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The apolipoprotein L family of programmed cell death
and immunity genes rapidly evolved in primates at
discrete sites of host—-pathogen interactions

Eric E. Smith and Harmit S. Malik’

Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA

Apolipoprotein LI (APOLI) is a human protein that confers immunity to Trypanosoma brucei infections but can be countered
by a trypanosome-encoded antagonist SRA. APOLI belongs to a family of programmed cell death genes whose proteins can
initiate host apoptosis or autophagic death. We report here that all six members of the APOL gene family (APOLI-6) present
in humans have rapidly evolved in simian primates. APOLé, furthermore, shows evidence of an adaptive sweep during
recent human evolution. In each APOL gene tested, we found rapidly evolving codons in or adjacent to the SRA-interacting
protein domain (SID), which is the domain of APOLI that interacts with SRA. In APOLé, we also found a rapidly changing
13-amino-acid cluster in the membrane-addressing domain (MAD), which putatively functions as a pH sensor and regu-
lator of cell death. We predict that APOL genes are antagonized by pathogens by at least two distinct mechanisms: SID
antagonists, which include SRA, that interact with the SID of various APOL proteins, and MAD antagonists that interact
with the MAD hinge base of APOLé&. These antagonists either block or prematurely cause APOL-mediated programmed
cell death of host cells to benefit the infecting pathogen. These putative interactions must occur inside host cells, in
contrast to secreted APOLI that trafficks to the trypanosome lysosome. Hence, the dynamic APOL gene family appears to
be an important link between programmed cell death of host cells and immunity to pathogens.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been submitted to

GenBank (http:// www.ncbi.nlm.nih.gov/Genbank/) under accession nos. FJ177967-F]178000.]

The apolipoprotein L (APOL) gene family is composed of six genes
in humans, which are grouped within 619 kb on human chro-
mosome 22 (see Fig. 1; Page et al. 2001). By far, the best-studied
family member is APOL1, which encodes a trypanolytic factor in
humans and gorillas, lysing pathogenic Trypanosoma brucei sub-
species during bloodstream infections (Vanhamme et al. 2003).
Most other primates lack APOL1 and do not have trypanolytic
activity, except for certain species of baboons, mandrills, and
mangabeys (Seed et al. 1990; Lugli et al. 2004). APOL1 is unique
among APOL proteins because it can be secreted outside the cell,
presumably due to its N-terminal signal peptide. Other APOL
proteins do not have this signal peptide and have predicted
localizations inside the cell (Page et al. 2001).

In addition to killing parasites, APOL proteins can initiate
programmed cell death (PCD) of host cells. Each of the APOL genes
putatively contains a BH3 protein domain, which is characteristic
of the BH3-only family of pro-apoptosis genes (Liu et al. 2005;
Vanhollebeke and Pays 2006). BH3-only proteins function as up-
stream activators of PCD, responding to stimuli such as cell de-
tachment, cytokine withdrawal, or DNA damage before initiating
cell death (Strasser 2005). The BH3 domain itself is a short peptide
that binds to a groove on other PCD proteins, such as pro-survival
Bcl-2 family members, which can bind BH3-only proteins under
normal conditions to prevent cell death. Consistent with other
BH3-only proteins, APOL6 was found to cause apoptosis when
overexpressed in cancer cells (Liu et al. 2005).

APOL1 was also recently shown to have an intracellular
function, causing autophagic death of human cells (Wan et al.
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2008). Autophagy is used by cells to “self-eat” during starvation
and to recycle cellular contents. Cytosolic contents are gathered in
an autophagosome, and trafficked via endosome fusion to the
lysosome for degradation (Mizushima 2007). Although autophagy
is generally considered to be a pro-survival process, autophagy
proteins can cause PCD by a mechanism that is distinct from ap-
optosis (Degterev and Yuan 2008). The seemingly disparate roles
of APOL1 in host autophagic death and trypanolysis are re-
markably consistent in that they both utilize endosome trafficking
to the lysosome.

