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ABSTRACT
Genes of the major histocompatibility complex (MHC; also called HLA in human) are polymorphic
elements in the genomes of sharks to humans. Class-I and class-II MHC loci appear responsible for
much of the genetic linkage to myriad disease states via the capacity to bind short (~8-15 a.a.)
peptides of a given pathogen’s proteome, or in some cases, the altered proteomes of cancerous
cells, and even (in autoimmunity) certain nominal ‘self’ peptides (Janeway, 2004).1 Unfortunately,
little is known about how the canonical structure of the MHC-I/-II peptide-presenting gene evolved,
particularly since beyond ~500 Mya (sharks) no paralogs exist.2,3 We previously reported that HLA-A
isotype alleles with the a1-helix, R65 motif, are wide-spread in phylogeny, but that the a 2-helix,
H151R motif, has apparently segregated out of most species. Surprisingly, an uncharacterized orf in
T. syrichta (Loc-103275158) encoded R151, but within a truncated A-23 like gene containing 50- and
30- footprints of the transposon (TE), tigger-1; the extant tarsier A-23 allele is totally missing exon-3
and part-of exon-4; together, suggesting TE-mediated inactivation of an intact/ancestral A-23 allele
(Murray, 2015a).4 The unique Loc-103275158 orf encodes a putative 15-exon transcript with no
apparent paralogs throughout phylogeny. However, an HLA-A11 like gene in M. leucophaeus with a
shortened C-terminal domain, and an HLA-A like orf in C. atys with two linked a1/a2/a3 domains,
both contain a second transmembrane segment, which is conserved in Loc-103275158. Thus, we
could model the putative protein with its Nef-like tail domain docked to its MHC-I like a3 domain
(i.e., on the same side of a membrane). This modeled tertiary structure is strikingly similar to the
solved structure of the Nef:MHC-I CD:AP1mu transporter (Jia, 2012).5 Nef:AP1mu binds the CD of
MHC-I in trafficking MHC-I away from the trans-golgi and into the endocytic pathway in HIV-1
infected cells. The CD loop of the Loc-103275158 provisional protein conserved the nominal MHC-I
CD tyrosine phosphorylation site, and it has an N-terminal SH3 domain that we docked in one
conformation to its internal Nef-like domain. Here, we suggest that phosphorylation of the protein’s
CD-loop signals an exchange between the internal Nef-like domain and a lentiviral-Nef for binding
the N-terminal SH3 domain - freeing the Nef-like domain to bind MHC-I CD. Since the 50-tigger
sequence encodes part of the pseudo a1/a2 MHC-I domain, and the 30-tigger part of the Nef-like
domain, we speculate that transposition proceeded phylogenetically disparate horizontal transfers,
involving adjacent 50- and 30- parasitic footprints, which we also found in the Loc-103275158 orf.
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The adaptive immune system of all gnathostomes is
thought to center (most fundamentally) on a tripartite
cellular mechanism involving cells such as dendritic
cells (DC), T lymphocytes (T cells) and B lymphocytes
(B cells).1 Moreover, it is thought that an ancient ret-
roviral transposition event initiated the split gene
arrangement (and the DNA rearrangement mecha-
nism) of the highly variable receptors used by T-cells
(the TCR) and B-cells (the BCR, also known as the
surface immunoglobulin receptor) in the immune rec-
ognition of pathogens and altered/self proteins (Teng

and Shatz, 2015).6 The role of the DC [generically
referred to as “antigen-presenting cells” (APC)] in this
interaction is to “present” the said protein(s) to T cells,
and this involves the MHC class-I and –II molecules,
several non-classical MHC proteins, and at least two
dedicated pathways that first “process” proteins into
appropriate sized peptides.1 Once processed and
transported into the endoplasmic reticulum, these
peptides bind to MHC-I, or in the case of MHC-II, are
processed in endosomal pathways and bind MHC-II
in vesicles beyond the Golgi; in both cases, leading to
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the MHC-I/II molecules with their bound peptide on
DC surfaces. Here, T cells of the CD4 type bind via
their TCR to MHC-II:peptide complexes and CD8 T
cells to MHC-I:peptide complexes (abbreviated as
pMHC-I, or pMHC-II; or in humans, pHLA-A, -B,
-DR, etc.), and it is only later that this impacts the
activation of B cells. This is because the production of
immunoglobulin (antibody) by the B cell against a
given pathogen depends on the aforementioned recog-
nition by CD4 T cells of the pathogen. Once CD4 T
cells are activated, they interact via the same TCR
with pMHC-II on B cells presenting the same (or
highly similar) pathogen peptide(s). This activates the
B cell to differentiate into plasma cells that secrete
antibody against the pathogen, e.g., antibody against
HIV gp60.1,7 On the other hand, CD8 T cells do not
characteristically provide this “help” to B cells, but
rather have the capacity to move from the DC after
initial pMHC-I recognition to pathogen infected cells
of all types (even B cells); and crucially, CD8 T cells
have the programmed ability to directly kill these
infected cells. In the case of viral immunity to patho-
gens like HIV, this mechanism is the most effective
means of overcoming the pathogen, i.e., to destroy the
production of new pathogens by infected cells (see
Janeway, 20041 for a thorough review).

