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ABSTRACT
UNRAVELING THE MOLECULAR BASIS OF MHGI ANTIGEN PROOFREADINGBY THE

CHAPERONE TAPBPR
Yi Sun

Nikolaos G. Sgourakis

Class | majorhistocompatibility compbe proteins play a pivotal role in adaptive immunity by
displaying epitopic peptides to CD8+ T celBedicatedmolecularchaperone®f MHC-I, tapasin and
TAP-binding proteirrelated TAPBPR), promote the selection of immunogenic antigens from a large
pool of intracellular peptidesThese chaperones stabilize nascent MH@llowing the loading of the
peptides to the empty peptide binding groove, the exchange d@blavoderate affinity for highaffinity
peptides (editing), and the momentary capture and release of peptides from a large peptide pool
(proofreading)Interactions othe chaperoned MH& molecules with incoming peptides are transient in
nature, and as a result, the precise antigen proofreading mechanism remainsTélastfere this thesis
work aimsto understand the peptigeoofreadingmechanism oMHC-I by capturing and examining the

biologically relevant MHCI/TAPBPR peptide proofreading complex.

Here,l demonstrate and characterize the dineteractiors between TAPBPR and a repertoire of
human MHCI allotypes, revealing the polymorphiesidueson theMHC-I/TAPBPRinteracting surfaces
can be engineeretbr altered chaperonerecanition. Using deep mutational scanning of TAPBPR
expressed at the plasma membraeeralgain-of-function TAPBPR mutanta/ere identifiedthat could
significanty enhancehe peptide exchange functiaf multiple diseaseelevant MHCI allotypes | also
adapt a structurguided approach to engineering conformationally stable MH@blecules, named
Aopen-IMBC by introducing a disul fi dpolynopmcdMHBIr i dgi ng
heavy chain and invariable light chaliam interface (G120C and H31C). | show that the interchain
disulfide bondincreases the thermostability of molecules loaded with kovd moderateaffinity peptide

carges. Finally, we leverageone of the engineeredhighfidelity TAPBPR variarg, TAPBPR'™,
Vi



containingthree mutations (S104F, K211L, and R270QhatMHC-I binding siteand conformationally
stabilized open MH@ to determine the solution structure of the human anfiyeafreadingcomplexof
MHC-I/TAPBPR bound to a peptide decoy by cryogenic electron microscopy at an average resolution of
3.0 A. Antigen proofreading is mediated by transient interactions formed between the nascent peptide
binding groove with theN-terminal P2/P3 peptide anchor®ltogether, thiswork has important
ramifications for understanding the selection of immunogenic epitopes for T cell screening and vaccine

design applications.
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Class | major histocompatibility complex (MHIE proteins display intracellular proteome onto the cell

CHAPTER 1 INTRODUCTION

surface for immunosurveillance by sampling a large pool of pefitidgnents . Optimal highaffinity-

peptideloaded MHGI (pMHC-I) molecules are recognized by T cell receptors (TCRs) and natural killer

(NK) receptors, triggering downstream cellular activation and clonal expansion, and inducing the

clearance of infected or aberrant c&tisMHC-I is typically comprised of an-&-15-amincacid peptide,

an invariable light chain humanbe2a mi cr ogl obul i n (b m), and

t hat cont ai

ns t hr ee,; @ apAbalélg. THe HC ia encoded byamemfsthe Mast

a

highl

polymorphic loci, HLAA, -B, or -C (Human Leucocyte Antigen, the human MHC) locus, resulting in

more than 35,000 HLA alleles in the human genorht A polymorphisms are mainly located in the

peptidebi ndi ng

groove tamdh dlsi cceosshped fid. dZlassiEal HIAA, -B,

or -C allotypes can be further divided into different supertypes according to their various peptide binding

specificities, determined by primary anchoring interactions with the peptide po$#pR8, P5, andP9

(P )% This polymorphic nature of MHE leads to a diversity of displayed peptide repertoires and

TCRs, which ultimately shape immune responses and disease susceptibility among intfividuals

az

Polymorphic
heavy chain

Qi
S
S
S Invariable
S : light chain
Bz2m
MHC-I

Peptide

Peptide
binding
groove

Figure 1-1 Schematic of MHGC| and its peptide binding groove.Created using BioRender.
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Figure 1-2 Schematic of MHG | antigen processing and presentation pathway.

MHC-I1 folding and peptide loading are subject to intricegdiular quality controbnd facilitated through

their interactions with different cofactors and molecular chaper(figs 1-2). Nascent MHGI HC is

initially stabilized by the lectth i ke chaperone calnexin ando. &l | ows s
This intrinsically unstable heterodimer is then recruited into the peptide loading complex (PLC) by
calreticulin and tapasin. Thassociation of MH&/calreticulin/tapasin is further stabilized by ERp57
conjugated to tapasin via a disulfide bond, forming the complete-sulitinit membranbound PLG*

17 Tapasin brings empty MHCclose to the transporter associated with antigen processing (TAP) that



translocates peptides from cytosol to the endoplasmic reticulum (ER). These peptfdebargimmed

in the ER by ER aminopeptidade(ERAP1) to yield a pool of fragments ofl® amino acids for MHGQ
binding'®. Properly folded, peptidimaded MHGI molecules can be selectively transported to the cell
surface for TCR recognition, known as the antigen procesasidgresentatiopathway®. The stability of
pMHC-I complexes defined their trafficking, celurface display, and, ultimatelymmunogenicity.

While the translocation of cytosolically processed peptides into the ER lumen by TAP is energized by
ATP hydrolysis, the association of peptide with the nascent MHCH @\/isfdriven by a local peptide
concentration gradiengllowing the loading of the peptides to the empty peptide binding groove, the
exchange of lowto-moderate affinity for higfaffinity peptides, and the momentary capture and release of
peptides from a large peptide pool (termed loading, editing, and proofreading, respediaahgin and
tapasin homolog, TAPBPR (TABInding proteinrelated), facilitate this process of peptide loading
editing and proofreadindpy stabilizing nascent MHC molecules in an open, peptideceptive state.
Deregulation expression of tapasin and TAPBPR results in altered peptide repertoires and presentation

and disease susceptibility to cancer, infections, and autoimmune di%&ases

Tapasin and TAPBPR are dedicated MHEhaperones=ven though tapasin and TAPBPR are identified
bothas MHCI peptide editors, recent data suggest that these two chaperones perform distinct roles in the
cells. This is supported by the finding tigAPBPR cannot be substituted by tapasin within the cell and
uniquely affects the repertoires of displayed peptitfésWhile tapasin is associated with the TAP
transporter in ER, TAPBPR does not interact with either TAP or ERp57 and lacks an ER retention motif,
and thus its localization is not restricted to the ER. As a result, TAPBPR is also found in the Golgi, and
can chaperone MHC molecules farther along the trafficking pathway. In additibAPBPR is not part

of PLC, but it servesas an additional quality control checkpoint for pM#@olecules and further
optimizes the peptide cargo of the MHCmoleculesen routeto the cell surfacé??32 Studies have

shown thatTAPBPR participates in the reglucosylation cycle of MH@olecules by promoting

interactions with UDRylucose:glycoprotein glucosyltransferase 1 ®Q)%. The resulting mono
3



glucosylated MH@ molecules can then be recycled by calnexin or calreticulin, potentially obtaining a
second chance toad a suitable, highffinity peptide by revisiting the P, Furthermore, these two
chaperones have recently emerged as key componemiefantingnetabolite ligands on MHEelated

1 (MR1) molecule¥'%?, These unique functions of tapasin and TAPBPR in editing NHiGand
repertoires allow them to adapt braadvitro applications, including the generation of pMHGbraries
encompassing different peptide specificities or the loading of antigens on cells independently of the

endogenous processing pathfay+4

While extreme polymorphisms within MHCpeptide binding grooves define the immunogenic peptide
repertoires of the class | HLA protefd’, these residues at the groove and chaperone interaction
surfaces can also confer a wide rangelefendence on chaperones for antigen loading and cell surface
expressiofr2936484 Tapasin independence of MHGlleles correlates with an increased breadth of the
peptide repertoif® and can lead to enhanced control of HIV viral Id&dsikewise, TAPBPRknockout

cell lines express MHT molecules presenting a broader spectrum of peptides, relative to thgypéld
(WT) cell$’. Moreover, amino acid variation in thé and (b domains can also affect interactions with
chaperones. Polymorphic residues located on the floor of the-Mitl@bve lead to tapasin dependencies
for HLA-B alleles®%8, Meanwhile, TAPBPR preferentially interacts with Hi4Aover HLA-B and-C
alleles. Introducing specific residues H114 and Y116 located in the peptide binding groove to non
interacting HLA allotypes confers gaof-function binding to TAPBP. Highly polymorphic MHGCI
residues distant to the chaperone binding sites can also influence interactions with TAPBPR by
modulating the dynamics of the peptide binding gré¥feindicating that conformational plasticity also

contributes to the allelic specificity of chaperone recognition.

X-ray crystallography and cryelectron microscopy (cry&M) have revealed detailed structures of
MHC-I molecules in complexes with various chaperones. The initiedyXcrystal structure of tapasin

was obtained in complex with the chaperone ERp57, revealing a didinkée heterodimét.
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Subsequent mutagenesis and binding studies identified potentiatiMii€raction sites, and in recent
years, two structures of TAPBPR in complex with mouse MH@re resolved®® A tapasin/MHCI

structure and a tapasin/ERp57/MH Geterotrimer structure weadsodetermine% The complete PLC
structure was first visualized through crigd at 5.8 A resolutioffand later refined to 3.7 ‘A These
structures have significantly advanced our understanding of the interactions between nascent, empty

MHC-I and chaperones during the chaperorediated peptide loading.

Two independently solved crystal structures of pepdieicient mouse MH@ bound to human
TAPBPR283 together with studies of TAPBPR and tapasin in complex with human-MH@ecules by

X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryogenic electron
microscopy (cryeEM)86:43:5951.6567.68njght havealso provided key insights to understand the allele
dependenTAPBPR chaperoning mechanism. TAPBPR forms a gitike cradle that nestles on MHC

| 6s peptide binding groove ahtdits&Cxeemdaalk meiCi aner
TAPBPR samples and stabilizes empty MH@ an open, peptidesceptive conformation with a

wi dened peptide bindi mbelixgshifted ausvards Wwyh3$ASeEmptyiViIC-s h o r t
I/TAPBPR complex can, therefore, screen the incoming peptides, and loading edffirgty peptides

i nduces a cl osed ¢ befixt viar negative allosterio fmodulation between non
overlapping peptide binding sites and tapasin/TAPBPR binding sites of -MHC release the
chaperone$t2¢ TAPBPR shows a preference for interacting with empty or suboptimal pépiided

MHC-1 molecules to exchange levior high-affinity peptides Meanwhile, ithas been demonstrated that
TAPBPR can recognize a much broader allelic repertoire of partially folded, emptylMidecules, as

shown by deepcanningnutagenesis experimepit§® A range of biophysical studies have shown that the
affinity of TAPBPR for MHGI is negatively correlated with peptide occupafi¢y®* This adaptability

of underlying interactions suggests that the corresponding conformational epitopes on folded MHC

molecules are suboptimal for binding to chaperones. Therefore, the precise molecular mechanism of the

(



peptideediting and proofreadinfunction of TAPBPR remains incompletely characteri2é¢ due to the

transient nature and instability of the peptide/MHCAPBPR intermediate complex.

The ultimate goal of myhesis workis to shed light ornthe precise peptid@roofreadingmechanisnof

MHC-I by TAPBPR by capturing and studyintipe biologically relevant peptideound MHCGI/TAPBPR

complex stateTowards this goall began by characteriing the direct interactions of TAPBP{ariants

with different HLA allotypesin their peptiddoaded andf r ee st at es . I n coll abora
lab, we conducted deep mutational scanning of WT TAPBPR expressed at the plasma membrane to
identify gainof-function TAPBPR mutantsAnalysis using recombinant proteins in our lalvealed a
significantenhancenent of peptide exchange functidor HLA-A*02:01 as well agobustexchange on
HLA-A*01:01, which is an allotype originally not susceptible to peptide ediisigg WT TAPBPR®.

One of the engineered higiuelity chaperonespamedTAPBPR'™, containingthree mutations (S104F,

K211L, and R270Q) athe MHC-I interaction sitesignificantly enhancd binding to peptiddoaded

MHC-I. TAPBPR'™ also promotel interactions withmultiple HLA allotypes expressed in a cellular
membrane t@nableantigen loading independently of the endogenous pathiMext, | explored methods

for enhaning the stability ofempty or suboptimal peptiddoadedMHC-1 molecules to enable peptide

exchange without the use of molecular chaperohmeemployed a structureguided approach to
engineering conformationally stable MHC mo |l ecul es, Ala e oyl a memr oMHIC i ng
bond bridging conseraandanterfasei (G120C aradcH31ELCE showedhtteatheH C/ b
interchain disulfide bond increases the thermostabilitgnopty molecules amolecules loaded with low

and moderataffinity peptide carge Furthermore, this system enablié® exchange of placeholder

peptides, obtained in collaboration with the Burslem lab, across multiple commorAHBAd HLA-B*

supertypes, alleviating the requirement for molecular chapertoveards multiple applications in

experimental immunology.



With these tools in hand biochemically purifieda peptide decoloaded open HLAA* 0 2 @ ih / B
complex with TAPBPRF and in collaboration with the MossakovaBell lab, we determinel the
cryoEM structure othe MHGI chaperone proofreading complex whicdveaéd a key intermediate of

the peptide exchange proce¥¥e find that the transient proofreading complex utilizes (1) conserved
groove residues to capture the backbone of incoming peptidesaitivalike conformation, (2) properly
conformed hydrophobic A B-, and Dpockets to dock the peptide P2 and P3 ancabtise N terminus

and (3) a conformationally heterogenougpdeket that folds upon binding to higtffinity peptides,
allosterically triggering the dissociation of TAPBPR. Taken together, our combined structural,
biochemical, and functional studies provide a complete mechanism ofIMid@gen proofreading and
peptide repertoire selection, with important applications in screening for and eliciting T cell responses in

various experimental and therapeutic settings.

Taken togetherthese findings have facilitated the development of the-thighughput production of
PMHC-I tetramer libraries using a refolding exchange systemitro®’, as well as in mammalian c€fis
Chaperoneamediated peptide exchangé pMHC-I in a large scal@enda tetrameric or multimeric form
allows us to screen for various viral, cancer, and autoimmune peptide epitopes.chhpseone
exchangedtetrameric pMHGI libraries can also be used to define the specificitiesiovel TCRs,
chimeric antigen receptors (CARSs), and other synthetic immune receptors that target a variety df pMHC
molecules. Overallthis thesis work has important ramifications for understanding the selection of

immunogenic epitopes for T cell screening and vaccine design applications.



CHAPTER 2 XENO INTERACTIONS BETWEEN MHC -1 PROTEINS AND MOLECULAR
CHAPERONES ENABLE LIGAND EXCHANGE ON A BROAD REPERTOIRE OF HLA
ALLOTYPES

The content of this chapter was originally publishedScience Advancdt is adapted here with
permission:

Sun, Y, Papadaki, G. F., Devlin, C. A., Danon, J. N., Young, M. C., Winters, T. J., Burslem, G. M.,
Procko, E., & Sgourakis, N. G. (2023). Xeno interactions between Mid@teins and molecular
chaperones enable ligand exchange on a broad repertoire of HLA alloBgiesce advance$(8),
eade7151https://doi.org/10.1126/sciadv.ade7151

I designed the experiments, performed surface plasmon resonance, isothermal titration calorimetry,
hydrogen/deuterium exchange mass spectromdinprescence polarizationdifferential scanning
fluorimetry, conduatddata analysesnd wrote the paper with feedback from all authors in this study.

