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Antigen presentation is a cellular process that involves a number of steps, beginning
with the production of peptides by proteolysis or aberrant synthesis and the delivery
of peptides to cellular compartments where they are loaded on MHC class | (MHC-I)
or MHC class Il (MHC-Il) molecules. The selective loading and editing of high-affinity
immunodominant antigens is orchestrated by molecular chaperones: tapasin/TAP-
binding protein, related for MHC-I and HLA-DM for MHC-II. Once peptide/MHC (pMHC)
complexes are assembled, following various steps of quality control, they are delivered
to the cell surface, where they are available for identification by aff receptors on CD8* or
CD4* T lymphocytes. In addition, recognition of cell surface peptide/MHC-I complexes
by natural Killer cell receptors plays a regulatory role in some aspects of the innate
immune response. Many of the components of the pathways of antigen processing
and presentation and of T cell receptor (TCR)-mediated signaling have been studied
extensively by biochemical, genetic, immunological, and structural approaches over the
past several decades. Until recently, however, dynamic aspects of the interactions of
peptide with MHC, MHC with molecular chaperones, or of pMHC with TCR have been
difficult to address experimentally, although computational approaches such as molec-
ular dynamics (MD) simulations have been illuminating. Studies exploiting X-ray crystal-
lography, cryo-electron microscopy, and multidimensional nuclear magnetic resonance
(NMR) spectroscopy are beginning to reveal the importance of molecular flexibility as it
pertains to peptide loading onto MHC molecules, the interactions between pMHC and
TCR, and subsequent TCR-mediated signals. In addition, recent structural and dynamic
insights into how molecular chaperones define peptide selection and fine-tune the MHC
displayed antigen repertoire are discussed. Here, we offer a review of current knowledge
that highlights experimental data obtained by X-ray crystallography and multidimensional
NMR methodologies. Collectively, these findings strongly support a multifaceted role for
protein plasticity and conformational dynamics throughout the antigen processing and
presentation pathway in dictating antigen selection and recognition.

Keywords: major histocompatibility complex, T cell receptor, tapasin, transporter associated with antigen
presentation, TAP-binding protein, related, chaperone
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DEDICATION

In recognition of William E. Paul’s personal encouragement to
explore new approaches to address fundamental aspects of the
immune response, we offer this review that reflects recent progress
in studies of antigen presentation and T cell receptor-mediated
signaling. Dr. Paul’s commitment to rigorous analysis and quan-
titative experimentation continues to serve as a paradigm for our
research.

INTRODUCTION

Experimental approaches to solving fundamental problems in
immunology range from the biological to the biophysical, exem-
plified by early observations concerning immunity to infection
and chemical and biochemical studies of toxins, blood groups,
haptens, and antibodies. Contemporary molecular biological and
structural studies of antibodies, major histocompatibility complex
(MHC) molecules, Fc receptors, and T cell receptors (TCRs), as
well as many other immunologically relevant molecules, not only
expand our understanding of the immune system but also have
been instrumental in developing methodologies with broader
application (1). Central to the immune response are the cellular
pathways of antigen processing and presentation—the mecha-
nisms by which peptides derived from foreign or self proteins
are degraded into peptides of appropriate length and are then
captured by MHC class I (MHC-I) or MHC class II (MHC-II)
molecules which display these peptide fragments as peptide/
MHC (pMHC) complexes at the surface of antigen-presenting
cells (APC) (2, 3). Such pMHC complexes are then available for
identification by T cells, which are subsequently activated to
initiate various cellular programs. These may result in cytolysis
of target cells (primarily by CD8*, MHC-I-restricted T cells) or
production of various cytokines (by either CD8* or by CD4",
MHC-II-restricted T cells) that direct, coordinate, and induce
further immunological responses such as antibody production
by B cells or differentiation into memory T cells. Cell surface
MHC-I molecules may also interact with various inhibitory, and
in some cases activating, natural killer (NK) cell receptors, and
thus contribute to a regulatory role in the NK arm of the innate
immune response (4-6). Various genetic, molecular biological
and structural approaches have examined peptide-protein and
protein—protein interactions that are necessary to generate an
immune response. Our primary goal in this review is to high-
light the role of molecular flexibility in governing molecular
interactions required for antigen processing, presentation, and
recognition, as illustrated by the function of MHC molecules,
their chaperones, and TCR in antigen presentation and recogni-
tion. Recent reviews have summarized aspects of this flexibility,
largely based on computational approaches (7, 8). Our emphasis
here will be on recent experimental observations based on X-ray
crystallography and nuclear magnetic resonance (NMR) spec-
troscopy (9-15).

Much of our current understanding of protein structure
has been revealed by X-ray crystallography, a technique that
is unrivaled in its ability to provide high resolution structural
details (16-19). X-ray data often reveal regions of proteins that

are found in poor electron density, or that exhibit high values
of the crystallographic B- factor, indications of flexible or
dynamic parts of the molecule (20). Computational molecular
dynamics (MDs) and normal mode analysis, based on X-ray
structures, provide predictive approaches to visualizing
protein flexibility (7, 21, 22). However, the most informative
experimental elucidation of dynamic regions of proteins comes
from NMR spectroscopy. NMR analysis of proteins in solution
provides information on conformational changes over time
scales ranging from picoseconds to days, thus encompassing
dynamics ranging from bond vibrations to side chain flips to
large scale domain motions, and the residue-specific stability
of H-bonds (23). NMR is also powerful because it can char-
acterize sparsely populated (i.e., transient) conformational
states that may be important for biological function (24).
Contemporary protein-labeling and multidimensional NMR
techniques permit examination of protein complexes as large
as 1 MDa (25, 26). In addition, all atom MD simulations may
complement the experimental NMR and contribute to eluci-
dating such dynamic processes. The discussion below focuses
on the dynamics of proteins involved in antigen presentation,
largely based on experimental analyses.

In this review, we will explore the dynamics of pMHC with
respect to three aspects of antigen presentation: (1) the formation
of the tri-molecular complex consisting of peptide, and MHC
[for MHC-I, peptide, MHC-I heavy chain, and the light chain,
B2-microgolobulin (fm)] as inferred from numerous X-ray
structures and recent NMR analyses; (2) the influence of the
PMHC chaperones, tapasin and TAP-binding protein, related
(TAPBPR) for MHC-I and HLA-DM (H2-DM in the mouse) for
MHC-II; and (3) alterations of the conformational dynamics of
the TCR upon pMHC interaction that reflect early steps in TCR-
mediated signaling. Our focus is on MHC-I, but we will describe
analogous steps in the MHC-II processing and presentation
pathway as well. Our discussion of peptide, MHC-I, MHC-II,
and TCR dynamics follows brief summaries of the major steps
of MHC antigen processing and presentation.

MAJOR STEPS IN MHC ANTIGEN
PROCESSING AND PRESENTATION:
MHC-I

The cellular and molecular bases by which peptides are generated
by the proteasome in the cytoplasm, transported via transporter
associated with antigen presentation (TAP) to the endoplasmic
reticulum (ER), where they are loaded onto nascent MHC-I,
have been the focus of considerable attention for several decades,
and a number of reviews address this process (2, 8, 27-31). Here,
we summarize the process and the critical steps, with a focus on
MHC-I, as shown schematically in Figure 1. MHC-II follows a
similar but distinct process (32, 33).

The antigenic peptides bound by MHC-I in general derive
from proteins located in the cytoplasm, proteins that are
degraded by the proteasome following unfolding or misfold-
ing and ubiquitination, or proteins that result from aberran-
cies in translation initiation, mRNA splicing, or alternate
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FIGURE 1 | Schematic view of MHC class | (MHC-I) pathways of antigen processing and presentation. Proteins in the cytosol engage the proteasome (1) and the
peptides generated (2) are transported through the TAP1/2 transporter to the endoplasmic reticulum (ER). Partially folded MHC-I/p2-microgolobulin (B.m) complexes
(3) are stabilized as part of the peptide loading complex (PLC) (4) where they may be retained in a peptide-receptive state. Once high affinity peptide is bound, the
peptide/MHC-I (5) is released from the PLC and destined for the secretory pathway and the cell surface (6). Alternatively, partially folded MHC-I/.m complexes (3)
are stabilized by interaction with TAP-binding protein, related (TAPBPR) (7), loaded with peptide, released from TAPBPR (8), and the assembled MHC-I proceeds to
the cell surface (9). Not illustrated are the peptide trimming enzymes (ERAAP or ERAP1/2) or the quality control UGGT1 interaction as described in the text.
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reading frames (34, 35). The sources of these peptides may
be self-proteins, sometimes expressed at abnormal levels in
cancer cells, or pathogen-derived products expressed follow-
ing infection. These peptide products of the proteasome must
then be transported to the site of MHC-I folding, assembly and
maturation, the ER, a function provided by the heterodimeric
transporter associated with antigen processing, TAP (29, 36).
In the ER, peptides load onto MHC-I following motif rules
during the folding process, are trimmed by aminopeptidases,
and their binding is monitored by quality control mechanisms
in the ER and Golgi. For MHC-I, limits on the preferred
length of antigenic peptides are imposed by a binding cleft
with closed ends, and peptides, usually of 8-12 amino acids in
length, are generated by the progressive results of proteasome
degradation, length limits for TAP transport, and amino-
terminal trimming by endoplasmic reticulum aminopeptidase
1 (ERAPI).

MHC class I heavy chains, the “human leukocyte antigens,”
denoted HLA-A, -B, or -C in the human, H2 in the mouse,
are ~40 kDa glycoproteins that exhibit the greatest genetic
polymorphism known. Presently, some 13,000 HLA class I and
almost 5,000 HLA class II alleles are recognized (https://www.
ebi.ac.uk/ipd/imgt/hla/stats.html). The MHC-I heavy chain, a
type I membrane glycoprotein, assembles with the monomorphic
light chain, p.m, and a peptide, usually of 8-12 amino acids in
length, taken from the cell’s ER peptide pool (Figure 1). Peptides
are bound via anchor positions that engage pockets of the MHC,
designated A-F (37). Any “single” MHC molecule, purified from
a cellular source, can associate with an ensemble of hundreds or
thousands of self-peptides (38). The first crystal structure of an
HLA-A2 molecule was based on a heterogeneous peptide/HLA-
2/P.m preparation and thus electron density corresponding to

the peptide was poorly defined (39). Numerous subsequent X-ray
structures have been determined based on methods for produc-
ing homogeneous complexes employing various expression and
purification strategies (40).