Further clues to APOL protein functions come from expres-
sion studies, genetic screens, and disease association studies. APOL
genes have been implicated in schizophrenia (Mimmack et al.
2002), breast cancer (Dombkowski et al. 2006), cervical cancer
(Ahn et al. 2004), and osteoarthritis (Okabe et al. 2007). However,
the specific roles of APOL proteins in these diseases are not known.
APOL genes are up-regulated by multiple pro-inflammatory sig-
naling molecules, including interferon (IFN)-alpha (Hayashi et al.
2005), IFN-beta (Stojdl et al. 2003), IFN-gamma (Sana et al. 2005),
and tumor necrosis factor alpha (TNF-alpha) (Monajemi et al.
2002). These regulations suggest that APOL proteins participate in
the immune system, in addition to the role of secreted APOL1 in
trypanosome immunity.

Studies of how APOL1 kills trypanosomes have revealed the
functions of individual protein domains. These functions may be
shared with intracellular APOL proteins by virtue of shared domain
architecture. APOL1 associates with a fraction of high-density li-
poprotein (HDL) particles in the human bloodstream (it is this as-
sociation for which the APOL genes were named) (Duchateau et al.
1997). Once introduced into hosts via insect vectors, T. brucei
subspecies endocytose HDL particles, likely as a means to obtain
both lipids and iron (Green et al. 2003; Vanhollebeke et al. 2008).
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Figure 1. Genome organization and coding exons of the human APOL

gene family. (A) The genome organization of the six human APOL genes is
shown. (B) Coding exons for human APOL genes and isoforms are shown.
Differences between isoforms in noncoding regions are not shown.

As the HDL particles are trafficked from endocytic particles to the
lysosome, the pH change from pH ~7 to ~5 induces a conforma-
tional change in the APOL1 membrane addressing domain (MAD).
This causes a salt-bridge-linked hinge to open, which releases
APOLI1 from the HDL particle to insert in the lysosomal membrane
(Perez-Morga et al. 2005). After insertion into the lysosomal
membrane, APOL1 employs its pore-forming protein domain to
create an anion-specific pore, which leads to lysosome swelling and
ultimately pathogen lysis. The MAD and pore-forming domain are
both required for killing (Perez-Morga et al. 2005).

Two trypanosome subspecies have evolved a means to resist
lysis by APOL1, causing the disease “sleeping sickness” in humans.
The resistance mechanism of Trypanosoma brucei gambiense is un-
known, but the mechanism of Trypanosoma brucei rhodesiense has
been discovered (Xong et al. 1998). Trypanosoma brucei rhodesiense
encodes the protein SRA that directly binds to APOL1 in the

trypanosome lysosome to prevent lysis. SRA interacts with APOL1
using a coiled-coiled interaction at the APOL1 SRA-interacting
domain (SID). The SID protein domain was shown to not be re-
quired for killing (Vanhamme et al. 2003), except in a recently
reported mouse model (Molina-Portela et al. 2008). The role of the
SID domain in trypanolysis thus remains somewhat ambiguous.

We wondered whether the APOL1-SRA conflict was just one
instance of similar, recurrent conflicts that APOL genes have en-
countered during primate evolution. Since proteins that directly
interact with pathogen components often evolve under positive
selection, especially at interaction interfaces, we sought to test the
APOL gene family for evidence of rapid evolution. We present
a detailed evolutionary analysis of the APOL gene family in pri-
mates and find evidence that indeed positive selection has
occurred—in the entire gene family. We highlight particular pro-
tein regions that have evolved under positive selection, and pro-
vide strong evidence for additional sites of host—pathogen
interaction. Overall, we show that the APOL gene family has been
very dynamic during primate evolution, which likely reflects im-
portant roles for the family in immunity to pathogens.

Results

The APOL gene family shows evidence of gene gain/loss in
primates

We first assembled a complete collection of APOL genes from
primate genome sequences. We found that of the seven primate
species whose complete genome sequences were available, each
had a different complement of APOL genes (Table 1). There was
clearly a pattern of gene loss by pseudogenization or outright de-
letion. For example, the chimpanzee genome, very similar to the
human genome, was completely missing both APOL1 and APOL4.
Rhesus macaque was completely missing APOL3 and had pseu-
dogenes of APOL1 and APOLS. In contrast to these gene loss
events, the macaque, baboon, and marmoset genomes had gained
additional APOL genes compared with the human APOL gene
cluster.