Abstract:

Immunological chaperones tapasin and TAP binding protein, related (TAPBPR) play key roles in
antigenic peptide optimization and quality control of nascent class | major histocompatibility complex
(MHC-1) molecules. The polymorphic nature of MH@roteins leads to a range of allelic dependencies

on chaperones for assembly and-seltface expression, limiting chaperemediated peptide exchange to

a restricted set of human leukocyte antigen (HLA) allotypes. Here, we demonstrate and characterize xeno
interactions between a chicken TAPBPR ortholog and a complementary repertoire of HLA allotypes,
relative to its human counterpart. We find that TAPBPR orthologs recognize emptyl MitfCbroader

allele specificity and facilitate peptide exchange by maintaining a reservoir of receptive molecules. Deep
mutational scanning of human TAPBPR further identifies -gdifunction mutants, resembling the
chicken sequence, which can enhance FA*Q1:01 expression in situ and promote peptide exchamge

vitro. These results highlight that polymorphic sites on MH®d chaperone surfaces can be engineered

to manipulate their interactions, enabling chapermeeliated peptide exchange on diseasevant HLA

alleles.


https://doi.org/10.1126/sciadv.ade7151

2.1 Divergent TAPBPR orthologs show a range of stabilities and interactions with MH&

To identify evolutionarily divergent TAPBPR orthologs with unique features relevant to interactions with
MHC-1 molecules, weperformed a phylogenetic analysis focusing on the ectodomains of 16 TAPBPR
sequences from different speci€gg( 2-1A). Human and chicken TAPBPRTAPBPR and chTAPBPR,
respectively) share 46% sequence identity with regions of relatively higher conservation. Mouse
TAPBPR (moTAPBPR) is an intermediate between the two (77%/50% sequence identity relative to
human/chicken). The structure of hTAPBPR interacting with méizs®Y h u mann (2, PDB ID:
S5WER) illustrates that 12 out of 23 residues in contact with the MIHEavy chaif® differ between
human and chicken TAPBPRFig. 2-1B). Structure modelingof chTAPBPR based on a human
TAPBPR/murine MHGI co-crystal structur€ followed by an electrostatic surface potential analysis
reveals divergent features of MHCinteraction footprints on TAPBPRF{g. 2-1C). Specifically,
contiguous surfaces formed by residue2063540, 139145 and R270 define positively and negatively
charged epitopes in the human and chicken TAPBPR sequences, respeé¢iigel2-1B and C).
Together, the sequence and structumsed analyses highlight the potential for x@rteractions between

TAPBPR orthologs and complementary sets of HLA

We next compared the biochemical properties of different TAPBPR orthologs expressed as recombinant
proteins and purified by size exclusion chromatography (SEC). Differential scanning fluorimetry (DSF)
analysis showed aubstantial increase in the thermal stabilities of mouse and chicken TAPBPR, with
melting temperatures fJ of 568C and 62.%C, compared to hTAPBPR (= 53 €C) (Fig. 2-1D). We

further evaluated interactions of different TAPBPR orthologs wéfitesentative common HLA allotypes
HLA-A*01:01, A*02:01, and A*24:02 using an electrophoretic mobility shift assay (EMSA), performed
under native conditions. Here, we characterized interactions with pejetitiéeent MHCGI molecules, as
previous studies showed the formation of hkaffinity protein complexe$373 While producing empty

MHC-I molecules was challenging due to their instalilitywe refolded HLA molecules with

photosensitive peptides, which could dissociate upon UV irradiation generating empty m6étules
9



Different HLAs (lanes 1, 2, and 12) and TAPBPR orthologs (lanes 3, 6, and 9) presented characteristic
mobilities Fig. 2-1E), and the appearance of new bands revealed evidence of TAPBPR/bttplex
formation. Using this assay, we observed complex formation between hTAPBPR and*d2A1

(lane 4) and to a lesser extent with H&%24:02 (lane 5), but not with HLAA*01:01 (lane 13) Fig. 2-

1E). However, moTAPBPR formed a complex only with HA%02:01 (lane 7) and chTAPBPR solely
interacted with HLAA*24:02 (lane 11), showing no binding to HEA*01:01 (lanes 14 and 15) under

our experimental condition$-ig. 2-1E). These results suggest that recombinant TAPBPR proteins have

distinct HLA binding profiles.
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Figure 2-1 Divergent TAPBPR sequences show differences in stability and recognition of HLA
allotypes. (A) Phylogenetic analysis of TAPBPR ectodomain sequences from seleptaies.
Evolutionary analysis was conducted in MEGA7Y. The bootstrap values (500 bootstrap trials), depicted as
spheres, indicate the percentage of trees in which the associated taxa clustered t&jethafade
representation of hnTAPBPR in contact with moused2 h u manrcomplexX® (PDB ID: SWER, left).

The predicted contact residues of hTAPBPR are highlighted in purple or red for the conserved or
polymorphic residues between human and chicken orthologs, respectively (right). For the polymorphic
sites, the respective chicken residues are shown in @dC¢mparison of the electrostatic potential
surfaces for human and chicken TAPSiPRBdanduptoh7é i ndi
ksT/e in blue, wherekis the Boltzmann constant, T the temperature, and e the unit charge) as calculated
using the APBS solver in PyMOL The structural model of chTAPBPR was generatedusing the
BAKER-ROBETTA'® server.(D) Tm (°C) obtained from DSF for recombinant human, chicken, and
mouse TAPBPR. The data shown represent replicate assays (BX3J)lative gel shift analysis of
TAPBPR orthologs and MHC complex formation. Each well is loaded with pMHQGAQ2: HLA-

A*02:01 refolded with KILGFVFJV, A24: HLAA*24:02 refolded with VYGJVRACL, and A01: HLA
A*01:01 refolded with STAPGJLEY, where J=Bnino3-(2-nitrophenyl}propionic acid, TAPBPR or
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1:1 molar ratio mixture. Samples were tfvadiated for 1 hour at 365 nm, when indicated. The formed
MHC-I/TAPBPR complexes are indicated with arrows.

2.2TAPBPR orthologs exhibit distinct binding profiles with HLAs captured on single antigen beads

To evaluate interactions between recombinantly expressed TAPBPR from different species and a broad
range of human MHQ allotypes, we employed single antigen HLA class | beads (SABs). The beads are
fluorescently coloicoded and coated with 96 different HLA alloty#&§ derived from expression in

Epstein Barr virus (EBVAjransformed cell lines and thus loaded with g ar de n v a-derived y 0 of
peptides. A SABsdased assay has been previously applied to study interactions between hTAPBPR and
HLA-1%8, Here, we further adapted the method to capture interactions of different TAPBPR orthologs by
creating multivalent tetramer§&if). 2-2A), as previously describ&d The advantages of using tetramers

are to improve avidity for identifying losaffinity interactions with MHGI and allow direct comparisons

of MHC-I binding across TAPBPR orthologs, bypassing primaryBAPBPR antibodies.

To confirm the conformational integrity of HAmolecules, we compared the staining levels using the
panHLA class | reactive monoclonal antibody W6/32, which recognizes a conformational epitope on
heavy chairfim complexe®, with contributions from both polypeptide chadthsMean fluorescence
intensity (MFI) levels were similar for all beads, revealing homogeneous protein levels across ll HLA
allotypes Fig. 2-3A). Since the TAPBPR binding epitope on MH®& masked by W6/32 binding, we
pre-incubated the beads with W6/32 followed by tetramer additi@mondrol for norspecific background
staining levels. In agreement, the MFI levels of bound TAPBPR tetramers were substantially reduced
upon incubation with W6/32Fg. 2-3B-E). Thus, we used the MFI ratio dhe TAPBPR tetramer
staining signal relative to this control experiment to quantify interactions with different HLA allotypes
Additionally, we used the TN6 mutant of TAPBPR (hTAPBFRE205K, R207E, Q209S, Q272%)ig.

2-2B and 2-3B), which does not interact with HL-A*02:01%643 to further control for nomspecific
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binding by choosing a threshold of 5.9figmeanMFI ratio of hTAPBPRN® + 3s) to define significant

interactions, relative to the contréli. 2-2C).
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Figure 2-2 TAPBPR orthologs demonstrate distinct HLA binding profiles using single antigen
beads (SABs)(A) Schematiaepresentation of the SABs assay used to measure the levels of binding to
individual HLA-1 allotypes by streptavidiPE conjugated TAPBPR orthologs. SABs are celoded and

are decorated with different HLA al | ot ypes. The SABs were incubat
TAPBPR for 1 hour at room temperature (RT) Box plot showing the distribution of the TAPBPR

MFI ratios for the 96 HLAl allotypes. hTAPBPR® was used to determine interactions between
TAPBPR orthologsand MHC-I molecules.The boundaryof the box closestto zeroindicatesthe 25"
percentile,the line within the box marksthe medianand the boundaryof the box farthestfrom zero
indicatesthe 75" percentile Whiskersaboveandbelowthe box indicatethe 10" and90" percentilesThe
pointsabovethe whiskersindicateoutliersoutsidethe 90" percentile (C) Bar graph showing the levels of
hTAPBPR and chTAPBPR binding to the SABs. Incubation with the W6/32 antibody prior to tetramer
staining was used to control for the rgpecific background binding, and the MFI ratio of
TAPBPR/control was determined. A eofff of logio 5.97 (0.77) was set to determine an interaction as
significant calculatedrom the meanMFI ratio of hnTAPBPR™N® + 3s. Plotted data are means from 3
independent experimentD) Correlation of hTAPBPR and chTAPBPR lg@vFI ratio) plotted in (C).

The dotted red line represents a conceptual 1:1 correlation (no difference between orthologs).

Analysis of MFI ratios revealed substantial differences in interaction profiles exhibited by human and
chicken TAPBPR with different HLA supertype representatives. Particularly, hTAPBPR showed high
levels of binding to HLAA*32:01 (A01 supertype); HLAA*29:02 (A01/A24 supertype); HLAA*02:01,
A*02:03, A*02:06, A*68:02, and A*69:01 (A02 supertype); HLA*68:01 and A*74:01 (A03

supertype); HLAA*23:01, A*24:02, and A*24:03 (A24 supertype); and HiB¥37:01 (B44 supertype)
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(Fig. 2-2C). Chicken TAPBPR showed high levels of binding to HBA32:01 (A0l supertype); HLA

A*29:01 and A*29:02(A01/A24 supertype); HLAA*74:01 (AO3 supertype); HLAA*23:01, A*24:02,

and A*24:03 (A24 supertype); HLB*08:01 (B08 supertype); HLA*37:01 (B44 supertype); HLA

B*57:03 (B58 supertype); HLA*59:01 (unclassified); and HLAC*01:02 and C*03:04 (CO1
supertype), thereby demonstrating differential binding to HLA representatives and covering
complementary sets of HLB and C supertypesFig. 2-2C and D). Conversely, analogous SAB
experiments using the mouse ortholog showed MFI ratios less than 5.97, suggesting weak interactions
across HLA allotypesHig. 2-3E). In summary, our higthroughput SABs assay demonstrates that
different TAPBPR orthologs exhibit distinct interaction profiles with HLAllotypes, in agreement with

our preliminary EMSA analysid=(g. 2-1E).
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Figure 2-3 Binding levels of TAPBPR tetramers on HLA single antigen beadgA) Levels of folded
MHC-1 molecules captured on single antigen beads (SABs), related to Figumee?e detected using the
primary antiHLA Class | antibody W6/32 (Abcam, ab22432) and the secondarymanise PE
conjugated antibody (Abcam, ab97024). Similar levels of pejitigded MHGI molecules were
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observed across different HLA allotypeB){E) Bar graphs showing the logarithm of Mean Fluorescent
Intensity (MFI) levels of tetramerizedB] hTAPBPRTNG6 (negative control),Cj hTAPBPR, D)
chTAPBPR, and E) moTAPBPR binding to HLA molecules on SABs. Incubation with the W6/32
antibody prior to tetramer addition was usecttmtrol for background staining levels. The plotted data

were generated based on n=3 independent experiments and the standard deviation is depicted with error
bars.

2.3 Differential recognition of peptide-deficient relative to loaded MHC-I molecules by TAPBPR

To further explore interactions between TAPBPR orthologs and different HLA allotypes in a peptide
dependent manner, we used surface plasmon resonance (SPR) as a quantitative assessment of protein
protein interactionsHig. 2-4A). A set of recombinant HLA allotypes covering all six Hi8Asupertypes

and two HLAB supertype® were refolded with bom and photolabile peptid&s We confirmed that
peptideloaded HLA (pHLA)B*08:01 interacted with chicken but not human TAPBPR with a édoM

range dissociation equilibrium constanbjKin agreement with our SAB assay resufig(2-4B and C).
pHLA-A*24:02 and pHLAA*68:02 exhibited higher binding affinities towards human relative to
chicken TAPBPR FKig. 2-4C). pHLA-A*29:02 and pHLAA*68:02 bound to both orthologs with
nanomolairange ks and slow dissociation rate constamig (Fig. 2-4C). pHLA-A*02:01 and pHLA
A*30:01 interacted with human but not chicken TAPBARg( 2-4C). As established previously for
human TAPBPFEE485! peptideloaded HLAA*01:01 showed no interaction with either ortholdgg(. 2-

4C). Notably, pHLAB*37:01 showed no direct interactions with both chaperof&s @-4C), which
seemed to contradict our SABs results. Here, iomortant caveat is that TAPBPR binding to MHC
molecules is highly dependent on groove peptide occufEiiéy*® and demonstrates a narrow

specificity towards peptidmaded MHCI with micromolarrange affinities [Fig. 2-4D).

We further investigated interactions between TAPBPR orthologs and empty HLA proteins by performing
a 20minute UV irradiation on these photolabjeptideloaded molecules prior to SPR® (Fig. 2-4A).
We found that, while HLAA*01:01 did not bind to human TAPBPR in agreement with previous

report$®, empty molecules demonstrated a low micromodage binding to chicken TAPBPi{. 2-
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4E). Compared to pHLAB*08:01, empty HLAB*08:01 showed tighter binding to chTAPBPR due to a
2-fold decreasedkq (Fig. 2-4B and F). Peptidedeficient HLA-A*68:02 and A*24:02 interacted with
human and chicken TAPBPR with higher affinities relative to their pejigided states~g. 2-4C and

G). Furthermore, both orthologs bound to embtyA-A*11:01 and B*37:01, but not to the respective
peptideloaded molecule Hig. 2-4G). Like HLA-A*02:01, HLA-A*30:01 showed direct binding to
chTAPBPR upon UV irradiationF{g. 2-4G). HLA-A*29:02 in either peptidédoaded or-deficient states
demonstrated a low nanomela@nge interaction with both orthologkig. 2-4G). While empty HLA
A*30:01, A*29:02, A*02:01, and A*68:02 exhibited tighter binding to hTAPBPR, empty HU*A1:01,
A*24:02, and B*37:01 showed higher affinities towards chTAPBPFR.(2-4G). In summary, peptide
deficient HLA allotypes showed direct binding to at least one TAPBPR ortholog with higher affinities
compared to peptidwaded moleculesHg. 2-4H). While consistent with our EMSA results, which
showed that both orthologs demonstrated binding to HA24:02 (Fig. 2-1E), SPR further revealed
interactions between chTAPBPR and empty HA#02:01 with an almost double#y compared to
chTAPBPR/HLAA*24:02. The lack of binding to empty HL-A*02:01 in our native gel assay can be
explained by instability of the complexes under our experimental conditionsn Witeo SPR and SABs
assay were also reconciled, since SABs contained WMHhhGlecules comprising a mixture of high and
intermediateaffinity peptides, thereby preventing a detailed analysis of the peptide dependence of

interactions with molecular chaperones.