Intracellularly, the MHC-I protein is synthesized on
membrane-bound ribosomes and delivered vectorially into the
lumen of the ER, where initial folding, including formation of
the intrachain disulfide bond of the membrane proximal o3
domain, along with assembly to the f,m light chain, takes place.
A molecular chaperone, calnexin (41, 42), stabilizes the partially
folded regions of MHC-I until the heavy chain engages the pep-
tide loading complex (PLC), which consists of the heterodimeric
TAP1/2 peptide transporter (43), tapasin (44), a chaperone that
stabilizes peptide receptive (PR) MHC-I, ERp57, a tapasin-
associated oxidoreductase (45), and calreticulin (46). Peptides
load onto PR MHC-I in the PLC, and trimming of their amino
termini is accomplished by ER-associated amino peptidase
[known as ERAAP in the mouse (47) or ERAP1/2 in the human
(48)]. Recently, cryo-electron microscopic images of the full
PLC purified from a human lymphoblastoid cell line have been
obtained (49), revealing a multimolecular complex containing
the two-pseudo-symmetric editing modules, centered around
the TAP transporter, consistent with previous biochemically
derived structural models (27, 50). Once high affinity peptide
is loaded onto MHC-I, the pMHC/p,m complex is released and
then proceeds through the Golgi where quality control based
on carbohydrate composition occurs (51, 52). The acquisition
of high-affinity peptide by MHC-I is assured by the coordinated
functions of the proteins of the PLC, in particular tapasin.
In recent years, a tapasin homolog, TAPBPR, has been recog-
nized as a molecule with similar function to the PLC, but that
accomplishes its role independent of the PLC and its associated
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components (53). Assembled, stable, peptide/MHC-I (pMHC-I)
complexes are then displayed at the cell surface.

MAJOR STEPS IN MHC ANTIGEN
PROCESSING AND PRESENTATION:
MHC-II

The folding, assembly and peptide-loading of MHC-II molecules,
though similar in some respects to that of MHC-I, occurs in
distinct cellular compartments and is focused on binding pep-
tides generated not from an “inside-out” pathway like MHC-I,
but rather from those produced from proteins that derive from
the extracellular environment (2, 33). Thus, proteins taken up by
endocytosis or phagocytosis enter the endocytic pathway where
they are proteolyzed and denatured, and where they encounter
MHC-II molecules, consisting of previously assembled complexes
consisting of a and P chains bound to the Ii (invariant chain).
Processing of Ii, release of the CLIP peptide derived from it, and
concomitant interaction with HLA-DM, a peptide-exchange
catalyst/chaperone, result in peptide-loaded (PL) MHC-II that
then go to the cell surface for recognition by CD4* T cells (54-56).
The role of HLA-DM in optimizing the class II peptide repertoire
parallels the role of the PLC or TAPBPR in the MHC-I peptide
loading pathway (57).

PEPTIDE DYNAMICS

Dynamics of peptides bound to MHC molecules have been
the focus of both experimental and computational studies that
have been recently reviewed (58). Characterizing peptide con-
formational plasticity and dynamics within the MHC groove is
of considerable interest because peptides: (1) influence MHC
thermal and kinetic stability as well as the structural ensembles
and free energy landscape of the assembled MHCs and (2) play a
key role in recognition by TCR and NK receptors (NKR). These
features of molecular flexibility of peptides are important for a
proper immune response and impact MHC cell surface lifetime,
receptor recognition and antigen immunogenicity. Exactly how
peptide dynamics regulate antigen processing and presentation
is an ongoing field of study.

Association of the TCR with pMHC molecules often induces
localized conformational changes in the backbone and side chain
of the bound peptide (59). It is hypothesized that if the peptide
is presented by the MHC with a conformation and surface
chemistry that is not optimized for TCR recognition, the pMHC
will exhibit slow TCR binding, relative to a peptide presented
in a more restricted, pre-optimized conformation. During this
antigen recognition process, peptide motions impact the forma-
tion of complementarity pMHC/TCR interaction interfaces, in
terms of both shape and chemical composition. The timescale
of the peptide motions contributes to the affinity of pMHC/
TCR recognition by imposing energetic and kinetic barriers for
complex formation, and stability of the resulting complex. Initial
insights into this phenomenon were obtained from a compari-
son of the X-ray conformations of the HTLV-1 derived Taxii-is
peptide bound to HLA-A2 in the presence or absence of a high

affinity TCR indicated an induced fit of the peptide of the pMHC
complex when bound to the TCR (58). In these structures, the
conformational change in Taxi;-1v upon TCR binding is high-
lighted by significant rearrangements of the backbone atoms of
Pro6 and Val7. NMR analyses of the *N- and *C-labeled Taxi;-1o
peptide bound to HLA-A2 revealed multiple resonances for Val7
of the peptide reflecting a slower than millisecond timescale of
interconversion between alternate peptide conformations. In
this example, the crystallographic suggestion of conformational
plasticity of an MHC-I-bound peptide has been reinforced by the
behavior in solution as detected by NMR.

Multiple peptide conformations have also been observed in
the well characterized QL9/H2-L! model system, where NMR
analyses revealed two conformations of the bound 9-mer QL9
peptide as indicated by the presence of two unique chemical shifts
in slow-exchange for the amide resonance of Phe7 of the peptide
in the MHC-bound state (60). Intriguingly, Phe7 was reported to
remain conformationally mobile even when interfacing with the
CDR3p loop of the cognate 2C TCR. Matching conformational
dynamics between receptor and ligand has been proposed as a
mechanism to enhance the thermodynamic stability of pMHC/
TCR complexes (60). This may result from reducing the entropic
penalty associated with restraining otherwise flexible surfaces
and reflects the enhanced stability of what might otherwise be a
weak TCR/pMHC complex.

An illustration of the dynamic nature of pMHC-II molecules
was seen in the pigeon cytochrome ¢ (PCC) 91-104 peptide/I-E*
(pMHC-II) model system in which two distinct conformations
of a bound "F-labeled peptide were observed by NMR (61). The
two peptide conformations corresponded to kinetically distinct
species of PCC91-104/1-E* complexes identified by their fast and
slow dissociation rates (62). Careful studies of MHC-II molecules
binding peptides displayed in alternate registers reveal potential
complexities that may result from the peptide binding groove
being open at both ends (63). Conformational isomers of the
same peptide presented by the same MHC-II molecules have
been identified based on distinct T cell reactivities (64). Indeed,
one study employing spin-labeled peptide and NMR analysis
demonstrated that an MHC-II-restricted peptide can bind in
either the canonical N to C (left to right) or flipped (right to left)
conformation (65).

“EMPTY” MHC-1 MOLECULES

Peptides bound in the groove of MHC-I and MHC-II molecules
serve two indispensable and interrelated functions: (1) to form
part of a composite pMHC ligand recognized by T and NK cell
receptors and (2) to structurally stabilize MHC molecules for
long-lived display at the cell surface. However, under certain
physiological conditions “empty” or peptide-free conformers of
MHC-I occur at the cell surface as detected by specific monoclonal
antibodies or by peptide binding assays. The LA45 monoclonal
antibody reacts with a f,m-free form of human HLA molecules
on phytohemagglutinin-activated human mononuclear leuko-
cytes and on transformed cell lines (66). Similarly, in the mouse,
the 64-3-7 antibody recognizes peptide free forms of H2-L? in
cellular lysates and at the cell surface (67). Peptide-binding
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experiments indicate the presence of empty, peptide-receptive
HLA-B27 molecules on the cell surface (68), perhaps contribut-
ing to the etiology of HLA-B27-associated arthritic disease.
A functional role for empty MHC-I molecules at the cell sur-
face in modulating immune responses was inferred from early
studies (69-72). A recent report identified empty HLA-B*35:01
molecules on activated T cells and showed preferential binding
of such alternatively conformed structures to CD8 resulting in
enhanced T cell responses (73).

MHC class I molecules devoid of, or bearing low affinity,
peptides fail to reach the cell surface efficiently at physiological
temperature, but can be detected if the cells are incubated at room
temperature (74). The distinct conformation of such molecules
may be discerned by comparing the reactivity of monoclonal anti-
bodies that detect peptide-independent and peptide-dependent
epitopes (67, 75, 76). These “empty” MHC-I molecules result
from genetic lesions in the peptide-loading steps of the antigen
presentation pathway, specifically in major components of the
PLC including TAP and tapasin (77, 78).

Some non-classical MHC-I-like molecules, such as human
HLA-F can be expressed as either peptide-free (open-conformer)
or PL forms. Such molecules may differentially interact with
either activating or inhibitory NKR to innate immune responses
(79-81). Understanding the structural contributions of peptide
to fully loaded MHC-I and MHC-II molecules provides insight
into the mechanisms involved in peptide loading and exchange.
However, the instability of peptide-free molecules has precluded
crystallographic studies of these molecules.

Nuclear magnetic resonance methods are especially well-suited
to analyzing conformational dynamics in MHC-I molecules since
these proteins are routinely prepared by bacterial expression
thus permitting uniform labeling with the desired isotope (82).
In addition, the heavy and light chains can be separately labeled,
greatly improving spectral resolution. NMR analysis of MHC-II
molecules has been hampered by the difficulty in producing these
proteins by bacterial expression, although several groups have
reported success in this area (55, 83).

The MD and structural features of peptide-free MHC mol-
ecules are of key importance for understanding the mechanism
of peptide loading as peptide-free forms of MHC molecules are
substrates for peptide loading and exchange by chaperones such
as tapasin and TAPBPR for MHC-I and HLA-DM for MHC-II.
However, it is challenging to produce peptide-free MHC-I
molecules in amounts sufficient for detailed structural analyses
and therefore information regarding their conformational
dynamics has been largely obtained from MD stimulations [see,
for example, Ref. (84, 85)]. An early biophysical and structural
analysis of a peptide-free HLA-B*0702/fom heterodimer
described an unstable, partially unfolded molecule in a molten
globule state (86). More recently Kurimoto et al. (87) applied
solution NMR techniques to peptide-free HLA-C*07:02/p,m.
NMR spectra obtained by selective labeling of methionine
residues in the heavy chain revealed markedly attenuated inten-
sities for residues in the peptide-binding domain suggestive of
a partially folded molten globule form, whereas the a3 domain
was properly conformed. These experiments highlight the role
of the bound peptide in stabilizing MHC conformations for

display at the cell surface to function as ligands for T cell and
NK cell receptors.

DYNAMICS OF pMHC-I

Although crystal structures of MHC-I molecules encompassing
various allelomorphs and peptides show little gross variation,
their analyses in solution by various biophysical methods and
MD simulations indicate considerable differences in molecular
flexibility at localized regions (7). Recent NMR analyses of
pMHC-I complexes show heavy chain backbone as well as methyl
side-chain dynamics revealing flexibility in exposed loops of the
platform domain of the molecule (11).

The contribution of MHC-conformational dynamics to the
relative dependence of MHC-I molecules on tapasin chaperone
function for peptide loading has been addressed by comparative
studies of HLA-B*44:02 and B*44:05 which differ only at position
116 (Asp for B*44:02 and Tyr for B*44:05) (88-90). These analy-
ses suggested that HLA-B*44:05, which is tapasin-independent,
preserves a peptide-free structure close to that of the peptide
bound, even in the absence of tapasin.

