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Abstract

TYRO3, AXL, and MERTK (TAM) receptors are a family of receptor tyrosine kinases that maintain homeostasis through
the clearance of apoptotic cells, and when defective, contribute to chronic inflammatory and autoimmune diseases such
as atherosclerosis, multiple sclerosis, systemic lupus erythematosus, rheumatoid arthritis, and Crohn’s disease. In add-
ition, certain enveloped viruses utilize TAM receptors for immune evasion and entry into host cells, with several viruses
preferentially hijacking MERTK for these purposes. Despite the biological importance of TAM receptors, little is under-
stood of their recent evolution and its impact on their function. Using evolutionary analysis of primate TAM receptor
sequences, we identified strong, recent positive selection in MERTK’s signal peptide and transmembrane domain that was
absent from TYRO3 and AXL. Reconstruction of hominid and primate ancestral MERTK sequences revealed three non-
synonymous single nucleotide polymorphisms in the human MERTK signal peptide, with a G14C mutation resulting in a
predicted non-B DNA cruciform motif, producing a significant decrease in MERTK expression with no significant effect on
MERTK trafficking or half-life. Reconstruction of MERTK’s transmembrane domain identified three amino acid substi-
tutions and four amino acid insertions in humans, which led to significantly higher levels of self-clustering through the
creation of a new interaction motif. This clustering counteracted the effect of the signal peptide mutations through
enhancing MERTK avidity, whereas the lower MERTK expression led to reduced binding of Ebola virus-like particles. The
decreased MERTK expression counterbalanced by increased avidity is consistent with antagonistic coevolution to evade
viral hijacking of MERTK.
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Introduction

The TAM (TYRO3, AXL, and MERTK) receptors are a family
of receptor tyrosine kinases that mediate efferocytosis, the
phagocytic removal of apoptotic cells (ACs). Although TAM
receptors are broadly expressed, the highest expression is
observed in the nervous, vascular, reproductive, and immune
systems, frequently on resident immune cells and epithelia
(Lemke and Rothlin 2008). Like many phagocytic receptors,
TAM receptors do not directly bind to their targets and in-
stead are bridged to phosphatidylserine (PtdSer) on the sur-
face of ACs by soluble protein opsonins such as protein S
(PROS) and growth arrest-specific 6 (GAS6) (Graham et al.
2014; Tsou et al. 2014). In addition to their role in mediating
efferocytosis, TAM receptors can also be hijacked by en-
veloped viruses such as Ebola and West Nile Virus for cell
entry and induction of immunosuppressive signaling, and
during cancer can reduce tumor immunogenicity through
antiinflammatory signaling and sequestration of tumor anti-
gens (Bhattacharyya et al. 2013; Nguyen et al. 2014; Dahlmann
et al. 2015). The three TAM receptors arose early in metazoan
evolution through whole genome duplication, emerging from
a single ancestral gene found in urochordata, cephalochordate,

and hemicordata (Brunet et al. 2016; O’Leary et al. 2016).
Despite their distant evolutionary origins, all three TAM
receptors retain a high degree of structural and functional
similarity, and a modest degree of sequence homology.
Although structurally and functionally similar, in mice
and humans MERTK is the most critical of the three family
members. In humans, mutations resulting in a total loss of
MERTK cause retinitis pigmentosa, a form of congenital
blindness driven by the accumulation of apoptotic outer
segments of retinal pigment epithelial cells (Brea-
Fern�andez et al. 2008). Moreover, single nucleotide poly-
morphisms (SNPs) in MERTK contribute to a range of
chronic inflammatory and autoimmune diseases, most
notably atherosclerosis and multiple sclerosis (Hurtado
et al. 2010; Binder et al. 2016; Healy et al. 2016). MERTK
knockout mice have a severe phenotype, with total defi-
ciency resulting in congenital blindness, susceptibility to
atherosclerosis and autoimmunity, and male infertility. In
contrast, few SNPs in AXL or TYRO3 are associated with
human diseases, and AXL and TYRO3 knockout mice are
phenotypically normal (Duncan et al. 2003; Li et al. 2013).
Indeed, the triple-TAM knockout mouse has a nearly
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identical phenotype to the MERTK knockout mouse, albeit
with an accelerated development of pathology, consistent
with a dominant role for MERTK over the other TAM
family members (Chen et al. 2009; Li et al. 2013).

TAM receptors are type I transmembrane glycoproteins,
comprised of an extracellular domain containing tandem
immunoglobulin-related domains and tandem fibronectin
type III repeats, and a protein kinase c-like intracellular kinase
domain. TYRO3 and AXL are comparable in size at�120 kDa
(890 and 894 amino acids, respectively), whereas MERTK is
significantly larger at �150–170 kDa (999 amino acids),
mainly due to expansion of the ectodomain (Graham et al.
1994; Linger et al. 2008). The kinase domain is highly con-
served between TAM family members (>70% identity), and
contains a unique KW(I/L)A(I/L)ES active site that differs
from other receptor tyrosine kinases (Graham et al. 1994;
Lemke and Rothlin 2008; Linger et al. 2008). TAM receptors
are activated by homodimerization induced by interactions
with the carboxy-terminal domains of ligand-bound opso-
nins, which stabilize the TAM dimer to initiate signaling
(Sasaki et al. 2006). Although TAM signaling remains to be
fully elucidated, it is established that TAM dimerization leads
to autophosphorylation in the kinase and C-terminal tail do-
mains, resulting in kinase activation and recruitment of SH2-
domain bearing proteins which are then phosphorylated by
the active kinase domain. SH2 bearing proteins recruited to
active TAM receptors include Growth factor receptor-bound
protein 2 (GRB2) and the p85a subunit of phosphoinositide-
3-kinase (PI3K), activating downstream signaling through
PI(3,4,5)P3, MAPKs, and Rho family GTPases (Tibrewal et al.
2008; Weinger et al. 2008; Shelby et al. 2013). Combined, these
signaling pathways enable the large-scale actin and mem-
brane reorganization required to engulf large particles such
as ACs. In addition, activation of GRB2 and PI3K also induces
expression of Suppressor of Cytokine Signaling 1 and 3
(SOCS1, SOCS3), thus initiating an antiinflammatory program
which maintains the tissue in an uninflamed state and pre-
vents initiation of adaptive immune responses (Lee et al. 2012;
Zhang et al. 2016). This signaling cascade is critical for main-
taining tissue homeostasis, but can be hijacked by some en-
veloped viruses and cancers to evade the immune system
(Morizono et al. 2011; Bhattacharyya et al. 2013; Nguyen
et al. 2014; Dahlmann et al. 2015; Kimani et al. 2016).

