Why TAPBPR? Implications of an additional player in MHC class I peptide presentation
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Abstract
The peptide editor TAPBPR is the newest member of the major histocompatibility complex class I (MHC-I) antigen processing and presentation pathway. Since 2013, studies have explored the functions and mechanisms of action of this tapasin homolog. Here, we review the key insights gained from structural studies of the TAPBPR:MHC-I complex and the involvement of the TAPBPR loop in peptide exchange. However, despite recent advances, the question still remains: why do we need TAPBPR? The recent appreciation that different MHC-I allotypes vary in their ability to interact with TAPBPR, together with a role for TAPBPR in alternative presentation pathways highlights that much remains unknown concerning the biological need for TAPBPR. 





Highlights
· Characterisation of TAPBPR has reveal new insights into MHC-I peptide editing 
· Polymorphism in MHC-I alter their susceptibility to TAPBPR-mediated peptide editing
· Recent findings suggest TAPBPR functionality beyond classical MHC-I  




Introduction
The essential function of major histocompatibility complex class I (MHC-I) as a recognition molecule for T-cell receptors relies mainly on the peptide repertoire presented. Illustrative to this fact is the intricate machinery involved in the loading and selection of the peptides onto MHC-I [1,2]. The transporters associated with antigen processing (TAP), together with the constituent parts of the peptide loading complex (PLC); ERp57, calreticulin and the peptide editor tapasin, have all been the subject of intense study [2,3]. 
In 2002, Teng et al. described a tapasin-like gene called “TAPBPR”, for TAP binding protein (aka tapasin) related, that encoded a protein with 22% sequence homology to tapasin [4]. In 2013, TAPBPR was found to bind to MHC-I/2m heterodimers outside of the PLC in the ER and the Golgi [5]. Subsequently, the binding of TAPBPR and tapasin to MHC-I was found to be mutually exclusive [6].  Indeed, TAPBPR and tapasin binds to the same face of MHC-I, the residues required for binding to MHC-I are conserved across the two homologs, and mutations in MHC-I which abrogate binding to tapasin also abolish binding to TAPBPR [6]. Thus, despite the relatively low sequence homology between TAPBPR and tapasin, critical residues show a high degree of conservation. 
A few years later, studies revealed that TAPBPR functioned as a peptide editor on MHC-I [7,8]. Furthermore, depletion or overexpression of TAPBPR impacted the size of the presented peptide repertoire and the proportion of peptides which contained canonical anchor residues [8]. In addition to its function as a peptide editor, TAPBPR was also shown to play a role in MHC-I quality control; TAPBPR was shown to interact with UDP-glucose:glycoprotein glucosyltransferase 1 (UGT1) to promote the reglucosylation of the glycan on peptide-receptive MHC-I, promoting its recognition by calreticulin and recruitment back into the PLC [9].  Together, this body of work established TAPBPR as a legitimate component of the MHC-I antigen processing and presentation pathway.

Structural studies on the TAPBPR:MHC-I complex reveal conformational changes central to the mechanism of peptide editing 
Two structural characterizations of TAPBPR in complex with MHC-I were published simultaneously in 2017 [10,11].  As well as confirming that the binding of TAPBPR to MHC-I was similar to that of tapasin-MHC-I binding [6,12], the structures implicated key conformational changes in MHC-I central to the process of peptide editing. Both structures revealed that TAPBPR widens the peptide-binding groove of MHC-I and demonstrated conformational change at the MHC-I F-pocket in the process of peptide selection [10,11]. NMR based interrogation of the TAPBPR:MHC-I complex along with fluorescence anisotropy assays further elucidated that TAPBPR stabilizes peptide-receptive MHC-I, thus acting as a chaperone and confirmed that TAPBPR widens the peptide-binding groove at the F-pocket [13].

