=2 to 3). (E) Cryo-EM
maps (filtered to 4 A resolution) of RNC-SRPg26e°SR in the early A and B states. Large and small ribosomal subunits are colored blue and beige, respectively. SRP-SR is
colored orange. (F) Coordinates of the early SRPg2,6e+SR in state A, with SRP RNA in orange, ribosome in gray, signal sequence in magenta, and GTP/GNP in red. The posi-
tion of GTP was based on PDB: 2FH5. (G) Close-up view of the distal site. The arrow indicates displacement of the SRP68 loop.

out defects of these mutants in ribosome binding or signal sequence
interaction. Thus, all of the defects observed in the following analyses
can be attributed to conformational defects that occur after SRP«SR
assembly.

ALEX measurements suggest that these mutants block confor-
mational rearrangements in the targeting complex at distinct steps.
SRP54Gaa6x severely impaired all three rearrangements in the tar-
geting complex (Fig. 2, B to D; summarized in Fig. 2, K to M,
brown). Similar albeit less pronounced defects were observed with
mutants SR(A361) and SR(A371) that disrupt the intramolecular
interactions between SRX and SRaNG: These mutants compro-
mised SR compaction, as expected from their location at protein-
interaction interfaces (fig. S4, C and F; summarized in Fig. 2,
A and M, orange), and also impaired the detachment of the NG-
domain complex from the ribosome exit site and its docking at the
distal site (fig. S4, A, B, D and E; summarized in Fig. 2, K and L,

Lee etal., Sci. Adv. 2021; 7 : eabg0942 21 May 2021

orange). These results suggest that the intramolecular interactions
within SR are crucial for the movement of the NG complex from
the proximal to the distal site. Reciprocally, all the mutations that
disrupted distal docking also reduced SR compaction to varying de-
grees (Fig. 2M), suggesting that interaction with the distal site helps
stabilize a highly compact SR. Nevertheless, several mutants showed
specific defects. SR(A572), which disrupts the contact of SROUNG
with SRP68/72 (Fig. 2A and fig. S3, A and B, blue), specifically de-
stabilized distal site docking but did not affect the removal of the
NG complex from the ribosome exit and only modestly reduced SR
compaction (Fig. 2, E to G; summarized in Fig. 2, K to M, blue).
This shows that distal docking is not required for, and probably oc-
curs after, the other rearrangements. Last, SR(R407A) disrupted the
interaction of SRONG with SRp (Fig. 2A and fig. S3, A, B, and G,
green). This mutant was impaired in both of the lateral movements
of the NG-domain complex as strongly as SR(A361) and SR(A371)
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(Fig. 2, H and I; summarized in Fig. 2, K and L, green) but under-
goes substantial compaction (Fig. 2, K and M, green), suggesting
that SR can sample the compact conformation before the other re-
arrangements. The distinct mutational phenotypes (qualitatively
summarized in Fig. 2A) suggest a sequential model in which SR
compaction precedes and potentially drives the movement of the
NG complex from the ribosome exit to the distal site of SRP.

Analysis of the dynamics of the rearrangements supported this
sequential model. We first performed burst variance analysis, which
detects dynamics by comparing the SD of E* (og+) for individual
molecules to the static limit defined by photon statistics (Supple-
mentary Methods) (34, 37-39). If multiple conformations intercon-
vert on the submillisecond or faster time scale, then the observed
opx would be higher than the static limit, whereas oz would lie on
the static limit curve if conformational interconversions are slower
compared to molecular diffusion through the observation volume
(1 to 5 ms) (34, 37-39). SReomp displayed opx values significantly
higher than the static limit (fig. S5A, triangles versus dashed curve).
This indicates that SR samples the compact state on the sub-
millisecond time scale and is consistent with the disordered nature
of the SR linker (14, 20). In contrast, 6g+ for SRPp,,x and SRPp; is
much closer to the static limit (fig. S5, B to D), suggesting that these
rearrangements occur on a time scale slower than the diffusion
through the observation volume.

To further test this model, we measured the kinetics of the GTPase
movements. Using the SRPp;ox and SRPpj probes, we carried
out stopped-flow measurements to determine the rates of NG-
domain departure from the ribosome exit site and its docking at the
distal site, respectively. The observed rate constants of the SR-induced
fluorescence change for both FRET pairs saturated at SR concentra-
tions above 0.5 uM (fig. S5E), indicating that the observed reactions
are rate-limited by a unimolecular conformational change at satu-
rating SR concentrations. These measurements gave rate constants
of 0.21 and 0.07 s~ for exit site detachment and distal site docking,
respectively (fig. S5F). Together, the mutational and kinetic analyses
show that SR can rapidly undergo compaction upon binding of cargo-
loaded SRP, followed by detachment of the NG complex from the
ribosome exit site and its subsequent docking at the distal site.