Transposon (TE) insertions are characterized by
defined sequences which may or may not include
terminal repeats, short target duplications and donor-
gene excisions, as well as some portion of the transpo-
sase itself.8-11 Over the course of evolutionary time, a
given TE insertion can become ‘domesticated’ (i.e.,
certain sequences excised/replaced/mutated) within
its location, contributing functions associated with
expression of affected host genes and even altering the
structure of functional proteins.12-15

During the study of the HLA-A23 lineage in early
primates, we encountered a surprising example of
domestication involving the DNA transposon, tigger-
1.4,15 In the tarsier, Tarsius syrichta, an apparent dele-
tion of an ancestral/intact A23 allele led to exon-3 (enc-
odes the a2 domain) being completely absent, and
exon-4 almost absent (only the last two b-strands of the
a3 domain remains encoded).4 By contrast, a highly
unusual, uncharacterized orf in T. syrichta (Loc-
103275158) displays a complete deletion of exon-2 (enc-
odes a1) and contains only part of exon-3 (~ from the
structurally crucial “kink” in the a2 helix at R15116 to
the end of the a2 domain; this is encoded by exon-5 in

the orf). Moreover, the full a3 domain, and the C-termi-
nus of a nominal MHC-I, are encoded in the 30-
sequence of Loc-103275158.4,16 Indeed, there are several
unique features to this uncharacterized orf (Fig. 1).

Notably, the footprint of a tigger-1 insertion
domesticated between a sequence that models into
an ABL-like SH3 domain (pink) (QMean -2.32/
template PDB 1ju5) and the R151 position of the
partially conserved A-23 a2 domain [see N-termi-
nus of yellow highlighted sequence (exon-5),
Fig. 1]. This 50-tigger-1 footprint is shown in
brown (underlined) and models into what would
be the majority of the “missing” a-1 helix of an
intact MHC-I like molecule (see also Fig. 2, below).
Importantly, a proline-rich sequence from a.a. 138
– 167 interrupts this MHC-like b-sheet with a loop
projected toward the a-3 domain [highlighted red
sequence (PxxP in pink) in Fig. 1; see red b-loop
in Fig. 2A]. Indeed, the consensus PxxP motif,5 at
the tip of this loop informed our initial modeling
of the CD peptide docked to the Loc-103215158
protein.

The overall homology of the second b strand of the
Loc-103215158 model’s 3 domain to the a.a. 405-414
b-strand of AP1mu (in contact with MHC-I CD in
PDB 4EMZ5); included the contact of the CD peptide
with residue W408, which we modeled by docking the
CD peptide to R282 of the Loc-103275158 model
(Fig. 2Cand 2B). As shown in Fig. 2A, the CD peptide
is docked in substantively similar orientation to the
bound peptide in 4EMZ, and contacts the a3 b-strand
face via the PxxP motif of the aforementioned a.a.
138-167 loop (loop, A149:N to CD, Q322:OE @ 3.63
A
�
; top dotted yellow line). In 4EMZ, Q322 contacts

W408 @4.67 A
�
(see Fig. 2C). Also, in 4EMZ, the CD

peptide contacts Nef from the face opposite the
AP1mu b-strand, thus we docked the putative Nef-
like (NefL) domain of Loc-103275158 to the face
opposite the a3 b-strand, and formed a strikingly sim-
ilar CD-peptide binding groove (Fig. 2A-D). Interest-
ingly, this would require that the protein contain a
second transmembrane segment, i.e., the NefL domain
is encoded 30 to the nominal MHC-I like transmem-
brane exon (exon-7, lt. blue highlighted seq. in Fig. 1).
While such a second transmembrane segment is
clearly not found in conventional MHC-I heavy
chains, we used BLAST to find two early primate
MHC-I like molecules with a possible second trans-
membrane segment. As shown in Figure. 3A, drills
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(Madrillus leucophaeus) have a slightly unusual A-11
like (A-11L) allele, which has a truncated MHC-I C
domain and its C-terminus contains a non-conserved
(in human HLA-A) sequence that is a predicted sec-
ond transmembrane domain (ExPASy TMpred

