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A dual inhibition mechanism of 
herpesviral ICP47 arresting a 
conformationally thermostable  
TAP complex
Valentina Herbring, Anja Bäucker, Simon Trowitzsch & Robert Tampé

As a centerpiece of antigen processing, the ATP-binding cassette transporter associated with antigen 
processing (TAP) became a main target for viral immune evasion. The herpesviral ICP47 inhibits TAP 
function, thereby suppressing an adaptive immune response. Here, we report on a thermostable ICP47-
TAP complex, generated by fusion of different ICP47 fragments. These fusion complexes allowed us to 
determine the direction and positioning in the central cavity of TAP. ICP47-TAP fusion complexes are 
arrested in a stable conformation, as demonstrated by MHC I surface expression, melting temperature, 
and the mutual exclusion of herpesviral TAP inhibitors. We unveiled a conserved region next to the 
active domain of ICP47 as essential for the complete stabilization of the TAP complex. Binding of the 
active domain of ICP47 arrests TAP in an open inward facing conformation rendering the complex 
inaccessible for other viral factors. Based on our findings, we propose a dual interaction mechanism for 
ICP47. A per se destabilizing active domain inhibits the function of TAP, whereas a conserved C-terminal 
region additionally stabilizes the transporter. These new insights into the ICP47 inhibition mechanism 
can be applied for future structural analyses of the TAP complex.

Within the cellular process of antigen presentation via major histocompatibility complex class I (MHC I) mole-
cules, the transporter associated with antigen processing TAP is responsible for antigen compartmentalization. 
As a centerpiece of the peptide loading complex, the heterodimeric ABC transporter TAP translocates proteas-
omal degradation products into the ER lumen, where they are loaded onto MHC I molecules. After editing and 
ER quality control, stable peptide-MHC I complexes traffic to the cell surface in order to present their antigenic 
cargo to cytotoxic T-lymphocytes. The antigen translocation complex is composed of two half-transporters, TAP1 
and TAP21,2, which can both be divided into three functional modules: an N-terminal transmembrane domain 
(TMD0), the central transmembrane domain (TMD), and the cytosolic nucleotide-binding domain (NBD)3,4. 
TMD and NBD form the coreTAP complex, which is connected by a short α -helix, named elbow helix, to the 
TMD0. The coreTAP complex is essential and sufficient for peptide binding and transport3, while the TMD0s are 
necessary for assembly of the peptide loading complex.

Viruses evolved elaborate strategies to inhibit MHC I antigen processing by interfering with TAP function5. 
For example, US6, the glycoprotein 6 of the cytomegalovirus unique short region, interacts with the ER-lumenal 
loops of TAP and prevents ATP binding at the cytosolic NBDs6–10. In herpes simplex viruses (HSV-1 and HSV-2),  
we find a distinct inhibition strategy, which also suppresses the MHC I surface presentation11. HSV infects 
mucosa and subsequently spreads via sensory neurons into ganglia, where it achieves a lifelong persistence12. 
After infection, cells start to synthesize infected cell polypeptides (ICPs). Five out of the more than fifty ICPs are 
the immediate early polypeptides ICP0, 4, 22, 27, and 4713,14, which regulate the expression of other ICPs or help 
to evade the host’s immune system. ICP47, also known as IE12, Vmw12, or IE5, binds to TAP from the cytosol 
(KD =  50 nM) and arrests its function15–19. For ICP47 binding, both TAP subunits are required16,17, but the TMD0s 
are dispensable20. The active domain comprises residues 3-34 of ICP47, which displays the same inhibitory activ-
ity as the full-length protein19,21. The active domain undergoes a large conformational change from random-coil 
in solution into an α -helical structure in a lipid environment22. The structure of the active domain of ICP47 was 
determined by solution NMR23. It consists of two α -helices (residues 5-14 and 22-32) connected by a flexible 
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linker. This helix-loop-helix conformation has been confirmed at phospholipid membranes by solid-state NMR24. 
A recent cryo-electron microscopy study mapped the helix-loop-helix conformation of ICP47 in the central cav-
ity formed by the two TAP subunits25. However, the inhibition mechanism is still elusive and the EM model does 
not explain the biological function of the extended C-terminal region of ICP47 as to transport inhibition and its 
impact on the interaction with TAP.

