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Abstract

Major histocompatibility complex (MHC) molecules are only found in jawed vertebrates and not in more primitive species. MHC
class II type structures likely represent the ancestral structure of MHC molecules. Efficient MHC class II transport to endosomal
compartments depends on association with a specialized chaperone, the MHC class II invariant chain (aliases Ii or CD74). The
present study identifies conserved motifs in the CLIP region of CD74 molecules, used for binding in the MHC class II binding
groove, throughout jawed vertebrates. Peculiarly, in CD74a molecules of Ostariophysi, a fish clade including for example
Mexican tetra and zebrafish, the CLIP region has duplicated. In mammals, in endosomal compartments, the peptide-free form
of classical MHC class II is stabilized by binding to nonclassical MHC class II “DM,” a process that participates in “peptide
editing” (selection for high affinity peptides). Hitherto, DM-lineage genes had only been reported from the level of amphibians,
but the present study reveals the existence of DMA and DMB genes in lungfish. This is the first study which details how classical
and DM lineage molecules have distinguishing glycine-rich motifs in their transmembrane regions. In addition, based on extant
MHC class II structures and functions, the present study proposes a model for early MHC evolution, in which, in an ancestral
jawed vertebrate, the ancestral MHC molecule derived from a heavy-chain-only antibody type molecule that cycled between the
cell surface and endosomal compartments.
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Introduction: overview of MHC class I
presentation

Classical major histocompatibility complex (MHC) molecules
are noncovalent heterodimers which consist of two similar
membrane-distal domains which together form a peptide bind-
ing structure, two membrane-proximal immunoglobulin su-
perfamily (IgSF) domains, and one (in class I) or two (in class
II) transmembrane plus cytoplasmic tail regions (Bjorkman
et al. 1987; Brown et al. 1993; Neefjes et al. 2011). In MHC
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class II, the Ilec and 113 heterodimer components are similar in
organization, whereas MHC class I molecules consist of a
large heavy chain and the single [gSF domain molecule (3,-
m. By arguments of parsimony, it has been concluded that the
more symmetric structure of MHC class II probably is more
similar to the ancestral MHC molecule, which is believed to
have been a homodimer (e.g., Kaufman et al. 1984a, 1992;
Hughes and Nei 1993). The larger similarity of class II to a
proposed symmetric homodimer ancestor is also supported by
the fact that class II can bind peptides in either direction
(Glinther et al. 2010), whereas class I-bound peptides are al-
ways in the same N-to-C orientation. Both MHC class I and II
molecules present peptides at the cell surface for screening by
the T cell receptors (TCRs) of T cells (Neefjes et al. 2011).
Classical MHC class I and II functional properties also
favor a model in which class II is more reminiscent of the
ancestral MHC type. Namely, whereas classical MHC class
11 binds relaxed peptides in polyproline type II helical confor-
mation, with the ends allowed to extend beyond the class II
binding groove, binding of peptides by class I is more de-
manding, with no well-understood processes ensuring that
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both termini of typically bulged peptides are bound in the
class I binding groove pockets A and F (Stern and Wiley
1994). Furthermore, whereas classical MHC class II mole-
cules present peptides to helper or regulatory T cells which
can help decide on how to proceed with the immune response,
classical MHC class I molecules present peptides to cytotoxic
T cells which can eliminate the presenting cell (Castellino and
Germain 2006; Neefjes et al. 2011; Roche and Furuta 2015).
An evolutionary “half-ready” primordial function for an
MHC-restricted T cell system can be more easily envisioned
for T helper/reg functions than for the more dangerous cyto-
toxic functions. We assume that only after a refined T cell
education system for distinguishing self from non-self has
been established, T cells also started to be used for cytotoxic
functions.

Among the described MHC molecules, classical MHC
class I and II appear to be the oldest, and, with some excep-
tions (Malmstrem et al. 2016; Dijkstra and Grimholt 2018),
they are stably inherited throughout jawed vertebrates
(Dijkstra et al. 2013, 2018; Grimholt et al. 2015). Duplicates
of classical MHC genes were used for the establishment of a
variety of derived “nonclassical” functions, which have a
more limited species distribution (Hughes and Nei 1989;
Adams and Luoma 2013; Mellins and Stern 2014; Grimholt
et al. 2015; Dijkstra et al. 2013, 2018). The oldest known
nonclassical MHC class II lineage is DM, and mammalian
DM molecules participate in the peptide loading pathway of
classical MHC class II (see below).

The binding of peptides by MHC class II involves a
network of conserved hydrogen bonds between the MHC
class I molecule and the peptide ligand backbone, plus
insertions of several peptide ligand sidechains into the
MHC class II peptide binding domain groove pockets
(reviewed by Painter and Stern 2012). The core of the
bound part of the peptide is 9 aa, and the sidechains that
are largely buried within groove pockets are residues P1,
P4, P6, and P9 of that core, with P1 and P9 sidechains
typically pointing perpendicular into the groove. The
pockets are specific for each MHC class Il molecule and
determine which peptides are preferentially bound. The
binding ensures that peptides can be efficiently presented
for long times, with binding half-lives of days to weeks,
which is very unusual among molecules of this size; even
“low affinity” peptides can bind for several hours, which
explains the need for regulation of which peptides are
bound (Yin et al. 2012; Pos et al. 2013). The important
function of MHC class II molecules is the presentation of
peptides derived from exogenous antigens. Hence, the
place where the molecules are loaded with such peptides
are late endosomal compartments, where also antigens
internalized by phagocytosis, micropinocytosis, or endo-
cytosis, but also self-antigens from lysosomes, traffic to
(Tulp et al. 1994; Blum et al. 2013). However, the MHC

@ Springer

class Iloc and 113 chains are assembled in the endoplasmic
reticulum (ER), and without bound peptide, they are not
very stable (Stern and Wiley 1992; Marks et al. 1995),
which is exemplified by the fact that structures of
peptide-free classical MHC class II have not been deter-
mined yet. In the ER, their promiscuous binding of pep-
tide stretches creates the potential problem of them being
able to bind stretches of misfolded or not yet fully folded
proteins (Busch et al. 1996; Fortin et al. 2013). Solving
these problems, in evolution, a specialized chaperone was
created, named MHC class II invariant chain (Ii) or CD74,
which appears to be present in all species with MHC class
II (Criscitiello et al. 2012, and see below). The CD74
molecules have a non-structured region, the class II-
associated invariant chain peptide (CLIP), which binds
into the MHC class II binding groove and also have cy-
toplasmic tail motifs that deliver the CD74/MHC com-
plexes into the endocytic pathway (see the CD74 para-
graph below). In the late endosomes, the CD74 molecules
are degraded by several proteases including the cathepsins
S, L, and F and the homolog signal peptide peptidase-like
2a (SPPL2a) (Bird et al. 2009; Colbert et al. 2009; Hiittl
et al. 2016). The last part of CD74 that can be found
associated with the MHC class II molecules is a nested
set of peptides of 16-24 amino acids in length of the
CLIP region, which corresponds to CD74 positions 81—
104 (Rudensky et al. 1991; Riberdy et al. 1994). What
then, at least in the case of mammals, follows, is a com-
petition between CLIP peptide, antigen peptides, and DM
molecules for binding to the MHC class II molecule. The
peptides compete directly for the binding space in the
groove, whereas the DM molecules and peptides compete
through stimulating two different structures of the MHC
class II molecules that each are not compatible with effi-
ciently binding both DM and peptide (Fung-Leung et al.
1996; Pos et al. 2012; Schulze and Wucherpfennig 2012).
In this way, DM increases the speed with which antigenic
peptides can replace CLIP, and enhances the presentation
of high-affinity peptides, namely those that can outcom-
pete DM, by MHC class II at the cell surface. This is part
of a process called “peptide editing.”