16



A B Cc D

Binding of pMHC-1| 20 minutes chTAPBPR/B*08:01 15+ Peptide-loaded Peptide-loaded
to immobilized UV irradiation K, =3.2¢0.8 pMm . . MHC-I
TAPBPR 1509 fou k = 3400:1100M's" I HTAPBPR ¢
n Q& -~ k,=00101:0.0008 5! 1.0 L ChTAPEPR \8 \8
uv Peptide | 100 = pn5
w pPMHC-I fragments 21 05 hTAPBPR chTAPBPR
Biotinylated Empty |2 Poo-{ NENBNB _[EINB  NBNBIZUSINEIRINBNENENENENE
hichTAPBPR MHC-l |2 | %00 3 U A2002
o A3001 AB802 goa01
= 054 Ap201  A2402
- hMR1
T

Sh of |98 S8 | & 0 s oo 0 Iy ririrririrrro

N n N A N
Metal Surface Time (sec) HLA’pQ\Q p&@ ?ﬂ«qﬂpﬁ?’u P@&P-"\a ﬂh&@w %_51() (‘p\dbGQ\“
B ChTAPBPRIA®01:01 (empty) | chTAPBPRIB*08:01 (empty) © Peptide-deficient H  Peptide-deficient
K, = 1.5:0.1 M K, = 1.9:0.2 M 1.5 )
150+ k. =8350£410M's" 200~ k = 27704260 M's" [ hTAPBPR AZ02 0101
K=0012:0.002 5" K,=0.0053:0.0008 ' 4 o-| [ chTAPERR E0103 ASSg2 BosO1
10uM AN Got01
104M 150 — 83701
1007 = 0.5 ’—I—‘
N; i_ls.A0A ;
. (= 1
2 2100 Loopalom WL SR e, 3
50+ = U T3
501 = 20
0.5 8%
0 g8
—4 a
S T e e JURL S e "
-50 0 50 100 150 200 250 -50 0 50 100 150 200 250 A A . A Q2 A 9 A A 0y A ! M
) - Lo o AN 0 LSRRI ER log, K, (M)
Time (sec) Time (sec) HLA- (o 1>~'5Q‘Q Pﬁﬁ poF 'l>~'i"bQ P %Q‘EQ G e Peptide-loaded

Figure 2-4 TAPBPR orthologs recognize peptidedeficient HLA molecules with a broad allelic
specificity in vitro. (A) Schematic diagram showing TAPBPR orthologs immobilized on the SPR sensor
chip. Different photolabile peptideaded HLA molecules at various concentrations with or without UV
irradiation flow over the surfaceB) Representative sensorgram of HBA08:01/FLRGRAJGL flowed

over a streptavidin chip coupled with chTAPBBRtin. (C) Log-scale comparison of iKKvalues for
chTAPBPR or hTAPBPR interacting with HLA allotypes as indicatda). $chematic summary of
peptideloaded HLA molecules interacting with hTAPBPR or chTAPBPR in light blue or red,
respectively. Allotypes that bind to hTAPBPR, chTAPBPR, or both are colored in blue, red, and black.
(E)-(F) Representative sensorgrams of UV irradiated FA*31:01 (E) and HLAB*08:01 (F). (G) Log-

scale comparison of Kvalues for chTAPBPR or hTAPBPR interacting with pepiiddicient HLA
allotypes as indicatedH) Schematic summary of peptidieficient HLA molecules interacting with
hTAPBPR or chTAPBPR in light blue or red, respectively. Allotypes that bind to hTAPBPR,
chTAPBPR, or both are colored in blue, red, and black. Correlation of pépdided anddeficient HLA
binding to hTAPBPR and chTAPBPR ledKp plotted in C) and O). The dotted red line represents a
conceptual 1:1 correlation (no difference between pejtidded and-deficient molecules). K
equilibrium constantk,, association rate constakg; dissociation rate constant; RU, resonance units. The
concentrations of analyte for the top and the bottom sensorgrams are noted. Fits from the kinetic analysis
are shown with red lines. Results of at least two technical replicates (nsgametplotted

We then extended our study of TAPBRReractions to cover the oligomorphic class Ib and-classical

MHC-I molecules, namely HLA*01:03, HLA-G*01:01, and MR1 C262& We showed that acetg

formylpterin (Ac6-FP)}loaded MR1 C262S bound to hTAPBPR with moderate affinity, while the
interaction with chTAPBPRwasbol d tighter (99 vs. 19 e M). The cl
no interaction with either human or chicken TAPBPR when prepared as plgatitbel molecules.

However, upon UV irradiation, peptigieficient HLA-E*01:03 interacted with hTAPBPR while HL-A
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G*01: 01 interacted wit hrangehlg(RidR B4ARNdE). Taken togettes, oua t e
SPR data provide additional evidence that different TAPBPR orthologs can interact with complementary
sets of HLA allotypes. Peptiedeficient MHGI molecules generally exhibit tighter interactions with
chaperones while, in some cases, both TAPBPR orthologs recognize the emptlystéittCexclusively,

in agreement with previous studig%:

2.4 Design ofconditional ligands to monitor peptide exchange across different HLA allotypes

To investigate the effects of interactions with TAPBPR orthologs on peptide exchange function for
different HLA allotypes, we followed the binding of fluorescently labeled Jaiffimity peptides by real

time fluorescence polarization (FP) Here, highaffinity fluorescent peptide probes exchange for
placeholder peptides that have beenlpegled on the HLA molecule of interest. We first identified
suitable conditional ligands that served as placeholder peptides for various HLA allotypes. Previous

approaches for generating such ligands use either photosensitive peptides treated with UV

e M

irradiatiorf*+™>8g r  figol di | oc ks 0 p e-gffinity peptsde epicopes bydrdncafion ofm hi g

the Nterminal amino acitd®® However, both approaches can lead to notable levels of background

exchange in the absence of chaperones, an effect that can mask any additional exchange promoted by

chaperones.
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Figure 2-5 Conditional peptide ligands reveal the effects of HLA micropolymorphisms and

supertype dependence of peptide exchange by TAPBPR ortholod#) Conditional peptide ligand

KI' LGFVFDbFV b as-@&M2:04-restrictédenflueinzaAMatrix 1 (586) epitope GILGFVFTL.
Thr8isreplacedwithib-Pheny |l al ani ne B)HBEA-A*UCE2 it ntel shdanni ng p
at each position as indicatedC)( Tm (°C) values obtained from DSF of HLA*02:01 bound to

KI LGFVFTV with bF subst i D) Conmparison @iy for fluctescerd peptide p o si t
binding to HLAA*02:01/K| LGFVFTV wi th BbF substintthe presenne o100 i ndi
nM hTAPBPR.(E) Crystal structure of HLAA*02:01%” (PDB ID: 3MRE) indicates the polymorphic

residues for HLAA*02:06 (light pink), HLA-A*02:11 (light yellow), HLA-A*02:71 (light blue), and
HLA-A*02:77 (light orange).K) Log-scale comparison dboveral for HLA-A*02:01, A*02:06, A*02:11,

A*02:71, and A*02:77 in the presence of hTAPBPR. The-sva mp | € unequal variance
was performed, p>0.12(ns), p<0.033(*), p<0.002(**), p<0.001(**8) Linear correlations between the

apparent rate constaritg,, and the concentrations of TAPBPR orthologs for HBA37:01. (H) Log-

scale comparison OKooverar for HLA-A*01:01, A*30:01, A*29:02, A*02:01, A*68:02, A*03:01,

A*11:01, A*24:02, B*08:01, and B*37:01 in the presence of human or chicken TAPBR&Rapparent

rate constankap, Was determined by fitting the raw trace to a monoexponential association model. The
extrapolation of the slopbetweenkay, and the concentrations of TAPBPR orthologs determines the

overall ratekooverar NA indicates ndkaovera (N0 peptide exchange) determined. Results of three technical
replicates (mean &) are plotted.

Here, we used an alternative method to generate conditional ligands by introducing an unnatural amino
acid L-b-PhenylalaninefF), structurally akin to the photolabile amino aci@r@ina3-(2-nitrophenyl}
propionic acid (damino acid}® but without peptide cleavage under the UV exploratiéig.(2-5A). We
explored all single residue substitutions of the epitope KILGFVFTV Wkhon the HLAA*02:01

system Fig. 2-5B). We found thabF modifications at positiaP5, P6, and P7 had a minimal effect on

peptide stability, yielding refolded HL-A*02:01 proteins with T, values of 62°C, 61 °C, and 63°C,
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respectively, which were indicative of higlffinity pMHC-I complexes [ig. 2-5C). However, the
introduction ofbF at either P1, P4, and P8 had a substantial destabilization effect, yielding complexes
with thermal stabilities in the range from 83 (bF-P8) to 58 C (bF-P3) Fig. 2-5C). This effect could be
attributed to both the short, bulky phenyl ring side chain in sterically confegidns of the pMHG

groove and the extra carbearbon bond in the peptide backbone that may introduce conformational
'strain’ to further destabilize the pMHC i nt er acti on <companre&dwvetthen t he
monitored the exchange of eabR-containing conditional ligand on the HEA*02:01 groove for a
fluorophoreconjugated, higtaffinity peptide in the presence or absence of 10 nM hTAPBR® found

that the effectiveness of hTAPBPR to catalyze the exchange of different placeholder peptides inversely
correlated with the thermal stabilities of thE peptide/HLAA*02:01 complexes, wherbF-P3 showed

the smallest andF-P8 the largest effect upon incubation with the chaperdéig @-5C and D).
Moreover, hTAPBPR at 10 nM concentration only accelerated the rate of reactiofR faptides that
already demonstrated a baseline level of exchange, whafeRss, bF-P6, andbF-P7 showed a value

greater than 6€C and no peptide exchange either in the absence or presence of 10nM hTARBRPR (

5D and 2-6A). Since hTAPBPR recognizes peptdeficient HLA-A*02:01 molecules with low
nanomolairange K as opposed to micromolaange for peptidédoaded molecules, a catalytic amount of
hTAPBPR can stabilize empty MHCIin a peptidereceptive conformation for peptide loading, in

agreement with previous studig®’.
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Figure 2-6 Structure-guided design of conditional peptide ligands influences TAPBPRediated

peptide exchange Kkinetics for different HLA allotypes. (A) Assessing the effect of the-b-
-A102:0tHredtritted rKEL@GRVFTY byp t i d e
fluorescence polarization (FP)The association profiles of the fluoropharenjugated peptide

Phenyl al anine

1aMraKLFGYPVYV to HLA
KI' LGFbFFTV,

residue (bF)

-A*02: 01/ bFI

KI' LGFVbBFTV, Kl

LGFVFTV,

LGFVFEDFV wi

KI bFGFVFTV,
t hout

KI Lbl
hTAPBP

as indicated. The data were fitted to a monoexponential association model to determine the apparent rate
constantkapp. Results of threeeplicates (mean) are plottedB)(The comparison Okqpp for fluorescent

peptide binding to HLAA*02:01/K | LGFVFTV wi t h

bF

s ubstinthapresence at i r

of 5000 nM hTAPBPR. The apparent rate constapgwas determined by fitting the raw trace to a
monoexponential association modeésults of three replicates (meas ttare plotted.

Further mor e,

we monitored

t he

e x ¢ h an gA02:01 witht h e

b F

5000 nM hTAPBPR. While hTAPBPR at a high concentration consistently promoted complete

fluorescent

b6,

pepPlLdEBERBRaaRd,
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hTAPBPR Fig. 2-6A). Expectedly, peptide exchange efficien&y,d was substantially enhanced in a

molar excess of hTAPBPRFig. 2-5D and 2-6B). Therefore, hTAPBPR, at a molar excess, could

recognize and chaperone the peptmded molecules to unload their cargos and make empty molecules

more accessible for the new incoming peptide. Based on the above results, we sel&tdtBtheptide

as the most suitable conditional ligand to investigate the effects of different TAPBPR orthologs on

peptide exchange forHLA* 02 : 0 1.

The

pept i d+<8leaded HIAA*Q20l was act i o n

most effectively promoted under both a catalytic and molar excess amount of hTAPBPRED and

2-6B). We then used a similar strategy to dedifnsubstituted peptides for H:-A*03:01, A*11:01,

A*30:01, A*68:02, and B*37:01 (KLIETYBFK, KTFPPTEBBFK, ETAGIGILBFV, and FEDLR\BFSF),

starting from the sequences of weadiscribed immunodominant epitop&sg 2-7). Using a combination

of bF designs, destabilized peptides witandino acid’, or other epitopic peptideFif. 2-7), we obtained

conditional pMHCI molecules with optimal thermal stabilities (> 80) to study chaperonmediated

exchange for representative HLA allotypes covering all six HliAupertypes and two HLAB

supertypes, in correspondence to our SPR binding studies.
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Figure 2-7 Structure-guided design of conditional peptide ligands influences TAPBPRiediated
peptide exchange kinetics for different HLA allotypes.Structureguided design of conditional peptide
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ETAGI GI LbFV, and FEDL RVb F SA&03:alr ilmmuripdosipadt proteolipitl h e HL
protein (PLP) epitope KLIETYFSK, HLAA*30:01 SARSCoV-2 nucleoprotein epitope KTFPPTEPK,
HLA-A*68:02 peptide ETAGIGILTV, and HLAB*37:01 Influenza NP33846 peptide FEDLRVLSF.

2.5TAPBPR orthologs catalyze peptide exchange on a broad repertoire of HLA supertypes

To quantitatively compare the effects of different TAPBPR orthologs on peptide exchange kinetics across
different HLA allotypes, we performed a series of FP experiments in which pHLA molecules and
fluorescent peptide probes at a fixed concentration were incubated with graded concentrations of the
chaperone. The observed apparent association rate conkightsdre determined by fitting a oEhase
association equation to describe the fluorescent peptide ligand andIMid§bciation. The slope
extrapolated from the linear fit betwed®,, and TAPBPR concentration was defined as the overall
catalytic rate Kaovera), Which is analogous to thk..: constant typically used to describe enzymatic

reactions under steady state conditiéf’s

Table 2-1 A summary of the binding affinities to TAPBPR orthologs and thepeptide exchange
results for 13 MHC-I representatives.
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Quperty AO01 AO01
pe A0l A3 o A02 A03 A24 | BO8 | B4
HLA- HLA-
HLA-A* HLA-B*
LA LA B o
Alele 01 02 68 11 24 08 37 01:0
o1 30:01 | 29:02 o1 02 03:.01 o1 02 o1 o1 3 01.01| MRL
Gobal population | 13. 5, 56 24 413 153 g3 96 84 13 361 740
frequency (%) 2 1
94 0.2 10.
hTAPRP | Loaded [ NBt 095 019 7" 7 nd4s NBU 5 NBt NBt NBt NBt 987
RKo*
CGM) | Empty | N8« 099 o026 O Ol 44, 20 25 g 70 g5 By
7 2 4 4 2
0.5 17. 31
chTAPB | loaded [ NBt NB1 017 NBt o nd4s NBt 7,7 5 NBt NBt NBt 192
PRKo*
(>M) 1.4 29 04 09 16 18 21
Bmpty | 128 029 A 3 n.d.4 1 A A S NBt  11.22
hTAPBP Yes Yes
Peptide R No  Yes Yes Yes Yes (12) Yes Yes No Yes (44)
exchan
®e? Ch;ARPB Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

*KD measured by SPR.

ANB, no binding.

yn.d. , KD not determined by SPR.
8Based on FP and/or DSF assays.

Previous studies have demonstrated that a small humber of sequence variations within HLA subtypes,
depending on their location, can control epitope length and influence TCR recdgfiti@ingle
polymorphisms between different alleles within the HBR& superfamily can induce a conformational

change of identical HIML peptides, which is associdteith viral escape and disease progresSidiere,

we hypothesized that such differences among micropolymorphic-A10R allotypes could also affect

TAPBPR recognition and peptide exchange kinetics. We found that hTAPBPR accelerated peptide
exchange on the HLA*02:06, A*02:11, A*02:71, and A*02:77 subtypes at similar levels relative to

A*02:01. However, forHLAA* 02 : 71 cont aining t hexkelix4gweRbsgrved vy mor p !

a reducedzoveral (335 M?s?) by 3.5 fold compared to A*02:0Fig. 2-5E and F). Notably, for HLA:

24



A*02: 77 which contained an amino adhelix(ElSaVhwd i t ut i ¢
observed a significantly increased rate of peptide exchange relative to A*02:01 (1748591162 M

s1), Given that both protein complexes with the same placeholder peptide exhibited a similar overall
stability, the presence of;halik mighsdse influencethe MiHGI ni c at i
interactions with TAPBPR. Taken together, our results provide evidence that the interplay of
polymorphic residues, both at the HUA'APBPR interface andemoved from it can finéune

interactions, and peptide exchange function.

We next examined the effects of both TAPBPR orthologs on peptide exchange across our panel of HLA
supertype representatives. Analysis of our FP data revealed that, whie.dhef HLA-A*02:01 was 8

fold higher for human than chicken TAPBPR, #6.a10f B*37:01 in the presence of hTAPBPR was
approximately Hold lower than chTAPBPRHg. 2-5G and H). Likewise, the overall exchange rate of
A*11:01 and A*24:02 with the addition of chrTAPBPR was more than dd 7#fold higher than
hTAPBPR Fig. 2-5H). Placed within the context of our SPR dafag( 2-4C and G), these results

suggest that both orthologs promote peptide exchange by recognizing empty HLA allotypes with different
affinities. In agreement, HLA*02:01 and A*68:02 with a substantially highk&foera for NTAPBPR

also showed a higher affinity to human over <chick
VS. 0.43 M fwceverhdk 68 : @201 1:884d (2. 04 vs. 0.91 egM),
and B*37:01 (7.02 vs. 2.19 M)Fig.(2-4G and 2-5H). Human and chicken TAPBPR catalyzed peptide
exchange for HLAA*30:01 or A29:02 at a similar rate with less than dolel change ofkaoveral,
demonstrating comparable affinities to the empty
0. 29 ¢ M f oFig.2A4G &nh@® 2-561)2 HTAPBPR showed no effect on peptide exchange for-HLA
A*01:01, A*03:01 and B*08:01, whereas chTAPBPR effectively catalyzed the peptide loading for the
same systems={g. 2-5H). Therefore, our FP results covering all six HBAsupertypes and two HLA
supertypegTable 2-1) support that TAPBPR catalysis proceeds through the recognition and stabilization

of an empty MHGI at a peptideeceptive conformation.
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To further test this hypothesis and to confirm whether chTAPBPR enablesfgaimction peptide
exchange, we focused on HLA*01:01 and B*08:01 both of which are not amenatiehTAPBPR

binding and peptide exchangevitro*®°1 We first selected highffinity peptides with increased thermal
stabilities by at least 5 degrees relative to complexes refolded with suitable placeholder peptides for both
systems Fig. 2-8A and C). As expected, HLAA*01:01 refolded with a moderaifinity RAS self

epitope did not exchange in the presence ofold molar excess of highffinity peptides either
spontaneously or upon incubation with hTAPBHRg( 2-8B), consistent with the observed lack of
binding between hTAPBPR and HEA*01:01 in either peptiddoaded or-deficient states by SPHEi.