Here, we established a fusion approach allowing to position the viral inhibitor ICP47 with a predefined ori-
entation with regard to the heterodimeric TAP complex, thus creating an arrested ICP47-TAP complex. The oth-
erwise dynamic TAP complex is trapped in its open inward-facing conformation, impeding the interaction with 
US6. This strategy allowed us to detect distinct behaviors of ICP47 fragments of the same length regarding each 
TAP subunit as well as to compare effects of ICP47 fragments of different lengths towards transport inhibition 
and thermal stabilization of the TAP complex. We demonstrate that the C-terminal extended region of ICP47 is 
necessary for complete stabilization of the TAP complex, whereas the N-terminal active domain is sufficient for 
TAP inhibition. Based on these data, we propose a dual inhibition mechanism by ICP47, which explains the high 
sequence conservation of the extended C-terminal region of ICP47.

Results
Design of ICP47-TAP fusion constructs. We engineered ICP47-TAP fusions, which arrest the transporter 
by a defined high local concentration of ICP47 similarly to a ball-and-chain inactivation of voltage-gated ion 
channels26. In order to understand the function of the conserved C-terminal region of ICP47, we systematically 
truncated the polypeptide and fused it to the elbow helix of the TAP subunits (Figs 1a and S1). Five fusion con-
structs harboring the active domain of ICP47 (residues 1-35, 1-50, 1-65, 1-78, or 1-88) and one with an impaired 
active domain (residues 12-88) as negative control were generated with either TAP1 or TAP2 (Fig. 1b). To com-
pare their expression levels and to allow purification of heterodimeric complexes, the TAP subunits were fused to 
the fluorescent proteins mVenus or mCerulean, followed by a C8-His10 tag and a myc-SBP tag, respectively. The 
N-terminal fusion of ICP47 to the TAP subunits and, in particular, the varying lengths of the ICP47 fragments did 
not affect the expression levels of the fusion constructs in human embryonic kidney cells (Fig. 1c).

ICP47-TAP fusion complexes arrest the MHC I surface presentation. To test if peptide transloca-
tion is blocked by the ICP47 fusion constructs, we monitored MHC I surface expression by flow cytometry. The 
TAP-deficient human cell lines BRE-169 and STF1-169, isolated from patients lacking TAP1 or TAP2, respec-
tively, were complemented with the missing subunit fused to different ICP47 fragments. The expression levels of 
the fusion constructs were examined by SDS-PAGE and in-gel fluorescence and the MHC I surface expression 

Figure 1. Design of ICP47-TAP fusion complexes. (a) Schematic representation of the ICP47-TAP fusion 
complexes. The ICP47 polypeptide is highlighted in orange and core TAP1 and TAP2 subunits in blue and light 
blue, respectively. (b) Six different ICP47 fragments (ICP47 1-35, 1-50, 1-65, 1-78, ∆ 1-11, and full length 1-88) 
were fused to the elbow helix of TAP1 or TAP2. For detection and purification, TAP1 and TAP2 were tagged 
with mVenus-C8-His10 or mCerulean-myc-SBP, respectively. Deleted regions are shown as dashed lines. TEV 
denotes a tobacco etch virus cleavage site and C3 a cleavage site for the human rhinovirus 3 C protease. The 
inactive ICP47 construct (ICP47 ∆ 1-11) served as a negative control. (c) Expression of TAP and ICP47-TAP 
fusions in HEK293T cells analyzed by SDS-PAGE and in-gel fluorescence.
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was quantified by flow cytometry. TAP-deficient cells transfected with a construct coding for mVenus only 
(mock control) display a background level of MHC I surface expression (Fig. 2). A similar background level was 
observed for all ICP47-TAP fusion constructs containing the active domain of ICP47. In contrast, the constructs 
harboring an N-terminally truncated ICP47 (Δ 1-11) did not block MHC I surface expression in TAP-deficient 
cells. These changes in surface expression confirm that the active domain of ICP47 is necessary and sufficient for 
an effective interaction of the fused viral factor with TAP. Interestingly, the distance between the active domain 
of ICP47 (residues 3-34) and the elbow helix of each TAP subunit can vary between 1-62 amino acids without 
affecting the inhibitory function of the active domain, reflecting its high degree of flexibility including several 
interactions of ICP47 at the TAP1/2 interface.