Given the high degree of gene gain/loss in the APOL gene
cluster, we determined the phylogenetic relationships between
APOL genes in primates. We sequenced APOL genes from addi-
tional species and took advantage of a useful feature of APOL

Table 1. The APOL gene family is highly polymorphic between primate species
Additional APOL
APOLT? APOL2 APOL3? APOL4? APOLS APOL6 genes?®
Human +P + + + + + No
Chimpanzee - + + - + + No
Gorilla + + + ps (C349-) + + No
Orangutan ps (C548T) - + ps (C572T) ps (C735CC) + No
Macaque ps (T700-) + - + ps (A165-) + Yes: APOL2.1,
APOL7 ps (T241-)
Baboon +9 + + ps (A165-) + Yes: two APOL2.1
(one ps AG251-),
APOL7 ps (T241-)
Marmoset® two ~100-bp fragments of APOL1/L2/L3/L4 two genes (one ps A822-) +d + No

?Gene coordinates are given for the following isoforms: APOLT isoform a, APOL3 isoform 1, APOL4 isoform 1. Gene coordinates for APOL2.1 and APOL7
are given relative to APOL2, and coordinates for marmoset APOL3/L4 are given relative to APOL3.
P(+) Indicates a gene with an intact coding region; — indicates that the gene is not present in the genome; and ps indicates a pseudogene with the

genotype shown in parentheses.

“The ancestries of marmoset APOLT and APOL2, and APOL3 and APOL4 are too similar to differentiate.
9Only partial gene sequences were available for baboon APOLT and marmoset APOLS5.
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genes—they each share a large exon that contains ~70%-85% of
the total coding sequence (Fig. 1). The remaining coding sequen-
ces, except for a small C-terminal exon of APOLS, are encoded by
one to four small N-terminal exons, which differ between genes
and between isoforms of a given gene.

We constructed a phylogenetic tree of all available APOL
coding sequences and found patterns of both duplication and
pseudogenization (Fig. 2). For each APOL gene, the tree topology
matched the established primate phylogeny (Purvis 1995), and
major branch points had strong statistical support. APOL5 and
APOL6 were each monophyletic and showed no evidence of du-
plication. And while many of the APOL5 coding sequences were
pseudogenes, all 20 APOL6 sequences that we obtained had intact
coding regions.

APOL1-4 had a dynamic evolutionary history in primates
with multiple pseudogenizations and duplications. APOL1 and
APOL2, and APOL3 and APOL4 are products of gene duplications
that occurred near the divergence of Platyrrhinii (New World
monkeys [NWMs]) from Catarrhinii (Old World monkeys [OWMs]

that are not represented in the human genome. For instance,
a paralogous APOL7 lineage arose prior to divergence of APOLI
and APOL2 but is only found as a pseudogene in rhesus macaque
and baboon. A more recent duplication of the APOL2 lineage led
to the APOL2.1 lineage, which is still represented by presumed
intact genes in rhesus macaque and island gibbon. We also found
two APOL genes in the prosimians galago and lemur that may be
ancestral to simian APOL1-4.

The evolutionary history of APOL1 is of particular interest
due to its established role in trypanolysis. We found intact APOL1
in only human and gorilla, which is consistent with the serum
resistance of these species to trypanosomes (Seed et al. 1990; Lugli
et al. 2004; Poelvoorde et al. 2004). The only other primate species
that have shown serum resistance are certain baboons, manga-
beys, and mandrills. We did not obtain APOL1 sequences in these
species, except in the baboon Papio hamadryas, where we obtained
a partial gene sequence. We found pseudogenes of APOLI in
orangutan (nonsense mutation, C862T) and rhesus macaque
(frameshift mutation, T700-); both mutations are located in the

and Hominoids), ~33 Myr ago. We also found APOL gene lineages APOL1 MAD.

