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The peptide-loading complex (PLC) is a transient, multisubunit 
membrane complex in the endoplasmic reticulum that is essential 
for establishing a hierarchical immune response. The PLC 
coordinates peptide translocation into the endoplasmic reticulum 
with loading and editing of major histocompatibility complex class I  
(MHC-I) molecules. After final proofreading in the PLC, stable 
peptide–MHC-I complexes are released to the cell surface to evoke 
a T-cell response against infected or malignant cells1,2. Sampling 
of different MHC-I allomorphs requires the precise coordination 
of seven different subunits in a single macromolecular assembly, 
including the transporter associated with antigen processing 
(TAP1 and TAP2, jointly referred to as TAP), the oxidoreductase 
ERp57, the MHC-I heterodimer, and the chaperones tapasin and 
calreticulin3,4. The molecular organization of and mechanistic 
events that take place in the PLC are unknown owing to the 
heterogeneous composition and intrinsically dynamic nature of the 
complex. Here, we isolate human PLC from Burkitt’s lymphoma 
cells using an engineered viral inhibitor as bait and determine 
the structure of native PLC by electron cryo-microscopy. Two 
endoplasmic reticulum-resident editing modules composed of 
tapasin, calreticulin, ERp57, and MHC-I are centred around TAP in 
a pseudo-symmetric orientation. A multivalent chaperone network 
within and across the editing modules establishes the proofreading 
function at two lateral binding platforms for MHC-I molecules. 
The lectin-like domain of calreticulin senses the MHC-I glycan, 
whereas the P domain reaches over the MHC-I peptide-binding 
pocket towards ERp57. This arrangement allows tapasin to facilitate 
peptide editing by clamping MHC-I. The translocation pathway of 
TAP opens out into a large endoplasmic reticulum lumenal cavity, 
confined by the membrane entry points of tapasin and MHC-I. Two 
lateral windows channel the antigenic peptides to MHC-I. Structures 
of PLC captured at distinct assembly states provide mechanistic 
insight into the recruitment and release of MHC-I. Our work defines 
the molecular symbiosis of an ABC transporter and an endoplasmic 
reticulum chaperone network in MHC-I assembly and provides 
insight into the onset of the adaptive immune response.

Nascent MHC-I heavy chains are chaperoned by the calnexin– 
calreticulin system in the endoplasmic reticulum (ER). Together 
with β 2-microglobulin (β 2m), MHC-I heavy chains assemble into 
 heterodimers that act as receptors for antigenic peptides2. Empty 
MHC-I heterodimers are recruited by calreticulin and become part 
of the transient macromolecular PLC5,6, where the chaperone tapasin 
 further stabilizes MHC-I molecules. As a disulfide-linked conjugate 
with the thiol oxidoreductase ERp57, tapasin is crucial for maintaining 
the structural stability of the PLC and for facilitating optimal peptide 
loading2. After final quality control, in which MHC-I heterodimers 
undergo peptide editing, stable peptide–MHC-I complexes are released 

to the cell surface for T-cell recognition3. The PLC can serve a large pool 
of MHC-I allomorphs and, therefore, fulfills a central function in the 
differentiation and priming of T lymphocytes and in controlling viral 
infections and tumour development. The compositional heterogeneity  
and the intrinsic dynamic nature of this ER-resident membrane 
 complex have hindered detailed structural studies. The overall archi-
tecture and the structural elements of the PLC that underlie assembly, 
proofreading, and release of peptide–MHC-I complexes are largely 
unknown.

We isolated endogenous PLC from human Burkitt’s lymphoma 
cells using the herpes viral inhibitor ICP47 fused to streptavidin- 
binding peptide, ICP47–SBP, as bait (Fig. 1a–c). The affinity tag did 
not affect the inhibiting function of ICP47, as shown by a single-cell-
based  antigen translocation assay (Extended Data Fig. 1a–d). ICP47 
stabilizes TAP and arrests the PLC in a peptide-depleted state7, thus 
blocking the loading and release of MHC-I molecules. Incubation of 
cell membranes with ICP47–SBP, followed by detergent solubilization 
and affinity purification, resulted in monodisperse PLC containing all 
subunits (Fig. 1b, c, Extended Data Fig. 1e and Extended Data Table 2),  
which was further subjected to GraFix8 (Extended Data Fig. 2). In 
addition to the three polymorphic MHC-I alleles (HLA-A, HLA-B 
and HLA-C), the non-classical alleles HLA-E, HLA-F, and HLA-G are 
incorporated into native PLC (Extended Data Fig. 1e and Extended 
Data Table 2). Furthermore, we observed two tapasin isoforms (48 and 
53 kDa) associated with the PLC, both of which were singly N-core 
glycosylated (Fig. 1b and Extended Data Fig. 1e, f).