Asymmetric thermostability of ICP47-TAP complexes. Next, we co-expressed the ICP47-TAP fusion 
constructs with the complementary TAP subunit in human embryonic kidney cells. Assembly of stoichiometri-
cally defined TAP1/2 complexes was analyzed by multicolor fluorescence-based size exclusion chromatography 
(MC-FSEC) after orthogonal purification via the His10- and the SBP-tag27. The TAP complex and all functionally 
arrested ICP47-TAP complexes elute as defined peaks (Fig. 3), corresponding to an apparent molecular weight 
of approximately 360 kDa. This estimated size indicates that the ICP47 fusions did not negatively affect TAP 
assembly. We then examined the thermostability of the ICP47-TAP complexes by MC-FSEC after incubation for 
one hour at 40 °C. Under these conditions, the TAP complex without fused ICP47 elutes as a double peak with 
reduced height, indicating that the complex is unstable at this temperature and eventually dissociates into its sub-
units (Fig. 3). As expected, ICP47-TAP complexes with an impaired active domain of ICP47 (∆ 1-11) do not show 
thermal stabilization. Surprisingly, TAP complexes fused to active ICP47 fragments spanning residues 1-35 and 
1-50 are likewise unstable and elute as double peaks similar to TAP. The medium-length fragment of ICP47(1-65) 
fused to TAP1 also results in an unstable complex. Yet, a thermostable complex is assembled in case of a fusion to 
TAP2. TAP complexes containing ICP47 fragments 1-78 and 1-88 (full-length) are stable at 40 °C for 1 h. These 
findings suggest that the ICP47 fragments 1-35 and 1-50 fused to the elbow helix of either TAP1 or TAP2 did not 
allow an optimal positioning of the active domain in the binding cavity. The differences in thermal stabilization 
by ICP47(1-65) fusions demonstrate a directionality for optimal ICP47 binding that is dictated by the asymmetry 
of the TAP transporter.

ICP47-TAP complexes are largely thermostabilized. We determined the melting temperature of 
ICP47-TAP complex exposed to increasing temperatures by analyzing MC-FSEC profiles. We assumed that 
the TAP subunits disintegrate at increasing temperatures, while the fluorescent reporter proteins stay intact. 
Thermostability profiles of heteromeric TAP and TAP1/ICP47-TAP2 fusion constructs are shown in Fig. 4a,b, 
respectively. By overlaying the MC-FSEC profiles with the reference peak at 4 °C, an overlap area can be calcu-
lated, which reflects the stability at defined temperatures (Fig. 4c). The melting curves of TAP1/2 and TAP1/
ICP47(1-65)-TAP2 are exemplified in Fig. 4d. While detergent-solubilized TAP without fused ICP47 already 
dissociates at 36 °C, fusion of ICP47 raises the melting temperature of the TAP complexes to 47 °C (Table 1). 
Surprisingly, the shorter fragments 1-35 and 1-50 without any stabilizing effect on TAP1/2 in our thermostability 
assay increase the melting temperature by ~6 °C. The longer fragments 1-65, 1-78, and 1-88 (full-length), which 
stabilized TAP during a 1 h incubation at 40 °C, raised the melting temperature by ~10 °C.

For comparison, we also determined the melting temperature of TAP co-expressed with non-fused ICP47 
variants, containing residues 1-35, 1-55, 1-73, and 1-88 (Table 1). Unexpectedly, the shortest fragment, ICP47(1-
35), which has the same affinity as full-length ICP47 and is sufficient to block peptide binding and transport by 

Figure 2. ICP47-TAP fusion complexes block MHC I surface expression. ICP47-TAP1 (a) and ICP47-TAP2 
fusion variants (b) were expressed in the TAP-deficient cells BRE-169 (TAP1−/−) and STF1-169 (TAP2−/−), 
respectively. MHC I surface expression was monitored by flow cytometry using a PE-labeled MHC I-specific 
antibody. The mean PE fluorescence was calculated for transfected cells (mVenus positive). The mean (± SD) 
fluorescence of MHC I presented on the cell surface of TAP1- or TAP2-deficient cells transfected with TAP1 or 
TAP2 without ICP47 was normalized to 100%.
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TAP19,21, destabilizes the TAP complex. In contrast, ICP47(1-55), -(1-73), and -(1-88) raise the melting temper-
ature to 45 °C, suggesting that residues 35-55 have an extra function in stabilizing the TAP complex. Taking into 
account that the 1-35 fragment fused to TAP2 increases the melting point by 5 °C, we hypothesize that the fusion 
per se helps to stabilize the TAP complex, circumventing the absence of the residues 35-55 and bringing the active 
domain in close proximity to the binding cavity.