A role for MHC-I conformational dynamics has been pro-
posed to explain the differential disease susceptibility associated
with two closely related HLA-B subtypes B*27:05 and B*27:09.
Although the only amino acid sequence difference between the
two subtypes is at position 116 in the floor of the peptide binding
groove, which is Asp in B¥27:05 and His in B*27:09, only B*27:05-
expressing individuals are susceptible to ankylosing spondylitis
(AS). Crystal structures of the two subtypes in complex with
the same peptide are virtually identical. Using time-resolved
fluorescence depolarization and MD simulations, Pohlmann
et al. (91) showed that only peptide bound to the AS-associated
subtype B*27:05 showed increased dynamics which is linked to
the polymorphism at residue at 116. Thus, the increased dynam-
ics is consistent with a molecule that has multiple conformational
species that may aggregate either intra- or extracellularly contri-
buting to various pathways to inflammatory disease.

Another point of difference between the B*27:05 and the
B*27:09 subtypes is the dynamics at the B.m-heavy chain
interface revealed by NMR. Using isotopically labeled human
B.m, Beerbaum et al. (92, 93) compared the f,m-heavy chain
interface in the two closely related HLA-B subtypes, complexed
with four different peptides, and found significant chemical shift
differences in a B,m loop that abuts the underside of the peptide
binding groove and includes residues Asp53, Lys58, and Trp60.
The most significant of these chemical shift differences is at
Trp60 which shows subtype- and peptide-dependent structural
variability. Conformational flexibility of p,m at the interface
with heavy chain, revealed by NMR, may thus influence peptide
binding affinities and consequently MHC-I stability at the surface
with important functional consequences for T cell and NK cell
recognition. In addition, molecules that facilitate MHC-I peptide
exchange and loading, such as tapasin and TAPBPR, may employ
recognition of this f,m-loop as a strategy to sense peptide occu-
pancy, as discussed below.

Monoclonal antibodies that specifically recognize PR MHC-I
molecules are valuable tools for identifying structural features
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that correlate with the conformation of the PR state. Among
the best studied examples is the 64-3-7 antibody which binds
to immature, PR H2-L¢ but not to mature, PL H2-L4 (94). The
minimal epitope of 64-3-7 is a sequence of seven amino acids
in the H2-L? al domain that adopts a 3j,-helical conformation.
Combining crystallographic, docking, and MD approaches,
Mage et al. (95) showed that this 3,y helix moves in a hinge-like
manner from an exposed and open position in the PR state to a
closed position in PL molecules. The inward movement of the 3,
helix helps to form the A and B pockets that are crucial for stable
peptide binding and subsequent release from tapasin in the PLC.
It is noteworthy that the conformational dynamics of the 3, helix
occur at the opposite end of the groove from the site of tapasin
binding—an illustration of the coordinated and dynamic changes
that accompany peptide binding and chaperone release.

While computationally expensive, a wealth of information
on the conformational flexibility of both peptide-bound and PR
MHC molecules has been provided from all-atom MDs simu-
lations in explicit solvent. In particular, in the absence of the
peptide ligand, MHC-I molecules, such as HLA-A*02, HLA-
B*44, HLA-B*27, H2-D¢, H2-D", and H2-K®, exhibit increased
mobility in the F-pocket region of the MHC, adjacent to the
a2-1 helix (11, 84, 85, 96-99). Peptide-dependent dynamic
coupling between the heavy chain groove and the a3/light chain
interface has also been observed (100-102). Likewise, MD has
uncovered similar conformational flexibility in the opposite end
of peptide-deficient class II MHC molecules (HLA-DR1 and
HLA-DR3) at the a51-59 and p58-69 regions (83, 103, 104).
Finally, a putative role for N-linked glycosylation in modulating
the local flexibility of the MHC groove has also been explored
(105). Together, these studies show that polymorphisms within
the MHC groove may dictate both ligand binding and overall
allotype stability through alteration in dynamics, either in
localized regions or globally. Taken together, these data indicate
that modulation of MHC dynamics plays a defining role in
peptide exchange, stability at the cell surface and co-receptor
engagement where sparsely populated transient states may be
involved (106).

DYNAMICS OF PROTEINS OF THE
ANTIGEN PRESENTATION PATHWAY

Newly synthesized MHC molecules are stabilized in a PR form in
the PLC until loaded with high affinity peptide cargo. Following
successful peptide loading, MHC-I molecules are released
from the PLC and are transported through the Golgi to the cell
surface. The PLC is a multimolecular, ER-membrane anchored
assemblage consisting of the MHC-I/p,m complex itself, the lec-
tin calreticulin, the transporter TAP1/TAP2, the chaperone and
peptide editor tapasin, and the disulfide isomerase ERp57 (see
Figure 1). The molecular organization of this complex has been
deduced from biochemical experiments (43, 44, 46), and X-ray
structures of the individual proteins (107-111). Recently the
structure of the PLC was visualized by cryo-EM (49) revealing an
arrangement of the component proteins that is consistent with
previous biochemically derived structural models (27, 104, 112),

which indicate the association of a central TAP heterodimer
with two peptide editing modules, each consisting of calreti-
culin, ERp57, tapasin and MHC-I. In addition, the cryo-EM
images revealed intermediate states that lacked calreticulin and/
or MHC-I, affirming the transient and dynamic nature of the
molecular interactions within the PLC. A key component of the
PLC is tapasin whose importance in selective loading of MHC-I
with high affinity peptides is illustrated by the greatly reduced
cell surface levels of MHC-I in tapasin-deficient cell lines
(113, 114) and mutant mice (77). Binding to tapasin stabilizes
MHC-I molecules that are peptide-free or suboptimally loaded
(115) until an appropriate high affinity peptide is bound leading
to tapasin dissociation from the complex.

Detailed mechanistic understanding of tapasin function in
peptide loading is lacking because the structure of a PR MHC-I
in complex with tapasin has proved elusive. Nevertheless, the
structure of a tapasin-ERP57 complex combined with exten-
sive mutagenesis data has revealed structural details of tapasin
function (111). Tapasin is an L-shaped protein consisting of
a membrane proximal Ig-domain and an N-terminal domain
that is a fusion of a p-barrel and an Ig-domain. Differences in
the orientation of the tapasin N- and C-terminal domains in the
three copies in the asymmetric unit suggests interdomain flex-
ibility is a structural feature of tapasin. The MHC-I interaction
sites on tapasin, inferred from extensive mutagenesis data, reveal
an evolutionarily conserved, extensive binding interface encom-
passing residues on both of the tapasin Ig domains. Combining
MDs simulations of peptide-free MHC-I (84) and mutagenesis
data identifying tapasin binding sites on MHC-I (116, 117), a
structural model of the tapasin/MHC-I was proposed in which
the primary focus of tapasin is the short helical segment of the
MHC-I, a2-1, which is conformationally mobile and sensitive to
groove occupancy (111).

More recently, mechanistic insights into MHC-I peptide load-
ing and glimpses of the conformational dynamics involved have
been obtained by crystal structures of the tapasin-like molecule,
TAPBPR, in complex with PR forms of MHC-I (10, 12). Like
tapasin, TAPBPR is widely expressed, interferon-y inducible
(118), and catalyzes the loading of high affinity peptides (119,
120). However, unlike tapasin, TAPBPR is not associated with the
PLC (118) and TAPBPR-deficient cell lines display normal levels
of MHC-I (119). Also, unlike tapasin, TAPBPR is not found only
in the ER but also in the cis-Golgi (118). Although the role of
TAPBPR in antigen presentation and its functional relationship
to tapasin remain enigmatic, TAPBPR may function downstream
of the PLC in conjunction with UDP-glucose:glycoprotein glu-
cosyltransferase (UGGT1) (121), to provide additional peptide
quality control.

The comparison of the three structures of H2-D% (1)
occupied by a truncated, suboptimal peptide (pdb: 5SWES); (2)
peptide-free, stabilized by TAPBPR (pdb: 5WER); and (3) com-
plexed with a high-affinity peptide (pdb: 3ECB) illustrates the
conformational rearrangements that accompany the transition
of MHC-I from a partially PL complex to a peptide-receptive
and then to a PL state (10). In the TAPBPR-stabilized PR form,
the MHC-I groove is widened in the region of the F pocket due
toan ~3 A displacement of the a2-1 helical segment. In addition,

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Natarajan et al.

Molecular Flexibility in Antigen Presentation

f strands 5 and 8 that line the floor of the binding groove are
displaced downward. The side chain of the conserved Tyr84
of MHC-I which in almost all pMHC-I structures coordinates
both the C terminus of the peptide and Lys146 in the a2-1 helix
is now flipped out of the groove to interact instead with Glu102
of TAPBPR (Figures 2B,C). Surprisingly, structural remodeling
also occurs at the opposite end of the peptide binding groove
as seen in the interaction between the side chains of Arg66 and
Tyr159 which effectively close off this portion from peptide
interaction. Extensive movements of the «3 domain and f,m
subunit also illustrate the differences between the PR and PL
states. The 58-60 loop of f.m which abuts the peptide binding
platform from below and is conformationally dynamic and
peptide-sensitive (92) forms key contacts to a hairpin loop
of TAPBPR suggesting that peptide occupancy is sensed by
TAPBPR through interaction with this f,m loop. As modeled
in the TAPBPR/H2-DP? structure (12), peptide occupancy may
also be sensed, and peptide loading facilitated, by a helix or
loop of TAPBPR projecting into the groove near the F pocket.
Finally, TAPBPR, like tapasin, has been suggested to stabilize
the peptide-deficient MHC groove by dampening mobility of
the a2-1 helix (122). Thus, as illustrated by both structures,
coordinated and dynamic structural changes, stabilized tran-
siently by TAPBPR interactions, occur during the critical step
of MHC-I peptide loading.