Since APOL1 is the only APOL pro-
tein that is known to be secreted, we also
tried to determine the evolutionary ori-
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Figure 2. Phylogenetic relationships in the APOL gene family in primates. A phylogenetic tree was

created from the large-exon sequences of each APOL gene, which includes ~70%-85% of each coding

sequence. Pseudogenes are shown in parentheses, and probabilities of individ

central topological junctions. Within individual APOL gene clades, sequences cluster according to the

established primate phylogeny (Purvis 1995). The tree shows numerous dupl

APOL2.1 is the result of a duplication that occurred after the divergence of APOLT and APOL2; APOL7 is
the result of a duplication that occurred after the divergence of APOLT/L2 and APOL3/L4; and,
depending on the location of the tree root, which is unknown, the APOL1/L2 and APOL3/L4 clades may
themselves be products of a duplication that occurred early in primate evolution.

cies shared a common ancestor ~33 Myr
ago (Glazko and Nei 2003). We used
pairwise alignment tools to identify all
APOL genes or gene fragments in these
genomes and compared all of the intact,
homologous genes by whole-gene dn/ds
analysis. In each of the six APOL genes

ual clades are shown at

ications of APOL genes:
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Table 2. Whole-gene dy/ds comparisons reveal that APOL genes have rapidly evolved in primates of diverse ancestry

Whole
APOL1 APOL2 APOL3 APOL4 APOLS APOL6 genome
Human vs. chimpanzee n.a.? 0.7 (8:2)° 0.4 (10:11) n.a. 3.6 (16:2) 1.5 (6:1) 0.23 (Mikkelsen et al. 2005)
Human vs. macaque n.a. 1.2 (101:31) n.a. 0.9 (100:45) n.a. 2.0 (99:21) 0.25 (Gibbs et al. 2007)
Human vs. marmoset n.a. n.a. 1.6 (143:35)¢ n.a.c n.a. 0.7 (92:50) n.a.

#Comparisons marked n.a. (not available) were excluded for the following reasons: The gene does not exist in the current genome assembly (chimpanzee
APOLT and APOL4, macaque APOL3, marmoset APOLT and APOL4), the gene is a putative pseudogene (macaque APOLT and APOL5, marmoset APOL2), or

the gene is not completely sequenced in the current genome assembly (marmoset APOLS5).
Numbers in parentheses indicate the numbers of nonsynonymous and synonymous changes, respectively, between orthologs.
“The orthology of marmoset APOL3/L4 is unclear. Since it is nearly equally related to human APOL3 and APOL4, we arbitrarily chose to compare it to

APOL3.

that are present in humans, except APOL1, there was at least one
comparison where the dy/ds exceeded one, suggestive of neutral
evolution (dy/ds = 1) or positive selection (dn/ds > 1) across the gene
family (Table 2). For reference, primate genes have an average
whole-gene dy/ds of ~0.25 (Gibbs et al. 2007).

Next, we tested APOL genes for positive selection with
sequences we had obtained during our phylogenetic analysis (see
Fig. 2). We combined the analysis of APOL1, APOL2, and APOL2.1
for two reasons. First, phylogenetic analysis showed that these
genes shared a very recent common ancestor, some time during
primate evolution. Second, we had a relatively small number of
sequences for each gene, and additional sequences provided more
power to detect positive selection. We combined the analysis of
APOL3 and APOL4 for the same reasons. A potential cost to
combining the analysis of multiple genes is that gene-specific
adaptations will be mixed and possibly be overlooked. We did not
test APOLS because our data consisted mostly of pseudogenes.

account synonymous rate variation, after accounting for gene
conversion with a genetic algorithm for recombination detection
(GARD). Using this test, we found evidence for positive selection
using PARRIS in APOL3/L4 (P =0.015) and APOL6 (P=3.9 X 107%),
but not in APOL1/L2/L2.1.

The strongest signature of positive selection was in APOL6,
with highly significant findings in PAML analyses of both whole-
gene sequences and individual protein domains (see Table 3). To
test whether positive selection might be confined to particular
primate lineages, we tested NWMs separately from OWMs and
Hominoids. In both groupings, we again found evidence for pos-
itive selection (using PAML; data not shown). To expand on these
findings, we estimated dyn/ds on each branch of the primate phy-
logeny. We found lineages with dy/ds greater than one in each of
Hominoids, OWMs, and NWMs (Fig. 3). Clearly, APOL6 experi-
enced strong positive selection throughout simian primate evo-
lution.