Structures of targeting intermediates reveal the molecular
basis of early SRP-SR recognition

The smFRET analyses strongly suggest the presence of early target-
ing intermediates before the prehandover conformation. To better
understand these early events during protein targeting, we used
SRPG226k, which accumulates early targeting intermediates in which
both SRP and SR fail to attain the conformation observed in the
prehandover structure (Fig. 2). We assembled SRPg;26g with RNC
and SR in the presence of 5’-guanylyl imidodiphosphate and deter-
mined the structures of the assembled complexes using cryo-EM,
which resolved two SRPG2,6r+SR early targeting complexes referred
to as “early A” and “early B” states (Fig. 3, E and F, and figs. S6 and
S7). In agreement with the results of smFRET studies, the observed
early targeting complexes assembled with SRPg,;6r were abundant
and comprised most of the particle images, in contrast to wild-type
SRP for which the early conformational states were not observed
(19). In addition, we observed an SRPg»»6geSR class from a small
subset in the prehandover state (19), although the occupancy of the
class is much lower compared with wild-type SRP and was not further
analyzed here (fig. S6).

Lee etal., Sci. Adv. 2021; 7 : eabg0942 21 May 2021

In all the complexes, we observed the SRP and SR proteins and
the SRP RNA in its entirety, including the S and Alu domains
docked at the ribosome tunnel and subunit interface, respectively
(Figs. 3E and 4). The main difference between the two early SRPgya6g¢
SR structures is in the conformation of the SRP RNA, which is
resolved at 4 A resolution at the proximal site and 7 to 10 A resolu-
tion the distal site (fig. S7). The M domain is resolved at the ribo-
somal tunnel exit with a bound signal sequence found inside a
hydrophobic pocket formed by the M domain and the GM linker of
SRP54. We did not resolve a density of SR NG domain at the proximal
site of the SRP RNA; this suggests a more dynamic NG heterodimer
and is consistent with the lower FRET efficiency of the NG heterodimer
and the faster association/dissociation kinetics of the SRPGa26reSR
complex compared to the wild-type complex (Fig. 3, A to D). Both
early A and B states resolve the SRX/B heterodimer bound at the
distal site where it interacts with the SRP68 and SRP RNA, burying
a surface area of almost 300 A” (Fig. 3, E and F, and figs. S7 and S8).
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Fig. 4. Conformational changes in the SRP RNA in the RNC:SRPg;,¢eSR inter-
mediates. (A and B) Close-ups of the SRP RNA proximal and distal sites, respectively,
depicting the conformational changes in the SRP RNA distal site are shown for the
early A (cyan), early B (light green), and SRPg,26¢°SR states compared to the SRP-SR
prehandover state (light orange, EMDB-4300). Cryo-EM maps were overlaid using
the ribosome as a reference. The ribosome is colored gray. Cryo-EM maps are fil-
tered to 8 A resolution. (C) Schematic of the conformational change in SRP RNA,
SRP68 RBD, and SRX/B heterodimer as it proceeds from early to prehandover
states. The rotation of the SRP RNA moves the SRX/B heterodimer away from the
ribosome surface to allow the docking of the SRP-SR NG heterodimer as observed
in the prehandover states. The dashed orange line indicates that the position of
the SRP-SR NG heterodimer would clash with the conformation SRX/B heterodi-
mer, as observed in the early A and B states.
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In the early A state, the SRP RNA is lifted such that the loop of
SRP68 RBD that binds the ribosome in the prehandover state (19) is
now rotated and displaced away from the ribosome by 20 A (Fig. 3G).

The conformation of the SRP RNA observed in the early A state
is similar to a previously solved cryo-EM structure of the RNC+SRP
complex (16). To reach the conformation observed in the pre-
handover complex, the SRP RNA needs to rotate by 35° and 10° compared
to the early A and B complexes (Fig. 4, A and B). The observed con-
formational change is a prerequisite for the formation of the pre-
handover complex because the SRP RNA in the early A state, as well
as in state B, would sterically prevent binding of the NG heterodimer
to the distal site. Thus, the observed structures can be considered as
snapshots of successive conformational states in the targeting pathway.
We hypothesize that state A precedes state B and that the SRP RNA
has to rotate toward state B to allow docking of the NG heterodimer
at the distal site as seen in the prehandover conformation (Fig. 4C).