A recent solution NMR study of the effects of the binding of
TAPBPR to MHC-I (11) reveals stabilization of the dynamics of
the empty MHC-I. On exposure to peptide, and with progres-
sive peptide occupancy, the dynamics are further dampened,
leading to an inverse relationship between MHC-I peptide
occupancy and TAPBPR/MHC-I affinity. The NMR data reveal
not only the interaction of conserved surfaces on the MHC-I
heavy chain including the floor of the binding groove, the
a2-1 helix, and the CD8 recognition loop of the a3 domain,
but also effects on the oy helix opposite the TAPBPR/tapasin
binding site (and analogous to the HLA-DM binding site on
MHC-II), all of which contribute to the widening of the binding
groove in the chaperone-complexed but PR form of the MHC-I
molecule. These results support a negative allostery release cycle
as illustrated in Figure 2. In this mechanistic model, related in
part to dynamics of the groove, the kinetic association rate of
peptide binding to MHC-I is slow in the absence of a chaperone
like tapasin or TAPBPR, and a peptide-receptive conformation
is stabilized by the binding of the chaperone (Figure 2A). High
affinity peptide binds rapidly to chaperone stabilized MHC-I,
which ultimately releases the chaperone. A similar model is
proposed for MHC-II binding to peptides, but in this case,
the chaperone HLA-DM stabilizes the PR form of MHC-II by
binding at the 3,0 helix region (residues of the MHC-II p chain
80-93) (Figures 2A,E,F).
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dynamics a, helix tapasin/ - “gro0ve stabilization pep
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FIGURE 2 | Summary of the role of major histocompatibility complex (MHC) groove structure and dynamics during peptide exchange and editing by the molecular
chaperones tapasin or TAP-binding protein, related (TAPBPR). Schematic for class | (A) and class Il (D) chaperone-assisted peptide exchange. Peptide exchange/
editing occurs when peptides of 8-12 (class I) or 13-25 (class Il) length are selected from the cellular pool in a manner highly dependent on the peptide sequence
and the particular MHC allelomorph. This occurs either intrinsically (left) or is mediated by molecular chaperones (right) that increase the kinetic on-rate of peptides
binding to the MHC groove through a stable intermediate complex. Conformational dynamics in localized regions of the MHC groove are stabilized by both the
peptide and by molecular chaperones. The localized, dynamic regions including the a2-1 helix of MHC class | (MHC-I) and the 80-93 helix of MHC class Il (MHC-II).
(B,E) Structure of chaperone-bound MHC molecules with a focus on the MHC groove. Salmon dotted boxes highlight the conserved residues that are involved in
chaperone-induced widening of the MHC groove (DM aN125 and MHC-Il aW43; TAPBPR E102 and MHC-I Y84) relative to the peptide-bound state. (C,F) Structure
of the peptide-bound (unchaperoned) MHC groove. Salmon dotted boxes highlight “flipping” of MHC-I Y84 and MHC-II W43 upon chaperone association, which in
the absence of chaperones associate with the termini of the peptide. The chaperone-bound MHC states are shown as transparent in the inlays. PDB IDs are SWER
(H2-DY/TAPBPR), 3ECB (P18/H2-D9), 4FQX (HLA-DM/HLA-DR1), and 1DLH (Flu peptide/HLA-DR1).
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A crucial step in the peptide-loading process is the trim-
ming of peptides by the ERAP1 aminopeptidase (ERAAP in the
mouse), the importance of which is underlined by the antigen
presentation defect of ERAAP-deficient mice (47). Recent stud-
ies, exploiting both crystallography and MD simulations indi-
cate the critical role of dynamic changes for the aminopeptidase
activity of ERAPI (123, 124).

DYNAMIC ASPECTS OF T CELL
RECOGNITION OF pMHC COMPLEXES

Once pMHC complexes have arrived at the surface of the APC,
they are available for recognition by TCR or NKR. Most of our
understanding of the molecular details by which TCR on the
T cell or NKR on NK cells engage pMHC on APCs derives from
crystallographic studies of TCR/pMHC (125) or NK/pMHC
complexes (6). Pioneering efforts to explore dynamic aspects of
the TCR/pMHC interaction used NMR chemical shift analysis
to map the footprint of a pMHC-specific TCR onto its cognate
MHC (126). These studies employed a truncated MHC-I
molecule to identify chemical shift perturbations in solution
that resulted from binding to a single chain TCR ligand (also
~25 kDa). The binding footprint obtained in solution in this
manner was the same as that determined crystallographically

for the same complex. In a complementary set of experiments,
using NMR to examine residues of the same 2C TCR and of
a labeled peptide in the pMHC complex, Hawse et al. (60)
explored the dynamic changes that accompany the interac-
tion of the pMHC with the TCR. They showed that structural
fluctuations of the pMHC ligand matched similar fluctuations
of the TCR, suggesting that TCR use these dynamic changes in
solution to scan through different pMHC and to match those
that have similar flexible modes.

TCR CHANGES THAT ACCOMPANY pMHC
INTERACTION AND COMMUNICATE
SIGNAL TRANSDUCTION

In addition to studies of the pMHCpMHC interaction and TCR/
pMHC interaction noted above, several groups have addressed
the mechanism by which pMHC engagement by a TCR may
contribute to signal transduction (Figures 3A,B). The TCR, in
addition to consisting of af chains that recognize the pMHC,
contains the {{homodimer, and the CD3ye and CD38¢ heterodi-
mers, as part of an eight-chain complex embedded in the T cell
membrane. Cytoplasmic immunoreceptor tyrosine-based acti-
vation motifs (ITAMs) extend from &, y,d, and e and, when phos-
phorylated by the lymphocyte-specific protein tyrosine kinase

APC

MHC-I

conformational
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\
cholesterol
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phosphorylation
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FIGURE 3 | Peptide/MHC-I (oMHC-I) induced allosteric communication model for signaling of the TCR-CD3 complex. (A) In the absence of peptide-MHC-I ligand,
cholesterol associates with the T cell receptor (TCR) p chain and maintains the TCR/CD3 complex in an “inactive” TCR conformation. The TCR ap heterodimer is
non-covalently associated with the CD3 ye and 8¢ subunits as well as the ¢ homodimer. (B) Binding of pMHC-I molecules with the membrane distal variable
domains (Va, Vp) of the aff TCR receptor has been proposed to allosterically modulate the structure and dynamics of the membrane proximal constant domains
(Ca, CP) which are sensed by the associated CD3 molecules resulting in an “active TCR.” This pMHC-I/TCR mediated conformational change in CD3 allows for
phosphorylation (P) of downstream immunoreceptor tyrosine-based activation motifs (ITAMs) that recruit proteins involved in signaling, such as ZAP70. Abbreviation:
APC, antigen-presenting cell. (C) Structural view of the extracellular domain of the bound pMHC-I/TAP-binding protein, related complex (PDB ID 5IVX). Gray dotted
boxes highlight regions of dynamic complexity that are proposed to be involved in the allosteric communication model.
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(Lck), direct an activation cascade in the T cell. Aivazian and
Stern (127) explored the lipid interaction of non-phosphorylated
€ chain and its mobilization from lipid vesicles when phospho-
rylated, suggesting that the availability of the ITAM for kinase
activity was an early step in the extracellular binding of the
eight chain TCR complex by a pMHC ligand. The structure
of the cytoplasmic domain of the { chain has been explored
in detergent micelles of LMPG and suggests that ITAM2 and
ITAM3 interchange on the micro to millisecond timescale to
regulate their accessibility for phosphorylation (128). Likewise,
dynamic membrane associations that render the ITAM tyros-
ines inaccessible have been reported for the CD3e cytoplasmic
domain (129).

In efforts to explore the mechanism by which extracellular, cell-
surface binding events convey conformational changes to cyto-
plasmic protein modules, three groups have explored changes
in the CD3 (CC, ye, and 8¢) components of the TCR complex
(13-15). He et al. (15) used an MHC-II-restricted af TCR
isotopically labeled in the § chain to examine NMR chemical
shift differences on exposure to ye and/or de heterodimers. They
observed small differences in a set of 9-11 solvent accessible Cf3
residues consistent with a docking site requiring both ye and 3e.

Using a different MHC-II-restricted TCR, others (14) labeled
either the a or f chain and identified NMR spectroscopic changes
in the constant regions consistent with 8e docking on the Ca
domain and ye on Cp. These results were further supported by
functional studies of mutagenized TCR in transfected T cells.

Extending this approach, Natarajan et al. (13) used a high
affinity MHC-I restricted TCR to examine changes in the f
chain TCR spectrum on pMHC binding. Remarkably, in addi-
tion to the dynamic changes of the interface residues of the TCR
[the complementarity determining residues (CDRs)], these
authors observed significant chemical shift changes in regions
of the TCR remote from the pMHC interface, in particular near
the Cp H3 and H4 helices (Figure 3C). Confirmatory evidence
was provided by site-directed mutagenesis and functional
assays, consistent with an allosteric effect in the constant region
resulting from pMHC-I engagement. The authors suggest that
the allosteric transmission of conformational changes from the
TCR CDRs in the variable domain to the Cp distal sites occurs
via the modulation of the variable/constant domain interface
through the structural or dynamic rearrangement of the Vp/Cp
linker regions.

CONCLUSION

Biochemical evidence has long suggested that dynamic aspects
of MHC molecules, the chaperones of the PLC, and the interac-
tions with TCR might contribute to aspects of the functional
molecular recognition steps throughout the entire MHC antigen
presentation pathway. Only in the last few years have the combi-
nation of high resolution structural studies, computational MD,
and multidimensional NMR been applied together to gener-
ate a mechanistic view of how conformational plasticity and
MDs regulate multiple steps along the antigen processing and
presentation pathway. It is now clear that molecular flexibility

in peptide loading onto MHC, MHC/chaperone interaction,
and pMHC interaction with TCR form a set of dynamic events
contributing to their biological and potentially pathogenic role.
A classical view of protein structure/function relationships
ascribes function to the most stable (lowest energy) conforma-
tion. This understanding is being challenged by our appreciation
that molecules that exhibit exceptional conformational diversity,
known as intrinsically disordered proteins (IDPs) can represent
a mixture of structured and unstructured regions or may even
be entirely unstructured (130, 131). As a result, IDPs function by
virtue of molecular associations that disregard traditional lock-
and-key requirements and show flexibility in ligand binding.
Studies of antigenic peptide dynamics, MHC-I and -II confor-
mation changes, chaperone interactions, and pMHC-dependent
TCR allostery now begin to reveal how dynamic or disordered
regions of proteins contribute to their biological function. We
expect that further studies of the molecular and cellular details
of antigen processing, presentation and T cell signaling will shed
light not only on this central aspect of the immune response, but
also contribute to a more comprehensive understanding of how
protein sequence, structure, and dynamics shape the biological
function of macromolecules in general.

A FINAL WORD

This review summarizes some of the enormous progress that the
immunological community as a whole has made in addressing
fundamental mechanisms of molecular recognition that initiate
and propagate immune responses. Nevertheless, there remain
complexities yet to be revealed as our understanding evolves
from the specific to the general. Bill Paul had the unique ability to
identify central problems whose solutions then would stimulate
whole new areas of investigation. We trust that this review reflects
in small part his continuing influence in encouraging us to study
important questions and to seek definitive answers.

“I believe that a leaf of grass is no less than the journey-
work of the stars”Leaves of Grass, Walt Whitman

AUTHOR CONTRIBUTIONS

KN, JJ, NAM, MGM, LFB, ACM, NGS, AB, and DHM conceived
and wrote various parts of the review according to their expertise.
KN, ACM, NGS, AB, and DHM edited and assembled the various
contributions to the final text.

FUNDING

Supported by the Intramural Research Programs of the NIAID,
NIH (to KN, JJ, NM, MM, LB, and DM) and of the NIDDK, NIH
(to AB). Also, a K-22 Career Development and an R35 Outstanding
Investigator Award to NGS through NIAID (AI2573-01) and
NIGMS (1R35GM125034-01), respectively, and by the Office of
the Director, NIH, under High End Instrumentation (HIE) Grant
S$100D018455 which funded the 800 MHz NMR spectrometer
at UCSC.

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Natarajan et al.