The above-described mechanisms form the major princi-
ples of an elegant system, which can readily be understood.
However, fine-tuning of the presented peptide arrays is
achieved by for example MHC class II polymorphism
(Rammensee et al. 1995), by the expression profiles of prote-
ases which can differ between cell types and conditions (Adler
et al. 2017), by the levels of co-expression of nonclassical
MHC class II (Denzin 2013), and by which CD74 isoform is
expressed based on alternative CD74 transcripts (Fortin et al.
2013). In the present study, we will not discuss those items,
except highlighting the fact that throughout jawed vertebrate
species, transcripts are found for both CD74 with and without
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the C-terminal thyroglobulin type-1 (TG) domain, which is
thought to affect cathepsin activity (see the CD74 paragraph
below).

The important contributions which we believe that the
present study makes to the understanding of the evolution of
MHC class II loading pathways are (1) an improved analysis
of CD74 sequences found throughout jawed vertebrates, de-
tecting CLIP core motifs in all sequences; and two CLIP mo-
tifs in CD74a sequences of fish like zebrafish and Mexican
tetra; (2) detection of DM lineage sequences in lungfish and
better-defining motifs in the transmembrane plus cytoplasmic
tail regions that distinguish DM molecules from classical mol-
ecules; and (3) a hypothetical model for how in evolution
MHC class II-like function might originally have been per-
formed by an antibody from which the ancestral MHC mole-
cules then originated.

Conservation of CD74 sequence motifs
from cartilaginous fish to human

CD74 is a non-polymorphic type Il transmembrane protein
that can form homotrimers. Each of the CD74 molecules with-
in those trimers retains an ability to bind a single MHC class
o complex, and so nonamer complexes can be formed
(Jones et al. 1979; Lamb and Cresswell 1992). However, the
CD74 trimers can also associate with fewer MHC class II
molecules (Koch et al. 2011; Majera et al. 2012; Cloutier
et al. 2014; Cresswell and Roche 2014). The functions of
CD74, already listed above, are (i) to bind the assembled
MHC class II & and 3 chains in the endoplasmic reticulum
and prevent them from aggregating and from binding other
peptide fragments in their binding groove, (ii) to deliver the
MHC class Il molecules to endosomal compartments, and (iii)
there to participate in the exchange of CLIP peptide for higher
affinity peptides. CD74 knockout mice show reduced levels of
MHC class II at cell surfaces, and normal developments/
responses of helper T and B cells are impeded (Bikoff et al.
1993; Viville et al. 1993; Shachar and Flavell 1996). CD74
has also been proposed to have chaperone functions for other
molecules, for example for CD1 (reviewed by Gelin et al.
2009) and TLR7 (Tohmé and Manoury 2015), and are even
believed to have non-chaperone functions at the cell surface
(e.g., Naujokas et al. 1993; Gore et al. 2008). However, it is
notable that in Atlantic cod and other gadiform fishes which
seem to have lost intact MHC class II A and B genes, also
intact CD74 genes seem to have been lost (Star et al. 2011,
Malmstrem et al. 2016). This suggests that, at least in the
ancestor of these fishes, CD74 function was predominantly
dedicated to MHC class II presentation. Dedication of CD74
function to MHC class II presentation is also suggested by the
co-expression patterns of CD74 and MHC class II genes in
species as variable as for example nurse shark (Criscitiello

et al. 2012), rainbow trout (Dijkstra et al. 2003), and mouse
(Walter et al. 2000). Furthermore, co-precipitation studies
have shown/suggested the binding between CD74 and MHC
class II in mammals, chicken, and teleost fish (Jones et al.
1979; Guillemot et al. 1986; Bremnes et al. 2000; Ye et al.
2009; Chen et al. 2017). Throughout jawed vertebrates, tran-
scripts for both CD74 with and without the C-terminal thyro-
globulin type-1 (TG) domain are found, for example in human
(Strubin et al. 1986; O'Sullivan et al. 1987), mouse (Koch
et al. 1987), chicken (Bremnes et al. 2000; Fujiki et al.
2003; GenBank accession AJ292038), zebrafish (for CD74a;
Yoder et al. 1999), and nurse shark (Criscitiello et al. 2012). In
human, but not throughout mammals, additional CD74 forms
with ER retention signals are found based on alternative use of
start codons (Strubin et al. 1986; O'Sullivan et al. 1987,
Lotteau et al. 1987; Fortin et al. 2013), but this article will
not further discuss them as they do not seem to represent an
ancient CD74 feature.

A good study on CD74 evolution is by Criscitiello et al.
(2012), who describe the CD74 gene in cartilaginous fish.
They describe that the CD74 gene was probably only
established in jawed vertebrates together with the MHC sys-
tem, and our investigations of more recent datasets (not
shown) suggest that this may be true. Compared to the
Criscitiello study, probably based on newer genomic sequence
information (GenBank accession AAVX02033104), the pres-
ent study was able to deduce a full-length CD74 molecule for
primitive elephant shark (a chimera), whereas Criscitiello
et al. (2012) could only predict part of the molecule.
Furthermore, we newly identified the CD74 sequence of a
primitive ray-finned fish, bichir. More importantly, compared
to previous studies, including our own study (Dijkstra et al.
2003), the present study made a more compelling alignment
which allows a better recognition of some of the conserved
motifs (Fig. 1). These motifs will be subsequently discussed
below. The most exciting finding probably is that a CLIP
motif with likely P1, P4, P6, and P9 residues can be distin-
guished in all investigated CD74 sequences. For each teleost
fish, two CD74 sequences are shown, CD74a and CD74b.
The existence of these two types of sequences was first de-
scribed for zebrafish (Yoder et al. 1999), and later found for
other teleost fishes (e.g., Dijkstra et al. 2003; Fujiki et al.
2003). Our analysis of genomic sequence databases (details
not shown) suggests that teleost fish CD74A and CD74B
genes were derived from the whole genome duplication
(WGD) event early in the teleost lincage. For example, ac-
cording to the Ensembl database (https:/www.ensembl.org/),
the CD74A and CD74B genes reside on chromosomes 14 and
21, respectively, which is a pair of chromosomes for which
multiple probable WGD-derived ohnologous gene pairs were
reported (Howe et al. 2013). At least in rainbow trout, expres-
sion patterns of CD74A and CD74B genes are similar
(Dijkstra et al. 2003). To our knowledge, only for teleost
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Fig. 1 Alignment of deduced CD74 sequences of representative species.
The depicted CD74 sequences were retrieved from the following
GenBank accession numbers, or elsewhere: Elephant shark
(Callorhinchus milii), Criscitiello et al. (2012), and GenBank accession
AAVX02033104; Nurse shark (Ginglymostoma cirratum), expected
based on Criscitiello et al. (2012); Bichir (Polypterus senegalus),
overlapping SRA reads from set SRX796491; Spotted gar (Lepisosteus
oculatus), GFIM01016794 and AHAT01005333; Zebrafish (Danio rerio)
CD74a, NP_571665; Mexican tetra (Astyanax mexicanus) CD74a, XP_
007232273, GFIE01002800, and NW_019172837; Rainbow trout
(Oncorhynchus mykiss) CD74a, AAL91668; Tilapia (Oreochromis
niloticus) CD74a, XP_003455233; Zebrafish CD74b, NP 571447,
Mexican tetra CD74b, XP_022531879; Rainbow trout CD74b,
AAL91669; Tilapia CD74b, XP_003438357; Coelacanth, XP
014351519; Xenopus (Xenopus laevis), AAH59976; Anole lizard
(Anolis carolinensis), Criscitiello et al. (2012); chicken (Gallus gallus),
AJ292038; Tasmanian devil (Sarcophilus harrisii), XP_012407251; and
human (Homo sapiens) p41, P04233. The numbers above the alignment
follow the human p41 sequence. Between fragments encoded by separate
exons, a number for the phase of the corresponding intron is given
between brackets; the intron-exon organization was determined by

CD74A, and not for teleost CD74B, transcripts without the TG
domain coding sequence have been found.