To define the residues involved in the stabilization of TAP more precisely, we dissected the putative stabilizing 
region of ICP47 (residues 35-55) into seven segments of three residues (SR1-7). These triplets were exchanged for 
glycine-alanine-glycine, except for SR2, where alanine-glycine-glycine was used (Fig. 4e). We found the residues 
of SR2 to be the most critical for TAP stabilization. SR1, SR5, and SR6 lowered the melting temperature to 36 °C, 
SR3 to 38 °C. In contrast, SR4 and SR7 did not significantly affect the melting temperature of the TAP complex.

ICP47-TAP fusion complexes are conformationally arrested. In order to link the stabilizing effect 
to a physiological function, we probed the interaction of the ICP47-TAP fusion complexes with free viral fac-
tors. US6 and ICP47 interact with TAP from opposite subcellular compartments, the cytosol and the ER 
lumen, and exclude each other (Figs 5a and S2). To prove that the ICP47-TAP fusion complexes are arrested in 
a defined conformation, we co-expressed the ICP47-TAP fusion complexes and the free viral inhibitors. After 
co-immunoprecipitation, the interaction partners were quantified by SDS-PAGE and in-gel fluorescence (Fig. 5b). 
The TAP complex devoid of fused ICP47 presents maximal binding (100%) to the viral proteins (Fig. 5c). Notably, 
the interaction of non-fused ICP47 gradually decreases to background level with increasing size of the fused 
ICP47 fragments. The presence of the intact active domain is mandatory, since a truncation restores the amount 
of co-precipitated viral factor to 100%. Interestingly, we can distinguish between the most thermostable com-
plexes (ICP47 1-65, 1-78, and 1-88) and unstable complexes (ICP47 1-35 and 1-50). In contrast, all ICP47-TAP 
fusion complexes do not interact with US6. Only a TAP fusion with an impaired active domain of ICP47(∆ 1-11) 
restores the interaction with US6, confirming that the entire active domain is required to arrest a defined confor-
mation of TAP. Fused short fragments of ICP47 can be easily outcompeted by free full-length ICP47, although 
already a slight interaction with a fused short fragment causes the functional arrest. To conclude, an ICP47 frag-
ment complying with all the requirements to generate a stably arrested TAP complex cannot be outcompeted by 
free viral factors.

Discussion
This study reports on the identification of functionally arrested TAP complexes with high thermostability by 
fusing herpesviral ICP47 to TAP. Different lengths of ICP47 were chosen to map the optimal distance between 
the binding pocket and the N-terminal elbow helix of either TAP1 or TAP2. We show that the interaction of fused 
ICP47 with TAP inhibits antigen presentation via MHC I. Interestingly, the loss of MHC I surface expression 
only depends on the presence of the active domain and not on the length of the fused ICP47 fragments. All TAP 
complexes containing an intact active domain of ICP47 suppress MHC I surface expression. Contrarily, TAP 
complexes containing a fused inactive ICP47 restored the surface expression of MHC I. The ICP47-TAP fusion 
complexes revealed a preferred orientation for ICP47. The ICP47(1-65) fragment led to a stable complex only 
if fused to TAP2, highlighting an interesting asymmetry at the TAP1/TAP2 binding interface and suggesting a 
shorter distance of the C-terminus of the stabilization region to the elbow helix of TAP2 than of TAP1.

To define the thermostability more accurately, we determined the melting temperature of complexes with 
fused or freely bound ICP47 fragments. We showed that short fused fragments of ICP47 (residues 1-35 or 1-50) 
did not fully stabilize the TAP complex in thermostability assays. Only ICP47 fragments longer than residues 