A role for the TAPBPR loop in peptide editing? 
A significant discrepancy between the two published structures is that one suggests that a loop of TAPBPR protrudes into the F-pocket of the MHC-I peptide-binding groove [10], whereas the other does not [11]. While the structural data underpinning the modelling of the loop may be contentious [14], it hinted that the loop might play a role in the process of TAPBPR-mediated peptide editing [10]. Indeed, further functional evidence has implicated the involvement of the K22-D35 loop of TAPBPR (aka the “scoop loop”) in the ability of TAPBPR to perform peptide editing [15,16]. In 2018, using a novel assay that utilises plasma-membrane expressed MHC-I [17], Ilca et al. demonstrated that the L30 residue in the TAPBPR loop was required for TAPBPR to mediate peptide dissociation from MHC-I [15].  Importantly, the influence of the K22-D35 loop on peptide editing activity appeared to depend on the MHC-I allotype and the F-pocket specificity. MHC-I allotypes which accommodated a hydrophobic peptide residue in their F-pocket were more reliant on the loop for peptide dissociation than other otherwise highly similar allotypes [15]. Furthermore, the peptide repertoire presented on MHC-I was found to be altered when the TAPBPR loop was mutated [15]. Subsequently, in 2020, a key role for the loop in peptide editing was similarly reported Sagert et al. using in vitro assays [16]. Here, the TAPBPR scoop loop was also identified to play an important role in TAPBPR’s ability to function as an MHC-I chaperone, helping to stabilize empty MHC-I molecules in peptide deficient environments [16].  However, there is also the possibility for loop-independent processes to be at play in TAPBPR-mediated peptide editing, as exemplified by apparent loop-independent allotypes [15]. Such loop-independent peptide editing may be facilitated via other key interactions observed between TAPBPR and MHC-I, one such example involving a TAPBPR loop comprised of residues 201-213 [11], aka the “jack hairpin” [10], which influences the conformation of the peptide binding groove. 

There is also much interest regarding the corresponding, albeit shorter, loop region of tapasin (comprised of residues 11-20 of the mature tapasin protein) and whether it also contributes to peptide editing.  Firstly, MHC-I was crystallized with a synthetic peptide derived from this loop revealing that an untethered loop region can bind MHC-I, with the leucine corresponding to tapasin residue 18 interacting with the F-pocket of the MHC-I [18].  Additional functional studies supported the importance of this residue to cell surface expression of MHC-I in a murine cell based assay [18]. More recently, molecular dynamic simulations suggested that the glycan on MHC-I at residue N86 helps to push the tapasin loop region toward the MHC-I F-pocket [19]. Clearly, further studies are needed to advance our understanding of the contribution of both the tapasin and TAPBPR loops to peptide selection on MHC-I.  

Why do we need TAPBPR? 
Despite the immense progress recently made identifying TAPBPR as a second peptide editor for MHC-I and the significant structural insight gained regarding how it performs this function, the fundamental question still remains: why do we need TAPBPR?  Curiously, while MHC-II appears to require only one peptide editor, DM, (which is subjected to regulation by DO in some cell types) to mediate peptide selection [20-24], MHC-I appears to require two distinct peptide editing steps, one mediated by tapasin and another by TAPBPR.  However, what biological function does TAPBPR actually serve? 

Functional distinctions between TAPBPR and tapasin
The answer to that question will partially lie in the differences between tapasin and TAPBPR. The absence of an ER retention motif in the cytoplasmic tail of TAPBPR, together with its ability to interact with MHC-I in a somewhat glycan-independent manner [25], permits TAPBPR to function further along the secretory pathway than tapasin. Indeed, TAPBPR has been shown to associate with MHC-I in the medial Golgi [5]. How this shapes its biological role is not entirely clear. While we have speculated that the ability of TAPBPR to exchange peptides in an environment with relatively low abundance of TAP supplied peptides may contribute to refining the peptide repertoire presented [8], it could also indicate an involvement of TAPBPR in atypical peptide loading. 
TAPBPR also differs from tapasin in that its function and influence on the presented peptide repertoire is not limited to its activity as a peptide editor. Through its interaction with UGT1, TAPBPR assists with the recycling of peptide-receptive MHC-I to the PLC [9].  Mutation of a single residue in TAPBPR (C94A) abrogates UGT1 interaction, and while TAPBPRs ability to edit peptides is retained, the reduced MHC-I recycling leads to a restriction of the peptide repertoire and, for HLA-A2, a shifted proportion of presented peptides containing canonical anchor residues [9]. Thus, the recycling activity of TAPBPR influences both the diversity and quality of the repertoire and is a contributing factor to the role of TAPBPR in the antigen presentation pathway. 

