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Abstract

Post-translational modifications significantly broaden the epitope repertoire for major histo-
compatibility class | complexes (MHC-I) and may allow viruses to escape immune recognition.
Lymphocytic choriomeningitis virus (LCMV) infection of H-2° mice generates CD8* CTL
responses directed towards several MHC-I-restricted epitopes including the peptides GP92
(CSANNSHHYI) and GP392 (WLVTNGSYL), both with a N-glycosylation site. Interestingly,
glycosylation has different effects on the immunogenicity and association capacity of these
two epitopes to H-2D®. To assess the structural bases underlying these functional results, we
determined the crystal structures of H-2DP in complex with GP92 (CSANNSHHY!) and GP392
(WLVTNGSYL) to 2.4 and 2.5 A resolution, respectively. The structures reveal that while gly-
cosylation of GP392 most probably impairs binding, the glycosylation of the asparagine resi-
due in GP92, which protrudes towards the solvent, possibly allows for immune escape and/or
forms a neo-epitope that may select for a different set of CD8 T cells. Altogether, the pre-
sented results provide a structural platform underlying the effects of post-translational modifi-
cations on epitope binding and/or immunogenicity, resulting in viral immune escape.

Introduction

The impact of post-translational modifications (PTMs) on disease progression is now well
established [1-3]. PTMs such as deamidation [4], cysteinylation [5], nitrotyrosination [6,7],
glycosylation [8,9] or phosphorylation [10,11] alter the epitope repertoire in a large ensemble
of diseases including cancers [12-14], autoimmune disorders [15,16] and viral infections
[17,18]. PTMs may result in the generation of disease-specific immunogenic neo-epitopes [19]
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and/or allow for immune escape [20]. Glycosylation is one of the most common PTMs, with
important consequences for MHC-I and MHC-II presentation, and consequently T cell recog-
nition [21-24]. There are commonly three types of constitutive glycans [19,22,25]. While N-
linked glycans use a N-acetylglucosamine (GIcNAc) sugar moiety that binds to the side chain
of the asparagine residue within the conserved motif Asn-X-Ser/Thr where X # Pro, O-linked
glycans bind to serine or threonine residues via a sugar moiety such as GIcNAc without any
consensus sequence pre-requirement. The third type of glycosylation includes the carbohy-
drate components of glycosylphosphatidylinositol (GPI) anchors. T cell responses against O-
glycosylated proteins can be significantly influenced by the nature and the position of peptide-
attached sugar moieties [9,19,22,26]. N-linked glycosylation can also give rise to secondary de-
glycosylation, resulting from the conversion of asparagine to aspartate [27], which ultimately
means that a potentially N-linked glycosylation site can exist in three different forms, wild-
type (WT), glycosylated (GlcNAc) and deglycosylated (D).

The addition of N-linked glycans to nascent polypeptides occurs co-translationally in the
endoplasmic reticulum (ER), as part of their maturation [28]. The glycosylation state serves as
an indicator for a large amount of proteins, allowing the ER quality control system to monitor
the conformation and the appropriate fold of these polypeptides. Proteins that are inade-
quately folded are often dislocated to the cytoplasm, where they are subjected to proteasomal
degradation. Specific recognition and elimination of tumors and/or pathogen-infected cells by
cytolytic CD8" T lymphocytes (CTLs) critically relies on the presentation of antigenic peptides
by MHC class I molecules (MHC-I) at the cell surface. The antigenic peptide repertoire is gen-
erated from mature and immature proteins (defective ribosomal products, DRiPs), which
depends mainly on degradation by the proteasome during or after their synthesis [29,30].
Since many antigens are glycoproteins, including tumor-associated and pathogen-derived
molecules, the glycosylation status of these epitopes may affect their processing and the
amount that is presented on the cell surface [31].

Although the de-facto MHC-I presentation of N-glycosylated peptides on the surface of
healthy, stressed or infected cells has still not be proven, studies have demonstrated that
MHC-I-restricted N-glycosylated epitopes can elicit highly efficient CD8 T cell responses [23].
Furthermore, a fundamental previous study has provided direct evidence that the proteasome
is fully capable of degrading glycoproteins without prior removal of their glycans [32]. While
the addition of N-linked glycans always occurs within the ER, potential removal of the glycans
takes place in the cytosol through the action of the peptide N-glycanase (PNGase). The same
study also demonstrated that the presence of a glycan near an MHC-I-restricted epitope mod-
ulates its presentation [32].

Others and we have previously addressed from a structural point of view how specific viral
escape mutations and/or PTM in MHC-I-restricted epitopes alter significantly T and NK-cell
recognition [6,9,26,33-35]. In particular, the effects of glycosylation and nitrotyrosination on
the formation of neo-epitopes that select for PTM-specific T cells were described [6,26]. Often,
the same PTM in the same epitope reduced significantly binding capacity when restricted to
one MHC allele, while forming a neo-epitope when binding to another MHC allele, allowing
for both immune escape and selection of a novel CTL repertoire [6,9,26,34,35]. Furthermore,
clear possibilities for TCR cross-reactivity were also suggested by at least one study [9].

The LCMV (Lymphocytic Choriomeningitis Virus)-derived epitopes GP92 (CSANNSH-
HYI) and GP392 (WLVTNGSYL) were initially identified and characterized by using peptide
libraries based on the H-2D® binding motif within LCMV protein sequences [36]. The se-
quences corresponding to these two epitopes are naturally glycosylated in the full length
protein version [23,24,37]. More recently, the crystal structure of the prefusion surface glyco-
protein, from which both these peptides are derived, demonstrated clearly that the asparagine
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residues at position 4 and 5 of GP92 and GP392, respectively, are both glycosylated [38] (S1
Fig). Thus, both epitopes carry the N-linked glycosylation pattern, with well-established func-
tional effects [23,24]. However, the introduced glycosylation modifications have opposite
effects on GP92 and GP392 epitopes. Indeed, the sub-dominant peptide GP92 and its modified
forms GIcNAc-GP92 and D-GP92 are all immunogenic [23]. Vaccination with any of these
three variants triggers efficient T cell activation in mice models but only CTLs generated with
either wild-type GP92 or D-GP92 can kill LCMV-infected cells [23,24]. However, T cells raised
against the GIcNAc-GP92 epitope cannot lyse LCM V-infected cells, indicating that this epi-
tope is not naturally presented or that the amounts presented on the cell surface are very lim-
ited [23]. In contrast to GP92, GP392 is immunogenic only in its genetically-encoded form
when used for vaccination in mice; T cells could not be raised towards neither GIcNAc-GP392
nor the de-glycosylated variant D-GP392 [24]. Interestingly, the binding affinity of the two
modified versions of GP392 were significantly reduced compared to the unmodified GP392
[24]. Most importantly, neither unmodified GP392 nor the PTM GP392 epitope variants were
detected on the cell surface of LCMV-infected cells, reducing the potential for using any of
these epitopes for vaccination attempts [24].

The main aims of the present study were to determine the crystal structures of H-2D” in
complex with the LCMV-derived epitopes GP92 and GP392 and possibly unveil the structural
mechanisms underlying the differential immunogenicity of these two epitopes and their
respective glycosylated isoforms. To our knowledge, our results represent the first structural
analysis of the differences introduced by peptide glycosylation on the immunogenicity of
MHC-I-restricted LCMV-associated epitopes. Additionally, the two crystal structures solved
within this study provide further insights on the potential effects of PTMs on viral immune
escape from cytotoxic T Lymphocytes (CTL) responses as well as how PTM can generate
immunogenic neo-epitopes.

