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Abstract

Major Histocompatibility Complex class I (MHC-II) molecules bind peptides and present
them to receptors on CD4* T cells as part of the immune system’s surveillance of pathogens
and malignancy. In the absence of peptide, MHC-II equilibrates between peptide-receptive
and peptide-averse conformations. The conversion between these forms has been postu-
lated to be important in regulating cellular antigen presentation but has been difficult to
study. In order to generate the MHC-II molecule HLA-DR1 in the peptide-receptive form, we
designed and tested a series of photocleavable peptides that included the UV-sensitive 3-
amino-3-(2-nitrophenyl)-propionate amino acid analog. They were intended to bind tightly to
the HLA-DR1 MHC molecule, but to generate low-affinity fragments after UV exposure that
would be released to yield HLA-DR1 in the peptide-receptive conformation. We were able to
identify photocleavable peptides that bound tightly to HLA-DR1 and generated the peptide-
receptive conformation after UV exposure. However, slow release of photocleaved peptide
fragments from the binding site limited the rate of binding of an incoming labeled peptide
and complicated kinetic measurements of the individual steps of the overall peptide binding
reaction. Modification of the N-terminal region of the photocleavable peptide to reduce
MHC-II pocket or H-bonding interactions allowed for generation of the peptide receptive
form immediately after UV exposure with peptide fragments neither retained within the site
nor interfering with binding of an incoming peptide. However this was achieved only at the
expense of a substantial reduction in overall peptide binding affinity, and these peptides had
such weak interaction with HLA-DR1 that they were easily exchanged by incoming peptide
without UV exposure. These results show that photocleavable peptides can be used to gen-
erate peptide-receptive HLA-DR1 and to facilitate peptide exchange in generation of specific
peptide-MHC-II complexes, but that usage of these peptides for kinetic studies can be con-
strained by slow fragment release.
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Introduction

Major histocompatibility complex (MHC) molecules are membrane glycoproteins that bind
short peptides and present them at the cell surface for interaction with receptors on T cells.
This is part of the antigen presentation mechanism by which the immune system recognizes
and clears pathogens and tumors. As T cells recognize peptide antigens only when bound to
MHC proteins, studies of the MHC-peptide interaction are important for predicting and mon-
itoring T cell-mediated immune responses. For more than a decade, extensive studies have
been dedicated to understanding how peptides bind to MHC and how T cell receptors recog-
nize the MHC-peptide complexes [1,2].

A major obstacle in the field is the instability of most MHC proteins in the absence of pep-
tide. Consequently, folding in vitro in the absence of peptide is efficient for some particular
MHC proteins [3,4], but for many MHC proteins appropriate in vitro folding conditions have
not been established. Thus, in most cases MHC-peptide complexes have to be generated by
exchange of pre-bound peptide or by de novo folding in the presence of peptide. For the
exchange methods it often is difficult to find a peptide that binds sufficiently tightly to stabilize
the MHC structure but sufficiently weakly so as to be exchanged easily. Moreover, even for
MHC proteins that are stable in the absence of peptide, such as HLA-DRB1*01:01 (DR1) [5],
the focus of this study, peptide binding reactions proceed slowly because of most of the prepa-
ration adopts a peptide-averse conformation [6-8]. To alleviate these problems, photocleava-
ble MHC-binding peptides were developed [9,10]. These peptides incorporated the UV-
sensitive B-amino acid 3-amino-3-(2-nitrophenyl)-propionic acid [11], or the a-amino acid
(2-nitro)-phenylglycine [9,12], in place of a conventional o-amino acid. After photocleavage
the peptide fragments bind more weakly to the MHC protein than the full-length peptide and
can be easily exchanged for other peptides. This strategy allowed generation of many different
MHC-peptide complexes for interrogation of T cells [10,13] and for study of molecular aspects
of the MHC-peptide interaction [14,15].

The photocleavable peptide strategy was first developed for MHC class I proteins (MHC I)
and later generalized to MHC class II proteins (MHC II). MHC I proteins bind peptides of
restricted length (usually 8-11 residues) and generally require both amino and carboxyl ter-
mini for stable binding [16-18]. Thus, a photocleavable group located at any site in the central
region of a MHC I binding peptide should provide peptide fragments with low affinity after
photoreaction. By contrast, MHC II proteins interact with peptide main chain and side chain
groups all along the length of the peptide (Fig 1B) [19-21]. Moreover, short peptides can be
bound efficiently provided that they occupy several of the peptide side-chain binding pockets
[22,23]. To date, the photocleavable peptide strategy had been applied to MHC II protein only
in a single case, using HLA-DRB1*15:01 (DR2b) and a peptide derived from human myelin
basic protein to investigate the role of HLA-DM in peptide association [14].

We wanted to adapt the photocleavable peptide strategy for use with DR1, a common
human MHC II protein that has been the focus of work on MHC II conformational changes
and their relationship to peptide binding events [8,22,24-27]. DRI has different binding con-
straints [28] than DR2b, previously used for development of photocleavable MHC-II binding
peptides. The myelin basic protein sequence previously used has been shown to bind poorly to
DRI, with IC50 ~ 700-20,000 nM depending on peptide length [29], despite binding tightly to
DR2b (IC50 2-5 nM) [30-33]. Thus, we used a different peptide sequence optimized to bind
to DRI as a basis for development of a photocleavable peptide that could be used with DRI.

We intended to understand kinetic aspects of conformational changes that MHC II pro-
teins undergo in the absence of peptide. So far, it is known that DR1 adopts peptide-receptive
and peptide-averse conformations in reversible equilibrium [6,8,24]. Only the receptive form
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c Peptide Sequence Residue in P1 N-terminal H-bonds
HA PRYVKQNTLRLAT Y aF51,0S53N, BH81,aS530
Y1MxN Ac-cYQMXNALAL Y BH81,aS530
L1IMxN AccHLQMXxNALAL L aS53N, BH81,aS530
V1MxN AccHVQMXxNALAL Vv aS53N, BH81,aS530
photoHA PRYVKXNTLRLAT Y aF51,aS53N, BH81,aS530
Ac-photoHA Ac-cPRYVKXNTLRLAT Y aS53N, BH81,aS530
Ac-photoHA-4A, , Ac-YVKXNTLRLAT Y BH81,aS530
photoHA-A, , YVKXNTLRLAT Y aS530
P1 P4 P6 P9

DR1 pockets

Fig 1. Photoclevable peptide design. (A) The photo-reactive group, 3-amino-3-(2-nitrophenyl)-propionyl (highlighted with a black dashed box) is
incorporated as a residue in the peptide. When peptides with this group are exposed to UV light, the photo-reactive group is cleaved generating two
peptide fragments. The N-terminal fragment will have an amide group and the C-terminal fragment will have a nitrosophenyl ketone (highlighted
with a gray dashed box) on the site of the reaction. (B) DR1-peptide interactions. View of DR1 peptide binding groove, shown as a light-pink
surface, occupied by a peptide shown as yellow sticks (blue: Nitrogen atoms, red: Oxygen atoms, yellow spheres: peptide side chains). DR1 peptide
binding groove pockets are indicated as P1, P4, P6 and P9. The hydrogen bonds between the peptide backbone and conserved MHC II residues are
shown as yellow dotted lines and DRI residues involve in the hydrogen bonds are represented in sticks and labeled. (C) Peptides used along this
study. Peptide nomenclature, sequences, residue occupying the P1 pocket and N-terminal hydrogen bonds between the peptide and DR1 are

shown.

https://doi.org/10.1371/journal.pone.0199704.9001

can bind peptide, limiting the overall rate of the MHC II peptide binding reaction. In order
to perform studies on the kinetics of conversion between empty forms, we wanted to gener-
ate DRI in the peptide-receptive, active conformation (DR1,) using DRI loaded with a
photocleavable peptide. Our strategy was to expose the DR1-photocleavable peptide com-
plex to UV light, so the peptide is cleaved and the fragments are released from the peptide-
binding grove, yielding empty DR1,. Two important caveats should be considered for this
method to work as described. First, the fragments must have weak binding affinity so that
they do not compete efficiently with incoming peptides. Second, the rate of peptide release
has to be substantially faster than the MHC inactivation rate in order to build up a substan-
tial concentration of the DR1, form. Our initial attempts to design an effective photocleava-
ble peptide resulted in fragments that were released very slowly from the peptide binding
site. We found that weakening interactions between DR1 and peptide allowed faster frag-
ment release but also allowed peptide exchange even without photocleavage. Thus, the
photocleavable peptides we designed can be a good tool for investigation of DR1 peptide
exchange, but fragment release kinetics must be taken into account and can limit the effi-
ciency of generation of peptide-receptive DR1,.
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Results
Photocleavable peptide design