We determined the structure of the fully assembled human endo-
genous PLC by single-particle electron cryo-microscopy (cryo-EM)  
(Fig. 1d, e, Extended Data Fig. 3 and Extended Data Table 1). The 
macro molecular complex measures 150 Å by 150 Å and has a total height  
of 240 Å across the ER membrane. The anisotropy of the consensus 
 structure emphasizes the dynamic nature of the entire  complex and 
limits the attainable resolution (Fig. 1d). The ER-lumenal domains, 
arranged in two editing modules, are well-resolved; however, weaker 
densities are observed for TAP. The translocation unit displays a high 
degree of flexibility and the TAP complex is rotated by approximately 
30° around the pseudo-C2 symmetry axis (Fig. 1d, e). Classification 
into multiple models did not improve the density of TAP or the 
overall resolution, but revealed distinct structural classes of the PLC 
(Extended Data Fig. 4). We therefore performed a focused classifica-
tion and alignment. In the case of TAP, the resolution could not be 
increased. However, the structure of the editing modules was signif-
icantly improved to 7.2 Å (Fig. 2a and Extended Data Fig. 3). Each of 
the two fully assembled editing modules comprises tapasin, ERp57, 
 calreticulin, and the MHC-I heterodimer9–12 (Fig. 2a, c, d). Our struc-
ture defines the molecular organization of the ER chaperone network 
acting on MHC-I clients. A focused classification on a single editing 
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module further improved the map resolution to 5.8 Å and guided 
model  building (Fig. 2b and Extended Data Figs 3–5). In the PLC 
 editing  module, tapasin, ERp57, and even MHC-I heterodimers form 
a rigid core, whereas calreticulin shows substantial flexibility (Extended 
Data Fig. 5f).

In the PLC, the two opposing tapasin molecules shape the central 
scaffold. In our model we find E225 of the N-terminal  immunoglobulin- 
like domain of one molecule and R60, located in the short helical motif 
of the seven-stranded N-terminal β -barrel of the second molecule, in 
salt-bridge distance (Fig. 2c and Extended Data Fig. 6a). These resi-
dues are conserved among jawed vertebrates, but missing in avian PLC, 
consistent with the existence of a single copy of tapasin in avian PLC 
and the absence of an N-terminal transmembrane domain (TMD0) in 
avian TAP1 (Extended Data Fig. 6b). The ER-lumenal domains of the 
opposing tapasin molecules are tilted by 30° towards each other, posi-
tioning the two membrane entry points of the transmembrane helices 
60 Å apart (Fig. 2d). The resulting domain twist excludes binding of 
calreticulin or calnexin to the glycan of the dimeric tapasin scaffold and 
explains why only mature tapasin can assemble into the PLC.

We find ERp57 in its typical U-shaped conformation complexed 
to tapasin via the catalytically active a and a′  domains12. The unex-
pected orientation of tapasin enables the C-terminal extension of 
the a′  domain of the trans ERp57 to interact with the C-terminal 

immunoglobulin-like domain of the cis tapasin, potentially adding to 
the stability of the PLC (Fig. 2c, d). Cross-linking mass spectrometry 
(XL-MS) confirmed this unexpected crossover arrangement of the 
two tapasin–ERp57 modules (Fig. 2a, c, d, Extended Data Fig. 7 and 
Extended Data Tables 2, 3), corroborating the importance of ERp57 for 
stabilizing the PLC, besides its crucial role for MHC-I recruitment13–16.

Our density map exhibits peptide-deficient MHC-I molecules, which 
are held in place by two major contact sites on tapasin (Fig. 3). The first 
binding site is established by residues in the loop between β -strands 
17 and 18 of the C-terminal immunoglobulin-like domain of tapasin, 
which latch onto the CD8 recognition loop of the α 3-domain of the 
MHC-I heavy chains (Fig. 3e). Notably, loop residues S336, H335, and 
H334 of tapasin are positioned close to the conserved MHC-I heavy 
chain residues T225 and Q226, suggesting that MHC-I recognition by 
tapasin and the CD8 co-receptor co-evolved17 (Extended Data Fig. 6c).  
Our model excludes the previously described interaction between 
 residue R333 of tapasin and E222 of MHC-I heavy chains18 and could 
therefore explain why molecular dynamics simulations failed to derive 
stable conformations19. At the second binding site, β -strands 6 and 7 
and the α 2-1-helix of the MHC-I heavy chains are grasped by residues in 
the loops connecting β -strands 1–2 and 9–10 of tapasin, positioning the 
critical residues R187 of tapasin and T134 of the MHC-I heavy chain 
close to one another20 (Fig. 3b). Our structure reveals a high degree of 
plasticity of the N-terminal three-tiered β -sheet sandwich of tapasin 
and shows that flexible clamping of MHC-I is essential for tapasin to 
exert its proofreading function12,16,21.