Materials and methods
Production and crystallization of H-2D° in complex with GP92 and GP392

Peptides GP92 (CSANNSHHYT) and GP392 (WLVTNGSYL) were produced by microwave-
assisted solid phase synthesis based on Fmoc chemistry [39] on a CEM Liberty peptide synthe-
sizer. Peptides were purified by RP-HPLC on a Jasco BS-997-01 instrument equipped with a
DENALI C-18 column from GRACE VYDAC (10um, 250 x 22mm). The refolding and purifi-
cation of H-2D® in complex with GP92 or GP392, and mouse B,-microglobulin (B,m) were
conducted as described earlier [6,34,40-43]. Ion-exchange chromatography was used as an
additional purification step, using a Mono Q column (GE Healthcare), for both complexes.
The best crystals for the H-2D*/GP92 and H-2D”/GP392 complexes were obtained by hanging
drop vapor diffusion in 100 mM ammonium sulfate, 100 mM Tris-HCI (pH 7.5), 25% PEG
6000 and 1.8 M ammonijum sulfate, 100 mM Tris-HCI (pH 8.0), respectively. Typically, 2 ul of
H-2D®/GP92 (2 mg/ml) and 4 pl of H-2D®/GP392 (5 mg/ml), both in 100 mM Tris-HCI, pH
7.5, were mixed at a 2:1 ratio with the crystallization reservoir solution at 4°C.

Data collection and processing

Crystals were soaked in reservoir solutions complemented with 15% glycerol before flash-
freezing in liquid nitrogen. Data sets for the H-2D®/GP92 and H-2D"/GP392 complexes were
collected at a wavelength of 0.933 A under cryogenic conditions (temperature 100 K) at the
beamline ID14-1 at the European Synchrotron Radiation Facility (ESRF Grenoble, France) to
2.4A and 2.5A resolution, respectively. The data were processed with MOSFLM [44] and
SCALA [45] from the CCP4 suite [46]. While the space group of the H-2D®/ GP92 crystal was
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Table 1. Data collection and refinement statistics.

Data Collection
Space group
Unit-cell parameters (A, °)

H-2D°/CSANNSHHYI

a=85.5,b=176.3,c=85.6
a=y=90,p=119.8

H-2D°/WLVTNGSYL

c2
a=90.3,b=108.8, c =58.0
a=y=90,8=121.9

Resolution | 19.61-2.4 (2.43-2.4) 19.76-2.5 (2.66-2.5)
"Rperge | 7.0 (69.0) 10.0 (40.3)
Yo(l)| 12.7 (1.8) 12.2 (3.4)
Completeness (%) | 94.2 (91.0) 99.5(99.2)
Multiplicity | 3.6 (3.6) 3.6 (3.6)
Refinement
No. of reflection | 84550 (2598) 16374 (2590)
2Ruorc | 0.1994 (0.3476) 0.1801 (0.2523)
3Riee | 0.2589 (0.3997) 0.2291 (0.2857)
R.m.s.d
Bond lengths (A) | 0.010 0.010
Bond angles (°) | 1.241 1.202
Ramachandran outliers | 0 0
Ramachandran favored | 97.81% 0,97
Mean B factor (A%) | 67.87 58.0

Values in parentheses are for the highest resolution shell.
1 Rmerge = Yhii 2 | 1i (hkl)— (nKkI)> |/ S 31 1i (hKI), where li(hk) is the ith observation of reflection hkl and «I (hkl)» is the weighted average intensity for all

observations i of reflection hkl.

2 Rwork = Z||Fol—|Fc|[/Z|Fo|, where |Fo| and |Fc| are the observed and calculated structure factor amplitudes of a particular reflection and the summation is

over 95% of the reflections in the specified resolution range. The remaining 5% of the reflections were randomly selected (test set) before the structure
refinement and not included in the structure refinement.

8 Riree Was calculated over these reflections using the same equation as for Reyyst.

https://doi.org/10.1371/journal.pone.0189584.t001

determined to be P2, with four molecules in the asymmetric unit, the crystal of H-2D"/GP392
belongs to the space group C2 with one molecule in the asymmetric unit. Data collection statis-
tics are provided in Table 1.

Structure determination and refinement

The crystal structures of the H-2D”/GP92 and H-2D"/GP392 complexes were solved by molec-
ular replacement using the program PHASER [47] and the crystal structure of H-2D®/gp33
[34] (PDB code 1N5A), with the peptide omitted, as a search model. Clear and continuous
electron densities were observed in the peptide binding clefts in both structures, allowing for
unambiguous modelling of the epitopes CSANNSHHYI and WLVTNGSYL. Five percent of
the reflections were set aside in both cases for use as a test set for cross-validation. Refinements
were carried out using Phenix [48] and manual rebuilding using Coot [49]. The final refined
structures were deposited at the PDB under the accession codes 5)WD and 5JWE for GP392
and GP92, respectively. The final refinement parameters are presented in Table 1. All figures
were generated using Pymol [50].
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Results

The 3D structures of H-2D®/GP92 and H-2DP/GP392 are prototypic for
MHC-I/peptide complexes

The crystal structures of H-2D in complex with the LCMV-derived peptides GP92 (CSANN
SHHYT) and GP392 (WLVTNGSYL) were refined to 2.4 and 2.5 A resolution, respectively
(Table 1). Reee/Rerys: for the final models of GP92 and GP392 were 25.9/19.9% and 23.5/21.6%,
respectively, which is typical for structures at these resolutions. The overall structures of the
complexes are very similar to each other and display the classical configuration for MHC-I/
peptide complexes (Fig 1A and 1B) with both epitopes bound within the peptide binding cleft
[51]. The peptide-binding domains of these two MHC-I/peptide complexes are highly similar
to each other with an overall root mean square deviation (rmsd) value of 0.78A for 170 Co.
atoms (residues 3-173) in the o; and o, domains of the heavy chain. Moreover, their three-
dimensional structures are very similar to previously determined crystal structures of H-2D"
in complex with e.g. the immunodominant LCMV-derived peptide gp33 [35], with an rmsd
value of 0.66A for H-2D?/GP92 and 0.87A for H-2D®/GP392, respectively. The stereochemis-
try of both crystal structures is as expected for models at these resolutions (Table 1). The
bound peptides and all residues forming the binding cleft of H-2D® are clearly defined in
unambiguous 2Fo-Fc electron density maps (Fig 1C and 1D).

The LbCMV-derived epitopes GP92 and GP392 bind conventionally to
H-2D

The peptide-binding groove of H-2D" is closed at both ends restricting most bound peptides to
8-10 residues. In both complexes, the fifth peptide residue (asparagine p5N) and the C-terminal
residue act as anchor positions, binding to the C- and F-pockets in H-2D", respectively [52].
Indeed, the decamer GP92 employs p5N and p10I as main anchor residues for binding to H-2D".
A small section of the C-terminal part of GP92, composed of residues p6S-p9Y, bulges out from
the groove in order to accommodate the anchor residue p10I within the F-pocket (Figs 1C and
2A) [53]. The other main anchor residue p5N forms two hydrogen bonds with the H-2D" residue
Q97, and an additional hydrogen bond with the H-2D" residue Q70 (Fig 3A). The side chain of
residue p10I fits well within the hydrophobic F-pocket of H-2D® composed by residues W73, L81,
L95, F116, 1124 and W147 (Fig 3B). Its main chain atoms also form an intricate network of hydro-
gen bonds with the H-2DP residues $77, N80, Y84, T143 and K146 (Fig 3B). All other peptide resi-
dues, except the bulging histidine residue p7H and non-anchoring residue p3A, form hydrogen
bonds between their backbone atoms and the side chains of H-2D" residues (52 Fig).

