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Supplementary Methods 

Preprotein targeting and translocation assays.  

Co-translational targeting and translocation of 35S-methionine labeled pPL into salt-

washed, trypsinized rough ER microsome (TKRM) (5, 43) were carried out as outlined in fig. 

S1A. Unless otherwise specified, translocation reactions contained 20 nM SRP (when [SR] is 

varied), 100 nM SR (when [SRP] is varied), and 0.5 eq of TKRM (as defined in (68)). The 

reactions in fig. S1 contained 7-Me-GTP, and 7-Me-GTP was omitted for the reactions shown in 

Fig. 6 and fig. S10. Translocation efficiency was quantified as: 

Fraction	Translocation =
(8/7)prolactin

(8/7)prolactin + preprolactin	 

The (8/7) term corrects for the difference in the number of methionines in preprolactin and 

signal-sequence cleaved prolactin. 

 

Measurement of GTPase rate constants.  

 Basal GTPase reactions were measured under single-turnover conditions using varying 

concentrations of SRP54 in excess of g-32P-GTP. The SRP54 concentration dependence of the 

observed rate constant (kobsd) were fit to Eq. 1, 

𝑘!"#$ = 𝑘%&' ×	
[)*+]

-!.[)*+]
  (1) 

in which kcat is the basal GTPase rate constant at saturating SRP concentrations, and Km is the 

GTP concentration required to reach half of kcat. 

The reciprocally stimulated GTPase reaction between SRP and SR were measured under 

multiple turnover conditions using 0.2 µM SRP, varying concentrations of SR in excess of SRP, 

and 100 µM GTP (or 500 µM GTP for mutant SRP(G226E)) doped with trace g-32P-GTP. All 



 

reactions were measured in the targeting complex in which SRP was bound to the signal 

sequence and ribosome. The SR concentration dependences of the observed rate constants were 

fit to Eq. 2. 

𝑘!"#$ = 𝑘%&' ×	
[)*]

-!.[)*]
  (2) 

As shown in Lee et. al (5), the value of kcat/Km is rate-limited by and therefore reports on the 

SRP-SR complex assembly rate constant. 

 

Steady state fluorescence measurements.  

Steady state fluorescence was measured using a Fluorolog 3-22 Spectrofluorometer 

(Horiba Jobin Yvon) following manufacturer’s guidelines. To monitor the effects of SR, 

fluorescence emission spectra were recorded for 15 nM SRP-4A10L singly labeled with the 

indicated fluorescent dyes at specified positions, in the presence of 100 nM 80S with and without 

1.5 µM SR present (fig. S2G-S2J). To monitor the effects of SRP, fluorescence emission spectra 

were recorded for 30 nM SR singly-labeled labeled with the indicated fluorescent dyes at 

specified positions, in the presence of 400 nM 80S with and without 400 nM SRP-4A10L present 

(fig. S2K-S2L). To monitor the effects of 80S, fluorescence emission spectra were recorded for 

singly labeled SRP-4A10L or SR in the absence and presence of 100 nM (for Proximal and 

Distal probes) or 400 nM (for Compaction probes) 80S (fig. S2M-S2P). All reactions also 

contained 200 µM GppNHp and 0.6 mg/ml BSA. 

Fluorescence anisotropy was measured using the anisotropy module on Fluorolog 3-22 

following the manufacturer’s guidelines. The reaction contained 15 nM SRP-4A10L or 30 nM 

SR labeled with the indicated fluorescent dyes at specified positions (fig. S2A and S2R), 200 µM 



 

GppNHp, 0.6 mg/ml BSA, and 100 nM/400 nM 80S (for Distal/Compaction probes, 

respectively) where indicated.  

The Kd values of the SRP•SR and SRP•SRΔMoRF complexes were determined by 

equilibrium titrations. Titration of the SRP•SR complex used 15 nM SRP labeled with Cy3B at 

SRP54 C47, 200 nM RNC with a 4A10L signal sequence, and indicated concentrations of SR 

labeled with Atto647N at the C-terminus of SRα (5). Titration of the SRP·SRΔMoRF complex 

used 15 nM SRP with SRP54 fused to the 4A10L signal sequence (SRP-4A10L) and labeled 

with Cy3B at SRP54 C47, 50 nM purified 80S ribosome, and indicated concentrations of 

Atto647N labeled SR. The combination of signal sequence fusion to SRP54 and 80S ribosome 

has the same effect as RNC on SRP-SR binding kinetics and stability (5). SR also contained the 

R458A mutation to block GTP hydrolysis and hydrolysis-driven dissociation of the SRP•SR 

complex (5). 0.6 mg/ml BSA was supplemented in SRP Assay buffer to reduce non-specific 

adhesion of proteins to surfaces. A control titration with unlabeled SR was carried out in parallel, 

and the fluorescence intensity change from the control reaction was subtracted from that of the 

reaction with Atto647N-labeled SR. FRET efficiency (E) at each SR concentration were 

calculated as , in which FDA and FD are the fluorescence signals with and without the 

acceptor dye present, respectively. Values of E were plotted against SR concentration and fit to 

Eq. 3 

𝐸 = 𝐸!"# ×
[%&'])[%&])*!+[,([%&'])[%&])*!)"+/×[%&']×[%&]

1×[%&']
 (3) 

in which Emax is the FRET efficiency of the SRP·SR complex observed at saturating SR 

concentrations.  
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 The binding of SRPG226E to SR and SRΔMoRF were measured by using unlabeled SR or 