The assembly and maturation of MHC-I in the PLC depends strongly 
on calreticulin22. The globular lectin domain of calreticulin harbours 
a glycan-binding site, which senses monoglucose moieties of N-core 
glycosylated MHC-I before it associates with tapasin. The monogluco-
sylated branch of the N-core glycan that emanates from N86 of MHC-I 
is pinned to the glycan-binding surface of calreticulin, whereas another 
mannose branch is likely to nestle among residues at the edge of the  
lectin β -sandwich (Fig. 3c). Consistent with its proposed calcium- 
dependent lipid-sensing activity23, the C-terminal acidic tail of 
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Figure 1 | Composition and architecture of the human PLC. a, Schematic 
overview of the individual components of the PLC showing TAP1, TAP2, 
tapasin, MHC-I heavy chain (hc), β 2m, calreticulin, and ERp57.  
b, Endogenous human PLC was affinity purified by ICP47–SBP.  
The presence of all subunits was verified by SDS–PAGE (Coomassie; 
asterisk, ICP47–SBP) followed by immunoblotting. c, Size-exclusion 
chromatography and blue-native PAGE of purified PLC reveals an apparent 
molecular mass of approximately 650 kDa. d, The heat map of the PLC 
consensus model, filtered to its local resolution (Relion), highlights the 
intrinsic dynamic nature of the macromolecular assembly. e, The general 
architecture of the fully assembled PLC is displayed as a composite map, 
where the threshold for each component was adjusted individually to allow 
visualization of all subunits (Extended Data Fig. 5). The pseudo-symmetry 
axis is indicated (dashed lines). Data shown in b and c are representative of 
at least eight independent experiments.
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Figure 2 | Overall structural organization of the PLC editing modules. 
a, Cryo-EM density of the two pseudo-symmetric editing modules at 7.2 Å, 
shown in side and top views. b, Side view of the single editing module 
resolved at 5.8 Å. c, d, Ribbon diagram of the two editing modules in top (c)  
and side (d) views. Tapasin is tilted towards the ER membrane, giving 
rise to two lateral windows between the individual editing modules. The 
entrance points of the single transmembrane helices of tapasin (orange) 
and MHC-I heavy chains (blue) are indicated. All subunits are coloured as 
in Fig. 1. Symmetry axes are indicated (dashed line).
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calreticulin points towards the ER-lumenal membrane leaflet, where 
it is located close to the C-terminal immunoglobulin-like domain of 
tapasin (Fig. 3d). The arm domain of calreticulin forms a discontinu-
ous elliptic belt around the editing module and connects MHC-I with 
ERp57 (Fig. 2c). The central region of the arm domain hovers over 
the peptide-binding cleft of MHC-I. The tip of the arm domain rests 
on helix H12 of the b′  domain of ERp57 (Fig. 3a), consistent with 
NMR studies and mutational analyses24,25. In vivo and in vitro  studies 
have highlighted the importance of the intricate network formed by 
 calreticulin, ERp57, and tapasin16,26,27. Our cryo-EM structure empha-
sizes the central role of the C-terminal immunoglobulin-like domain of 
tapasin, which acts as an essential multivalent interaction hub for the 
remaining PLC subunits (Fig. 2d and Extended Data Fig. 7). A  central 
cavity that connects the exit of the peptide translocation pathway of 
TAP with the ER lumen via two lateral windows (Fig. 2d) might serve 
as a molecular basket for transported peptides before they are edited by 
ER-resident aminopeptidases. This central cavity is probably  targeted 
by the human cytomegaloviral protein US6, which might  diffuse 
 laterally through the membrane into the cavity to plug the lumenal 
gate of TAP28.

The electron microscopy dataset contained distinct, asymmetric  
subpopulations of PLC that lacked calreticulin, MHC-I, or both exclu-
sively in one editing module, whereas the second module was always 
fully assembled (Fig. 4 and Extended Data Fig. 4). This finding is 
supported by immunoprecipitation experiments29 and antibody shift 
assays (Extended Data Fig. 1g), both of which indicated tapasin:MHC-I 
ratios of 2:1 and 2:2 in native PLC complexes. These subpopulations 