The nonameric GP392 binds to the peptide binding cleft in a classical elongated conformation
(Figs 1D and 2B). Similarly to GP92, GP392 utilizes residues p5N and p9L as main anchor resi-
dues (Fig 3C and 3D). Residues p5N and p9L use approximately the same hydrogen bond pattern
as GP92, besides two hydrogen bonds that are missing due to a shift in the main chain oxygen of
residue p4N causing the distance to H155 and Y156 to increase. It should be noted that the leucine
residue p9L is considered as a weaker anchor in the F-pocket, compared to strong anchors such
as isoleucine or methionine, with a following reduction in hydrophobic interactions [53].

The glycan-binding asparagine residue is exposed in GP92 and buried in
GP392

In GP92, residue p4N that can be glycosylated protrudes towards the solvent and is fully acces-
sible to T cell receptors (TCRs) (Fig 4A). Thus, in line with the observations of Hudrisier et al
[24], modifications targeting this residue should not significantly affect the binding capacity of
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A. GP92

90°

Fig 1. H-2DP/GP92 and H-2D°/GP392 have highly similar overall fold. Cartoon representations of the extracellular domains of the H-2D"/
GP92 complex (A) with the peptide in orange and the H-2D®/GP392 complex (B) with peptide in blue demonstrate classical MHC-I overall
structures, with the peptides bound between the helices of the a4 and a, domains. (C and D) 2FoFc electron density map contoured at 1g level
defines unambiguously the conformation of the peptides. Peptides are shown in stick representation with N-terminus to the left. (C) The
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decameric GP92 takes a bulged conformation when binding to the H-2DP cleft. Residues p7H and p8H project towards the solvent and, together
with p4N and p9Y, protrude towards the TCR. The side chains of residues p5N and p10l anchor the peptide to H-2D. (D) The epitope GP392
takes an elongated conformation with residues p5SN and p9L anchoring to the peptide binding cleft and residues p4T and p8Y directed towards
the TCR.

https://doi.org/10.1371/journal.pone.0189584.g001

the altered peptide(s) to H-2D". As previously mentioned, vaccination with wild-type or any
of the two PTM GP92 variants generated T cells selectively cytotoxic to LCMV-infected cells
[23]. Based on the crystal structure of H-2D®/GP92 solved in this study, we created molecular
models of the different PTM versions of GP92 known to bind to H-2D" (Fig 4B and 4C), indi-
cating that both the glycan moiety at p4 and the modified residue p4D protrude from the cleft,
and explaining the functionally observed efficient T cell triggering for all three GP92 peptide
variants [23]. Indeed, as T cells activated by GIcNAc-GP92 or D-GP92 cannot efficiently cross-
react with the wild-type epitope [23], both the wild-type epitope and each PTM version are
most probably recognized by different TCR populations.

In contrast to GP92, the crystal structure of H-2D®/GP392 indicates that the asparagine res-
idue p5N that can be glycosylated is essential for peptide binding to H-2D" (Figs 1D, 3C and

C-pocket

A.
GP92

Fig 2. The peptides GP92 and GP392 bound to the cleft of the H-2D® molecule. Peptides are presented as
sticks and the H-2D° molecule is shown as a surface colored according to the electrostatic potential with red and
blue corresponding to negative and positive charges, respectively. The C- and F-pockets, docking sites for the
anchor residue p5N and the C-terminal residue, respectively, are indicated.

https://doi.org/10.1371/journal.pone.0189584.9002
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A. GP92 C-pocket Yy C. GP392 C-pocket
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D. GP392 F-pocket

Fig 3. The two main anchor residues are using hydrogen bonds and hydrophobic interactions for
binding to H-2DP. H-2DP residues shown in grey interact with anchor residues of GP92 (cyan) (A-B) and
GP392 (magenta) (C-D). The conformation and the interaction of residue p5N in GP92 (A) and GP392 (C) are
almost identical. Residue E9 is responsible for the slightly negative charge of the pocket C, impairing docking
of e.g. aspartate residues in the C-pocket. The heavy chain oxygen of peptide residue p5N in GP92 is directed
towards the H-2D° residues H155 and Y156, forming hydrogens bonds. In contrast, the oxygen residue in
GP392 does not form any interaction with H155 nor Y156. The details of the interactions of the GP92 and
GP392 C-terminal residues p10l and p9L within the F-pocket are presented in (B) and (D), respectively.
Though isoleucine and leucine residues are rather similar in size and hydrophobicity, the shape of the F
pocket fits better for isoleucine residue p10I (B) rather than leucine (D).

https://doi.org/10.1371/journal.pone.0189584.g003

5A). Addition of the sugar not only disrupts the fork-like hydrogen bonds formed between
p5N and the H-2D" residue Q97, but also transforms the glycosylated p5N position into a
much larger residue unsuitable for binding into pocket C (Figs 3C and 5B). However, previous
studies have also demonstrated that the glycosylated version of GP392 still can bind to H-2D",
although with much weaker affinity compared to the wild-type GP392 [24]. Furthermore,
other crystal structure studies of glycosylated peptides in complex with H-2D" have demon-
strated that a glycan at peptide position 5 such as in the epitope K2G protrudes out of the cleft
instead of pointing towards the H-2D" residue GIn97 [9]. Consequently, the K2G peptide
takes a profoundly different conformation in its middle part while both the N- and C-termini
of the peptide take very similar conformations compared to the wild-type peptide. Here
instead, the tyrosine residue at peptide position 6 in K2G acts as a novel anchor position, re-
sulting in efficient binding to H-2DP [9]. Therefore, we also created a molecular model of H-
2D" with GIcNAc-GP392 that indicates that the glycosylated residue at position 5 can also
point out of the cleft (Fig 5C). However, the glycine residue at position 6 cannot act as an
anchoring position substitute as in the complex of H-2D" with K2G, providing a possible
explanation to its much weaker affinity to H-2DP, compared to GP392.

It is well-established that any variation in anchor residues may alter considerably the capac-
ity of modified peptides to bind to MHC-I [54]. The molecular model of the deglycosylated
peptide variant D-GP392 demonstrates this clearly (Figs 3C and 5D), since the single atom dif-
ference between aspartate and asparagine, abrogates interactions with Q97 and results in a sig-
nificant reduction in peptide affinity to H-2D" [24]. Analysis of the crystal structure also
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p7H
6S
pAN | poY
A. p8H
GP92 pIC  p2s
: N
p3a P8 p10l

9Y
B.
GIcNAc-
GP92

p10l
C.
D-GP92

Fig 4. Molecular models of glycosylated and de-glycosylated GP92 indicate the possible formation of
neo-antigens following PTM. (A) The crystal structure of the H-2D°/GP92 complex indicates that residues
p4N and p7H are likely important for interactions with TCRs. (B) Potential glycosylation of p4N in GIcNAc-
GP92 would result in the creation of a neo-antigen. (C) Deamidation of p4N in D-GP92 would also result in the
formation of a neo-epitope potentially recognized by a different TCR population compared to the wild-type
epitope.

https://doi.org/10.1371/journal.pone.0189584.g004

reveals the presence on the bottom of the peptide-binding cleft of the negatively charged resi-
due D9 (Fig 3C), which renders pocket C (also formed by residues Q70 and Q97) more acidic.
Thus, pocket C is a perfect docking site for polar uncharged asparagine residues whereas
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Fig 5. Molecular models of glycosylated and de-glycosylated GP392 explain reduced binding to H-
2DP as well as possibilities for the formation of neo-epitopes. (A) The main anchor residue p5N in the
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unmodified GP392 forms hydrogen bonds with residue Q97 localized in the bottom of the peptide binding cleft
of H-2DP. (B) Molecular modeling indicates that the introduction of the smallest possible sugar moiety GIcNAc
induces sterical clashes that impairs binding. (C) Molecular modeling also indicates that glycosylation of p5N
could result in profound conformational modifications within the middle part of the epitope, that could allow
presentation of the glycan moiety towards the TCR. (D) The negatively charged p5D residue in the de-
glycosylated D-GP92 is directly unfavorable for binding to the C-pocket, due to incompatibilities with the H-
2DP residues E9 and Q97.

https://doi.org/10.1371/journal.pone.0189584.9005

modification to a negatively charged aspartate is unfavorable. Overall, our results demonstrate
that glycosylation may both reduce significantly binding affinity and thus presentation capac-
ity and/or alter the conformation of the presented epitopes, possibly allowing for immune
escape and/or forming a neo-epitope that may select for a different set of CD8 T cells.