We applied multiple maximum likelihood-based tests for
evidence of positive selection. With the PAML software package,
we found evidence for positive selection in each of our three data
sets: APOL1/L2/L2.1, APOL3/L4, and APOL6 (Table 3). With the
exception of the N-terminal region of APOL1/L2/L2.1, each gene
region tested was also significant. We also tested for positive se-
lection using the more conservative tool PARRIS, which takes into

We also asked whether APOL6 showed evidence of positive
selection during recent human evolution. To address this ques-
tion, we sequenced the large exon of APOL6 and neighboring
APOLS in a panel of 24 African Americans. For each gene, we
calculated the summary statistic Tajima’s D (Table 4; Supplemental
Fig. S1). While both genes showed a negative value for Tajima’s D
(indicating an excess of rare alleles) only APOL6 had a significantly

Table 3. Evidence for positive selection in primate APOL1/L2/L2.1, APOL3/L4, and APOL6

Codons PAML P-value M1 vs. 2 In lambda M1 vs. Proportion of codons with dy/ds M1 dy/ds M1 vs. M2
Genes analyzed® analyzed® M2 (M7 vs. M8)°© M2 (M7 vs. M8)°¢ vs. M2 (M7 vs. M8)¢ (M7 vs. M8)°¢
APOL6, whole gene 1-325 <0.0001 (<0.0001) 81.6 (83.3) 0.20 (0.21) 3.61 (3.58)
APOL6, pore domain 1-137  1.90 x 1073 (1.64 x 1073%) 12.6 (12.8) 0.14 (0.15) 3.20 (3.09)
APOL6, MAD 138-204 <0.0001 (<0.0001) 55.4 (55.4) 0.47 (0.47) 5.10 (5.10)
APOLS, SID 205-325 <0.0001 (<0.0001) 43.7 (45.2) 0.01 (0.01) 30.66 (31.70)
APOLT, L2, & L2.1 106-173 0.06 (0.08) 5.7 (5.0) 0.64 (0.64) 1.96 (1.96)
APOLT, L2, & L2.1 174-298 1.10 x 10* (4.57 x 1073) 18.2 (10.8) 0.36 (0.35) 2.11 (2.12)
APOLT, L2, and L2.1T  299-393 <0.0001 (<0.0001) 27.0 (29.4) 0.33 (0.36) 3.43 (3.30)
APOL3 and L4 118-245 3.90 x 1073 (3.90 x 10°%) 11.1 (11.1) 0.73 (0.73) 1.69 (1.69)
APOL3 and L4 246-398 <0.0001 (<0.0001) 19.9 (19.9) 0.60 (0.60) 2.35(2.35)

“We used maximum-likelihood analysis to estimate whether positive selection had acted on APOLT, APOL2, and APOL2.1 (combined), APOL3 and APOL4
(combined), and APOL6. For APOL1/L2/L2.1 and APOL3/L4, we analyzed the large exon of each gene, representing ~70%-85% of the coding sequence
of each gene (e.g., the APOL2 large exon is 877 bp of the total 1014 bp). For APOL6, we analyzed the entire gene except a repetitive region in the final 19
codons. The individual genes and species analyzed are shown in Figure 2 (APOL1/L2/L2.1 and APOL3/L4) and Figure 3 (APOL6), excluding pseudogenes.
Since putative recombination breakpoints were found in APOL1/L2/L2.1 (two breakpoints) and APOL3/L4 (one breakpoint), we analyzed the resulting
gene segments in separate PAML analyses. We also performed domain-specific analyses of APOL6.

Coordinates are given for human APOLT isoform a (total length, 399 amino acids), human APOL3 isoform 1 (403 amino acids), and human APOLé6 (344
amino acids). Pis the proportion of codons predicted to evolve with rate dy/ds (for instance, for APOL6 under the comparison of M1 vs. M2 models, 20%
of sites are predicted to evolve with an average dy/ds of 3.61); 2 In lambda is twice the log likelihood difference between nested models.

“We show results from the comparisons of nested PAML models M1 vs. M2 and M7 vs. M8. In both comparisons, there are two degrees of freedom
between models. Bolded P-values are <0.05.
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belong to class dn/ds = 5.92; and nonbolded values belong to class dy/ds = 0.63. Branch lengths in the

figure are not proportional to time.

negative D (D = —1.82, P < 0.05). This finding suggested that
positive selection indeed acted on APOL6 during recent human
evolution. However, since a negative D can also be explained by an
expansion in the size of the human population following a recent
bottleneck event, we compared the polymorphism and divergence
(with chimpanzee orthologs) of the APOL5 and APOL6 genes,
using the Hudson-Kreitman-Aguadé (HKA) test (Hudson etal.
1987). We found a significant departure from the neutral mutation
hypothesis (see Supplemental Table S2), indicating that the excess
of rare polymorphisms in APOL6 was likely due to positive selec-
tion, and not demography.