SRΔMoRF as competitive inhibitors of the FRET between Cy3B-labeled SRPG226E and Atto647N-

labeled SR. 15 nM SRPG226E-4A10L-Cy3B, 50 nM 80S ribosome and 50 nM SR-Atto647N were 

pre-incubated to reach equilibrium. Unlabeled SR (WT or ΔMoRF) was titrated to compete with 

SR-Atto647N for binding to SRPG226E. The donor fluorescence intensity (F) was normalized and 

fit to Eq. 4: 

 𝐹 =	 [)*]

-"×01.
[$%∗]
(),$%∗

2.[)*]
   (4) 

in which Ki is inhibition constant of unlabeled SR and equals the Kd of the SRPG226E•SR or 

SRPG226E•SRDMoRF complex, [SR*] is the concentration of SR-Atto647N (50 nM). Kd,SR* is the 

Kd value of the labeled SRPG226E•SR-Atto647n complex and was calculated from the kon and koff 

values of this complex (Fig. 3A and 3B). 

 Rate constants for association of SRP and SRPG226E with SR were measured using SRP 

labeled with Cy3B at SRP54(C47) and SR was labeled with Atto647N at the C-terminus of SRa-

NG. 15 nM SRP-4A10L-Cy3B or SRPG226E-4A10L-Cy3B were rapidly mixed with indicated 

concentrations of SR-Atto647N on a stopped-flow apparatus (Kintek). 50 nM 80S ribosome was 

pre-incubated with SRP prior to initiation of the reaction. Observed rate constants of SRP-SR 

association (kobsd) were determined as a function of SR concentration and fit to Eq. 5, 

    kobsd = koff + kon [SR]    (5) 

in which kon is the association rate constant.  

Dissociation rate constants of the targeting complex were measured using pulse-chase 

experiments. 15 nM SRP-4A10L-Cy3B or SRPG226E-4A10L-Cy3B, 50 nM 80S ribosome and 50 

nM SR-Atto647N were pre-incubated to reach equilibrium. A 10-fold excess of unlabeled SR 

was added to initiate complex dissociation, and the time courses of the fluorescence trace were 



 

recorded on the stopped-flow. For SRPG226E, the time trace of observed fluorescence intensity (F) 

were fit to a single exponential function (Eq. 6), 

    𝐹 = 	𝐹3 + ∆𝐹 × 𝑒45'     (6) 

In which F0 is the fluorescence intensity at t = 0, DF is the fluorescence change when the reaction 

reached equilibrium, and k is the dissociation rate constant. For SRP, the time trace of observed 

fluorescence intensity (F) was biphasic and fit to Eq. 7, 

   𝐹 = 	𝐹3 + ∆𝐹6&#' × 𝑒45+,-.' + ∆𝐹#7!8 × 𝑒45-/01'  (7)  

Rate constants of conformational changes in the targeting complex were measured using 

the stopped-flow by rapidly mixing 15 nM SRP-4A10L labeled with Proximal (Detachment) or 

Distal (Distal docking) probes with varying concentrations of unlabeled SR. The reactions also 

contained 40 nM 80S, 200 µM GppNHp, and 0.6 mg/ml BSA. The time courses of donor 

fluorescence intensity change were fit to Eq 6 to extract the observed rate constants (kobsd). The 

SR concentration dependences of kobsd were fit to Eq. 2 to obtain the rate constant at saturation, 

which is not limited by bi-molecular SRP-SR assembly and reports on the rate of conformational 

change.  

 

smFRET measurements.  

Labeled SRP-4A10L was diluted to 100-200 pM in SRP Assay Buffer. Unless otherwise 

specified, the samples contained 200 µM GppNHp, 150 nM 80S, and 1.5 µM SRabDTM where 

indicated. To measure conformational changes in SR, SR labeled with compaction probes was 

diluted to 100-200 pM in SRP Assay Buffer containing 200 µM GppNHp, 400 nM 80S, and 400 

nM SRP or SRP-4A10L where indicated. With signal sequence and ribosome-bound SRP, these 

concentrations are sufficient to ensure that all labeled species are bound with the indicated binding 



 

partners (5) (Fig. 5C). The samples were incubated at 25 °C for 5-10 minutes before measurements 

to ensure complete formation of the SRP•SR complex. Samples were placed in a closed chamber 

made by sandwiching a perforated silicone sheet (Grace Bio-Labs) with two coverslips to prevent 

potential evaporation during measurements. Data were collected over 30-60 min using an ALEX-

FAMS setup with two single-photon Avalanche photodiodes (Perkin Elmer) and 532 nm (CNI 

laser) and 635 nm (Opto Engine LLC) continuous wave lasers operating at 150 µW and 70 µW, 

respectively (32, 33). 

All smFRET data analyses including burst search and burst selection were performed using 

FRETBursts (34), an open-source burst analysis toolkit for confocal smFRET. A dual-channel 

burst search (69) was performed to separate the particles containing FRET pairs from particles 

labeled with only the donor or acceptor dye. Each burst (assumed to be the fluorescence signal 

from an individual SRP or SR particle) was identified as a minimum of 10 consecutive detected 

photons with a photon count rate at between 6 to 15 times higher than the background photon count 

rate during both donor and acceptor excitation periods. Since the background rate can fluctuate 

within a measurement, the background rate was computed for every 50 second interval according 

to maximum likelihood fitting of the inter-photon delay distribution. The identified bursts were 

further selected according to the following criteria: (i) 𝑛99 + 𝑛9: ≥ 15; and (ii) 𝑛:: ≥	15, where 

𝑛99  and 𝑛9:  are the number of photons emitted from donor and acceptor during the donor 

excitation period, respectively, and 𝑛:: is the number of photons emitted from acceptor during the 

acceptor excitation period.  