Below, the different domains of CD74 are discussed from
N- to C-terminus, using our Fig. 1 alignment. We believe that
this alignment is better than previous alignments because (1)
more sequences are known, (2) our alignment was made in
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comparison with the appropriate genomic sequences. For nurse shark
and bichir CD74, we could not compare with species-specific genomic
sequences; in the depicted nurse shark CD74 sequence, the indicated
expectations of introns are based on comparison with the whale shark
(Rhincodon typus) genomic scaffold of GenBank accession
LVEK02008796. For the figure, the CD74 sequences were aligned by
hand, based on considerations of similarity and phylogeny, intron-exon
organization, and expected structural features. Not for all regions the
alignments can be deemed reliable, but we do feel certain that the
alignment reliably supports the conclusions made in the main text.
Motifs indicated by color shading are explained in the main text. Non-
shaded residues were colored purple in case of cysteines, and, based on
Hopp and Woods (1981), red font was used for basic residues, blue for
acidic residues, and green and orange for the other residues with the more
hydrophilic ones in green. LL: conserved dileucine(-like) motif; TM
(underlined): human CD74 transmembrane domain; upward triangle:
cleavage site for SPPL2a; CLIP (underlined), human CLIP region; 1, 4,
6, 9: positions P1, P4, P6, and P9 of human CLIP fragment; x-A, «-B,
and «-C: a-helices determined for human CD74 (Jasanoff et al. 1998);
TG (underlined): thyroglobulin type 1 domain

agreement with intron-exon organization, (3) the duplication
of the exon 3 sequence in fish of the clade Ostariophysi was
recognized, and (4), although that was also done in some
previous alignments, the molecular structures and functions
were considered. The residue numbering used in descriptions
below follows the human CD74 sequence as shown in Fig. 1.
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The N-terminal cytoplasmic tail with dileucine(-like)
motif

By deletion, mutation, and transfer analyses, it was found that
the N-terminal cytoplasmic tail of human CD74 has two mo-
tifs, involving the LI and ML motifs, shaded blue in Fig. 1;
each of these two motifs independently help to target the mol-
ecule to endosomal compartments (Pieters et al. 1993;
Bremnes et al. 1994). Figure 1 shows that the first of these
two dileucine(-like) motifs is conserved throughout the
aligned CD74 sequences, with acidic residues positioned in
N-terminal vicinity thereof. It can therefore be expected that
all these molecules target to endosomal compartments (Pond
et al. 1995; Kozik et al. 2010; Santos et al. 2013).

The transmembrane domain

In Fig. 1, the human CD74 transmembrane (TM) domain is
underlined based on region estimations of Ashman and Miller
for murine CD74 (1999) and also in agreement with predic-
tions by TMpred software (https://embnet.vital-it.ch/software/
TMPRED _form.html). Immediately notable is the unusual
high level of conservation of this domain at the residue level
(noted before by Bremnes et al. 2000; Dixon et al. 2006),
whereas typically only the hydrophobic character of TM do-
mains is well-conserved. Among the highly conserved resi-
dues, shaded in green, are the non-hydrophobic residues
(S/T)38, G47, Q48, and (S/T)51. It was reported that the
CD74 TM domains self-associate as trimers and may contrib-
ute to CD74 homo-trimerization, and that substitution of the
residues Q48 and T51 in human CD74 resulted in a decreased
efficiency of that trimerization (Ashman and Miller 1999;
Dixon et al. 2006). However, of note is that also CD74 mol-
ecules without TM domain were found to form trimers
(Majera et al. 2012). The CD74 TM domain is thought to form
a left-handed o-helical structure, bringing Q48 and T51 resi-
dues into close proximity of each other on the same face of the
TM helix (Dixon et al. 2006). Based on a combination of
experiments and modeling, Dixon et al. (2006) proposed a
model for human CD74 TM trimer interactions in which their
interfaces are formed by the residues F37, S38, V41, L44,
Q48, and T51, all situated at the same face of the helix. That
model may explain the good conservation of (S/T)38, L44,
Q48,and T51 (Fig. 1), and, as we interpret their model, also of
the conservation of residues L40 and G47. We do not have a
possible explanation yet for the conservation of residue A46.

At position 53 of the C-terminal region of the TM domain,
although absent in cartilaginous fish CD74, an aromatic tyro-
sine or phenylalanine is well conserved in CD74 of
Osteichthyes (“bony animals”). The position between Y53
and F54 in human CD74 was found to be an important cleav-
age site for presenilin homolog signal peptide peptidase-like

2a (SPPL2a), although this protease also cleaved at this CD74
site if residues were replaced with alanine (Hiittl et al. 2016).

The region between TM and CLIP

Criscitiello et al. (2012) noted poor conservation of the region
between the transmembrane domain and the CLIP region, and
this stretch was believed to be flexible/disordered by Jasanoff
et al. (1995, 1998). Furthermore, alanine replacement studies
for fragments between residues 55 and 78 could not convinc-
ingly find an effect on CD74 function (Frauwirth and Shastri
2001). However, despite the low overall sequence similarity in
the region, it is quite notable in Fig. 1 that at positions 62, 65,
and 72, with very few exceptions, leucines and isoleucines are
found (shaded in green). The distances of these hydrophobic
residues would agree with a hydrophobic core of a o-helical
coiled-coil structure, and their conservation provides partial
support for the model by Koch et al. (2011). Namely, Koch
et al. (2011) postulated, based on computer modeling and on
the positions of leucines in human CD74, that the stretches of
residues 7-to-81 of human CD74 molecules form continuous
a-helices that in complexes of three CD74 molecules form
coiled-coils. However, whereas the conservation of leucines/
isoleucines shown in Fig. 1 provides support for a coiled-coil
structure of the N-terminal part of the ectodomain, conserva-
tion of a suitable pattern in the cytoplasmic tail region is not
observed.

Another notable characteristic of the region between TM
and CLIP is that, just N-terminally of CLIP, consistently basic
residues are found (shaded gray in Fig. 1). For human CD74
K83 and K86, which reside in the CLIP region, an interaction
with acidic residues of MHC class II was proposed
(Kropshofer et al. 1995), but that probably is not proven yet,
and the fact that the basic residues in this region are not con-
served at precise locations argues against them having this
proposed ability as an important function.