TM

score: 1406io, a.a. 282-300; Figure. 3B; the nominal
TM sequence @ 2638oi, a.a. 187-213). The inside (i)
to outside (o) sequence is an 85% ID match with a seg-
ment from the highly unusual “dual”MHC-I like mol-
ecule of Cercocebus atys, Loc-105576907. The sooty
mangabey (C. atys) predicted protein contains two
a1/a2/a3 like domains that BLAST to HLA-A11
(Fig. 3A), and these are separated by two transmem-
brane regions; the first in the conventional location of

an MHC-I (a.a. 305-329, ExPASy TMpred
TM

score:
2342oi), and a second one, which is included in the
segment homologous to the M. leucophaeus A-11L
protein (ExPASy TMpred

TM

score: 702io, a.a. 395-
414).

While the extant a.a. 388-422 sequence of Loc-
103275158 is only a 41% match with the second
TM segment of M. leucophaeus A-11L, there are
two obvious changes (Fig. 3B): (i) an 11 a.a. dele-
tion of a VSTLV-rich motif, and (ii) an insertion
of an 11 a.a. segment including a VHTDSLHRP
kinase phosphorylation site (NetPhos

TM

2.0 predic-
tion). Thus, it follows that either the Loc-
103275158 protein evolved phospho-regulation in

Figure 1. The predicted protein of Loc-103275158 annotated by sequence homology and structural homology. (Top) Amino acid (a.a.)
sequence of the orf (exon separation indicated by “/ ” symbols). Color coding matches the (Middle) diagram of the full protein by struc-
tural homology to solved domains as determined by SwissModel

TM

searches on the amino acid sequence shown. (Bottom) The Key
shows the locations within the a.a. sequence of the indicated structural domains, the TE footprints of tigger-1, the best sequence
matches by BLAST, and motifs associated with known kinases and intracellular trafficking proteins. Gene abbreviations are GenBank
annotations (www.ncbi.nlm.nih.gov). H (helix), HTH (helix-turn-helix), HSS (helix-strand-strand).
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place of the second transmembrane span, or that
some portion of the 388-422 segment retains this
capacity. In favor of the latter, a.a. LLPSLIIFPVPE
(411-422) has a high TM-tendency (ProtScale

TM

)
and is quite hydrophobic (GRAVY @ 1.525,
ProtPram

TM

, ExPASy); thus, it might be capable of
associating with the inner membrane in the correct
(i-o) orientation, and could be capable of spanning
a bilayer in an extended conformation.17,18 With
this potential caveat in mind, we have proposed a
conformational mechanism (Fig. 3C) for how the
Loc-103275158 protein might combat Nef down-
regulation of MHC-I from the surface of tarsier
cells infected by an appropriate primate lentivirus,
i.e., after the mechanism of HIV-1 Nef in
humans.5,7,19-21

Theoretically, a phosphorylation/dephosphoryla-
tion event within the CD loop would occur when
the protein is in a “closed” conformation; based
upon our modeled contacts, we prefer the notion
that the MHC-I CD initially associates with some
affinity to this closed conformation (left cartoon,
Fig. 3C). The exact indel of 11 a.a. in the Loc-
103275158 exon-10 suggests that this length is cru-
cial to overall function, perhaps linked to

disruption of the internal SH3:NefL interface as
shown in the transition state of the mechanism
(middle cartoon, Fig. 3C). In our homology model
(Fig. 2A), an SH3 rotation of ~208 would both
allow the NefL domain to bind the CD peptide
opposite the b-loop/b-strand in a fashion highly
similar to the Nef:CD:AP1mu complex, and would
free the SH3 domain to bind exogenous Nef, i.e.,
encoded by an appropriate lentivirus (right cartoon,
Fig. 3C). This novel Nef:Loc-103275158:CD com-
plex would retain MHC-I in the trans-golgi path-
way, ostensibly because it excludes AP1mu (i.e., the
subunit subverted by Nef in virus-infected cells)
and would provide a “sink” for Nef (i.e., subverting
it away from AP1mu).5 Indeed, this might involve
the previously indicated serine phosphorylation site
in the 11 a.a. insertion (Fig. 3B).

