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SUMMARY

Phosphopeptides presented by major histocompatibility complex (MHC) class |
have been regarded as a pivotal type of cancer neoantigens that are recognized
by T cells. The structural basis of single-phosphorylated peptide presentation has
been well studied. Diphosphorylation with one interval between two sites is one
of the prevalent forms of multisite-phosphorylated peptides. Herein, we deter-
mined the molecular basis of presentation of two P4/P6 double pS-containing
peptides by HLA-B27 and compared them with unmodified and single-phosphor-
ylated peptide complexes. These data clarified not only the HLA allele-specific
presentation of phosphopeptides by MHC class | molecules but also the cooper-
ativity of peptide conformation within P4 and P6 phosphorylation sites. The phos-
phorylation of P6 site can influence the binding mode of P4 phosphorylated site
to HLA-B27. And we found the diphospho-dependent attenuated effect of pep-
tide binding affinity. This study provides insights into the MHC presentation fea-
tures of diphosphopeptides, which is different from monophosphopeptides.

INTRODUCTION

The cytotoxic response and cytokine release of CD8" T cells facilitated by T cell receptor (TCR)-mediated
specific recognition of major histocompatibility complex-binding peptides (MHC-binding peptides) are
important for antiviral and anti-tumor immunity. During viral infection or carcinogenesis of cells, alterations
in protein expression and metabolism can result in modifications of peptide libraries and subsequently
lead to the presentation of “altered self” antigens by MHC molecules (Engelhard et al., 2006). It has
been demonstrated that posttranslationally modified peptides, including phosphopeptides, could diver-
sify the immunopeptidome and have thus become potential targets for T cell recognition (Doyle and Ma-
mula, 2001; Mohammed et al., 2008). Phosphorylation caused by abnormal protein kinase activity has
gained increasing attention in the treatment of tumors because it often serves as a marker for malignant
transformation, activation of oncogenic signaling pathways, cell growth, and differentiation (Cohen,
2000). The mutation-induced abnormal regulation of a limited number of kinases often leads to the activa-
tion of some signaling pathways and increases the level of protein phosphorylation in cells (Huang et al.,
2018). Multisite phosphorylation may also collectively lead to transient changes in catalytic activity, struc-
tural properties, protein circulation and interaction, and cross-linked clustering of lipids and cell migration.
Thus, changes in protein phosphorylation in malignant tumors manifest as a distinctive “altered self,” which
also serves as immune signals (Eggleton et al., 2008).

Previous studies have found that approximately 30% of cellular proteins (from yeasts to humans) may
contain phosphorylated Ser, Thr, or Tyr residues (Schweiger and Linial, 2010). Most phosphopeptides
are derived from phosphorylated proteins that have been transported into the ER after the processing
by the proteasome along with other components of the peptide loading complex (Mohammed et al.,
2008). T cells can recognize peptides based on their phosphate groups and can distinguish phosphopep-
tides from nonphosphopeptides (Mohammed et al., 2017). For instance, HLA-A2-restricted, tumor-specific
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phosphopeptides exhibit immunogenicity, which can be recognized by cytotoxic T lymphocytes (CTLs) in (W.J.L), )
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HLA-A2 transgenic mice (Zarling et al., 2006). A series of phosphopeptides originating from proteins n (C.CLW)
associated with cell-cycle regulation and oncogenic signaling pathways have been identified on MHC | https://doi.org/10.1016/].isci.
molecules in different tumor cell lines. For instance, Zarling et al. identified 36 HLA-A2-restricted 2022.104013
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phosphopeptides on melanoma cells, ovarian cancer cells, and B lymphoblastoid cells in a comparative
study (Zarling et al., 2006). The structures of seven of these phosphopeptides complexed to HLA-A2
were subsequently resolved by Mohammed et al. and Petersen et al., which revealed the special presen-
tation properties of HLA-A2-restricted phosphopeptides (Mohammed et al., 2008, 2017; Petersen et al.,
2009). The structures of HLA-A2-P4/P5 phosphopeptide complexes demonstrated the molecular mecha-
nism underlying the presentation of tumor-specific “altered self” epitopes.

The increasing amount of available mass spectrometry data and the improvement and advancement of
phosphorylation assays provide more opportunities for studying the characteristics of phosphosites. Multi-
site phosphorylation is a common phenomenon, and the distribution of phosphosites is inversely propor-
tional to the distance between two phosphosites, among which proximal phosphorylation with a distance
of two amino acid residues is the most common phenomenon (Schweiger and Linial, 2010). In 2000, Zarling
et al. identified (via mass spectrometry) HLA-A2-, A3-, B7-, and B27-restricted phosphopeptides that can be
naturally processed and presented on numerous cell lines (Zarling et al., 2000). B27-restricted phospho-
peptide (RRFpSRpSPIRR, derived from RNA-binding proteins, i.e., mRNA splicing cofactor, Son3) has
two phosphorylated Ser residues at the P4 and P6 positions. Moreover, a natural 9-residue truncated
analog (RRFpSRpSPIR) and a monophosphorylated form (RRFpSRSPIRR) of the phosphopeptide have
been identified within the same elution fraction of the liquid phase. However, although this is a more com-
mon form of phosphoprotein degradation products, the molecular basis for the presentation of diphos-
phopeptides is still unclear.

In this study, we resolved the structures of HLA-B*2705 complexes with these two (10- and 9-residue) di-
phosphopeptides, together with the monophosphopeptide and peptide without any phosphorylation
via X-ray crystallography. Our results showed the unique presentation properties of diphosphopeptides
compared with monophosphopeptides. In addition, by comparing the diphosphopeptide, P4 monophos-
phopeptide, with nonmodified peptide structures, we further clarified the molecular basis for the presen-
tation of self-antigens as neoepitopes with modifications. The thermal stabilities of pMHC complexes
formed with diphosphorylated, monophosphorylated, and nonmodified peptides were determined via
circular dichroism (CD) spectroscopy, and we showed that phosphate groups exhibit phosphosite-depen-
dent effects on the peptide-binding affinity and the stability of pMHC. These results also provide a struc-
tural and thermodynamic basis for the presentation of diphosphorylated peptides as an additional type of
posttranslationally modified antigens.