Despite the strong associations of TAM receptors with a
variety of human diseases and the important roles of TAM
receptors in immunity, cancer and infectious diseases, the
evolutionary history of TAM receptors remains unknown.
As such, we performed an evolutionary analysis of the TAM
receptors, identifying two regions of intense positive selection
in MERTK, but not the other TAM receptors. The pattern of
evolution observed in MERTK was unusual, as positive selec-
tion resided predominantly in the signal peptides and trans-
membrane domains (TMD); regions which are typically
conserved. Functional MERTK assays revealed that the evo-
lution of the signal peptide reduced MERTK expression,
whereas the evolution of the TMD acted to maintain
MERTK activity through increased avidity while decreasing
enveloped virus binding. Combined, these results are

consistent with antagonistic coevolution of MERTK but not
the other TAM receptors. Antagonistic coevolution is a com-
mon form of host-pathogen evolution in which the evolution
of a selective advantage in a host species comes at the cost of
reduced pathogen fitness. This necessitates a counter-
adaptation in the pathogen, thereby restoring pathogenicity
and reducing the fitness of the host. This results in an evolu-
tionary arms race, in which the host and pathogen must
engage in a continuing cycle of adaptation/counter-
adaptation simply to maintain fitness (Paterson et al. 2010;
Nordbotten and Stenseth 2016).

Results

Patterns of Recent TAM Receptor Evolution
The three members of the TAM family—TYRO3, AXL, and
MERTK—share a common protein structure consisting of an
N-terminal signal peptide followed by tandem
immunoglobulin-related motifs, tandem fibrinogen type III
motifs, a TMD, and an intracellular tyrosine kinase. By analyz-
ing the rates of nonsynonymous (Ka) versus synonymous (Ks)
codon replacement, residues under purifying and positive
selection can be detected (Doron-Faigenboim et al. 2005).
Ka/Ks analysis was performed using evolutionary trees con-
structed using all available primate sequences for TYRO3, AXL,
and MERTK, using stringent Ka/Ks thresholds which only
score residues as positively (Ka/Ks> 1.5) or negatively (Ka/
Ks< 0.5) selected if the residues Ka/Ks confidence interval
does not overlap neutral selection (Ka/Ks� 1.0, fig. 1A; sup-
plementary tables S1 and S2 and figs. S1–S4, Supplementary
Material online). The evolution of TYRO3 in primates has
been dominated by a mixture of neutral and weakly purifying
selection, with a higher degree of conservation present in the
kinase domain (fig. 1A, supplementary fig. S2, Supplementary
Material online). AXL is strongly conserved, with>90% of the
gene displaying strong sequence conservation (fig. 1A, sup-
plementary fig. S3, Supplementary Material online). In marked
contrast, MERTK displays two large islands of strong positive
selection (amino acids 1–21 and 518–532) interspaced by
regions dominated by negative selection (fig. 1A, supplemen-
tary fig. S4, Supplementary Material online). Consistent with
these observations, AXL and TYRO3 have undergone a smaller
degree of evolutionary divergence than MERTK during pri-
mate evolution, with MERTK displaying significant sequence
divergence even in the Hominini clade (fig. 1B–D). At the
whole-gene level TYRO3 and AXL display an evolutionary
pattern consistent with genetic drift (Z-score� 0); in marked
contrast, MERTK shows a high degree of conservation be-
tween humans and more distant phylogenetic groups,
becoming significantly less conserved when humans are com-
pared with closer phylogenetic groups (fig. 1E, supplementary
tables S3–S5, Supplementary Material online). Although the
Z-scores comparing human to hominid and ape MERTK are
consistent with drift, selecton analysis indicates that, in fact,
different regions of MERTK have been under simultaneous
positive and negative selection, thereby producing drift-like
Z-scores (fig. 1A, supplementary fig. S4, Supplementary
Material online).

Evans et al. . doi:10.1093/molbev/msx102 MBE

1614

Deleted Text: -
Deleted Text: a
Deleted Text: While 
Deleted Text: -
Deleted Text: il
Deleted Text: r
Deleted Text: r
Deleted Text: e
Deleted Text:  &ndash; 
Deleted Text:  &ndash; 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: to 
Deleted Text: While 


0.005

H. sapiens
P. troglodytes

P. paniscus
G. gorilla
P. abelii

P. anubis
C. sabaeus
C. jacchus
S. boliviensis

61

84
69

99100

100

TYRO3 CB

P. troglodytes
P. paniscus

H. sapiens

G. gorilla
P. abelii

P. anubis
C. sabaeus

S. boliviensis
C. jacchus

9861

10099

100
100

100

0.005

MERTK

A

TYRO3

AXL

MERTK

TY
R

O
3 

- K
a/

K
s

A
X

L 
- K

a/
K

s
M

E
R

TK
 - 

Ka
/K

s
0 200 400 600 800 1000

0

1

2

Amino Acid

0

1

2

0

1

2

SP Ig1 Ig2 Fbg1 Fbg2 TM Kinase

-15

-10

-5

0

5

Primate
Apes
Hominids

**
n.s. n.s.

ED

TYRO3 AXL MERTK

G. gorilla
P. abelii99

99 C. jacchus
S. boliviensis

100
C. sabaeus
P. anubis100

0.005

AXL H. sapiens
99

66
88

P. paniscus
P. troglodytes

FIG. 1. Recent Evolution of TYRO3, AXL, and MERTK. (A) Identification of regions of positive and purifying selection by Ka/Ks analysis, averaged
over ten neighboring amino acids. Ka/Ks> 1.5 indicate positive selection, Ka/Ks< 0.5 indicate purifying selection (horizontal dotted lines). Major
structural domains are indicated by colored shading; a generalized domain diagram is illustrated at the bottom of the figure. SP¼ signal peptide,
Ig¼ immunoglobulin domain, Fbg¼ fibrinogen-like domain, TM¼ transmembrane domain, Kinase¼ tyrosine kinase domain. (B–D) Maximum-
likelihood evolutionary trees of TYRO3 (B), AXL (C), and MERTK (D) containing representative members of the hominini (orange), the apes
(hominini plus green), old-world monkeys (blue) and new-world monkeys (red). Scales indicate the degree of evolutionary divergence, numbers at
branch-points indicate bootstrap values. (E) Pairwise distances (Z-score) comparing the estimated number of synonymous substitutions per
synonymous site (dS) and the number of nonsynonymous substitutions per nonsynonymous site (dN) between the human and primate MERTK
grouped into clades containing all primate, all apes, and hominids. *¼ P< 0.05, n.s.¼ P> 0.05 compared with the primate-ancestral gene, 2-way
ANOVA with Tukey Correction.
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MERTK Sequence Changes Resulting from Positive
Selection
The higher degree of divergence in MERTK, combined with
the presence of two regions of positive selection, led us to
further characterize the nature of these changes on the se-
quence, expression, and function of MERTK. The first posi-
tively selected region, comprising amino acids 1 to 21,
contains the entirety of the MERTK signal peptide plus an
additional residue following the signal peptide cleavage site.
The second positively selected region contains the TMD bor-
dered by 7 extracellular and 5 intracellular membrane-
proximal residues. The amino acid sequences of the
hominid-ancestral and primate-ancestral signal peptides
were inferred using MERTK sequences from all available pri-
mate species and a maximum likelihood approach (see sup-
plementary table S1, Supplementary Material online). Two
mutations in the signal peptide arose in hominids; the first
(G14C) resulted in an arginine-to-proline substitution (R5P)
which reduced the polarity of the primate signal peptide
(table 1), and the second (C69T) resulting in a synonymous
threonine mutation (T23T) in a neutrally evolving region
following the signal peptide cleavage site (fig. 2A and B). A
third mutation arose in humans (A55C), which substituted
an arginine for a serine (S20R) and restored the polarity of the
human signal peptide to that of the primate-ancestral se-
quence (fig. 2A and B and table 1). The signal peptide of
MERTK mRNA is highly GC-rich (75% GC), which can be
indicative of the presence of non-B DNA motifs, which can
form structures known to regulate gene expression at both
the transcriptional and translational level (Emes and Yang
2008; Bansal et al. 2014). Analysis of the ancestral MERTK
signal peptide for non-B motifs revealed that the human,
ancestral-hominid, and ancestral-primate signal peptides
contain a triplet GCT direct repeat (base pairs 20–29,
fig. 2C), which can form slipped hairpin motifs, whereas the
G14C mutation that arose in hominids produced a probable
cruciform motif spanning base pairs 3–14 that was not pre-
sent in the primate-ancestral sequence (fig. 2C). No SNPs are
reported in 1000 genome databases for the sites containing
the G14C, A55C, C69T mutations, suggesting these may be
genetically fixed in humans (1000 Genomes Project
Consortium et al. 2015).