Molecular Flexibility in Antigen Presentation

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Greenberg S. History of immunology. In: Paul WE, editor. Fundamental

Immunology. Philadelphia, Baltimore, New York: Wolters Kluwer Health/
Lippincott Williams & Wilkins (2013). p. 22-46.

. Rock KL, Reits E, Neefjes J. Present yourself! By MHC class I and MHC class

II' molecules. Trends Immunol (2016) 37:724-37. doi:10.1016/j.it.2016.08.010

. Germain RN, Margulies DH. The biochemistry and cell biology of antigen

processing and presentation. Annu Rev Immunol (1993) 11:403-50.
doi:10.1146/annurev.iy.11.040193.002155

. Cooper MA, Colonna M, Yokoyama WM. Hidden talents of natural killers:

NK cells in innate and adaptive immunity. EMBO Rep (2009) 10:1103-10.
doi:10.1038/embor.2009.203

. Li'Y, Mariuzza RA. Structural basis for recognition of cellular and viral ligands

by NK cell receptors. Front Immunol (2014) 5:123. doi:10.3389/fimmu.
2014.00123

. Natarajan K, Dimasi N, Wang J, Mariuzza RA, Margulies DH. Structure and

function of natural killer cell receptors: multiple molecular solutions to self,
nonself discrimination. Annu Rev Immunol (2002) 20:853-85. doi:10.1146/
annurev.immunol.20.100301.064812

. Wieczorek M, Abualrous ET, Sticht J, Alvaro-Benito M, Stolzenberg S, Noe E,

et al. Major histocompatibility complex (MHC) class I and MHC class 1I
proteins: conformational plasticity in antigen presentation. Front Immunol
(2017) 8:292. doi:10.3389/fimmu.2017.00292

. van Hateren A, Bailey A, Elliott T. Recent advances in major histocompatibil-

ity complex (MHC) class I antigen presentation: plastic MHC molecules and
TAPBPR-mediated quality control. FI000Res (2017) 6:158. doi:10.12688/
f1000research.10474.1

. van Hateren A, Anderson M, Bailey A, Werner JM, Skipp P, Elliott T.

Direct evidence for conformational dynamics in major histocompatibility
complex class I molecules. ] Biol Chem (2017) 292:20255-69. doi:10.1074/
jbc.M117.809624

Jiang J, Natarajan K, Boyd LE, Morozov GI, Mage MG, Margulies DH. Crystal
structure of a TAPBPR-MHC I complex reveals the mechanism of peptide edit-
ing in antigen presentation. Science (2017) 358:1064-8. doi:10.1126/science.
aao5154

McShan AC, Natarajan K, Kumirov VK, Flores-Solis D, Jiang J, Badstiibbner M,
etal. Peptide exchange on MHC-1by TAPBPR is driven by a negative allostery
release cycle. Nat Chem Biol (2018) 14. doi:10.1038/541589-018-0096-2
Thomas C, Tampe R. Structure of the TAPBPR-MHC I complex defines
the mechanism of peptide loading and editing. Science (2017) 358:1060-4.
doi:10.1126/science.aa06001

Natarajan K, McShan AC, Jiang J, Kumirov VK, Wang R, Zhao H, et al.
An allosteric site in the T-cell receptor Cbeta domain plays a critical signal-
ling role. Nat Commun (2017) 8:15260. doi:10.1038/ncomms15260
Natarajan A, Nadarajah V, Felsovalyi K, Wang W, Jeyachandran VR, Wasson RA,
et al. Structural model of the extracellular assembly of the TCR-CD3 com-
plex. Cell Rep (2016) 14:2833-45. d0i:10.1016/j.celrep.2016.02.081

He Y, Rangarajan S, Kerzic M, Luo M, Chen Y, Wang Q, et al. Identification of
the docking site for CD3 on the T cell receptor beta chain by solution NMR.
] Biol Chem (2015) 290:19796-805. doi:10.1074/jbc.M115.663799

Chen Y, Shi Y, Cheng H, An YQ, Gao GE Structural immunology and crys-
tallography help immunologists see the immune system in action: how T
and NK cells touch their ligands. IUBMB Life (2009) 61:579-90. doi:10.1002/
iub.208

Dauter Z, Wlodawer A. Progress in protein crystallography. Protein Pept Lett
(2016) 23:201-10. doi:10.2174/0929866523666160106153524

Rupp B. Biomolecular Crystallography: Principles, Practice and Application to
Structural Biology. New York, NY: Garland Science (2009).

Shi Y. A glimpse of structural biology through X-ray crystallography. Cell
(2014) 159:995-1014. doi:10.1016/j.cell.2014.10.051

Hartmann H, Parak E Steigemann W, Petsko GA, Ponzi DR, Frauenfelder H.
Conformational substates in a protein: structure and dynamics of metmyo-
globin at 80 K. Proc Natl Acad Sci U S A (1982) 79:4967-71. doi:10.1073/
Ppnas.79.16.4967

Boldon L, Laliberte E Liu L. Review of the fundamental theories behind
small angle X-ray scattering, molecular dynamics simulations, and relevant
integrated application. Nano Rev (2015) 6:25661. doi:10.3402/nano.v6.25661

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Paquet E, Viktor HL. Molecular dynamics, Monte Carlo simulations,
and Langevin dynamics: a computational review. Biomed Res Int (2015)
2015:183918. doi:10.1155/2015/183918

Bahar I, Lezon TR, Bakan A, Shrivastava IH. Normal mode analysis of bio-
molecular structures: functional mechanisms of membrane proteins. Chem
Rev (2010) 110:1463-97. doi:10.1021/cr900095¢

Anthis NJ, Clore GM. Visualizing transient dark states by NMR spectroscopy.
Q Rev Biophys (2015) 48:35-116. d0i:10.1017/S0033583514000122

Ortega G, Pons M, Millet O. Protein functional dynamics in multiple times-
cales as studied by NMR spectroscopy. Adv Protein Chem Struct Biol (2013)
92:219-51. doi:10.1016/B978-0-12-411636-8.00006-7

Rosenzweig R, Kay LE. Bringing dynamic molecular machines into focus by
methyl-TROSY NMR. Annu Rev Biochem (2014) 83:291-315. doi:10.1146/
annurev-biochem-060713-035829

Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu Rev
Immunol (2013) 31:443-73. doi:10.1146/annurev-immunol-032712-095910
Koch J, Tampe R. The macromolecular peptide-loading complex in MHC
class I-dependent antigen presentation. Cell Mol Life Sci (2006) 63:653-62.
doi:10.1007/s00018-005-5462-z

Procko E, Gaudet R. Antigen processing and presentation: TAPping into
ABC transporters. Curr Opin Immunol (2009) 21:84-91. doi:10.1016/j.
€01.2009.02.003

Sanderson E, Trowsdale J. Antigen presentation: kissing cousins exchange
CLIP. Curr Biol (1995) 5:1372-6. doi:10.1016/S0960-9822(95)00274-0
Williams A, Peh CA, Elliott T. The cell biology of MHC class I antigen pre-
sentation. Tissue Antigens (2002) 59:3-17. d0i:10.1034/j.1399-0039.2002.
590103.x

Neefjes J, Jongsma ML, Paul P, Bakke O. Towards a systems understanding of
MHC class I and MHC class IT antigen presentation. Nat Rev Immunol (2011)
11:823-36. doi:10.1038/nri3084

van den Hoorn T, Paul P, Jongsma ML, Neefjes J. Routes to manipulate
MHC class II antigen presentation. Curr Opin Immunol (2011) 23:88-95.
doi:10.1016/j.c0i.2010.11.002

Starck SR, Shastri N. Nowhere to hide: unconventional translation yields
cryptic peptides for immune surveillance. Immunol Rev (2016) 272:8-16.
doi:10.1111/imr.12434

Yewdell JW, Nicchitta CV. The DRiP hypothesis decennial: support,
controversy, refinement and extension. Trends Immunol (2006) 27:368-73.
doi:10.1016/}.it.2006.06.008

Scholz C, Tampe R. The intracellular antigen transport machinery TAP in
adaptive immunity and virus escape mechanisms. ] Bioenerg Biomembr
(2005) 37:509-15. doi:10.1007/s10863-005-9500-1

Saper MA, Bjorkman PJ, Wiley DC. Refined structure of the human
histocompatibility antigen HLA-A2 at 2.6 A resolution. ] Mol Biol (1991)
219:277-319. doi:10.1016/0022-2836(91)90567-P

Falk K, Rotzschke O, Stevanovic S, Jung G, Rammensee HG. Allele-specific
motifs revealed by sequencing of self-peptides eluted from MHC molecules.
Nature (1991) 351:290-6. doi:10.1038/351290a0

Bjorkman PJ, Strominger JL, Wiley DC. Crystallization and X-ray diffraction
studies on the histocompatibility antigens HLA-A2 and HLA-A28 from
human cell membranes. ] Mol Biol (1985) 186:205-10.d0i:10.1016/0022-2836
(85)90271-2

Adams EJ, Luoma AM. The adaptable major histocompatibility complex
(MHC) fold: structure and function of nonclassical and MHC class I-like
molecules. Annu Rev Immunol (2013) 31:529-61. doi:10.1146/annurev-
immunol-032712-095912

Anderson KS, Cresswell P. A role for calnexin (IP90) in the assembly of class
II MHC molecules. EMBO ] (1994) 13:675-82.

Jackson MR, Cohen-Doyle ME Peterson PA, Williams DB. Regulation of
MHC class I transport by the molecular chaperone, calnexin (p88, IP90).
Science (1994) 263:384-7. doi:10.1126/science.8278813

Ortmann B, Androlewicz MJ, Cresswell P. MHC class I/beta 2-microglobulin
complexes associate with TAP transporters before peptide binding. Nature
(1994) 368:864-7. doi:10.1038/368864a0

Ortmann B, Copeman J, Lehner PJ, Sadasivan B, Herberg JA, Grandea AG,
etal. A critical role for tapasin in the assembly and function of multimeric
MHC class I-TAP complexes. Science (1997) 277:1306-9. doi:10.1126/
science.277.5330.1306