reflect states of MHC-I release in agreement with the highly transient 
nature of the endogenous PLC. These intermediate states may arrange 
into larger super-complexes, consistent with the alterations in the lateral 
mobility of TAP30, and therefore locally increase the peptide concen-
tration in these nanoclusters to serve various MHC-I allomorphs with 
different epitopes. The data also suggest that peptide loading induces 
structural rearrangements in MHC-I in one editing module, resulting 
in the release of peptide–MHC-I complexes (Fig. 4). While tapasin 
resides within the PLC, ready to recruit empty MHC-I, peptide loading 
and disassembly take place on the second editing module. Assembly is 
much faster than disassembly, as it does not require any peptide proof-
reading, thus explaining the presence of at least one fully assembled 
editing module in all observed states (Fig. 4 and Extended Data Fig. 4).  
Our cryo-EM structure provides an integral framework for understanding  
the quality control of antigenic peptides in adaptive immunity and has 
unlocked the molecular details that underlie the onset of an adaptive 
immune response.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized. The investigators were not blinded to allocation during 
experiments and outcome assessment.
ICP47–SBP preparation. The ICP47-coding sequence was subcloned into 
the pETM-30 vector (European Molecular Biology Laboratory, EMBL) via the 
restriction sites NcoI and BamHI to yield the pETM-30_ICP47 plasmid. An SBP 
tag- coding sequence was inserted via restriction sites BamHI and HindIII to 
obtain the plasmid pETM-30_ICP47–SBP. Escherichia coli BL21(DE3)-RIL cells 
were transformed with pETM-30_ICP47–SBP and grown in lysogeny broth (LB) 
medium at 37 °C to an OD600 of 0.4. Expression of the ICP47–SBP construct was 
induced with 0.2 mM isopropyl-β -d-thiogalactoside (IPTG) for 4 h at 20 °C. Cells 
were lysed by sonication in 50 mM Tris/HCl pH 7.5, 500 mM NaCl, 1 mM dithio-
threitol (DTT) supplemented with protease inhibitor mix HP (Serva). To capture 
ICP47–SBP, the soluble fraction was incubated with glutathione sepharose 4 Fast 
Flow resin (GE Healthcare) for 1 h at 4 °C. Beads were diluted 1:1 with 50 mM 
Tris/HCl pH 7.5 before TEV protease was added for 2 h at 25 °C. Subsequently, 
the NaCl concentration was readjusted to 500 mM and GST-free ICP47–SBP was 
eluted. ICP47–SBP was further purified on a Superdex 200 10/300 GL column 
(GE Healthcare) pre-equilibrated with 25 mM Tris/HCl pH 7.5 and 500 mM NaCl. 
ICP47–SBP-containing fractions were pooled and concentrated to 1 mg ml−1. 
The inhibitory function of ICP47–SBP was tested with a peptide translocation 
assay as described31.
PLC purification. PLC was obtained from 250 l Burkitt’s lymphoma cells (German 
Collection of Microorganisms and Cell Culture, Leibniz Institute DSMZ) cultured 
in RPMI 1640 medium (Gibco) supplemented with 10% fetal calf serum (FCS, 
Capricorn), 25 mM HEPES pH 7.5 and 1% penicillin/streptomycin (Gibco) at 
37 °C and 8% CO2 in a shaking incubator (Eppendorf). Cells were harvested in 
20 mM HEPES pH 7.5, 500 mM NaCl supplemented with protease inhibitor mix 
HP (Serva) and homogenized with a glass homogenizer. Membrane fraction was 
collected by centrifugation at 100,000g for 30 min. Membranes were resuspended 
in 20 mM HEPES pH 7.5, 500 mM NaCl, 15% glycerol supplemented with protease 
inhibitor mix HP (Serva) and incubated with ICP47–SBP for 1 h before extrac-
tion with 2% glyco-diosgenin (GDN) for 2 h. The soluble fraction was isolated by  
 centrifugation at 100,000g for 30 min and Streptavidin High Capacity Agarose 
(Pierce) was added for 3 h. PLC was eluted in 20 mM HEPES pH 7.5, 250 mM NaCl, 
0.05% GDN, 2.5 mM biotin supplemented with protease inhibitor mix HP (Serva) 
and stabilized by chemical cross-linking using GraFix8. Purification was finalized 
by size-exclusion chromatography on a KW404-4F (Shodex) pre-equilibrated with 
20 mM HEPES pH 7.5, 150 mM NaCl and 0.01% GDN. The peak corresponding 
to PLC was collected for analysis by negative stain and cryo-EM.
Analysis of PLC. For SDS–PAGE and native PAGE analyses, precast NuPAGE 
gradient gels (Novex) or NativePAGE gels (Invitrogen) were used. Gels were either 
stained by Instant Blue (Expedeon) or directly transferred to a PVDF membrane 
(Bio-Rad). The subunit composition of the PLC was verified by using the anti-
bodies anti-TAP1 (clone 148.3)32, anti-TAP2 (clone 438.3)33, anti-tapasin (clone 
7F6)34, anti-HLA-A/B/C (clone W6/32, BioLegend, catalogue number 311402), 
anti-HLA-A (Abcam, catalogue number ab52922), anti-HLA-B (Abcam,  catalogue 
number ab76795), anti-HLA-C (Abcam, catalogue number ab126722), anti-
ERp57 (Abcam, catalogue number ab10287), anti-calreticulin (Abcam, catalogue 
 number ab2907), and anti-β 2m (Novo Antibodies, catalogue number HPA006361). 
To determine the stoichiometry, PLC was subjected to an antibody shift assay 
as described previously35,36 using the antibodies anti-tapasin (PaSta1, gift from  
P. Cresswell)15, anti-HLA-A/B/C (clone W6/32, BioLegend,  catalogue number  
311402), anti-HLA-B/C (clone HC10, Acris Antibodies,  catalogue number 
AM33035PU-N), and anti-TAP1 (1p2)37. The N-linked  glycans of PLC compo-
nents were removed using endoglycosidase H (EndoH, NEB) or N-glycosidase F 
(PNGase F, NEB) according to the manufacturer’s protocol.
Chemical cross-linking. In order to identify distance restraints for protein sub-
units within the PLC, 10–30 μ g of purified PLC was incubated with varying 
amounts of bis(sulfosuccinimidyl)suberate (BS3) for 1 h at 25 °C. Crosslinked 
proteins were either precipitated with ethanol followed by trypsin digestion in- 
solution or separated by SDS–PAGE before proteolysis and liquid chromatography 
with tandem mass spectrometry (LC–MS/MS) analysis. For in-gel digests, bands 
of interest were cut out from NuPAGE gradient gels and treated as described38. 
Prior to in-solution digestion, cross-linked proteins were ethanol-precipitated, 
washed, and dried. Dried pellets were dissolved in 25 mM ammonium bicarbonate 
and 1% RapiGest surfactant (Waters). Disulfide bridges were reduced with 50 mM 
DTT and cysteine residues were alkylated with 100 mM iodoacetamide. Finally, 
proteins were digested with trypsin overnight at 37 °C in 0.1% RapiGest, dried, and 
subjected to LC–MS/MS analysis.
LC–MS/MS analyses. Tryptic peptides were dissolved in 2% acetonitrile 
(ACN)/0.1% formic acid (FA) and separated by nanoflow liquid chromatography 