INDELs have occurred in the MERTK TMD throughout
primate evolution, including two insertions during the diver-
gence of hominids (fig. 2D). These insertions lengthened the
MERTK TMD from a 17-residue domain in the ancestral pri-
mate sequence to a 21-residue domain in the ancestral hom-
inid sequence, increasing the hydrophobicity of the TMD
(table 1). In addition, three point mutations arose in the
human lineage. The first two (A1495G and T1560C) occurred
in hominids, resulting in a threonine to alanine substitution
(T499A) and a silent mutation (I521), respectively. The final
mutation (G1552A) arose during the divergence of humans
and substituted isoleucine for valine (V518I, fig. 2D and E).
These mutations did not significantly affect the isoelectric
point or hydrophobicity of the MERTK TMD (table 1). No
SNPs are reported in 1000 genome databases for the sites

containing the TMD insertions, whereas the V518I mutation
is minimally polymorphic, with<0.1% of humans having the
ancestral G1552 SNP, suggesting that most of these sites are
genetically fixed in humans (1000 Genomes Project
Consortium et al. 2015). No non-B motifs were identified in
the MERTK TMD.

Decreased MERTK Expression via Signal Peptide
Evolution
To determine if the evolution of the MERTK signal peptide
altered MERTK expression or trafficking to the cell surface, we
synthesized an optimized version of human MERTK, thus
eliminating any effects of non-B motifs on our analyses (see
supplementary fig. S5, Supplementary Material online). Next,
amino acids 1–26 of the optimized MERTK construct were
replaced with the equivalent portions of the human,
reconstructed-hominid or reconstructed-primate MERTK sig-
nal peptide using Gibson assembly (Gibson et al. 2009). These
constructs enabled comparisons of signal peptide efficacy in
protein expression and trafficking, independent of any effects
incurred by evolution elsewhere in MERTK. Ectopic expres-
sion of MERTK, using appropriate transfection controls and
densitometric quantification of immunoblots, revealed a
nearly 3-fold decrease in human MERTK expression relative
to ancestral-primate MERTK (fig. 3A and B). To test if this
decrease in expression is due to altered MERTK protein se-
cretion, we measured the export of de novo synthesized
MERTK from the Golgi to the cell surface using a
cycloheximide-chase assay. No significant difference in
MERTK export rates were observed amount the human,
hominid-ancestral, and primate-ancestral constructs (fig. 3C
and D). We also observed no significant difference in the half-
life of the different MERTK constructs (fig. 3E and F). These
findings indicate that the decreased human MERTK expres-
sion, compared with primate-ancestral expression, is not
regulated at the protein level.

Compensatory Evolution of the MERTK
Transmembrane Domain
The expansion of the TMD through the addition of leucines
and isoleucines (fig. 2E) is suggestive of the evolution of a new
interprotein interaction domain, such as those which pro-
mote receptor dimerization (Li et al. 2012). Protein modeling
of the human, ancestral-hominid, and ancestral-primate
TMDs predicted that all three TMD domains were helical,
with the ancestral-primate transmembrane helix slightly
shorter than the human and ancestral-hominid TMD do-
mains (fig. 4A and B). Interestingly, the human and
ancestral-hominid TMDs evolved two distinct features not
present in the ancestral-primate TMD—first, a polar serine
residue became incorporated into the human and ancestral-
hominid helical domains, and second, additional hydrophobic
residues (leucines and isoleucines) were added to the same
face of the TMD in the human and ancestral-hominid se-
quences, forming a hydrophobic cluster (fig. 4C).
Hydrophobic clusters are common motifs found in pro-
tein–protein interaction domains, leading us to investigate
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whether these changes to the TMD altered MERTK structur-
ing on the cell surface.

To determine whether the changes to the MERTK TMD
altered MERTK clustering, the TMD of the optimized human
MERTK constructs described above were replaced with the
equivalent portion of the human, ancestral-hominid, and
ancestral-primate MERTK TMDs. The resulting Green
Fluorescent Protein (GFP) fusion proteins were expressed in
HeLa cells, imaged using super-resolution GSDM microscopy

at a resolution of 20 nm, and MERTK self-clustering assessed
by radial distribution analysis (Caetano et al. 2015). Ancestral-
primate, ancestral-hominid, and human MERTK all formed
micro-clusters on the plasmalamella (fig. 5A); however, the
proportion of MERTK undergoing clustering increased ap-
proximately 4-fold in the human and ancestral-hominid se-
quences compared with ancestral-primate (fig. 5B and C).
Ancestral-primate MERTK clusters averaged 20–40 nm in
diameter, consistent with homodimers, whereas human
and ancestral hominid MERTK formed clusters averaging
80–100 nm in diameter (fig. 5B and D). The corresponding
signal peptides were then added to the TMD constructs, to
recapitulate the impact of both areas of positive selection on
MERTK function. Even though human MERTK was expressed
at lower levels than primate-ancestral or hominid-ancestral
MERTK (fig. 3A–C), MERTK-dependent binding of apoptotic
cell mimics was consistent across all three forms of MERTK
(fig. 5E). This lack of difference in ligand binding, despite dif-
fering levels of expression, suggests that the increased clus-
tering of human and hominid-ancestral MERTK may act to
compensate for lower expression through increased avidity.
MERTK avidity was therefore quantified using a flow-based
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FIG. 2. Reconstruction of Recent Evolution in the MERTK Signal Peptide and Transmembrane Domain. (A and B) Alignments of the human,
hominid-ancestral, and primate-ancestral signal peptide DNA (A) and protein (B) sequence. The signal peptide cleavage point is indicated by the
vertical arrow. (C) Predicted non-B DNA structure and SNP’s in the MERTK signal peptide. Tandem GCT repeats are indicated by horizontal arrows,
the signal peptide cleavage point is indicated by the vertical arrow. (D–E) DNA (D) and protein (E) alignments of the human, hominid-ancestral
and primate-ancestral TMD, and membrane-proximal regions. Horizontal line indicates the TMD. Ancestral sequences were inferred using a
maximum-likelihood approach.