Frontiers in Immunology | www.frontiersin.org

10

July 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.it.2016.08.010
https://doi.org/10.1146/annurev.iy.11.040193.002155
https://doi.org/10.1038/embor.2009.203
https://doi.org/10.3389/fimmu.2014.00123
https://doi.org/10.3389/fimmu.2014.00123
https://doi.org/10.1146/annurev.immunol.20.100301.064812
https://doi.org/10.1146/annurev.immunol.20.100301.064812
https://doi.org/10.3389/fimmu.2017.00292
https://doi.org/10.12688/f1000research.10474.1
https://doi.org/10.12688/f1000research.10474.1
https://doi.org/10.1074/jbc.M117.809624
https://doi.org/10.1074/jbc.M117.809624
https://doi.org/10.1126/science.aao5154
https://doi.org/10.1126/science.aao5154
https://doi.org/10.1038/s41589-018-0096-2
https://doi.org/10.1126/science.aao6001
https://doi.org/10.1038/ncomms15260
https://doi.org/10.1016/j.celrep.2016.02.081
https://doi.org/10.1074/jbc.M115.663799
https://doi.org/10.1002/iub.208
https://doi.org/10.1002/iub.208
https://doi.org/10.2174/0929866523666160106153524
https://doi.org/10.1016/j.cell.2014.10.051
https://doi.org/10.1073/pnas.79.16.4967
https://doi.org/10.1073/pnas.79.16.4967
https://doi.org/10.3402/nano.v6.25661
https://doi.org/10.1155/2015/183918
https://doi.org/10.1021/cr900095e
https://doi.org/10.1017/S0033583514000122
https://doi.org/10.1016/B978-0-12-411636-8.00006-7
https://doi.org/10.1146/annurev-biochem-060713-035829
https://doi.org/10.1146/annurev-biochem-060713-035829
https://doi.org/10.1146/annurev-immunol-032712-095910
https://doi.org/10.1007/s00018-005-5462-z
https://doi.org/10.1016/j.coi.2009.02.003
https://doi.org/10.1016/j.coi.2009.02.003
https://doi.org/10.1016/S0960-9822(95)00274-0
https://doi.org/10.1034/j.1399-0039.2002.
590103.x
https://doi.org/10.1034/j.1399-0039.2002.
590103.x
https://doi.org/10.1038/nri3084
https://doi.org/10.1016/j.coi.2010.11.002
https://doi.org/10.1111/imr.12434
https://doi.org/10.1016/j.it.2006.06.008
https://doi.org/10.1007/s10863-005-9500-1
https://doi.org/10.1016/0022-2836(91)90567-P
https://doi.org/10.1038/351290a0
https://doi.org/10.1016/0022-2836
(85)90271-2
https://doi.org/10.1016/0022-2836
(85)90271-2
https://doi.org/10.1146/annurev-
immunol-032712-095912
https://doi.org/10.1146/annurev-
immunol-032712-095912
https://doi.org/10.1126/science.8278813
https://doi.org/10.1038/368864a0
https://doi.org/10.1126/science.277.5330.1306
https://doi.org/10.1126/science.277.5330.1306

Natarajan et al.

Molecular Flexibility in Antigen Presentation

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Peaper DR, Wearsch PA, Cresswell P. Tapasin and ERp57 form a stable
disulfide-linked dimer within the MHC class I peptide-loading complex.
EMBO ] (2005) 24:3613-23. doi:10.1038/sj.emboj.7600814

Sadasivan B, Lehner PJ, Ortmann B, Spies T, Cresswell P. Roles for calreticulin
and a novel glycoprotein, tapasin, in the interaction of MHC class I molecules
with TAP. Immunity (1996) 5:103-14. doi:10.1016/S1074-7613(00)80487-2
Kanaseki T, Blanchard N, Hammer GE, Gonzalez E Shastri N. ERAAP
synergizes with MHC class I molecules to make the final cut in the anti-
genic peptide precursors in the endoplasmic reticulum. Immunity (2006)
25:795-806. d0i:10.1016/j.immuni.2006.09.012

York IA, Brehm MA, Zendzian S, Towne CF, Rock KL. Endoplasmic retic-
ulum aminopeptidase 1 (ERAP1) trims MHC class I-presented peptides
in vivo and plays an important role in immunodominance. Proc Natl Acad
Sci U S A (2006) 103:9202-7. doi:10.1073/pnas.0603095103

Blees A, Januliene D, Hofmann T, Koller N, Schmidt C, Trowitzsch S, et al.
Structure of the human MHC-I peptide-loading complex. Nature (2017)
551:525-8. doi:10.1038/nature24627

Panter MS, Jain A, Leonhardt RM, Ha T, Cresswell P. Dynamics of major his-
tocompatibility complex class I association with the human peptide-loading
complex. ] Biol Chem (2012) 287:31172-84. doi:10.1074/jbc.M112.387704
Zhang W, Wearsch PA, Zhu Y, Leonhardt RM, Cresswell P. A role for UDP-
glucose glycoprotein glucosyltransferase in expression and quality control
of MHC class I molecules. Proc Natl Acad Sci U S A (2011) 108:4956-61.
doi:10.1073/pnas.1102527108

Wearsch PA, Peaper DR, Cresswell P. Essential glycan-dependent interac-
tions optimize MHC class I peptide loading. Proc Natl Acad Sci U S A (2011)
108:4950-5. doi:10.1073/pnas.1102524108

Neerincx A, Boyle LH. Properties of the tapasin homologue TAPBPR. Curr
Opin Immunol (2017) 46:97-102. doi:10.1016/.c0i.2017.04.008

Schulze MS, Wucherpfennig KW. The mechanism of HLA-DM induced
peptide exchange in the MHC class II antigen presentation pathway. Curr
Opin Immunol (2012) 24:105-11. doi:10.1016/j.c0i.2011.11.004

Painter CA, Negroni MP, Kellersberger KA, Zavala-Ruiz Z, Evans JE, Stern LJ.
Conformational lability in the class II MHC 310 helix and adjacent extended
strand dictate HLA-DM susceptibility and peptide exchange. Proc Natl Acad
Sci US A (2011) 108:19329-34. d0i:10.1073/pnas.1108074108

Jensen PE, Weber DA, Thayer WP, Chen X, Dao CT. HLA-DM and the
MHC class IT antigen presentation pathway. Immunol Res (1999) 20:195-205.
doi:10.1007/BF02790403

Sadegh-Nasseri S, Chen M, Narayan K, Bouvier M. The convergent roles
of tapasin and HLA-DM in antigen presentation. Trends Immunol (2008)
29:141-7. doi:10.1016/}.it.2008.01.001

Ayres CM, Corcelli SA, Baker BM. Peptide and peptide-dependent motions
in MHC proteins: immunological implications and biophysical underpin-
nings. Front Immunol (2017) 8:935. doi:10.3389/fimmu.2017.00935
Armstrong KM, Insaidoo FK, Baker BM. Thermodynamics of T-cell
receptor-peptide/MHC interactions: progress and opportunities. J Mol
Recognit (2008) 21:275-87. doi:10.1002/jmr.896

Hawse WE De S, Greenwood AL, Nicholson LK, Zajicek ], Kovrigin EL,
et al. TCR scanning of peptide/MHC through complementary matching of
receptor and ligand molecular flexibility. J Immunol (2014) 192:2885-91.
doi:10.4049/jimmunol.1302953

Schmitt L, Boniface JJ, Davis MM, McConnell HM. Conformational isomers
of a class I MHC-peptide complex in solution. ] Mol Biol (1999) 286:207-18.
doi:10.1006/jmbi.1998.2463

Schmitt L, Boniface JJ, Davis MM, McConnell HM. Kinetic isomers of a class
II MHC-peptide complex. Biochemistry (1998) 37:17371-80. doi:10.1021/
bi9815593

Landais E, Romagnoli PA, Corper AL, Shires J, Altman JD, Wilson IA, et al.
New design of MHC class II tetramers to accommodate fundamental prin-
ciples of antigen presentation. J Immunol (2009) 183:7949-57. doi:10.4049/
jimmunol.0902493

Lovitch SB, Unanue ER. Conformational isomers of a peptide-class II
major histocompatibility complex. Immunol Rev (2005) 207:293-313.
doi:10.1111/j.0105-2896.2005.00298.x

Gunther S, Schlundt A, Sticht J, Roske Y, Heinemann U, Wiesmuller KH,
et al. Bidirectional binding of invariant chain peptides to an MHC class
1I molecule. Proc Natl Acad Sci U S A (2010) 107:22219-24. do0i:10.1073/
pnas.1014708107

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Schnabl E, Stockinger H, Majdic O, Gaugitsch H, Lindley IJ, Maurer D,
et al. Activated human T lymphocytes express MHC class I heavy chains
not associated with beta 2-microglobulin. J Exp Med (1990) 171:1431-42.
doi:10.1084/jem.171.5.1431

Smith JD, Lie WR, Gorka J, Kindle CS, Myers NB, Hansen TH. Disparate
interaction of peptide ligand with nascent versus mature class I major
histocompatibility complex molecules: comparisons of peptide binding to
alternative forms of Ld in cell lysates and the cell surface. ] Exp Med (1992)
175:191-202. doi:10.1084/jem.175.1.191

Benjamin R]J, Madrigal JA, Parham P. Peptide binding to empty HLA-B27
molecules of viable human cells. Nature (1991) 351:74-7. doi:10.1038/
351074a0

Pickl WE Holter W, Stockl ], Majdic O, Knapp W. Expression of beta
2-microglobulin-free HLA class I alpha-chains on activated T cells requires
internalization of HLA class I heterodimers. Immunology (1996) 88:104-9.
doi:10.1046/j.1365-2567.1996.d01-644.x

Santos SG, Powis S], Arosa FA. Misfolding of major histocompatibility
complex class I molecules in activated T cells allows cis-interactions with
receptors and signaling molecules and is associated with tyrosine phosphor-
ylation. J Biol Chem (2004) 279:53062-70. doi:10.1074/jbc.M408794200
Blue ML, Craig KA, Anderson P, Branton KR Jr, Schlossman SE Evidence for
specific association between class I major histocompatibility antigens and the
CD8 molecules of human suppressor/cytotoxic cells. Cell (1988) 54:413-21.
doi:10.1016/0092-8674(88)90204-8

Demaria S, Bushkin Y. CD8 and beta 2-microglobulin-free MHC class I
molecules in T cell immunoregulation. Int ] Clin Lab Res (1993) 23:61-9.
doi:10.1007/BF02592285

Geng J, Altman JD, Krishnakumar S, Raghavan M. Empty conformers of
HLA-B preferentially bind CD8 and regulate CD8(+) T cell function. Elife
(2018) 7. doi:10.7554/eLife.36341

Ljunggren HG, Stam NJ, Ohlen C, Neefjes JJ, Hoglund P, Heemels MT,
et al. Empty MHC class I molecules come out in the cold. Nature (1990)
346:476-80. d0i:10.1038/346476a0

Otten GR, Bikoft E, Ribaudo RK, Kozlowski S, Margulies DH, Germain RN.
Peptide and beta 2-microglobulin regulation of cell surface MHC class I
conformation and expression. ] Immunol (1992) 148:3723-32.