The CLIP region

Previously, we and others wrestled with the alignments of
several diverged parts of the CD74 sequences, including the
CLIP region, of widely divergent species (Yoder et al. 1999;
Dijkstra et al. 2003; Fujiki et al. 2003; Silva et al. 2007;
Criscitiello et al. 2012). However, if exon-intron organization
and molecular structural features are considered, and if CD74
comparisons include sequences from many animal clades, we
feel that the core part of the CLIP region can rather reliably be
aligned (Fig. 1). Making this alignment, it also became imme-
diately obvious that the exon 5 sequence of CD74a in the fish
superorder Ostariophysi, which includes species like for ex-
ample zebrafish (Danio rerio, belonging to the order
Cypriniformes) and Mexican tetra (Astyanax mexicanus, be-
longing to the order Characiformes), is a duplication of the
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exon 3 sequence which encodes the core part of CLIP. In
previous papers, that had not been realized, and they only
reported that the zebrafish CD74A exon 5 sequence did not
encode the expected CD74-characteristic «-helical
trimerization region. Our alignment also shows that, rather
consistently, in the region directly N-terminal of a proposed
P1-to-P9 core, a basic residue and a proline are found. Already
in 1994, the Rammensee research group (Falk et al. 1994)
described that at the penultimate N-terminal position of pep-
tides bound to human MHC class II molecules, a proline is
often found, which they speculated to protect the peptide from
digestion by exopeptidases. This may also explain the proline
found at the penultimate N-terminal position of the human
CLIP sequence, position 82 in Fig. 1. In regard to the better-
conserved proline at position 87 (shaded black in Fig. 1),
Kropshofer et al. (1995) found that this proline could have a
function in reducing affinity of CLIP for the MHC class II
molecule, since replacement for an alanine substantially in-
creased the binding half-life. We speculate that in CD74 of
some species, which do not have a proline at position 82 or
similar position, the P87 residue is used both for blocking
exopeptidase activity and for modifying the binding affinity
for MHC class II. Ghosh et al. (1995) determined the structure
ofthe CLIP 87-101 fragment bound to HLA-DR3. That struc-
tural report nicely shows how the charged sidechain of the
lysine at P-1 (K90 in Fig. 1) points away from the complex.
However, possibly because the 81-86 region was not included
in the investigated structure, the P87 residue seems not to
interfere with any other residues, and from this structural re-
port, the reason for the P87 conservation probably cannot be
understood.

According to theory, the CLIP peptide should be able to
bind into the peptide binding groove of all classical MHC
class IT molecules in a species. However, that binding should
not be too strong, especially not under the low pH of
endosomal compartments, as otherwise the fragment cannot
be replaced with peptides derived from pathogens. Sidechains
of the residues at the human CD74 CLIP positions P1, P4, P6,
and P9 (1, 4, 6, and 9, and indicated in yellow shading in
Fig. 1) are small to medium-sized hydrophobic residues,
which probably fit in the respective pockets without optimiz-
ing the possible binding energy. In the Fig. 1 alignment, the
four residues that we consider to be situated at the evolution-
ary equivalent positions (not necessarily the functionally
equivalent positions) of the human CLIP P1, P4, P6, and P9
residues, are highlighted in yellow in all the CD74 molecules
if deemed sufficiently reasonable for having the expected
characteristics. We assume that the characteristics of aspara-
gine (small and hydrophilic, but not charged) are sufficiently
unpronounced for allowing to be an inserted residue in the P6
pocket without disturbing CLIP function. However, three of
the aligned residues at the proposed ancestral CLIP P6 posi-
tion are difficult to accept as agreeing with CLIP function,
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namely F96 of spotted gar CD74, and R and D at the equiv-
alent of position 96 in the zebrafish and Mexican tetra CD74a
exon 5 encoded CLIP regions. With blue shading, for some of
the molecules aligned in Fig. 1, we have indicated potential
alternative functional sets of CLIP P1, P4, P6, and P9 resi-
dues, which also, or even better, would agree with CLIP con-
sensus features, including having a charged or hydrophilic
residue at the P1 position. Even among human MHC class 11
molecules, the use of alternative (overlapping) CLIP P1-P9
regions for binding into the class II groove has been observed
(Nguyen et al. 2017), thus a small shift in CLIP P1-P9 region
usage between species, or, like in humans, the use of multiple
overlapping CLIP P1-P9 regions within single species, may
explain these motifs. It remains to be determined whether both
the exons 3 and 5 encoded CLIP sequences of teleost fish
CD74a can bind into MHC class II binding grooves, whether
they are promiscuous or selective, and whether teleost CD74a
molecules can bind one or two MHC class I molecules at the
time.

The a-helical region involved in CD74
homo-trimerization

With the exceptions of teleost fish CD74b, and CD74a in
Ostariophysi, the CD74 molecules appear to have three well-
conserved o-helices with a set of characteristic tryptophans
(the «-helices of human CD74 are underlined in Fig. 1). The
symmetric structure formed by the o-helical regions of three
interacting CD74 molecules was revealed by nuclear magnetic
resonance (NMR) analysis by Jasanoff et al. (1998), who de-
termined the structures formed by fragments of human CD74
from positions 118 to 192. In the structure determined by
Jasanoff, the three protomers all have the same conformation,
with a short «-helix A going upwards, then a long loop region,
followed by a short «-helix B going upwards making a com-
pact elbow shape with a closely connected long o-helix C
pointing diagonally downwards. Of each protomer, the C-
terminal region of o-helix C inserts like a pin into a socket
formed by all domains of one other protomer and by the N-
terminal region of «-helix A of a third protomer. We suggest
the interested readers to access the PDB database accession
LIIE, because especially in regard to the importance of the
conserved residues the structural organization of this region
is difficult to explain in words or in few pictures. Good anal-
yses of the sequence and predicted structural conservation of
this region in CD74 from fish to mammals have been reported
by Silva et al. (2007) and Criscitiello et al. (2012). In Fig. 1,
conserved sequence characteristics in this region are
highlighted with gray shading, except for the conserved tryp-
tophans which, because of their pronounced character, are in
indicated with purple shading. For several of the shaded res-
idues, Yasanoff et al. (1998) reported involvement in intramo-
lecular contacts between o-helices B and C, namely for L150,
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L153, M157, W162, and F165. In addition, Yasanoff et al.
(1998) observed prolines in the AB strand, of which P140 is
conserved between species, and they assumed that the prolines
favored the extended structure of this loop region. For the
shaded residues L129, L130, L150, L153, K154, M157,
W162, F165, W168, W172, and F175, Yasanoff et al. ob-
served participation in interprotomer contacts. The W168 res-
idues in «-C of each of the three protomers interact tightly
with each other at the center of the homo-trimeric complex.
Participation in interprotomer contacts can also be observed
for N149, E166, and R179, whereas the conservation of resi-
due (S/T)167 can not readily be understood.

The C-terminal end of the CD74 exon 6 encoded sequence
beyond the «-helical region is believed to be flexible/
disordered (Yasanoff et al. 1998), and in nurse shark has an
extension which is not shown in Fig. 1 (see Criscitiello et al.
2012). This region, which is poorly conserved among species,
has no known function. We have no explanation for the ab-
sence of the o-helical region in CD74a of Ostariophysi and in
CD74b throughout the investigated teleost fish.

The thyroglobulin type-1 domain

The large C-terminal domain of full-size CD74 is a thyroglob-
ulin type-1 (TG) domain, which is a type of domain with
highly conserved sequence which can be found in a number
of molecules (Mihelic and Turk 2007). We found it difficult to
distinguish sequence features in the CD74 TG domain which
are unique for CD74 molecules and will not discuss the TG
sequences in detail; for a more detailed sequence comparison
of the CD74 TG domains between divergent vertebrates, we
refer to Silva et al. (2007) and Criscitiello et al. (2012). The
important function of the TG domain in the CD74 context
appears to be that it can bind cathepsin L and inhibit its activ-
ity, whereas it is hardly efficient in blocking cathepsin S ac-
tivity (Bevec et al. 1996; Fineschi et al. 1996; Guncar et al.
1999; Mihelic et al. 2008; Li et al. 2015). Furthermore, a
chaperone function of CD74 TG domain for cathepsin L has
been proposed (Lennon-Duménil et al. 2001). Throughout
investigated species, there seem to be CD74 molecules with
and without the TG domain (see above), and at least in mam-
mals, both forms can support MHC class II function (Fineschi
etal. 1995, 1996). However, the peptides which are presented
by MHC class II are different depending on CD74 having a
TG domain, which probably is caused by the modified pro-
teolytic environment affecting both the speed of CD74 diges-
tion (and the therewith associated MHC transport), and the
available peptide pool (Fineschi et al. 1995, 1996; Bikoff
et al. 1998; Fortin et al. 2013). Despite that some differences
are known, the real importance of having both CD74 with and
without TG domain should probably be considered as not well
understood yet.