Does heterogeneity in the pathway help to cope with the substantial variation in MHC-I?  
Much of our insight regarding the specific components of MHC-I antigen processing and presentation pathway stems from intensive investigation on a limited number of MHC-I allotypes.  However, do highly variable MHC-I molecules really gain cargo through one largely homogenous pathway?  We have appreciated for a while that polymorphism in MHC-I can have a significant impact on whether a particular allotype is dependent on tapasin for peptide loading [26-31]. However, little was known regarding whether variation in MHC-I impacted their interaction with TAPBPR. When the ability of TAPBPR to bind to 97 distinct MHC-I allotypes, spanning a broad range of HLA-A, -B and -C molecules was tested in an unbiased manner, it revealed polymorphisms in MHC-I significantly influenced their ability to bind to TAPBPR and consequently undergo TAPBPR-mediated peptide exchange [32].  TAPBPR appeared to have preference for HLA-A molecules, particularly allotypes of the A2 and A24 superfamilies, with molecular features of the HLA-A F-pocket (particularly residues 114 and 116) influencing their tendency to be edited by TAPBPR [32]. Recently, when the tapasin dependence of 97 common MHC-I allotypes was explored, it revealed a broad variability in MHC-I requirement on tapasin for stable expression on the plasma membrane [33].  While these two studies have different readouts to measure functionality of the two peptide editors, rather intriguingly, an inverse relationship was by and large observed for HLA-A allotypes present in both studies. For example, HLA-A*01:01 is the second most tapasin dependent in a series of 28 HLA-A tested [33], but binds weakly to recombinant TAPBPR and was therefore resistant to TAPBPR-mediated peptide exchange [32]. In contrast, HLA-A*68:02 is the strongest known TAPBPR binder to date and is highly susceptibility recombinant TAPBPR-mediated peptide exchange [32], but is a tapasin independent allotype [33]. Does this mean the peptide repertoire on some MHC-I is largely controlled by tapasin, while on others TAPBPR is the main influencer?  The relationship is likely to be more complex than an either/or situation, given that TAPBPR depletion appears to have only a subtle effect on MHC-I surface levels [8] compared to loss of tapasin [34,35] and the seemingly cyclical relationship that MHC-I has with tapasin and TAPBPR in some settings [5,6,9].  However, it is possible that having two heterogeneous peptide editors for MHC-I helps to provide enough peptide editing power to cope with the substantial variation in MHC-I.  No doubt further understanding of how the two MHC-I peptide editors work together to shape the repertoire of individual MHC-I will be key, moving forward.

	A wider role of TAPBPR in other presentation pathways 
Although a role for TAPBPR in antigen presentation has been characterized for classical MHC-I molecules [5,7-11,13,15-17,25,32], there are many molecules that contain an MHC fold [36]. Therefore, could TAPBPR have much broader functionality on a wider range of ligands than currently thought? One such molecule containing an MHC fold is the non-classical MHC class I related protein MR1 which presents metabolites to mucosal associated invariant T cells [37].  The antigen processing pathway for MR1 has been largely unexplored. However, recently, McWilliam et al. demonstrated that MR1 interacts with various chaperones associated with the classical MHC-I antigen processing pathway, including TAP1 and TAP2, tapasin, calnexin, calreticulin, UGT1, as well as TAPBPR [38]. Surface expression of MR1 was reduced in tapasin knock-out cells, and this reduction was exacerbated in dual tapasin-TAPBPR knock-out cells [38], mirroring previous findings for classical MHC-I [8].  As well as enhancing our knowledge regarding how MR1 folds and obtains cargo, this discovery opens up the possibility that TAPBPR makes a wider contribution to immune recognition than functioning exclusively on classical MHC-I.  