2-4C and G). Notably, peptide exchange readily occurred when incubating pA10A:01 with
chTAPBPR in the presence of different higffinity epitopic peptides, leading to a more thardEgree

thermal shift Fig. 2-8B). The minor destabilization effect observed for chTAPBPR upon addition of a
nonspecific peptideKig. 2-8B), likely resulted from the formation of pMHIchTAPBPR complexes

with destabilized peptidbinding groove¥. HLA-B*08:01 showed a partial thermal shift upon
incubation with excess highffinity peptide, revealing a spontaneous, partial peptide loading effect
mediated by empty moleculeshich was not affected by the addition of hTAPBFARg( 2-8D). We

found that a catalytic amount of chTAPBPR promoted the complete exchange of placeholder for different
high-affinity peptides, as indicated by a single,-gfifted T, peak, while the nespecific peptide control

failed to bind in the presence of either human or chicken TAPBRIR 2-8D). Thus, our DSF assay
results demonstrate that chicken but not human TAPBPR can promote the complete peptide exchange for
HLA-A*01:01 and B*08:01. HLAA*02:01 and B*37:01, which demonstrate higffinity binding to

both orthologsKig. 2-4G), undergo complete peptide exchamageopposed to the negative control, in the
presence of both orthologbi@. 2-8E-H). Taken together, our data further support a mechanism where
TAPBPR orthologs, unless in large molar excess, primarily accelerate peptide exchange by capturing and

maintaining empty MH& molecules in their peptideeceptive, "open" conformation.
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Figure 2-8 TAPBPR orthologs catalyze a complete exchange 6fLA -A*01:01, B*08:01, A*02:01,
and B*37:01 for high-affinity peptides. (A) Melting temperature @, C) obtained from differential
scanning fluorimetry (DSF) of HLAA*01:01 bound to ILDTAGQEEY, ESDPIVAQY,
CTDDNALAYY, or PTDNYITTY. Data are mean £ for n = 3 technical replicatesB) Thermal
stabilities of HLAA*01:01/ILDTAGQEEY were determined in the presence offdld molar excess
ESDPIVAQY, CTDDNALAYY, PTDNYITTY, or a nonspecific peptide YPNVNIHNF for twdour
incubation at room temperature (RT) (light blue) with a catalytic amount of human (black) or chicken
(red) TAPBPR. C) Melting temperature (@I, C) obtained from DSF of HLA*08:01 bound to peptide
RPHERNGFTVL, FLRGRAYGL, ALWMRLLPL, or MLYQHLLPL. Data are mean & for n = 3
technical replicates.) Thermal stabilities of HLAB*08:01/RPHERNGFTVL were determined in the
presence of Hiold molar excess FLRGRAYGL, ALWMRLLPL, MLYQHLLPL, or a nespecific
peptide AIFQSSMTK for twehour incubation at RT (light blue) with a catalytic amount of human
(black) or chicken (red) TAPBPRE] Melting temperature (f, C) obtained from DSF of HLA
A*02:01 bound to KILGFVFJV and LLFGYPVYV. Data are meas for n = 3 technical replicated=)
Thermal stabilities of HLAA*02:01/KILGFVFJV in the presence of if0ld molar excess LLFGYPVYV
and a norspecific peptide YPNVNIHNF for twdour incubation at RT (light blue) with a catalytic
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amount of human (black) or chicken (red) TAPBPR) Melting temperature @, C) obtained from

DSFof HLAB* 37: 01 bound to FEDLRVbFSF asnfan+EHdé&hnkaV/ L SF . L
replicates. 1) Thermal stabilites oHLA-B* 3 7: 01/ FEDLRVDbFSF i-fold niolare pr es.
excess FEDLRVLSF and a napecific peptide NLVPMVATYV for twehour incubation at RT (light

blue) with a catalytic amount of human (black) or chicken (red) TAPBPR.

2.6 TAPBPR orthologs recognize conserved surfaces on empty MHQOmMolecules

We next sought to investigate the recognition mechanism of MhGlecules by chTAPBPR. First, we
established thermodynamic parameters describing the binding process betweerB1i8L04 and
chTAPBPR using isothermal titration calorimetry (ITC)TC titrations of chTAPBPR were performed

in the presence of-Bol d mol ar e x c e s saffifityl gefitide dobhsuresafuratiorhoé theh i g h
peptidebinding groove. Our ITC data revedlthat pHLA-B*08:01 exhibited a strong endothermic
bindinginteractionwith chTAPBPR Fig. 2-9A), similar to previous ITC results reporting on interactions
between P1810/H2-D® and p29/H2.¢ with hTAPBPR?. Fitting of the sigmoidal isotherms using a 1

site binding model yielded an appareny Kf 4.6 ¢ M, comparable to the 3.2
measurementd={g. 2-4B). We then isolated emptyLA-B*08:01/chTAPBPR complexeby incubating
UV-irradiated HLAB*08:01 loaded with FLRGRAJGL with chTAPBPR in a 1.5:1 stoichiometric ratio,
followed by SEC(Fig. 2-9B). Purified chrTAPBPR/HLAB08:01 complexes were receptive to high
affinity peptides, as evidencdy the appearance dfscrete pMHGI bandsin an EMSA uporincubation

with the highaffinity peptidesEBV, T1D30, and T1D95, but not with a ngpecific HIV epitopic
peptide Fig. 2-9C). Taken together, we demonstrate that chTAPBPR can recognize both feptidd
and-deficient molecules, albeit with different affinities, and maintimpty HLA-B*08:01 in a peptide

receptive state, in a similar manner established using hTAPBPR andAH)2A01 molecule$*°
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Figure 2-9 Chicken TAPBPR interacts with both peptideloaded and peptidereceptive HLA-

B*08:01 molecules.(A) Representative ITC titration of HLB* 0 8: 01/ FLRGRAJGL- (150 ¢

fold excess peptide FLRGRAJGL (450 ¢M) into a
FLRGRAJGL. The black line is the fit of the isotherm. Fitted values fgr K ggH@pS , and oG
determined using a-4dite binding model.§) SEC analysis of chTAPBPR (jpink) and the mixture of
chTAPBPR and HLAB*08:01/FLRGRAJGL after 40ninute UV irradiation (in blue). The peaks of
chTAPBPR, HLAB*08:01/FLRGRAJGL (pB*08:01), and chTAPBPR/HLB*08:01 complex were
collected, concentrated, and ran on SDS/PAGE, which confirmed the identity of the complexCpeak. (
The electrophoretic mobility shift assay (EMSA) of HIB%08:01/FLRGRAJGL (lane 1) and WV
irradiated HLAB*08:01 with a 16fold molar excess of a nespecific peptide AIFQSSMTK (HIV, lane

2) or a highaffinity peptide FLRGRAYGL (EBV, lane 3). Peptideceptive chTAPBPR/HLA3*08:01
complexes were loaded alone (lane 4) and with-fofOmolar excess of the nespecific peptide HIV
(lane 5) or the higlaffinity peptides, EBV (lane 6), ALWMRLLPL (T1D30, lane 7), and MLYQHLLPL
(T1D95, lane 8). ChTAPBPR alone was also loaded as a control (lane 10).

To further probe chTAPBPR interactions and map the binding epitopes orBHLZ01 in a solution
environment, we performed hydrogen/deuterium exchange mass spectrometsME)PXA structural

model of the HLAB*08:01/chTAPBPR complex, obtained using the murine MHTAPBPR structure

as a templaté suggests potential interaction surfaces on the 4Bt:88:01 sequencer(g. 2-10A). HLA-
B*08:01 prepared as empty, peptideund, or chTAPBPound was incubated in a deuterated buffer
for several time points, allowing for the incorporation of deuterium into the protein amide groups. The
exchange reaction was quenched by a shift to acidic pH and digested by -fumeatihal protease.
Tandem analysis of the reaction products by rspestrometry identified three putative interaction

regions with lower deuterium uptake when bound to chTAPBPR: residu@&9 @&d 131138 on the
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HLA-B* 0 8 ;1@ i d.1tédions, and residues-B42  em(Figh2-10B). The percentage of deuterium
uptake was mapped on an HiB¥08:01 structur® ( PDB | D: 4 QRU) , revealing bi
and:h@l i x of t he ;dfemfFiy. 2-t08)aconsisteatly with lteraction sites observed
in the structure of murine HPDY bound to hTAPBPR (PDB ID: 5SWER). When comparing the peptide
loaded to the peptiddeficient state, deuterium uptake decreased in the pdptideng domain, the
membranep r o x i srdamain, @nd the ne@ o v al e nt | y.m dFiys2160), ehighdigihtingba
substantially reduced plasticity upon peptide loading consistent with the previou®’.sBelyterium
uptake of chTAPBPRound HLAB*08:01 relative to empty molecules reached a maximum at the 60s
and then gradually converged towards more similar levets 2-10B), indicating reversible TAPBPR
interactions in further agreement with our SPR data showing a low micreraoige dissociation
constant Fig. 2-4G). Increased deuterium uptake at residues11659 o n helix ugon diTAPBPR
binding provides evidence of losrgnge effects, namely allosteric coupling between thenB Bpockets

in agreement with the previous studfé€®!%! In summary, our HDXMS mapping reveals that
chTAPBPR recognizes common epitopes on MIE&s seen previously in both the-cxystal structures

of murine MHGI/hTAPBPR complexéé”™ and solution NMPRbased mapping of HLA

A*02:01/hTAPBPR complex&s§®
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Figure 2-10 The chicken TAPBPR ortholog stabilizes HLAB*08:01 in a receptive conformation by
recognizing conserved epitopes on MHQ relative to human TAPBPR. (A) A structuralmodelof the
HLA-B*08:01/chTAPBPRcomplex generatedby RosettaCM® (BAKER-ROBETTA server).(B) The
percent deuterium uptake resol ve®87t90,; 1388 and d u a |
b.m 7492 is plotted for each exposure time (0, 20, 60, 180, 600s) and protein states. The plots reveal the
local HDX profiles of HLAB*08:01 for the states of peptideficient (black, UV irradiation for 40
minutes at 4 C), peptideloaded (grey, refolded with FLRGRAJGL), and chTAPBB&und complex

(red, UV irradiated for 40 minutes at RT in the presence of excess chTAPBPR followed by SEC
purification of the complex peal{C) The percent deuterium uptake resolved to individual residues upon
60-second deuterium labeling for peptibaded (left), peptideleficient (middle), and chTAPBRBound

complex (right) states are mapped onto the HB¥8:01 crystal structuf® (PDB ID: 4QRU) for
visualization. Red and blue colored regions indi
(red more deuterati on P less deutérdton)pidspectivelybblackeindicates regions
where peptides were not obtained for peptmded, peptideleficient, and chTAPBPfRound protein

states.

2.7TAPBPR sequence variants enable gainf-function interactions with targeted HLA allotypes

To further understand how TAPBPR sequence variation impacts interactions with HLAs, we used cell
based assays to explore thousands of substitutions in hTAFPBRR chimeric construct containing the
luminal domain of hTAPBPR fused to the canonical transmembrane domain of3HI0Verexpression

of hTAPBPR could partially rescue the surface expression of-WE@2:01 that was reduced by tapasin
knocked out (KO) in human Expi293F cells, consistent with the previous Yepsétowever,

overexpressing the conventional negative control hTAPB®Rvhich is known to disrupt binding to
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mature, folded MH@* could also effectively rescue surface H¥&02:01 in a tapasiKO
background. Since hTAPBPR and hTAPBFRwere trapped in ER and Golgi during this as§ayey

both participated in intracellular chaperoning of nascent MHA&lternatively, we used hTAPBRRM,

which could be expressed within the ER and on the cell sdtfa&e analogous construct to hnTAPBPR

TM was previously found to associate with MH®n the cell surface to promote peptide editing
Therefore, not only did hTAPBRRM rescue HLAA*02:01 surface expression in tapa$i® Expi293F

cells, but this effect was now lost in the hTAPBPR ™ mutant. The hTAPBPR'M-mediated rescue

of surface HLAA*02:01 is an indirect readout of the physical association between hTAPBPR and folded
MHC-I rather than nascent molecules, an essential feature of peptide editing. Based on these
observations, we used hTAPBHRI deep mutational scanning to identify hTAPBPR mutants with

enhanced peptide editing function for HiA%02:01.

A single sitesaturation mutagenesis (SSM) library of hTAPBPR was created, focusing on 75
residues in the hTAPBPR luminal domain that interface with MHéased on the crystal structu(@&sg.

2-11A). We also mutated 17 additional residues at control sites: (i) on the opposite side of hTAPBPR to
the interface where mutations were expected to have a minimal @fgc-11C) and (ii) in the protein

core where most mutations were expected to be highly deletefffogs 2-11B). The library was
transfected into the tapasitO Expi293F line and cells with high levels of surface HAA02:01 were
collected by fluoresceneactivated cell sorting (FACS). The naive and sorted libraries were deep
sequenced, and the enrichment of functional mutations or depletion of deleterious mutations was
calculated to determine a mutational landscape. The data were closely correlated between two
independent selection experiments and mutations at control sites had the anticipateFaffets1E

and F).
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Figure 2-11 The mutational landscape of human TAPBPRTM based on promoting surface
expression ofHLA -A*02:01. (A) Log, enrichment ratios from the deep mutational scan are plotted from
¢ -3 (orange, deleterious/depleted mutationg) #@ (blue, enriched mutations). Amino acid substitutions
are on the horizontal axis, hTAPBPR/ residue position is on the vertical axis. *, stop codon. Wild type
amino acids are in blackB)-(D) Heat maps plot the legenrichment ratios fron¢ -3 (orange) t¢ +3
(blue) for mutations in hTAPBPRRM in the B) core, C) on the surface away from the MHGnterface,
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and D) in the 2435 loop. Amino acid substitutions are on the vertical axes, hTAPBR®RResidue
positions are on the horizontal axes) Log. enrichment ratios for each mutation in hTAPBIPK are
plotted from two independent sorting experimentsisRndicated for the agreement between replicates
for missense mutations in black. Nonsense mutations are Fedadnservation scores, calculated by
averaging the logenrichment ratios for all amino acid substitutions at a given hTAPBHRResidue, are
plotted, showing close agreement between two independent sorting experiments.

In the deep mutational scan, most hnTAPBPR residues that contacted MHENn d e gamptended#ol | 'y b
be conserved and intolerant of mutations, consistent with the hTAHBPRhimera engaging folded

MHC-I at t he c ean Interactionsfcantrileutingvtio te¢ognhioRig. 2-12A). However, there

were two prominent regions at the interface where mutational tolerance was high. The first region
comprises the 285 loop that hovers above thepFo ¢ k e t of the peptide groove
prevent higkaffinity peptides from dissociating when TAPBPR forms transient associations with peptide

loaded MHGI®® (Fig. 2-11D). The second interface region of mutational tolerance is formed by
hTAPBPR residues that contact the MG, Helix (Fig. 2-12A). The same TAPBPR residues are mildly

conserved for chaperoning funct®r{Fig. 2-12B), suggesting this region may have different roles in

chaperoning versus peptide editing.