Figure 3. Fused ICP47 induces an asymmetric thermostability of TAP complexes. Purified TAP and ICP47-
TAP complexes were analyzed by FSEC. Elution profiles of ICP47-TAP complexes were recorded by mVenus 
fluorescence after incubation at 4 °C (blue) and at 40 °C (red). FSEC profiles at 4 °C were normalized to 100%. 
The fusion constructs containing inactive ICP47(∆ 1-11) are displayed in dashed boxes. The void volume is 
indicated in the first panel. The peak denoted by an asterisk appears higher due to low purification yield.
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Figure 4. ICP47-TAP complexes display largely increased melting temperatures. Purified TAP (a) and 
TAP complex with ICP47(1-65) fused to TAP2 (b) were incubated at varying temperatures as indicated. FSEC 
profiles of mVenus fluorescence are shown. (c) Illustration of the overlap area calculation of TAP1/ICP47(1-
50)-TAP2. (d) Melting curves were built using the overlap areas, here TAP1/2 and TAP1/ICP47(1-65)-TAP2 are 
shown exemplarily. The melting temperatures of all constructs are summarized in Table 1. (e) The stabilizing 
region was dissected into seven fragments (SR1-7) of three amino acids, which were replaced by glycines or 
alanines in order to link a change in melting temperature of TAP/ICP47 complexes to single residues of the 
stabilizing region. The calculated melting temperatures are depicted below the respective mutation. Melting 
curves of SR2, SR5, and SR7 are representatively shown.

construct Tm (°C)

TAP1/TAP2 36.0

TAP1/ICP47(1-35)TAP2 41.2

fused ICP47

TAP1/ICP47(1-50)TAP2 43.4

TAP1/ICP47(1-65)TAP2 45.5

TAP1/ICP47(1-78)TAP2 45.6

TAP1/ICP47(1-88)TAP2 47.0

TAP1/TAP2/ICP47(1-35) 28.2

free ICP47
TAP1/TAP2/ICP47(1-55) 44.6

TAP1/TAP2/ICP47(1-73) 45.1

TAP1/TAP2/ICP47(1-88) 45.7

Table 1.  Stabilization of ICP47-TAP complexes.
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1-50 raised the melting temperature to the full extent and led to a completely stabilized complex. Furthermore, 
free viral fragments in complex with TAP revealed ICP47(1-55) as the shortest fragment that stabilizes TAP, while 
shorter fragments destabilized the complex. This destabilization is also reflected by MHC I surface expression, 
where only free fragments of at least residues 1-55 prevent MHC I surface expression to its full extent (Fig. S3).

While the affinity constants of fully inhibiting ICP47 fragments are similar, they presumably modulate the 
structure of the TAP transporter in different ways19. Surprisingly, the active domain alone, which was used 
to study the TAP function3,20,24, decreased thermostability, while the fused active domain alone led to a slight 
increase in stability. ICP47 interacts via a large interface with TAP, involving most of the residues of the active 
domain of ICP4721. Therefore, we postulate that a fused active domain, which does not reach the optimal position 
inside the binding cavity, can still impair the function of the TAP complex. Consequently, non-ideally positioned 
fused ICP47 can be outcompeted by free full-length ICP47. The functional arrest is demonstrated by the inability 
of an ICP47-TAP complex to bind free US6.

The active domain (residues 3-34) was defined to be the shortest region with the same inhibitory activity as 
full-length ICP4719,21. Despite a high conservation of residues following the active domain (residues 35-55), no 
function could be assigned to that region19,21. By comparing ICP47 sequences derived from HSV1 and HSV2, res-
idues 1-55 are highly conserved with a sequence identity of 67%, while residues 56-88 show no significant conser-
vation (Fig. 6b). Furthermore, a comparison of different ICP47s from the herpesviral clade reveals a high number 
of charged residues, a short alanine-rich sequence, and a proline-rich PxxPLLxPP motif in the C-terminal region 
(Fig. 6b). Since proline-rich motifs are known to be involved in protein-protein interactions28, we hypothesize 
that such a motif has also evolved in the ICP47-TAP interaction to lock the transporter in a peptide-repellent con-
formation. By exchanging amino acid triplets in the stabilizing region, we could prove the importance of both the 

Figure 5. ICP47-TAP complexes arrest a conformation excluding viral proteins from binding. (a) ICP47 
and US6 mutually exclude each other from binding to TAP (upper panel). The lower panel depicts the arrested 
conformation probed by binding of free ICP47 and US6. (b) In-gel fluorescence analysis of the viral proteins 
US6 and ICP47 co-expressed with ICP47-TAP complexes in HEK293T cells after co-immunoprecipitation via 
SPB- and C8-tags. Samples of solubilized complexes from whole cell extracts (S) and co-immunoprecipitated 
complexes (IP) are shown. (c) The co-precipitated viral factor was quantified in relation to the corresponding 
TAP complex lacking ICP47. Error bars represent standard deviations from three independent experiments.
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alanine- and the proline-rich sequences. Furthermore, we could demonstrate that the most conserved residues 
are the most critical for a complete stabilization of the TAP complex.