A MoREF in the SRa linker was recently shown to functionally
replace the tetraloop of the bacterial 4.55 RNA in accelerating
SRP.SR assembly, suggesting that the MoRF makes a key contact
with SRP in an early intermediate before the rate-limiting transition
state of SRP«SR complex formation (14). The structure of the early
A SRPG26peSR complex revealed that the SR MoRF binds to the
SRP RNA in close proximity to the highly conserved GNRA te-
traloop, where it further extends and bridges the M and NG do-
mains of SRP54 (Fig. 5A and fig. S8D). Because of the lower
resolution in this region of the cryo-EM map, we tested the effects
of MoRF mutation on the stability of the targeting complexes formed
by SRP and SRPg26e. We used the SRAMoRF mutant, in which the
MOoRF region (residues 242 to 261) is replaced by a GS (gly-ser)
linker and which specifically disrupts early stages of SRP«SR com-
plex formation (14). As reported previously (14), the equilibrium
dissociation constant (K;) of the wild-type RNCeSRP«SR complex
was only modestly sensitive to the MoRF deletion (Fig. 5C and fig.
S9). In contrast, the deletion of MoRF destabilized the SRPg)56geSR
complex over 30-fold, increasing the K; value from 31 nM to 1.1 uM
(Fig. 5, B and C). These results demonstrate that the SR MoRF provides
a key contact to initiate the assembly between the NG domains of SRP
and SR, whereas these interactions are lost after the NG heterodimer
translocates to the SRP RNA distal site at later stages of targeting. They
also provide strong evidence that the targeting complex formed
with SRPg;6g captures critical on-pathway interactions at early
stages of protein targeting.

B

Binding of SR to SRP(G226E)
:

The contact of SRXP with SRP68 in the SRPg:6e¢SR structures
raised the question of whether SRXP can interact autonomously
with the SRP distal site before the NG-domain complex is formed.
To address this question, we purified SRXB and SRXLB, in which
the SR NG domain was deleted. However, a combination of FRET
and competition experiments failed to detect an autonomous inter-
action of either construct with SRP (figs. S10 and S11). Further-
more, SRaAX, in which the X domain is removed, binds SRP with
the same rate constant as SR (5, 40), indicating that the SRXP inter-
action is not required before and in the transition state of SRP-SR
assembly. The SRP«SR complex is 2.5-fold more stable with SR (32 nM;
Fig. 5C) than with SRaAX (78 nM; (5)), indicating that the XB
interaction forms in the final SRP+SR complex as observed in the
structure of the prehandover complex. These observations are in
contrast to the interaction of the SR MoRF, which specifically af-
fects the rate of SRP-SR assembly (14). We therefore conclude that
the SRXP interaction occurs late, after the rate-limiting transition
state of SRP«SR assembly. This interaction was observed in the
SRPG226e*SR structure, likely because the G226E mutation blocked
the normal complex assembly pathway, and avidity effects allowed
an otherwise late interaction to be favored (fig. S12).

These structural and biochemical results provide mechanistic
insights into early stages of protein targeting. They explain how the
conserved MoRF in the SR linker substitutes and extends the func-
tion of the SRP RNA tetraloop to activate targeting and illustrate the
eukaryotic-specific sequential structural transitions in the targeting
complex en route to the prehandover conformation.

Post-targeting conformational rearrangements in SRP-SR
are essential for protein translocation

Last, we tested the role of the conformational dynamics of SRP and
SR in their function. As stimulated GTP hydrolysis in the SRP«SR
complex drives their irreversible disassembly and is an important
regulatory point in the bacterial SRP pathway (41, 42), we first test-
ed how the conformational rearrangements in the SRP+SR complex
regulate the stimulated GTPase activity of the targeting complex
(kcat) using mutants that bias the conformational equilibria (Fig. 2).
The targeting complexes assembled with all the SR conformational
mutants displayed higher GTPase rates (kc,) than the wild-type
complex (Fig. 6A), strongly suggesting that docking at the distal site
inhibits GTP hydrolysis and thus increases the lifetime of the target-
ing complex at the ER membrane. This is consistent with our

C

4

Normalized fluorescence

SRP54

>
=
NG-domain (@

tetraloop

08t J/ SR(WT) .
081) SRAMORF
0.4

L)

Kd or Ki SRP SRP
(nM) (WT) (G226E)
SR(WT) 32+28 99+15
SRAMORF | 67 +18 3440 + 440
MoRF effect 2.1 35

/.