Under certain conditions, we observed some aggregated species that led to additional 

populations with different stoichiometry (S) values. The aggregated species are expected to show 

exceptionally long burst durations and/or multiple bursts that are close together if the dye 



 

molecules undergo photo-physical events such as blinking. To filter out such aggregates, we first 

fused bursts that are less than 5 milliseconds apart, then removed bursts that have burst durations 

larger than 10 milliseconds. After applying this filter, the FRET populations showed a single 

Gaussian distribution in terms of S-value. In rare cases, aggregated species dominated the FRET 

population, and those data were discarded and not included in any of the analyses.  

The uncorrected FRET efficiency (E*) and Stoichiometry (S) for each burst were 

calculated using the following equations: 

  (8) 

  (9) 

FRET histograms were obtained by 1D projection of the 2D E*-S histograms onto the E* 

axis. In most cases, E* is different from actual FRET efficiency due to simplifying assumptions 

(i.e. lk=0, dir=0, γ=1). However, since the correction factors only depend on the photo-physical 

properties of the fluorophores and the configuration of the optical setup, their contributions to 

FRET efficiency are constant as long as the same optical set up, FRET pair and labeling position 

are used throughout all measurements. Importantly, we did not observe any significant changes 

in the photo-physical properties of both the donor and acceptor dyes due to local environments 

(i.e. different conformations, substrates, ligands) (fig. S2). Therefore, conformational changes in 

SRP that alter the actual FRET efficiency will also change the E* value, and the trend of the 

changes with different binding partners will be the same.  

For measurements with Proximal and Distal probes under each experimental condition, 

data from all replicates (n=2-9) were summed and were globally fit for each set of probes across 

the conditions. Fitting for each replicate experiment was also done with parameters from global 
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fitting, but the parameters were allowed to float for better fitting for each replicate. The 

Weighted Mean and SD of fitting parameters from individual fittings are shown in Table S2. 

Data from Compaction probes were not fit due to the dynamic nature of SR compaction.  

 

Burst Variance Analysis. 

Burst Variance Analysis (BVA) (37) was implemented to investigate conformational 

dynamics of SRP. Variance in fluorescence signal larger than the shot-noise limit can be 

attributed to static heterogeneity (i.e. mixture of stable multispecies with similar FRET values), 

dynamic heterogeneity (i.e. one species dynamically transitioning between states), or 

combination of dynamic and static heterogeneity. BVA can identify the dynamics of molecules 

by comparing the empirical standard deviation (SD) of E* of sub-bursts (containing fixed 

number of photons, n) within a burst to the expected shot-noise limited SD (i.e. Static limit). Eq. 

10 was used to compute the static limit for a given mean E*. 

                    (10) 

where 𝑛 = 𝑛99 + 𝑛9:, the number of photons in a sub-burst. In this study, we used n = 5. The 

static limits were represented as dashed curves in BVA plots (fig. S5). The observed SD (sE*) for 

individual molecules was computed using Eq. 11. 

                           (11) 

where Mi is the number of sub-bursts in the i th burst, 𝑒;<∗  is an uncorrected FRET efficiency of 

the jth sub-burst, and 𝐸;∗ is the mean of all sub-bursts’ uncorrected FRET efficiencies in the i th 

burst. To reduce error that could arise from individual bursts, which only contain a small number 

of sub-bursts, we first binned bursts along the E* axis into 20 bins with a bin width of 0.05. All 
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of the sub-bursts in each bin within bursts were then used to calculate the observed SD for each 

bin (SDE*) using Eq. 12, 

                          (12) 

, L is the lower bound of the bin, µ is the upper bound of the bin, Mi 

is the number of sub-bursts in the i th burst, and 𝑒;<∗  is the uncorrected FRET efficiency of the j th 

sub-burst in the i th burst.  

The dynamic score (DS) was computed using Eq. 13.  

                 (13) 

where SDE*,static is the SDE* of simulated static molecules using the Monte Carlo method and NE* 

is the number of bursts in a given bin. The weighted dynamic score (WDS) was computed using 

Eq. 14 to take into account the different numbers of bursts in each bin. 

           (14) 

To ensure that the score reports on the dynamics of the major species in a given sample, only the 

SDE* for bins with at least 5% of the total number of bursts in the entire FRET histogram 

(denoted by triangles in BVA plots in fig. S5) were used to calculate DS and WDS.  

 

Purification of complexes for cryoEM. 

Mammalian RNC harboring  the  signal  sequence  was  prepared  from rabbit reticulocyte system 

essentially as previously described (19). A DNA fragment containing sequences for the T7 
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promoter, Kozak, and a 3 ×FLAG tag, followed by 

LDKLIRVGIILVLLIWGTVLLLKSIPHHSNTPDYQEPNSNYTNDGKLKVSFSVVRNNTFHP

KYHELH was cloned into EcoRI/PstI site of pUC57 plasmid (GenScript). The plasmid was 

linearized by PstI and then mRNA was generated by in vitro transcription using the T7 polymerase. 