With this in mind, it is worth considering whether alternative splicing of TAPBPR could broaden its functionality. In human, 7 isoforms of TAPBPR have so far been described [39]. While most research has focused on the major isoform, TAPBPR alternative exon splicing results in TAPBPR products with alternative cytoplasmic tails as well as variants lacking the IgC domain and IgV/IgC domain [39]. Whether these isoforms are able to bind to novel ligands or lead to alternative biological functions remains undefined. Further insight into their biology may help us appreciate the biological need for TAPBPR. 

Conclusions
While there has been a flurry of investigation into TAPBPR in the last 6 years, resulting in a significant enhancement in our understanding into the process of peptide editing on MHC-I, the question remains: why do we need TAPBPR? Despite TAPBPR functioning as a peptide editor in a complex pathway associated with susceptibility to and protection against many diseases [40,41], there is still much to learn about TAPBPR and its overall role in the immune system.
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Figure legend
Figure 1 - The functions and trafficking of TAPBPR. 
TAPBPR has been mainly described in the context of classical MHC-I (A) where it preferentially exchanges peptides on HLA-A alleles over HLA-B and C. The peptide exchange is either direct via TAPBPR, or indirect as TAPBPR bridges the interaction between MHC-I and UGT-1, aiding in the reglucosylation of the MHC-I heavy chain and enabling its subsequent reincorporation into the PLC.  Recently, it has also been described that TAPBPR can interact with and assist the loading of metabolite antigens of MR1 (B). Since TAPBPR lacks an ER retention motif, it is also known to traffic to the Golgi where it can associate with MHC-I molecules (C). It is still not known if TAPBPR can traffic on from the Golgi to other cellular compartments (D), or indeed if it has additional interaction partners in either the ER or the Golgi (E and F). Figure made using Biorender.com
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References annotations:
**Of outstanding interest
Ref 15 – Ilca et al. 
This paper, together with [16], described the role of the TAPBPR K22-D35 loop in promoting peptide dissociation from MHC-I. Furthermore, it demonstrated how this function is dependent on the F-pocket specificity of different MHC-I allotypes.

Ref 16 - Sagert et al. 
This study, together with [15], demonstrated the role of the K22-D35 loop as a catalytic region mediating peptide dissociation from MHC-I.  The TAPBPR scoop loop was also shown to perform a chaperoning function.  

Ref 32 – Ilca et al. 
This study compares the ability of TAPBPR to interact with and edit peptides on a broad range of MHC-I allotypes, and describes polymorphisms which underpin the variation in the ability of different alleles to interact with TAPBPR. This is of particular interest in understanding the function of TAPBPR in the wider immune system.

Ref 38 – McWilliam et al. 
This paper described for the first time an interaction between the non-classical MHC molecule MR1 and components of the classical MHC-I antigen processing pathway, including TAPBPR, thus shedding light on the antigen presentation pathway of MR1, and also potentially on a novel function for TAPBPR as a chaperone.


*Of special interest
18 Hafstrand et al. 
Through crystallography and functional studies, the paper was the first to propose a role of the tapasin 11-20 loop in tapasin-mediated peptide editing.

19 Fisette et al. 
Using molecular dynamic simulations, this study suggested that the glycan on MHC-I at residue N86 helps to push the tapasin loop region toward the MHC-I F-pocket. Furthermore, it demonstrate that tapasin stabilises the MHC-I peptide binding groove. 

33 Bashirova et al. 
This paper quantified the tapasin-dependency of 97 MHC-I allotypes. Additional work suggested that tapasin-dependent allotypes present a more limited set of HIV-derived peptides than tapasin-independent allotypes. 
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