SRa SRe 0 ]
MoRF

2

5 10 15 20

[SR], WT or dMoRF (uM)

Fig. 5. The SR MoRF modulates SRP-SR assembly by binding SRP54 in close proximity to the SRP RNA tetraloop. (A) Close-up of the proximal site in the early A
SRPg226e¢SR complex highlighting the interactions of SR MoRF with the SRP RNA and SRP54. The GNRA tetraloop of the SRP RNA is colored red. (B) The binding of wild-type
SR (red) and mutant SRAMoRF (black) to SRPg26e Was measured using inhibition methods as described in Supplementary Methods. The data were fit to eq. S4, and the
obtained binding constants (K;) are summarized in (C). (C) Summary of the equilibrium dissociation constants (Kq) for the binding of SRP and SRPg2,6¢ to SR and the effect
of the SR MoRF on the stability of the SRP-SR complex. Values of K4 were from the data in (B) and fig. S9 and are reported as means = fitting error.
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previous observation that mutations in the SRP72 C terminus,
which is positioned near the GTPase active site in the distal state
structure, hyperactivated the GTPase reaction (19). On the other
hand, the targeting complex bearing SRPG26g, in which the NG-
domain complex is trapped at the ribosome exit site, hydrolyzed
GTP at ~5 min~!. As SRPg,q5 alters the conformation within the
NG heterodimer as well as its global movements, this observed GTPase
rate may reflect a combination of these defects. Nevertheless, the obser-
vations with SR mutants, which specifically disrupt the global con-
formational rearrangements in SRP and SR, strongly suggest that these
rearrangements tune the timing of GTP hydrolysis, possibly provid-
ing a balance between efficient SRP turnover and cargo handover.
To test whether the conformational rearrangements in the tar-
geting complex are important in cotranslational protein transloca-
tion, we used a reconstituted assay that measures the ability of
purified SRP and SR to insert a model substrate, preprolactin (pPL),
into ER microsomes depleted of endogenous SRP and SR (fig. S1A)
(5, 43). Most of the SR conformational mutants are defective in pPL
translocation (Fig. 6, B to D, and fig. S13). The largest defects were
observed with SR(A361) and SR(A371), which blocked the rear-
rangements at the earliest stage (Figs. 2 and 6, B and D, orange).
SR(A572), which specifically blocks distal site docking, also reduced
translocation efficiency (Figs. 2 and 6, B and D, blue), supporting a role
of the distal conformation in ensuring efficient protein translocation.

The only exception was SR(R407A), which did not substantially affect
pPL translocation despite impairments in the lateral movements of
the NG heterodimer; this might reflect contributions from addi-
tional factors in the cell lysate and ER microsomes during trans-
location that were not present in smFRET measurements of the
purified targeting complex. Notably, mutant SRPgz,6p, which causes
severe congenital neutropenia (29, 30), strongly impaired the cotrans-
lational translocation of pPL (Fig. 6, C and D, brown) despite its
ability to assemble a stable early targeting complex and undergo re-
ciprocal GTPase activation with SRP (Figs. 3 and 6A). Furthermore,
given the faster GTPase rate in the targeting complexes assembled
with these conformational mutants compared to wild-type SRP«SR,
the energetic coupling of the GTPase cycle to productive work
(translocation) was strongly reduced in all of the mutants (Fig. 6E).
Together, the results in this section demonstrate that the post-
targeting conformational rearrangements in SRP and SR are essential
for coupling the SRP/SR GTPase cycle to protein translocation. Dis-
ruption of these rearrangements leads to futile GTPase cycles and
abortive targeting reactions and can lead to devastating pathology.

DISCUSSION
Cotranslational targeting of nascent proteins by the SRP pathway is essen-
tial for the generation and maintenance of compartmentalization in
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Fig. 6. Conformational rearrangements in SRP and SR are essential for protein translocation. (A) Summary of the rate constants of stimulated GTP hydrolysis (Kcat)
in targeting complexes assembled with wild-type protein or the indicated SRP and SR mutants. Values are reported as means + SD, with n=3. (B and C) Cotranslational
translocation of preprolactin (pPL) mediated by wild type or the indicated SRP (C) and SR (B) mutants. (D) Summary of the translocation efficiency of each mutant relative
to wild-type SRP/SR at saturating protein concentrations. Translocation efficiencies were quantified from the data in (B) and (C) and in fig. S13 and are reported as
means + SD, with n=2 to 3 technical replicates. (E) Coupling of GTP hydrolysis to translocation for each mutant relative to wild-type SRP/SR. Relative translocation effi-

ciency (D) was divided by relative k..t (A) to obtain the relative coupling efficiency.
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all cells (3, 44) and has served as a paradigm for understanding the
molecular basis of protein localization. Despite decades of research,
how the mammalian SRP pathway transitions from the cargo recog-
nition phase, in which SRP captures translating ribosomes in the
cytosol, to the targeting and translocation phases, in which the ribo-
somes are delivered to the ER membrane and handed off to the
Sec61p translocase, remains unclear. In this work, smFRET mea-
surements detected a sequential series of conformational rearrange-
ments upon SRPeSR assembly that culminates in the prehandover
conformation observed in a recent structure (19), in which the RNC
is primed for unloading onto translocation machineries at the
ER. Structural and biochemical analyses of early targeting interme-
diates revealed the molecular basis of early SRP«SR recognition and
the structural transitions en route to the prehandover state. Bio-
chemical measurements further demonstrate an essential role of
these rearrangements in cotranslational protein translocation. Our
results provide a molecular model for how the components of this
universally conserved pathway transition from cargo recognition to
the targeting and pretranslocation stages.