on a DionexUltiMate 3000 RSLCnano System (Thermo Scientific) coupled with 
a Q Exactive plus hybrid mass spectrometer (Thermo Scientific) using mobile 
phase A, 0.1% FA and mobile phase B, 80% ACN/0.1% FA. Peptides were separated 
on an Acclaim PepMap 100 C-18 column (Thermo Scientific) with a gradient of 
4–90% solvent B and eluted into the Q Exactive plus hybrid mass  spectrometer 
(Thermo Scientific), operating in data-dependent mode. MS conditions were 
set to spray voltage of 2.0 kV, capillary temperature of 275 °C and a normalized 
 collision energy of 30. Each cycle was initiated with an MS scan (350− 1600 m/z), 
acquired at a  resolution of 7 ×  104 at m/z 400 and an automatic gain control (ACG) 
 target of 3 ×  106. The ten most intense ions were selected for HCD fragmentation 
(ACG  target, 1.75 ×  104). Previously selected ions were dynamically excluded for 
30 s. Single charged ions were excluded. Internal calibration of the Orbitrap was 
 performed using the lock mass option39. The LC–MS/MS data were processed and 
analysed by pLink software40. Raw data were converted to .mgf files using pXtract 
(http://pfind.ict.ac.cn/software/pXtract/index.html). For protein identification, 
.mgf files were searched against the SwissProt database using Mascot search engine 
2.5.1.1 (Matrix Science). For identification of cross-linked peptides, .mgf files were 
searched against a reduced database containing sequences of PLC using pLink 
software. Potential cross-linked di-peptides were evaluated by their spectral quality.
Cryo-EM sample preparation and data acquisition. PLC preparations were 
routinely screened by negative-stain EM before cryo-EM analyses. Onto freshly 
glow-discharged carbon-coated G400-C3 grids (Gilder Grids), 3 μ l of sample at a 
protein concentration of 0.1 mg ml−1 was applied, blotted from the side and stained 
using 2% uranyl formate solution as previously described41. EM micrographs were 
recorded on a Tecnai-Spirit transmission electron microscope (Thermo Fisher, 
former FEI), operating at 120 kV and equipped with Gatan 4 ×  4K CCD camera. 
Images were collected automatically using the Leginon software package42.

For cryo-EM grid preparation, 3 μ l PLC sample (2 mg ml−1) supplemented 
with 1.5 mM fluorinated Fos-Choline-8 (Anatrace) was applied onto freshly glow- 
discharged CF 2/2 grids (Protochips) and plunge-frozen in liquid ethane using a 
Vitrobot (Thermo Fisher, former FEI). Micrographs (Extended Data Fig. 3) were 
recorded automatically (EPU, Thermo Fisher, former FEI), using a Titan Krios 
microscope operated at 300 kV (Thermo Fisher, former FEI), equipped with a 
BioQuantum energy filter and a K2 camera (Gatan) at a nominal magnification of 
130,000× , corresponding to a pixel size of 1.08 Å. Dose-fractionated movies were 
acquired at an electron flux of 8 e− per pixel per s over 8 s with 0.2 s exposures per 
frame (40 frames in total), corresponding to a total electron dose of ∼ 55 e− Å−2. 
Images were recorded in the defocus range from − 1.5 to − 4 μ m.
Cryo-EM image processing. Frame-based motion correction was performed 
using MotionCor243 with a dose filter of 1.37 e− per Å2 per frame. The contrast 
transfer function (CTF) was estimated from non-dose-weighted images, using 
Gctf44. Initially, particles were picked using the DoG-picker45 as implemented 
in Appion46 and subjected to likelihood-based 2D classification in Relion47. The 
best 2D classes were used to generate templates for automated particle selection 
using Gautomatch (unpublished, developed by K. Zhang, MRC; http://www.mrc-
lmb.cam.ac.uk/kzhang/Gautomatch/). Particles belonging to those best 2D class  
averages were subjected to 3D classification in Relion, using a low-pass filtered 
global average as a starting model. The best map already showed the overall 
domain architecture of the PLC and was used as an initial model for subsequent 3D  
classification (Extended Data Fig. 4).