Table 1. Biochemical Characteristics of the Human, Hominid-
Ancestral, and Primate-Ancestral MERTK Signal Peptide (Human
Residues 1–27) and Transmembrane Domains (Human Residues
499–532).

Clade Domain pIa Hydrophobicityb

Human Signal Peptide 10.61 0.51
Transmembrane 8.92 1.38

Hominid Signal Peptide 7.07 0.64
Transmembrane 8.92 1.37

Primate Signal Peptide 10.61 0.54
Transmembrane 7.72 1.23

aMono-isotopic isoelectric point.
bHydrophobicity index (Kyte and Doolittle 1982).
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shear system, with human and hominid-ancestral MERTK
binding much more strongly than primate-ancestral MERTK
at all shear forces tested (fig. 5F). Consistent with this increase
in binding being a product of increased affinity, the largest
differences between human, hominid-ancestral, and primate-
ancestral binding was observed in cells with lower MERTK
expression levels, where the magnitude of the clustering-
induced increase in local MERTK concentration is the greatest
(fig. 5G). Interestingly, the ten amino-acid hydrophobic cluster
in human MERTK which mediates this clustering is not present
in any other vertebrate genes other than hominid MERTK
orthologs (Clark et al. 2016), suggesting that this motif may
be specific to MERTK-mediated interactions.

The evolution of lowered MERTK expression counterbal-
anced by increased avidity, the presence of positively-selected
domains, and MERTKs known roles in mediating enveloped
virus infection and immunomodulation (Best 2013;
Bhattacharyya et al. 2013; Tsou et al. 2014; Dahlmann et al.
2015), indicates that this evolution of MERTK is likely a prod-
uct of virus-driven antagonistic coevolution. Previous studies

showed that enveloped viruses, including Ebola virus, can
utilize MERTK for entry into macrophages and other
MERTK-expressing cell types (Shimojima et al. 2006;
Dahlmann et al. 2015). As such, we tested if cells expressing
human MERTK bearing human, hominid-ancestral or
primate-ancestral signal peptides and TMDs exhibited altered
binding of enveloped Ebola virus-like particles (VLPs) contain-
ing both the matrix (VP40) and surface-exposed (glycopro-
tein) proteins of Ebola (Zaire). As shown in fig. 5H, cells
expressing human or hominid-ancestral MERTK exhibited
significantly lower particle binding than primate-ancestral
MERTK, confirming that the reduced expression and
increased clustering of hominid/human MERTK is sufficient
to reduce viral parasitism of MERTK-expressing cells without
compromising MERTK function.

Discussion
In this study, we have identified two areas of intense positive
selection in the TAM receptor MERTK which arose during the
evolution of humans from earlier primates. This selection
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ancestral-primate signal peptide were expressed in HeLa cells and their secretion, total expression, and half-lives quantified. (A and B) Total MERTK
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fluorescence microscopy, (C) change in GFP:Cy3 ratio, normalized to time 0, and (D) MERTK export rate, quantified as the slope of panel A. (E and F)
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occurred in the signal peptide and TMD, with the combined
effect of lowering MERTK expression while maintaining nor-
mal MERTK efferocytic function through increased avidity.
This pattern of evolution is consistent with pathogen-driven
antagonistic coevolution (Williams et al. 2000; Sawyer et al.
2005; Paterson et al. 2010), and indeed, led to reduced bind-
ing of Ebola virus-like particles in cells expressing human
versus ancestral forms of MERTK. Positive selection is a rela-
tively rare occurrence in human evolution, and is most often
observed in genes related to reproduction, olfaction, skin
pigmentation or the immune system (Vallender and Lahn

2004; Bakewell et al. 2007; Williamson et al. 2007). In
immune-related genes positive selection typically occurs in
response to pathogens, often taking the form of antagonistic
coevolution; however, the biological impact of these evolu-
tionary changes in immune function remains poorly under-
stood. As one example, Ortiz et al. identified a number of
immune genes related to HIV-1 pathogenesis that had a
higher median KA/KS value than control genes, but while in
some cases this selection could be mapped to protein do-
mains with a known function, the specific changes in gene
function generated by these evolutionary events is unknown
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(Ortiz et al. 2009). In our evolutionary analysis of the TAM
receptors, we were able to ascribe specific changes in human
MERTK biology to the evolutionary processes we identified,
specifically linking the evolution of a non-B DNA motif
within the signal peptide to a significant decrease in
MERTK expression, and a corresponding compensatory in-
crease in MERTK avidity driven by evolution of a new hydro-
phobic motif in the TMD. Both of these changes to MERTK’s
biological activity occurred via positive selection, indicative of
antagonistic coevolution, and indeed, these changes to
MERTK resulted in lowered binding of an enveloped virus
to MERTK while maintaining normal efferocytic activity.

TAM receptors function predominantly as efferocytic re-
ceptors, enabling the recognition and phagocytosis of ACs
through the binding of PtdSer exposed on the AC’s plasma
membrane (Ishimoto et al. 2000; Grommes et al. 2008). TAM
receptors mediate a number of cellular responses upon
engaging an apoptotic cell, including driving actin cytoskel-
eton reorganization in order to engulf the AC, and engage-
ment of antiinflammatory signaling pathways to suppress
immune responses. These two processes are central to the
maintenance of homeostasis—by removing ACs TAM recep-
tors prevent the inflammation and release of self-antigens
which follows secondary necrosis of uncleared ACs, whereas
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FIG. 5. Evolution in MERTK Clustering and Avidity Driven by Transmembrane Domain Evolution. HeLa cells transfected with constructs containing
human MERTK-GFP modified to contain the hominid or ape ancestral TMD were quantified for MERTK self-clustering, avidity, and enveloped viral
binding. (A) Total Internal Reflection Microscopy (TIRF) and super-resolution ground state microscopy images (GSDM) of MERTK TMD con-
structs in the basolateral membrane. Boxes in the TIRF image indicate the 5 � 5 mm2 region shown in the GSDM image, scale bars are 1 mm.
(B) Quantification of MERTK clustering by the radial distribution function G(r). (C) Clustering of MERTK TMD constructs, expressed as the area
under the G(r) curve 6 SEM, normalized to the degree of clustering observed in the primate-ancestral construct. (D) MERTK cluster radius, plotted
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the induction of antiinflammatory signaling further acts to
ensure the quiescence of immune cells within healthy tissues
(Rothlin et al. 2007; Li et al. 2013; Zag�orska et al. 2014; Grabiec
and Hussell 2016). These characteristics of TAM receptors has
led to their targeting by both cancer and viruses for immune
evasion. TAM receptor-expressing cancer cells sequester
tumor-derived antigens through engulfment of dying tumor
cells, thereby limiting tumor immunogenicity, whereas sim-
ultaneously dampening proinflammatory cytokine produc-
tion via TAM-dependent SOCS1 and SOCS3 signaling
(Bosurgi et al. 2013; Nguyen et al. 2014; Stanford et al. 2014;
Kimani et al. 2016). Enveloped viruses engage TAM receptors
by incorporating PtdSer in their lipid envelope. Some viruses
engage TAM receptors strictly for immunomodulation,
through inhibiting the effect of the interferon antiviral re-
sponse through upregulation of the interferon-receptor in-
hibiting SOCS1 and SOCS3 proteins (Bhattacharyya et al.
2013; Shibata et al. 2014; Read et al. 2015). Other viruses,
such as flaviviruses and some retroviruses, utilize TAM recep-
tors to gain entry into target cells. Indeed, MERTK-deficient
human macrophages are refractory to infection by Ebola and
Marburg viruses, whereas MERTK-deficient mouse macro-
phages have reduced rates of infection by Murine Leukemia
Virus (Shimojima et al. 2006; Bhattacharyya et al. 2013;
Dahlmann et al. 2015). Although all three TAM receptors
have similar antiinflammatory and efferocytic capabilities,
MERTK appears to be a more critical member of the TAM
receptor family. Indeed, MERTK deficient animals are hyper-
inflammatory in response to toll-like receptor ligands (Lee
et al. 2012), are susceptible to atherosclerosis (Thorp et al.
2008; Wan et al. 2013), develop autoimmunity (Wallet et al.
2008; Zizzo et al. 2012) and develop retinitis pigmentosa
(Duncan et al. 2003)—phenotypes similar to that observed
in TAM triple-knockout mice (Li et al. 2013). In contrast, AXL
and TYRO3 knockouts are phenotypically normal, and nei-
ther autoimmunity or inflammatory diseases such as athero-
sclerosis have been reported in these animals (Lu et al. 1999;
Subramanian et al. 2016). In humans, SNPs in MERTK are
associated with retinal dystrophy, multiple sclerosis, and
atherosclerosis, whereas SNPs in AXL and TYRO3 have no
reported clinical associations (Brea-Fern�andez et al. 2008;
Hurtado et al. 2010; Ma et al. 2011; Binder et al. 2016;
Cavalli et al. 2016). Although the reason for this prefer-
ential requirement for MERTK remains unknown, the
relative importance of MERTK in mammalian biology
may explain why it, and not TYRO3 or AXL, has been
subject to intense selection during the divergence of
humans from primates.