RESULTS

Diphosphorylation at an interval of one amino acid residue as one of the main forms of protein
phosphorylation

To analyze diphosphorylation patterns on tumor-associated proteins, we acquired the location information of
human protein phosphorylation sites and related cancer information through PhoSigNet database (http://
119.3.70.71/PhoSigNet/) (Zhang et al., 2015). The adjacent diphosphorylation were defined as PP and the di-
phosphorylation with one or two interval residues as P1P or P2P. Our analysis of tumor-associated proteins in
different diseases showed that the average number of diphosphorylation with one interval residue among tu-
mor-associated proteins (average P1P number/protein) is much higher than the proteins that are currently known
not associated with cancer (Figure 1A). Generally, the proteins from the digestive-tract-associated cancers such
as esophageal, gastric, colorectal cancers possess a higher level of phosphorylation. Statistical analyses showed
that the distribution of phosphosites is inversely proportional to the distance between two phosphosites, among
which proximal phosphorylation between two residues is the common phenomenon (Figure 1B). Furthermore,
previous studies showed that the phosphopeptides contained a positively charged amino acid (Arg or Lys) at
position 1, and p-Ser or p-Thr residue at position 4 was relatively common for monophosphopeptide, which
can be recognized as the RXXpSXXXXX motif (for 9-mer peptide) (Mohammed et al.,, 2008; Zarling et al.,
2006). So, according to the location information of phosphorylation site of each protein in the PhoSigNet data-
base, we analyzed the frequency of the third amino acid before the P1P phosphorylation form, and the result
showed that the positively charged amino acid Arg had the highest frequency (Figure 1C). This result demon-
strated a common motif RXXpSXpSXXX for 9-mer biphosphorylated peptides.

Overall structures of diphosphopeptide-HLA-B*2705 complexes

In this study, we resolved the crystal structures of HLA-B*2705 complexes with 10-residue diphosphopeptide
Dip-RR10 (RRFpSRpSPIRR, where “pS" indicates phosphorylated P4- and Pé-Ser residues), 9-residue
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Figure 1. Distribution of diphosphosites

According to the diphosphorylation sites information of human protein and related cancer information from PhoSigNet
database.

(A) The average number of diphosphorylation with one interval residue among tumor-associated proteins (average P1P
number/protein) in different diseases.

(B) The average number of different diphosphorylation patterns on tumor-associated proteins or non-tumor-associated
proteins is counted. The adjacent diphosphorylation was defined as PP, and the diphosphorylation forms with spaced
amino acids were defined as PXP, etc. (X =1, 2,3, ...).

(C) The frequency of the third different amino acid in front of the P1P phosphorylation form.

diphosphopeptide Dip-RR9 (RRFpSRpSPIR), 10-residue P4 monophosphopeptide Mop-RR10 (RRFpSRSPIRR),
and nonmodified 10-residue peptide RR10 (RRFSRSPIRR) (Table 1). The structures of these HLA-B*2705 com-
plexes retained the overall structural characteristics of typical pMHC complexes (Figures 2A and 2D). All pep-
tides with well-defined electron densities (Figure S1) displayed extended conformations in the peptide-binding
grooves. Both P2 and Pc positions in these four peptides are positively charged Arg residues that serve as pri-
mary anchor residues to embed side chains into pocket B and pocket F of HLA-B*2705 molecules (Figures 2B
and 2E), respectively. Peptides in these four HLA-B*2705 complexes resolved in this study have structurally iden-
tical directions of side-chain extension at the P1-P4 residues (Figure 2G). In contrast, these peptides displayed
different directions of side-chain extension at the P5-P9 residues with a higher degree of flexibility and variability
(Figure 2G). Tghe phosphate groups attached to the hydroxyl group of monophosphopeptide Monop-RR10,
diphosphopeptide Dip-RR10 and Dip-RR9 pointing upward allow direct contact between their dominant anti-
genic sites with corresponding TCRs. This is similar to the previously resolved HLA-A2-restricted phosphopep-
tides, which are also phosphorylated at the side chain of the P4-Ser residue. Moreover, the P6 phosphate group
on diphosphopeptides displayed even more pronounced solvent exposure and became the apex of the phos-
phopeptide backbone (Figures 2C and 2F).

Site-specific phosphorylation affects peptide conformation

To compare the conformational differences of the nonmodified peptide (RR10) and its corresponding P4
phosphopeptide (Monop-RR10), we determined both the structures of HLA-B*2705 complexed to the
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Table 1. Data processing and refinement statistics

Parameter

HLA-B*2705/RR10

HLA-B*2705/Monop-RR10

HLA-B*2705/Dip-RR10

HLA-B*2705/Dip-RR9

Data processing

Space group P2, P2:2424 P2:2:24 P2,2:24
Cell parameters

a (A) 43.40 50.73 50.83 51.20

b (A) 52.35 82.24 82.30 82.40

c(A) 93.21 108.44 109.45 110.00

o (%) 90.00 90.00 90.00 90.00

B () 93.23 90.00 90.00 90.00

v () 90.00 90.00 90.00 90.00
Wavelength (A) 1.00000 1.00000 1.54178 1.54178
Resolution (A) 50.00-1.60 (1.66-1.60) 50.00-1.80 (1.86-1.80) 50.0-2.0 (2.07-2.00) 50.00-2.10 (2.18-2.10)
Total reflections 203,885 303,959 215,220 266,575
Unique reflections 55,528 41,560 31,363 27,813
Redundancy 3.7 (2.6) 7.3(7.4) 6.8 (6.5) 9.6 (8.1)
Completeness (%)” 99.5 (96.6) 98.5 (96.9) 97.8 (81.9) 99.4 (95.3)
Rrerge (%)° 7.9 (41.3) 11.1 (51.7) 8.9 (36.6) 11.2 (57.7)
/o 16.03 (1.90) 17.67 (3.82) 20.89 (4.84) 20.00 (3.11)
Refinement statistics
Ruork (%)° 17.17 (22.44) 17.65 (22.03) 16.84 (18.71) 18.15 (22.75)
Réree (%) 20.93 (24.91) 20.78 (27.38) 20.78 (24.10) 22.16 (29.04)
RMSD

Bonds (A) 0.007 0.007 0.007 0.008

Angles (°) 1.19 1.17 1.19 1.18

Average B factor (A) 20.53 24.75 25.25 33.81
Ramachandran plot quality

Favored (%) 97.37 97.61 98.13 98.66

Allowed (%) 2.37 2.39 1.87 1.34

Outliers (%) 0.26 0 0 0

?Data completeness = (number of independent reflections)/(total theoretical number).