In summary, our findings reveal a dual inhibition mechanism of ICP47. While the active domain of ICP47 is 
wedged at the TAP1/2 interface and arrests the complex in an open-inward facing conformation, the highly con-
served C-terminal region stabilizes the ICP47-TAP interaction and generates a thermostabilized TAP complex. 
Due to the recent progress in using stabilizing interaction partners for structure determination by X-ray crystal-
lography and single particle cryo-electron microscopy, these stabilized TAP complexes will be an interesting basis 
to substantiate the ICP47/TAP inhibition mechanism to a single-residue level.

Materials and Methods
Cloning and construct design. All constructs are based on de novo synthesized coreTAP1- (UniProt 
knowledgebase number Q03518; residues 224-808) and coreTAP2-sequences (UniProt knowledgebase num-
ber Q59H06; residues 124-704), where all cysteines except C213TAP2 are replaced. This single intrinsic cysteine 
is required to maintain a peptide-receptive conformation by allocating the peptide in the correct orientation 
into the binding pocket29,30. All cloning steps were based on PCR amplification by Pfu DNA polymerase and 
FX-cloning31. All constructs were verified by DNA sequencing. ICP47 fragments of variable length (residues 1-35, 
1-50, 1-65, 1-78, 1-88, or 12-88) were N-terminally fused to either coreTAP1 or coreTAP2 and transferred into 

Figure 6. ICP47 proteins encoded by different herpes viruses share conserved sequences. (a) Schematic 
representation of the TAP and ICP47 interaction. The stabilizing region of ICP47 (35-55) is highlighted in 
yellow, the unstructured region depicted in grey. (b) When comparing different ICP47s from the herpesviral 
clade with human ICP47, a high conservation can be found for the residues 1-55. The PxxPLLxPP motif, 
corresponding to the residues 50-55 of human HSV2, can be found in all ICP47 proteins, except for human 
HSV1. Alignments were created with CLC Sequence Viewer 7.6.1. and skylign (skylign.org). NCBI accession.
version: P. c. HV2, YP_443919.1; C. s. HV2, AAW78015.1; C. a. HV2, YP_164515.1; M. m. HV1, NP_851932.1; 
M. f. HV1, AIA09566.1; P. t. HV α 1, YP_009011060.1; H. s HSV1, AMB65879.1; H. s HSV2, AMB66178.1.
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the mammalian FX-expression vectors pcDXc3YCH (ICP47-TAP1 and ICP47-TAP2, for C-terminal mVenus-
C8-His10 tag) and pcDXc3CMS (ICP47-TAP2, for C-terminal mCerulean-myc-SBP tag)32. The ICP47-TAP fusion 
constructs for expression in human cells and subsequent orthogonal purification contained a tobacco etch virus 
(TEV) cleavage site between the ICP47 and coreTAP1 or coreTAP2. For flow cytometry, mVenus-tagged ICP47-
TAP2 constructs were used (pcDXc3YCH vector). Coding sequences for non-fused ICP47 fragments (residues 
1-35, 1-55, 1-73, and 1-88) and US6 were cloned into pcDXc3YMH (for C-terminal mVenus-myc-His10 tag) to 
avoid tag-interference in the co-immunoprecipitation (IP) procedure.

Cell lines and cell culture. BRE-169 and STF1-169 cell lines were kindly provided by H. de la Salle, 
Strasbourg, France33,34. HEK293T, BRE-169, and STF1-169 cells were cultured in DMEM (Gibco) supplemented 
with 10% fetal calf serum (FCS, Gibco). FreeStyle™  293-F cells were cultured on plates in DMEM (Gibco) supple-
mented with 10% FCS and in FreeStyle™  293 Expression Medium (Gibco) in suspension. Adherent cell lines were 
cultured at 37 °C and 8% CO2. FreeStyle 293-F cells in suspension were cultured at 37 °C, 8.1% CO2 and 125 rpm.

