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Supplementary Figures 

 

Figure S1. Purification and biophysical characterization of holo-translocon and SecDF-YajC-YidC 

complexes. a, schematic representation of the pACEMBL_HTL3 expression plasmid containing a polycistron 

encoding for YidC, SecD (D), SecF (F) with His6-tags fused C-terminally to SecD and YidC under control of an 
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arabinose promoter (ara), a second polycistron encoding for SecY, SecE (E) and SecG (G) with N-terminal His6-

tag (red) fused to SecE under control of a trc promoter (trc) and calmodulin-binding protein (CBP, orange)-tagged 

YajC under the control of the trc promoter. Transcriptional terminators are shown as small black rectangles. 

Origins of replication (BR322 and R6Kγ) are indicated by large black rectangles. Antibiotic resistance genes 

confer resistance to the following antibiotics: Ap (ampicillin, purple), Cm (chloramphenicol, green), and Kn 

(kanamycin, blue). b, Coomassie-stained SDS-PAGE of holo-translocon (HTL), SecDF-YajC-YidC (DFYY) and 

SecYEG-SecDF-YajC (YidC) complexes (left). Bands at ~100kDa and ~45kDa were identified by mass 

spectrometry as RNaseE and Elongation Factor Tu respectively. Western blot using a mouse anti-YidC antibody 

and an anti-mouse IgG antibody-alkaline phosphatase conjugate to confirm the absence of YidC in the YidC 

sample (right, above), and detection of the CBP-tagged YajC protein by Western blotting using biotinylated 

calmodulin and a streptavidin-horseradish peroxidase conjugate (right, below). c, Superose6 size exclusion 

chromatography profile of HTL and DFYY. HTL elutes at an apparent molecular weight of ~360kDa, consistent 

with a molecular weight of ~250kDa for HTL protein components plus detergent and lipids. DFYY elutes at 

~270kDa. The elution volume of proteins used for calibration is indicated by arrows. d, Analysis of sedimentation 

velocity of mildly cross-linked HTL and DFYY. The panel presents the absorbance distribution c(S). AUC data 

analysis indicates a particle of 350-400 kDa including ~0.5g DDM bound per 1g protein for 80% of the HTL 

sample and a 250-300kDa particle including ~0.5g DDM per 1g protein for 85% of the DFYY sample. In panels c 

and d, HTL is shown as a black line, DFYY as a grey line. e, E.coli mRNA levels and translation efficiency. The 

average mRNA levels (RPKM) and translation efficiency (arbitrary unit) for E. coli grown in MOPS complete 

medium are listed in black. In blue: calculated stoichiometries, normalized for SecD. [Data (black) taken from 

Table S4, Li et al., Cell 2014 (Suppl. Ref. 1)] 
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Figure S2. Guinier analysis. a, SANS data for native HTL. Guinier plots and linear fits in different D2O buffers. 

b, SANS data for cross-linked HTL. Guinier plots and linear fits in different D2O buffers. 
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Figure S3. Random conical tilt (RCT) reconstructions of a, holo-translocon, b, SecDFYajC-YidC (DFYY) and 

c, SecYEG-SecDFYajC (YidC). Each panel shows the negative-stain micrograph of the respective complex 

(left), the calculated RCT volume (top right), projections of the RCT volume (middle, right) and corresponding 

reference-free 2D class-averages of the negative-stain EM data (bottom, right).   
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Figure S4. Cryo-EM of detergent-solubilized, mildly cross-linked HTL. a, Original micrograph of HTL 

embedded in vitreous ice taken at a magnification of 78,000×. b, Reference-free 2D class-averages of the cryo-

EM data. c, Fourier Shell Correlation (FSC) curve of the cryo-EM HTL structure determined using the ‘gold 

standard method’
 2
. Curves are shown before (light grey) and after (dark grey) high-resolution noise substitution 

3
. 

FSC=0.143 
4
 indicates a resolution of 14 Å. d, Euler angle distribution of particles used for calculating the HTL 

cryo-EM structure (53,648 particles; angular step 8 degrees). The height of the cylinders represents the number of 

particles. e,f, Tilt-pairs of negative-stained, DDM-solubilized HTL (e) and of the E. coli 70S ribosome as a 

control for the handedness (f). For both samples the dots cluster in the same direction of the plot at a tilt angle of 

~10°, confirming that our HTL map has the correct handedness i.e. the same as the 70S ribosome map. 
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Figure S5. Cryo-EM of native HTL-amphipols. a, Original micrograph of HTL-amphipols embedded in 

vitreous ice. b, Reference-free 2D class-averages of the cryo-EM data from Relion 
5
. c, Cryo-EM reconstruction 

of HTL in amphipols sample displayed in a top (left), front (middle) and side view (right). d, FSC curves of the 

cryo-EM HTL structure determined using the ‘gold standard method’ 
2
, before (light grey) and after (dark grey) 

high-resolution noise substitution 
3
. FSC=0.143 

4
 indicates a resolution of 15Å. e, Euler angle distribution of 

particles used for calculating the HTL cryo-EM structure (23,381 particles; angular step 7.5 degrees). The height 

of the cylinders represents the number of particles. f, The HTL-amphipols dataset (119,346 particles) was split 

randomly into four parts. The reconstruction containing most particles (43%) was further sorted computationally 

until a homogeneous particle pool was obtained which could not be split further. The resulting cryo-EM 

reconstruction was subjected to maximum likelihood 3D refinement until convergence using Relion 
5
. 
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Figure S6. Summary of the structural information on HTL subunits and subassemblies used for homology 

modelling of the E. coli HTL subunits. a, Crystal structures used to generate the HTL atomic model. b, Table 

listing the available structural information for HTL subassemblies used to generate the HTL atomic model. PDB 