The evolution to higher eukaryotes is accompanied by an expan-
sion of disordered regions in the proteome (45). This was also the
case with SR. While the interaction of bacterial SR with the plasma
membrane is primarily mediated by an amphipathic helix that im-
mediately precedes its NG domain (46, 47), eukaryotic SR contains
a ~200-amino acid disordered linker sequence between its NG
domain and the X/p domain that anchors this receptor at the ER
(48). The smFRET measurements here show that SR assumes an
extended conformation and that interaction with cargo-loaded SRP
is required to induce a global compaction of SR that brings the NG-
and X/B domains into close proximity (Fig. 1). These findings sug-
gest an attractive model in which the disordered SR linker initially
acts as a “leash” that increases the search space in the cytosol and,
upon recognition of cargo-bound SRP, compacts to bring the ribo-
some and nascent polypeptide close to the ER membrane. As SR is
membrane-anchored, this compaction step as well as the subsequent
GTPase movements could be further regulated by Sec61p or other
membrane components (20), allowing SR to sense both cytosolic
(ribosome-bound SRP) and membrane components (Sec61p and
potentially other translocases) to determine the optimal timing of
compaction. Moreover, membrane-anchored SR may have spatial
restrictions and different physicochemical properties compared to
the soluble SR used in this study, which could further tune the effi-
ciency of the pathway. These possibilities remain to be explored in
the future.

Molecular genetics and kinetic measurements (Fig. 2) further
show that SR compaction precedes and drives the subsequent
movements of the SRP«SR NG heterodimer from the ribosome exit
site to the distal site. This model is also supported by the observa-
tion that the mutations that disrupt interactions within the SR complex
(A361, A371, and R407A) also impair the detachment of NG complex
from the ribosome. Intriguingly, a single-point mutation in SRP54
linked to congenital neutropenia, G226E (29, 30), abolishes all the
conformational changes studied here. G226 is located at the inter-
face between the N and G domains of SRP54 (fig. S3C, brown).
Comparison of the structures of free SRP and SR with the SRP«SR
complex in both bacterial and human systems showed that the N-G
interface acts as a fulcrum that undergoes cooperative adjustments
in both the SRP54 and SR NG domains upon their GTP-dependent
assembly (31, 49-52). Conceivably, these rearrangements within
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the SRP+SR NG-domain complex are coupled to restructuring of
the SR linker and thus amplified into the subsequent large-scale
molecular motions. The extensive defect of mutants SRA361, SRA371,
and SRPgas6p in mediating cotranslational protein translocation
further emphasized the central role of SR compaction. Intriguingly,
SRPGaa6k expressed in zebrafish disease models also disrupts the ex-
pression of XBP1 (28), whose mRNA is targeted to the ER via the
SRP pathway for splicing by the ER-anchored Irel (53, 54), suggest-
ing that compaction of the targeting complex at the ER membrane
is also important for unconventional SRP substrates that do not re-
quire translocation.

The cryo-EM structures of the early targeting complexes assem-
bled with SRPga6r further reveal the structural basis of early
SRPeSR recognition in the mammalian SRP pathway. We observed
that the early complex is stabilized by bidentate interactions at the
proximal site. In addition to the initial dynamic interaction between
the SRP and SR NG domains, the MoRF in the SRa linker physically
connects the M and NG domains of SRP54 in proximity to the
GNRA tetraloop of the SRP RNA and is critical for the stability of
the early targeting complex. Our analyses rationalize how the MoRF
specifically activates early stages of NG heterodimer assembly anal-
ogously to the role of SRP RNA tetraloop in bacteria (14). In addi-
tion, the multiple specific interactions of SR MoRF at the proximal
site of SRP explain why SRP preorganized in the proximal confor-
mation is optimized for rapid assembly with SR (5). Furthermore,
the comparison of the early and prehandover structures reveals ex-
tensive rotation in the SRP RNA, which is required to allow docking
of the SRP«SR NG heterodimer at the distal site and anchoring of
SRP to the ribosome via the SRP68 RBD. Together, the structural
and biochemical analyses emphasize that critical events in SRP tar-
geting in mammals are heavily regulated by eukaryotic-specific pro-
tein elements, which replace and extend the roles of the bacterial
SRP RNA.