The positive selection of the MERTK signal peptide is
anomalous in protein evolution. Signal peptides are relatively
free to evolve so long as they continue to meet minimal
biochemical attributes—that is, polar or neutral amino acids
surrounding a somewhat hydrophobic core (Li et al. 2009;
Gralle and P€a€abo 2011). These minimal requirements permit
signal peptides to evolve at a faster rate than the mature
peptide, although an overall trend of moderate conservation
tends to be observed (KA/KS� 0.63) (Williams et al. 2000).
The signal peptides of a few mammalian immune-related

genes have been shown to contain positive selection, specif-
ically IFN-c, CTLA-4, and the small cytokine A11 (Williams
et al. 2000; Wang et al. 2014), but the biological impact of this
selection remains unexplored. Outside of mammals there
have been a some reports of positive selection in signal pep-
tides—for example in mollusk and gastropod sperm proteins,
where selection is hypothesized to have played a role in spe-
ciation through an uncharacterized mechanism (Lee et al.
1995; Hellberg et al. 2000). Our investigation into the biolo-
gical changes incurred by recent evolution in MERTK revealed
a significant reduction in protein expression which we pro-
pose occurred in response to parasitism of MERTK by viral
pathogens. Indeed, decreased viral receptor expression has
been shown to reduce viral infection; for example, reducing
expression of the HIV coreceptor CCR5 decreases the suscep-
tibility of cells to HIV infection (Heredia et al. 2007). The
molecular mechanism underlying the decrease in MERTK
expression is not known; however, we showed that this de-
crease is not likely due to reduced export of newly synthesized
MERTK or due to increased protein turnover. It is possible
that the decrease in MERTK expression we observed occurs
through formation of a non-B DNA cruciform motif, located
within base pairs 3–15 of the MERTK coding region, creating
a hairpin structure on both DNA strands (Kim et al. 1998;
Br�azda et al. 2011). Cruciform structures are known to inhibit
DNA transcription through steric hindrance of RNA polymer-
ase, and translation of mRNA by hindering ribosome function
(Perros et al. 1994). Future experiments are necessary to de-
termine if these possibilities account for the decreased
MERTK expression we observed.

As with the signal peptide, the presence of positively se-
lected residues in the MERTK TMD is anomalous compared
with typical patterns of TMD evolution. The hydrophobic
helical core of a TMD is normally highly conserved, with
more modest conservation observed in lipid-exposed regions
and oligomerizing surfaces (Stevens and Arkin 2001; Dean
et al. 2002; Leabman et al. 2003; Mokrab et al. 2010).
Although quite rare, positive selection has been observed in
TMDs among the G-protein coupled receptors responsible
for olfaction, where positive selection alters the ligand binding
site formed by the TMDs (Singer et al. 1996; Steiger et al.
2010). This process is not likely responsible for the evolution
of the MERTK TMD, as TAM ligand recognition occurs in the
extracellular tandem immunoglobulin repeats (Sasaki et al.
2006). TMD evolution can also alter interprotein interactions
through the creation or elimination of intermembrane inter-
action motifs. As one example, tetherin, an inhibitor of viral
budding, has undergone significant positive selection within
its TMD—presumably in response to selective pressure from
lentiviruses. Coevolution in the lentiviral Vpu protein, which
inactivates tetherin, has led to interaction motifs in Vpu that
engage these unique motifs in the tetherin TMD, a protein–
protein interaction which defines the species specificity of
many lentiviruses (McNatt et al. 2009). The pattern of
TMD evolution we observed in MERTK is consistent with
the formation of a new leucine-zipper-like motif, and consist-
ent with this, we observed an increase in MERTK cluster size
as this motif evolved from primates to humans. Increased
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protein clustering is often an indication of an increase in
avidity (van Kooyk et al. 1999), and indeed, we observed a
significant increase in the avidity of human versus pri-
mate MERTK. This increase in avidity may compensate
for the decreased expression levels of human MERTK due
to signal peptide evolution, thereby maintaining normal
MERTK functional capacity despite the dramatically
lower expression level.

Antagonistic coevolution is a common mechanism of
host-pathogen coevolution. In humans, antagonistic coevo-
lution is most often observed in immune-related genes; an
unsurprising finding given the central role of the immune
system in mediating host-pathogen interactions (Sabeti
et al. 2007; McNatt et al. 2009). Antagonistic coevolution—
also known as the Red Queen hypothesis—creates an arms
race in which the pathogen or host briefly gains an advantage
through adaptive evolution, only to lose that advantage when
the competing species evolves a compensatory trait (Van
Valen 1973; Nordbotten and Stenseth 2016). The selective
pressure applied to both species has the dual impacts of
increasing the rate at which deleterious mutations are purged
and beneficial mutations are acquired, greatly accelerating
molecular evolution (Buckling et al. 2006; Paterson et al.
2010). For example, the rate of genetic divergence of the
U2 bacteriophage doubled when both U2 and the host spe-
cies Pseudomonas fluorescens were serially cultured to-
gether—thus allowing for coevolution—versus when U2
was serially propagated using isogenic cultures of P. fluores-
cens (Paterson et al. 2010). This accelerated evolution was not
merely a nonspecific accumulation of mutations, but rather
coevolved U2 accumulated nonsynonymous mutations pref-
erentially over synonymous mutations—indicative of positive
selection, and representing the same evolutionary pat-
tern we observed in MERTK. Indeed, hominids acquired
an initial set of mutations which acted to partially de-
crease MERTK expression and partially enhance cluster-
ing, with additional mutations arising in the human
lineage that further decreased expression and further
enhanced clustering—a pattern of step-wise evolution
consistent with the arms-race nature of antagonistic
coevolution. It is tempting to hypothesize that retrovi-
ruses are responsible for the antagonistic coevolution of
MERTK, as these viruses can parasitize MERTK and are
known to have played other important roles in the evo-
lution of primates, hominids, and humans, but it is un-
likely that the causative agent for this evolution will ever
be identified. (Dawkins et al. 1999; Hughes and Coffin
2001; Yohn et al. 2005; Doxiadis et al. 2008; Dahlmann
et al. 2015).