In total, 620,487 particles were extracted at a box size of 92 pixels with 4.3 Å per 
pixel and directly subjected to a single round of multi-model 3D classification into 
six classes (Relion) to eliminate particles of poor quality, resulting in a dataset of 
185,076 particles (Extended Data Fig. 4). The selected particles were re-centred 
and re-extracted at full pixel size. This cleaned dataset was subjected to the next 
round of 3D classification (Relion) using four classes to separate the particles into  
different conformations. Here, 29% of particles corresponded to the fully assem-
bled complex comprising two editing modules and the translocation unit, whereas 
the rest of the data represented partially assembled PLC (Extended Data Fig. 4). 
The local resolution map was determined in Relion 2.1 on the symmetric PLC, 
which was individually refined using ‘gold standard’ refinement (Fig. 1). The 
same 3D classification procedure starting with 185,076 particles was repeated in 
Frealign48 and CryoSparc49, with similar results.

In a focused classification procedure, selected areas were extracted into smaller 
boxes using RecenterParticles (developed by E. D’Imprima and R. Sanchez, MPI for 
Biophysics; code can be obtained upon request from eddimpri@biophys.mpg.de).  
Here, the area of interest is centred and extracted from the raw single  particle 
stack into a smaller box, using shifts and Euler angles determined on the full 
 particle dataset. The re-centred particles were locally refined in Relion and taken 
into Frealign. The overall resolution was estimated to be 7.2 Å for the pseudo-C2 
symmetrical editing modules and 5.8 Å for the singe editing module, using the 
0.143 cut-off  criteria (Extended Data Fig. 3). The final maps were sharpened with 
EM-BFACTOR50 using B factor value of − 250 Å2.
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Model building. Structures of tapasin-ERp57 conjugate (PDB accession number 
3F8U)12, HLA-A* 0301 and β 2m (PDB accession number 3RL1)10 were automati-
cally docked into our final cryo-EM maps of the single and pseudo-C2 symmetric 
editing modules using Chimera. Docking of the individual subunits was improved 
by rigid body fitting in Coot51. Calreticulin was modelled based on the structures 
of its lectin domain in complex with a tetrasaccharide (PDB accession number 
3O0W)52, the tip of the P-domain (PDB accession number 1HHN)53, and the 
homologous region of the P-domain of calnexin (PDB accession number 1JHN)54. 
A C-terminal poly-alanine helical extension in calreticulin was modelled de novo. 
A disaccharide of N-acetylglucosamine molecules was placed close to Asn86 of 
HLA-A* 0301. The model of the editing module was adjusted by flexible fitting 
of individual subunits in FlexEM55, using two iterations of molecular dynamics 
optimization with secondary structure elements as rigid bodies. Side-chains were 
removed from the final model and geometry minimization was performed in 
Phenix56.
Sequence alignments. Alignments were generated using the ClustalOmega57 
server and plotted with Geneious. Protein sequences were retrieved from the 
UniProt database (www.uniprot.org).
Figure preparation. Figures were prepared using PyMOL58, Chimera59, FlowJo 
10.2, and xVis60.
Data availability. The cryo-EM density maps and the corresponding model were 
deposited in the Electron Microscopy Data Bank under accession numbers EMD-
3905, EMD-3904 and EMD-3906 and PDB ID 6ENY. The MS data were deposited 
to the ProteomeXchange Consortium (http://www.proteomexchange.org) via the 
PRIDE partner repository with the dataset identifier PXD007928. All other data 
are available from the corresponding authors upon reasonable request.
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Extended Data Figure 1 | Functional arrest of endogenous PLC by 
ICP47–SBP and biochemical analyses of purified human PLC. a, Design 
of ICP47–SBP. Full-length ICP47 was C-terminally fused to a glycine/
serine (G/S) linker and a streptavidin-binding peptide (SBP). b, Single-
cell-based peptide translocation assay. Burkitt’s lymphoma cells were 
semi-permeabilized with streptolysin O and incubated with fluorescent 
peptide RRYQNSTC(AF647)L (NST-AF647, 30 nM). Peptide translocation 
was carried out at 37 °C for 15 min in the presence of ATP or ADP (10 mM 
each) and with or without ICP47–SBP (5 μ M). Peptide translocation was 
stopped by EDTA (20 mM) and analysed by flow cytometry. c, Histograms 
of the single-cell events (660-nm channel) demonstrate the inhibition  
of ATP-dependent translocation of antigenic peptides by ICP47–SBP  