In order to design a photocleavable peptide for DR1, we used the photolabile amino acid ana-
log 3-amino-3-(2-nitrophenyl)-propionyl residue (Fig 1A) that under UV exposure rearranges
so that an oxygen attacks the a-carbon cleaving the peptide backbone. This reaction yields an
amide at the end of the N-terminal fragment and a nitrosophenyl ketone at the start of the C-
terminal fragment (Fig 1A). We incorporated the 3-amino-3-(2-nitrophenyl)-propionyl group
into a peptide designed to bind to DRI, taking into account the positions of DR1-peptide side
chain interactions previously described (Fig 1B) [19,20,28]. MHC II proteins have four major
peptide side-chain binding pockets, P1, P4, P6 and P9, named for the positions of the peptide
side chains accommodated, counting from a large hydrophobic pocket (P1) that binds an ali-
phatic or aromatic side chain near the N-terminus of the peptide. In a study of the ability of
peptides with different lengths to bind DR1 it was shown that peptides as short as four residues
could still bind if they had side chains that interacted well with the P1 and P4 pockets [22].
Therefore, we decided to incorporate the photocleavable group at position P4, so that after UV
exposure the N-terminal fragment ends at P3, which we expected would not have sufficient
interaction with DR1 to remain bound. Other important MHC II-peptide interactions include
hydrogen bonds between the peptide backbone and MHC II alpha and beta chain, which are
distributed along the entire peptide length [21,34-37]. Some of these hydrogen bonds involve
conserved glutamines and asparagines from the MHC II molecules that form 9 to 11 atoms
rings and help holding the peptide in a polyproline type II helix [21]. The hydrogen bond
formed between DR1 0Q9 and the amine and carboxyl group of the peptide residue at P4 (Fig
1B), forms a ring with 9 atoms. If a B-amino acid like 3-amino-3-(2-nitrophenyl)-propionyl
residue were incorporated at the P4 position, the ring will be formed by 10 atoms, which most
likely will still accommodate the polyproline type II helix of the peptide. With the photocleava-
ble amino acid analog thus at the P4 position, we placed at the other pocket-interacting posi-
tions tyrosine at P1, alanine at P6, and leucine at P9. In each case the side chains of these
residues are optimal for interaction with DR1[38]. At the intervening residues located at P2
(Gln), P3 (Met), P7 (Leu), and P8 (Ala), where peptide side chains make minor contacts with
DR1 [20], we included residues with favorable side chains [38]without potentially reactive
functional groups that might interfere with the desired photochemistry. At position 5, where
the side chain does not interact with DR1, we included an asparagine group to increase solubil-
ity. We did not include any residues flanking the key MHC-interacting P1-P9 region, although
we did include a N-acetyl group at the N-terminus to retain hydrogen bonds to the a:S53 main
chain and BH8I side chain. We refer to this peptide as YIMxN (Fig 1C).

We tested the ability of the YIMxN peptide to bind to DR1 using a competition binding
assay. DR1 was incubated with increasing concentrations of the photocleavable Y1MxN pep-
tide and a constant concentration of a fluorescently-labeled non-photocleavable peptide (HA)
based on a well-studied immunodominant HA ;s 3,5 viral epitope from influenza virus hem-
agglutinin, which binds tightly to DR1 with Kd estimated at 13 nM [39,40]. The fraction of
fluorescent HA bound to DR1 in the presence of varying concentrations of YIMxN was mea-
sured by fluorescence polarization assay [41](Fig 2). The YIMxN peptide was able to compete
with the labeled peptide for DR1 binding, but had reduced affinity, with an ICs, of 323 + 23
nM as compared to 40 nM for HA (Table 1). This ICs, value, while higher than for the HA
peptide, is in the range commonly observed for self- and foreign peptides bound to DR1 [42],
and is similar to that observed for a photocleaveable myelin basic protein peptide binding to
DR2b [14]. The reduced affinity did not interfere with the ability to isolate DR1-Y1MxN com-
plex by gel filtration.
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Fig 2. YIMxN peptide can bind DR1. The ability of YIMxN photocleavable peptide to bind DR1 was measured in a
competition binding assay using a fluorescent high affinity binding peptide, HA (Ac-PRFVK*QNTLRLAT, where K*
is lysine labeled with Alexa488). Different concentrations of YIMxN or unlabeled HA were incubated for 3 days with a
100 nM DR1 and 25 nM Alexa488-labeled HA. Binding of the labeled peptide to DR1 was quantified by fluorescence
polarization and the fraction of binding that was inhibited by the unlabeled peptide was calculated and plotted against
unlabeled peptide concentration. Squares and circles show the mean and the error bars the standard deviation of two
experiments done in triplicate.

https://doi.org/10.1371/journal.pone.0199704.g002

To test whether the photocleavable YIMxN peptide was cleaved to generate the expected
fragments, we performed mass spectroscopy of the peptide before and after UV treatment. The
mass spectra before UV exposure showed a major peak with an m/z corresponding to the
intact peptide MNa" ion. After UV exposure, MNa" ions corresponding to the N-terminal or
C-terminal expected fragments were detected (Table 1 and S1 Fig).

Slow Y1MxN fragment release limits peptide binding to DR1

To test the ability of the photocleavable YIMxN peptide to generate peptide-receptive DR1,,
we compared the effect of UV treatment on DR1-Y1MxN, DR1 in complex with a non-photo-
cleavable peptide HA, and peptide-free “DR1 empty”. For this purpose we used purified

Table 1. Photocleavable peptides described in this study.

Peptide
YIMxN
LIMxN
VIMxN
photoHA
Ac-photoHA

Ac-photoHA-A,; _,

photoHA-A, ,

Intact peptide ions

Expected *
1157.63
1179.62 (MNa*)
1244.54
1230.52
1623.87

1666.01

1412.88

1370.85

Observed

1179.63

1244.58

1230.57

1623.78

1666.05

1412.76

1370.81

N-terminal ions C-terminal ions 1C50 (nM) Initial binding rate

Expected® | Observed Expected * Observed No UV 5 min. UV | 20 min. UV

482.17 - 676.45 - 323 +23 | 0.047£0.011 | 0.193+0.036 | 0.383+0.085
504.16 (MNa") | 504.17 698.44 (MNa*) 698.45

569.25 569.23 676.45 - 4104 +£298 | 0.523+0.043 | 1.920+0.431 | 1.676+0.279

555.24 555.27 676.45 - 5400 + 341 | 0.513£0.050 | 0.531+0.051 | 0.668+0.077

661.45 661.41 963.60 960.55° 92+2 0.026+0.013 | 0.101+0.024 | 0.187+0.024
979.59 (MH(O)*) | 979.55

703.42 703.42 963.60 960.54° 134+2 0.021+0.016 | 0.087+0.019 | 0.188+0.028
979.59 (MH(O)*) | 979.72

450.27 450.24 963.60 960.46 ° 227 £23 | 0.043+0.023 | 0.136+0.039 | 0.391+0.056
979.59 (MH(O)*) | 979.51

408.23 408.23 963.60 960.58 ° 1043 £ 88 | 0.340+£0.011 | 0.473%0.021 | 1.240%0.100

979.59 (MH(0)*) |  979.48

a. Expected masses are indicated for MH" unless indicated

b. Unknown photoproduct with mass corresponding to MH" minus 3 Da

https://doi.org/10.1371/journal.pone.0199704.t001
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Fig 3. DR1-Y1MxN photocleavage generates DR1,. (A) 150 nM DR1 empty was exposed to UV light for different
periods of time (20 minutes, blue trace or 60 minutes purple trace) or not exposed to UV (0 minutes, black trace),
finishing all exposures simultaneously. After UV exposure, samples were mixed with 25 nM labeled HA and binding to
DR1 was measured by fluorescence polarization. The concentration of labeled HA bound to DR1 is plotted vs. time.
(B) Same as in panel A, but using DR1 bound to unlabeled HA. (C) DR1-Y1MxN was exposed to UV light for different
periods of time (5 minutes: red trace, 15 minutes: green trace, 20 minutes: blue trace, 30 minutes: orange trace, and 60
minutes: purple trace) or not exposed to UV (black trace), finishing all exposures simultaneously. Then, samples were
mixed with 25 nM labeled HA and binding to DR1 was measured by fluorescence polarization. The concentration of
labeled HA bound to DR1 is plotted vs. time. Panels A-C show the mean of one representative experiment performed
with duplicate or triplicate samples out of three independent experiments. (D) Initial peptide binding rates were
calculated as the slope of a linear fit to the initial time points of the peptide binding data shown in panel A, B and C.
Black bars show the values for DR1 empty, DR1-HA or DR1-Y1MxN binding to labeled HA without being exposed to
UV light (0 min.). In red, green, blue, orange and purple bars are shown the binding rates of DR1 empty, DR1-HA or
DR1-YIMxN to labeled HA after being exposed 5, 15, 20, 30 or 60 minutes to UV light respectively. Bars represent the
mean and the error bars the standard deviation of the initial rates calculated from three independent experiments done
with triplicate samples.

https://doi.org/10.1371/journal.pone.0199704.g003

DR1-Y1MxN, DR1-HA and DR1 empty and exposed them to UV light at 4°C. The UV expo-
sure was done using a long wavelength UV light (365 nm) to prevent potential protein damage
from short-wavelength UV exposure. We kept the sample at 4°C during exposure to long-
wavelength UV light, in order to stabilize the peptide-receptive DR1, form. At elevated tem-
peratures the conversion of DR1 to the peptide averse conformation is fast (t = 8 min. at 37°C)
but at 4°C the DR1, can be stable for several days [7]. In this way, we can preserve the newly
generated DR1, in that conformation avoiding conversion to the peptide-averse form.

After UV light exposure, we measured DR1 binding to fluorescently labeled HA at 37°C
using fluorescence polarization assay. We observed that DR1 empty binds labeled HA at the
same rate before (Fig 3A, black trace) and after 20 or 60 minutes of UV treatment (Fig 3A,
blue and purple traces respectively) indicating that UV exposure does not modify the ability of
DRI to bind peptide. Similar results were shown for DR1-HA, for which binding to labeled
HA behaves the same way for the sample not treated or treated 20 or 60 minutes with UV light
(Fig 3B). We observed that DR1-HA binds labeled peptide slower than DR1 empty due to
the slow off rate of the prebound HA. In contrast to DR1 empty or DR1-HA, DR1-Y1MxN
bound peptide more efficiently after exposure to UV light (Fig 3C). After 5 min of exposure,
DR1-Y1MxN exhibited increased binding of labeled HA (Fig 3C, red trace) as compared to a
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fluorescence polarization.

https://doi.org/10.1371/journal.pone.0199704.g004

non-illuminated sample (Fig 3C, black trace), with additional illumination time (15 to 60 min-
utes) leading to increase rates of binding (Fig 3C). Initial rates of the peptide binding reaction

after the different UV exposure times are shown in Fig 3D and Table 1. The observed increase
in the initial rate of peptide binding after illumination indicates that after UV treatment, more
DR1, was present in the sample.