PR rerge = AI=() 1;, where I; is the observed intensity and </ > is the average intensity of multiple observations of symmetry-related reflections.
9 hkl 2 ki 2i Yy 9 y p Y| Yy

R =" hull Fobs| — kI Fearll /> hit| Fobs| . where Riee is calculated for a randomly chosen 5% of reflections, and Ryork is calculated for the remaining 95% of reflections

used for structure reflnement.

two peptides, although RR10 was not found in the naturally eluded products from the cell lines. The
extended conformation of peptide RR10 is tightly bound to the peptide-binding groove and gives rise
to the M-shaped conformation of the peptide backbone with a P6-Ser as a secondary anchoring residue
in pocket C (Figures 3A and 3G). Compared with peptide RR10, the phosphorylated P4-Ser residue of pep-
tide Monop-RR10 does not significantly alter the conformation at the P4 position or its adjacent residues.
However, there is an unexpected rigid torsion at the P7-P8 positions (Figures 3A and 3B). There were
approximately 110 and 60° rotations at the C-Ca bonds of P6-Ser and P8-lle residues, respectively. The
side chain of the P4-Ser residue of Monop-RR10 is more deeply embedded into the peptide-binding
grooves, leading to an even more pronounced bulged conformation at the P4 and P5 positions. In addition
to the phosphorylated P4-Ser residue in the Monop-RR10 peptide, there is a second phosphorylation at the
P6 position in the Dip-RR10 peptide, and the conformational effects of this modification are mostly
observed at the middle portion of the peptide (P5-P8 positions) during antigen presentation. In the pep-
tide-binding grooves, P4 phosphorylation gives rise to peptides with an inward conformation. This is
different from P6-Ser phosphorylation, which results in a significantly bulged conformation at the P5-P7
residues (including the phosphosite), leading to the greatest amount of solvent exposure and potential
immunogenicity (Figures 3C and 3D). Dip-RR9 was considered a product of a C-terminal truncated form
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Figure 2. Overall structures of the HLA-B*2705 complex with diphosphopeptides

(A and D) HLA-B*2705 binds to the diphosphopeptides, Dip-RR10 (A) and Dip-RR9 (D).

(B and E) Top view of diphosphopeptides Dip-RR10 (B) and Dip-RR9 (E) in stick and sphere models in purple and cyan
colors, respectively. The HLA-B*2705 is shown with white surfaces.

(C and F) Dip-RR10 (C) and Dip-RR9 (F) extend the P4 and P6 phosphosites (0S4 and pSé) outside the binding grooves for
solvent exposure. Peptides are shown as gray surfaces. The red spheres represent oxygen atoms, the blue spheres
represent nitrogen atoms and the orange spheres represent phosphorus atoms.

(G) Extension direction of four peptide side chains relative to HLA-B*2705 and TCR as observed from the N terminal to the
C terminal (refer to the directional markers on the top of the figure). The arrowheads show the direction of the peptide.
See also Figure S1.

of Dip-RR10. Deletion of the C-terminal Arg residue gives rise to a conformation at the P9-Arg residue that
is almost identical to that of the P10-Arg residue in the 10-residue peptide and serves as the Pc anchor res-
idue (Figures 3E and 3F). Dip-RR9, which is one residue shorter than Dip-RR10, has a slightly flattened
conformation with conformational repositioning of the P4-P8 residues in the peptide-binding grooves.
Taken together, this suggests that peptides with the same amino acid sequences may be presented on
MHC | molecules with different structural properties and antigenicity following modifications, such as
P4- and Pé-phosphorylation and C-terminal truncation (Figure S2).

Phosphorylation not only triggers conformational changes in the peptide backbone but also affects the
binding mode of amino acid residues in the middle portion of peptides to the peptide-binding grooves
of MHC | molecules. The typical antigen-binding mode of MHC | molecules is retained in the structure
of HLA-B*2705/RR10 with no peptide modifications. P3-Phe, Pé-Ser, and P7-Pro, which are secondary an-
chor antigen residues, occupy pockets D, C, and E of peptide-binding grooves, respectively (Figure 3G).
However, the addition of a phosphate group to the P4-Ser residue in Monop-RR10 does not lead to a sig-
nificant conformational change in proximal amino acid residues but causes a dramatic rearrangement of
amino acid residues in the middle portion of the peptide. The most significant aspect of the rearrangement
of amino acid residues is that the side chain of the P6-Ser residue binds closer toward the bottom of the
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Figure 3. Conformational impacts of diphosphopeptides

(A-F) Pairwise overlapping comparison of conformations of the four peptides of RR10 (yellow), Monop-RR10 (green), Dip-RR10 (purple), and Dip-RR9 (cyan)
atthe back of the a.1-helices in the HLA-B*2705 structures: (A, B) peptide RR10 without phosphorylation and monophosphorylated peptide Monop-RR10; (C,
D) monophosphorylated peptide Monop-RR10 and diphosphorylated peptide Dip-RR10; and (E, F) diphosphorylated 10-mer Dip-RR10 and
diphosphorylated 9-mer Dip-RR9. Panels B, D, and F correspond to the top view of the orthogonal models of A, C, and E, respectively.

(G-J) Conformational shifts of peptides RR10 (G), Monop-RR10 (H), Dip-RR10 (I), and Dip-RR9 (J) at the peptide-binding grooves of C, D, and E shown with
orange surfaces. The side chains of residues P4-Ser, P6-Ser, and P7-Pro and the phosphate groups are shown as sphere-and-stick models. See also Figure S2.
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pS4(HLA-B27)

Figure 4. HLA-type-specific interaction of monophosphorylated P4-Ser with surrounding residues

(A) Comparison of the HLA-A*0201-presented phosphopeptides (PDB codes: 3BGM, 2BH8, 3BH9, 4NNX, 4NO2, and
4NO3) and HLA-B*2705/Monop-RR10, showing the distinct conformation of the monophosphopeptide Monop-RR10
presented by HLA-B*2705.