The carboxy-terminal region

The C-terminal region of CD74 beyond the TG domain differs
largely between species (Fig. 1). This fragment is thought to
be flexible/disordered in human CD74 (mentioned in Jasanoff
et al. 1998), is virtually absent in some species (Fig. 1), and
probably does not have a single conserved function.

Identification of DMA and DMB lineage
sequences in lungfish

DM molecules are nonclassical MHC class I molecules
which at least in mammals, and presumably in other tetrapod
species, can not bind peptide antigens themselves (Mosyak
et al. 1998; Chazara et al. 2011; Pos et al. 2012; Schulze and
Wucherpfennig 2012; Dijkstra et al. 2013). In humans, HLA-
DM facilitates peptide exchange on MHC class I proteins and
is required for efficient peptide loading in vivo (Morris et al.
1994; Denzin and Cresswell 1995; Sloan et al. 1995;
Kropshofer et al. 1996). How HLA-DM can do this was elu-
cidated by the determination of the structure of HLA-DM
bound to HLA-DR1 with an empty P1 pocket (Pos et al.
2012), and its comparison with structures of HLA-DM-free
HLA-DRI1 loaded with full-length peptide. Several good re-
views discussed the pathways/mechanisms of how HLA-DM
presumably is involved in peptide editing (Schulze and
Wucherpfennig 2012; Blum et al. 2013; Pos and
Wucherpfennig 2013; Mellins and Stern 2014). HLA-DM
can only bind classical MHC class II efficiently when the
binding groove of the latter is (partially) free of peptide. The
major interactions between HLA-DM and HLA-DR1 involve
the “P1-side” of the &1 domain of HLA-DRI1, the side of the
HLA-DM «l domain where the C-terminus of the 1 helix
region is situated, and the HLA-DMA «2 domain (Pos et al.
2012). In agreement with the evolutionary analysis of MHC
class Il molecules already done by Pos et al. (2012), we con-
cluded that residues necessary for potentially allowing the
important hydrogen bonding observed between HLA-DR1
ol domain residue W43, and HLA DM «2 domain residue
N125 (position 111 in Fig. 2), were present from the level of
coelacanth and not possible in more primitive fishes (Dijkstra
et al. 2013). The interaction between HLA-DR1 «W43 and
HLA-DM oaN125 pulls away the «W43 residue from its P1
pocket-supporting position, which disrupts the normal HLA-
DR1 P1 pocket and induces the insertion of the HLA-DR1
residues «F51 and «ESS5 into the peptide binding groove. In
this way, DM molecules compete with peptides for the
conformation/occupancy of the classical MHC class II bind-
ing groove. So far, DM lineage genes were only reported for
tetrapod species, including also chicken (Kaufman et al. 1999;
Chazara et al. 2011) and frog (Ohta et al. 2006).
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MHC class II o1 domain
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In the present study, we present several DMA and DMB
lineage sequences from the South American lungfish
(Lepidosiren paradoxa), which were retrieved as TSA
cDNA sequences from the Transcriptome Shotgun
Assembly Sequence Database (https://www.ncbi.nlm.nih.
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gov/genbank/tsa/). They are shown in the Fig. 2 alignment
as Lungfish DMA-1, DMA-2, DMB-1, DMB-2, and DMB-
3, together with other representative DM sequences, and with
a number of classical MHC class II sequences including one
alpha and one beta sequence of South American lungfish. For
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<« Fig. 2 Alignment of deduced DM and classical MHC class II sequences
of representative species. The « and 3 chain sequences are aligned per
domain, separate from each other. The numbers above the alignment
indicate the positions in the HLA-DRA1 or HLA-DRBI sequence,
respectively. The non-human classical MHC class 11 sequences are
indicated as Ila or IIb. The GenBank accession numbers of the depicted
MHC class Il sequences are, from top to bottom in the alignment figure:
Elephant shark (Callorhinchus milii), AFM88468; nurse shark
(Ginglymostoma cirratum), AAA49311; Bichir (Polypterus senegalus),
overlapping SRA reads from set SRX796491; zebrafish (Danio rerio)
AAAT7T2019; coelacanth (Latimeria chalumnae), XP_006014228;
lungfish (Lepidosiren paradoxa) GEHZ01055957; giant salamander
(Andrias davidianus), AGY55996; xenopus (Xenopus laevis),
AF454374; chicken (Gallus gallus), AAR14673; opossum
(Monodelphis domesticus) XP_007483702; human (Homo sapiens)
HLA-DRA1, EAX03629; lungfish DMA-1, GEHZ01056980; lungfish
DMA-2, GEHZ01029155; Xenopus DMA, AAH61681; Anole lizard
(Anolis carolinensis) DMA, XP_008107441; chicken DMA,
CAA18966; Human HLA-DMA, CAA54170. The GenBank accession
numbers for the depicted MHC class 1If3 sequences are, from top to
bottom in the alignment figure: Elephant shark, JW875734; Nurse
shark, L20274; Bichir, overlapping SRA reads from set SRX796491;
Zebrafish, AAAS0043; Coelacanth, XP_006010591; Lungfish,
GEHZ01012825; Xenopus, BAA08759; Giant salamander,
AGY56015; chicken, AAA48948; human HLA-DRB1, CAM34749;
Lungfish DMB-1, GEHZ01000527; Lungfish DMB-2,
GEHZ01067647; Lungfish DMB-3, GEHZ01038869; Xenopus DMB,
ABB8533657; Anole lizard DMB, XP 008122576; chicken BMBI,
BAG69311; chicken BMB2, CAA18967; and human HLA-DMB,
AABG60387. Sequences were aligned by hand, based on considerations
of similarity and phylogeny, and expected structural features. Not for all
regions the alignments can be deemed reliable, but we do feel certain that
the alignment reliably supports the conclusions made in the main text.
Motifs indicated by color shading are explained in the main text; for the
alignment of the transmembrane and cytoplasmic domains, it probably
can be discussed whether more residues should be colored gray or black.
Non-shaded residues were colored as explained in the Fig. 1 legend

several of the aligned classical MHC class II sequences
additional information on polymorphism or function is not
available, and it might be better to describe them as
“classical type,” but for convenience, we simply use
“classical” throughout this manuscript. The leader sequences
and ectodomain N-terminal extensions from MHC consensus
(which in mammalian DM« are long, see the alignment figure
in Chazara et al. 2011), are not included in the Fig. 2 align-
ment. The DMA lineage identity of lungfish DMA-1 and
DMA-2 was readily confirmed by reciprocal top-matches up-
on database similarity searches and phylogenetic tree analyses
(not shown) and by presence or absence of characteristic mo-
tifs throughout the sequence (Fig. 2). Upon phylogenetic tree
analyses, the lungfish DMB sequences clustered only weakly
(without good bootstrap values) with the other DMB se-
quences (not shown), but convincing evidence for DMB lin-
eage identity of lungfish DMB-1, DMB-2, and DMB-3,
comes from motifs in their transmembrane (TM) and cytoplas-
mic tail (CY) domains (Fig. 2). In addition, in the 31 and 32
domain sequences, there are also a few residues which support
DMB lineage identity of the lungfish sequences (Fig. 2). The

fact that the important function of the DM « chain is to inter-
act with classical MHC class 11, may explain the higher num-
ber of conserved DM characteristic residues in the ol and 2
domain sequences than found in the 31 and (32 domains.
Meanwhile, the important function of the DM f3 chain is to
deliver the DM molecules to the endosomal compartments by
using a YXX® motif (X can be any residue, ¢ denotes a hy-
drophobic residue) (Lindstedt et al. 1995; Kozik et al. 2010),
which is probably why the DMB lineage signature is most
pronounced in that region.