Rehm A, Rohr A, Seitz C, Wonigeit K, Ziegler A, Uchanska-Ziegler B.
Structurally diverse forms of HLA-B27 molecules are displayed in vivo in a
cell type-dependent manner. Hum Immunol (2000) 61:408-18. doi:10.1016/
$0198-8859(99)00176-7

Grandea AG III, Golovina TN, Hamilton SE, Sriram V; Spies T, Brutkiewicz RR,
et al. Impaired assembly yet normal trafficking of MHC class I molecules
in Tapasin mutant mice. Immunity (2000) 13:213-22. doi:10.1016/S1074-
7613(00)00021-2

Van Kaer L, Ashton-Rickardt PG, Ploegh HL, Tonegawa S. TAP1 mutant mice
are deficient in antigen presentation, surface class I molecules, and CD4-8+
T cells. Cell (1992) 71:1205-14. doi:10.1016/S0092-8674(05)80068-6

Burian A, Wang KL, Finton KA, Lee N, Ishitani A, Strong RK, et al. HLA-F
and MHC-I open conformers bind natural killer cell Ig-like receptor
KIR3DS1. PLoS One (2016) 11:€0163297. doi:10.1371/journal.pone.0163297
Garcia-Beltran WE Holzemer A, Martrus G, Chung AW, Pacheco Y,
Simoneau CR, et al. Open conformers of HLA-F are high-affinity ligands of
the activating NK-cell receptor KIR3DS1. Nat Immunol (2016) 17:1067-74.
doi:10.1038/ni.3513

Dulberger CL, McMurtrey CP, Holzemer A, Neu KE, Liu V, Steinbach AM,
et al. Human leukocyte antigen F presents peptides and regulates immunity
through interactions with NK cell receptors. Immunity (2017) 46:1018-29.e7.
doi:10.1016/j.immuni.2017.06.002

Cai M, Huang Y, Sakaguchi K, Clore GM, Gronenborn AM, Craigie R.
An efficient and cost-effective isotope labeling protocol for proteins
expressed in Escherichia coli. ] Biomol NMR (1998) 11:97-102. doi:10.1023/
A:1008222131470

Wieczorek M, Sticht J, Stolzenberg S, Gunther S, Wehmeyer C, El Habre Z,
et al. MHC class II complexes sample intermediate states along the peptide
exchange pathway. Nat Commun (2016) 7:13224. doi:10.1038/ncomms13224
Zacharias M, Springer S. Conformational flexibility of the MHC class
T alphal-alpha2 domain in peptide bound and free states: a molecular
dynamics simulation study. Biophys ] (2004) 87:2203-14. doi:10.1529/
biophysj.104.044743

Frontiers in Immunology | www.frontiersin.org

11

July 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/sj.emboj.7600814
https://doi.org/10.1016/S1074-7613(00)80487-2
https://doi.org/10.1016/j.immuni.2006.09.012
https://doi.org/10.1073/pnas.0603095103
https://doi.org/10.1038/nature24627
https://doi.org/10.1074/jbc.M112.387704
https://doi.org/10.1073/pnas.1102527108
https://doi.org/10.1073/pnas.1102524108
https://doi.org/10.1016/j.coi.2017.04.008
https://doi.org/10.1016/j.coi.2011.11.004
https://doi.org/10.1073/pnas.1108074108
https://doi.org/10.1007/BF02790403
https://doi.org/10.1016/j.it.2008.01.001
https://doi.org/10.3389/fimmu.2017.00935
https://doi.org/10.1002/jmr.896
https://doi.org/10.4049/jimmunol.1302953
https://doi.org/10.1006/jmbi.1998.2463
https://doi.org/10.1021/bi9815593
https://doi.org/10.1021/bi9815593
https://doi.org/10.4049/jimmunol.0902493
https://doi.org/10.4049/jimmunol.0902493
https://doi.org/10.1111/j.0105-2896.2005.00298.x
https://doi.org/10.1073/pnas.1014708107
https://doi.org/10.1073/pnas.1014708107
https://doi.org/10.1084/jem.171.5.1431
https://doi.org/10.1084/jem.175.1.191
https://doi.org/10.1038/
351074a0
https://doi.org/10.1038/
351074a0
https://doi.org/10.1046/j.1365-2567.1996.d01-644.x
https://doi.org/10.1074/jbc.M408794200
https://doi.org/10.1016/0092-8674(88)90204-8
https://doi.org/10.1007/BF02592285
https://doi.org/10.7554/eLife.36341
https://doi.org/10.1038/346476a0
https://doi.org/10.1016/S0198-8859(99)00176-7
https://doi.org/10.1016/S0198-8859(99)00176-7
https://doi.org/10.1016/S1074-
7613(00)00021-2
https://doi.org/10.1016/S1074-
7613(00)00021-2
https://doi.org/10.1016/S0092-8674(05)80068-6
https://doi.org/10.1371/journal.pone.0163297
https://doi.org/10.1038/ni.3513
https://doi.org/10.1016/j.immuni.2017.06.002
https://doi.org/10.1023/
A:1008222131470
https://doi.org/10.1023/
A:1008222131470
https://doi.org/10.1038/ncomms13224
https://doi.org/10.1529/biophysj.104.044743
https://doi.org/10.1529/biophysj.104.044743

Natarajan et al.

Molecular Flexibility in Antigen Presentation

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Narzi D, Becker CM, Fiorillo MT, Uchanska-Ziegler B, Ziegler A, Bockmann RA.
Dynamical characterization of two differentially disease associated MHC
class I proteins in complex with viral and self-peptides. J Mol Biol (2012)
415:429-42. doi:10.1016/j.jmb.2011.11.021

Bouvier M, Wiley DC. Structural characterization of a soluble and partially
folded class I major histocompatibility heavy chain/beta 2m heterodimer.
Nat Struct Biol (1998) 5:377-84. doi:10.1038/nsb0598-377

Kurimoto E, Kuroki K, Yamaguchi Y, Yagi-Utsumi M, Igaki T, Iguchi T,
et al. Structural and functional mosaic nature of MHC class I molecules
in their peptide-free form. Mol Immunol (2013) 55:393-9. doi:10.1016/j.
molimm.2013.03.014

Sieker F, Springer S, Zacharias M. Comparative molecular dynamics analysis
of tapasin-dependent and -independent MHC class I alleles. Protein Sci
(2007) 16:299-308. doi:10.1110/ps.062568407

Sieker E, Straatsma TP, Springer S, Zacharias M. Differential tapasin depen-
dence of MHC class I molecules correlates with conformational changes
upon peptide dissociation: a molecular dynamics simulation study. Mol
Immunol (2008) 45:3714-22. doi:10.1016/j.molimm.2008.06.009

Williams AP, Peh CA, Purcell AW, McCluskey J, Elliott T. Optimization of
the MHC class I peptide cargo is dependent on tapasin. Immunity (2002)
16:509-20. doi:10.1016/S1074-7613(02)00304-7

Pohlmann T, Bockmann RA, Grubmuller H, Uchanska-Ziegler B, Ziegler A,
Alexiev U. Differential peptide dynamics is linked to major histocompatibil-
ity complex polymorphism. J Biol Chem (2004) 279:28197-201. doi:10.1074/
jbc.C400128200

Beerbaum M, Ballaschk M, Erdmann N, Schnick C, Diehl A, Uchanska-
Ziegler B, et al. NMR spectroscopy reveals unexpected structural variation
at the protein-protein interface in MHC class I molecules. J Biomol NMR
(2013) 57:167-78. d0i:10.1007/s10858-013-9777-z

Hee CS, Beerbaum M, Loll B, Ballaschk M, Schmieder P, Uchanska-Ziegler B,
et al. Dynamics of free versus complexed beta2-microglobulin and the
evolution of interfaces in MHC class I molecules. Immunogenetics (2013)
65:157-72. doi:10.1007/s00251-012-0667-4

Myers NB, Harris MR, Connolly JM, Lybarger L, Yu YY, Hansen TH. Kb, Kd,
and Ld molecules share common tapasin dependencies as determined using
a novel epitope tag. J Immunol (2000) 165:5656-63. doi:10.4049/jimmunol.
165.10.5656

Mage MG, Dolan MA, Wang R, Boyd LE Revilleza MJ, Robinson H, et al.
The peptide-receptive transition state of MHC class I molecules: insight
from structure and molecular dynamics. J Immunol (2012) 189:1391-9.
doi:10.4049/jimmunol. 1200831

Insaidoo FK, Zajicek ], Baker BM. A general and efficient approach for
NMR studies of peptide dynamics in class I MHC peptide binding grooves.
Biochemistry (2009) 48:9708-10. doi:10.1021/bi9008787

Garstka MA, Fritzsche S, Lenart I, Hein Z, Jankevicius G, Boyle LH, et al.
Tapasin dependence of major histocompatibility complex class I molecules
correlates with their conformational flexibility. FASEB ] (2011) 25:3989-98.
doi:10.1096/1).11-190249

Abualrous ET, Saini SK, Ramnarayan VR, Ilca FT, Zacharias M, Springer S.
The carboxy terminus of the ligand peptide determines the stability of
the MHC class I molecule H-2Kb: a combined molecular dynamics and
experimental study. PLoS One (2015) 10:e0135421. doi:10.1371/journal.
pone.0135421

Abualrous ET, Fritzsche S, Hein Z, Al-Balushi MS, Reinink P, Boyle LH, et al.
F pocket flexibility influences the tapasin dependence of two differentially
disease-associated MHC class I proteins. Eur ] Immunol (2015) 45:1248-57.
doi:10.1002/€ji.201445307

Bailey A, van Hateren A, Elliott T, Werner JM. Two polymorphisms facilitate
differences in plasticity between two chicken major histocompatibility
complex class I proteins. PLoS One (2014) 9:¢89657. doi:10.1371/journal.
pone.0089657

Hawse WE, Gloor BE, Ayres CM, Kho K, Nuter E, Baker BM. Peptide
modulation of class I major histocompatibility complex protein molecular
flexibility and the implications for immune recognition. J Biol Chem (2013)
288:24372-81. doi:10.1074/jbc.M113.490664

Bailey A, Dalchau N, Carter R, Emmott S, Phillips A, Werner JM, et al.
Selector function of MHC I molecules is determined by protein plasticity.
Sci Rep (2015) 5:14928. doi:10.1038/srep14928

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Yaneva R, Springer S, Zacharias M. Flexibility of the MHC class II peptide
binding cleft in the bound, partially filled, and empty states: a molecular
dynamics simulation study. Biopolymers (2009) 91:14-27. d0i:10.1002/
bip.21078

Painter CA, Cruz A, Lopez GE, Stern LJ, Zavala-Ruiz Z. Model for the
peptide-free conformation of class II MHC proteins. PLoS One (2008)
3:€2403. doi:10.1371/journal.pone.0002403

Mandal TK, Mukhopadhyay C. Effect of glycosylation on structure and
dynamics of MHC class I glycoprotein: a molecular dynamics study.
Biopolymers(2001)59:11-23.d0i:10.1002/1097-0282(200107)59:1<11::AID-
BIP1001>3.0.CO;2-W

Yanaka S, Ueno T, Shi Y, Qi J, Gao GF, Tsumoto K, et al. Peptide-dependent
conformational fluctuation determines the stability of the human leukocyte
antigen class I complex. ] Biol Chem (2014) 289:24680-90. doi:10.1074/jbc.
M114.566174