(B) Interactions between monophosphorylated P4-Ser in HLA-B*2705/Monop-RR10 through a water molecule in red and
surrounding amino acids on the a1-helix.

(C) The P4-pSer forms a hydrogen bond network between Argé5 and Lysé66 of HLA-A*0201 molecules (PDB codes: 3BGM,
2BH8, 3BH9, 4NNX, and 4NO3) and water molecules.

(D) Individual HLA-A*0201 molecules interact with P4-pSer through hydrogen bonds with sodium ions (PDB code: 4NO2).
Side chains of the residues are shown as sphere-and-stick models, the red spheres represent oxygen atoms, the blue
spheres represent nitrogen atoms, cyan spheres represent water molecules, violet spheres represent sodium atoms, and
black-dotted lines represent hydrogen-bonding interactions. See also Figure S3.

peptide-binding grooves. In addition, compared with pocket E of HLA-B*2705/RR10, which is occupied by
P7-Pro of the peptide, the side chain rotation of the P7-Pro residue along the axis of the peptide Monop-
RR10 backbone leads to the relocation of the pyrrole ring of the P7-Pro residue into pocket C of HLA-
B*2705 (Figure 3H). Owing to the steric hindrance of the phosphorylated P6-Ser residue in the
diphosphorylated Dip-RR10 structure, the side chain of the phosphorylated Ser residue flips outward the
peptide binding groove (Figure 3l). Thus, rotation of the peptide backbone at the P6 position causes
the Pé residue to lose its role as an anchor residue in pocket C (Figure 3l). In the HLA-B*2705/Dip-RR9 struc-
ture, deletion of one C-terminal amino acid residue in the diphosphorylated 9-residue Dip-RR9 results in
the occupation of pocket E by the P7-Pro residue due to the extension of the C-terminus of Dip-RR9
(Figure 3J).

HLA specificity of monophosphopeptides interacting with peptide-binding grooves

Previous structural biology studies resolved the structures of 10 HLA-A*02-restricted phosphopeptides
(Mohammed et al., 2008, 2017; Petersen et al., 2009), eight of which had a P1-Arg or Lys motif and a phos-
phorylated P4-Ser residue. However, the Monop-RR10 peptide presented on HLA-B*2705 molecules does
not display structural properties that were observed in the previously resolved phosphoantigen-HLA-
A*0201 complexes (Figure 4A). The ionic bonding between the positively charged P1 amino acid residue
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Figure 5. Diphosphorylation site-dependent interaction between P4-pSer and its surrounding residues

(A-D) Structure of HLA-B*2705 complexed to the four peptides: (A) RR10 peptide without phosphorylation.

(B) The monophosphopeptide, Monop-RR10.

(C) The diphosphorylated 10-mer peptide, Dip-RR10.

(D) The diphosphorylated 9-mer peptide, Dip-RR?. The peptide side chains are shown as sphere-and-stick models, the
red spheres represent oxygen atoms, the blue spheres represent nitrogen atoms, orange spheres represent phosphorus
atoms, and black-dotted lines represent hydrogen-bonding interactions.

(E-H) Effects of different phosphorylations on the salt bridges formed between Arg62 on the a1 and Glu163 on the a2
helix in the four complexes: HLA-B*2705/RR10 (E), HLA-B*2705/Monop-RR10 (F), HLA-B*2705/Dip-RR10 (G), and HLA-

B*2705/Dip-RR9 (H). In HLA-B*2705/Dip-RR10 (G), the direct interactions between phosphosite P4-Ser and Arg62 open
the salt bridge.

and P4-pSer residue of the phosphoantigens presented by HLA-A*0201 was not observed in the structure
of the HLA-B*2705/Monop-RR10 complex (Figure 4B). The bonding of these two amino acid residues within
the peptide was replaced by water-mediated hydrogen bonding interactions. Furthermore, the phosphate
group was also linked to the Ne atom of the P5-Arg residue via hydrogen bonds (Figures 4B and 5). These
interactions directly and indirectly maintain the spatial stability of the phosphate group. The positively
charged Argb5 and Lys66 residues in the a1-helix of the HLA-A*0201 heavy chain form multiple salt bridges
with negatively charged phosphate groups, thus stabilizing its binding to phosphopeptides (Figures 4C
and 4D) (Mohammed et al., 2008; Petersen et al., 2009). In contrast, the corresponding residues in HLA-
B*2705, GIné5 and lle66, have no direct interaction with P4-pSer in Monop-RR10. Previously reported inter-
actions between phosphosites (which serve as “surface anchor residues”) and peptide-binding grooves
were not observed between HLA-B*2705 and P4 monophosphopeptides. Thus, the presence of allele-spe-
cific amino acid residues in the peptide-binding grooves of HLA-B*2705 and HLA-A*0201 specifically affect
the binding mode of P4 monophosphopeptides to MHC | (Figures S3).

Diphosphosite-dependent interactions between peptides and MHC | molecules

In the HLA-B*2705/RR10 structure, there is no direct interaction between the nonphosphorylated P4-Ser
residue and Argé2 residue in the HLA-B*2705/RR10 complex, whereas Arg62 and Glu163 residues form
a conventional salt bridge in HLA-B*2705 (Figures 5A and 5E). Meanwhile, the Argé2 residue forms two
hydrogen bonds with the oxygen atom in the hydroxyl group of the P2-Arg residue on the peptide main
chain. These interactions are quite similar in the HLA-B*2705/Monop-RR10 complex, whereas no direct
interaction of Argé2 with the phosphate group was found (Figures 5B and 5F).