Peptide photocleavage is expected to be a relatively fast reaction, and it was surprising that
the maximum peptide-binding rate for DR1-Y1MxN was not achieved with 5 minutes of UV
treatment. Five minutes of UV treatment yielded an intermediate rate (Fig 3C and 3D, red
trace or bar), with the maximum rate achieved only with 15 minutes or longer UV treatment.
In order to understand why 15 minutes or longer irradiation was needed to achieve the highest
peptide binding rate, we considered which steps of the overall reaction pathway affect the accu-
mulation of peptide-receptive, active DR1, (Fig 4). The reaction starts with DRI in complex
with photocleavable peptide which holds the protein in the peptide-receptive conformation
(DR1-pep Fig 4). During UV exposure, photocleavage yields DR1 bound to the low affinity
peptide fragments (DR1-pepgeaved Fig 4), which are released to generate empty DR1,

(DR1,+ pep fragments Fig 4). This form, which can bind labeled peptide, is in equilibrium
with peptide-averse DR1 inactive form that cannot bind peptide (DR1;, Fig 4). Thus, accumu-
lation of DR1, could be affected by many steps, including photocleavage of the photocleavable
peptide bound to DRI, release of the photocleavable peptide fragments from the peptide bind-
ing groove and the conversion of DR1, into DR1;. We evaluated the role of these processes in
generation of peptide-receptive DR1, to understand why extended illumination was necessary
for maximum binding rates.

First we measured the rate of photocleavage of the YIMxN peptide free in solution, or
bound to DR1, to ensure that it was rapid as expected. We used mass spectrometry of Y1IMxN
free and bound samples before and after different lengths of UV exposure to measure the
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Fig 5. YIMxN fragmentation occurs during short UV exposures. Y1MxN peptide free in solution (YIMxN Free,
black) or YIMxN loaded on DR1 (YIMxN-DRI, grey) were exposed to UV light for different periods of time and then
each sample was analyzed by mass spectrometry using MALDI-TOFF. The relative abundance of the ion
corresponding to the YIMxN intact peptide present in each sample exposed 1, 3, 5, 10 and 20 minutes to UV light is
plotted.

https://doi.org/10.1371/journal.pone.0199704.9005

relative abundance of the ion that corresponds to the intact peptide (Fig 5). After 1 minute of
UV exposure, the ion corresponding to the intact peptide was no longer detected in the
Y1MxN free sample. For the YIMxN loaded on DR1, photocleavage was slower than for the
free peptide. After 3 minutes or 5 minutes of UV exposure, 90% and 93% of the peptide was
cleaved, and after 10 minutes of UV treatment we could not detect ions corresponding to the
intact peptide. This indicates that slow photocleavage of Y1IMxN loaded on DRI is not the rea-
son why 15 minutes UV exposures was needed to achieve the maximum binding rate.

Next, we addressed the inactivation of DR1,, to test if inactivation during the photocleavage
reaction was limiting the generation of peptide-receptive DR1,. DR1 in complex with YIMxN
peptide was exposed to UV illumination for 20 minutes at 4°C, and then incubated for differ-
ent periods of time at 4°C before addition of labeled peptide. We reasoned that if DR1, were
becoming inactivated at 4°C, we would observe a slower peptide binding rate after longer incu-
bations at this temperature. In contrast we observed that the initial peptide binding rate of
DRI was not greatly affected by 15, 30 and 60 minutes of 4°C incubation after irradiation (Fig
6A, green, red and purple respectively) compared to no incubation (Fig 6A, blue trace). Thus,
under these conditions, conversion to an inactive form does not occur appreciably even after
60 minutes of 4°C, consistent with a results from an earlier study using a different method of
generation of peptide-receptive DR1, [7]. As an additional test we performed the photoclea-
vage step in the presence of labeled peptide, instead of adding labeled peptide after photoclea-
vage as in previous experiments. We compared binding rates in these reactions to reactions
where labeled peptide was added after photocleavage, reasoning that if DR1, were becoming
inactivated at 4°C, the presence of labeled peptide during irradiation would lead to additional
labeled peptide binding. In contrast, we observed that binding rates were similar whether pep-
tide was added during or after photocleavage (Fig 6B, compare -HA and +HA traces). Overall
these results indicate that peptide-receptive DR1, is stable at 4°C, and that inactivation during
the photocleavage reaction is not likely to constrain generation of peptide-receptive DR1,.

Having measured photocleavage and the inactivation kinetics, and observing that photo-
cleavage is almost completed at 5 minutes of UV exposure and that inactivation is not detected
at 4°C, we suspected that the reason the peptide binding rate does not reach a maximum until
15 minutes or longer UV exposure was that peptide photofragments were retained in the DR1
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Fig 6. DR1, generated after photocleavage of Y1IMxN its stable at 4°C. (A) 150 nM DR1-Y1MxN was exposed to UV light on ice during 20
minutes and incubated on ice for different periods of time: not incubated (blue), 15 minutes (green), 30 minutes (red) and 60 minutes (pink). As a
control, DR1-Y1IMxN not exposed to UV light and kept always on ice was also tested (black trace). Then it was mixed with 25 nM labeled HA and
binding to DR1 was measured by fluorescence polarization. The concentration of labeled HA bound to DR1 is plotted vs. time. Each data point
shown in the plot is the mean of duplicate samples from one of two independent experiments. (B) 150 nM DR1 empty (left panel) or DR1-Y1MxN
(right panel) were not exposed (black trace) or exposed to UV light for 5 (red and orange traces) or 20 minutes (green and blue traces) on ice. 25
nM labeled HA was either present during the UV exposure (“+HA” samples, orange and blue traces), or added after the exposure (“-HA” samples,
red and green traces) and binding of labeled HA to DR1 was measured by fluorescence polarization. The concentration of labeled HA bound to
DRI is plotted versus time. Each data point shown in the plot is the mean of triplicate samples from one of three independent experiments. (C) The
initial peptide binding rates were calculated as the slope of a linear fit to the initial time points of the peptide binding data shown in panel B and
plotted as a bar graph. The bars represent the mean and the error bars the standard deviation of the initial rates calculated from three independent
experiments done with triplicate samples.

https://doi.org/10.1371/journal.pone.0199704.g006

peptide binding groove interfering with labeled HA binding. Because the major determinants
of peptide binding to DRI are side-chain binding pockets [19,22,37,43,44] and main-chain
hydrogen bonding interactions [19,35-37,45] at the N-terminal side of the peptide binding
groove, we suspected that retention of the N-terminal photoproduct was responsible. Thus we
designed additional photocleavable peptides with reduced MHC-peptide interaction sites and
tested these for ability to generate peptide-receptive DR1,.

Y1MxN P1 pocket substitution

We attempted to promote fragment release by weakening the peptide interaction with the P1
pocket, which is the major determinant for peptide binding specificity for DR1 (and other
HLA-DRI1 allotypes) [22,34,44]. We replaced the tyrosine residue from the YIMxN, expected
to bind into the hydrophobic P1 pocket, for a leucine (L1IMxN) or a valine (V1MxN). These
substitutions are expected to lead to weaker MHC-peptide interaction, based on previously
reported effects of substitutions at this position in other peptides [43,46]. We added a histidine
on the N-terminal end of the peptide sequence to improve solubility and to allow an extra
hydrogen bond with aS53N (Fig 1C). Both LIMxN and V1MxN exhibited the expected photo-
cleavage after exposure to UV light, although C-terminal fragments were not detected (Table 1
and S1 Fig).
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We evaluated the effect of the P1 substitutions in DR1 binding affinity using the competi-
tion binding assay. As expected, both LIMxN and V1IMxN bound to DR1 more weakly than
did Y1MxN, with ICs; values of 4100 + 300 nM and 5400 + 340 nM respectively (Fig 7A and
Table 1). We used purified DR1-L1IMxN and DR1-V1MxN complexes to test the ability of the
newly designed peptides to generate DR1,. The DR1 complexes were exposed for 5 or 20 min-
utes to UV light, and binding to labeled HA was measured by fluorescence polarization (Fig
7B). After 5 minutes of UV light treatment (Fig 7B left panel, light blue trace), DR1-L1IMxN
showed a binding curve that behaves the same as the binding curve of the complex treated 20
minutes with UV light (Fig 7B left panel, dark blue trace). Similar results were observed for the
VI1MxN peptide, where labeled HA binding curves for the DR1-V1MxN exposed 5 or 20 min-
utes to UV light were similar to each other (Fig 7B right panel). In contrast to DR1-YIMxN
complex, which reached the maximum peptide binding rate with UV incubations of 15 min-
utes or longer (Fig 3C), LIMxN and VIMxN were able to induce the fastest peptide binding
rate with 5 minutes of UV treatment (Fig 7C and Table 1). This indicates that these two pep-
tides with weaker interaction with the DR1 P1 pocket are cleaved, released, and yield DR1,
within 5 minutes of UV treatment. However, we observed that DR1-L1MxN and DR1-VIMxN
without UV treatment also had a fast peptide binding rate (Fig 7B, gray traces), indicating fac-
ile exchange of peptide even in the absence of photocleavage. The binding rate of DR1-LIMxN
and DR1-V1MxN in the absence of irradiation (Fig 7C, grey bars) in fact was comparable to
the binding rate of DR1-Y1MxN after 15 minutes of UV treatment (Fig 3D, green bar). This
result shows that weakening the P1 pocket interaction in LIMxN and V1IMxN peptides made
them bind so weakly to DR1 that even without being photocleaved, they were easily released
from the peptide binding groove and replaced by labeled HA. Thus, by replacing the peptide
residue that interacts with the P1 pocket, we were able to reduce photocleaved peptide frag-
ment retention, however this also had the unexpected and undesired effect of increases sponta-
neous peptide exchange.