We hypothesized that we could engineerhBAPBPRTM mutant with enhanced HLA*02:01
interactions by focusing substitutions to the two regions in proximity to M€t of high mutational
tolerance in the deep mutational scan. We identified five highly enriched mutations, S104F, R105K,
K211R, K211L, and R270Q, in the scan of hTAPBPR for the rescue of HLAA*02:01 surface
expression, but not as enriched in the previously published mutational scan of intracellular hnTAPBPR
chaperoning HLAA*02:01 (Fig. 2-12B), suggesting these mutations may enhance interactions with
folded molecules. Therefore, single and combination mutants at the selected positions of hTAPBPR
were tested for their ability to rescue HIAX02:01 surface expression in tapa#i® cells. TAPBPRTM

mutants S104F and R105K mediated minor increases in-At0R:01 surface expression that was not
statistically significant, while TAPBPRM mutants containing individual or combined mutations at

position R105, K211, and R270 had enhanced rescuing activity for surfaceAk2201 compared to
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WT TAPBPRTM (Fig. 2-12C). We noted, however, that in this cblised assay, chTAPBPRM and
MOTAPBPRTM could not rescue surface HEA*02:01 levels, possibly because both orthologous
proteins were expressed at much higher levels intracellularly where they might bind and sequester MHC

substrates.
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Figure 2-12 Deep mutational scanning of TAPBPR surface enhances peptide exchange function for

HLA -A*02:01 and A*01:01.(A) Sequence conservation from deep mutagenesis is mapped to the surface
of h\TAPBPR?® (PDB ID: 5SWER, mous&i2-D¥ h u manshovin as light and dark green ribbons at left).
Mutationally depleted or tolerant residues are colored orange or white and blusutiiad residues are

grey. (B) Conservation scores from the deep mutational scan of hTAPBPRersus hTAPBPR.
Residues preferentially conserved for intracellular processing or surface interaction 5281 are

pink or cyan. Positions S104, R105, K211, and R270 are identified as more conserved for intracellular
HLA-A*02:01 processing and are sites of gafffunction mutations for promoting surface HLA
A*02:01 trafficking.(C)| mmunobl ots comparing total exFpAGEsSsi on
versus PP1B as a loading control (left). Surface expression of-AHOR:01 in the presence of the
different TAPBPRTM mutants (middle). Surface expression for the different TARBRRmutants
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(right). (D) Log-scale comparison dboveran for HLA-A*02:01 and A*02:06 in the presence of hTAPBPR

or mutants. Thetws ampl e unequal variance Studentds t t est
p<0.002(**), p<0.001(***).(E)I mmunobl ots comparing total expressi
FLAG) versus PP1B as a loading control (left). Surface expression ofAtDA:01 in the presence of

the different TAPBPRTM mutants (middle). Surface expression for the different TARBRRmutants

(right). (F) Comparison okap, for fluorescent peptide binding to H:EA*01:01 in the presence of VI

chTAPBPR, hTAPBPR mutants, and hTAPBPR. Results of three replicates (mganetplotted.

We then purified recombinantly expressed proteins encompassing the soluble ectodomain of three
hTAPBPR mutants carrying different combinations among five mutations: hTAPBRR11R, R270Q)

and hTAPBPRR? (R105K, K211R, R270Q) carried substitutions to polar amino acids, while
hTAPBPR'? (S104F, K211L, R270Q) carried two substitutions for hydrophobic amino acids. Using our

FP peptide exchange assay, we found that the mutants were extraordinarily efficient at catalyzing the
exchange of KILGFVBFV loaded HLAA*02:01 with the highaffinity fluorescent peptide
1aMraKLFGYPVYV. The kaovera f N TAPBPRR and hTAPBPRR? for the HLA-A*02:01 peptide editing

reaction was approximately 66ld higher than for hTAPBPRF{g. 2-12D). Surprisingly, thékzoveran Of
pHLA-A*02:01 loading fluorescent peptide in the presence of hTAPBPRcreased by 90 folds

compared to hTAPBPRF{g. 2-12D). Consistent with the previous FP results that hTAPBPR effectively
promoted peptide exchange on micropolymorphic HA®?2 subtypesFig. 2-5F), we demonstrated that

all three mutants enhanced the peptide exchange kinetics ofA40206 (Fig. 2-12D). Both
hTAPBPR? and hTAPBPRRQ improved thekaoveran of pHLA-A*02:06 by approximately 9 folds

compared to hTAPBPR, while hTAPBPR showed the most pronounced effect of afdld increase

among the mutant$-{g. 2-12D). Additionally, hnTAPBPR'-Q at 10 nM concentration promoted exchange
ONHLA-A* 02: 01 | oaded with bF peptides at P1, P3, P4
same concentration, as indicated by the enhahggd(Fig. 2-12A and B). HLA-A* 02 : ®4,/ b F
previously showing no peptide exchange in the presence or absence of 10 nM hTAPBPR, was exchanged
for the fluorescent peptide with a fittégh, by 10 nM hTAPBPR-? (Fig. 2-13A). HLA-A*02:01 proteins

l oaded with each of t he-PHe vaeRy, vibf€ alpobgerved doe peptidei nc | u

exchange under 100 nM hTAPBPRcondition(Fig. 2-13A and B). Therefore, selected mutations not
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only can enhance the surface expression of #*82:01 in the cellbased assay but are also functionally

activein vitro with improved catalysis of peptide exchange.

pHLA-A*02:01 + Buffer +10nM hTAPBPRFL.2 +100nM hTAPBPR"-@ [100]nM hTAPBPRF@
L. A%02:01/,, ., KLFGYPVYV L. A*02:01/,, . KLFGYPVYV L. A*02:01/,,,.,KLFGYPVYV 16 [10]nM hTAPBPR"-@

TAMRA

TAMRA

TAMRA
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Figure 2-13 Human TAPBPR mutants show enhanced peptide exchange kinetics on HEA*02 and

enable exchange on HLAA*01:01 molecules.(A) The association profiles aimra KLFGYPVYV to

HLA-A* 02: 01/ bFILGFVFTV (p1l), KI bBFGFVFTV (p3), KIl L
KILGFBFFTV (p6), KILGFVbBbFTV (p7), " RKuferwii EGNMY ( p 8)
or 100 nM hTAPBPR, as indicated. The data were fitted to a monoexponential association model to
determine the apparent rate constap Results of three replicates are plottés) The comparison of

Kapp for fluorescent peptide binding to H:A*02:01/KI LGFVFTV with BDbF substitu
positionsin the presence dflOnM or 100nM hTAPBPRThe apparent rate constanfpkvas determined

by fitting the raw trace to a monoexponential association mB@skilts of three replicates (meas tare

plotted.

Additionally, recombinant hTAPBPR did not interact with or catalyze peptide exchange on HLA
A*01:01 in vitro, and likewise overexpression of hTAPBHRI could notincrease surface HLA
A*01:01 levels in a tapasiKO Expi293F cell line stably transfected with HL&01:01. However, we
hypothesized that hTAPBRPRM mutants with enhanced activity for the rescue of surfaceJAt@2:01

in tapasinKO cells might have gained activity towards HA&01:01. Indeed, hTAPBPRM carrying

the substitutions K211R and/or R270Q, which were coincidentally aligned with the chTAPBPR sequence,
stabilized HLAA*01:01 at the cell surfacgFig. 2-12E). Furthermore, whereas purified soluble
hTAPBPR had no effect on the exchange of a placeholder peptide oPAKLIAO0L for a fluorescent
peptide, the apparent rate constdagsof hTAPBPRQ (1.4 10*st) and hTAPBPKRR? (1.3 10*st) at 5

eM wer e c lkgsfehTAPBPRt (h7d0* s) on HLA-A*01:01 (Fig. 2-12F). Recombinant
hTAPBPR? also promoted peptide exchange on HR201:01 but was the most inefficient among the

mutants with akaspp of 0.210% st a t 5 Fig. 212K). Unlike chTAPBPR, both triple mutants
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hTAPBPRRQ and hTAPBPRR® failed to catalyzepeptide exchange on HL-B*08:01 (Fig. 2-14),
demonstrating that the mutations do not universally enhance TAPBPR activity but are specific for a
subset of MH@E allotypes. Overall, our engineering efforts based on deep mutagenesis irbaseell

assay demonstrate how even a small number of mutations can manipulate the HLA allele specificity of

B*08:01/FLRGRAJGL —> B*08:01/_, KLRGRAYGL
+ [x]nM hTAPBPR + [x]nM hTAPBPRK®2 + [x]nM hTAPBPR™2
1501 150 150
[x]nM
- —[5000]
o
£ 100 100 —(1000]
o —I[500]
w X
50 . . 0]
e —
o T T T J T |
0.0 0.5 1.0 1.5 2.0 4 6 8 10
Time (Hrs) Time (Hrs)

Figure 2-14 The association profiles of fluorophecenjugated peptidercKLRGRAYGL to HLA-
B*08:01/FLRGRAJGL in the presence of hTAPBPR, hTAPBFR and hTAPBPR® at various
concentrations, as indicated. Results of three replicates (mean) are plotted.

2.8 Conserved and polymorphic epitopes on MH@ and TAPBPR determine allelespecific
interactions

To further understand the sequence and structural basis of how specific TAPBPR amino acid substitutions
can promote interactions with H:-A*02:01, A*01:01, and other relevant allotypes, we analyzed MHC
polymorphic residues located on the TAPBPR interaction surfaces from 75 common (>1% population
prevalence) HLA allotypes. We found a strong sequence conservation pattern of TAPBPR interacting
residues on the MHC with some variations at specific siteBid. 2-15A). The selection of HLA
supertype representatives covering the polymorphisms within the peptide binding groove also sufficiently
depicts the level of sequence variation withive TAPBPR contacting residues of different HLA
allotypes. We then performed structim@sed modeling of the identified TAPBPR mutants using the X

ray structure of a mouse MHIZhTAPBPR compleX as a template, together with either HA%01:01

or A*02:01. Inspection of the resulting models revealed that in hnTAPEBPR104F is located on the-N
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terminal gV domain where it forms hydrophobic contacts with the outer rim of the-MH@helix, and
specifically with 1142 on HLAA*01:01 (Fig. 2-15B). Within HLA-A and -B alleles, position 142 is

either lle or Thr. In structural models of hTAPB®Rind hTAPBPKRR?, K211R is positioned at a surface

that cradles the underside of the Mii@eptide groove, including the nartassical molecule MRIF{g.

2-15B). The side chain of R211 interacts with the conserved residue D59 within- @581 oerp o f b
hypothesized to be involved in peptide senSirfgig. 2-15B and D). Finally, models generated using
R270Q removed the positively charged residue and revealed possible polar interactions with the side
chains from residues K127 and K144 in HiA%02:01 (Fig. 2-15B). A GIn at position 270 of TAPBPR

is also likely to stabilize complexes with HEA*01:01 or MR1, given that the corresponding residues

are N127 and K144 in both molecules. HLA alleles have either a Lys or Asn at position 127 and a GIn or
Lys or Glu at position 144, suggesting a basis for the divergence of different alleles in their interactions
with chaperones which can be leveraged to design -@padeific catalysts, as exemplified in our study

(Fig. 2-15A). The mutational tolerance of these hTAPBPR residues in the deep mutational scan may
therefore partly reflect a lack of close structural complementarity to allove¢oignition of polymorphic

sites among HLA alleles. We note that the sequences of TAPBPR orthologs were not considered in
selecting mutations, as our objective was to explore different routes to enhance the peptide editing
function of TAPBPR. Nonetheless, a sequence alignment revealed that hTAPBPR amino acid
substitutions K211R/L, and R270Q were shared with chTAPBPR and human tdfigsi2-15C) that

has preferential binding to HL-B allotypes. Thus, structure modeling underscores how TAPBPR
interactions with conserved and pol y smosuburditican r esi d
be exploited to design ganf-function variants, showing congruence with natural mutations that have

occurred during evolution.
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Figure 2-15 Targeted mutagenesis of human TAPBPR surfaces can promote interactions with
conserved or polymorphic epitopes on classical and nerlassical MHC-1 molecules.(A) Seg2logé®?
visualization of MHGCI residues that interact with TAPBPR calculated from the sequences of 75 different
HLA allotypes. Sequence weighting used clustering, pseudo count with a weight of 0, and Kullback
Leibler logotype. The percentage frequency of amino acids on a specific position higher than 10% is
shown on the positivg-axis, and less than 10% amino acids on the negatiwés. B) Structural models

of HLA-A*01:01 or HLA-A*02:01 in complex with hTAPBPR generated by RosettdC{BAKER-
ROBETTA server). Amino acids at positions 142 of H&& 0 1 : 0 1, -m,5a8id 187f andh1B4 of
HLA-A*02:01 are indicated.) Sequence alignment of hTAPBPR, chTAPBPR, and human tapasin
(hTapasin) near positions 104, 105, 211, and 2B).Sequence conservation patterns within the same

r e gi o:m fromfthe &Bmino acid position 58 to 60 across 4 spedi@d.dg-scale comparison of SPR
determined K values for peptidédoaded and empty HLA*02:01 interacting with hTAPBPR and
TAPBPR mutants.K) Log-scale comparison of SPR determinegl \alues for MR1 C262S interacting

with hTAPBPR, TAPBPR mutants, and chTAPBPRie twos ampl e unequal variance
was performed, p>0.12(ns), p<0.033(*), p<0.002(**), p<0.001(**Results of at least two technical

replicates (mean &) are plotted.

We have demonstrated that recombinant TAPBPR mutants can incredsg.dheof HLA-A*02:01

peptide exchange by nearly two orders of magnitude relative to hTAPBPR, in agreement with our results
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from measuring TAPBPHM mediated surface trafficking of HLA*02:01 in tapasirKO cells,
suggesting an increased binding affinifig. 2-12C and D). To quantitively characterize this effect, we
measured binding affinities of peptifteaded or empty HLAA*02:01 molecules to the three hTAPBPR
mutants using SPR. Peptitteaded HLAA*02:01 had a similar dissociation equilibrium constang, K
towards all three TAPBPRhutants, which is approximatelyf@ld tighter to hTAPBPR mutants than
hTAPBPR Fig. 2-15E). All three mutants had similarly low nanomolange Ios for empty HLA
A*02:01 (Fig. 2-15E). hTAPBPR'?, consistent with its remarkable performance on peptide exchange
and tight binding towards peptideaded HLAA*02:01, had the lowest K for peptidedeficient
molecules (81 nM), compared to hTAPB¥R188 nM) and hTAPBPR? (243 nM) (Fig. 2-15E).
Finally, we evaluated TAPBPR interactions with the 4otassical MHC molecule MR1 C262S, which
have been shown to catalyze the exchange ofcowalent metabolite ligantfs While chTAPBPR bound

MR1 C262S Hold tighter than hTAPBPR (18M vs. 99nM, respectively), the Ks of theTAPBPR
mutants were reduced by approximately 2 fol(&g( 2-15F). Likely due to the S104F and R270Q,
hTAPBPR'? showed the tightest binding to MR1 C262S among all three mutants. In summary, our
results demonstrate that TAPBPR residues contacting different-MHG ur f ac e s , 21 helixec | udi ng
are tolerant to optimization, by either introducing a minimal set of hTAPBPR substitutions or by selecting
desired TAPBPR orthologs. Notably, TAPBPR provides a stable structural scaffold for obtainkud-gain
function interactions with allotypes that were previously not susceptible to interactions with the

chaperone, such as HEA*01:01 and B*08:01.
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CHAPTER 3 UNIVERSAL OPEN MHC -| MOLECULES FOR RAPID PEPTIDE LOADING
AND ENHANCED COMPLEX STABILITY ACROSS HLA ALLOTYPES

The content of this chapter was originally publishedl'ime Proceedings of the National Academy of
Sciences (PNASI.is adapted here with permission:

Sun, Y., Young, M. C., Woodward, C. H., Danon, J. N., Truong, H. V., Gupta, S., Winters, T. J., Font
Burgada, J., Burslem, G. M., & Sgourakis, N. G. (2023). Universal open-MiGlecules for rapid
peptide loading and enhanced complex stability across HLA allotygreseedings of the National
Academy of Sciences of the United States of Amerid20(25), €2304055120.
https://doi.org/10.1073/pnas.2304055120

I designed the research, performed the experiments, contributed to the new reagents/analytic tools,
analyzed data, and wrote the paper with feedback from all authors in this study.