In the HLA-B*2705/Dip-RR10 structure, phosphorylation of the P6-Ser residue leads to rotation of the pep-
tide backbone and the flipping up of its side chain and phosphate group, resulting in a prominent bulged
conformation at the P5-P7 positions in the peptide backbone. These conformational changes indirectly
result in the projection of P4-pSer toward the P1 residue. O2P and O3P atoms in the phosphate group
form a stable hydrogen-bonding network with Nn2 and Ne atoms in the P1-Arg residue, respectively. In
addition, the Argé2 residue repositions its side chain (the Nn1 atom) and forms two ionic bonds with the
phosphate group (O1P and O2P atoms) (Figures 5C and 5G). In contrast, the salt bridge between Argé2
and Glu163 residues of HLA-B*2705 is broken down (Figures 5C and 5G). Moreover, the side chains of
the P1-Arg and Glu163 residues, which initially bind to one another via hydrogen bonds in the HLA-
B*2705/Monop-RR10 complex, point in opposite directions in the Dip-RR10 complex. In addition, reposi-
tioning of the P4-pSer N-terminus prevents the formation of hydrogen bonds with the P5-Arg residue in the
diphosphoantigen.

The diphosphopeptide, Dip-RR9, is a one amino acid-shorter peptide at the C-terminus than Dip-RR10 but
still has a P9-Arg anchor, and it is presented as a natural antigen on HLA-B27. Dip-RR9 has a relatively flat-
tened conformation in the middle portion (P4-P7 positions) of the peptide (Figures 5D and 5H). The stretch
from the C terminus of the peptide brings the P4-pSer residue of Dip-RR? to a position as in the HLA-B*2705/
Monop-RR10 complex. Both Dip-RR9 and Monop-RR10 complexes have almostidentical relative amino acid
positions around the P4 phosphate group. However, unlike monophosphorylated Monop-RR10, an ionic
bondis formed between the O2P atoms of Argé2 and the phosphate group of Dip-RR9 (Figures 5D and 5H).

Structural properties of P6 phosphosites in peptides and the solvent exposure

The bulged conformation of the peptide backbone of the Dip-RR10 complex lifts the P6-pSer residue to
become the apex of the antigen presentation plane of the pMHC molecule. There is no observed MHC
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Figure 6. Unique structural characteristics of the P6 phosphosite and the solvent exposure

(A) In the structure of HLA-B*2705 complexed to the diphosphorylated 10-mer peptide, Dip-RR10, Pé-Ser of the
diphosphopeptide, Dip-RR10, displays complete solvent exposure and does not directly interact with the a1-a.2 helices.
Only a main chain contacting a water molecule (W1) was observed.

(B) In the HLA-B*2705 and diphosphorylated 9-mer Dip-RR9? complex, P6-pSer forms hydrogen bonds with water
molecules to interact with the a1 helix (W2) and the peptide backbone (W1 and W3). Peptide side chains are shown as
sphere-and-stick models, the red spheres represent oxygen atoms, the blue spheres represent nitrogen atoms, cyan
spheres represent water molecules, orange spheres represent phosphorus atoms, and black-dotted lines represent
hydrogen-bonding interactions.

(C) The peptides before the a1 helices in the HLA-B*2705 structure is superimposed for comparison. The backbone and
side chains of the peptides are labeled with different colors based on different isotropic temperature factors (B factors).
(D) Structural overlap of Dip-RR10 (purple) and Dip-RR9 (cyan) in HLA-B*2705 with the P5-Ser peptide (PDB code: 3FQU,
orange) presented by and HLA-A2. See also Figure S4.

residue or water molecule bound to the side chain of the Pé-pSer residue (Figure 6A). However, the
bulged conformation at the P6-pSer residue in Dip-RR9 is not as prominent as observed in Dip-RR10.
Regardless, it still lacks direct interaction with surrounding intramolecular residues. Instead, there are three
water-mediated interactions that bridge the O1P atom of P6-pSer to the O atom in the hydroxyl group of
Alabé9, the O1P atom to the O atom in the hydroxyl group of P4-pSer, and the O atom in the hydroxyl group
to the N atom in Pé-pSer (Figure 6B). These three "water bridges” stabilize the position and conformation
of phosphate groups in antigen molecules by joining the phosphorylated side chain of the Ser residue to
the a1-helix of the MHC molecules with peptide backbone. By comparing the P4 and P5 phosphorylations,
the phosphate group added onto the P6-pSer residue was found to have the highest solvent-exposed
position (Figures 6C and 6D). Moreover, the superposition of glycosylated MHC | antigens (H-2K® and
H-2DP-restricted) revealed that the protrusion degree of the P6 phosphate group of Dip-RR10 is even
higher than that of the polysaccharide group/glycosyl group in the glycosylated peptide (Glithero et al.,
1999; Speiretal., 1999). This results in a highest protrusion degree among the modifying groups in currently
resolved naturally modified epitopes (Figure S4). Thus, with high levels of group exposure, the structures of
diphosphoantigens presented on MHC | molecules reflect their potential dominantimmunogenicity during
immune recognition by T cells.

Site-specific effects of phosphate groups on the binding and stability of HLA-B27

To further understand the effects of diphosphorylation of peptide antigens on the peptide-binding capac-
ity of MHC | molecules and the effects of different phosphosites on the stability of P MHC, we determined
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Figure 7. Impact of phosphorylated sites on the stability of HLA/peptide complexes

(A and B) Circular dichroism (CD) was used to measure the temperature changes of the HLA-B*2705 complex bound to
unmodified, monophosphorylated P4-Ser or P6-Ser and diphosphorylated peptides on both P4-Ser and P6-Ser in the
10-mer RR10 (A) and its truncated 9-mer RR? (B). The stability of the HLA-B*2705 complexes formed with peptides of
different sequences are represented using different colored curves. The temperature (°C) values next to each sequence
are the thermal denaturation values, Ts.

(C) Polyline charts corresponding to the T,, values of different complexes in panels (A) and (B).

via CD spectroscopy the thermal stability of the HLA-B*2705 complexes with the peptides, including the
above-mentioned four structurally resolved peptides and other monophosphorylated and nonmodified
10- or 9-residue peptides (Figures 7A-7C). Monophosphorylation of the P4-Ser residue enhances the bind-
ing affinity of both the 10- and 9-residue peptides with an increase of T.,s of 1.9 + 0.2 °C. Unlike the P4
modification, there is a significant decrease in the binding affinity of both 10- or 9-residue peptides
following P6 monophosphorylation. The significant decrease in binding affinity is likely attributable to
loss of the role of the Pé6 residue as a secondary anchor with rotation of the peptide backbone following
phosphorylation. The 9-residue peptide showed a more significant decrease in binding affinity than the
10-residue peptide. These data confirmed the important effects of the phosphosite-specific interactions
observed in the crystal structure on the stabilization of the antigen-binding conformation.