Reducing hydrogen bonds by N-terminal truncation

Since reducing the strength of the interaction between the peptide and the DR1 P1 pocket
made the photocleavable peptide susceptible to exchange even in the absence of photocleavage,
we explored modification of MHC-peptide hydrogen bonding in an effort to promote release
of peptide photoproducts and facilitate UV-driven production of peptide receptive DR1. We
designed four additional photocleavable peptides with different capacity to form main chain
hydrogen bonds with MHC at the N-terminal side of the peptide binding site (Fig 1C). For
these peptides we switched to HA as a framework, because pocket and H-bonding contribu-
tions have been investigated in detail for this peptide in several studies [45,46]. These four pep-
tides maintained the same core sequence (position 1 to 9) but differ in that they have
sequential truncations at the N-terminal end preceding the residue that binds in the P1 pocket.
Usually, the first two peptide residues preceding the P1 pocket form three main-chain hydro-
gen bonds with DRI alpha and beta chain residues (aF51, a:S53 and BH81) (Fig 1B). The N-
terminal modifications on the different photocleavable peptides abrogate the formation of
some or all of these hydrogen bonds (Fig 1C). The peptide photoHA can form all three bonds,
Ac-photoHA cannot form the first hydrogen bond with aF51, Ac-photoHAA, _, cannot form
the first two bonds with aF51 and aS53N, and photoHAA, _, peptide cannot form any of the
first three hydrogen bonds with oF51, 0S53N and BH81. We measured the binding affinity of
these peptides in the fluorescence polarization completion assay (Fig 8A). Binding affinity was
decreased for the photocleavable peptides with reduced number of hydrogen bonds between
their N-terminal end and DR1. The largest effect was observed with the photoHAA, _, peptide
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Fig 7. Photocleavable peptides with reduced interaction with DR1 P1 pocket generate DR1, independently of UV
exposure. (A) The ability of LIMxN and V1IMxN peptides to bind DR1 was measured in a competition binding assay
using labeled HA. Different concentrations of photocleavable peptides or unlabeled HA were incubated for 3 days with
a 150 nM DR1 and 25 nM labeled HA. Binding of the labeled peptide to DR1 was quantified by fluorescence
polarization and the fraction of binding that was inhibited by the unlabeled peptide was calculated and plotted against
unlabeled peptide concentration. Squares, circles and triangles show the mean and the error bars represent the
standard deviation of two independent experiments done with triplicate samples. (B) DR1-L1MxN (left panel) and
DR1-V1MxN (right panel) were not exposed (grey trace) or exposed 5 (light blue) and 20 minutes (blue trace) to UV
light on ice. Then, a 150 nM of each sample was mixed with 25 nM labeled HA and binding of the labeled HA to DR1
was quantified by fluorescence polarization. Concentration of the labeled peptide bound to DRI is plotted against time.
Each data point shown in the plot is the mean of duplicate samples from one of two independent experiments. (C)
Initial peptide binding rates were calculated as the slope of a linear fit to the initial time points of the peptide binding
data shown in panel B and plotted as a bar graph. The bars represent the mean and the error bars the standard
deviation of the initial rates calculated from two independent experiments done with duplicate samples.

https://doi.org/10.1371/journal.pone.0199704.g007

that shows an ICs, of 1043 + 88 nM, followed by Ac-photoHA’A;_, with an ICsq of 227 + 23
nM. This result indicates that the hydrogen bond between the peptide and BH81 plays an
important role in stabilizing the DR1-peptide interaction consistent with previous studies that
showed that peptides losing the hydrogen bond with H81 had a bigger increase in their kg
than when losing bonds with aF51 and 0.S53 [35-37,45,46]. To test whether these peptides
were cleaved to generate the expected fragments, we analyzed them by mass spectroscopy
before and after UV treatment. After UV exposure, ions corresponding to the expected N-ter-
minal fragments and related to the C-terminal fragments were detected (Table 1 and S2 Fig).
We evaluated the effects of photolabile peptide N-terminal truncation on the labeled pep-
tide binding rate taking into consideration the particular MHC-peptide H-bonds disrupted by
the truncations. All of the DR1 complexes with the N-terminal truncated photocleavable pep-
tides showed increased binding of labeled HA after UV exposure (Fig 8B). In general, greater
increases were observed for the shorter peptides, with initial rate of binding after both 5 and
20 minutes UV exposure increasing in the series Ac-photoHA < photoHA < Ac-photoHAA;_
2 < photoHAA, _, (Fig 8C and Table 1). Complexes with the two longest peptides, DR1-Ac-
photoHA and DR1-photoHA, both showed small increases in labeled peptide binding rates
after UV treatment. These peptides differ in that the Ac-photoHA cannot form the oF51
hydrogen bond. Larger increases in labeled peptide binding rate after 5 minutes or 20 minutes
illumination were observed for Ac-photoHAA, _,, which in addition cannot form the aS53N
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Fig 8. Photocleavable peptides with bigger N-terminal truncations generate DR1, more efficiently but independent of UV exposure. (A) The
ability of photoHA, Ac-photoHA, Ac-photoHAA, _, and photoHAA, _, to bind DR1 was measured in a competition binding assay using labeled
HA. Different concentrations of photocleavable peptides or unlabeled HA were incubated for 3 days with a 150 nM DRI and 25 nM labeled HA.
Binding of the labeled peptide to DR1 was quantified by fluorescence polarization and the fraction of binding that was inhibited by the unlabeled
peptide was calculated and plotted against unlabeled peptide concentration. Symbols show the mean and the error bars the standard deviation of
three replicate samples from one representative experiment, out of two independent experiments. The mean ICs, from the two experiments is
shown in Table 1. (B) DR1 loaded with photoHA, Ac-photoHA, Ac-photoHAA, _,, photoHAA, _, or DR1 empty were not exposed (grey trace) or
exposed 5 (light blue) and 20 minutes (blue trace) to UV light on ice. Then, a 150 nM of each sample was mixed with 25 nM labeled HA and
binding of the labeled HA to DR1 was quantified by fluorescence polarization. Concentration of the labeled peptide bound to DR1 is plotted
against time. Each data point shown in the plot is the mean of one representative experiment done with duplicate samples out of three
independent experiments. (C) Initial peptide binding rates were calculated as the slope of a linear fit to the initial time points of the peptide
binding data shown in panel B and plotted as a bar graph. The bars represent the mean and the error bars the standard deviation of the initial rates
calculated from three independent experiments done with duplicate samples.

https://doi.org/10.1371/journal.pone.0199704.9g008

hydrogen bond. Much larger increases in labeled peptide binding rates were observed for the
photoHAA, _, complex, which cannot form any of the aF51, aS53N, or fH81 hydrogen bonds.
However, this complex exhibited substantial exchange of labeled peptide in the absence of illu-
mination, similar to the complexes with VIMxN and L1IMxN. Thus, N-terminal truncation of
a photocleavable peptide can modulate retention of fragments after photocleavage, but as
before optimum fragment release was linked to an increase in spontaneous peptide release.

Discussion

We sought a photocleavable DR1-binding peptide that would generate peptide-receptive DR1,
after UV exposure. The first peptide that we designed and tested, Y1MxN, included the photo-
cleavable amino acid analog 3-amino-3-(2-nitrophenyl)-propionic acid at the P4 position to
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optimally disrupt MHC-peptide interaction. This peptide bound well to DR1 with ICs, ~300
nM, and underwent photocleavage with <5 minutes of long-wavelength irradiation to gener-
ate the expected fragments. Peptide exchange after photocleavage was much faster than for
either peptide-free “empty” DR1 (25-fold) or for DR1 preloaded with a non-photocleavable
peptide (78-fold). Peptide exchange reactions after 15-60 minute UV exposures were complete
within approximately ~100 min after photocleavage of DR1-Y1MxN, as compared to empty
DRI or preloaded DR1-HA for which complete exchange requires more than 24 hrs. Thus
photocleaved YIMxN generated DR1, that was able to bind incoming labeled peptide with a
faster rate than DR1 empty, which is in equilibrium between DR1, and DR1; forms. For many
applications of photocleavable peptides such as high-throughput generation of different pep-
tide-MHC complexes [9,10], Y1IMxN would be ideal.

One application of the photocleavable peptides described here could be in generation of
MHC-peptide tetramer staining reagents as previously done for MHC I [9,13]. Tetramers of
MHC-peptide complexes can be used to study their recognition by antigen receptors on T cells
(TCRs) [10]. One potential concern with this approach might be that UV irradiation might
cause protein damage that could interfere with recognition by TCRs. An advantage of the
3-amino-3-(2-nitrophenyl)-photocleavable group used in this study is that it is cleaved by a rel-
atively long wavelength (300-340 nm) irradiation [11]. It was shown previously that MHC-I
tetramers made using long-wavelength UV irradiation, as used here, were able to stain T cells
as well as conventional MHC-peptide tetramers [9] indicating that the UV treatment did not
damage the MHC protein or interfere with its ability to present peptides to the TCRs.