In conclusion, we discovered evidence for strong positive
selection in MERTK’s signal peptide and transmembrane do-
main, which appear to be a form of antagonistic coevolution
with enveloped viruses that reduces the availability of MERTK
for viral binding, whereas maintaining normal MERTK func-
tion. This strong evolutionary response highlights MERTK’s
importance as a critical mediator of homeostasis and as a
virion binding receptor, and illustrates the how compensatory
evolution can act to overcome viral pathogenesis.

Materials and Methods

Materials
COS-7 cells were a gift from Dr. Sergio Grinstein (Hospital for
Sick Children, Toronto), and DH5a Escherichia coli were gifts
from Dr. John McCormick (University of Western Ontario).
Roswell Park Memorial (RPMI), Dulbecco’s Modified Eagle
Medium (DMEM), Trypsin-EDTA, and Fetal Bovine Serum
(FBS) were purchased from Wisent (Saint-Jean-Baptiste,
Canada). #1.5 thickness round cover slips and 16% parafor-
maldehyde (PFA) were purchased from Electron Microscopy
Supplies (Hatfield, Pennsylvania). Cysteamine, L-Cysteine,
DTT, cycloheximide, dexamethosome, and rat anti-HA
(3F10) were purchased from Sigma-Aldrich (Oakville,
Canada). GenJet Plus was purchased from Frogga Bio
(North York, Canada). Hoechst, permafluor, protease inhibi-
tor cocktail, T4 DNA ligase, and Phusion DNA polymerase
were purchased from Thermo Scientific (Mississauga,
Canada). Silica beads were purchased from Bangs
Laboratories (Fishers, Indiana), and lipids were purchased
from Avanti Polar Lipids, Inc. (Alabaster, Alabama).
Recombinant human GAS6 and all restriction enzymes
were purchased from R&D (Minneapolis, MN). Mouse anti-
HA (12CA5) was purchased from Santa Cruz (Dallas, Texas).
Florescent secondary antibodies were purchased from Life
Technologies (Burlington, Canada). All other chemicals
were purchased from Canada BioShop (Mississauga,
Canada). Matlab software was purchased from MathWorks
(Natick, Massachusetts). Prism software was purchased from
Graphpad (La Jolla, California). Mega6 Software (Tamura et al.
2013) was downloaded from http://www.megasoftware.net
(last accessed March 10, 2017).

Generation of Phylogenic Trees
All phylogenetic and molecular evolutionary analyses were
conducted using MEGA version 6 (Tamura et al. 2013).
Briefly, primate MERTK sequences were retrieved from the
NCBI database and coding sequence alignments for mam-
mals and primates were generated by Muscle using default
parameters (see supplementary table S1, Supplementary
Material online). For phylogenetic analysis, Bayesian (BIC)
and Akaike information criterion (AIC) scores for each nu-
cleotide substitution model were compared with determine
the model used for alignments. Phylogenetic analyses of
aligned sequences were performed across all reading frames
using maximum-likelihood with bootstrapping using the GTR
model for MERTK sequence analysis, whereas the AXL and
TYRO3 phylogenetic analyses used the T92 and TN93 selec-
tion models, respectively, both with gamma distribution. The
phylogenetic trees were annotated using EvolView. Human
SNP data was acquired from the 1000 Genome Project (1000
Genomes Project Consortium et al. 2015).

Selection Analysis
Unaligned TAM primate sequences were imported into the
Selecton online sever (http://selecton.tau.ac.il/; last accessed
March 10, 2017). For each analysis the Homo sapiens se-
quence was selected as a reference sequence, and previously
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generated phylogenetic trees used as alignment guides.
Selection analyses were performed using the Mechanistic
Empirical Combination Model (MEC) using eight distribution
categories and the JTT amino-acid matrix (Doron-
Faigenboim et al. 2005). As a test of significance, MEC likeli-
hood and AIC scores were compared against the M8a model,
with lower MEC AIC scores indicating significance.
Additionally, selection analysis was performed using the M5
model, with AIC scores compared with the M7 model as a
test of significance. Further selection analysis used the M5
model, comparing AIC scores with the M7 model. A com-
parison between the MEC/M8a and M5/M7 AIC scores con-
firmed MEC as the model of best fit by maximum-likelihood.
Amino acid positions were scored for significance using Ka/Ks
values and confidence intervals (CI) generated by Selecton.
Ka/Ks scores>1.5 with CI lower bounds>1 were considered
strong evidence of positive selection, whereas those with a CI
lower bound of <1 were considered a possible indication of
positive selection. Similarly, Ka/Ks scores of <0.5 with a CI
upper bound <1 were considered strong evidence for pur-
ifying selection, whereas those with a CI upper bound >1
indicated possible purifying selection. Amino acid positions
with Ka/Ks values close to 1.0 or those with large CIs where
counted as showing no evidence of selection. Selecton data
were then imported into Matlab and a custom-written script
used to calculate regional Ka/Ks values by averaging the ten
neighboring residues.

Prediction of Ancestral MERTK Sequences and
Hydrophobicity and Isoelectric Point Analysis
Reconstruction of the ancestral Hominidae and Primate
MERTK sequences were performed using Mega6 (Tamura
et al. 2013). Nucleotide alignments and phylogenic trees of
the Hominidae and Primate MERTK sequences, generated
above, were imported into Mega6 and the ancestral se-
quences predicted a maximum-likelihood approach and the
K2 evolutionary model. To analyze any biochemical changes
in the reconstructed primate and hominid-ancestral MERTK
signal peptides and TMDs, the amino acid sequences were
imported into ExPASy ProtScale and Compute PI/Mw and
hydrophobicity and isoelectric points calculated (https://
www.expasy.org/; last accessed March 10, 2017).