DISCUSSION

In this study, we provided the first structural and thermodynamic insights into the presentation of multisite
phosphopeptides by MHC | molecules. Previous structural and immunological studies on posttranslation-
ally modified antigens (such as phosphorylated, acetylated, citrullinated, and glycosylated antigens) have
been limited to mono-modifications (Beltrami et al., 2008; Petersen et al., 2009; Speir etal., 1999; Sun et al.,
2014). Herein, we found that compared with the previously determined monophosphopeptides, the sec-
ondary phosphate group added to the peptide has a completely different conformation and intramolecular
binding mode. This study has enhanced our understanding of the mechanism underlying the presentation
of antigens that are modified at multiple sites.

At the molecular level, the majority of previously resolved structures of naturally modified MHC | antigens
are characterized by the solvent exposure of the modification group, such as in glycosylation, N-terminal
acetylation, and phosphorylation (Glithero et al., 1999; Mohammed et al., 2017; Sun et al., 2014). Such char-
acteristics have also been observed in the diphosphopeptides resolved in this study. The phosphate
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groups of both the P4 residue and P6 secondary anchor residue remain upward pointing outside the anti-
gen-binding pockets. Perhaps, chemical groups added onto peptide antigens are more likely to become
protruding sites on the surface of the antigens in immune responses, thus becoming recognition targets of
the TCR. However, this mechanism likely relies on the large volume and chargeability of the modifying
group itself. Our previous study indicated that the steric effects attributed to solvent exposure of N-termi-
nal acetylation of peptide antigens by the flipping of carbon-carbon bonds (Sun et al., 2014). The secondary
phosphate group can act as a direct potential target in TCR docking. Moreover, the addition of a secondary
modifying group (such as P6 phosphorylation) triggers dramatic conformational changes at other sites in
antigenic peptides, resulting in peptides with conformationally different antigenicity. Therefore, diphos-
phoantigens presented on MHC | molecules show conformationally variable antigenicity, and its high level
of group exposure reflects the potential dominant immunogenicity of the phosphopeptide during immune
surveillance by T cells.

In phosphorylation-dependent interactions, HLA-A2-restricted phosphopeptides consistently form a
broad ionic bonding network with Argé5 and Lyséé residues on the al-helix of the A2 molecule (Mo-
hammed et al., 2008, 2017; Petersen et al., 2009). Although the Argé2 residue near the P4 phosphosite
in the HLA-B*2705 molecule is also a positively charged amino acid residue, there is no direct interaction
between the Argé2 residue and phosphate groups in the monophosphopeptide Monop-RR10 complex.
However, such an interaction between Arg62 and the P4 phosphosite dramatically occurs in the Dip-
RR10 complex owing to local conformational changes in the peptide triggered by the secondary phospho-
site. Thus, the tendency of phosphate groups to form hydrogen bonds with the positively charged N-ter-
minal and surrounding MHC residues relies on the sequence polymorphism of the MHC alleles.

Previous studies on the binding affinity of MHC | molecules to HLA-A2-restricted phosphoantigens using
competition-based peptide binding and thermal stability assays confirmed that the phosphate group,
which is a solvent-exposed group, enhances the peptide-binding affinity of MHC | molecules and the sta-
bility of the pMHC complex to a certain extent in a peptide-sequence-dependent manner (Mohammed
etal., 2008; Petersen et al., 2009). This can be attributed to P4 phosphorylation and the broad ionic bonding
network formed between the P1 residues and positively charged residues on the a1-helix of MHC mole-
cules. However, we observed completely different thermochemical effects by the same type of modifica-
tion at different sites on the same peptide antigen. The P4 phosphorylation in the HLA-B*2705-restricted
peptide can have an HLA polymorphism-specific interaction with surrounding amino acid residues in HLA-
B*2705, thereby enhancing the antigen-binding affinity and the stability of the pMHC as HLA-A2-restricted
phosphopeptides (Petersen et al., 2009). Phosphorylation of the original anchor residue at position Pé re-
sults inloss of its role as an anchor residue owing to the steric hindrance of the phosphate group, leading to
significant loss of its binding affinity to 10- or 9-residue antigens. Meanwhile, in the 10-mer diphosphory-
lated peptide, the phosphorylated P6 pushes the phosphorylated P4 to the P1-Arg anchor and makes
the P4 phosphate group form the hydrogen bond network with the P1-Arg and also Argé2. In contrast,
the 9-mer diphosphorylated peptide is stretched, and the phosphorylated P4 does not form the hydrogen
bond network with the P1-Arg and also Argé2. So, the binding affinity of 9-mer diphosphorylated peptide is
weaker than 10-mer diphosphorylated peptide.

Peptides diphosphorylated at an interval of two amino acid residues are the most common form of phosphopep-
tides (Schweiger and Linial, 2010), which was also substantiated in our study. Meanwhile, the phosphopeptides
with a positively charged N-terminal residue and P4 phosphorylation (P5 in a small number of peptides) are com-
mon among the currently known phosphoantigens of MHC I molecules (Schweiger and Linial, 2010). In our studly,
the profile analysis of the protein phosphorylation site shows the high proportion of Arg as the third amino acid
before the P1P phosphorylation form, indicating a potential RXXpSXpSXXX motif for diphosphopeptides. Thus,
P4/P6 diphosphopeptides in this study are representative resolved structures of MHC I-restricted T cell peptides
with this motif. The structures indicated that the impact of modification on the recognition of diphosphopeptides
by T cells not only depends on peptide sequences and phosphate groups but also on the phosphosites. Never-
theless, the diphosphopeptides with no interval (PP), two intervals (P2P), or more interval residues between two
phosphorylations may also act as the peptides presented on MHC I. Our structure investigations of the diphos-
phopeptides with the P1P mode (residue P4 and P6) showed a common feature of the diphosphopeptide presen-
tation, when the biphosphorylation sites such as PP (residue P4 and P5) or P2P (residue P4 and P7) located in the
middle region of the peptides. But the structural basis for the presentation of these diphosphopeptides still need
further investigations.
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In view of the fact that phosphorylation is an important marker for various physiological activities, such as
carcinogenesis, malignant transformation, and apoptosis, there has been increasing attention on the appli-
cation of phosphoantigens in immunotherapeutic strategies against tumors. The structural basis of the
multisite phosphorylated epitope presentation and immune recognition may be important for the devel-
opment of vaccines or pharmaceutical ingredients for the treatment of autoimmune diseases and cancer.