In Fig. 2, motifs are highlighted. The black shading is
used for residues that we assume to be characteristic for,
and that were possibly inherited from, evolutionary stages
in which the MHC class IIA or IIB lineages had not sepa-
rated yet from their class I counterparts (see also Dijkstra
et al. 2018). The gray shading is used for residues that we
deem characteristic for the MHC class IIA or IIB lineages.
The black shaded residues, and the gray shaded residues
with the exception of the TM domain motifs, will not be
discussed in the present paper. Red shading is used for the
aN62, aN69, FH81, and BN82 residues, which are well-
conserved among classical MHC class II sequences, and
whose sidechains participate in an important hydrogen bond
network with the backbone of the peptide ligand (Painter
and Stern 2012); of these four residues, the FN82 residue
appears to be most important for peptide binding (Zhou
et al. 2009). For the level of conservation of these four res-
idues among classical MHC class II sequences throughout
divergent species, see Table S3 in Dijkstra et al. (2013). In
Fig. 2, light blue shading is used to highlight residues char-
acteristic for the DMA or DMB lineages, green shading is
used to highlight other notable patterns, and the yellow and
blue shading in the cytoplasmic tail sequences highlight
potential endocytic motifs. Below, we discuss a few of those
motifs, while in this study, some light blue motifs are only
highlighted as phylogenetic markers and not further
discussed. Residue numbering in the text below agrees with
the numbering used in the Fig. 2 alignment, which is based
on the positions in mature HLA-DR1 chains. In some cases,
the numbers are followed by numbers between square
brackets, and those are the HLA-DM« or HLA-DMJ} resi-
due numbers as used by Pos et al. (2012) so that readers can
conveniently compare between studies.

As discussed before (Dijkstra et al. 2013), the «W43 resi-
due and residues with hydrogen bonding potential at position
111 [ex125] can be found in classical MHC class Ile se-
quences from the level of Sarcoptherygii (lobe-finned fish
plus tetrapods). Already in MHC class Ilx of coelacanth, a
fish belonging to Actinistia which separated from the other
Sarcoptherygii around 409 million years ago (MYA)
(Broughton et al. 2013), these residues are found (Fig. 2 and
Dijkstra et al. 2013). We speculate that the «Y43 residue
found in the depicted lungfish classical MHC class II
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MHC class Ila hinge region, transmembrane and cytoplasmic domains
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MHC class IIp hinge region, transmembrane and cytoplasmic domains
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EP—P——ADAGRSKLLTGVGGFVLGLVFLALGLFVFLRGQK———GRPVAA—APGEEN
RA-R--SESAQSKMLSGVGGFVLGLLFLGAGLFIYFRNQK---GFLS

Lungfish DMB-1
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Fig. 2 continued

sequence can function in DM-mediated peptide editing in a
manner similar to that as known for «W43 residues.

The classical MHC class II residues o(F/Y)51 and
«(D/E)55, which according to Pos et al. (2012) form an im-
portant part of the DM-mediated peptide editing system by
inserting into the groove of peptide-free DM-bound classical
molecules, are only found as pair from the level of Rhipidistia
(Dipnomorpha plus tetrapods). The residue pair can be found
in lungfish (belonging to Dipnomorpha) as well as in tetra-
pods, two groups of species which separated around 375
MYA (Broughton et al. 2013). However, in some classical
coelacanth MHC class Il sequences, a reminiscent .51 +
«E55 motif can be found (e.g., GenBank accession
XP_006014287, not shown here).

Judging from HLA-DM structures (PDB accessions |HDM
and 4FQX; not shown here), the DM-characteristic residues
aW51 and W87 seem to stabilize that part of the combined
DM «l + 31 domains where in peptide-free classical MHC class
IT molecules the unstable P1 pocket region is located.
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TAVFVVGLLTFFLGI=IYCKSASYGSRYIPIPG-NTDE
TVEFVIGLLFCFAGL-IFWKSGFSSYGYQQLWT-NYGN
TVNMFVLGLVTLIAGF=VLWRNAKKS-GYIPIPGYNEGN
GANLGLGLVFFIAAAAVFWRENGRQ-GYVPIEGSSFPEGH
MALTLGLVALSAGVEFSFCQRPRVWGVPPHSSSSSPS
TVMMVLGLSLLFIGV-YCWRAQPPAPGYAPLPGHNYPSGSI
SAVIELGLGLIIFSLGVISWRRAGHS-SYTPLPGSNYSEGWHIS

Both lungfish DMA-1 and DMA-2 lack both «N62 and
aN69, arguing against their involvement in classical type pep-
tide binding function. As found in DM« sequences of other
species, in lungfish DMA-1 and DMA-2 the aN69 residue is
replaced by a hydrophobic residue.

The lungfish DMB-1 sequence lacks both 3H81 and
BN82, thus cannot bind peptide ligand in the way done by
classical DMf3 molecules. However, the lungfish DMB-2 and
DMB-3 sequences have the important BN82 residue (Zhou
et al. 2009), whereas DMB-2 residue 3N81 instead of 3HS81
is also found in some classical sequences (Dijkstra et al.
2013). Therefore, also depending on with which « chain the
different lungfish DM 3 molecules form a complex, some may
and some may not bind peptide ligands. As common among
nonclassical MHC molecules (Dijkstra et al. 2018), at some
point in evolution, DM lineage molecules presumably derived
from classical molecules and at that moment of origin, they
presumably retained classical features. So, it may very well be
that in primitive lungfish, the DM lineage molecules are not
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only used for the DM function known in tetrapods, but that
they are used for several functions including ones that are
more reminiscent of classical functions. Future research will
have to clarify that.

Pos et al. (2012) concluded that HLA-DM residue «R84
[xR98] is among the few key amino acids important for DR-
DM interaction. However, in the DR-DM complex, the resi-
due makes a salt bridge with HLA-DR «E40, and this
glutamic acid is not perfectly conserved among classical Il
sequences (Fig. 2 and Pos et al. 2012). Nevertheless, it is
notable that at position 84, the DM« sequences, including
those of lungfish, have an arginine or lysine, whereas such
residue is unusual in classical Il sequences, and that lungfish
classical Ilex does have xE40 (Fig. 2).

DM molecules are transported to endosomal compartments
due to their YXX® motif in the DM3 cytoplasmic tail (Lindstedt
et al. 1995), which is highlighted with yellow shading in Fig. 2.
The motif is conserved among the aligned DMf3 sequences,
except in chicken DMB-1 (Fig. 2). The function of the two
chicken DMf3 molecules is not known. In Fig. 2, dileucine(-
similar) motifs in the cytoplasmic tail are highlighted with dark
blue shading, but it is questionable whether their context is
sufficiently favorable for being efficient endocytic targeting
motifs (Pond et al. 1995; Brunet et al. 2000; Kozik et al.
2010), especially since classical MHC class II complexes are
known to depend on CD74 for efficient transport (see above).

At positions «184 and 3201, the DM sequences show
interesting similarities with classical sequences of cartilagi-
nous and ray-finned fishes (Fig. 2). Because the DM «111
[c125] residues agree with residues found at that position in
classical class Ilex of Sarcoptherygii, we speculate that the
DMA and DMB lineages separated from the sarcoptherygian
classical IIA and IIB lineages around the time of origin of
Sarcoptherygii. Therefore, DM lineage genes in coelacanth
would not be unexpected, but we have not found them so far.