Abstract

The polymorphic nature and intrinsic instability of class | major histocompatibility complex (M
MHC-like molecules loaded with suboptimal peptides, metabolites, or glycolipids presents a fundamental
challenge for identifying diseaselevant antigens and antigepecific T cell receptors (TCRs), hindering

the development of autologous therapeutics. Here, we leverage the positive allosteric coupling between
the pepti de amidc rloigg botbsubuniiombifding to the MHCheavy chain (HC)

through an engineered disulfide bond bridging conserved epitapes o s s .mhngerfaceCtb b
generate conformationally stable, peptide cept i v e mol ecul els. O0naBriedp hyep &
characterization shows that open Mii@olecules are properly folded protein complexes of enhanced
thermal stability compared to the wild type when loaded with- lmvmoderateaffinity peptides. Using

solution NMR, we characterize the effects of the disulfide bond on the conformation and dynamics of the
MHC-I structur e, rang.i spmgntefaatirg reited ob thea deptideridiagnggoeve toi n b
longr ange ef f echel ioxn datmhioe TRE interchain disulfide bond stabilizes MHC
molecules in an open conformation to promote peptide exchange across multiple human leukocyte

antigen (HLA) allotypes, covering representatives from five HAAupertypes, six HLAB supertypes,
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and oligomorphic HLAIb molecules. Our structtigu i ded desi gn, C 0 mipdaptide d wi t h
ligands, provides a universal platform to generate r¢adlyad MHGI systems of enhanced stability,
enabling a range of approaches to screen antigenic epitope libraries and probe polyclonal TCR repertoires

covering highly polymorphic HLA allotypes, as well as oligomorphic nonclassical molecules.
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3.1 Structure-guided disulfide engineering stabilizes suboptimal MH@ ligands

To engineer stable HLA molecules across different allotypes for rapid peptide exchange, we aimed to
bridge the HC amdhrough e didulfidg lbdnd taded onnthe positive cooperativity
bet ween p enpassodaton with the H®1%4 We utilized a structurguided approach by first

aligning 215 higkresolution pMHGCI crystal structures that were curated in our previously developed
database, HLA3DB® (Fig. 3-1A) . We found an average b€hQ@tanTej )of
bet ween positions G120 mdFig. 3t1A).eTheHiiStanaes betwétl the paifed t h e
residues G120 and Jh3rdspeotimelytfdil withikitBe nelecdlar tonstrainks (5.5 A)

for disulfide crosdinkage®®1%” The structure of HLAA * 0 2 :on® (PDB1DUZ)® shows that both

regions are composed of flexible loogdg. 3-1B), which increase the probability of the two cysteine
mutations forming a 90° dihedral angle necessary for disulfide bond forMatigaditionally, a
sequence alignment using 75 distinct HLA allotypes with a greater than 1% global population frequency
revealed a conserved glycine at position 120, suggesting a potential generality of the design across
distinct HLA allotypes, covering various HLA supertypes that can present diverse peptide repertoires
(Fig. 3-1C). Selected residues G120 mavare furtHe8 tompfutionalye n  t h
validated using Disulfide by Desigfi Together, the structure and sequence alignments indicate the
possibility of applying the interchain disulfide crdssage to a broad range of HLA allotypes, including
oligomorphic HLAIb and monomorphic nonclassical MH&elated proteins, to stabilize their ligand

receptive conformations.
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Figure 3-1 Structure-guided stabilization of suboptimal peptideloaded HLA-A*02:01 by
engineered disulfidem ApStwreleant uurhee aHC gaamke nfiICb and di
di stances between positi onsmdérivelGromo2fl5 pMHE nft€ and H
crystal structures with resolution values O 3 .
at omsy Upd n dddobhains as ribbongB) Structural model of HLAA * 0 2 ,ndTAKS (PDB

ID:1DUZ) with G120 and H31 mutated to cysteines. HAA02:01 HC was colored in light green and

b.m in wheat(C) Seqg2logo visualizatidff of the sequence alignment for 75 distinct HLA allotypes with

>1% global population frequency shows a conserved residue G120. Sequence weighting used clustering,
pseudo count with a weight of 0, and Kullbaktkibler logotype. The percentage frequency of amino

acids on a specific position higher than 10% is shown on the pogitixes, and less than 10% amino

acids on the negativeaxis. Allele sequences were derived from the-IRGET/HLA ® and the alignment

was performed using ClustalOmétja(D) SEC traces of the WT (black) and the G120C/H31C open

(pink) HLA-A * 0 2 n/TIAK& The red triangle arrowhead indicates the complex peaks and is further
confirmed by SDS/PAGE analysis in reduced (R) or-reduced (NR) conditions. DSF shows thermal

stability curves of the WT in black = 41.6C) and the open variant in pink{E 48.8C). The average

of three technical replicates (mean) is plotté€). Thermal stabilities correlation of the WT and open
HLA-A*02:01/TAX8 loaded with each of 50 peptides from the Cancer Genome Atlas (TCGA) epitope

library are shown in dots. The average of three technical replicates (mean) is plotted. The red line
represents a conceptual 1:1 correlation (no difference in thermal stabilities).

We next sought to validate the design experimentally by expressing the G120C variant of one of the most
common alleles HLAA*02:01 in Escherichia coli isolating denatured proteins from inclusion bodies,

and refolding itin vitrowi t h  t he H3 1 Gm inahe presente obaf leaffinllyeplaceholder
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peptide, TAX8 (LFGYPVYYV). Size exclusion chromatography (SEC) and SDS/PAGE confirmed the
formation of a G120C/H31C HLA * 0 2 :,nd dorhddex (hereafter referred to as open HA¥02:01)

and the interchain disulfide bonHi¢. 3-1D). We then performed differential scanning fluorimetry (DSF)

and observed a substantial improvement in the thermal stability of the operAHI2201 compared to

the WT with melting temperaturesq{lof 48.8¢C and 41.6C, respectivelyKig. 3-1D). Furthermore, the

WT and open HLAA * 0 2 .nTIAKE were further exchanged with 50 peptides from the Cancer
Genome Atlas (TCGA) epitope librarydble 3-1). While the resulting #values of WT and open HLA
A*02:01 loaded with higkaffinity peptides (WT T, O 5 &) were similar, a pronounced stabilizing effect
was demonstrated on the open than WT HA¥2:01 when suboptimally loaded with lewo moderate

affinity peptides (WT T, < 53 &C) (Fig. 31E). Therefore, evaluation of thermal stabilities for HLA
A*02:01-restricted epitopes spanning a broad range of affinities showed that disulfide linkage between
t he HGCmadidd bnot i mpede peptide bi ndixmigchaparanidg c on s i

and stabilizing the HC for peptide loading.

Table 3-1 Thermal stabilities for Cancer Genome Atlas (TCGA) epitope library determined by

DSF. Tn of individual peptides from the TCGA epitope library loaded on WT or open-At@e:01

were measured via peptide exchange in triplicates. The-dffigtity HLA-A*02:01-restricted TAX9
peptide and refolded TAX9/A02 molecules were used as positive controls, and the irrelevant peptide p29
was used as a negative control.

Wild type Open
#Peptide Peptide sequence
Tm (°C) s (z°C) Tm (°C) | s (z°C)
1 KLVVVGACGV 48.81 0.11 52.19 0.09
2 LLGRNSFEVHV 43.42 0.38 48.66 0.21
3 KLVVVGAAGV 48.06 0.11 51.65 0.12
4 RLIRVEGNLRV 53.37 0.25 53.33 0.17
5 KLVVVGASGV 46.22 0.05 49.86 0.12
6 ALNNMFCQLA 44.42 0.11 51.07 0.40
7 ILNREIDFA 48.69 0.07 53.00 0.18
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8 KTYPVQLWV 49.35 0.11 54.49 0.35
9 GLAPPQHRI 44.05 0.15 49.20 0.32
10 YMFNSSCMGGM 48.02 0.09 53.38 0.19
11 LLGRNSFEMRV 46.24 0.07 50.78 0.13
12 GLAPPQRLIRV 50.73 0.11 53.77 0.16
13 YLSTDVGFCT 48.30 0.11 53.88 0.19
14 VLMGHVAAVG 58.50 0.77 57.73 0.05
15 YLDSGIHFG 49.90 0.13 52.78 0.47
16 KILNREIDFAI 46.89 0.13 52.79 0.10
17 YMCNSSCMGV 60.98 3.22 58.62 0.21
18 YSSGFCNIAV 43.73 0.06 49.31 0.16
19 LLVRNSFEV 53.93 0.29 57.38 0.11
20 ILWRQDIHLGV 53.91 0.08 57.55 0.04
21 MFCQLAKTYPV 43.67 0.23 54.24 0.36
22 LLVRNSFEVRV 44.32 0.06 51.30 0.22
23 IDILWRQDIHL 44.83 0.06 51.71 0.61
24 KLVVVGADGV 45.08 0.11 49.77 0.09
25 GMNWRPILTI 42.32 0.33 50.04 0.07
26 ILCATYVKV 57.41 0.36 59.44 0.12
27 LLGRNSFEVLV 42.80 0.24 48.85 0.20
28 LLDILDTAGL 40.96 0.05 49.75 0.09
29 CLLDILDTAGL 46.69 0.04 54.21 0.22
30 FSGEYIPTV 56.01 0.51 58.30 0.05
31 RPLAWGNINL 44.02 0.12 48.17 0.22
32 ILNREIDFAI 44.95 0.08 52.01 0.14
33 GLKDLLNPI 53.70 0.24 54.58 0.29
34 YLDSGIHCGA 51.99 0.38 54.34 0.20
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35 FCQLAKTYPV 50.19 0.27 52.29 0.10
36 ILWRQDIHL 55.74 0.37 58.83 0.02
37 GLVDEQQEV 54.49 0.30 54.61 0.26
38 NLLVRNSFEV 47.57 0.22 49.85 0.20
39 KLVVVGAVGV 49.24 0.17 52.59 0.12
40 KILCATYVKV 47.90 0.44 51.72 0.09
41 YLSTDVGFCTL 50.29 0.25 54.63 0.10
42 FMKQMNDAL 43.99 0.50 49.62 0.04
43 YLDSGIHFGA 54.43 0.18 56.41 0.15
44 GLAPPQHLTRV 55.33 0.93 57.39 0.07
45 ALNNMFCQL 51.43 0.78 54.62 0.51
46 LLGRNSFEM 47.91 0.29 51.31 0.07
47 GLKDLLNPIGV 48.99 0.29 52.79 0.28
48 CQLAKTYPV 55.84 1.18 62.52 0.08
49 VLHECNSSYI 46.60 0.20 53.12 0.19
50 KLVVVGAGCV 47.64 0.13 49.39 0.09
TAX9 LLFGYPVYV 65.06 0.18 63.74 0.10
P29 YPNVNIHNF 41.99 0.15 48.72 0.07
TAX9 Refolded LLFGYPVYV 64.20 0.19 64.44 0.06

3.2Disulfide-engineered pMHGI shows local and longrange conformational changes

Conformational plasticity and dynamics have bpesviously shown to be important for several aspects
of MHC-I function, including peptide loading, chaperone recognition, and TCR acti¥afibh* To
elucidate differences in the conformational landscapes of pdpaded WT and open HL-A*02:01, we

used established solution NMR methdés First, we refolded WT and open HEA* 02 .m0 1/ b

complexes with a higlffinity MART-1 peptide (ELAGIGILTV), which were isotopically labeled with
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5N, 13C, and?H at either the MH@A h e a v y .mdight chaingefolldwed by réntroduction of
exchangeable protons during complex refolding. After independently assigning each protein subunit using
a suite of TROSYbased triple resonance experiméfitsve measured differences in backbone amide
chemical shifts between the WT and open HAA 0 2 . We ithen calculated chemical shift
perturbations (CSPs), capturing taomensional chemical shift changes of the amidie and °N.
Residues showing CSPs above 0.05 ppm (5 times the sensitivity relafiM@ veere mapped on the
complex structure to highlight sites undergoing conformational changes based on the difference in the

local magnetic environmenfig. 3-2).

In total, we identified 38 residues significantly affected by itterchain disulfide bond formation,

revealing substantial global differences between the conformational ensembles sampled by open and WT
peptideloaded HLAA*02:01 in solution Fig. 3-2A and B). As expected, most of the impacted residues

were found neminterfade én thel @gioa sudourfding the disulfide linkage (G120C and

H31C) Fig. 3-2C) . Par t i esheetdloot of the pephide bifiding groove, including the C, D, E,

and F pockets showed high CSP valugg.(3-2A and C). Arginine at position 3, located on the flexible

|l oop region close to the engineered gnisgbunitfig.de bon
3-2B and C). These effects indicated local structural rearrangements, induced at the vicinity of the

di sulfide Ilinkage. Remar kabl vy, our NAMRwhitk &56a al s o
displayed exchange broadening in the open but not in the WT, indicating altered microsecond to
millisecond timescale dynamic&ig. 3-2D). As shown in previous studies, the speciesserved F56

and W6#n iphnaf a central role in i$danbin, ladgimgiang t he
conformational switch that controls peptide binding and ret&a$é'°. Additionally, the HLA allele

conserved residues F8, T10, Q96, and M98 form the central patyafraphobic pocket together with

F56, W6 0 , a .my*. Thedefore fthe oomformational changes observed for these residues upon
coval entl y as s ofnimaycontrigutettohtree ovdrall stahilizhtiob of the peplidaled

MHC-l , gi ven t hemikpgromatingan alldsteric enhandement of peptide biRtitg
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Moreover , resi du ensareHaBd knawvn tb paNi6iate inra hyldlrogen bond network
together with residues QOGNS 120Our NMRdata sBow@d2hati n t h ¢
di sulfide bond formation rearranged thixmandet wor k
corresponding R14, R35, R48, and D122 on the H@. 3-2E). In addition, we observed lofrgnge

CSPs omhéeéhiex Uand thesahawi ehd f;domairt fige3-2A dne C).(This

longrange effectsupports our hypothesis that the interchain disulfide can trigger substantial global
changes in protein dyna mihelishasabeah prevously shown totransition s i n c
between open and closed states of the MH@oove for peptide loadirtéf1?2 Similarly, our CSP data

showed a pronounced lomgnge effect suggesting a repacking of residues T187, M189, H191, and H197

wi t hi ndomam,evia &lever arm effect transduced through residue T182 located on the loop joining

t h e a tJ& dothains. Thus, our NMR data demonstrate extensive local andrdogg structural
changes introduced by t he brm &uthen thesalresalta tolflectidely bet w
show that the engineered disulfide bond induces an allosteric conformational change of the peptide

binding groove that can potentially enhance peptide loading.
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Figure 3-2 Disulfide-engineered pHLA-A*02:01 shows induced conformational adaptations in
solution. (A)-(B) Calculated CSPs between the WT and open LA 0 2 ::nMARDB1 are plotted as
bar gr aphs ac r.oanide BackbodeC A saignifican&:.threbhold of 0.05 ppm is determined
that is 5fold higher than théH sensitivity of the NMR instrument. Residues with significant CSPs are
highlighted in red, and exchanteoadened residues in the open HRA02:01 relative to the WT are
colored in yellow. Cysteine mutations (G120C and H31C) are indicated by a red ag@riRlesidues

with CSPs above the significance threshold and exchange broadened in the open HLA
A* 0 2 onMARDL are plotted as red and yellow spheres for the amide, respectively, on a
representative HLAA * 0 2 .nYMARDL crystal structure (PDB ID: 3MRQJD)-(E) Enlarged images

of (D) hydrophobic residues near the disulfide bond and E. residues within the hydrogen network. Side
chains are displayed and highlighted in red for significant CSPs and yellow for exditandening.

3.3Interchain disulfide bond formation induces a peptidereceptive MHC-1 conformation

To further test our hypothesis anhatinthiface canval ent
improve the overall stability of empty MHCmolecules, we used DSF to compare the stability of WT
and open HLAA*02:01 refolded with a photocleavable peptide upon varying periods of UV exposure. In

the absence of a rescuing peptide,-ltMddiated WT HLAA*02:01 molecules showed increased binding
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to the hydrophobic fluorescent dye SYPRO orange as quantified by normalized fluoresceneg,at 25
indicating an increasing amount of protein denaturatibig. (3-3A). However, empty open HLA
A*02:01 molecules showed no substantial increases in normalized fluorescence, which was
approximately Hold lower than the WT upon-tiour exposure Hig. 3-3A). We demonstrated that
peptidedeficient, open MH@ also showed enhanced stability, consistent with our previous DSF data
that open molecules loaded with lovo moderateaffinity peptides exhibited higher thermal stabilities

compared to the WT.