The mRNA was then purified by LiCl precipitation followed by ethanol precipitation. The purified 

mRNA was translated in the Flexi® Rabbit Reticulocyte Lysate System (Promega) using an 

mRNA concentration of 214 ng/µL for 25 min at 32°C. For the purification of RNCs, 0.5 mL of 

ANTI-FLAG® M2 Affinity Gel (SIGMA-ALDRICH) equilibrated with buffer A (50 mM HEPES-

KOH, pH 7.6, 100 mM KCl, 5 mM MgCl2) was added to 4.7 mL of the translation reaction product 

and gently mixed for 2 h at 4°C. Following the removal of the lysate, the gel was washed by 10 

mL of buffer B (50 mM HEPES-KOH, pH 7.6, 500 mM KCl, 5 mM MgCl2) and then by 10 mL 

of buffer A.  Then, RNCs were eluted in 3 x 1 mL of fractions of buffer A containing 0.1 mg/mL 

3 × FLAG® Peptide (SIGMA-ALDRICH).  The total eluate was pooled and was ultra-centrifuged 

using a TLA55 rotor (Beckman Coulter) at 50,000 rpm at 4 °C for 2 h, and the RNC pellet was 

resuspended into buffer C (50 mM HEPES-KOH, pH 7.6, 100 mM KOAc, 5 mM Mg(OAc)2). The 

final concentration of RNC was 0.5–1 µM and stored at –80 °C. 

 

Data processing 

Contrast transfer function (CTF) was first calculated using GPU-accelerated computer program 

for accurate and robust real-time CTF (GCTF) (70) on electron dose weighted images. CTF was 

then carefully inspected for drift, and only images that extend beyond 5 Å were retained. A total 

of 1,295,211 particle-images were picked from the 18,762 dose-weighted frames, with RELION3 

(71) using a Gaussian blob as a reference. After 25 iterations of two-dimensional (2D) image 



 

classification in RELION3 on binned images (6.048 Å per pixel), a total of 976,456 particle-

images were selected from the dataset, and further refined following the 3D-autorefine approach 

in RELION3 and using an empty 80S ribosome as a reference filtered to 60 Å resolution. Images 

were then subjected to 3D-focused classification without alignments by applying a circular mask 

onto the ribosome tunnel exit site. 

The 3D classification of the particles yielded 8 classes; 4 classes were of empty ribosomes 

(no or partial SRP·SR density was observed) and two of which contained a density of the 

RNC·SRP complex and a small population for the prehandover SRP·SR state; these classes were 

not further processed. The remaining two classes contain EM-densities corresponding to the early 

A (124,604 particle images) and early B (114,838 particle images) states. To further improve the 

EM density of SRP·SR in the early A and B states, a second round of 3D classification was 

performed by focusing on the distal site of the SRP RNA, and the 3D class displaying the highest 

resolution features of SRP·SR were retained (32,936 and 29,742 particle images for early A and 

B, respectively). Finally, the selected particles from the two classes were refined separately at the 

full pixel size without binning (1.062 Å per pixel; box size is 448 × 448 pixels), resulting in an 

overall average reconstruction of 3.2 and 3.3 Å resolution for the RNC·SRPG226E·SR early A and 

early B complexes, respectively. Local resolution and gold standard FSC plots using FSC = 0.143 

as a criterion were calculated. Final post-processing of the maps was done in RELION3. 

 

Model building 

For the RNC·SRPG226E·SR early A complex (fig. S6), coordinates of the rabbit 60S ribosomal 

subunit (PDB:3JAG) (72) and the SRP RNA Alu domain (PDB ID: 6FRK) were docked as rigid 

bodies into the cryo-EM maps and manually adjusted. All SRP proteins were mutated to the human 



 

sequence. Coordinates of the SRP RNA, SRP68, and the SRX/β and the SRP54 NG and M domains 

at the proximal site were docked as separate 3 rigid bodies (SRP RNA proximal site including 

SRP54 M-domain, SRP RNA distal site including SRX/β and SRP68, and SRP54 NG domain) 

into the cryo-EM map. SR MoRF was modelled as a poly-alanine in COOT (Emsley and Cowtan, 

2004). A model of early B state could be generated by docking the coordinates for SRP and SR 

from early A model as a rigid body; hence a separate model for early B state was not further refined. 

For model refinements, the resulting model of RNC·SRPG226E·SR early A complex was then 

refined into the corresponding EM density and subjected to six cycles of real space refinements 

using phenix.real_space_refine in PHENIX (73), during which protein secondary structure, 

Ramachandran and side-chain rotamer restraints, RNA base-pair restraints were applied. The fit 

of the EM map was validated using the real space correlation coefficients (CCmask) between the 

model and the versus map Fourier Shell Correlation (FSC) at FSC = 0.5 as a cut-off criterion, 

which resulted in similar resolution as the half-set map FSC using FSC = 0.143 criterion. Images 

were prepared in either Chimera (74), ChimeraX (75) or PyMOL (76). 

  



 

 

 
 
Figure S1. Protein targeting and translocation activity of doubly-labeled SRP and SR, and 
experimental setup of the smFRET measurements.  
 
(A) Scheme to depict the in vitro protein targeting assay. Purified mRNA of a model SRP 
substrate, preprolactin (pPL), was translated in wheat germ lysate containing 35S-methionine. 1.5 
mM 7-methyl-GTP was added 2 minutes after initiation of translation to inhibit additional rounds 
of translation. SRP, SR and high-salt washed, trypsin-digested rough ER microsomes (TKRM) 
were added to initiate the targeting reaction. The reactions were incubated at 25 °C for 40 min 
and quenched with SDS buffer, and analyzed by SDS-PAGE followed by autoradiography (5). 
 