Discussion

Post-translational modifications affect the characteristics of diseases including e.g. cancers
[12-14], autoimmune disorders [15,16] and viral infections [17,18]. Even though these studies
have demonstrated their clear impact on these diseases, the contrasting effects of PTMs on
immunogenicity and binding affinity require further investigations in order to progress epi-
tope vaccination design. Indeed, glycosylation, one of the most common PTMs, has significant
impact on MHC-I epitope repertoire and immunogenicity [13]. We based the present struc-
tural analysis on the LCMV-derived H-2D"-restricted epitopes GP92 and GP392 which both
comprise the classical motif for glycosylation. However due to the different location of these
sites on GP92 and GP392, glycosylation results in diametrically different effects on peptide
binding and immunogenicity in these two different peptide models [24].

GP92 and GP392 share p5N as a primary anchoring residue, important for binding to H-
2D" due to its polarity and the formation of a hydrogen bond network with H-2D" residues
inside the C pocket (Fig 3A and 3C). The majority of the deposited crystal structures and pep-
tides eluted from H-2D"* cells comprise an asparagine at position 5 in the peptides as pre-
ferred anchor residue for C pocket [53] with exceptions such as the recently identified cancer-
associated TEIPP neo-epitope Trh4, that is presented exclusively on antigen processing defi-
cient cells [55-57], and a mutated version of the influenza A epitope NP3¢4 [58]. Accordingly,
any PTM introduced at position 5 in GP392 will have significant consequences for its binding
ability to H-2D". Thus if pointing down towards the peptide-binding cleft, this sugar moiety
should prevent/reduce peptide binding (Fig 5B), explaining the significant reduction in bind-
ing and immunogenicity in vaccination trials [24]. On the other hand, as previously demon-
strated [9], PTM at peptide position 5 can result in profound conformational modifications
within the middle part of H-2D"-restricted epitopes, resulting in the presentation of the glycan
towards TCR and away from the peptide-binding cleft. Indeed, molecular modeling of H-2D"
in complex with GIcNAc-GP392 indicates also the possibility for the glycan moiety to be pre-
sented at the TCR interface through a significant conformational modification in the central
part of the epitope (Fig 5C). In contrast to previous studies, the glycine residue at position 6 of
GP392 cannot compensate for the lost interactions with the H-2DP residue GIn97. In conclu-
sion, this alternative conformation could result in the creation of a neo-antigen. Furthermore,
it could also explain the reduced binding ability of the glycosylated peptide. The altered pep-
tide variant D-GP392 (Fig 5D) differs from GP392 in only one atom, the oxygen OD1 instead
of the nitrogen ND1. Nonetheless, D-GP392 binds to H-2D" with a significantly reduced affin-
ity of 2-3 order magnitude compared to the wild-type epitope [24].

Though the unmodified GP392 is a promising candidate for binding and presentation [53],
it has hitherto not been detected on the surface of LCMV-infected cells [24]. It is now well
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established that this epitope is glycosylated in the native protein [24,38]. It should be noted
that the consensus sequence Asn-X-Ser/Thr is not the only parameter for an effective N-glyco-
sylation; it has indeed also been shown that the N-linked glycan occupancy is dependent on
the conformation of the glycosylated part of the protein [59]. Several possibilities may explain
the fact that presence of glycosylated GP392 on the cell surface has hitherto not been demon-
strated. One possibility is that GIcNAc-GP392 is completely de-glycosylated by PNGase fol-
lowing protein degradation by the proteasome, allowing only the presentation of D-GP392.
Another possibility is that due to the significantly reduced binding affinity of GIcNAc-GP392
to H-2D", with the glycan moiety pointing either in or out of the peptide-binding cleft, the
amounts of GIcNAc-GP392 presented on the cell surface are too low for efficient detection. It
is essential to note that in vivo peptide stimulation using N-glycosylated and de-N-glycosylated
versions of GP392 failed to generate CTL responses in C57/Bl6 mice [24].

In contrast to GP392, the GP92 epitope is not modified at position 5, but instead at position
4 (Fig 4A), causing peptide binding to be largely unaffected by glycosylation or de-glycosyla-
tion (Fig 4B and 4C). Indeed all forms of GP92 epitopes efficiently bind to H-2D" [24]. Instead,
glycosylation and any following modification would result in the formation T-cell neo-epi-
topes [23]. Formation of glycosylation/de-glycosylation derived neo-epitopes has been
reported in a large ensemble of diseases including ovarian carcinoma, melanoma, leukemia as
well as autoimmune diseases such as rheumatoid arthritis [12,13,15,60].

The epitope GlcNAc-GP92 is immunogenic with high affinity to H-2DP, but has not been
eluted from LCMV-infected cells, and CTLs stimulated with GIcNAc-GP92 epitope did not
kill LCMV-infected cells. [23]. In contrast, both wild-type GP92 and the de-glycosylated PTM
version D-GP92 are naturally presented on the cell surface. So why is GIcNAc-GP92 not pres-
ent? At the present time, we can only delve into this question through speculation. Glycosyla-
tion is known to affect the efficiency of proteases [20], which could be one reason to why only
the wild-type and the de-glycosylated peptide versions are detected. Assuming that the glyco-
sylated version is the functional state of this protein, the H-2D"-restricted peptide GP92 could
be a result of a misfolded and degraded protein, insusceptible to glycosylation at this position,
according to the Defect Ribosomal Product hypothesis [61].

Additional studies on the functional, structural and immunological relevance of the post-
translationally modified peptidome are necessary in order to expand our knowledge on the
pathways leading to the presentation of such peptides. Novel techniques using e.g. advanced
mass-spectrometry with high sensitivity [16,60,62,63] would allow the identification of dis-
ease-associated PTM neo-epitopes, and allow us to readdress previously published work in
order to assess whether glycosylated versions of GP92 are actually presented or not on the sur-
face of infected cells. Here we report the structural bases underlying how glycosylation of
GP92 can clearly result in the formation of immunogenic neo-epitopes that may select for dif-
ferent T cell populations. In contrast, glycosylation of GP392 inhibits the presentation of vari-
ants of this epitope, possibly resulting in immune evasion. In conclusion, our results provide
structural insights for how PTM neo-epitopes can be immunogenic while others are not. The
identification and exact understanding of the structural localization of such modifications,
especially when it comes to interaction with MHC-I molecules, is essential for the design of
efficient peptide vaccines against viral infections and cancer.

Supporting information

S1 Fig. Crystal structure of the prefusion surface glycoprotein of LCMV expressed in insect
cells reveals that GP is heavily glycosylated. Eight asparagine residues, N85, N95, N114,
N124, N171, N232, N371 and N396 glycosylated. Importantly bothpeptide GP92 and GP392,
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colored in green and blue, respectively, are glycosylated.
(TIF)

S2 Fig. Extensive network of hydrogen bonds between peptide and H-2D".
(TIF)

Acknowledgments

We gratefully acknowledge access to synchrotron radiation at beamline ID14-1 (Grenoble,
France). This work was supported by the Swedish Research Council (Vetenskapsradet, https://
www.vr.se/) and the Swedish Cancer Society (Cancerfonden, https://www.cancerfonden.se/)
to AA. The funders had no role in study design, data collection and analysis, decision to pub-
lish, or preparation of the manuscript.