ID: Protein Data Bank accession code, TMD: transmembrane domain, P1/P4: periplasmic domains. 
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Figure S7. Conformational flexibility of the SecD P1-domain. a, The crystal structure of Th. thermophilus 

SecDF 
6
 indicates a continuous -sheet between the SecD P1-base domain and SecF P4-domain (left). At the 

interface between SecD and SecF (encircled in red) the distances between the C=O groups and N-H groups are 

longer compared to intra-domain distances (right). b, Sequence alignment of SecD from Th. thermophilus and 

E. coli. The global alignment of the different SecD protein sequences was performed using the T-coffee package 
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(http://tcoffee.crg.cat/apps/tcoffee/index.html). The alignment of the sequences with the secondary structure was 

performed using the ESPript program (http://espript.ibcp.fr/ESPript/ESPript/). Identical residues are shown as 

white letters in a red box, similar residues as red letters in a white box, variable residues as black letters, and dots 

represent gaps in the alignment. The parts of the E. coli sequence highlighted in light blue represent the additional 

residues present in the P1-domain compared to the Th. thermophilus sequence. The secondary structure based on 

the available crystal structure (PDB code: 3AQP 
6
) is shown on top of the alignment: α: α-helix (grey); β: β-

sheet (green). c, Placement of HTL model subunits into the cryo-EM reconstruction of HTL-amphipols and into 

the negative stain reconstructions of HTL, DFYY and YidC. The fitting clearly shows that our HTL model with 

the rotated SecD periplasmic domain is compatible with all EM reconstructions of SecDF-containing complexes. 

 

  

http://espript.ibcp.fr/ESPript/ESPript/
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Figure S8: Fitting of crystal structures (YidC) and homology models of SecYEG (blue), SecDF (green) and 

YajC (yellow) into HTL density (transparent grey), shown in a top (top left), front (top right) and two side 

views (below). Periplasmic domains of YidC, SecD and SecF are labelled P1 and P4 respectively. Unaccounted 

density is labelled D1 and D2.  

The position of the transmembrane helix of YajC has been modelled based on the homology between AcrB and 

SecDF which both belong to the resistance-nodulation-cell division superfamily. The contact surface between 

AcrB and AcrZ which modulates AcrB’s function is conserved in SecDF. Du et al. suggested that SecDF binds 

YajC at the same position as in the AcrB-AcrZ crystal structure 
7
. Like AcrZ, YajC may induce a rotation/twist in 

SecDF and play an allosteric role in modulation of SecDF’s activity 
7
. 
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Supplementary Tables 

 

Table S1: Summary of SANS data collected for the native and cross-linked HTL complexes. I(0) 

and Rg were determined from Guinier analysis of the data (Fig. S2). The linear fit of the data was valid 

in the q-range of q smaller than qmax. The units of I(0) were calibrated with respect to 0.100 cm of water 

measured under identical conditions. The Rg for the cross-linked HTL in 20% D2O for was omitted from 

analysis, as the contrast was too low for a meaningful measurement. 

 

D2O 
Protein 

concentration 
(mg/ml) 

I(0) Error in I(0) Rg (Å) qmax.Rg 

native HTL 

H2O 3.80 1.10 0.03 68.9 ± 1.9 1.54 

16%D2O 2.52 0.130 0.006 69.0 ± 1.7 2.53 

36%D2O 2.80 0.342 0.006 44.4 ± 1.2 1.22 

70%D2O 3.12 4.41 0.06 54.4 ± 1.1 1.21 

cross-linked HTL 

H2O 0.90 0.433 0.007 42.5 ± 1.2 1.14 

10%D2O 0.70 0.092 0.006 46.8 ± 4.0 1.26 

20%D2O 0.72 0.015 0.010 54.1 ± 33.9 1.45 

60%D2O 0.87 0.843 0.006 31.3 ± 0.7 0.84 

90%D2O 1.44 4.64 0.02 35.0 ± 0.4 0.94 
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Table S2: List of interactions of SecYEG, SecDF, YajC and YidC.  

 

Protein 1 Protein 2 Involved Residues 
Experimental 

Approach 
Supplementary 

References 

YidC SecYEG n/a 
Co-

immunoprecipitation 
(8) 

YidC SecYEG TM domain 
Synthetic lethal screen 

& complementation 
assays 

(9) 

YidC SecY 

Residues in the 
SecY lateral gate 
(TM2b, TM3, TM7 

& TM8) 

Cross-linking studies (10) 

YidC 
SecD YajC  

SecG 

YidC 249  
[located in the P1-

domain] 
Cross-linking studies (10) 

YidC 
SecF  
YajC  
SecY 

YidC 540  
[cytoplasmic  
C-terminus] 

Cross-linking studies (10) 

YidC SecF 
YidC P1 

[residues 215-265] 
Co-

immunoprecipitation 
(11) 

YajC SecDF n/a 
Co-

immunoprecipitation  
(12) 

YajC SecYEG n/a 
Co-

immunoprecipitation  
(12) 

SecY 
SecD and  

YidC 
n/a Cross-linking studies (13) 

SecE 
SecD  
YidC 

n/a Cross-linking studies (13) 

SecG 
SecD  
YidC 

n/a Cross-linking studies (13) 

 

n/a: information not available. 
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