(B) Upper panel, representative SDS-PAGE autoradiography gels showing the translocation of 
pPL by wildtype SRP or SRPDist. Reactions contained 100 nM SR, indicated concentrations of 
SRP, and 0.5 eq of TKRM. Lower panel, quantification of pPL translocation efficiency from the 
data. The lower translocation with SRPDist than SRP(WT) at lower SRP concentrations likely 
arose from a defect in RNC-SRPDist binding, which was overcome at high SRP concentrations. 
For this reason, a large excess of RNC (200 nM) was used in all of the ALEX measurements 
with the SRPDis probe, so that concentration-independent conformational changes are monitored. 
 



 

(C) Upper panel, representative SDS-PAGE autoradiography gels showing the translocation of 
pPL by wildtype SR or SRComp. The reactions contained 20 nM SRP and 0.5 eq of TKRM. 
Lower panel, quantification of pPL translocation efficiency from the data. 
 
(D) Scheme of the fluorescence-aided molecular sorting measurements using µs-ALEX. 
Fluorescently labeled SRPs diffusing through a femtoliter-scale confocal volume are alternately 
excited with donor and acceptor excitation lasers. The fluorescence from both donor (green) and 
acceptor (red) dyes are measured to calculate donor-acceptor stoichiometry (S) and uncorrected 
FRET efficiency (E*) to generate 2-D E*-S plots. This optically purifies the doubly labeled 
particles with both donor and acceptor dyes (S ~ 0.5), and 1D-projection of the doubly labeled 
population onto the E* axis generates the FRET histogram (32–34).  
 
(E, F) Representative 2-D E*-S plots of SRPDist bound with signal sequence, ribosome, and SR 
generated by all photon burst search (E) and dual-channel burst search (F). The dual-channel 
burst search filters out singly labeled species with only the donor (S ~1) or acceptor (S~0) dye. 
  



 

 
 
Figure S2. The change in FRET efficiency is due only to the conformational change of the 
SRP. 



 

(A-D) FRET histograms of SRPProx (A, B) and SRPDist (C, D) in the absence (A, C) or presence 
(B, D) of SR, with the position of the donor and accepter dyes switched compared to those in 
Fig. 1. 
 
(E, F) smFRET histograms of SRComp bound to the ribosome with (F) and without (E) signal 
sequence-bound SRP present. The donor and acceptor dye positions were swapped compared to 
that in Fig. 1. 
 
(G-L) Addition of SR or SRP did not affect the fluorescence intensity of the donor or acceptor 
dyes in SRPProx, SRPDist, and SRComp. Steady-state fluorescence emission spectra are shown for 
SRP or SR singly labeled with the donor or acceptor dye at the indicated positions. Every 
labeling position was tested with both donor and acceptor dyes to exclude dye/position specific 
effects. The reactions contained the same concentrations of components as in the smFRET 
experiments, except that the labeled complexes were present at 15 nM. 
 
(M-P) Addition of 80S did not affect the fluorescence intensity of the donor or acceptor dyes in 
SRPDist and SRComp. Steady-state fluorescence emission spectra are shown for SRP or SR singly 
labeled with the donor or acceptor dyes at the indicated positions. The absence of an effect of 
80S on the proximal probes have been reported previously (5). 
 
(Q, R) Addition of 80S did not significantly affect the fluorescence anisotropy of the 
fluorescence dyes used for the Distal or Compaction probes. Fluorescence anisotropy was 
measured for the indicated fluorescence dyes labeled at the indicated positions in the absence and 
presence of 100 nM/400 nM 80S (for Distal/Compaction probes, respectively) to verify that the 
observed FRET changes are not due to dye orientational effects. Error bars represent SD, with n 
= 3. 
 
 
  



 

 
 
Figure S3. Additional data for SRP and SR mutations that disrupt conformational changes 
in the targeting complex. 
 
(A) Details for the mutations characterized in this study. 
 
(B, C) The location of the individual SRP and SR mutations are highlighted in the structure of 
the distal state complex (B; PDB: 6FRK) (19) and a structural model of the compacted SRP54-
NG•SR complex at the ribosome exit site, generated by overlay of the SRP54-NG•SR complex 
in the distal state structure (PDB: 6FRK) (19) to SRP54-NG in the RNC•SRP complex (PDB: 
3JAJ) (16). The red arrow indicates potential clash with the ribosome.  
 
(D) The stimulated GTPase reaction between SRP and SR mutants. All reactions contained 0.2 
µM SRP-4A10L,100 µM GTP, 0.25 µM 80S, and the indicated concentrations of wildtype or 
mutant SR. The lines are fits of the data to Eq. 2 and the obtained rate constants (kcat/Km and kcat) 
are summarized in panel (F) and Fig. 6A, respectively. 
 
 



 

(E) The stimulated GTPase reaction between SRPG226E and SR. The reactions contained 0.2 µM 
SRP-4A10L or SRPG226E-4A10L, 500 µM GTP, 0.25 µM 80S, and indicated concentrations of 
SR. The lines are fits of the data to Eq. 2 and the obtained rate constants (kcat/Km and kcat) are 
summarized in panel (F) and Fig. 6A, respectively. 
 
(F) Summary of the values of kcat/Km from parts (C) and (D). 
 
(G) Basal GTPase reactions of wild-type SRP and SRPG226E. Reactions were measured as 
described Supplementary Methods. The lines are fits of the data to Eq. 1 and gave rate constants 
of kcat,wt = 0.0032 ± 0.00012 min-1, Km,wt = 3.3 ± 0.29 µM, kcat,G226E = 0.010 ± 0.00087min-1, and 
Km,G226E = 15.8 ± 2.5 µM. 
 