The crystal structures presented in this article have been submitted to the Protein Data
Bank (PDB; http://www.rcsb.org/pdb/home/home.do) under accession code 5JWD and
5JWE.

Author Contributions
Conceptualization: Daniel Badia-Martinez, Tatyana Sandalova, Adnane Achour.

Formal analysis: Ida Hafstrand, Daniel Badia-Martinez, Melissa Norstrom, Jérémie Buratto,
Tatyana Sandalova.

Funding acquisition: Adnane Achour.

Investigation: Daniel Badia-Martinez, Melissa Norstrom.
Methodology: Daniel Badia-Martinez, Tatyana Sandalova.

Project administration: Daniel Badia-Martinez.

Resources: Sara Pellegrino, Adnane Achour.

Supervision: Adil Doganay Duru, Tatyana Sandalova, Adnane Achour.

Validation: Ida Hafstrand, Daniel Badia-Martinez, Jérémie Buratto, Adil Doganay Duru, Tat-
yana Sandalova.

Visualization: Ida Hafstrand, Tatyana Sandalova.
Writing - original draft: Ida Hafstrand, Jérémie Buratto.

Writing - review & editing: Ida Hafstrand, Benjamin John Josey, Adil Doganay Duru, Tat-
yana Sandalova, Adnane Achour.

References

1. Baum LG, Cobb BI. The Direct and Indirect Effects of Glycans on Immune Function. Glycobiology.
2017; 1-6. https://doi.org/10.1093/glycob/cwx036 PMID: 28460052

2. Varki A. Biological roles of glycans. Glycobiology. 2017; 27: 3—49. https://doi.org/10.1093/glycob/
cww086 PMID: 27558841

3. Cerliani JP, Blidner AG, Toscano MA, Croci DO, Rabinovich GA. Translating the “Sugar Code” into
Immune and Vascular Signaling Programs. Trends Biochem Sci. Elsevier; 2017; 42: 255-273. https:/
doi.org/10.1016/j.tibs.2016.11.003 PMID: 27986367

4. Skipper JCA, Hendrickson RC, Gulden PH, Brichard V, van Pel A, Chen Y, et al. An HLA-A2-restricted

tyrosinase antigen on melanoma cells results from a porttranslational modification and suggests a novel
pathway for processing of membrane proteins. J Exp Med. 1996; 183: 527-534. PMID: 8627164

PLOS ONE | https://doi.org/10.1371/journal.pone.0189584 December 18, 2017 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189584.s002
https://www.vr.se/
https://www.vr.se/
https://www.cancerfonden.se/
http://www.rcsb.org/pdb/home/home.do
https://doi.org/10.1093/glycob/cwx036
http://www.ncbi.nlm.nih.gov/pubmed/28460052
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1093/glycob/cww086
http://www.ncbi.nlm.nih.gov/pubmed/27558841
https://doi.org/10.1016/j.tibs.2016.11.003
https://doi.org/10.1016/j.tibs.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27986367
http://www.ncbi.nlm.nih.gov/pubmed/8627164
https://doi.org/10.1371/journal.pone.0189584

o @
@ : PLOS | ONE Structural bases underlying opposing effects of glycosylation on immunogenicity and MHC peptide presentation

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Meadows L, Wang W, Den Haan JMM, Blokland E, Reinhardus C, Drijfhout JW, et al. The HLA-
A*0201-restricted H-Y antigen contains a posttranslationally modified cysteine that significantly affects
T cell recognition. Immunity. 1997; 6: 273-281. https://doi.org/10.1016/S1074-7613(00)80330-1 PMID:
9075928

Madhurantakam C, Duru AD, Sandalova T, Webb JR, Achour A. Inflammation-associated nitrotyrosina-
tion affects TCR recognition through reduced stability and alteration of the molecular surface of the
MHC complex. PLoS One. 2012; 7. https://doi.org/10.1371/journal.pone.0032805 PMID: 22431983

Hardy LL, Wick DA, Webb JR. Conversion of Tyrosine to the Inflammation-Associated Analog 3'-Nitro-
tyrosine at Either TCR- or MHC-Contact Positions Can Profoundly Affect Recognition of the MHC Class
I-Restricted Epitope of Lymphocytic Choriomeningitis Virus Glycoprotein 33 by CD8 T Cells. J Immunol.
2008; 180: 5956-5962. https://doi.org/10.4049/jimmunol.180.9.5956 PMID: 18424715

Madsen CB, Petersen C, Lavrsen K, Harndahl M, Buus S, Clausen H, et al. Cancer Associated Aberrant
Protein O-Glycosylation Can Modify Antigen Processing and Immune Response. PLoS One. 2012; 7.
https://doi.org/10.1371/journal.pone.0050139 PMID: 23189185

Glithero A, Tormo J, Haurum JS, Arsequell G, Valencia G, Edwards J, et al. Crystal structures of two H-
2D(b)/glycopeptide complexes suggest a molecular basis for CTL cross-reactivity. Immunity. 1999; 10:
63-74. https://doi.org/10.1016/S1074-7613(00)80007-2 PMID: 10023771

Andersen MH, Bonfill JE, Neisig A, Arsequell G, Sondergaard |, Neefjes J, et al. Phosphorylated pep-
tides can be transported by TAP molecules, presented by class | MHC molecules, and recognized by
phosphopeptide-specific CTL. J Immunol. 1999; 163: 3812-3818. PMID: 10490979

Zarling AL, Ficarro SB, White FM, Shabanowitz J, Hunt DF, Engelhard VH. Phosphorylated Peptides
Are Naturally Processed and Presented by Major Histocompatibility Complex Class | Molecules In Vivo.
J Exp Med. 2000; 120800: 1755—-1762. https://doi.org/10.1084/jem.192.12.1755

Lakshminarayanan V, Supekar NT, Wei J, McCurry DB, Dueck AC, Kosiorek HE, et al. MUC1 vaccines,
comprised of glycosylated or non-glycosylated peptides or tumor-derived MUC1, can circumvent immu-
noediting to control tumor growth in MUC1 transgenic mice. PLoS One. 2016; 11: 1-21. https://doi.org/
10.1371/journal.pone.0145920 PMID: 26788922

Malaker SA, Penny SA, Steadman LG, Myers PT, Loke J, Raghavan M, et al. Identification of glycopep-
tides as post-translationally modified neoantigens in leukemia. Cancer Immunol Res. 2017; 5:
canimm.0280.2016. https://doi.org/10.1158/2326-6066.CIR-16-0280 PMID: 28314751

Cazet A, Julien S, Bobowski M, Burchell J, Delannoy P. Tumour-associated carbohydrate antigens in
breast cancer. Breast Cancer Res. 2010; 12: 204. https://doi.org/10.1186/bcr2577 PMID: 20550729

Corthay A, Backlund J, Holmdahl R. Role of glycopeptide-specific T cells in collagen-induced arthritis:
an example how post-translational modification of proteins may be involved in autoimmune disease.
Ann Med. 2001; 33: 456—465. https://doi.org/10.3109/07853890109002094 PMID: 11680793