MERTK Synthesis and Mutagenesis
As conventional cloning of human MERTK is not possible due
to the presence of multiple motifs recognized by bacteria as
recombination and phage integration sites, combined with an
unusually high G/C content (Healy et al. 2016), we used the
OptimumGene codon-optimization algorithm (GenScript) to
remove secondary DNA structure and reduce GC content
(see supplementary fig. S5, Supplementary Material online),
and had the gene synthesized and subcloned into
pcDNA3.1(þ). An extracellular HA tag was added by lineariz-
ing the codon-optimized MERTK vector using the HA-FWD/
HA-REV 5’ phosphorylated primers (see supplementary fig.
S6, Supplementary Material online). PCR was conducted
using Phusion DNA polymerase, 36 cycles with an annealing
temperature of 63 �C and 8 min elongation at 72 �C. The PCR

product was treated with DpnI at 37 �C for 1 h to degrade the
template and gel purified using a 1% TAE/agarose gel and
PCR purification kit. The purified linearized construct was
then recircularized with T4 DNA ligase, transformed into
DH5a E. coli, selected on LB agarþ 100 mg/ml ampicillin,
and insertion of the HA tag was confirmed by DNA sequenc-
ing. This HA-tagged vector and Gibson assembly were used
for assembly of all subsequent MERTK constructs (Gibson
et al. 2009). Briefly, the signal peptide and TMDs were
replaced by linearizing the HA-MERTK construct by PCR using
primers flanking the signal peptide (SigPep-FWD/SigPep-
FWD) or TMD (TM-FWD/TM-REV, supplementary fig. S6,
Supplementary Material online), using the same PCR cycle
and purification protocol as above. The linearized vector was
then mixed at a 1:5 molar ratio of vector:insert in a Gibson
assembly master mix with synthesized double-stranded DNA
constructs containing 20 bp regions of homology flanking the
signal peptide (CD8a-SigPep, Human-SigPep, Hominid-
SigPep, Primate-SigPep) or TMD (Hominid-TM or Primate-
TM) sequence (see supplementary fig. S6, Supplementary
Material online). The reaction was incubated at 50 �C for
30 min, then transformed into DH5a E. coli and positive
clones identified as described above. Where GFP-tagged ver-
sion of the vector were required, the constructs generated
above were subcloned into pEGFP-N1 by PCR amplifying the
modified MERTK gene with the SC-GFP-FWD/SC-GFP-REV
primers using Phusion polymerase, 45 cycles, 63 �C annealing
temperature and a 2 min elongation at 72 �C. The resulting
PCR product was gel purified as above, and inserted into
pEGFP-N1 by digesting the PCR product and vector with
HindIII and AgeI and ligating the fragments together using
T4 DNA ligase. mCherry-tagged constructs were generated by
HindIII and AgeI subcloning of the pEGFP-N1 vectors created
above.

Cell Culture and Transfection
HeLa cells were maintained in RPMI plus 10% FBS. Cells were
split upon reaching 80% confluency by washing once with
phosphate buffered saline (PBS: 0.9% NaCl, 10 mM Na2HPO4,

2 mM KH2PO4, pH 7.4) followed by a 5 min incubation in
trypsin-EDTA and resuspension in RPMIþ 10% FBS. For
imaging, #1.5 thickness 18 mm diameter coverslips were first
rinsed in 100% ethanol, deproteinated for �12 h in 1 M HCl
at 50–60 �C with intermittent agitation, rinsed with 100%
ethanol and dried. The coverslips were then placed into the
wells of a 12-well tissue culture plate, 1 ml of RPMIþ 10% FBS
added, and 100 ml of the HeLa cell suspension added drop-
wise to each well. 12 to 24 h later the cells were transfected
with the desired construct following manufacturers proto-
cols. Briefly, for each well two tubes of 38 ml serum-free
DMEM were prepared and 1mg of DNA added to one tube
and 2 ml of GenJet Plus added to the second tube. Both tubes
were vortexed briefly, the contents combined, and the mix-
ture incubated for 10 min. The DNA:GenJet Plus complexes
were then added drop-wise to the well and incubated 18–
24 h.
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Protein Trafficking Assay
HeLa cells were seeded onto m-Slide 8 wells with a glass bot-
tom and transfected at 80% confluency using Fugene HD at
2:0.75 transfection reagent to DNA (ml:mg) according to
manufacturer’s protocol. Transfected cells were washed three
times using 10 �C PBS and incubated with 1:100 mouse anti-
HA in serum-free RPMI for 20 min at 10 �C to label surface
MERTK. Cells were washed three times using 10 �C PBS and
incubated with 50mg/ml cycloheximide in serum-free RPMI
with 1:500 donkey antimouse 647 for 20 min at 10 �C. Cells
were washed 3 times in 10 �C PBS and subsequently imaged
in 37 �C serum-free RPMI with 50mg/ml cycloheximide. The
wells were placed onto a heated/CO2 perfused live-cell piezo-
electric stage of a Leica DMI6000B microscope equipped with
a heated/CO2 perfused live-cell stage, Leica LAS-X software, a
Photonics Evolve 2 EM-CCD camera, and a 63�/1.40NA ob-
jective lens. The position of 10–15 cells were marked using the
stage controller and time-lapse videos of MERTK membrane
trafficking captured (5 min/frame, 60 min duration). The plas-
malamella of each cell was identified by the 647 staining (e.g.,
cell-surface MERTK). This mask was then applied to the GFP
channel (total MERTK) and trafficking quantified as the rate
of increase in GFP intensity within the 647 mask relative to
the initial time point.

Protein Expression and Half-Life Assay
For protein expression assays, HeLa cells were transfected
with 1mg of a 1:30 mixture of the desired MERTK construct
and HA-tagged CD93. 18 h after transfection the cells were
lysed using Lammellis buffer (0.1% 2-Mercaptoethanol,
0.0005% Bromophenol blue, 10% glycerol, 2% SDS, 63 mM
Tris–HCl, pH 6.8) plus protease inhibitor cocktail. For half-
life assays HeLa cells were transfected with 1mg of the desired
MERTK construct; 18 h after transfection cells were treated
with 50mg/ml cycloheximide and lysed as above at the indi-
cated time points. Samples were boiled for 5 min, cooled, and
separated using a 10% SDS-PAGE gel at 150 V for 2 h. Samples
were transferred to nitrocellulose membranes over 2 h at 80V,
the membrane blocked with TBST (137 mM NaCl, 2.7 mM
KCl, 19 mM Tris–HCl, 0.1% Tween-20, pH 7.4) plus 5% skim
milk powder overnight at 4 �C. The blots were then incubated
with 1:1000 rat-anti-HA in TBSTþ 5% skim milk powder for
2 h, washed 3� 10 min with TBST, incubated with 1:15,000
Alexa800-lableled donkey-anti-rat in TBSTþ 5% skim milk
powder, and washed a final 3� 10 min with TBST. Blots
were imaged using a Licore Odyssey Model 9120, and
MERTK protein expression quantified as the ratio between
the HA-CD93 and MERTK protein bands.

Protein Modeling
The TMDs of human hominid-ancestral and primate-
ancestral MERTK were modeled by submitting amino acids
506–533 of human MERTK and the equivalent region of the
reconstructed ancestral-hominid and ancestral-primate
MERTK sequences to the Phyre2 web portal (Kelley et al.
2015), and the resulting images generated in PyMOL
Molecular Graphics System, Version 1.8 (Schrödinger, LLC).
Hydrophobic cluster identification of the regions identified as

helical in the above sequences were then submitted to the
HCA 1.0.2 server (http://mobyle.rpbs.univ-paris-diderot.fr; last
accessed March 10, 2017) for identification of hydrophobic
clusters as per the method of Gaboriaud et al. (1987).