 
  



 

 

 
 
Figure S4. The effect of SRP and SR mutations on the conformation of SRP and the 
SRP•SR complex. 
 
(A-F) smFRET histograms of the targeting complex assembled with SR(D361) (A-C) or 
SR(D371) (D-F), detected by the Proximal (A, D), Distal (B, E), and SR compaction (C, F) 
probes. 
 
(G, H) smFRET histograms of the targeting complex assembled with SRaDX, detected using the 
Proximal (G) and Distal (H) probes. The red lines in (A-H) outline the data with the wildtype 
targeting complex. 
 
(I, J) smFRET histograms of ribosome- and signal-sequence bound SRP(G226E), detected using 
the proximal (I) or distal (J) probes.  
 
 
  



 

 
 
Figure S5. Kinetic analysis supports a sequential model for the conformational 
rearrangements upon SRP-SR assembly.  
 
(A) Burst variance analysis of SRComp in the targeting complex. The dashed curve depicts 
the static limit. Triangles denote the observed standard deviation for individual E* bins (SDE*) 
and were used to calculate the dynamic score (DS) and weighted dynamic score (WDS) (eqs 12-
14 under Supplementary Methods).  
 
(B-D) Burst variance analyses of signal sequence- and ribosome-bound SRPProx (B), SRPProx in 
the targeting complex (C), and SRPDist in the targeting complex (D). The black dashed curve 
depicts the static limit. Triangles denote the observed standard deviation for individual E* bins 
(SDE*) and were used to calculate the dynamic score (DS) and weighted dynamic score (WDS) 
(eqs 12-14 in Supplementary Methods).  
 
(E) The rate constants for movement of the SRP54-NG•SR complex from the ribosome exit site 
(‘Detachment’), measured with SRP labeled with proximal probes, and for docking of this 
complex at the distal site (‘Distal Docking’) measured with the Distal probes. Changes in donor 
fluorescence intensity upon SR addition was monitored in real time on a stopped-flow apparatus 
to obtain the observed rate constants (kobsd). Reactions contained 15 nM SRP-4A10L labeled 
with Proximal or Distal probes, 40 nM 80S, 200 µM GMPPNP, and the indicated SR 
concentrations. At saturating SR concentrations where kobsd is SR concentration-independent, 
kobsd is rate-limited by the unimolecular conformational change within the SRP•SR complex. 
Data are represented as mean ± SD, with n = 3-5. 
 



 

(F) Summary of rate constants for detachment of the NG-complex from the ribosome exit (0.21 
± 0.027 s-1) and for distal site docking (0.07 ± 0.0007 s-1) from (E). 
  



 

 
 

 
 
Figure S6. Image classification and refinement of the structure of the RNC·SRPG226E·SR.  
 
An initial 2D classification was performed on binned images with pixel size of 6.048 Å per pixel 
(box size 80 x 80 pixels) to remove bad particles. The selected particle images were then subjected 
to 3D refinement in RELION3 to obtain an initial map of the ribosome. Using binary mask applied 
at the ribosome tunnel region, a 3D focused classification without alignment was performed. This 
approach yielded a 3D class with a density corresponding RNC·SRPG226E·SR, early A and B. A 
second round of focused 3D classification on binned images was performed for early A and early 
B classes which yielded two 3D classes with an improved EM density for SRP and SR at the distal 
site of the SRP RNA. The selected particle images in this 3D class were subjected to a 3D 
refinement using full size images without binning (448 x 448 pixels) in RELION3, which yielded 
a map with an overall resolution of 3.2 Å for both RNC·SRPG226E·SR early A and early B 
complexes. A focused refinement was performed on NG-domain on early A state to improve the 
density for MoRF. 
  



  

Figure S7. Local resolution, Fourier Shell Correlation plots, and Model Validation.  
 
(A) Local resolution of RNC·SRPG226E·SR early A (left), and early B (right) cryo-EM maps.  
 
(B) Fourier Shell Correlation (FSC) plots for the cryo-EM maps, calculated using the gold standard 
FSC criteria cutoff (FSC=0.143) using independent two half maps as implemented in RELION3. 
The curves are of correlation-corrected (black), masked (blue), phase randomized (red) and 
unmasked (green) half-maps.  
 
(C) Model versus map plots of RNC·SRPG226E·SR early A complex. Resolution of the models is 
determined based on the FSC cutoff (FSC=0.5). 
 



  

(D) Close-up view of the refined model RNC·SRPG226E·SR early A model showing the SRP54 
NG-domain (slate blue) contact sites with the ribosome at uL23 (olive) and uL29 (wheat).  
 
 

 
Figure S8. Representative cryo-EM densities of the early A RNC·SRPG226E·SR complex.   
 
(A, B) Close-ups of the SRP RNA proximal site depicting bound SRP54 NG-domain (slate blue) 
and SRP19 (salmon), and of the SRP54 M-domain (cyan) with bound signal sequence (magenta). 
Overlaid EM-density is shown as mesh and filtered to 4.5 Å resolution.  
 
(C, D) Close-ups of the EM-density of the SRαX (yellow) and SRβ (brown) domains bound at the 
distal site of the SRP RNA (orange), and of the SRP RNA after focused 3D refinement depicting 
the density of the SRα MoRF (cherry) bound to SRP54 in close proximity of the SRP GNRA tetra-
loop (red). Overlaid EM-density is shown as transparent surface and filtered to 8 Å resolution. 
  