The K198 residue of HLA-DR is believed to be the C-
terminal residue of the ectodomain, and there are data
supporting its importance for binding between « and {3 chains
(Cosson and Bonifacino 1992), as well as for recognition by
membrane-associated RING-CH 8 (MARCHS) (Jahnke et al.
2013). Conservation of a basic residue at the 3198 position
appears to be less stringent among DMf3 sequences than
among classical II3 sequences (Fig. 2), which, in regard of
the possible MARCHS function, would be consistent with
different demands on intracellular transport.

Typically, in classical Il and 113 sequences at the
matching positions 215 and (3222, a lysine, arginine or glu-
tamine is found, which in many cases is the start of the cyto-
plasmic tail (Fig. 2; Harton et al. 2016). For unknown reason,
in DM« sequences, a hydrophobic residue tends to be found
at this position, while in most DM[3 sequences there is a one
amino acid deletion between the TM core domain and the
conserved basic residue at 3222.

There is evidence for the classical molecules that the
«C195 residue, which is highly conserved in both classical
I and in DM« sequences, can be palmitoylated, and so
helps to target the molecules to lipid rafts (Kaufman et al.
1984b; Komaniwa et al. 2009; Harton et al. 2016). It should
also be noted that the cysteine is part of a set of small residues
which are expected to have their sidechains at the same side of
the TM «-helix (Travers et al. 1984; Cosson and Bonifacino
1992; gray shaded residues in Fig. 2).

Gray shading in the hydrophobic transmembrane re-
gions of classical MHC class II in Fig. 2 is used to show
conserved sets of small residues being either glycine, al-
anine, serine, or cysteine (G/A/S/C), approximately posi-
tioned one or more complete turns apart at the same side
of the respective TM domain «-helix. In the Fig. 2 align-
ment, although for the ectodomains we did not try to
properly align the Il and 113 sequences with each other,
the depicted TM domain sequences of both o and 3 se-
quences can be considered as a single alignment. The
alignment shows that the gray-shaded residues are at sim-
ilar locations in the « and {3 sequences, but that at the
position matching 205 in the 3 sequences, the G/A/S/C
residues are lacking (Fig. 2). The importance of the motifs
for helix packing and binding between the « and (3
chains, and the fact that the 3 chains have one fewer
G/A/S/C position, are well established; however, there is
still discussion possible on which of the motif residues are
important and how they interact (Travers et al. 1984;
Cosson and Bonifacino 1992; Moore et al. 2008; King
and Dixon 2010; Dixon et al. 2014; Drake and Drake
2016; Harton et al. 2016). The only thing we want to
add to the discussion is the observation that the motifs
in the DM« and DM3 TM and bordering regions are
different from those in the classical molecules, something
which has so far only be realized partially (Harton et al.
2016). At position «198, in the DM« sequences an ala-
nine or valine is found, whereas in the classical Il se-
quences, a glycine is common (Fig. 2). Furthermore, in
comparison to classical Ila, among DM« sequences, there
seems to be a reduced evolutionary pressure to maintain a
G/A/S/C residue at position «205. In classical II3 se-
quences, at position (3202, a glycine is common, but in
the analyzed DMf3 sequences, a serine or alanine is found
(Fig. 2). Finally, whereas at position 3205 of classical IIf3
sequences, G/A/S/C residues are found, most of the ana-
lyzed DMf3 sequences have larger residues like leucine,
isoleucine, valine, and threonine. For classical MHC class
II molecules, it has been proposed that the important TM
units for interaction are the glycines of GxxxG motifs,
and that the glycines of a single (3 chain GxxxG motif,
namely [3G205-to-3G209, can alternatively interact with
the glycines of « chain TM motif «G198-to-aG202 or
motif «G205-to-xG209, and that the resulting shift
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between TM regions causes functionally relevant confor-
mational changes in the ectodomains (Dixon et al. 2014;
Drake and Drake 2016). If DM molecules would not need
similar options, which may partially explain the change in
TM domain motifs compared to classical molecules, but
that is speculation only.

For a discussion of how MHC class II systems in primitive
vertebrates might work in the absence of DM, we refer to our
previous study (Dijkstra et al. 2013). We speculate that the
establishment of DM function may have involved an optimi-
zation of a stabilizing, and therefore potentially peptide-
editing, effect that even (some) classical MHC class II mole-
cules might have on each other (for examples of binding
affinity among classical MHC class II molecules, see
Schafer et al. 1995).

A hypothesis for the origin of MHC molecules

As explained in the introduction, we believe, like several other
researchers, that the first MHC molecule was a homodimer
MHC class II-like structure. It is more difficult to deduce from
what type of non-MHC molecule the MHC molecules origi-
nated. The membrane-proximal IgSF domains are of the C1
category (Halaby et al. 1999), which are only found in a few
molecule families. Well-known molecules with IgSF C1 cat-
egory domains are antibodies and TCRs. In contrast to their
IgSF domains, the MHC membrane-distal domains (x1 and
1 in the case of MHC class II) have unique structures
(Bjorkman et al. 1987; Brown et al. 1993) for which ancestral
candidates are quite speculative. Nevertheless, based on in-
stinct but also on analysis of the sequences, we believe, like
several other researchers (explained in Ohnishi 1984; Hood
et al. 1985; Hashimoto et al. 1990; Hashimoto 2003), that
most likely, the molecule ancestral to the MHC molecules
was a transmembrane molecule with a membrane-distal do-
main of the IgSF variable (V) category and at least one
membrane-proximal domain of the IgSF C1 category. In the
present study, we will not discuss this matter at the sequence
level, but in Fig. 3, we present (as far as we know) a new
model that aims to explain, based on functional arguments,
how MHC molecules may have derived from antibodies.

In Fig. 3, from steps 1 to 7, we propose how, in the evolu-
tion of jawed vertebrates, first antibodies, then TCRs, and then
MHC molecules may have arisen. We assume that antibodies
arose first (Fig. 3, step 1), because they basically can function
independently of TCR and MHC molecules, and some anti-
bodies can function in homomeric form. We assume that the
established pool of antibody genes contained both single
exons per IgSF V domain, as well as genes using somatic
recombination of V, D, and J (-like) fragments. Such situation
has been described for the horned shark Heterodontus
francisci, where both types of genes possibly are used together
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in “cluster type” organization (Kokubu et al. 1988; Litman
et al. 1993). The genomic situation in which a single contin-
uous germline sequence encodes a complete antibody IgSF V
domain has been coined “VDJ germline joined” (Litman et al.
1993). In the evolutionary stage proposed in Fig. 3, step 1, all
antibodies function as part of B cell receptors (BCRs) and are
secreted upon proper stimulation by antigen and co-factors.

In the proposed stage of Fig. 3, step 2, some “B cell” types
stopped releasing their “BCRs,” and are specialized in cyto-
kine releasing function upon antigen recognition. We there-
fore call the cells “T cells” instead, using quotation marks to
express that at this stage, there is no full-blown T cell system
yet. The genes used for these membrane-fixed BCRs were
duplications of the antibody type genes with genomically sep-
arated coding fragments for variable domains V, D, and J
regions, and evolved to become TCR genes. Compared with
the original Fig. 3, step 1 situation, the adaptive immune sys-
tem in Fig. 3, step 2 improved by allowing a “second opinion”
analysis concerning the antigen bound by the B cell. Second
opinion analysis is exactly where helper plus regulatory T cells
are all about when interacting with B cells. They may either
stimulate or downregulate potential B cell responses. The
close relatedness of antibodies and TCRs is well recognized
(e.g., Litman et al. 2010; Flajnik and Kasahara 2010), al-
though discussion is possible on whether BCRs or TCRs were
first because of the existence of TCR molecules of the TCRy$
category which seem to function largely independent of MHC
molecules.