We next performed hydrogeateuterium exchangmass spectrometry (HDKIS)® to identify
differences in solvent accessibility and conformational plasticity between the pbptidd and empty
states of the open HL-A*02:01. Tandem mass spectrometry (MS/MS) analysis of pefuatded or
UV-exposed empty open HL-A*02:01 protein samples revealed exchange saturation within 600 seconds
when plotting the percent deuterium uptake as a function of exchange reaction time for different peptide
fragments. Overall, we observed a higher deuterium uptake profile for empty, operA19RA1,
relative to peptiddoaded moleculedHg. 3-3B). Particularly, we observed increased levelglaiiterium
uptake for regi onsshed d rxssheshfivornbidthe peptide kindingymowved(. 3-

3B). This result is consistent with previous published HM% studies of WT HLAB*08:01 and chicken

MHC-1 BF2*15:01 and BF2*19:01 molecules, in which peptide release causes a significant increase of
deuterium uptake throughput the peptide binding groome,s t n ot a.hHelix*®**1 n T iy hedixU U
plays a key role in peptide loading by acting as a conformational switch to facilitate the transition from a
closed to an open, peptideceptive state of the peptide binding groove as seen in crystal structures and
solution NMR studie®-5%62114 Notably, our HDX data further highlight that h e, hdllx in peptide

loaded, open HLAA*02:01 has equally high deuterium uptake levels as in empty molegitps3-3B).

These results suggest that #mgineered interchain disulfigmhances the plasticity bf h g; helix in the

peptidebound form Placed within the context of our NMR datéd. 3-2), we conclude thahe disulfide
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linkage induces allosteric changes in the dynamics of pelataatked MHGCI, to enhance transitions tife

i helixbet ween fiopend and ficlosedod states of the pept

To examine whether the increased conformational plasticity of the MgtGove revealed by our NMR

and HDXdata bore any functional consequences in promoting peptide exchange and the overall stability
of the final pMHCI, we compared the binding traces of a fluoropHaleled TAX9 {amraTAX9)

peptide to HLAA*02:01 refolded with the placeholder peptide TAX8. We observed-&oltiOhigher
apparent association rateaske of TamraTAX9 for open relative to WT TAX8/HLAA*02:01 (Fig. 3-

3C). In a separate FP assay, we used unlabeled;affligity TAX9 to outcompeteramra TAX9 for

binding to either open or WT TAX8/HLA*02:01 molecules Fig. 3-3D). While having different
apparent association rates, TAX9 showed identicg] ¥@lues (approx. 250 nanomolar range) towards
both WT and open HLAA*02:01 molecules Kig. 3-3C and D). This finding is consistent with our
previous results that open and WT pepiioieded HLAA*02:01 showed identical thermal stabilities

(Fig. 3-1D). Taken together with our NMR and HDX data, these results suggest that tethering the MHC
heavy and light chains enhances peptide exchange kinetics by facilitating conformational transitions
between open and closed states of peptdded molecules, without impacting the final stability of the

exchanged pMH@ molecules.
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Figure 3-3 Engineered disulfide stabilizes MHCI at an open, peptidereceptive conformation. (A)
Normalized fluorescence measured ate25for the WT or open HLAA*02:01/KILGFVFJV upon UV
exposure. The duration of UV irradiation is shown on tkexis. Results of three technical replicates
(mean s) are plotted(B) Deuterium uptake resolved to individual peptide fragments upors&66nd
deuterium labeling for peptideaded (left) and empty (right) states of open HR#02:01 are mapped

onto the WT HLAA*02:01 crystal structure (PDB ID: 1DUZ) for visualization. Red and blue colored
regions indicate segments comtmoirrei Meugeptaitd o) wiotr
(blued less deuteration), respectively; black indicates regions where peptides were not obtained for
peptideloaded and empty protein staté€) Association profiles of the fluorophemnjugated peptide

Tamra TAX9 to the WT or open HLAA*02:01/TAXS8, as indicated. Results of three replicates (mean) are
plotted.(D) Competitive binding ofamra TAX9 to the WT or open HLAA*02:01/TAX8 as a function of
increasing peptide concentration, measured by fluorescence polarization. An irrelevant peptide, p29
(YPNVNIHNF), was used as a negative control.

3.40pen MHC-I molecules promote ligand exchange on a broad repertoire of HLA allotypes
We next sought to investigate how stabilizing the open MH®nformation and accelerating the
transition between the open and closed states can enhance peptide exchange kinetics. To do this, we

developed independent fluorescence polarization (FP) assays under conditions that allowed us to monitor
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the dissociation or association afuraTAX9 to WT versus open HLAA*02:01 (Fig. 3-4A and B).

When HLA-A*02:01 was refolded with the higaffinity probetamra TAX9 and mixed with a large molar
excess of competing TAX9 peptide, open molecules demonstrated a minor decrease in FP relative to the
WT, indicating accelerated unloading @fira TAX9 to generate empty HLA*02:01 that were rapidly
occupied by excess unlabeled TAXBid. 3-4C). We also observed an accelerated association of
TaMra TAX9 to open HLAA*02:01 refolded with the moderatHTfinity placeholder peptide TAX8
relative to WT moleculedHg. 3-4C). An increased level of stable, peptigeptive molecules was also
observed for the open construct, indicated by a higher plateall andof the FP curve at the same
protein concentrationHg. 3-4C and Fig. 3-5). To quantitatively compare the effect of faesting
receptive molecules, we measured the apparent association rate coff§ardeined ashe slope of the

linear correlation betweenakocas a function of TAX8/HLAA*02:01 protein concentration. Assuming a
first-order reactionscheme,this rate is proportional to the concentration of empty, receptive -HLA
A*02:01 molecules in the systefig. 3-4B). Open HLAA*02:01, compared to the WT, exhibited a
greater than 2fold enhancement of 2K, indicating an increased amount of pegisting empty
molecules(Fig. 3-4D). Taken together, open HLA*02:01 demonstrated faster kinetics of peptide
exchange, which can be attributedboth the increased dissociation rate of placeholder peptide, as well as
the overall stabilizing effect on empty molecules originating from the covalent association between the

heavy chain anéim.
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Figure 3-4 Open MHC-I improves peptide exchange efficiency on a broad repertoire of HLA
allotypes. (A)-(B) Schematic summary of fitted kinetics obtained from FP analyses of peptide exchange,
showing(A) the dissociation of 40 nMawraTAX9/A02 in the presence of 4M unlabeled TAX9 and

(B) 40 nM tamraTAX9 in different concentrations of TAX8/A02 (50, 75, 100, and 200n{@). The
dissociation profiles of 40 nM WT or opaRura TAX9/A02 in the presence of 4M unlabeled TAX9,

and association profiles of 40 nM WT or opgira TAX9 in 50 nM TAX8/A02, as indicatedD) Linear
correlations between the apparent rate constlisc and the concentrations of TAX8/A02. The
extrapolation of the slopbetweenKassoc.and the concentrations of TAX8/A02 determine the apparent
association rateock (E) Log-scale comparison of d&oc.for the WT (black) or the open (pink) HL:A
A*02:01, A*01:01, A*24:02, A*29:02, A*30:01, B*07:02, B*08:01, B*15:01, B*37:01, B*38:01,
B*58:01, E*01:03, and G*01:01. The apparent rate constaiédvas determined by fitting the raw trace
to a monoexponential association model. NA indicates no fitted,cKResults of three technical
replicates (mean &) are plotted.

Placeholder peptidbound open MH@s generate stable empty molecules, allowing a rapid association
with high-affinity peptide ligands in a readg-load manner. We, therefore, hypothesized that the
interchain disulfide engineering could be applied to different HLA allotypes resulting in a universal, open
MHC-I platform for antigen screening experiments. To quantitatively compare peptide exchange rates
Kassoc across different alleles, we performed a series of FP experiments using optimized placeholder
peptides, pHLA concentrations, and the previously described FP pri§tadotre the exchange of high

affinity fluorophorelabeled peptides was monitored through an increase in FP. Representatives covering
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five HLA-A and all HLA-B supertype®¥ (A01, A02, A0103, A0124, A24, and BO7, B0O8, B27, B44, B58,
B62) were selected based on their global allelic frequency. Additionally, we extended the study to cover

the oligomorphic class Ib molecules, namely HE201:03 and HLAG*01:01.

WT A*02:01/TAX8 open A*02:01/TAX8

TAX9

TAMRA

¥ ¥
WT A*02:01/.,,,.. TAX9 open A*02:01/
— [2000M]
= [100nM]
150 === [75nM] 1501
= [50nM]

TAMRA

100 T q00

FP (mP

50~

Time (hrs) Time (hrs)

Figure 3-5 Binding of tamra TAX9 by the WT or open HLA-A*02:01/TAX8. Peptide exchange
measured by fluorescence polarization (mP) of 4GaMaTAX9 as a function of the WT or open HEA
A*02:01/TAX8 concentrations. Individual traces were fit tar@noexponential association model to
determine apparent rate constanisd Results of three replicates (mean) are plotted.

Our FP results showed that open Mii@olecules demonstrate improved peptide exchange efficiency
compared to the WT across different HLA allotypes. Like open #*82:01 molecules, open HLA
B*07:02 exhibited a more than 20ld increase in Kssoe (Fig. 3-4E). Both open HLAA*24:02 and
HLA-E*01:03 displayed enhanced peptide exchange kinetics by approximateid @fold (Fig. 3-4E).

The remaining allotypes, HLA*01:01, A*29:02, A*30:01, B*08:01, B*15:01, B*38:01, B*58:01, and
G*01:01, showed a fitted £s0c0nly in their open forms rather than in their WT counterp&ig. 3-4E).
Overall, we consistently observed a stabilizing effect on low to modeffitéty peptideloaded
molecules across alleles (W& 53eC). When loaded with a higéffinity peptide (WT T, O 8C3, T
values generally stayed the same between the open and the WT, except f&*6{L:A1. Suboptimally
loaded HLAB*37:01 in open or WT format exhibited similar thermal stabilities and peptide exchange
kinetics, revealing that receptive, empty molecules werexpiging in both proteins for peptide binding.
Although open MHGI demonstrated fast exchange kinetics, we showed that two additionaffiigty

type 1 diabetes (T1D) peptides, HLVEALYLV and ALIDVFHQY, have the samgtt®ards both the
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WT and open variants encompassing HR2A02:01 and HLAA*29:02 (Fig. 3-6). Our observation of

identical IGes (Fig. 3-3D) consi stently indicates that t Rle cor r
remains very similar between open and WT MHQ@ltogether, our FP results demonstrate that a wide

range of open HLA allotypes exhibits accelerated peptide exchange efficiency and enhanced thermal
stabilities when loaded with placeholder peptides. These results provide additional evidence to support

our hypothesis that the interchain disulfide bond offers an adaptable structural‘té&tirehich

stabilizes a receptive MHCstate for the spontaneous loading of peptide ligands across polymorphic

HLA allotypes.

A B
HLA-A"02:01/LFGYPVYV HLA-A*29:02/FTSDYYQLY
+ +
HLVEALYLV ALIDVFHQY
180+ 120
—— WTIC, = 377423 nM —— WTIC,, = 49+7 nM
1504 Open IC,; = 371£59 nM Open IC_ = 4447 nM
‘*\."\.I 90
& 120
E N\ 60
& o0 A A
“ e
30 =
60— e
30 T T T T ] 0 T I T T ]
-1 0 1 2 3 4 5 -1 0 1 2 3 4
Log,, [peptide]nM Log,, [peptide]nM

Figure 3-6 Selected T1Depitopes demonstrate the same IC50 profiles for the WT or open MHC

The 1Gy profiles extracted from the association profiles of tAuraKLFGYPVYV binding to HLA-
A*02:01/TAX8 and B.grcKLIDVFHQY binding to HLA-A*29:02/FTSDYYQLY in a concentration
gradient of a competitor HLVEALYLV and ALIDVFHQY peptides, respectivelysol@alues were
determined by fitting a log(inhibitor) vs. response (three parameters) curve. Results of three replicates
(mean 1s) are plotted.

3.5Application of open MHC-I as molecular probes for T cell detection and ligand screening

Finally, we evaluated the use of open MiH@olecules as reaelp-load reagents in tetrambased T cell

detection strategies. We conductetidur peptide exchange reactions at room temperature (RT) for both

WT and open HLAA* 02: 01 | oaded with a pl &%fa ampdstdblishedpept i
tumorassociated antigen, NESO1 (SLLMWITQV). BSRtagged HLAA*02:01 were purified,

biotinylated, and tetramerized using streptavidin labeled with predefined fluorochrbige3-7A). We
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then stainegbrimary CD8+ T cells transduced with the TCR 1G4 that recognized thES¥1 peptide
displayed by HLAA*02:01'?% Compared to WT HLAA*02:01/NY-ESO1, tetramers generated with

open molecules exhibited a similar staining leveig( 3-7B). We used nomxchanged HLA
A*02: 01/ KILGIVFbBFVY molecules as negative control s
levels of background staining using the open tetrankegs 8-7C), showing that the 1G4 was not able to
recognize HLAA* 02: 01/ KI LGI VFbFV. However, the WT tetrar
background staining, exhibiting only one order of magnitude lower intensity relative to the W HLA
A*02:01/NY-ESO1 tetramer staining level§ig. 3-7C), likely due to the loss diz:m and theformation

of empty MHGI heterodimers, which can interact with the CD8reoeptot?’. UsingSDSPage analysis,

we confirmed that WT tetramer contained significant amountsrafsubunit. While the partial loss of

b.m for some molecules can contribute to an increased level of protein aggregates, this effect would be
undetected since large protein aggregates would not enter thegpite having rapid peptide exchange
kinetics, disulfideengineered open MHChad similar 1Gy values for highkaffinity epitopes as the WT

and enhanced heterodimer stabilization in a conformation that is peptieptive Fig. 3-3). In addition,

open HLAA*02:01 loaded with moderataffinity peptides, SLLMWITQC and SLLMWITQA (NYESO

C and A), via exchange reaction show consistent T cell staining as SLLMWITQV (NYESEigV3{

7D). Thus, the engineered disulfide does not interfere with the peptide binding and interactions with T
cell receptors. Having a reduced level of background staining allows the use of higher concentrations of
tetramers to study interactions with laffinity TCRs, as seen, for example, in the case of autoimmune
peptide epitopes. Using open MHGs a readyto-load system can help elucidate the intrinsic peptide
selector function across different alleles to optimize peptide binding motifs, but also has important
ramifications for developing combinatorial barcoded libraries of pHLA antigens toward TCR repertoire

characterizatiol?®.

59



A B
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Figure 3-7 Open HLA-A*02:01 molecules enable effective T cell detection by reducing napecific
background staining compared to the WT.(A) A schematic summary of the disulfiliaked HLA-I
molecules with the desired BSA tag enables biotinylation and sets the stage for tetrame(Ration.
Staining of 1G4transduced primary CD8+ T cells with R&ramers of open and WT HLA
A*02:01/NY-ESO1L(V), light and dark green, respectivelfC) Staining of 1G4transduced primary
CD8+ T cells with PHetramers of open and WT HEA*02:01/NY-ESO1(V), light and dark green,
compared to open and WT HEA*02:01 loaded with a nospecific peptide, light and dark blugD)
Staining of 1G4transduced primary CD8+ T cells with R&ramers of open HLAA*02:01 loaded with
different NY-ESO-1 peptides SLLMWITQV (light green), SLLMWITQVC (orange), and SLLMWITQA

(purple).

Finally, we extended the design of open HL£ nonclassical MH&, MR1, which can present small
molecule metabolites via both noovalent and covalent loading by the A pockeig( 3-8A). We
demonstrated that the open MR1 C262S could be refatdeitro with covalently linked molecules Ac

6-FP and the nowovalent molecule DCF with an improvement in protein yié¢tdy.(3-8B and C).
Consistently, we observed a substantial upwards shift of tH®y Thore than 10°C for the open MR1/Ac
6-FP than the WTRig. 3-8D). HLA-F*01:01 molecules known to be stable in their empty form and
accommodating long peptides with a length range from 7 to >30 amino acids averaging at 12'4¥&sidues
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can also adapt the same structural design to generate open heterdeign&8E). These results further
support the universality of the open platform, covering not only classicalldlalotypes but also the

oligomorphic HLAIb and nonclassical MHC
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Figure 3-8 Disulfide-engineered open MR1 and HLAF*01:01 molecules form stable protein
complexes.(A) Chemical structures of MR1 ligands DCF and-&€EP. (B)-(C) SEC traces of the WT
(black) and open (pink) MR1 C262S refolded wiB) Ac-6-FP and(C) DCF. The triangle arrowhead
indicates the protein complexd®) Melting temperature ({, €C) obtained from DSF of the WT (black)

and open (pink) MR1 C262S loaded with DCF or&EP, which are further confirmed by SDS/PAGE
analysis in reduced (R) or nwaduced (NR) conditions. Results of three technical replicates (mean *

are plotted.(E) SEC traces of the WT (black) and open (pink) HEA 0 1 »n0 THe btriangle
arrowheads indicate the complex peaks, further confirmed by SDS/PAGE analysis in reduced (R) or non
reduced (NR) conditions.
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CHAPTER 4 CRYOEM STRUCTURE OF AN MHC -I/TAPBPR PEPTIDE BOUND
INTERMEDIATE REVEALS THE MECHANISM OF ANTIGEN PROOFREADING

The content of this chapter wasibmittedto The Proceedings of the National Academy of Sciences
(PNAS) It is adapted here with permission:

Sun, Y., Pumroy, R. A., Mallik, L., Chaudhuri, A., Wang, C., Hwang, D., Danon, J. N., Goli, K. D.,
MoiseenkovaBell, V., & Sgourakis, N. G. (2024). CryoEM structure of an MHCAPBPR peptide
bound intermediate reveals the mechanism of antigen proofreéiRxiv: the preprint server for
biology, 2024.08.05.606663ttps://doi.org/10.1101/2024.08.05.606663

| contributed to themethodology, investigatiogndvisualization,as well as thevriting, reviewing and
editing of the papewvith feedback from all authors in this study.