We were interested in using photocleavable peptides to generate DR1 in a peptide-receptive
form for studies of peptide binding kinetics. In initial experiments with Y1IMxN, the rate of
peptide binding depended on the length of time of UV exposure, despite the photocleavage
reaction itself being essentially complete in <1 min. Further experimentation ruled out forma-
tion of non-receptive empty forms as a factor limiting peptide binding kinetics, and suggested
that slow release of photogenerated peptide fragments might be responsible. To evaluate this
possibility, we designed peptides with reduced MHC-peptide interaction. Substitution of the
tyrosine in the key P1 pocket position by less-optimal side chains resulted in faster peptide
binding after photocleavage as compared to Y1MxN, ~4.6-fold for LIMxN and ~1.8-fold for
V1MxN, confirming retention of N-terminal fragments after photocleavage as a factor limiting
production of peptide-receptive DR1. However, the P1 substituted peptides exhibited greatly
increased rates of peptide binding in the absence of photocleavage (~36-fold for LIMxN and
~38-fold for VIMxN), limiting their use for controlled generation of peptide-receptive DR1.
We designed a second series of peptides with N-terminal truncations instead of P1 substitu-
tions, reasoning that fragment binding after photocleavage could be reduced by removal of key
MHC-peptide hydrogen bonds, as an alternative to P1 pocket substitutions. Hydrogen bonds
at the N-terminal side of the DR1 peptide binding site have been shown in many previous
studies by several groups to be important determinants of DR1 binding affinity [35-37,45],
and sequential removal of these interactions indeed resulted in faster binding of labeled pep-
tide after photocleavage. However, spontaneous peptide exchange in the absence of photoclea-
vage also increased with sequential removal of N-terminal hydrogen bonds, and as for the P1
substitutions, the maximal rate of peptide binding was observed only for a peptide that exhib-
ited a high degree of spontaneous exchange. The best compromise for many applications
would appear to be Ac-photoHAA, _,, which bound peptide 1.2-fold faster after photocleavage
than did YIMxN, with only 4.1-fold increase in spontaneous binding. However, the initial rate
of peptide binding after photocleavage for this peptide was substantially slower than for other
peptides, (ex., 2.9-fold slower than DR1-photoHAA,_, and 3.7-fold slower than LIMxN),
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indicating that for Ac-photoHAA, _,, fragment retention still limited the kinetics of generation
of peptide-receptive DRI.

Our observations on the effects of weakening P1 pocket and N-terminal hydrogen bonding
interactions are consistent with previous studies. Work done to identify DR1-peptide motifs
using a M 13 phage library, showed a strong preference for big hydrophobic residues such as
tyrosine, tryptophan or phenylalanine at P1 pocket [38]. Replacing the tyrosine for an alanine
at the P1 pocket of viral HA peptide caused an increase in its IC5q value and impaired the abil-
ity of the peptide to induce DR1 conformational changes related to peptide binding [22].
Replacing the tryptophan for a leucine or valine at the P1 pocket of the transplantation antigen
HLA-A2(104-117) peptide, increased the ICs, of the peptide and increases its susceptibility to
HLA-DM-mediated editing, indicating that the replacement weakens the affinity of the pep-
tide for DR1 [43]. Similarly to these previous findings, when we replaced the tyrosine of
Y1MxN for a leucine in LIMxN, or a valine in V1IMxN, we observed an increase in the ICs,
and a faster peptide fragment release. Our observations of the effect of altering N-terminal
hydrogen bonds also aligned with previous findings. Stratikos et al. used peptides based on the
HA sequence and truncated the N-terminal end or modified the peptide sequence by adding
methyl groups to interfere with different conserved hydrogen bonds between the peptide and
DRI [45]. They observed that loss of hydrogen bonds involving oF51 and a:S53N (correspond-
ing to the first and second hydrogen bonds shown in Fig 1B) caused only a small increase on
the peptide ICsg, but the loss of the hydrogen bond with BH81 (corresponding to the third
hydrogen bond in Fig 1B) had a dramatic effect [45]. This hydrogen bond, between DR1 fH81
and the peptide carbonyl group of the residue preceding the P1, has been shown by several
groups to be a key interaction between DRI and the peptide. Mutation of BH81 to an aspara-
gine, caused a significant decrease in the dissociation time of pre-bound peptides compared to
wild type DR1, indicating that the loss of a single hydrogen bond has a significant impact on
DR1-peptide affinity [35-37,46]. Consistent with these studies, we also observed that truncated
photocleavable peptides that lost hydrogen bonds with oF51 and 0:S53N have a small increase
in IC5, with somewhat faster release of their fragments, but dramatic effects on both ICs, and
fragment release were observed when the BH81 hydrogen bond was removed in addition to
loss of 0F51 and 0S53N hydrogen bonds. The photocleavable peptide with all the three hydro-
gen bonds removed was easily replaced by labeled HA even without photocleavage, indicating
a substantial increase in its dissociation lifetime, along with 10.3-fold increase in ICs,.

Although the effect of P1 pocket and H-bonding interactions were expected based on previ-
ous studies, an unanticipated complication of photopeptide design in this system was that sub-
stitutions needed for efficient fragment release after photocleavage also weakened the overall
DRI1-peptide binding interaction to the point where spontaneous peptide release was observed.
It is possible that a search of additional photocleavable peptide variants might identify one
with a more optimal balance of peptide binding affinity sufficiently strong to prevent release in
the absence of photocleavage with N-terminal fragment affinity sufficiently weak to allow for
fast peptide fragment release. All of the peptides we tested had the photocleavable group at the
P4 position, and it is possible that a full-length peptide with the photocleavable group at the P1
position, could generate a 2 residue N-terminal fragment and a C-terminal fragment that will
be similar to the photoHAA, _, peptide which has a fast spontaneous release. If this were the
case, the intact peptide will have all the key DRI interactions and neither of the fragments will
be retained after UV treatment. However, the photocleavable group has two features that may
weaken peptide binding: it lacks a beta carbon, making it more rigid and potentially not able
to adopt the right orientation for occupying the entire depth of the P1 pocket, and it has an
additional methylene in the peptide main chain (B-amino acid), potentially altering the hydro-
gen bond network in the key region surrounding the P1 region [25].
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In the antigen presentation field, photocleavable peptides were first used by the Schumacher
group to generate MHC I that could easily be loaded with peptides of interest after UV exposure
[9]. Several photosensitive peptides for binding to four different MHC I were designed and stud-
ied [10]. Many peptides containing the photolabile 3-amino-3-(2-nitrophenyl)-propionic acid res-
idue efficiently exchanged peptide after UV exposure, but many did not. Bakker et al. observed
that some of the MHC I-peptide complexes containing photolabile groups did not unfold after
UV exposure in the absence of exchange peptide, which is surprising considering that MHC I is
unstable without a peptide. This may indicate that some of the MHC I-binding peptides carrying
photolabile groups generated fragments that were not released after photoreaction, providing sta-
bility to the MHC I molecule against unfolding. However this issue was not addressed during that
work [10]. In general, photocleavable peptides have been used with MHC I molecules to promote
peptide binding efficiency [9,10,15,47,48], but neither kinetics of photoproduct release, kinetics of
exchange peptide binding, nor rates of spontaneous release were measured in these studies.

In the only previous report in which a photocleavable peptide was used with a MHC-II pro-
tein, the complex studied was DR2b (HLA-DRB1*15:01) with a peptide derived from human
myelin basic protein (MBPgs o9) with the photocleavable group replacing the residue at P4
position (ENPVVHFXKNIVTPR)[14]. It was shown that after 2 minutes of UV exposure the
parent peptide was almost undetectable while the peptide fragments could be identified, and
photogenerated DR2b bound peptide faster after 2 minutes than after 10 minutes of UV expo-
sure. Thus in this case the peptide is cleaved efficiently and the fragments do not seem to inter-
fere with peptide exchange. In contrast, we observed that for DR1 (HLA-DRB1*01:01),
photocleaved peptide complexes bind peptide faster after 20 minutes than after 5 minutes of
UV exposure, and release of photocleaved fragment appears to limit the kinetics of peptide
exchange. There are several differences between the system used by Grotenberg et al.,, and the
one described in this work that might help to explain the different behavior observed. First, the
P1 pocket in the DR2b is not as deep as in DR1 due to substitution of Glyp86 by Val [49], and
the interaction between the valine from the MBP derived peptide and the DR2b P1 pocket is
likely to be weaker than the tyrosine from the HA derived peptides and the DR1 P1 pocket.
Second, the P5 to P10 residues of the MBP derived peptide bound to DR2b are positioned
higher in the groove than the corresponding HA residues bound to DR1, with loss of a MHC-
peptide hydrogen bond at the P5 residue due to substitution of ArgB71 by alanine. Thus both
N-terminal and C-terminal photolysis fragments of the MBP peptide would be expected to
bind more weakly to DR2b than do the fragments of the HA peptide to DR1.

Photocleavable peptides containing the 3-amino-3-(2-nitrophenyl)-propionyl residue are a
powerful tool for generation of MHC proteins loaded with different peptides and for studying
peptide sequence preferences of different MHC molecules. However, in the use of these
reagents, we suggest that peptide exchange kinetics can be limited by release of photocleaved
peptide products, even when such fragments are designed for minimal retention. We observed
that binding of photocleaved peptide fragment did not interfere with the efficiency of peptide
exchange, only the kinetics. Thus retention of peptide fragments would not be expected to
interfere with use of photocleavable peptides to facilitate peptide loading, which has been the
major application of these reagents to date.