In the evolution stage depicted in Fig. 3, step 3, a further
improvement of the system was introduced. Namely, rather
than keeping the antigen bound on the surface, the BCR now
first recycles through the endosomal compartments. There,
proteases expose interior parts of the bound antigen, causing
that, when the complex returns to the cell surface, instead of
intact antigen, now partially digested antigen is presented. This
increases the number of epitopes of an antigen, which the B
and T cells together can examine. Basically, that is the same
principle as known for extant functions and mechanisms of B
and T helper/reg cells (Roche and Furuta 2015; Adler et al.
2017), except that at this proposed evolutionary stage, the an-
tigens were not released from the BCR, not cut into very small
pieces, and not reloaded onto MHC molecules.

The proposed evolutionary stage depicted in Fig. 3, step 4
is similar to the Fig. 3, step 3 stage, except that the antigen is
cut into smaller pieces. How rapid and with which intermedi-
ate stages, the system most likely changed from the Fig. 3,
step 2 to the Fig. 3, step 4 situation, is up for debate, and has to
consider whether complexes are favorable/possible in regard
to energy terms. In the proposed Fig. 3, step 4 situation, the
TCRs of the T cell recognize the combination of antigen plus
presenting BCR, which is quite reminiscent of the function of
extant TCRf3 T cells which recognize antigen peptides to-
gether with the presenting MHC molecules.
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1. Simple antibody system
producing “T-cells”

. ‘ BCR signaling

SBCR release

B-cell B-cell

4. Homodimer antibodies can present 5.
small peptides

BCR signaling us

BCR signalin,
Endocytosis e E

SBCR release Endocytosis

Fig. 3 This model schematically shows in stages 1 to 7, how we envision
that MHC class II evolved from an antibody type molecule. Detailed
explanations are given in the main text. Antigen, protein antigen; BCR,
B cell receptor; sSBCR, secreted B cell receptor (antibody); T cell, cell with
T cell like function; TCR, T cell receptor; HC, heavy chain. The drawings

In Fig. 3, step 5, finally, a system emerges which is essen-
tially identical to extant B-T cell interactions. After endocyto-
sis, the BCR releases its antigen, which is cut into small pep-
tides, which are now loaded onto a specialized molecule
encoded by a gene duplication of the BCR gene; this special-
ized molecule eventually evolves to an MHC molecule. In
order for such gene duplication to possibly generate the
MHC ancestral gene, it is necessary that the BCR gene which
was duplicated, encoded a “heavy-chain-only” type antibody,
as is known in some species (Flajnik et al. 2011) and that the V
domain coding sequence was “VDJ germline joined” (see
above). Obviously, those two preconditions are within the
range of known antibody situations.

To Fig. 3, in order to be complete, we also added the subse-
quent steps 6 and 7. In the Fig. 3, step 5 stage, the ancestral BCR
homodimer became an MHC homodimer with membrane-distal
domains which lost many of their recognizable IgSF V charac-
teristics. In the Fig. 3, step 6 stage, the MHC homodimer
changed into a heterodimer, with the llo/(I-x1 + (32-m) and
11B/(I-02 + I-a3) lineages each acquiring their own characteristic
residues and IgSF domain orientations (Bjorkman et al. 1987;
Brown et al. 1993; Stern and Wiley 1994). At the stage of Fig. 3,
step 7, after an exon shuffling event giving rise to MHC class |
organized genes, the MHC class I and II molecules started to
diverge from each other. Possibly, MHC-restricted cell mediated

2. Secondary check by cytokine

SBCR release

3. Secondary check including
non-surface antigen epitopes

BCR signaling
Endocytosis

sBCR release

Presentation function is taken over by a specialized
gene duplicate of the homodimer antibody, MHC

6. Differentiation between lineages
lla/(l-a1+B,-m) and 1IB/(I-a.2+I-0:3)

SBCR release . L
7. Differentiation between structures llo+I

and class | HC (a1+a2+a3) + B,-m.

in step 3 versus steps 4 and 5 aim to show that in step 3, in endosomal
compartments, the BCR-bound antigen is only partially digested before
the BCR-antigen complex recycles to the surface, whereas in steps 4 and
5, the antigen is digested into small peptides

cytotoxicity emerged in evolution after the acquisition of MHC
class I molecules, but that is speculation only.

Other theories, which we deem less attractive, have also
been proposed for the origin of MHC molecules (reviewed in
Hashimoto 2003; Kaufman 2018). The critical absence in all
the models, including the one we present here, is a convincing
explanation for how the unique structures of the MHC peptide
binding domains were generated. A functional model of evo-
lution, as presented here, should be of great help for efficiently
searching evolutionary MHC precursor forms that still may be
present in some species. Future findings of molecules with
structural features, or functions, intermediate to those of anti-
bodies and MHC molecules, would support our model.

Conclusion

We present a new model for how, in evolution, MHC mole-
cules may have originated. MHC class Il molecules function
by presenting digested parts of exogenous antigens, taken up
by professional antigen presenting cells, to helper and regula-
tory T cells for a second opinion. We assume that TCRs orig-
inated from BCRs, and that a primitive communication sys-
tem “discussing” endocytosed BCR-bound antigens, between
BCR expressing B cells and TCR expressing T cells, formed
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the ancestral situation from which the MHC presenting system
emerged. We assume that the MHC class I molecules derived
from a “VDJ germline joined” heavy-chain-only BCR. The
advantages of our model are the functional simplicity, some
support from sequence comparisons (Hashimoto 2003), and
consistency with the facts that the first MHC molecules pre-
sumably were homodimer MHC class II like molecules, and
that extant B cells efficiently express both BCR and MHC
class II. We hope that future research can provide more evi-
dence for our model.

Relatively early in MHC evolution, known because the
molecule is found in all species with MHC class Il molecules,
the MHC class II molecules acquired a specialized chaperone,
CD74 (MHC class II invariant chain). The CD74 alignment
presented in this study shows that CLIP motifs for binding
into the MHC class II peptide binding groove can be found
in CD74 from cartilaginous fish to mammals. Previous studies
had already noted that the deduced zebrafish CD74 molecules
lack the CD74-characteristic o-helical region for homo-
trimerization. However, the present study is the first to recog-
nize that, while they have lost exons for those o-helical re-
gions, the CD74A genes in Ostariophysi (a superorder of fish
including, for example, zebrafish and Mexican tetra) acquired
a duplication of the CLIP core coding exon, and the resulting
CD74a molecules might bind two MHC class II molecules.
We hope that the CD74 alignment figure may also draw at-
tention to highly conserved residues, such as the leucines or
isoleucines at positions 62, 65, and 72 (Fig. 1), for which
functions are not known.

Much later in evolution, namely within Sarcoptherygii
(lobe-finned fish plus tetrapods), a newly established nonclas-
sical MHC class II molecule, DM, acquired a function for
assisting classical MHC class II to bind high-affinity peptides.
In the present study, we found DMA and DMB lineage genes
in lungfish. Analysis of sequence motifs in the lungfish DM«
and DM} sequences, and also in the lungfish classical MHC
class II sequences, indicate that DM function as known in
mammals may also exist in lungfish.

As with the CD74 alignment, our MHC class II alignment
figure may draw attention to highly conserved residue patterns
which otherwise tend to be ignored. Especially fascinating are
the differences in the motifs in the transmembrane plus cyto-
plasmic regions between classical MHC class IT and DM lin-
eage molecules. That does not only concern the readily ob-
servable tyrosine-based endocytic motif in DMf3 cytoplasmic
sequences, but also a number of subtle differences in conser-
vation of, for example, glycine-rich motifs in the transmem-
brane domains (Fig. 2). Looking at the distinct conservations
of these motifs, it can only be concluded that we do not yet
properly understand the function of the classical MHC class II
and DM transmembrane domains. We hope that this article
will give the readers more insights into the deep evolution of
the MHC class II system.

@ Springer
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