Abstract:

Class | majohistocompatibility complex (MH&) proteins play a pivotal role in adaptive immunity by
displaying epitopic peptides to CD8+ T cells. The chaperones tapasin and TAPBPR promote the selection
of immunogenic antigens from a large pool of intracellular peptides. Interactions of chaperoned MHC
molecules with incoming peptides are transient in nature, and as a result, the precise antigen proofreading
mechanism remains elusive. Here, we leverage afhiglity TAPBPR variant and conformationally
stabilized MHGCI, to determine the solution structure of the human antigen editing complex bound to a
peptide decoy by cryogenic electron microscopy (&) at an average resolution of 3.0 A. Antigen
proofreading is mediated by transient interactions formed between the nascent peptide binding groove
with the P2/P3 peptide anchors, where conserved MkSidues stabilize incoming peptides through
backbonefocused contacts. Finally, using our hifithelity chaperone, we demonstrate robust peptide
exchange on the cell surface across multiple clinically relevant humanNii@norphs. Our work has
important ramifications for understanding the selection of immunogenic epitopes for T cell screening and

vaccine design applications.
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4.1 Enhanced editing of MHC-I antigens using an engineered molecular chaperone

While contradictory peptide unloading/levertff®! or trapping® mechanisms have been proposed
involving the G24R36 loop of TAPBPR, whether the loop actively participates in cargo editing of the
peptideloaded MHGI molecules remains unclé&rWe sought to resolve this controversy and identify
TAPBPR regions that promote interactions with pepliodeled molecules for antigen editing. Towards
this, we leveraged eithe¢he wildtype TAPBPR, TAPBPY', or our engineered version higidelity
TAPBPR'™, containing 3 mutations S104F, K211L, and R270Q outside the loop f&giordirectly
measure binding to a higdffinity peptide TAX9 loaded HLAA*02:01 by surface plasmon resonance
(SPR). Experiments were run in the presence of TAX9 peptide in large molar excess to prevent peptide
dissociation upon binding to TAPBPR. We also compared different mutants of TAPBRRI
TAPBPR"T, containing partial (A26532 deletion, TAPBPR'S) and complete loop deletions (GR86
deletion, TAPBPRE?4R3¢ and TAPBPR!' F1 #39 4g well as TAPBPR® (E205K, R207E, Q209S, and
Q272S), which does not interact with peptidaded MHGCI (Fig. 4-1A)254338 Qur results showed that
TAX9-loaded HLAA*02:01 exhibited an enhanced affinity (reducegd Y one order of magnitude) for
TAPBPR'™ relative to TAPBPR' (Fig. 4-1B and C). Meanwhile, loop deletions exhibited no
significant effect for TAPBPR™ but an approximately-®ld decrease in Kfor TAPBPR'™ on binding

to pMHGCH (Fig. 4-1B and C), likely due to the loss of hydrophobic interactions with the rim of the
MHC-l 1 &n & helices, in agreement with our previous mapping stéfi¥)s These observations
demonstrate that TAPBPR improves the recognition of peptideaded MHGI molecules and tolerates

modifications, compared to the wild type.

We hypothesized that enhanced TAPBPR binding to pefaaed MHGI molecules should correlate
with a promotion of peptide dissociatiamvitro. We then applied a fluorescence polarization (FP) assay
employing HLAA*02:01 refolded with a TAMRAlabeled TAX9 peptide to directly assess peptide
unloading from the MH@™. We found that TAPBP" and its loop deletion mutanf APBPR®G24R36,

demonstrated a similarly low level of peptide unloading, relative to the negative cohtgold-{D and
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E). Notably, both TAPBPR™ and TAPBPR' F! #3&gjgnificantly improved peptide unloading function

(Fig. 4-1D and E). However, introducing G2R36 loop deletion on either TAPBPRor TAPBPR'F

had no functional impact on MHCpeptide editingin vitro (Fig. 4-1E). Taken together, our results

suggest that, whilethe GRR36 | oop has

an i

mportant

rol e

n

ma i

for pMHC-I recognition, surfaces outside the loop are essential for promoting interactions withpeptide

loaded MHGI and enhancing the editing capability of TAPBPR
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Figure 4-1 A high-fidelity TAPBPR variant TAPBPR"™ enhances peptide editing on peptidéoaded

MHC -I. (A) Structural model of TAPBPE' in complex with peptiddree HLA-A * 0 2 :.n derefated

using RosettaCNKf. The G24R36 loop is colored orange, and the AZ32 loop segment is shown as
spheres. The sidechains of mutations S104F, K211L, and R270Q are shown as magent®)sticks. (

Representative SPR sensorgram of graded concentrations of TAPBB®RN over a streptavidin chip
coupled with TAX9/HLAA*02:01 in excess TAX9 peptideC| Log-scale comparison of Kvalues

between TAX9/HLAA*02:01 and TAPBPR. Results of three independent experiments (mean + SD) are

shown as scatter plotsD) Peptide dissociation kinetics of fluorophdadeled TAMRATAX9-
(TAMRA-KLFGYPVYV) -peptideloaded HLAA*02:01 in the presence of excess unlabeled TAX9
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peptide with buffer (light purple), TAPBPF (green), TAPBPRT (magenta), TAPBP®24R36 (purple),
TAPBPR'F (light blue) and TAPBPR F' #8€ {p|ack). Data are means for n = 3 independent
experiments. ) Relative peptide dissociation of TAMRBAX9 from HLA-A*02:01 by TAPBPR
relative to no TAPBPR. Error bars (SD) were propagated from three independent experifents. (
Comparison of binding profiles for TAPBPR and TAPBPRF against a panel of 97 common HLA
allotypes using single antigen beads (SABs). Bva mp | e unequal vtesstr iaa n ¢ e
performed, P > 0.12 (not significant, ns), P < 0.033(*), P < 0.002(**), and P < 0.001(***).

To determine the MHQ allelic interaction landscape of TAPBPR, we applied a single antigen bead
(SAB) assayencompassing 97 common HLA allotyfg's” We measured the phycoerythrin (PE) mean
fluorescent intensity (MFI) of SABs upon incubation with TAPB®PRr TAPBPR'T PEtetramers. The
levels of nonspecific background binding to HLAs are corrected by the corresponding TAPBPR PE
tetramer staining of SABs that are fineubated with W6/32, a paallelic HLA monoclonal antibody,
which blocks the TAPBPR interaction surface on MHGnNd further compared to the staining of
TAPBPRN6 PEtetramer (Fig. 4-2A-B). Analysis of MFI ratios for TAPBP®' revealed enhanced
interactions with multiple HLA allotypes, including HLEA*02:01, A*02:03, A*02:06, A*69:01,
A*68:01, A*23:01, A*24:02, and A*24:03, relative to TAPBPR (Fig. 4-1F and 4-2C-D). Together,
these results demonstrate that a broad scope of-Allallotypes are prone to enhanced recognition by
TAPBPR'M which can further promote peptide editing, indicating its key role in the cellular pathway for

MHC-I antigen selectiofi.

65

S



W6/32+WT

WeE/32+HiFi

WT

. \We6/32

Il HiFi
|

i

n

o

SIS

7

\
o
&

X5

5

%

~

LR

Y

n

)

N
&)
3

&

&

N
PRE

o
o

o
a5
3

%

)

.

3
s

e

-

o

v

&

ks

S

N

©

S

&

— %, - HMW
- o = 2
p— iy = 2%
- %..ww - MM_\W N ™
= 2 - F &2 N
— 2 |mﬁ Ay
= = © 5 N
- pod £ e N
= - fo N\
- % & 22 N
= Y4 L & @ AN
. b g 2 F o \ - o
- &% - ~ m.aﬁwo N
- 5 < N
MMWc - - o N
D% [ o% ~
‘ol . %% ~
‘o — — \em.no
= - Ca% \
Z b4 3 N
\Qﬂﬁ —_— §¢\%
458 > s - D N
2 == 5588 -~
2% — o A2 A8, N
o o® o 5d Iy
= -4 228 O
s - 1% o4
: -
o C *0 o Jofe st
% - 3% o538 383
2 - a% 842 29
o p—— I T T °
Hun.o - r Nw o~ o~ - o
o ——
Ly L — O—.m
= — (onet |4N)™6o7 1M
£, e
g =
3 [ ‘@
Py = [ %
e - el ~ —)
oo i— 0“,,6 A Y
A — Tl \
% — AN
Ay —_— o7
Gl e — S N\
% — »
‘ole —_— ..@\e hY
o —r% AN P
hnwr - — Wv N
ok %k AN
ol = b
o —= ~
L8 fre— N\
2o, i —
mw - umﬁ AN
2 J— N
@ — 885 « \ |
4y —_— - < (=]
% o @
o — & 8 8338 3y \
ok — 1 g =] = 3
% L D
—— < N4 5
o & < =3 d
be — W ea® . -
E Hawr - F &M.w = See 5 1<) ®
2 =3 < g ghe A
2 —Fa I T T i
I8 —
wwvr —— o o~ L o
b —
P = \er
s — oL
= — (onet 14N) 6o 141H
‘o
“o 50
T 1 oo
- o % b =+ o sm.,‘ c o 0
14" Bo

TN6 Log, (MFI ratio)

TN6 Log, (MFI ratio)



Figure 4-2 Binding levels of TAPBPR tetramers on HLA single antigen beadg4A) Levels of folded

MHC-I molecules captured on single antigen beads (SABs), related.t¢-1F, were detected using the
primary anttHLA Class | antibody W6/32 (Abcam, ab22432) and the secondarymantse PE
conjugated antibody (Abcam, ab97024). Similar levels of pejtigded MHGI molecules were
observed across different HLA allotypéB) Bar graphs showing the Log10 Mean Fluorescence Intensity
(MFI) levels of tetramerized TAPBPR', TAPBPR'", and TAPBPR"® binding to HLA molecules on
SABs. Tetramer staining upon the W6/32 antibody incubation, shown in grey, was used to control for
background staining levels. The plotted data were generated based on n=2 or 3 independent experiments,
and the standard deviation is depicted as error l§@)s(D) Correlation of Logl0 (MFI ratio) for
TAPBPR'™ (C) and TAPBPRT™ (D) relative to TAPBPR' plotted inFig. 4-2B. Dots falling on the
dashed red lingepresent HLA allotypes demonstrating the same MFI levels upon incubation with
TAPBPR"T or TAPBPR'™ tetramers relative to TAPBPF,

4.2 Solution mapping of TAPBPR'" interactions with peptide-loaded MHC-I

We, therefore, ask how TAPBPR acts on properly conformed, peptitaded MHGI compared to
TAPBPRM in a solution environment to achieve enhanced binding affinity and editing function. We used
2D NMR spectroscopy to elucidate the modes of binding and dynamics of the TAPBRRBractions
with high-affinity peptide TAXSloaded HLAA*02:01. By titrating unlabeled TAPBP®R' on
isotopically methyllabeled (AILV) HLA-A*02:01 using established methd4¥% 42 out of 96
resonances undergo changes in the slow exchange regime, which is similath@antpes upon binding to
TAPBPRM (Fig. 4-3A). We observed a complete shift in the population to a chapéauned form for
nearly all resonances at a thifeéd molar excess of TAPBPR' (Fig. 4-3B), indicating the presence of a
high-affinity complex. Analysis of methy®C/"H chemical shift deviations (CSDs) captures the residues
that experience significant conformational chand€s5SD) based on the difference in the local magnetic
environment Fig. 4-3C). Comparing the CSDs of TAX®aded HLAA*02:01 when binding to
TAPBPR'™ relative to TAPBPRT results in a Pearson correlation coefficient of 0.BRy.(4-3D),
suggesting that TAX9/HLA*02:01 shifts to a similar conformational state when bound to TAPBRR
TAPBPRYT, Taken together, TAPBPR' docks on MHGI using an overall similar binding mode, in
comparison to our previous solution mapping of interactions between TAX9AIDR:01 with the

wildtype TAPBPR*®
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Table 4-1 Dissociation equilibrium constants of TAPBPR!'F binding to TAX9/HLA -A*02:01/b,m
fitted from NMR line shape analysis of different methyl resonancesThe NMR line shapes of 2D
13CMH HMQC resonances corresponding to different meligdring sidechains on HLA*02:01
undergoing slow exchange between the free and TAPBR®uNd states were fitted individually to
obtain dissociation equilibrium constants;. Krhe globally fitted value was 13°90.7 nM. Line shape
analysis was performed usiiigT AN 128 with bootstrap error analysis using 100 replicas.

Residue Ko (mM)
123d1 11.7° 0.3
V342 17.4° 0.9
A125Ch 13.8° 0.4
V1032 10.5° 0.6
L126d2 14.2° 0.5
Al117Co 139° 1.1
L156d2 12.5° 0.6
V24791 16.9° 0.8
V247 13.1° 0.4

Our NMR data showed that residues, such as A117, A125, and L126, located near the TAPBPR
contacting surface demonstrated significant C3bg. @-3E). Multiple residues like 123 and V34 that are
located more than 10 Away from the interface or within the peptide binding groove also exhibited
significant CSDsFKig. 4-3E), indicating allosteric, longange effects on pMHCby TAPBPR'™. Next,

we used a line shape analysis of our 2D methyl HSQC spectra to determine the affinity between
TAPBPR'™ and highaffinity peptideloaded HLAA*02:01 without immobilization. Consistent with our
previous SPR measurements, TAPBPRIemonstrated a low micromoteange affinity (K = 13.9m\V)

(Table 4-1) when fitting the resonances that undergo conformational changes to-statedbinding
model. Together, these observations indicate that pMHilecules experience similar structural
changes upon binding to TAPBPR or TAPBPR'" and yet form a highaffinity complex with
TAPBPR'M. This motivates us to use TAPBPRas a bait to stabilize MHCin a peptide editing state

and capture the MHOTAPBPR proofreading complex.
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Figure 4-3 TAPBPR"F uses a conserved docking mode to recognize peptidaded HLA-A*02:01

in solution. (A) A representative region of the 2BI-*C HMQC spectral overlay of selective§C/*H

AILV methyl-labeled HLAA * 0 2 : 0 1 AnT(AtXh@ hefavy chain) on*C/H background (yellow)

and with a 3fold molar excess of TAPBPR' at natural isotopic abundance (purpl®) Selected NMR
resonances (corresponding to the methyl sidechains of 123 and A125) undergoing conformational
exchange between the free and TAPBPmound states. The HL-A*02:01: TAPBPR'™ molar ratios

for the different titration points were 1: 0, 1: 0.55, 1: 1.10, 1: 1.65, 1: 2.75 and 1:@\3dethyl groups

of residues undergoing significant chemical shift deviation (CSD) upon binding of TAPBRR:
mapped onto the structure of the HIA%02:01 (gray)/TAPBPRF (pink) complex. The structure is a
RosettaCM? homology model obtained using the 48%/TAPBPR crystal structure as a template (PDB
ID: BWER). CSDs are plotted using a heap scale shown on the righD)(Correlation plot ofCSDs
observed for the titration of HLA*02:01 with TAPBPR'™% versus TAPBPHRF. The Pearson
correlation coefficient (r) is shown on the plot (P value < 0.00@))Gloseup of the peptiddinding
groove with the TAX9 peptide (shown as green sticks). Select residues distributed throughout the MHC
groove and their methyl CSDs are labeled. The three mutation sites on TAPBP&Rdenoted as pink
spheres.
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