 

 

 
 
Figure S9. Binding of SR and SRDMoRF to SRP. 

The binding of SR (A) and SRDMoRF (B) to wildtype SRP were measured using equilibrium 

titrations as described in Supplementary Methods. The data were fit to Eq 3, and the obtained Kd 

values are summarized in Fig. 5C. 

 
  



 

 
 
Figure S10. FRET assay did not detect an interaction of SRXb with SRP68. 
 
SRP was labeled with BODIPY-FL (BDP; donor dye) at SRP68(P149). SRXb and SRXLb were 
labeled with tetramethylrhodamine (TMR; acceptor dye) near the C-terminus of the X domain. 
The reactions contained 15 nM SRPBDP, 40 nM 80S, 2 µM SRXbTMR or SRXLbTMR, and 10 
µM unlabeled SR, SRXb or SRXLb where indicated. Fluorescence emission spectra were 
recorded using an excitation wavelength of 485 nm. 
 
 (A) Fluorescence emission spectra were recorded for the following samples: SRPBDP (donor 
only, black); SRPBDP with unlabeled SR (green); SRXLbTMR (acceptor only, blue); SRPBDP with 
SRXLbTMR (donor + acceptor, red); SRPBDP preincubated with unlabeled SR followed by 
addition of SRXLbTMR (magenta); SRPBDP preincubated with unlabeled SRXLb followed by 
addition of SRXLbTMR (purple); SRPBDP preincubated with unlabeled SRXb followed by 
addition of SRXLbTMR (yellow). Although 15% reduction in donor fluorescence intensity was 
observed (red line), this fluorescence change cannot be competed by a 5-fold excess of unlabeled 
SR constructs (magenta, purple, yellow), indicating that any interaction that generates the 
fluorescence change is not part of the wildtype SRP-SR complex. 
 
(B) Fluorescence emission spectra were recorded for SRPBDP (donor only, black); SRPBDP with 
unlabeled SR (green); SRXbTMR (acceptor only, blue); SRPBDP with SRXbTMR (donor + acceptor, 
red); and SRPBDP preincubated with unlabeled SR followed by addition of SRXbTMR (purple). 



 

Less than 5% reduction in donor fluorescence intensity was observed (red line), and this 
fluorescence change was competed by a 5-fold excess of unlabeled SR (purple), indicating that 
any interaction that generates the fluorescence change is not part of the wildtype SRP-SR 
complex. 
 
 
 
 
  



 

 
 
Figure S11. SRXb and SRXLb do not effectively compete with wildtype SR during 
cotranslational protein translocation.  
 
(A) Cotranslational translocation of pPL were measured as in fig. S1, using 20 nM SRP and the 
indicated concentrations of SR variants. ‘ybbr-SR’ denotes SR with a ybbr at the C-terminus of 
the X-domain used for fluorescence labeling. Error bars denote SEM, with n = 2 biochemical 
replicates.  
 
(B, C) A 40-fold excess of SRXb (B) or SRXLb (C) did not compete with SR and inhibit pPL 
translocation. Translocation reactions contained 20 nM SRP, 40 nM SR, and indicated 
concentrations of SRXb or SRXLb. Different symbols denote data from two independent 
biochemical measurements. Lines are linear fits to all the data points. 
 
(D) As a control, sub-micromolar concentrations of SRD371 effectively competed with wildtype 
SR and inhibited translocation, consistent with the ability of this mutant to efficiently bind SRP 
(fig. S3, D and F). Translocation reactions contained 20 nM SRP, 40 nM SR, and the indicated 
concentrations of SRD371.  As in the FRET measurements, SRD371 also contains the R458A 



 

mutation that inhibits GTP hydrolysis of the SRP•SR complex and thus blocks dissociation of 
the complex following GTP hydrolysis. 
  



 

 
 
Figure S12. Model for the effects of SRP(G226E) on the complex assembly pathway.  
Two alternative pathways are shown for formation of the pre-handover complex. As 
SRP(G226E) blocks SR compaction, interaction of the SRXb domain with SRP68 is enabled by 
intramolecular chelate effects from interactions of the NG-domains and the SR MoRF.  



 

 

 
 
Figure S13. SDS-PAGE autoradiographs for replicates of the translocation reactions 
mediated by the mutant SRP and SRs.  
 
Co-translational translocation of pPL mediated by wildtype or the indicated SR (A) and SRP (B) 
mutants. Replicate 1 and quantification of the translocation data are shown in Fig. 6. 
  



 

Table S1. Cryo-EM data collection, map refinement, model refinement and validation statistics  
Structure: early A intermediate early B intermediate 
EMDB accession / PDB code 12303 / 7NFX 12305 / - 
Data collection: 
Microscope FEI Titan Krios 
Detector Gatan K3 
Voltage (keV) 300 
Electron exposure (e-/Å2) 50 
Pixel size (Å) 1.062 
Magnification (preGif) 81,000x 
Defocus range (µm) 1.5-2.5 
Automation software EPU 
EM Reconstruction: 
Initial particle images (no.) 1,295,211 
Final particles (no.) 32,881 29,697 
Resolution (unmasked / masked) 
at FSC=0.143 (Å) 3.2 3.3 

Sharpening B-factor (Å2) -80.17 -80.80 
Coordinate real space refinement  
CCmask 0.77  
Resolution according to model vs. 
map FSC=0.143 / FSC=0.5 
(masked) criterions (Å) 