Interestingly, there is a greater than 80% match of
the tigger-1 transposase footprints with tigger-1 sequen-
ces in several species (not shown), but the near recipro-
cal deletion in the A-23 allele and the extant MHC-I
sequence in Loc-103275158 suggest that gene conver-
sion subsequent to excision of the parent insertion was
involved; perhaps similar to the mechanism favored for
new allele formation in the MHC.22-25 It is possible, of

Figure 2. Model structure of Loc-103275158 predicted protein. SwissModel
TM

(www.expasy.org) was used to generate a homology-based
model for 71% of the protein (A). The HLA-A CD from PDB 4EMZ (magenta) was docked at R282 based on homology with the W408:pep-
tide region of 4EMZ (B, C; see text). The Nef-like C-terminal domain was built from matched sub-domain structures in SwissModel

TM

(see
Fig. 1), and docked to the CD peptide on the opposite face from the a3 domain; thus, forming a CD binding groove similar to that of
Nef:AP1mu (A-D). As in 4EMZ, a PxxP motif [in the PK-HTH (lt. orange), a.a. P442-P445 (licorice side chains)] was docked to the CD pep-
tide, and the Nef-like structure (A) was built from subdomain homology with Nef (dark orange, D (bottom) after this placement (see D,
for overall structural comparison with Nef:MHC-I CD:AP1mu). MHC-I like structure [tan (b-loop in red), CD contacts in licorice]; CD pep-
tide (magenta, Q322 licorice); SH3-like N-terminus (pink); Nef-like C-terminus (lt. orange, yellow, dk. orange, PxxP licorice); AP1mu
(green); Nef (dk. orange, PxxP licorice); not shown a.a. in black, including the two transmembrane regions (highlighted lt. blue and
blue), Figure. 1 sequence.
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course, that the two footprints were separated in evolu-
tionary time, with the 30-tigger footprint resulting from
a gene conversion involving the nascent SH3-MHC
gene, e.g., via an ABL kinase exchange with a GTPase-
like gene harboring the nascent NefL structures.26-28

Finally, the inherent resistance of C. atys to SIV dis-
ease,29-31 suggests that some biology linked to the Loc-
105576907 orf might afford novel explanations, and
quite possibly novel approaches to HIV-1 therapeu-
tics. The T. syrichta Loc-103275158 orf is (as we have
discussed) one such piece of biology. While the iden-
tity match is relatively modest compared to other
components in the sequence (Fig. 1), the symmetrical
Toxoplasma gondii (TGVEG) match, 50; and the
related parasite, Hammondia, sequence, 30; suggest
their possible involvement. Importantly, we can

speculate that this may have involved recombination
with the nearly identical IF-2 and rho GTPase geno-
mic sequences of intermediate hosts (Fig. 4). Perhaps,
the protozoan “vectors” T. gondii and Hammondia
emanated from these distant intermediate species;
rodents and fish, respectively, in what is a remarkably
complex horizontal transfer mechanism (Fig. 4).32-34

Given the role of GTPases in intracellular immunity
to T. gondii,34 it is an intriguing hypothesis that proto-
zoans may have fortuitously enhanced immunity
against retroviral pathogens. That such complexity is
seemingly recapitulated within an MHC-I structural
gene4 is profound, and might suggest a previously
unrecognized level of evolutionary interplay between
these two types of pathogens and the genesis of the
human adaptive immune system.

Figure 3. Suitable mechanism for Loc-103275158 predicted protein based on tandem transmembrane segments. BLAST of HLA-A11 ver-
sus M. leucophaeus, C. atys, and T. syrichta unusual MHC-I like molecules (A; regions of homology shown as blocks, red > > black).
Sequence alignment of M. leucophaeus A-11L second transmembrane segment against putative dual MHC-I like molecule of C. atys and
the T. syrichta, Loc-103275158 (B). Proposed mechanism for conformational change in Loc-103275158 provisional protein in the inhibi-
tion of Nef-mediated re-trafficking of MHC-I [C (domain rotations not scalar); see text]. ML (MHC-I like), NL (Nef-like), Y-motif (orange
rectangle), phosphoryl (purple pentagon).
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