Kozlov G, Pocanschi CL, Rosenauer A, Bastos-Aristizabal S, Gorelik A,
Williams DB, et al. Structural basis of carbohydrate recognition by calreticu-
lin. J Biol Chem (2010) 285:38612-20. d0i:10.1074/jbc.M110.168294
Ellgaard L, Riek R, Herrmann T, Guntert P, Braun D, Helenius A, et al. NMR
structure of the calreticulin P-domain. Proc Natl Acad Sci U S A (2001)
98:3133-8. doi:10.1073/pnas.051630098

Oancea G, O'Mara ML, Bennett WE Tieleman DP, Abele R, Tampe R.
Structural arrangement of the transmission interface in the antigen ABC
transport complex TAP. Proc Natl Acad Sci U S A (2009) 106:5551-6.
doi:10.1073/pnas.0811260106

Oldham ML, Grigorieff N, Chen J. Structure of the transporter associated
with antigen processing trapped by herpes simplex virus. Elife (2016)
5:¢21829. doi:10.7554/eLife.21829

Dong G, Wearsch PA, Peaper DR, Cresswell P, Reinisch KM. Insights into
MHC class I peptide loading from the structure of the tapasin-ERp57 thiol
oxidoreductase heterodimer. Immunity (2009) 30:21-32. doi:10.1016/j.
immuni.2008.10.018

Hulpke S, Tampe R. The MHC I loading complex: a multitasking machinery
in adaptive immunity. Trends Biochem Sci (2013) 38:412-20. doi:10.1016/j.
tibs.2013.06.003

Copeman J, Bangia N, Cross JC, Cresswell P. Elucidation of the genetic
basis of the antigen presentation defects in the mutant cell line0.220 reveals
polymorphism and alternative splicing of the tapasin gene. Eur ] Immunol
(1998) 28:3783-91. doi:10.1002/(SICI)1521-4141(199811)28:11<3783::
AID-IMMU3783>3.0.CO;2-9

Lehner PJ, Surman M]J, Cresswell P. Soluble tapasin restores MHC class I
expression and function in the tapasin-negative cell line0.220. Immunity
(1998) 8:221-31. doi:10.1016/S1074-7613(00)80474-4

Chen M, Bouvier M. Analysis of interactions in a tapasin/class I complex
provides a mechanism for peptide selection. EMBO ] (2007) 26:1681-90.
doi:10.1038/sj.emboj.7601624

Yu YY, Turnquist HR, Myers NB, Balendiran GK, Hansen TH, Solheim JC.
An extensive region of an MHC class I alpha 2 domain loop influences
interaction with the assembly complex. J Immunol (1999) 163:4427-33.
Peace-Brewer AL, Tussey LG, Matsui M, Li G, Quinn DG, Frelinger JA.
A point mutation in HLA-A*0201 results in failure to bind the TAP complex
and to present virus-derived peptides to CTL. Immunity (1996) 4:505-14.
doi:10.1016/S1074-7613(00)80416-1

Boyle LH, Hermann C, Boname JM, Porter KM, Patel PA, Burr ML, et al.
Tapasin-related protein TAPBPR is an additional component of the MHC
class I presentation pathway. Proc Natl Acad Sci U S A (2013) 110:3465-70.
doi:10.1073/pnas.1222342110

Hermann C, van Hateren A, Trautwein N, Neerincx A, Duriez PJ, Stevanovic S,
et al. TAPBPR alters MHC class I peptide presentation by functioning as
a peptide exchange catalyst. Elife (2015) 4:e09617. doi:10.7554/eLife.09617
Morozov GI, Zhao H, Mage MG, Boyd LE Jiang J, Dolan MA, et al.
Interaction of TAPBPR, a tapasin homolog, with MHC-I molecules promotes
peptide editing. Proc Natl Acad Sci U S A (2016) 113:E1006-15. doi:10.1073/
pnas.1519894113

Neerincx A, Hermann C, Antrobus R, van Hateren A, Cao H, Trautwein N,
et al. TAPBPR bridges UDP-glucose:glycoprotein glucosyltransferase 1 onto
MHC class I to provide quality control in the antigen presentation pathway.
Elife (2017) 6:€23049. doi:10.7554/eLife.23049

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jmb.2011.11.021
https://doi.org/10.1038/nsb0598-377
https://doi.org/10.1016/j.molimm.2013.03.014
https://doi.org/10.1016/j.molimm.2013.03.014
https://doi.org/10.1110/ps.062568407
https://doi.org/10.1016/j.molimm.2008.06.009
https://doi.org/10.1016/S1074-7613(02)00304-7
https://doi.org/10.1074/jbc.C400128200
https://doi.org/10.1074/jbc.C400128200
https://doi.org/10.1007/s10858-013-9777-z
https://doi.org/10.1007/s00251-012-0667-4
https://doi.org/10.4049/jimmunol.
165.10.5656
https://doi.org/10.4049/jimmunol.
165.10.5656
https://doi.org/10.4049/jimmunol.1200831
https://doi.org/10.1021/bi9008787
https://doi.org/10.1096/fj.11-190249
https://doi.org/10.1371/journal.pone.0135421
https://doi.org/10.1371/journal.pone.0135421
https://doi.org/10.1002/eji.201445307
https://doi.org/10.1371/journal.pone.0089657
https://doi.org/10.1371/journal.pone.0089657
https://doi.org/10.1074/jbc.M113.490664
https://doi.org/10.1038/srep14928
https://doi.org/10.1002/bip.21078
https://doi.org/10.1002/bip.21078
https://doi.org/10.1371/journal.pone.0002403
https://doi.org/10.1002/1097-0282(200107)59:1 < 11::AID-
BIP1001 > 3.0.CO;2-W
https://doi.org/10.1002/1097-0282(200107)59:1 < 11::AID-
BIP1001 > 3.0.CO;2-W
https://doi.org/10.1074/jbc.M114.566174
https://doi.org/10.1074/jbc.M114.566174
https://doi.org/10.1074/jbc.M110.168294
https://doi.org/10.1073/pnas.051630098
https://doi.org/10.1073/pnas.0811260106
https://doi.org/10.7554/eLife.21829
https://doi.org/10.1016/j.immuni.2008.10.018
https://doi.org/10.1016/j.immuni.2008.10.018
https://doi.org/10.1016/j.tibs.2013.06.003
https://doi.org/10.1016/j.tibs.2013.06.003
https://doi.org/10.1002/(SICI)1521-4141(199811)28:11 < 3783::
AID-IMMU3783 > 3.0.CO;2-9
https://doi.org/10.1002/(SICI)1521-4141(199811)28:11 < 3783::
AID-IMMU3783 > 3.0.CO;2-9
https://doi.org/10.1016/S1074-7613(00)80474-4
https://doi.org/10.1038/sj.emboj.7601624
https://doi.org/10.1016/S1074-7613(00)80416-1
https://doi.org/10.1073/pnas.1222342110
https://doi.org/10.7554/eLife.09617
https://doi.org/10.1073/pnas.1519894113
https://doi.org/10.1073/pnas.1519894113
https://doi.org/10.7554/eLife.23049

Natarajan et al.

Molecular Flexibility in Antigen Presentation

122.

123.

124.

125.

126.

127.

128.

Fisette O, Wingbermuhle S, Tampe R, Schafer LV. Molecular mechanism
of peptide editing in the tapasin-MHC I complex. Sci Rep (2016) 6:19085.
doi:10.1038/srep19085

Papakyriakou A, Stratikos E. The role of conformational dynamics in antigen
trimming by intracellular aminopeptidases. Front Immunol (2017) 8:946.
doi:10.3389/fimmu.2017.00946

Stamogiannos A, Maben Z, Papakyriakou A, Mpakali A, Kokkala P, Georgiadis D,
et al. Critical role of interdomain interactions in the conformational change
and catalytic mechanism of endoplasmic reticulum aminopeptidase 1.
Biochemistry (2017) 56:1546-58. doi:10.1021/acs.biochem.6b01170
Marrack P, Scott-Browne JP, Dai S, Gapin L, Kappler JW. Evolutionarily con-
served amino acids that control TCR-MHC interaction. Annu Rev Immunol
(2008) 26:171-203. doi:10.1146/annurev.immunol.26.021607.090421
Varani L, Bankovich AJ, Liu CW, Colf LA, Jones LL, Kranz DM, et al. Solution
mapping of T cell receptor docking footprints on peptide-MHC. Proc Natl
Acad Sci U S A (2007) 104:13080-5. doi:10.1073/pnas.0703702104

Aivazian D, Stern L]. Phosphorylation of T cell receptor zeta is regulated
by a lipid dependent folding transition. Nat Struct Biol (2000) 7:1023-6.
doi:10.1038/80930

Duchardt E, Sigalov AB, Aivazian D, Stern LJ, Schwalbe H. Structure
induction of the T-cell receptor zeta-chain upon lipid binding investi-
gated by NMR spectroscopy. Chembiochem (2007) 8:820-7. doi:10.1002/
cbic.200600413

129.

130.

131.

Xu C, Gagnon E, Call ME, Schnell JR, Schwieters CD, Carman CV, et al.
Regulation of T cell receptor activation by dynamic membrane binding of
the CD3epsilon cytoplasmic tyrosine-based motif. Cell (2008) 135:702-13.
doi:10.1016/j.cell.2008.09.044

Tompa P. The interplay between structure and function in intrinsically unstruc-
tured proteins. FEBS Lett (2005) 579:3346-54. doi:10.1016/j.febslet.2005.03.072
van der Lee R, Buljan M, Lang B, Weatheritt R], Daughdrill GW, Dunker AK,
etal. Classification of intrinsically disordered regions and proteins. Chem Rev
(2014) 114:6589-631. doi:10.1021/cr400525m

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer YS and handling Editor declared their shared affiliation.

Copyright © 2018 Natarajan, Jiang, May, Mage, Boyd, McShan, Sgourakis, Bax and
Margulies. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

13

July 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/srep19085
https://doi.org/10.3389/fimmu.2017.00946
https://doi.org/10.1021/acs.biochem.6b01170
https://doi.org/10.1146/annurev.immunol.26.021607.090421
https://doi.org/10.1073/pnas.0703702104
https://doi.org/10.1038/80930
https://doi.org/10.1002/cbic.200600413
https://doi.org/10.1002/cbic.200600413
https://doi.org/10.1016/j.cell.2008.09.044
https://doi.org/10.1016/j.febslet.2005.03.072
https://doi.org/10.1021/cr400525m
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	The Role of Molecular Flexibility 
in Antigen Presentation and T Cell Receptor-Mediated Signaling
	Dedication
	Introduction
	Major Steps in MHC Antigen Processing and Presentation: MHC-I
	Major Steps in MHC Antigen Processing and Presentation: MHC-II
	Peptide Dynamics
	“Empty” MHC-I Molecules
	Dynamics of pMHC-I
	Dynamics of Proteins of the Antigen Presentation Pathway
	Dynamic Aspects of T Cell Recognition of pMHC Complexes
	TCR Changes That Accompany pMHC Interaction and Communicate Signal Transduction
	Conclusion
	A Final Word
	Author Contributions
	Funding
	References