(solid line, ATP; grey filled, ADP). Data are representative of two 
independent experiments. d, Summary of single-cell events indicated by 
mean fluorescence intensity (MFI), mean ±  s.d. (n =  4). e, PLC subunits 
were analysed by SDS–PAGE and subsequent immunoblotting of the 
indicated proteins. f, PLC was treated by EndoH or PNGaseF and analysed 
by SDS–PAGE (Coomassie). Band shifts are indicated by short lines. 
Asterisk, nonspecific band. g, PLC was incubated with increasing amounts 
of the respective antibodies and antibody shifts were visualized by native 
PAGE and immunoblotting. The asterisk indicates formation of higher 
oligomeric states of the PLC observed only with the anti-tapasin antibody. 
Images shown are representative of five independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 2 | Direct comparison of negatively stained PLC 
particles. The individual particles (expanded views of the representative 
micrographs) and 2D class averages of native PLC without any treatment 
(a) and prepared by GraFix (b) display the same architecture, confirming 

that the cross-linking procedure did not affect the organization of the 
whole particle. The scale bar is 100 nm in the micrograph and 25 nm in the 
2D averages; inset is magnified 4× .
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Extended Data Figure 3 | Cryo-EM analysis of the human PLC.  
a, Representative micrograph and 2D class averages. Scale bars, 50 nm 
in the micrograph and 10 nm in 2D class averages. Various views of the 
individual particles are readily discernable in the raw image. In the 2D 
class averages, note the clear densities for the ER-lumenal domain and 
the blurred signal for TAP. b, Angular assignment of the final dataset. 
The occurrence of multiple individual views, which are well spread over 
the entire sphere, displays an almost random orientation of the PLC in 

the sample. Individual cylinder bars are proportional in height to the 
number of particles in each view. The most frequent views are coloured 
red and the least common ones blue. c, Fourier shell correlation (FSC) 
curve of unfiltered reconstructions from two independently refined half 
datasets of the full PLC, generated by post-processing in Relion, displays 
9.9 Å resolution as judged from the 0.143 threshold. d, FSC curves for the 
pseudo-C2 symmetric editing modules and the single module generated in 
Frealign show resolutions of 7.2 Å and 5.8 Å, respectively.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 4 | Processing work flow. The full dataset was 
directly submitted to multimodel classification in 3D. Particles from the 
two best classes were merged into a single stack and refined together 
as a consensus map. This dataset was further subjected to multimodel 
refinement (left branch), which led to the identification of different PLC 

assemblies. For high-resolution structure determination, a single editing 
module was extracted computationally from the consensus map and 
further refined individually (dotted lines indicate the use of the Frealign 
software package, whereas the solid lines represent processing in Relion).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 5 | Individual subunits of the PLC editing 
module. a–e, Individual segments of the single PLC editing module 
highlight the quality of the fit in the EM density. For each segment, the 
experimental map, the corresponding low-pass filtered version of the 
atomic model, the actual atomic model, and its fit into the experimental 
map are shown side by side in two different views to emphasize the 

consistency of the domain-based docking. f, The multi-model 3D 
classification, focused on a single editing module, emphasizes the 
flexibility of calreticulin (yellow). Whereas tapasin, ERp57, and the MHC-I 
heterodimer display the same relative position in all classes, calreticulin 
shows a substantial shift in its position, indicating high flexibility.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 6 | Two opposing tapasin molecules shape the 
central scaffold. a, E225 of the N-terminal immunoglobulin-like domain 
of one molecule and R60 located in the short helical motif of the seven-
stranded N-terminal β  barrel of the second molecule are in salt-bridge 
distance. b, Multiple sequence alignment (MAFFT; https://mafft.cbrc.
jp/alignment/software/) of tapasin orthologues from human, bovine, 

rat, mouse, fish, and chicken. Conserved Arg and Glu residues forming 
the salt bridges are indicated (asterisks). c, Multiple sequence alignment 
(MAFFT) of different human HLA-A/B/C allomorphs. Conserved Thr 
and Gln residues in the α 3 domain are indicated (asterisks). Numbering is 
according to UniProt, including signal sequences.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 7 | Cross-linking network. a, ICP47–SBP-purified 
PLC was cross-linked with BS3 and applied to in-gel or in-solution 
digestion before LC–MS/MS analysis (duplicates for in-gel digestion and 

single in-solution). Bands used for in-gel digestion are indicated.  
A representative gel is shown. b, Intra- and inter-cross link network  
(xVis60).
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extended data table 1 | eM data collection statistics

full PLC

(EMD-3905)

Pseudo-C2 
symmetric editing 
module

(EMD-3904)

Single editing module

(EMD-3906)

(PDB ID 6ENY)

Data collection and processing

Magnification   130,000 130,000 130,000

Voltage (kV) 300 300 300

Electron exposure (e–/Å2) 55 55 55

Defocus range (μm) -1.5 to -4 -1.5 to -4 -1.5 to -4

Pixel size (Å) 1.077 1.077 1.077

Symmetry imposed C1 C1 C1

Initial particle images (no.) 620,487

(185,076)*

620,487

(185,076)*

620,487

(185,076)*

Final particle images (no.) 53,666 22,915 141,078

Map resolution (Å)

FSC threshold

9.9

0.143

7.2

0.143

5.8

0.143

* Number of automatically picked particles and (in brackets) number of particles after a single round of 3D classification to remove false positives.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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extended data table 2 | Overview of protein identification

in-solution digest in-gel digest

Protein UniProtKB Mass 
(Da)