Materials and methods
Equipment

The equipment used for this study was Gilson preparative HPLC system, Shimadzu Biotech
Axima TOF? (Shimadzu Instruments), reverse HPLC (Agilent) and Victor X5 Multilabel plate
reader (PerkinElmer, Shelton, CT).
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Protein expression and purification

HLA-DRI1 (DRA*01:01/DRB1%01:01) extracellular domain was expressed in Drosophila S2
cells and purified as previously described by Sloan VS, et al. [50]. For this purpose we used sta-
ble transformants of Drosophila S2 cells that express and secrete a soluble form of HLA-DRI,
which were a gift from Dr. E. Mellins (Stanford University Medical College). These cells are
cultured in SF900 II SFM media with penicillin-Steptomycin at 27°C and are induced with 1
mM CuSO4 when they are 8-10x10° cells/ml. After 6-7 days of induction, the supernatant is
collected, filtered and HLA-DR1 is purified using an LB3.1 immuno-affinity column.

Mass spectrometry

Peptides Ac-YOMxNALAL,Ac-HLOMxNALAL, Ac-HVQOMxNALAL, Ac-PRYVKxNTLRLAT,
PRYVKXNTLRLAT, Ac-YVKxNTLRLAT and YVKxNTLRLAT (21St Century Biochemicals,
Marlboro, MA) where Ac represents a N-terminal acetyl group and x corresponds to the
photocleavable group, were analyzed by mass spectrometry before and after they were exposed
to UV light using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOFF).
The peptides were deposited directly onto the MALDI sample target with 1-2 pl of acetoni-
trile:0.1% TFA (80:20) followed by addition of 0.5ul of matrix solution which consisted of 5
mg/ml of alpha cyano- 4-hydroxy cinnamic acid (recrystallized) in acetonitrile: 0.1% TFA
(50:50). Samples were allowed to air dry prior to insertion into the mass spectrometer. Peptides
were analyzed in positive ion Reflectron mode. All spectra were processed with Mascot Dis-
tiller (Matrix Sciences, Ltd.).

Peptide labeling

The HAj306.315-derived peptide Ac-PRYVKQNTLRLAT, where Ac represents N-terminal acetyl
group, was labeled using the free amino group at position K5. For this purpose, 2 mgs of pep-
tide were dissolved in 400 ul of 150 mM sodium bicarbonate pH 9.8 and mixed with 1 mg of
Alexa488-tetrafluorophenyl ester (Molecular Probes). After one hour incubation at room tem-
perature, labeled peptide was purified by reverse HPLC (Agilent) using a C18 column (Jupiter
300A 00G-4053-E0) and a gradient of acetonitrile in 0.02% trifluoracetic acid.

Determination of relative binding affinity (ICs,)

HA, YIMxN, V1MxN, L1MxN, Ac-photoHA, photoHA, Ac-photoHAA,_ ,and
photoHAA;_, peptides (Fig 1C) were diluted in binding buffer (100 mM sodium citrate, 50
mM sodium chloride, 0.1% octyl B-D-glucopyranoside, 5 mM ethylenediaminetetraacetic
acid, 0.1% sodium azide, 0.1 pug/ml phenylmethanesulfonyl fluoride, 0.2 mM iodoacetic acid, 1
mM dithiothreitol). Serial dilutions of these peptides were prepared in binding buffer, as tripli-
cates in wells of a black polypropylene 96 well plate (Bio-one, Grenier). Then DR1 and HA-A-
lexa488 were added to each well to final concentrations of 100 nM and 25 nM, respectively, in a
final volume of 200 pl. The plate was sealed with aluminum sealing foil (USA scientific 2998-
7100), incubated at 37°C for 72 h, and fluorescence polarization was measured using a Victor
X5 Multilabel plate reader (PerkinElmer, Shelton, CT). The fractional inhibition was calculated
as [1- ((MPgmple—MmPree) / (MPyg inibitor—MPgree))], Where “mPg..” is the mP value obtained
from a sample were the only species present is labeled-HA (~30 mP), and “mP,, inhibitor_ 1S the
mP value obtained from a sample were the competitor is not present (~350 mP).
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Determination of peptide association rate

DR1 was loaded with different photocleavable peptides by incubating purified DR1 with five
times molar excess of photocleavable peptide at 37°C for 3 days in binding buffer (described
above). DR1-peptide complexes or DR1 peptide-free as isolated from insect cells, was purified
by gel filtration using Sephadex-200 column. The peak corresponding to the monomeric frac-
tion was isolated and diluted in binding buffer to 300 nM, right before UV exposure begins.
These samples were exposed to UV light for different periods of time in a pre-chilled low bind-
ing, polypropylene V-shape bottom 96 well plate (Bio-one, Grenier) on ice in a 4°C cold room
with the long-wavelength UV lamp (Blak Ray BIOOAP/R, UVP), held 6 cm above of the plate.
This lamp has emission spectrum that ranges from ~310 nm-410 nm with Amax of 365 nm
and a 40 nm full-width at half maximum. After exposure the plate was covered and incubated
for 3 min at 37°C. Then 25 pl of the samples were transferred to a black, polystyrene half well
area 96 well plate (Corning) in duplicates or triplicates along with 25 pl/well of pre-warmed
labeled-HA (50 nM) in binding buffer. The final volume per well was 50 ul with final concen-
trations of 150 nM of DRI and 25 nM of labeled-HA in binding buffer. The plate was immedi-
ately read in a Victor X5 Multilabel plate reader (PerkinElmer, Shelton, CT) once every 50
seconds during 3 h. The concentration of HA-Alexa488 bound to DR1 was calculated as the
fraction of peptide bound times the concentration of labeled peptide. The fraction of peptide
bound was calculated as: [(mPumpie—mP100% free) / (MP100% bound—MP100% free)], Where
“mP1gog free 1S the mP value obtained from a sample with no DR1 present to bind peptide (23
mP), and “mP100% bound” is the mP value for fully bound DR-HA obtained from a sample
with 1 uM DR1 and 25 nM labeled-HA (342 mP).

In cases where labeled HA was present during UV exposure, 30 ul of 300 nM DRI were
mixed with 30 pl of 50 nM labeled HA in the pre-chilled low binding, polypropylene V-shape
bottom 96 well plate (Bio-one, Grenier). After UV exposure, 50 ul were transferred to the
black, polystyrene half well area plate, the plate was sealed and incubated at 37°C for 3 minutes.
Then the plate was read in a Victor X5 Multilabel plate reader once every 50 seconds during 3
hours. The concentration of labeled HA bound to DR1 was calculated as described above.

Statistical analysis

Competitive binding assays were performed in 2-3 independent experiments, with each sam-
ple in each experiment assayed in duplicate or triplicate, as indicated in the figure legends. We
used all the individual values from the repeats of all the experiments to calculate the average
and the standard deviation.

For the time-dependent peptide binding curves, the mean values shown correspond to the
repeats obtained from one experiment. The time courses shown are representative of the result
obtained in multiple experiments.

To calculate the average and standard deviation of the initial peptide binding rates from sev-
eral experiments done with duplicate or triplicate samples, we plotted the peptide binding data
as the mean and standard deviation of the repeats of each individual experiment. In that way we
obtained a graph for each of the independent experiments. Using those plots, we calculated the
initial peptide binding rate as the slope of a linear fit to the initial time points. The errors from
those initial rates correspond to the fitting error. We report the average and standard deviations
of the initial rates from 2-3 replicate experiments, as indicted in the figure legends.

Supporting information

S1 Fig. Photocleavable peptides with P1 substitutions get cleaved as expected. MALDI-T-
OFF was used to analyze A- Ac-YQMxNALAL, B- Ac-HLQMxXNALAL, C- Ac-HVQMxNALAL.
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For all the peptides, the top plot shows the mass spectrum of the intact peptide before UV
exposure (No UV) and the bottom plot shows the mass spectrum after 60 minutes of UV expo-
sure (UV) performed at 4°C. The expected masses of the intact peptide, the N-terminal and C-
terminal fragments are indicated at the top of each peptide panel. m/z of the main ions are
indicated in each plot and the reference to what species they belong is stated next to them.
(PPTX)

S2 Fig. Photocleavable peptides with N-terminal truncations get cleaved as expected. MAL-
DI-TOFF was used to analyze A- Ac-PRYVKXNTLRLAT, B- PRYVKXxNTLRLAT, C- Ac-
YVKxNTLRLAT and D- YVKxNTLRLAT. For all the peptides, the top plot shows the mass
spectrum of the intact peptide before UV exposure (No UV) and the bottom plot shows the
mass spectrum after 60 minutes of UV exposure (UV) performed at 4°C. The expected masses
of the intact peptide, the N-terminal and C-terminal fragments are indicated at the top of each
peptide panel. m/z of the main ions are indicated in each plot and the reference to what species
they belong is stated next to them.

(PPTX)

S1 Dataset. Data used to make all the plots shown in each figure.
(XLSX)

Acknowledgments

The authors acknowledge use of the Proteomics and Mass Spectrometry Facility at the Univer-
sity of Massachusetts Medical School and thank Stephanie Maniatis and John Leszyk for assis-
tance with mass spectrometry.

Author Contributions

Conceptualization: Maria Pia Negroni, Lawrence J. Stern.
Formal analysis: Maria Pia Negroni.

Funding acquisition: Lawrence J. Stern.

Investigation: Maria Pia Negroni.

Resources: Lawrence J. Stern.

Supervision: Lawrence J. Stern.

Writing - original draft: Maria Pia Negroni, Lawrence J. Stern.

Writing - review & editing: Maria Pia Negroni, Lawrence J. Stern.