3.21 / 3.41  

Total atoms 148,235  
Protein residues 7,693  
RNA residues 4,018  
B factors (Å2) 
Protein 9.04/138.21/ 38.23  
RNA 6.65/ 186.21/ 55.98  
Ligand 25.60/ 92.31/ 87.41  
R.m.s. deviations 
RMSD bonds (Å) 0.002  
RMSD angles (º) 0.479  
Validation   
All-atom clashscore 8.73  
MolProbity score 2.15  
Ramachandran plot 



 

Favored (%) 95.29  
Allowed (%) 4.63  
Outliers (%) 0.08  
Rotamer outliers (%) 2.89  
 
 
 

Table S2. Summary of fitting parameters.  
Data are represented as weighted mean ± SD from at least three replicate measurements. Data without SD are 
SD=0 between replicate measurements. The data was fit globally for each set of probes to minimize variation of µ 
across conditions. Thus, our interpretations are mostly based on fraction in each FRET state, and small variations 
in µ are not meaningful.  

  Fitting Parameters (µ(s)) Fraction 
 FRET state Low Median High Low Median High 

Proximal 
Probes 

SRP Only 0.26  
(0.15) 

0.53 ± 0.0025 
(0.12 ± 0.0092) 

0.74 ± 0.0028 
(0.13 ± 0.0065) 0.14 ± 0.019 0.18 ± 0.037 0.68 ± 0.043 

SRP(G226E) 0.30 
(0.15) 

0.55 ± 0.0061 
(0.11 ± 0.013) 

0.76 
(0.14 ± 0.0032) 0.23 ± 0.040 0.14 ± 0.019 0.64 ± 0.021 

+ SR (WT) 0.26 ± 0.0041 
(0.15 ± 0.0031) 

0.53 ± 0.0044 
(0.15) 

0.74 ± 0.0042 
(0.13 ± 0.0031) 0.71 ± 0.034 0.18 ± 0.017 0.11 ± 0.019 

+ SRaDX 0.26 
(0.15) 

0.54 
(0.14 ± 0.0034) 

0.74 
(0.14 ± 0.0089) 0.31 ± 0.026 0.33 ± 0.0048 0.36 ± 0.025 

+ SR(R407A) 0.26 ± 0.0015 
(0.15) 

0.53 ± 0.0049 
(0.15 ± 0.0070) 

0.74 ± 0.0042 
(0.14 ± 0.0075) 0.44 ± 0.054 0.30 ± 0.021 0.26 ± 0.048 

+ SR(D572) 0.26 ± 0.0013 
(0.15) 

0.53 ± 0.00084 
(0.14 ± 0.014) 

0.74 ± 0.0029 
(0.14 ± 0.012) 0.67 ± 0.069 0.22 ± 0.045 0.10 ± 0.030 

+ SR(D371) 0.26 
(0.15) 

0.53 ± 0.0045 
(0.14) 

0.74 ± 0.0045 
(0.15) 0.41 ± 0.0096 0.33 ± 0.0054 0.26 ± 0.0042 

+ SR(D361) 0.30 
(0.15) 

0.55 ± 0.0076 
(0.14 ± 0.011) 

0.75 ± 0.0042 
(0.14 ± 0.0091) 0.48 ± 0.026 0.29 ± 0.052 0.23 ± 0.027 

Distal 
Probes 

SRP Only 0.14 
(0.068 ± 0.0039) 

0.25 ± 0.00066 
(0.092 ± 0.038) 

0.72 ± 0.038 
(0.11 ± 0.062) 0.88 ± 0.045 0.11 ± 0.039 0.013 ± 0.010 

SRP(G226E) 0.16 
(0.062 ± 0.0033) 

0.25 
(0.12) 

0.75 
(0.15) 0.67 ± 0.023 0.30 ± 0.025 0.033 ± 0.0023 

+ SR (WT) 0.14 ± 0.00073 
(0.070 ± 0.0050) 

0.25 ± 0.00025 
(0.12 ± 0.028) 

0.75 ± 0.032 
(0.15 ± 0.040) 0.44 ± 0.053 0.22 ± 0.048 0.35 ± 0.029 

+ SRaDX 0.14 ± 0.00083 
(0.065 ± 0.0021) 

0.25 
(0.084 ± 0.015) 

0.72 ± 0.037 
(0.13 ± 0.030) 0.76 ± 0.061 0.22 ± 0.056 0.013 ± 0.0081 

+ SR(R407A) 0.14 ± 0.00093 
(0.065 ± 0.0044) 

0.25 ± 0.00092 
(0.10 ± 0.015) 

0.72 ± 0.024 
(0.15) 0.73 ± 0.057 0.23 ± 0.054 0.041 ± 0.0072 

+ SR(D572) 0.14 ± 0.0010 
(0.070 ± 0.0071) 

0.25 ± 0.0010 
(0.11 ± 0.011) 

0.71 ±0.014 
(0.15) 0.57 ± 0.047 0.33 ± 0.049 0.11 ± 0.013 

+ SR(D371) 0.14 ± 0.00024 
(0.065 ± 0.0037) 

0.25 
(0.090 ± 0.012) 

0.70 
(0.15) 0.75 ± 0.037 0.24 ± 0.032 0.017 ± 0.0054 

+ SR(D361) 0.17 ± 0.0056 
(0.073 ± 0.0017) 

0.3 
(0.09) 

0.75 
(0.15) 0.67 ± 0.043 0.25 ± 0.058 0.081 ± 0.015 
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