Transfection of HEK293T cells. 5 ×  105 HEK293T cells per well were seeded in 6-well plates in DMEM 
supplemented with 10% FCS. After 24 h, cells were transfected using polyethyleneimine (PEI). 4 μ g DNA and 15 μ l  
PEI (1 mg/ml) were dissolved separately in 200 μ l serum-free DMEM, subsequently mixed, and incubated for 
30 min at room temperature. The transfection solution was added dropwise to the wells. The cells were harvested 
24 h after transfection. For large scale, three days prior to transfection, 2 ×  106 HEK293T cells were seeded in 
15 cm dishes in 15 ml DMEM supplemented with 10% FCS. 30 μ g of DNA (equimolar ratio of the two subunits) 
and 90 μ l PEI (1 mg/ml) were dissolved separately in 4.2 ml serum-free DMEM, the solutions were mixed and 
incubated for 30 min at room temperature. The transfection solution was added dropwise to the dishes. The cells 
were harvested 24 h after transfection.

Transfection of FreeStyle 293-F cells. 1.5 ×  108 cells were seeded in 300 ml FreeStyle™  293 expression 
medium. After 24 h, cells were transfected using PEI. 300 μ g DNA and 1.2 ml PEI(1 mg/ml) were dissolved sep-
arately in 10 ml Opti-MEM I (1X) +  GlutaMAX™  reduced serum medium (Gibco). The solutions were mixed 
and incubated for 30 min at room temperature and then added to the dishes. The cells were harvested 65 h after 
transfection.

Transfection of TAP-deficient cells. 2.5 ×  105 BRE-169 or STF1-169 cells per well were seeded in 6-well 
plates in DMEM supplemented with 10% FCS. After 24 h, cells were transfected using Xtreme-GENE HP (Roche). 
2 μ g DNA and 6 μ l Xtreme-GENE HP were dissolved separately in 200 μ l serum-free DMEM, subsequently mixed, 
and incubated for 30 min at room temperature. The transfection solution was added dropwise to the wells. The 
cells were harvested 48 h after transfection.

In-gel fluorescence. The transfected cells of one 6-well plate were harvested and centrifuged for 4 min at 
1,000 ×  g. Cells were lysed in 70 μ l Pierce RIPA buffer (Thermo Scientific) supplemented with 1% benzonase 
(Novagen, EMD Chemicals) and subsequently incubated for 1 h at room temperature. Sodium dodecyl sulfate 
(SDS)-buffer was added to a final concentration of 62.5 mM Tris/HCl, pH 6.8, 100 mM β -mercaptoethanol, 2% 
SDS, 0.02% bromophenol blue and 10% glycerol. 1.2 ×  105 cells were loaded on a 10% SDS-PA-gel (Laemmli) 
and run for 1 h at 125 V. In-gel fluorescence was detected using an ImageQuant LAS 4000 (GE Healthcare Life 
Sciences) at emission and excitation wavelengths (λ ) of 460 and 515 nm, respectively, to detect fluorescence of 
mCerulean and mVenus, or at 520 and 575 nm, respectively, to detect mVenus fluorescence only. For visualiza-
tion of the marker bands, the gel was analyzed at emission and excitation wavelengths (λ ) of 630 and 670 nm, 
respectively.

Flow cytometry. MHC I surface expression was analyzed by flow cytometry. TAP1-deficient BRE-169 cells 
and TAP2-deficient STF1-169 cells were complemented each with the missing subunit fused to ICP47 fragments. 
After harvesting the cells, all further steps were carried out on ice. The cells were washed in FACS-buffer (2% FCS 
in PBS, ice-cold) and centrifuged 3 min at 300 ×  g and 4 °C. After discarding the supernatant, cells were washed 
twice in FACS-buffer. Cells were then blocked 20 min by BSA in FACS-buffer. After two more washing steps, the 
cells were stained 1 h with 125 ng PE anti-human HLA-A,B,C (clone W6/32; BioLegend) in 100 μ l FACS-buffer. 
The non-bound antibody was removed by washing with FACS-buffer. The cells were fixed with 0.25% formal-
dehyde in FACS-buffer and stored at 8 °C or used immediately for cytometry. Data were recorded by an Attune 
(Invitrogen) flow cytometer and processed using FlowJo 8.8.7 software (TreeStar, Inc.).