The movements of the SRP«SR NG heterodimer from the ribo-
some exit site to the distal site are conserved between bacterial and
eukaryotic SRP pathways. In both cases, these rearrangements dis-
place SRP-NG from uL23 and free up this universal docking site for
subsequent interaction with Sec61p and/or other translocases at the
ER (19, 55, 56). Nevertheless, distal docking in the mammalian SRP
pathway displays distinct features compared to its bacterial homo-
logs. While distal docking of the bacterial NG heterodimer is medi-
ated solely by the SRP RNA that also activates GTP hydrolysis
(41, 42, 55), this event is primarily mediated by eukaryote-specific
protein elements, the SRP68/72 subunits and SR X/B domain, and
requires extensive rotations of the SRP RNA to expose the NG-
heterdimer docking site. (19). In addition, while distal docking of
the bacterial NG heterodimer activates GTP hydrolysis, this event
inhibits the GTPase activity of the mammalian targeting complex
(Fig. 6A). This delays the turnover of mammalian SRP and may ex-
plain why a substantial fraction of mammalian SRP is found at the
ER membrane (9, 57), whereas most of the bacterial SRP is cytosolic
(58, 59). A longer lifetime of the SRP«SR complex at the ER could
serve multiple roles. Measurements in yeast suggested that gating of
Sec61p is slow (60), and therefore, delayed GTP hydrolysis may be
necessary to provide sufficient time for Sec61p to engage RNCs
with a functional signal or signal anchor sequence. The presence of
additional translocases at the ER, such as the ER-associated mem-
brane complex (61, 62), raises the possibility that RNCs with differ-
ent nascent chains are triaged to distinct translocases, and a long-lived

90f13

120T ¢ LT Toqueydag uo A3ojouyda], JO Jnnsu] BIUIOJI[RD) I8 S10°90Ud10s mmm//:sdyy woly papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

RNC-SRP

RNC-SRP-SR /

uearly"

CFEL

SR(A371)
SR(A361) L

l I_‘ . l SRP(GZZGE) l

Premature GTP hydrolysis
abortive targeting

RNC-SRP-SR
" vt sl RNC-SRP-SR
SRPSA, b y .
M-domaifl % prehandover

/ » an
Signal \‘) { [ k}
sequence £ ¥
SRP RNA

rotation

SR(AS72)

_' ’ ER membrane ‘

Fig. 7. New model for cotranslational protein targeting and translocation. SRP is preorganized into the proximal conformation on signal sequence-bearing ribo-
somes and initially recruits SR via dynamic interaction between their NG domains, which is stabilized by additional interaction of the SR MoRF with the 7SL RNA (step 1).
A conformational rearrangement within the NG domains generates a more stable NG complex and induces SR compaction, which together drive the detachment of the
NG complex from the ribosome exit (step 2). Docking of the GTPase complex at the distal site primes the RNC for handover to Sec61p (step 3).

SRP«SR complex could provide a mechanism to improve both the
efficiency and accuracy of the triaging process. Last, mammalian
SRP evolved to mediate unconventional functions, such as deliver-
ing the XBP1u mRNA to the ER (53, 63, 64), which could benefit
from an increased lifetime of the targeting complex at the ER.

Failures in SRP function have mostly been attributed to impaired
interaction with the RNC and/or binding with the SR. Our results
demonstrate a previously unidentified class of mutations that disrupt
later stages of the SRP pathway, by interfering with conformational
rearrangements of the targeting complex at the ER. This is most notable
with mutant SRP54G;265 linked to severe congenital neutropenia
(29, 30), which undergoes ribosome- and signal sequence-activated
assembly with SR at efficiencies comparable to wild-type SRP. Both
the smFRET and cryo-EM studies of the targeting complex assembled
with SRPG,,6 show that its dysfunction is due to the accumulation of
trapped RNCeSRP«SR intermediates. The severe defects of SRPg2265
in cotranslational protein translocation (this work) and the rescue
of SRPgaaep-expressing zebrafish by expression of XBP1 (28), a key
branch of the integrated stress response (54), strongly suggest that a
defect in protein homeostasis in the endomembrane system under-
lies the onset of diseases associated with this mutation.