The APOL6 MAD has a group of rapidly evolving codons that
tightly cluster on one face of an alpha helix

We analyzed the particular codons of APOL genes that were pre-
dicted to be under positive selection. In APOL1/L2/L2.1, seven of
the eight rapidly changing codons were in the SID or just N-
terminal to it, which is the region where the trypanosome an-
tagonist SRA interacts with APOLI1 (Fig. 4; Supplemental Table S1).
In APOL3/L4, one rapidly changing codon was in the MAD, and
three were in the region just N-terminal to the SID. And in APOL6,
there were rapidly evolving codons throughout the gene. We
tested if positive selection acted differently on different APOL6
domains. The MAD, relative to the pore domain and SID, appears
to have a higher proportion of codons under positive selection and
has experienced stronger overall positive selection (Supplemental
Fig. S2). Also in the APOL6 MAD, we found a cluster of five codons
that had strong statistical support for positive selection. These five
residues appear to be significantly clustered in analyses of either
the whole gene (P = 0.004) or the MAD region alone (P = 0.003).

We mapped the cluster of rapidly evolving codons of the
APOL6 MAD onto a predicted protein structure. These codons
(codons 165-177) were predicted by prior studies to adopt an al-
pha helix (Vanhamme et al. 2003; Perez-Morga et al. 2005).
We confirmed this prediction with multiple secondary-structure

on the inner fold of the closed hinge or
exposed on the outside of the hinge. We
also found a similar group of rapidly
evolving codons in the APOL6 SID and
adjacent N-terminal region (codons 236—
251), but these codons did not meet the criteria for significant
clustering (Supplemental Figs. S4, S5).

Discussion

Our study of APOL gene evolution was motivated by the obser-
vation that APOL1 is a trypanosome immunity factor that can be
antagonized by trypanosome SRA. We hypothesized that this
host-pathogen interaction was just one instance of similar con-
flicts that affected the evolution of APOL genes throughout pri-
mate evolution. Indeed, we found that APOL1, and surprisingly
other APOL genes that encode exclusively intracellular proteins,
have rapidly evolved, in many cases in the same protein region
that SRA binds APOL1. However, whereas APOL1 may have rap-
idly evolved as a result of interactions with antagonists like SRA,
the cause of positive selection on other APOL genes is less clear. We
favor the hypothesis that other APOL genes also rapidly evolved as
a result of interactions with antagonists. The primary difference
between secreted APOL1 and other APOL proteins, however, is

Table 4. Test statistics for natural selection from human variation
in the large exons of APOL5 and APOL6 from 24 African Americans

Total Tajima’s  P-value for
Gene® sites SP  hs¢ Pid 0° D D
APOL5 984 8 3 0.0013 0.0018 -0.85 >0.10
APOL6 982 5 3 0.0003 0.0012 -1.82° <0.05°

*The coding sequence of each large exon was analyzed. Bolded values in
the table indicate statistical significance with P < 0.05.

bS indicates segregating sites. In each gene tested, $ is also equal to the
number of mutations.

“hs indicates the number of singleton mutations.

dpij indicates the average number of nucleotide differences between pairs
of sequences per site.

€0 indicates the effective population size multiplied by the mutation rate
per generation per site.
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Figure 4. Codons under positive selection in primate APOL genes, and

a cluster of rapidly evolving codons on an APOL6 MAD alpha helix. (A) We
used maximum-likelihood-based tests to estimate positive selection in
APOL1, APOL2, and APOL2.1 (combined); APOL3 and APOL4 (combined);
and APOL6. We did not analyze APOL5 due to lack of available sequences.
The genes are shown to scale and are aligned with one another. The
dotted lines show two codons that are under positive selection in both
APOL1/L2/L2.1 and APOL6. Gene coordinates and amino acids are shown
for human genes, and the isoforms shown include APOLT isoform a and
APOL3 isoform1. APOL2.1 is not shown in the figure. Asterisks indicate stop
codons. (B) A group of rapidly evolving codons in the APOL6 MAD tightly
cluster on one face of an alpha helix, the predicted structure for the re-
gion. Rapidly evolving codons are shown in bold. Sites are also shaded
according to hydrophobicity, and the helix has 3.6 amino acids per turn.
The rapidly evolving sites of the MAD are located at the base of a pH-
sensitive hinge structure. The helix appears to be amphipathic, and rap-
idly evolving sites appear to be at the hydrophobic/hydrophilic interface
of the helix. MAD: membrane-addressing domain; SID: SRA-interacting
domain.

that other APOL proteins would interact with antagonists inside of
host cells.