# peptide 
sequences

#
spectra

sequence 
coverage 
(%)

# peptide 
sequences

#
spectra

sequence 
coverage 
(%)

β2m P61769 13706 6 30 52 4 133 28

Calreticulin P27797 48112 38 218 72 20 100 38

ERp57 P30101 56747 45 332 68 54 1035 65

ICP47 P03170 9793 9* 140* 67*

HLA-A03 P04439 40815 28 271 70 15 458 44

HLA-B15 P30464 40363 17 157 57

HLA-C03 P04222 40835 17 153 56

HLA-C04 P30504 40696 25 188 60

HLA-C16 Q29960 40727 18 186 50

HLA-E P13747 40123 14 87 43

HLA-F P30511 39037 10 26 34

HLA-G P17693 38200 6 37 24

Tapasin O15533 47596 10 167 27 9 239 22

TAP1 Q03518 87163 25 150 29 22 436 22

TAP2 Q03519-1 75616 30 187 34 25 419 30

* Obtained from MaxQuant search against a reduced database.
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extended data table 3 | Inter- and intramolecular cross-links in the PLC

Protein I Protein II Pos.1 Pos.2 Peptide Sequence 1 Peptide Sequence2

β2m
MHC-I

(A03/C03/C04) 26 267 TPKIQVYSR PAGDGTFQKWAAVVVPSGEEQR

β2m
MHC-I

(A03/B15/C03/C04) 26 267 TPKIQVYSR TFQKWAAVVVPSGEEQR

ICP47 TAP1 31 530 TYADVRDEINKR KAVGSSEKIFEYLDR

ICP47 TAP1 31 537 TYADVRDEINKR AVGSSEKIFEYLDR

MHC-I (A03) Calreticulin 92 209 NVKAQSQTDR IKDPDASKPEDWDER

MHC-I (A03) Calreticulin 92 224 NVKAQSQTDR AKIDDPTDSKPEDWDKPEHIPDPDAK

MHC-I (A03) Calreticulin 92 232 NVKAQSQTDR AKIDDPTDSKPEDWDKPEHIPDPDAK

MHC-I (A03) Tapasin 92 104 NVKAQSQTDR FVPLPASAKWASGLTPAQNCPR

Tapasin ERp57 104 305 FVPLPASAKWASGLTPAQNCPR KTFSHELSDFGLESTAGEIPVVAIR

Tapasin ERp57 104 366 FVPLPASAKWASGLTPAQNCPR YLKSEPIPESNDGPVK

Tapasin ERp57 342 494 SQKAEGQR VIQEEKPKKKKK

Tapasin ERp57 342 366 SQKAEGQR YLKSEPIPESNDGPVK

Tapasin Calreticulin 342 374 SQKAEGQR KKRKEEEEAEDK

Tapasin Calreticulin 342 377 SQKAEGQR KEEEEAEDK

β2m β2m 26 111 TPKIQVYSR VNHVTLSQPKIVK

Calreticulin Calreticulin 41 48 WIESKHKSDFGKFVLSSGK

Calreticulin Calreticulin 55 360 FVLSSGKFYGDEEKDK DKQDEEQR

Calreticulin Calreticulin 62 360 FYGDEEKDKGLQTSQDAR DKQDEEQR

Calreticulin Calreticulin 153 209 GKNVLINK IKDPDASKPEDWDER

Calreticulin Calreticulin 360 368 DKQDEEQR LKEEEEDK

Calreticulin Calreticulin 375 385 LKEEEEDKKRK EEEEAEDKEDDEDKDEDEEDEEDKEEDE
EEDVPGQAKDEL

Calreticulin Calreticulin 385 401 RKEEEEAEDKEDDEDK DEDEEDEEDKEEDEEEDVPGQAKDEL

ERp57 ERp57 129 147 TADGIVSHLKK KFISDK

ERp57 ERp57 274 366 NAKGSNYWR YLKSEPIPESNDGPVK

ERp57 ERp57 289 347 KFLDAGHKLNFAVASR DGKALER

ERp57 ERp57 296 332 FLDAGHKLNFAVASR TAKGEK

ERp57 ERp57 332 366 TAKGEK YLKSEPIPESNDGPVK

ERp57 ERp57 335 366 GEKFVMQEEFSR YLKSEPIPESNDGPVK

ERp57 ERp57 362 366 FLQDYFDGNLKR YLKSEPIPESNDGPVK

ERp57 ERp57 425 494 LSKDPNIVIAK EATNPPVIQEEKPK

ERp57 ERp57 460 466 GFPTIYFSPANKK KYEGGR

MHC-I (A03) MHC-I (A03) 92 170 NVKAQSQTDR KWEAAHEAEQLR

MHC-I (A03) MHC-I (A03) 145 170 QDAYDGKDYIALNEDLR KWEAAHEAEQLR

Tapasin Tapasin 104 342 FVPLPASAKWASGLTPAQNCPR SQKAEGQR

TAP1 TAP1 449 453 SFANEEGEAQKFR EKLQEIK
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