In summary, our results provide a mechanistic model for the mam-
malian SRP pathway. During cargo recognition, signal sequence-
bearing ribosomes promote SRP binding in the proximal conformation
in which the SRP54 NG domain docks at uL23/uL29 near the ribo-
some exit site (Fig. 7) (5). At the same time, SR anchored at the
membrane is in an extended conformation, potentially increasing
the search space for SRPs in the cytosol. In these conformations, the
SRP and SR NG domains first assemble a loose complex that is sta-
bilized by interactions of the SR MoRF with the SRP proximal site
(step 1). Cooperative rearrangements in the NG complex upon its
assembly, especially those at the interface between the N and G
domains, generate a tighter NG heterodimer and are further transmit-
ted to the SR linker, amplifying into a global compaction of SR (step 2).
Both the NG-complex rearrangements and SR compaction could
drive the detachment of the GTPase complex from the ribosome
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exit (step 2), exposing universal docking sites at the ribosome exit
tunnel for subsequent interaction with the Sec61p translocase.
Throughout this process, the SRP RNA is remodeled to expose the
NG-heterodimer docking site at the SRP distal end, to which the
GTPase complex docks (step 3). This generates a prehandover con-
formation in which the ribosome is primed for unloading, and de-
layed GTP hydrolysis could generate an extended time window
during which the targeting complex searches for and allows the ri-
bosome to engage the appropriate translocase. These post-targeting
molecular movements resolve multiple mechanistic challenges during
the initiation of protein translocation and could serve as points for
biological regulation as well as disease intervention.

MATERIALS AND METHODS

Vectors

The vectors for expression of SRP and SR subunits and for fluores-
cence labeling of SRP19, SRP54, and SRo C terminus have been de-
scribed (5). To fluorescently label SRP68, an Sfp recognition motif
(ybbr6, DSLEFI) (65) was inserted after Pro'¥ using FastCloning.
To fluorescently label SRBATM, a longer Sfp recognition motif
(ybbrll, DSLEFIASKLA) (65) was inserted at the SRB N terminus
using FastCloning. Expression vectors for mutant SRP and SRs were
generated using the QuikChange mutagenesis protocol (StrataGene).

Biochemical preparations

Wild-type and mutant SRP and SR proteins were expressed and pu-
rified as described (5). Mammalian SRP was prepared as described
(5). Briefly, SRP protein subunits were expressed and purified in
bacteria or yeast. A circularly permutated 7SL RNA variant was
in vitro transcribed and purified on a denaturing polyacrylamide
gel. SRP was assembled by first refolding 7SL RNA and sequentially
adding SRP19, SRP68/72, SRP9/14, and SRP54. Holo-SRP was pu-
rified using a DEAE jon-exchange column. Unless otherwise speci-
fied, the C terminus of human SRP54 was fused to the 4A10L signal
sequence (hSRP54-4A10L) to generate signal sequence-bound
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SRP, as described (5). Ribosome from rabbit reticulocyte lysate was
purified by ultracentrifugation through a sucrose gradient, as de-
scribed (5). The use of ribosome and signal sequence fusion to
SRP54 reproduced the effects of signal sequence-bearing RNCs on
the conformation and activity of SRP (5).

Fluorescence labeling

SRP54(C12), SRP54(C47), and SRP19(C64) were labeled with Atto550,
Atto647N, or Cy3B using maleimide chemistry as described (5). La-
beling efficiency of these proteins was 70 to 80%. SRa was labeled
with Atto647N at the C terminus using sortase-mediated ligation,
as described (5).

SRP68/72 was labeled via Sfp-mediated conjugation of coenzyme A
(CoA)-Atto647N, CoA-Cy3B, or CoA-BODIPY FL at Ser? in ybbr6-
tagged SRP68 following the procedure described in (65). The label-
ing reaction contained 0.4 molar ratio of protein to Sfp enzyme and
a threefold excess of CoA-dye conjugate and was carried out for
20 min at room temperature in Sfp-labeling buffer [50 mM KHepes
(pH 7.5), 10 mM MgCl,, 150 mM NaCl, and 20% glycerol]. Labeling
efficiency was close to 100%. Labeled SRP68/72 was immediately
used for SRP assembly. SRXpB and SRXLp were labeled via Sfp-
mediated conjugation of CoA-TMR at a ybbrll tag inserted be-
tween T155 and R156 C terminus to the SR X domain. The labeling
reaction contained 0.4 molar ratio of SR to Hisless Sfp enzyme and
twofold excess of CoA-conjugated TMR and was carried out for
1 hour and 30 min at room temperature by rotation in Sfp-labeling
buffer. The labeling efficiency was close to 100%. Labeled SRXp and
SRXLP were purified using Ni-HP Sepharose resin and stored in
SRP assay buffer.