Antagonists like SRA are a common strategy that pathogens
use to enhance infections. Antagonists of host PCD proteins are
especially common in viruses, which presumably benefit from
preventing, or even causing, cell death (Roulston et al. 1999; Hay
and Kannourakis 2002). For example, some viruses encode pro-
teins that are structural mimics of primate BCL2, a pro-survival
protein. Viruses use vBcl-2 proteins to inhibit cell death, in part by
inhibiting pro-death BH3-only proteins like the APOL genes, to
prolong the infection of a cell (Cuconati and White 2002). Other
viruses encode antagonists to cause PCD, which allows them to
spread to other cells in post-PCD membrane-bound vesicles
(Roulston et al. 1999). Pathogenic bacteria and parasites also en-
code cell-death antagonists, notably bacteria of the genus Chla-
mydia that broadly antagonize BH3-only proteins (Fischer et al.
2004).

Based on our findings, we predict there are at least two types
of antagonists of APOL proteins, each with distinct mechanisms:
SID antagonists and MAD antagonists (Fig. 5). We predict that

there are additional SID antagonists, of which SRA is one example,
that interact with the SIDs of various APOL proteins. In each of our
comparisons of APOL genes—APOL1/L2/L2.1, APOL3/L4, and
APOL6—we found rapidly evolving codons in the SID or in the
adjacent N-terminal region. In APOLI, this observation fits our
expectation that interactions like APOL1-SRA have over time led
to positive selection. But there appear to be more SID antagonists
like SRA that are currently unknown that affect APOL proteins on
the inside of host cells.

SRA and other predicted SID antagonists affect the functions
of host proteins differently. SRA prevents pathogen death, while
SID antagonists of intracellular APOL proteins would prevent host
cell death. Hence, we expect to find these SID antagonists encoded
in intracellular pathogens, which would benefit from inhibiting
PCD. Our conclusions lend further support to recent findings
(Molina-Portela et al. 2008) that the SID domain must carry out an

A pH7 pH5
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SRA-interacting sID
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Figure 5. Cartoon model for how MAD and SID antagonists use dis-

tinct mechanisms to cause or prevent APOL6-mediated PCD of host cells.
(A, i) In the absence of pathogen antagonists, we predict that the APOL6
MAD functions like the APOLT MAD during trypanosome infections. That
is, at pH 7 in an endosome, the MAD hinge is in closed conformation with
salt bridges between adjacent alpha helices. At pH 5 in an endolysosome,
the hinge opens and allows APOL1 to dissociate from HDL particles to
form a pore in the lysosomal membrane, killing the trypanosome. An
important difference between APOL1 and APOLS6 is that secreted APOL1
kills trypanosomes, whereas APOL6 is not secreted and induces apoptosis
of host cells. (i) We predict that pathogen antagonists manipulate APOL6
function by interacting at the base of the MAD hinge—a region under
strong positive selection (shown in dark gray). By recognizing this critical
region, antagonists may be able to manipulate APOL6 in different ways.
One possibility is that antagonists promote infections by preventing
APOL6-mediated apoptosis. In this case, antagonists interact with the
MAD hinge to keep it from opening (shown in figure), prolonging in-
fection of the cell. Alternately, antagonists may further infections by
prematurely causing apoptosis. In this case, antagonists could interact
with the MAD base to open it, initiating apoptosis prematurely (not
shown in figure). (B) The trypanosome antagonist SRA binds APOL1 to
prevent APOL1-mediated trypanosome lysis during infections. The same
region of APOL1 that SRA binds, the SID, is under positive selection in
APOL6 (shown in dark gray) and other APOL genes. Hence, we predict
that additional SID antagonists, like SRA but distinct in mechanism from
MAD antagonists, interact with the SID to block APOL-mediated cell
death of host cells during infections.
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essential role in APOL function, else its antagonism by pathogens
would have resulted in simple deletions of the SID domains.