Limitations of the study

In our study, we mainly elucidate the motif of dual phosphorylated peptides and their presentation char-
acteristics by MHC | through the structural analyses and human protein phosphorylation site database an-
alyses. As for the functional T cell recognition of the peptides, because the phosphopeptides in this study
are naturally processed phosphorylated peptides eluted from human cell expressed MHC |, they are hard
to elicita T cell response in vivo, and this result has been mentioned in the previous research (Zarling et al.,
2000).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli (E. coli) strain BL21 (DE3) Novagen Cat# 69450
Chemicals, peptides, and recombinant proteins

Peptide RR10 (Son3, RRFSRSPIRR) This paper N/A
Peptide RR9 (RRFSRSPIR, the N-terminal truncated 9-mer This paper N/A

of RR10)

Monophosphorylated peptides of RR10 (Monop-RR10, Zarling et al., 2000 N/A
RRFpSRSPIRR)

Monophosphorylated peptides of RR9 (Monop-RR9, This paper N/A
RRFpSRSPIR)

Diphosphorylated peptides of RR10 (Dip-RR10, Zarling et al., 2000 N/A
RRFpSRPSPIRR)

Diphosphorylated peptides of RR? (Dip-RR9, Zarling et al., 2000 N/A
RRFpSRPSPIR)

HLA-B*2705 This paper N/A

human B,-microglobulins This paper N/A

Critical commercial assays

Crystal Screen Kit I/1l and Index Kit

Hampton Research

http://www.hamptonresearch.com;

HiLoad 16/60 Superdex 200 pg column GE Healthcare Cat# 29194596
Deposited data

HLA-B*2705/RR10 complex This paper PDB: 7CIQ
HLA-B*2705/Monop-RR10 complex This paper PDB: 7CIR
HLA-B*2705/Dip-RR10 complex This paper PDB: 7DYN
HLA-B*2705/Dip-RR9 complex This paper PDB: 7CIS
Recombinant DNA

HLA-B*2705 This paper N/A

human B,-microglobulins This paper N/A

Software and algorithms

Python version 2.7

Python Software Foundation

https://www.python.org

COOT Emsley and Cowtan, 2004 https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/; RRID: SCR_01422 2

Phenix Liebschner et al., 2019 https://phenix-online.org/; RRID: SCR_01422 4

CCP4 Collaborative Computational Project https://www.ccp4.ac.uk/ RRID: SCR_00725 5

PyMOL Molecular Graphics System, https://pymol.org/2/ RRID: SCR_00030 5
Version 1.8 Schrédinger

Origin OriginLab https://www.originlab.com/ RRID: SCR_00281 5

Other

PhoSigNet database Zhang et all.,2015 http://119.3.70.71/PhoSigNet

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to lead contact, William J.

Liu (liujun@ivdc.chinacdc.cn)
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Materials availability

All unique reagents generated in this study are available from the lead contact without restriction.

Data and code availability

Atomic coordinates and structure factors have been deposited in the Protein Data Bank (http://www.rcsb.
org) under accession codes 7CIQ, 7CIR, 7DYN and 7CIS for HLA-B*2705 in complex with RR10, Monop-
RR10, Dip-RR10, and Dip-RR9, respectively. They are publicly available as of the date of publication. Any
additional information required to reanalyze the data reported in this work paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Microbe strains

BL21 (DE3) was cultured in LB with corresponding antibiotics after transfected with recombinant plasmid in
37°C incubator.

METHOD DETAILS

The phosphorylation sites

The phosphorylation sites information of 15705 human protein and related cancer information were ac-
quired from PhoSigNet database (http://119.3.70.71/PhoSigNet/) (Zhang et al., 2015). According to the po-
sition information of the phosphorylation site of each protein in the database, the average number of
different diphosphosite forms on tumor-association proteins and non-tumor-association proteins (average
diphosphosite number/protein) are counted. The adjacent diphosphorylation were defined as PP, and the
diphosphorylation forms with spaced amino acids were defined as PXP, etc (X = 1, 2, 3, ...). Then, the
average number of diphosphorylation with one interval residues among tumor-association proteins
(average P1P number/protein) in different diseases and the frequency of the third amino acid before the
P1P phosphorylation form were analyzed.

Peptide synthesis and preparation of expression constructs

Peptides RR10 (Son3, RRFSRSPIRR) and RR? (RRFSRSPIR, the N-terminal truncated 9-mer of RR10) were syn-
thesized and purified to ~95% by reverse-phase high-performance liquid chromatography (HPLC) (Scilight-
peptide, Inc. Beijing). The monophosphorylated peptides of RR10 (Monop-RR10, RRFpSRSPIRR) and RR?
(Monop-RR?, RRFpSRSPIR) indicated that have a phosphorylated Ser residue at the P4 positions, and di-
phosphorylated peptides of RR10 (Dip-RR10, RRFpSRpSPIRR) and RR? (Dip-RR?, RRFpSRpSPIR) indiceted
that have two phosphorylated Ser residues at the P4 and P6 positions. These phosphopeptides were also
synthesized, and the phosphorylation modification was confirmed by mass spectrometry. The peptides
were stored at —80 °C as a freeze-dried powder and dissolved in dimethyl sulfoxide (DMSO) before use.
Furthermore, HLA-B*2705 cDNAs were synthesized (Genewiz Inc., Beijing). The expression plasmids of hu-
man By-microglobulins (Bom, 1-99) were constructed in our laboratory (Zhang et al., 2011).