References

1. van Kasteren SI, Overkleeft H, Ovaa H, Neefjes J. Chemical biology of antigen presentation by MHC
molecules. Curr Opin Immunol. 2014 Feb; 26:21-31. https://doi.org/10.1016/j.c0i.2013.10.005 PMID:
24556397

2. BakerBM, Scott DR, Blevins SJ, Hawse WF. Structural and dynamic control of T-cell receptor specific-
ity, cross-reactivity, and binding mechanism. Immunol Rev. 2012 Nov; 250(1):10-31. https://doi.org/10.
1111/j.1600-065X.2012.01165.x PMID: 23046120

3. Frayser M, Sato aK, Xu L, Stern LJ. Empty and peptide-loaded class || major histocompatibility complex
proteins produced by expression in Escherichia coli and folding in vitro. Protein Expr Purif. 1999 Feb; 15
(1):105—14. https://doi.org/10.1006/prep.1998.0987 PMID: 10024477

4. Garboczi DN, Hung DT, Wiley DC. HLA-A2-peptide complexes: refolding and crystallization of mole-
cules expressed in Escherichia coli and complexed with single antigenic peptides. Proc Natl Acad Sci U
S A. 1992; 89(April):3429-33.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199704  July 2, 2018 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199704.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199704.s003
https://doi.org/10.1016/j.coi.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24556397
https://doi.org/10.1111/j.1600-065X.2012.01165.x
https://doi.org/10.1111/j.1600-065X.2012.01165.x
http://www.ncbi.nlm.nih.gov/pubmed/23046120
https://doi.org/10.1006/prep.1998.0987
http://www.ncbi.nlm.nih.gov/pubmed/10024477
https://doi.org/10.1371/journal.pone.0199704

o @
@ : PLOS | ONE The N-terminal region of photocleavable peptides that bind HLA-DR1 determines the kinetics of fragment release

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Stern LJ, Wiley DC. The human class Il MHC protein HLA-DR1 assembles as empty alpha-beta hetero-
dimers in the absence of antigenic peptide. Cell. 1992; 68:465-77. PMID: 1371238

Rabinowitz JD, Vrljic M, Kasson PM, Liang MN, Busch R, Boniface JJ, et al. Formation of a highly pep-
tide-receptive state of class [| MHC. Immunity. 1998; 9(5):699—-709. PMID: 9846491

Zarutskie J a, Busch R, Zavala-Ruiz Z, Rushe M, Mellins ED, Stern LJ. The kinetic basis of peptide
exchange catalysis by HLA-DM. Proc Natl Acad Sci U S A. 2001 Oct 23; 98(22):12450-5. https://doi.
org/10.1073/pnas.211439398 PMID: 11606721

Natarajan SK, Assadi M, Sadegh-Nasseri S. Stable peptide binding to MHC class Il molecule is rapid
and is determined by a receptive conformation shaped by prior association with low affinity peptides. J
Immunol. 1999 Apr 1; 162(7):4030-6. PMID: 10201925

Toebes M, Coccoris M, Bins A, Rodenko B, Gomez R, Nieuwkoop NJ, et al. Design and use of condi-
tional MHC class | ligands. Nat Med. 2006 Feb; 12(2):246-51. https://doi.org/10.1038/nm1360 PMID:
16462803

Bakker AH, Hoppes R, Linnemann C, Toebes M, Rodenko B, Berkers CR, et al. Conditional MHC class
I ligands and peptide exchange technology for the human MHC gene products HLA-A1, -A3, -A11, and
-B7. Proc Natl Acad Sci U S A. 2008 Mar 11; 105(10):3825-30. https://doi.org/10.1073/pnas.
0709717105 PMID: 18308940

Wieboldt R, Ramesh D, Jabri E, Karplus P, Carpenter B, Hess G. Synthesis and characterization of
photolabile o-nitrobenzyl derivatives of urea. J Org Chem. 2002; 67(25):8827—-31. PMID: 12467395

Celie PHN, Toebes M, Rodenko B, Ovaa H, Perrakis A, Schumacher TNM. UV-induced ligand
exchange in MHC class | protein crystals. J Am Chem Soc. 2009; 131(34):12298-304. https://doi.org/
10.1021/j2a9037559 PMID: 19655750

Toebes M, Rodenko B, Ovaa H, Schumacher TNM. Generation of peptide MHC class | monomers and
multimers through ligand exchange. Curr Protoc Immunol. 2009 Nov;Chapter 18:Unit 18.16.

Grotenbreg GM, Nicholson MJ, Fowler KD, Wilbuer K, Octavio L, Yang M, et al. Empty class |l major
histocompatibility complex created by peptide photolysis establishes the role of DM in peptide associa-
tion. J Biol Chem. 2007 Jul 20; 282(29):21425-36. https://doi.org/10.1074/jbc.M702844200 PMID:
17525157

Grotenbreg GM, Roan NR, Guillen E, Meijers R, Wang J-H, Bell GW, et al. Discovery of CD8+ T cell epi-
topes in Chlamydia trachomatis infection through use of caged class | MHC tetramers. Proc Natl Acad
SciU S A. 2008 Mar 11; 105(10):3831-6. https://doi.org/10.1073/pnas.0711504105 PMID: 18245382

Madden DR, Gorga JC, Strominger JL, Wiley DC. The three-dimensional structure of HLA-B27 at 2.1 A
resolution suggests a general mechanism for tight peptide binding to MHC. Cell. 1992 Sep; 70(6):1035—
48. PMID: 1525820

Garrett TP, Saper M a, Bjorkman PJ, Strominger JL, Wiley DC. Specificity pockets for the side chains of
peptide antigens in HLA-Aw68. Nature. 1989;

Jardetzky TS, Lane WS, Robinson R a, Madden DR, Wiley DC. Identification of self peptides bound to
purified HLA-B27. Nature. 1991;

Murthy VL, Stern LJ. The class || MHC protein HLA-DR1 in complex with an endogenous peptide: impli-
cations for the structural basis of the specificity of peptide binding. Structure. 1997 Oct 15; 5(10):1385—
96. PMID: 9351812

Stern LJ, Brown J, Jardetzky T, Gorga J, Urban R, Strominger J, et al. Crystal structure of the human
class Il MHC protein HLA-DR1 complexed with an influenza virus peptide. Nature. 1994; 368
(6468):215-21. https://doi.org/10.1038/368215a0 PMID: 8145819

Jardetzky TS, Brown JH, Gorga JC, Stern LJ, Urban RG, Strominger JL, et al. Crystallographic analysis
of endogenous peptides associated with HLA-DR1 suggests a common, polyproline Il-like conformation
for bound peptides. Proc Natl Acad Sci U S A. 1996; 93(January):734-8.

Sato AK, Zarutskie JA, Rushe MM, Lomakin A, Natarajan SK, Sadegh-Nasseri S, et al. Determinants of
the peptide-induced conformational change in the human class Il major histocompatibility complex pro-
tein HLA-DR1. J Biol Chem. 2000; 275(3):2165-73. PMID: 10636922

Bolin DR, Swain a L, Sarabu R, Berthel SJ, Gillespie P, Huby NJ, et al. Peptide and peptide mimetic
inhibitors of antigen presentation by HLA- DR class Il MHC molecules. Design, structure-activity rela-
tionships, and X-ray crystal structures. J Med Chem. 2000; 43(11):2135-48. PMID: 10841792

Joshi RV, Zarutskie J a, Stern LJ. A three-step kinetic mechanism for peptide binding to MHC class Il
proteins. Biochemistry. 2000 Apr 4; 39(13):3751-62. PMID: 10736175

Painter C a., Negroni MP, Kellersberger K a., Zavala-Ruiz Z, Evans JE, Stern LJ. Conformational lability
in the class I MHC 310 helix and adjacent extended strand dictate HLA-DM susceptibility and peptide
exchange. Proc Natl Acad Sci. 2011; 108(48):19329-34. https://doi.org/10.1073/pnas.1108074108
PMID: 22084083

PLOS ONE | https://doi.org/10.1371/journal.pone.0199704  July 2, 2018 19/21


http://www.ncbi.nlm.nih.gov/pubmed/1371238
http://www.ncbi.nlm.nih.gov/pubmed/9846491
https://doi.org/10.1073/pnas.211439398
https://doi.org/10.1073/pnas.211439398
http://www.ncbi.nlm.nih.gov/pubmed/11606721
http://www.ncbi.nlm.nih.gov/pubmed/10201925
https://doi.org/10.1038/nm1360
http://www.ncbi.nlm.nih.gov/pubmed/16462803
https://doi.org/10.1073/pnas.0709717105
https://doi.org/10.1073/pnas.0709717105
http://www.ncbi.nlm.nih.gov/pubmed/18308940
http://www.ncbi.nlm.nih.gov/pubmed/12467395
https://doi.org/10.1021/ja9037559
https://doi.org/10.1021/ja9037559
http://www.ncbi.nlm.nih.gov/pubmed/19655750
https://doi.org/10.1074/jbc.M702844200
http://www.ncbi.nlm.nih.gov/pubmed/17525157
https://doi.org/10.1073/pnas.0711504105
http://www.ncbi.nlm.nih.gov/pubmed/18245382
http://www.ncbi.nlm.nih.gov/pubmed/1525820
http://www.ncbi.nlm.nih.gov/pubmed/9351812
https://doi.org/10.1038/368215a0
http://www.ncbi.nlm.nih.gov/pubmed/8145819
http://www.ncbi.nlm.nih.gov/pubmed/10636922
http://www.ncbi.nlm.nih.gov/pubmed/10841792
http://www.ncbi.nlm.nih.gov/pubmed/10736175
https://doi.org/10.1073/pnas.1108074108
http://www.ncbi.nlm.nih.gov/pubmed/22084083
https://doi.org/10.1371/journal.pone.0199704

o @
@ : PLOS | ONE The N-terminal region of photocleavable peptides that bind HLA-DR1 determines the kinetics of fragment release

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,
43.