Purification of ICP47-TAP complexes. For the orthogonal purification of TAP complexes, all steps were 
carried out on ice and all buffers were adjusted to pH 7.4. The transfected and harvested cells of six 15 cm dishes 
were solubilized for 2 h in buffer 1 (20 mM HEPES/NaOH, 200 mM NaCl, 50 mM KCl and 15% (v/v) glycerol) 
supplemented with 10 mM imidazole, 1 ×  PI-mix HP (Serva), and 2% (w/v) glyco-diosgenin (GDN, Anatrace). 
The samples were centrifuged 30 min at 120,000 ×  g and 4 °C. The proteins were bound to 300 μ l Ni2+-resin 
(Ni2+-Sepharose 6 Fast Flow, GE Healthcare) for 2 h. The beads were washed twice 15 min with buffer 1 supple-
mented with 10 mM imidazole and 0.05% GDN. To elute the proteins, the beads were incubated 30 min in buffer 1 
supplemented with 200 mM imidazole and 0.05% GDN. The eluate was incubated for 3 h with 200 μ l streptavidin 
resin (High Capacity Streptavidin Agarose Resin, Thermo Scientific). The beads were washed twice for 15 min 
with buffer 1 supplemented with 0.05% GDN. Subsequently, bound proteins were eluted for 45 min in buffer 1 
supplemented with 2.5 mM biotin and 0.05% GDN. The eluate was frozen in liquid nitrogen and stored at − 80 °C.
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MC-FSEC and thermostability analyses. The monodispersity of the purified TAP complexes was ana-
lyzed by multicolor fluorescence-based size exclusion chromatography (MC-FSEC)27. The fluorescent proteins 
fused to TAP subunits (mVenus on TAP1 and mCerulean on TAP2) or ICP47 were detected by an Agilent 
1200 series high-performance liquid chromatography (HPLC) system using a Shodex semi-micro KW404-4 F 
(4.66 ×  300 mm) column. The running buffer was composed of 20 mM HEPES/NaOH pH 7.4, 200 mM NaCl, 
50 mM KCl, 5% glycerol, and 0.05% GDN. For the MC-FSEC analysis, 60 μ l of the purified TAP complexes were 
filtered through 0.22 μ m SpinX centrifuge filter (Costar). 50 μ l of each sample were then injected by an autosam-
pler. To determine the thermostability of the ICP47-TAP complexes, 60 μ l of the protein solution were incubated 
for 1 h at 40 °C, then treated as described above, and compared by MC-FSEC with a sample stored for 1 h on ice. 
The melting points of the protein complexes were determined by incubating samples five min at 25–50 °C. Elution 
profiles were overlaid and the overlap area was calculated with ImageJ 1.48 v (Fig. 4c). The area of the profiles at 
4 °C was normalized to 100%. Curve fit was calculated with GraphPad Prism 5 using the nonlinear regression 
“EC50 shift fit”.

Co-immunoprecipitation. To analyze the binding behavior of the ICP47-TAP complexes to free ICP47 and 
US6 (C-terminal mVenus-tag), HEK293T cells were transfected in 15 cm dishes (1 dish per construct, 16 ×  106 
cells) with an excess of free expressed viral factor. A molar ratio of 1:1:5 (TAP1:TAP2:viral factor) was applied 
for transfection using 30 μ g total DNA and 90  μl PEI (1 mg/ml) per dish. The cells were harvested and solubi-
lized for 1 h in 1 ml of buffer 1 supplemented with 1 ×  PI-mix HP (Serva) and 2% digitonin (Merck Millipore). 
All steps were carried out on ice. An aliquot of every step was stored in SDS buffer (50 mM Tris/HCl, pH 7.5, 
10% glycerol, 2% SDS, 0.7% β -mercaptoethanol). The samples were centrifuged for 30 min at 120,000 ×  g and 
4 °C. Afterwards, the supernatant was incubated for 1 h with 50 μ l prewashed streptavidin agarose beads (High 
Capacity Streptavidin Agarose Resin, Thermo Scientific). For washing, the beads were incubated for 15 min in 
buffer 1 supplemented with 0.1% digitonin. Bound proteins were eluted for 15 min in buffer 1 supplemented 
with 2.5 mM biotin and 0.1% digitonin. 8 μ g of anti-C8 antibody35 were bound to 50 μ l of sheep anti-mouse IgG 
Dynabeads (Novex™ , Life-Technologies) for 1 h and washed twice with buffer 1 supplemented with 0.1% digi-
tonin. The eluted proteins were added to the antibody-coated Dynabeads and incubated for 90 min. The beads 
were washed three times for 5 min in buffer 1 supplemented with 0.1% digitonin and then eluted for 30 min at 
37 °C in SDS buffer.
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