Expression and purification of the HLA-B*2705 complexes

Both HLA-B*2705 heavy chain and human B,m proteins were expressed as inclusion bodies in Escherichia
coli strain BL21 (DE3) and solubilized in 8 M urea buffer (Lu et al., 2019). The HLA-B*2705/peptide com-
plexes were renatured from heavy-chain inclusion bodies and B,m in the presence of peptides RR10,
RR9, and their phosphorylated peptides by the dilution-refolding method (Zhang et al., 2020). Briefly, for
dilution refolding, the HLA-B*2705 heavy chain, Bom, and peptide in a 1:1:3 molar ratio was refolded by
dilution in a 400-mM Arg-HCl solution. After 24 h of incubation at 277 K, the soluble proteins were concen-
trated, and the solution was changed to 20 mM Tris-HCl and 50 mM NaCl. The proteins were subsequently
purified through a gel filtration HiLoad 16/60 Superdex 200 pg column (GE healthcare, Sweden) and centri-
fuged in a buffer of 20 mM Tris (pH 8.0) and 50 mM NaCl to a final concentration of 7-15 mg/mL for crystal
screening.

Crystallization and data collection

Crystallization trials were performed via the hanging drop diffusion method using the Crystal Screen Kit I/11
and Index Kit (Hampton Research). Based on experiences with the structural determination of HLA-B*2705
(Liu et al.,, 2010a, 2010b; Speir et al., 1999), we also performed direct screening using the gradient
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conditions of 0.1 M Tris-HCI (pH 7.0-9.0) and 15-30% (w/v) PEG 8,000 buffer. The HLA-B*2705/Dip-RR10
crystals were obtained in a 0.2-M ammonium acetate, 0.1-M HEPES (pH 7.5), and 25% (w/v) PEG 3,350 so-
lution at 291 K. Single crystals of HLA-B*2705/Dip-RR? grew in 0.1 M Tris-HCI (pH 7.1) and 20.5% (w/v) PEG
8,000 at the same temperature. The crystals of HLA-B*2705/Monop-RR10 were generated under the con-
ditions of 0.1 M Tris-HCI (pH 7.9) and 17.5% (w/v) PEG 8,000 at 291 K, and 0.2 M sodium chloride, whereas
HLA-B*2705/RR10 was generated in 0.1 M Bis-Tris (pH 6.5), and 25% (w/v) PEG 3,350 at 277 K. Data from the
HLA-B*2705/Dip-RR10 and HLA-B*2705/Dip-RR? complexes were collected in-house on a Rigaku Micro-
Max007HF rotation anode X-ray generator at 40 kV and 20 mA (Cu Ke, A = 1.5418 A). Diffraction data for
both HLA-B*2705/Monop-RR10 and HLA-B*2705/RR10 crystals were collected at 100 K by a KEK PF-AR
NW12A (Japan) using a wavelength of 1.0 A. In all cases, the crystals were first soaked in a reservoir solution
containing 10-25% glycerol as a cryoprotectant for several seconds and the n flash-cooled in a stream of
gaseous nitrogen at 100 K. The collected intensities were subsequently processed and scaled using the
DENZO program and HKL2000 software package (HKL Research) (Otwinoski and Minor, 1997).

Structure determination and analysis

The structure of HLA-B*2705/RR10 was determined by molecular replacement using the determined HLA-
B*2705 structure (Protein Data Bank [PDB] code 2BST) as a search model in the Crystallography & NMR Sys-
tem (CNS) program (Brunger et al., 1998). Clear solutions in both the rotation and translation functions cor-
responded to one molecule in one asymmetric unit. The peptide residues that differed in our structures
compared to the search model were manually rebuilt in the COOT program under the guidance of Fo-F.
and 2F,-F. electron density maps (Emsley and Cowtan, 2004). Subsequently, we refined the initial rigid
body and performed a series of restrained translation, libration, and screw motion (TLS) refinements using
the REFMACS5 program (Murshudov et al., 1997). Additional rounds of refinement were performed using
the Phenix refine program implemented in the PHENIX package (Liebschner et al., 2019). We assessed
the stereochemical quality of the final model using the PROCHECK program (Laskowski et al., 1993; Zhang
et al., 2020). The structures of HLA-B*2705/Monop-RR10, HLA-B*2705/Dip-RR10, and HLA-B*2705/Dip-
RRY were determined using the final model of HLA-B*2705/RR10 through molecular replacement. The
phosphate groups linked to serine in the phosphorylated peptides were also integrated to the peptides
by insertion of the "SEP" group in COOT. The same refinement steps were performed to generate the final
models. B factors were generated by utilizing the Baverage program in the CCP4i package (Collaborative
Computational Project, Number 4, 1994). The molecular models and electron density-related figures were
generated using PyMOL (http://www.pymol.org/). The sequence alignment was generated using Clustal X
(Thompson et al., 1997) and ESPript (Gouet et al., 2003).

Thermostability measurements using circular dichroism (CD) spectroscopy

The thermostabilities of HLA-B*2705 complexed to different peptides were tested by using CD spectros-
copy (Lu et al.,, 2019; Zhu et al., 2019). All complexes were refolded and purified beforehand, as described
above, and measured at 0.2 mg/mL in a solution of 20 mM Tris (pH 8.0) and 50 mM NaCl. CD spectra at
218 nm were measured on a Chirascan spectrometer (Applied Photophysics) using a thermostatically
controlled cuvette at temperature intervals of 0.2 °C and an ascending rate of 1 °C/min between 20 and
90 °C. The temperature of the sample solution was directly measured using a thermistor. The fraction of
unfolded protein was calculated from the mean residue ellipticity. The unfolded fraction (%) is expressed
as (0-0,) / (8,-6,), where 6, and 8, are the mean residue ellipticity values in the fully folded and fully
unfolded states, respectively. The denaturation curves were generated by nonlinear fitting in OriginPro
8.0 (OriginlLab). The midpoint transition temperature (T,,) was calculated by fitting data to the denaturation
curves and using inflexion-determining derivatives.

QUANTIFICATION AND STATISTICAL ANALYSIS

This manuscript does not include quantification or statistical analysis.
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