44.

45.

46.

Carven GJ, Stern LJ. Probing the ligand-induced conformational change in HLA-DR1 by selective
chemical modification and mass spectrometric mapping. Biochemistry. 2005; 44(42):13625-37. https://
doi.org/10.1021/bi050972p PMID: 16229453

Carven GJ, Chitta S, Hilgert I, Rushe MM, Baggio RF, Palmer M, et al. Monoclonal Antibodies Specific
for the Empty Conformation of HLA-DR1 Reveal Aspects of the Conformational Change Associated
with Peptide Binding. J Biol Chem. 2004; 279(16):16561-70. https://doi.org/10.1074/jbc.M314315200
PMID: 14757758

Jensen KK, Andreatta M, Marcatili P, Buus S, Greenbaum JA, Yan Z, et al. Improved methods for pre-
dicting peptide binding affinity to MHC class |l molecules. Immunology. 2018;1-13.

Hill CM, Liu A, Marshall KW, Mayer J, Jorgensen B, Yuan B, et al. Exploration of requirements for pep-
tide binding to HLA DRB1*0101 and DRB1*0401. J Immunol. 1994; 152(6):2890-8. PMID: 8144889

JiN, Somanaboeina A, Dixit A, Kawamura K, Hayward NJ, Self C, et al. Small Molecule Inhibitor of Anti-
gen Binding and Presentation by HLA-DR2b as a Therapeutic Strategy for the Treatment of Multiple
Sclerosis. J Immunol. 2013; 191(10):5074—-84. https://doi.org/10.4049/jimmunol.1300407 PMID:
24123687

Ausubel LJ, Kwan CK, Sette A, Kuchroo V, Hafler DA. Complementary mutations in an antigenic pep-
tide allow for crossreactivity of autoreactive T-cell clones. Proc Natl Acad Sci. 1996; 93(26):15317-22.
PMID: 8986809

Windhagen A, Scholz C, Hoéllsberg P, Fukaura H, Sette A, Hafler DA. Modulation of cytokine patterns of
human autoreactive T cell clones by a single amino acid substitution of their peptide ligand. Immunity.
1995; 2(4):373-80. PMID: 7536622

Woucherpfennig KW, Sette A, Southwood SS, Oseroff C, Matsui M, Strominger JL, et al. Structural
Requirements for Binding of an Immunodominant Myelin Basic Protein Peptide to DR2 Isotypes and for
Its Recognition by Human T Cell clones. J Exp Med. 1994; 179(January):279-90.

McFarland BJ, Beeson C. Binding interactions between peptides and proteins of the class Il major histo-
compatibility complex. Med Res Rev. 2002 Mar; 22(2):168-203. PMID: 11857638

McFarland BJ, Beeson C, Sant a J. Cutting edge: a single, essential hydrogen bond controls the stability
of peptide-MHC class Il complexes. J Immunol. 1999; 163(7):3567—71. PMID: 10490947

McFarland BJ, Katz JF, Beeson C, Sant a J. Energetic asymmetry among hydrogen bonds in MHC
class ll*peptide complexes. Proc Natl Acad Sci U S A. 2001; 98(16):9231-6. https://doi.org/10.1073/
pnas.151131498 PMID: 11470892

Bandyopadhyay A, Arneson L, Beeson C, Sant AJ. The relative energetic contributions of dominant P1
pocket versus hydrogen bonding interactions to peptide:class Il stability: Implications for the mechanism
of DM function. Mol Immunol. 2008; 45(5):1248-57. https://doi.org/10.1016/j.molimm.2007.09.011
PMID: 17980431

Identification of a Motif for HLA-DR1 Binding Peptides Using M13 Display Libraries By Juergen Ham-
mer, Bela Takacs, and Francesco Sinigaglia. 1992;176(October).

Roche P a, Cresswell P. High-affinity binding of an influenza hemagglutinin-derived peptide to purified
HLA-DR. J Immunol. 1990; 144(5):1849-56. PMID: 2307844

Gelder C, Davenport M, Barnardo M, Bourne T, Lamb J, Askonas B, et al. Six unrelated HLA-DR-
matched adults recognize identical CD4+ T cell epitopes from influenza A haemagglutinin that are not
simply peptides with high HLA-DR binding affinities. Int Immunol. 1998; 10(2):211-22. PMID: 9533449

Yin L, Stern LJ. Measurement of peptide binding to MHC class Il molecules by fluorescence polariza-
tion. Curr Protoc Immunol. 2014; 2014(August):5.10.1-5.10.12.

http://www.iedb.org/result_v3.php?cookie_id=df6029.

YinL, Trenh P, Guce A, Wieczorek M, Lange S, Sticht J, et al. Susceptibility to HLA-DM protein is deter-
mined by a dynamic conformation of major histocompatibility complex class Il molecule bound with pep-
tide. J Biol Chem. 2014 Aug 22; 289(34):23449-64. https://doi.org/10.1074/jbc.M114.585539 PMID:
25002586

Natarajan SK, Stern LJ, Sadegh-Nasseri S. Sodium dodecyl sulfate stability of HLA-DR1 complexes
correlates with burial of hydrophobic residues in pocket 1. J Immunol. 1999; 162(6):3463—70. PMID:
10092802

Stratikos E, Wiley DC, Stern LJ. Enhanced catalytic action of HLA-DM on the exchange of peptides
lacking backbone hydrogen bonds between their N-terminal region and the MHC class Il alpha-chain. J
Immunol. 2004; 172(2):1109-17. PMID: 14707085

Ferrante A, Gorski J. Cutting Edge: HLA-DM-Mediated Peptide Exchange Functions Normally on MHC
Class lI-Peptide Complexes That Have Been Weakened by Elimination of a Conserved Hydrogen
Bond. J Immunol. 2010; 184(3):1153-8. https://doi.org/10.4049/jimmunol.0902878 PMID: 20038641

PLOS ONE | https://doi.org/10.1371/journal.pone.0199704  July 2, 2018 20/21


https://doi.org/10.1021/bi050972p
https://doi.org/10.1021/bi050972p
http://www.ncbi.nlm.nih.gov/pubmed/16229453
https://doi.org/10.1074/jbc.M314315200
http://www.ncbi.nlm.nih.gov/pubmed/14757758
http://www.ncbi.nlm.nih.gov/pubmed/8144889
https://doi.org/10.4049/jimmunol.1300407
http://www.ncbi.nlm.nih.gov/pubmed/24123687
http://www.ncbi.nlm.nih.gov/pubmed/8986809
http://www.ncbi.nlm.nih.gov/pubmed/7536622
http://www.ncbi.nlm.nih.gov/pubmed/11857638
http://www.ncbi.nlm.nih.gov/pubmed/10490947
https://doi.org/10.1073/pnas.151131498
https://doi.org/10.1073/pnas.151131498
http://www.ncbi.nlm.nih.gov/pubmed/11470892
https://doi.org/10.1016/j.molimm.2007.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17980431
http://www.ncbi.nlm.nih.gov/pubmed/2307844
http://www.ncbi.nlm.nih.gov/pubmed/9533449
http://www.iedb.org/result_v3.php?cookie_id=df6029
https://doi.org/10.1074/jbc.M114.585539
http://www.ncbi.nlm.nih.gov/pubmed/25002586
http://www.ncbi.nlm.nih.gov/pubmed/10092802
http://www.ncbi.nlm.nih.gov/pubmed/14707085
https://doi.org/10.4049/jimmunol.0902878
http://www.ncbi.nlm.nih.gov/pubmed/20038641
https://doi.org/10.1371/journal.pone.0199704

o @
@ : PLOS | ONE The N-terminal region of photocleavable peptides that bind HLA-DR1 determines the kinetics of fragment release

47.

48.

49.

50.

Hoppes R, Oostvogels R, Luimstra JJ, Wals K, Toebes M, Bies L, et al. Altered Peptide Ligands Revis-
ited: Vaccine Design through Chemically Modified HLA-A2-Restricted T Cell Epitopes. J Immunol. 2014
Oct 13; 193(10):4803—13. https://doi.org/10.4049/jimmunol. 1400800 PMID: 25311806

van Buuren MM, Dijkgraaf FE, Linnemann C, Toebes M, Chang CXL, Mok JY, et al. HLA micropoly-
morphisms strongly affect peptide-MHC multimer-based monitoring of antigen-specific CD8+ T cell
responses. J Immunol. 2014 Jan 15; 192(2):641-8. https://doi.org/10.4049/jimmunol. 1301770 PMID:
24342804

Newton-Nash DK, Eckels DD. Differential effect of polymorphism at HLA-DR1 beta-chain positions 85
and 86 on binding and recognition of DR1-restricted antigenic peptides. J Immunol. 1993; 150(5):1813—
21. PMID: 7679697

Sloan VS, Cameron P, Porter G, Gammon M, Amaya M, Mellins E, et al. Mediation by HLA-DM of disso-
ciation of peptides from HLA-DR. Nature. 1995.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199704  July 2, 2018 21/21


https://doi.org/10.4049/jimmunol.1400800
http://www.ncbi.nlm.nih.gov/pubmed/25311806
https://doi.org/10.4049/jimmunol.1301770
http://www.ncbi.nlm.nih.gov/pubmed/24342804
http://www.ncbi.nlm.nih.gov/pubmed/7679697
https://doi.org/10.1371/journal.pone.0199704