Clustering Assay
Clustering of GFP-tagged MERTK was quantified using super-
resolution Ground-State Depletion Microscopy. HeLa cells
were transfected with GFP-tagged MERTK and fixed for
20 min at room temperature using 4% paraformaldehyde in
PBS. The cells were washed three times in PBS and then
permeabilized using PBSþ 5% BSA and 0.01% saponin. The
fixed and permeabilized samples were then mounted on de-
pression slides with the depressions filled with imaging buffer
(PBSþ 100 mM Cysteamine). Once mounted the coverslips
were sealed using Twinsil and mounted on a Leica SR GSD
microscope equipped with a 100�/1.43 NA TIRF objective,
plus an addition 1.6� optical magnifier for a total of
160�magnification, 125–250 mW imaging lasers (488, 555,
and 647 nm) and a 30 mW backpumping laser (405 nm).
Using total internal reflection mode, the GFP color channel
was subjected to a depletion period where the sample was
excited at maximum intensity until<120 active fluorophores
were present in each image. The laser intensity was then
reduced to 30–60% of maximum and the sample imaged
at 100 fps for a minimum of 30,000 frames with the back-
pumping laser intensity increased over time to maintain an
optimal number of active fluorophores/frame. The resulting
molecule position files were exported, and to ensure equal
sampling of all images, filtered to remove any molecule de-
tections with a precession of more than 20 nm and resampled
to an autocorrelation of 0.990 (Caetano et al. 2015). Four cells
per condition were imaged in each experiment. Self-clustering
was assessed using the radial distribution function, using our
custom-written Matlab software for analysis (Heit et al. 2013;
Caetano et al. 2015).

Binding Assay
MERTK-mediated efferocytosis was quantified as per our
published protocols (Evans et al. 2017). Briefly, COS-7 cells
were seeded onto 18 mm circular #1.5 thickness glass cover-
slips placed into the wells of a 12-well tissue culture and
transfected with MERTK-GFP constructs bearing human,
reconstructed-hominid and reconstructed-primate TMDs
once cells reached 80% confluency, using GenJet transfection
reagent as described above. 48 h later 10 ml of 3mm diameter
silica beads were combined with 145 ml of phosphatidylcho-
line, 114 ml PtdSer, and 4 ml of biotinylated-
phosphatidylethanolamine. Beads were dried using nitrogen
gas, resuspended in 500 ml PBS, centrifuged for 1 min at 4,500
� g, and washed twice in 500 ml of PBS. Beads were resus-
pended in 200 ml of PBS and 3 ml of bead solution per con-
dition was opsonized with 4 nmol of GAS6 by rotation for
12 h at 4 �C. Solution was centrifuged for 1 min at 4,500 � g
and washed three times in PBS and resuspended in 1 ml of
serum-free RPMI per condition. 2� 105 beads were then
added per well, the tissue culture plates spun at 150 g for
1 min to force the beads into contact with the cells, and
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the samples incubated for 60 min in a 37 �C/5% CO2 incuba-
tor. The samples were then rinsed vigorously with PBS to
remove any unbound beads, the cells fixed with 4% PFA in
PBS for 20 min at room temperature, washed an additional
three times in PBS, and the coverslips mounted onto slides
with Permafluor. The slides were then imaged on the Leica
DMI6000B microscope described above, using a 40�/1.25NA
objective and the number of bound beads per transfected cell
quantified, with at least 30 cells/condition imaged in each
experiment.

MERTK Avidity Quantification
HeLa cells were cultured in 12-well plates and transfected as
described above with human MERTK-GFP bearing human,
reconstructed hominid-ancestral or reconstructed primate-
ancestral TMDs. 24 h after transfection the cells were trypsi-
nized with 300 ml of trypsin-EDTA followed by suspension in
1 ml of RPMIþ 10% FBS and the suspended cells pelleted by a
300� g/1 min centrifugation. The cell pellet was resuspended
in 250 ml of RPMIþ 10% FBS, 120 ml of the cell suspension
placed into a channel of an Ibidi mSlide-VI, and the chamber
incubated an additional 24 h. After 24 h the media in the
chamber was replaced with 120 ml RPMIþ 10% FBS contain-
ing 5� 104 GAS6-opsonized PtdSer beads, as prepared above.
The beads were incubated with the cells for 10 min, after
which point the chamber was mounted on a Leica
DMI6000B microscope using the 40� objective, and the
chamber attached to a syringe pump in draw mode and to
a reservoir of RPMIþ 10% FBS at 37 �C. A 3� 3 field of view
area was selected for imaging, and a 3� 3 tiled imaged cap-
tured of the DIC and GFP channels. Next, 30 s of shear applied
at 0.5 dynes/cm2 (0.388 ml/min), the flow stopped, and a DIC
image captured of the same region. This shear and imaging
process was then repeated for 1–20 dynes/cm2, in 1 dyne/
cm2 increments (flow rates of 0.775–15.51 ml/min), with DIC
images of the same area captured after each period of shear.
The resulting GFP image was used to identify MERTK express-
ing and nonexpressing cells, and the number of beads bound
to each cell at each increment of shear recorded. To assess the
impact of MERTK expression level on bead binding, MERTK
cells from this dataset were further segregated into quartiles
based on their integrated MERTK fluorescence, with the
lower-most quartile of cells removed from the analysis due
to the difficulty of differentiating between weakly transfected
cells and the background fluorescence of nontransfected cells.
The avidity of the remaining three groups was then quantified
as the shear rate at which 50% of beads remained bound to
the cells (s50).

Viral Binding Assay
Ebola (Zaire) VP40-GFP and Ebola (Zaire) glycoprotein (GP)-
derived noninfectious enveloped VLPs were generated by
cotransfecting 293T cells with plasmids encoding VP40-GFP
and GP constructs at a ratio of 1:1 using LipoD (Noda et al.
2002; Watanabe et al. 2004). Forty-eight h’ posttransfection,
supernatant containing Ebola VLPs was collected and clarified
at 2,000� g for 15 min. The same lot of freshly generated
VLPs was used for all experiments to ensure equal viral

loading. HeLa cells, transfected with human MERTK-
mCherry bearing matched human, hominid or primate signal
peptides, and TMDs, were cocultured with equivalent vol-
umes of Ebola VLP-containing media for 1 h, washed 3�with
PBS to remove unbound VLPs, and imaged at 112�magnifi-
cation using the Leica DMI6000B microscope described
above. Images from several fields of view were exported as
TIFFs. Individual cell-bound VLPs were enumerated by map-
ping a Gaussian curve to the diffraction-limited GFP spot
created by each VLP, using our previously published super-
resolution single particle analysis software (Caetano et al.
2015; Goiko et al. 2016). The mCherry signal was used to
differentiate MERTK-expressing and nonexpressing cells.

Statistical Analysis
Averaged selection values were calculated by importing selec-
ton results into Matlab and using custom-written scripts to
calculate a regional-average at each amino acid position 6 5
amino acids. All graphing and statistical analysis was per-
formed in Graphpad Prism.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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