Rosal-Vela A, Barroso A, Gimenez E, Garcia-Rodriguez S, Longobardo V, Postigo J, et al. Identification
of multiple transferrin species in the spleen and serum from mice with collagen-induced arthritis which
may reflect changes in transferrin glycosylation associated with disease activity: The role of CD38. J
Proteomics. Elsevier B.V.; 2016; 134: 127—137. https://doi.org/10.1016/j.jprot.2015.11.023 PMID:
26639305

Li H, Chien PC Jr., Tuen M, Visciano ML, Cohen S, Blais S, et al. Identification of an N-linked glycosyla-
tion in the C4 region of HIV-1 envelope gp120 that is critical for recognition of neighboring CD4 T cell
epitopes. J Immunol. 2008; 180: 4011-4021. https://doi.org/10.4049/jimmunol.180.6.4011 PMID:
18322210

Tate MD, Job ER, Deng YM, Gunalan V, Maurer-Stroh S, Reading PC. Playing hide and seek: How gly-
cosylation of the influenza virus hemagglutinin can modulate the immune response to infection. Viruses.
2014; 6: 1294-1316. https://doi.org/10.3390/v6031294 PMID: 24638204

Malaker SA, Ferracane MJ, Depontieu FR, Zarling AL, Shabanowitz J, Bai DL, et al. Identification and
Characterization of Complex Glycosylated Peptides Presented by the MHC Class Il Processing Path-
way in Melanoma. J Proteome Res. 2016; https://doi.org/10.1021/acs.jproteome.6b00496 PMID:
27550523

Hanisch F- G, Ninkovic T. Immunology of O-glycosylated proteins: approaches to the design of a MUC1
glycopeptide-based tumor vaccine. Curr Protein Pept Sci. 2006; 7: 307—15. https://doi.org/10.2174/
138920306778018034 PMID: 16918445

Unanue ER, Turk V, Neefjes J. Variations in MHC Class |l Antigen Processing and Presentation in
Health and Disease. Annu Rev Immunol. 2016; 34: 265—297. https://doi.org/10.1146/annurev-immunol-
041015-055420 PMID: 26907214

Wolfert MA, Boons G- J. Adaptive immune activation: glycosylation does matter. Nat Chem Biol. Nature
Publishing Group; 2013; 9: 776-84. https://doi.org/10.1038/nchembio.1403 PMID: 24231619

PLOS ONE | https://doi.org/10.1371/journal.pone.0189584 December 18, 2017 14/17


https://doi.org/10.1016/S1074-7613(00)80330-1
http://www.ncbi.nlm.nih.gov/pubmed/9075928
https://doi.org/10.1371/journal.pone.0032805
http://www.ncbi.nlm.nih.gov/pubmed/22431983
https://doi.org/10.4049/jimmunol.180.9.5956
http://www.ncbi.nlm.nih.gov/pubmed/18424715
https://doi.org/10.1371/journal.pone.0050139
http://www.ncbi.nlm.nih.gov/pubmed/23189185
https://doi.org/10.1016/S1074-7613(00)80007-2
http://www.ncbi.nlm.nih.gov/pubmed/10023771
http://www.ncbi.nlm.nih.gov/pubmed/10490979
https://doi.org/10.1084/jem.192.12.1755
https://doi.org/10.1371/journal.pone.0145920
https://doi.org/10.1371/journal.pone.0145920
http://www.ncbi.nlm.nih.gov/pubmed/26788922
https://doi.org/10.1158/2326-6066.CIR-16-0280
http://www.ncbi.nlm.nih.gov/pubmed/28314751
https://doi.org/10.1186/bcr2577
http://www.ncbi.nlm.nih.gov/pubmed/20550729
https://doi.org/10.3109/07853890109002094
http://www.ncbi.nlm.nih.gov/pubmed/11680793
https://doi.org/10.1016/j.jprot.2015.11.023
http://www.ncbi.nlm.nih.gov/pubmed/26639305
https://doi.org/10.4049/jimmunol.180.6.4011
http://www.ncbi.nlm.nih.gov/pubmed/18322210
https://doi.org/10.3390/v6031294
http://www.ncbi.nlm.nih.gov/pubmed/24638204
https://doi.org/10.1021/acs.jproteome.6b00496
http://www.ncbi.nlm.nih.gov/pubmed/27550523
https://doi.org/10.2174/138920306778018034
https://doi.org/10.2174/138920306778018034
http://www.ncbi.nlm.nih.gov/pubmed/16918445
https://doi.org/10.1146/annurev-immunol-041015-055420
https://doi.org/10.1146/annurev-immunol-041015-055420
http://www.ncbi.nlm.nih.gov/pubmed/26907214
https://doi.org/10.1038/nchembio.1403
http://www.ncbi.nlm.nih.gov/pubmed/24231619
https://doi.org/10.1371/journal.pone.0189584

o @
@ : PLOS | ONE Structural bases underlying opposing effects of glycosylation on immunogenicity and MHC peptide presentation

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hudrisier D, Riond J, Mazarguil H, Oldstone MBA, Gairin JE. Genetically encoded and post-translation-
ally modified forms of a major histocompatibility complex class I-restricted antigen bearing a glycosyla-
tion motif are independently processed and co-presented to cytotoxic T lymphocytes. J Biol Chem.
1999; 274: 36274-36280. https://doi.org/10.1074/jbc.274.51.36274 PMID: 10593916

Hudrisier D, Riond J, Mazarguil H, Gairin JE. Pleiotropic Effects of Post-translational Modifications on
the Fate of Viral Glycopeptides as Cytotoxic T Cell Epitopes. J Biol Chem. 2001; 276: 38255—-38260.
https://doi.org/10.1074/jbc.M105974200 PMID: 11479317

Roche PA, Furuta K. The ins and outs of MHC class II-mediated antigen processing and presentation.
Nat Rev Immunol. Nature Publishing Group; 2015; 15: 203—216. https://doi.org/10.1038/nri3818 PMID:
25720354

Speir JA, Abdel-Motal UM, Jondal M, Wilson IA. Crystal structure of an MHC class | presented glyco-
peptide that generates carbohydrate-specific CTL. Immunity. 1999; 10: 51-61. https://doi.org/10.1016/
S1074-7613(00)80006-0 PMID: 10023770

Suzuki T, Seko A, Kitajima K, Inoue Y, Inoue S. Identification of peptide:N-glycanase activity in mamma-
lian-derived cultured cells. Biochemical and biophysical research communications. 1993. pp. 1124-30.
https://doi.org/10.1006/bbrc.1993.1938 PMID: 8352768

Helenius A, Aebi M. Roles of N-linked glycans in the endoplasmic reticulum. Annu Rev Biochem. 2004;
73:1019-49. https://doi.org/10.1146/annurev.biochem.73.011303.073752 PMID: 15189166

Yewdell JW. DRIPs solidify: progress in understanding endogenous MHC class | antigen processing.
Trends Immunol. Elsevier Ltd; 2011; 32: 548-558. https://doi.org/10.1016/}.it.2011.08.001 PMID:
21962745

Rock KL, Reits E, Neefjes J. Present Yourself! By MHC Class | and MHC Class |l Molecules. Trends
Immunol. Elsevier Ltd; 2016; 37: 724—737. https://doi.org/10.1016/}.it.2016.08.010 PMID: 27614798

Chiritoiu GN, Jandus C, Munteanu CVA, Ghenea S, Gannon PO, Romero P, et al. Epitope located N
-glycans impair the MHC-I epitope generation and presentation. Electrophoesis. 2016; 37: 1448—1460.
https://doi.org/10.1002/elps.201500449 PMID: 26701645

Kario E, Tirosh B, Ploegh HL, Navon A. N -Linked Glycosylation Does Not Impair Proteasomal Degra-
dation but Affects Class | Major Histocompatibility Complex Presentation. J Biol Chem. 2008; 283: 244—
254. https://doi.org/10.1074/jbc.M706237200 PMID: 17951257