SROBATM was doubly labeled via sortase-mediated ligation at
the SRo C terminus and Sfp-mediated conjugation of CoA-dye at
the N-terminal ybbr11 tag on SRP. The labeling reaction contained
0.4 molar ratio of Sfp to protein and a twofold excess of CoA-
Atto647N (or CoA-Atto550) and was carried out for 30 min at
room temperature in Sfp-labeling buffer. A 4-fold molar excess of
sortase,10-fold excess of GGGC-Atto550 (or GGGC-Atto647N),
and 0.1 volume of 10x sortase buffer [500 mM tris-HCI (pH 7.5),
1.5 M NaCl, and 100 mM CacCl,) were then added, and the labeling
reaction was carried out for an additional 3 hours at room tempera-
ture. Labeled SRaBATM was purified using Ni-Sepharose resin.
Labeling efficiency was close to 100% for the Sfp reaction and ~60
to 70% for the sortase reaction.

Biochemical assays

All proteins except for SRP were ultracentrifuged at 4°C, 100,000 rpm
in a TLA100 rotor for 30 to 60 min to remove aggregates before
all assays. GTPase reactions were performed in SRP assay buffer
[50 mM KHepes (pH 7.5), 150 mM KOAc, 5 mM Mg(OAc),, 10%
glycerol, 2 mM dithiothreitol, and 0.04% Nikkol] at 25°C and were
followed and analyzed as described (5, 66). Details for the determi-
nation of the GTPase rate constants are described in Supplementary
Methods. Cotranslational targeting and translocation of pPL into
salt-washed and trypsin-digested rough ER microsomes were per-
formed and analyzed as described in Supplementary Methods.
Steady-state fluorescence measurements were carried out on a
Fluorolog 3-22 spectrofluorometer (Jobin Yvon) at 25°C in SRP assay
buffer supplemented with bovine serum albumin (0.6 mg/ml).
Acquisition and analyses of fluorescence data are described in
Supplementary Methods.
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Small-molecule Forster resonance energy transfer

Measurements were performed as described (5, 32, 33). Labeled
SRP was diluted to 100 to 200 pM in SRP assay buffer containing
200 uM nonhydrolysable GTP (guanosine-5'-[B,y-imido]triphosphate)
(GppNHp), 150 nM 80S, and 1.5 uM SRoBATM where indicated.
To measure the conformation of SR, doubly labeled SROBATM was
diluted to 100 to 200 pM in SRP assay buffer containing 200 uM
GppNHp, 400 nM 80S, and 400 nM SRP or SRP-4A10L where indi-
cated. Data were collected over 30 to 60 min using an ALEX-FAMS
setup with two single-photon Avalanche photodiodes (PerkinElmer)
and 532 nm (CNI laser) and 638 nm (Opto Engine LLC) continuous
wave lasers operating at 150 and 70 uW, respectively. Analysis of
us-ALEX data is described in Supplementary Methods.

Cryo-electron microscopy

For the protein targeting complexes containing human SRPg226k,
80 nM RNCs prepared as previously described (19) were mixed
with human recombinant SRP54G2:6¢ and SR with a molar ratio of
1:1.5:5.8 in buffer C [50 mM Hepes-KOH, (pH 7.6), 100 mM KOAc,
and 5 mM Mg(OAc);] in the presence of 2 mM GppNHp and 0.02%
Nikkol (Sigma-Aldrich). The reaction was incubated at 30°C for
20 min after adding SRP and then another 20 min after adding
SR. The reaction was lastly chilled for 15 min on ice. Sample (5 ul)
was applied on Quantifoil R2/2 grid holey carbon grids, which has
been coated freshly with an extra layer of carbon and glow dis-
charged with the Pelco EasyGlow system for the 15 s. The sample
(5 ul) was incubated on the grid at 4°C with 95% relative humidity
for 1 min before being blotted and then plunged into liquid
ethane/propane mix cooled to liquid nitrogen temperature using a
Thermo Fisher Scientific Vitrobot. Details of the purification of
RNC, SRP, and SR for cryo-EM are described under Supplementary
Methods.

Data collection was performed on a Titan Krios electron micro-
scope (Thermo Fisher Scientific) operated at 300 kV, using the EPU
software (Thermo Fisher Scientific) for automated data acquisition
in counting mode using the Gatan K3 direct electron detector with
an energy filter slit width of 20 eV. Data were collected at a defocus
of —1.2- to —2.5-um range with a step size of 0.1 pm and at a nominal
magnification of x81,000, which resulted into a calibrated pixel size
of 1.062 A per pixel (0.529 A per pixel in superresolution mode).
Mlumination conditions were adjusted to an exposure rate of 8 e~
per pixel per second. Micrographs were recorded as movie stacks
with an exposure time for each movie stack of 1.4 s, corresponding
to an electron dose of ~50 electrons/A” fractionated into total of 40
frames. Drift and bright gain reference corrections in addition to
dose weighting were performed with MotionCor2 (67). Details of
data processing are described under Supplementary Methods.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabg0942/DC1

View/request a protocol for this paper from Bio-protocol.
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