Achour A, Persson K, Harris RA, Sundbéck J, Sentman CL, Lindqvist Y, et al. The crystal structure of
H-2Dd MHC class | complexed with the HIV-1-derived peptide P18-110 at 2.4 A resolution: implications
for T cell and NK cell recognition. Immunity. 1998; 9: 199—208. https://doi.org/10.1016/S1074-7613(00)
80602-0 PMID: 9729040

Achour A, Michaélsson J, Harris RA, Odeberg J, Grufman P, Sandberg JK, et al. A structural basis for
LCMV immune evasion: Subversion of H-2Db and H-2Kb presentation of gp33 revealed by comparative
crystal structure analyses. Immunity. 2002; 17: 757—768. https://doi.org/10.1016/S1074-7613(02)
00478-8 PMID: 12479822

Velloso LM, Michaélsson J, Ljunggren H- G, Schneider G, Achour A. Determination of structural princi-
ples underlying three different modes of lymphocytic choriomeningitis virus escape from CTL recogni-
tion. J Immunol. 2004; 172: 5504-5511. https://doi.org/10.4049/jimmunol.172.9.5504 PMID: 15100292

van der Most RG, Murali-Krishna K, Whitton JL, Oseroff C, Alexander J, Southwood S, et al. Identifica-
tion of Db- and Kb-restricted subdominant cytotoxic T-cell responses in lymphocytic choriomeningitis
virus-infected mice. Virology. 1998; 240: 158—167. https://doi.org/10.1006/viro.1997.8934 PMID:
9448700

Wright KE, Spiro RC, Burns JW, Buchmeier MJ. Post-translational Processing of the Glycoproteins of
Lymphocytic Choriomeningitis Virus. Virology. 1990; 177: 1725-183.

Hastie KM, Igonet S, Sullivan BM, Legrand P, Zandonatti MA, Robinson JE, et al. Crystal structure of
the prefusion surface glycoprotein of the prototypic arenavirus LCMV. Nat Structutal Mol Biol. 2016; 23:
513-521. https://doi.org/10.1038/nsmb.3210.Crysta

Pellegrino S, Annoni C, Contini A, Clerici F, Gelmi ML. Expedient chemical synthesis of 75mer DNA
binding domain of MafA: An insight on its binding to insulin enhancer. Amino Acids. 2012; 43: 1995—
20083. https://doi.org/10.1007/s00726-012-1274-2 PMID: 22476346

Achour A, Harris RA, Persson K, Sundbéack J, Sentman CL, Schneider G, et al. Murine class | major
histocompatibility complex H-2Dd: expression, refolding and crystallization. Acta Crystallogr D Biol
Crystallogr. 1999; 55: 260—262. https://doi.org/10.1107/S0907444998005265 PMID: 10089418

Achour A, Michaélsson J, Harris RA, Ljunggren HG, Karre K, Schneider G, et al. Structural basis of the
differential stability and receptor specificity of H-2Db in complex with murine versus human beta2-
microglobulin. J Mol Biol. 2006; 356: 382—396. https://doi.org/10.1016/j.jmb.2005.11.068 PMID:
16375919

PLOS ONE | https://doi.org/10.1371/journal.pone.0189584 December 18, 2017 15/17


https://doi.org/10.1074/jbc.274.51.36274
http://www.ncbi.nlm.nih.gov/pubmed/10593916
https://doi.org/10.1074/jbc.M105974200
http://www.ncbi.nlm.nih.gov/pubmed/11479317
https://doi.org/10.1038/nri3818
http://www.ncbi.nlm.nih.gov/pubmed/25720354
https://doi.org/10.1016/S1074-7613(00)80006-0
https://doi.org/10.1016/S1074-7613(00)80006-0
http://www.ncbi.nlm.nih.gov/pubmed/10023770
https://doi.org/10.1006/bbrc.1993.1938
http://www.ncbi.nlm.nih.gov/pubmed/8352768
https://doi.org/10.1146/annurev.biochem.73.011303.073752
http://www.ncbi.nlm.nih.gov/pubmed/15189166
https://doi.org/10.1016/j.it.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/21962745
https://doi.org/10.1016/j.it.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27614798
https://doi.org/10.1002/elps.201500449
http://www.ncbi.nlm.nih.gov/pubmed/26701645
https://doi.org/10.1074/jbc.M706237200
http://www.ncbi.nlm.nih.gov/pubmed/17951257
https://doi.org/10.1016/S1074-7613(00)80602-0
https://doi.org/10.1016/S1074-7613(00)80602-0
http://www.ncbi.nlm.nih.gov/pubmed/9729040
https://doi.org/10.1016/S1074-7613(02)00478-8
https://doi.org/10.1016/S1074-7613(02)00478-8
http://www.ncbi.nlm.nih.gov/pubmed/12479822
https://doi.org/10.4049/jimmunol.172.9.5504
http://www.ncbi.nlm.nih.gov/pubmed/15100292
https://doi.org/10.1006/viro.1997.8934
http://www.ncbi.nlm.nih.gov/pubmed/9448700
https://doi.org/10.1038/nsmb.3210.Crysta
https://doi.org/10.1007/s00726-012-1274-2
http://www.ncbi.nlm.nih.gov/pubmed/22476346
https://doi.org/10.1107/S0907444998005265
http://www.ncbi.nlm.nih.gov/pubmed/10089418
https://doi.org/10.1016/j.jmb.2005.11.068
http://www.ncbi.nlm.nih.gov/pubmed/16375919
https://doi.org/10.1371/journal.pone.0189584

o @
@ : PLOS | ONE Structural bases underlying opposing effects of glycosylation on immunogenicity and MHC peptide presentation

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sandalova T, Michaélsson J, Harris RA, Odeberg J, Schneider G, Karre K, et al. A structural basis for
CD8+ T cell-dependent recognition of non-homologous peptide ligands: Implications for molecular mim-
icry in autoreactivity. J Biol Chem. 2005; 280: 27069—-27075. https://doi.org/10.1074/jbc.M500927200
PMID: 15845547

Sandalova T, Michaélsson J, Harris RA, Ljunggren H- G, Kérre K, Schneider G, et al. Expression,
refolding and crystallization of murine MHC class | H-2D b in complex with human beta2-microglobulin.
Acta Crystallogr Sect F Struct Biol Cryst Commun. 2005; 61: 1090-1093. https://doi.org/10.1107/
S1744309105037942 PMID: 16511243

Leslie AGW, Powell HR. Processing diffraction data with mosflm. Handbook of experimental pharma-
cology. 2007. pp. 41-51. https://doi.org/10.1007/978-1-4020-6316-9_4

Evans P. Scaling and assessment of data quality. Acta Crystallogr Sect D Biol Crystallogr. International
Union of Crystallography; 2006; 62: 72—82. https://doi.org/10.1107/S0907444905036693 PMID:
16369096

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP 4 suite
and current developments. Acta Crystallogr Sect D Biol Crystallogr. International Union of Crystallogra-
phy; 2011; 67: 235—-242. https://doi.org/10.1107/S0907444910045749 PMID: 21460441

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ. Phaser crystallographic
software. J Appl Crystallogr. International Union of Crystallography; 2007; 40: 658—674. https://doi.org/
10.1107/S0021889807021206 PMID: 19461840

Adams PD, Afonine P V., Bunkdczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: A comprehensive
Python-based system for macromolecular structure solution. Acta Crystallogr Sect D Biol Crystallogr.
2010; 66: 213-221. https://doi.org/10.1107/S0907444909052925 PMID: 20124702

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr D
Biol Crystallogr. International Union of Crystallography; 2010; 66: 486-501. https://doi.org/10.1107/
S0907444910007493 PMID: 20383002

DelLano WL. The PyMOL Molecular Graphics system, Version 1.3, Schrédinger, LLC. DelLano Scien-
tific, Palo Alto, CA, USA. 2002.

Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, Wiley DC. Structure of the human
class | histocompatibility antigen, HLA-A2. Nature. 1987; 329: 506—12. https://doi.org/10.1038/
32950620 PMID: 3309677

Matsumura M, Fremont DH, Peterson PA, Wilson |A. Emerging principles for the recognition of peptide
antigens by MHC class | molecules. Science. 1992; 257: 927—-34. https://doi.org/10.1126/science.
1323878 PMID: 1323878

Falk K, Rétzschke O, Stevanovi¢ S, Jung G, Rammensee H- G. Allele-specific motifs revealed by
sequencing of self-peptides eluted from MHC molecules. Nature. 1991; 351: 290-296. https://doi.org/
10.1038/351290a0 PMID: 1709722

Hudrisier D, Mazarguil H, Oldstone MBA, Gairin JE. Relative implication of peptide residues in binding
to major histocompatibility complex class | H-2Db: application to the design of high-affinity, allele-spe-
cific peptides. Mol Immunol. 1995; 32: 895-907. https://doi.org/10.1016/0161-5890(95)00043-E PMID:
7565816

Hafstrand I, Doorduijn EM, Duru AD, Buratto J, Oliveira CC, Sandalova T, et al. The MHC Class | Can-
cer-Associated Neoepitope Trh4 Linked with Impaired Peptide Processing Induces a Unique Nonca-
nonical TCR Conformer. J Immunol. 2016; 196: 2327—-2334. https://doi.org/10.4049/jimmunol.1502249
PMID: 26800871

Van Stipdonk MJB, Badia-Martinez D, Sluijter M, Offringa R, Van Hall T, Achour A. Design of agonistic
altered peptides for the robust induction of CTL directed towards H-2Db in complex with the melanoma-
associated epitope gp100. Cancer Res. 2009; 69: 7784—7792. https://doi.org/10.1158/0008-5472.CAN-
09-1724 PMID: 19789338

Doorduijn EM, Sluijter M, Querido BJ, Oliveira CC, Achour A, Ossendorp F, et al. TAP-independent
self-peptides enhance T cell recognition of immune-escaped tumors. J Clin Invest. 2016; 126: 784—794.
https://doi.org/10.1172/JCI83671 PMID: 26784543

Valkenburg SA, Quinones-Parra S, Gras S, Komadina N, McVernon J, Wang Z, et al. Acute emergence
and reversion of influenza A virus quasispecies within CD8+ T cell antigenic peptides. Nat Commun.
2013; 4: 2663. https://doi.org/10.1038/ncomms3663 PMID: 24173108

Zielinska DF, Gnad F, Wisniewski JR, Mann M. Precision mapping of an in vivo N-glycoproteome
reveals rigid topological and sequence constraints. Cell. Elsevier Ltd; 2010; 141: 897—907. https://doi.
org/10.1016/j.cell.2010.04.012 PMID: 20510933

Rosal-Vela A, Barroso A, Giménez E, Garcia-Rodriguez S, Longobardo V, Postigo J, et al. Supporting
data for the MS identification of distinct transferrin glycopeptide glycoforms and citrullinated peptides

PLOS ONE | https://doi.org/10.1371/journal.pone.0189584 December 18, 2017 16/17


https://doi.org/10.1074/jbc.M500927200
http://www.ncbi.nlm.nih.gov/pubmed/15845547
https://doi.org/10.1107/S1744309105037942
https://doi.org/10.1107/S1744309105037942
http://www.ncbi.nlm.nih.gov/pubmed/16511243
https://doi.org/10.1007/978-1-4020-6316-9_4
https://doi.org/10.1107/S0907444905036693
http://www.ncbi.nlm.nih.gov/pubmed/16369096
https://doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0021889807021206
http://www.ncbi.nlm.nih.gov/pubmed/19461840
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1038/329506a0
https://doi.org/10.1038/329506a0
http://www.ncbi.nlm.nih.gov/pubmed/3309677
https://doi.org/10.1126/science.1323878
https://doi.org/10.1126/science.1323878
http://www.ncbi.nlm.nih.gov/pubmed/1323878
https://doi.org/10.1038/351290a0
https://doi.org/10.1038/351290a0
http://www.ncbi.nlm.nih.gov/pubmed/1709722
https://doi.org/10.1016/0161-5890(95)00043-E
http://www.ncbi.nlm.nih.gov/pubmed/7565816
https://doi.org/10.4049/jimmunol.1502249
http://www.ncbi.nlm.nih.gov/pubmed/26800871
https://doi.org/10.1158/0008-5472.CAN-09-1724
https://doi.org/10.1158/0008-5472.CAN-09-1724
http://www.ncbi.nlm.nih.gov/pubmed/19789338
https://doi.org/10.1172/JCI83671
http://www.ncbi.nlm.nih.gov/pubmed/26784543
https://doi.org/10.1038/ncomms3663
http://www.ncbi.nlm.nih.gov/pubmed/24173108
https://doi.org/10.1016/j.cell.2010.04.012
https://doi.org/10.1016/j.cell.2010.04.012
http://www.ncbi.nlm.nih.gov/pubmed/20510933
https://doi.org/10.1371/journal.pone.0189584

o @
@ : PLOS | ONE Structural bases underlying opposing effects of glycosylation on immunogenicity and MHC peptide presentation

61.

62.

63.

associated with inflammation or autoimmunity. Data Br. Elsevier; 2016; 6: 587-602. https://doi.org/10.
1016/j.dib.2015.12.045 PMID: 26909372

Yewdell JW, Antén LC, Bennink JR. Defective ribosomal products (DRiPs): a major source of antigenic
peptides for MHC class | molecules? J Immunol. 1996; 157: 1823—1826. https://doi.org/10.4049/
jimmunol.0901907 PMID: 8757297

Barroso A, Giménez E, Benavente F, Barbosa J, Sanz-Nebot V. Analysis of human transferrin glyco-
peptides by capillary electrophoresis and capillary liquid chromatography-mass spectrometry. Applica-
tion to diagnosis of alcohol dependence. Anal Chim Acta. Elsevier B.V.; 2013; 804: 167—175. https://
doi.org/10.1016/j.aca.2013.09.044 PMID: 24267078

Barroso A, Giménez E, Benavente F, Barbosa J, Sanz-Nebot V. Classification of congenital disorders
of glycosylation based on analysis of transferrin glycopeptides by capillary liquid chromatography-mass
spectrometry. Talanta. Elsevier; 2016; 160: 614—623. https://doi.org/10.1016/j.talanta.2016.07.055
PMID: 27591658

PLOS ONE | https://doi.org/10.1371/journal.pone.0189584 December 18, 2017 17/17


https://doi.org/10.1016/j.dib.2015.12.045
https://doi.org/10.1016/j.dib.2015.12.045
http://www.ncbi.nlm.nih.gov/pubmed/26909372
https://doi.org/10.4049/jimmunol.0901907
https://doi.org/10.4049/jimmunol.0901907
http://www.ncbi.nlm.nih.gov/pubmed/8757297
https://doi.org/10.1016/j.aca.2013.09.044
https://doi.org/10.1016/j.aca.2013.09.044
http://www.ncbi.nlm.nih.gov/pubmed/24267078
https://doi.org/10.1016/j.talanta.2016.07.055
http://www.ncbi.nlm.nih.gov/pubmed/27591658
https://doi.org/10.1371/journal.pone.0189584