Interestingly, the specific interaction of APOL1 and SRA
appears to be relatively “new.” The secreted form of APOL1, critical
for trypanolysis, is an evolutionary innovation via novel alternate
splicing in primates. In this way, a gene that functioned in host
cell death, possibly as an intracellular defense during infections,
became co-opted to kill pathogens directly. SRA also appears to be
the product of an evolutionary innovation in trypanosomes, in
which a VSG gene encoding a cell-surface antigen underwent
a 378-bp deletion to become an APOL1 antagonist (De Greef and
Hamers 1994; Campillo and Carrington 2003). Although the in-
teraction of APOL1 and SRA is novel in primates, it serves as
a model for how predicted SID antagonists have likely interacted
with APOL proteins throughout simian primate evolution.

Next, we predict that pathogens encode MAD antagonists to
specifically interact with the MAD of APOL6. Unlike other APOL
genes, APOL6 was the only APOL gene with multiple rapidly
evolving codons in the MAD and was not pseudogenized in any
species that we tested. These observations suggest that APOL6 has
a function that is necessary and distinct from the other APOL
genes and may encounter a novel class of antagonist.

The rapidly evolving codons in the APOL6 MAD tightly
cluster on one face an alpha helix. In other immunity genes,
similar clusters interact directly with pathogen proteins. For ex-
ample, in the primate antiviral gene TRIMS5 the viral-capsid
specificity-determining domain is a tightly clustered region of 13
amino acids under strong positive selection (Sawyer et al. 2005).
The rapidly evolving codons in the APOL6 MAD are positioned in
a very curious region—at the base of the hinge. In APOLI, the
MAD adopts a hinge structure that opens when the surrounding
pH changes from 7 to 5, during trafficking from endosome to ly-
sosome. How might MAD antagonists affect APOL6 by binding
the hinge base? One possibility is that antagonists bind the hinge
base to lock the hinge closed (see Fig. 5). This would likely keep
APOL6 from committing its sole known function—initiating ap-
optosis. Alternately, MAD antagonists may bind the hinge base to
open it early, perhaps by cleaving it, causing the cell to initiate
apoptosis prematurely. Since the hinge base has rapidly evolved
throughout simian primate evolution, we would expect to find
MAD antagonists in the pathogens of many primate species.

Other regions of APOL genes, in addition to the MAD and
SID, have also changed rapidly. We identified rapidly evolving
codons in the APOL6 pore-forming domain and in the region
between the MAD and SID in multiple APOL genes (see Fig. 4).
APOL proteins may also interact with antagonists in these regions,
implying that pathogens use diverse mechanisms to interact with
APOL proteins.

The functions of APOL proteins inside host cells are still
largely unknown. They are capable of causing PCD by both the
intrinsic apoptosis pathway (APOL6) and by autophagic death
(APOL1). How these deaths are regulated is not yet known. One
possibility is that APOL proteins directly sense elements of infec-
tions and trigger PCD as a defense. Alternately, APOL proteins may
have a housekeeping role, like other BH3-only proteins, and have
simply been co-opted by pathogen antagonists to cause or prevent
PCD during infections. For example, pathogens like the bacteria
Francisella tularensis may use the APOL proteins to escape lyso-
somal degradation (Checroun et al. 2006). A final alternative is
that APOL proteins kill intracellular pathogens directly, especially
those confined to specific intracellular compartments with host
cells.

We have shown that the APOL gene family experienced dy-
namic evolution in simian primates. These events, however, are
not confined to the past since modern-day primate populations
may harbor important polymorphisms in APOL genes. We found
that APOL6 may have experienced adaptive sweeps during recent
human evolution. In APOL1, loss of function alleles have already
been shown to be clinically important, where homozygous loss
conferred susceptibility to Trypanosoma evansi infections (Van-
hollebeke et al. 2006). The history of strong positive selection on
APOL genes suggests that variants of APOL proteins may be clin-
ically important because they confer resistance, or susceptibility,
to modern-day human diseases.

Methods

Primate DNA sequences

GenBank accession numbers for sequences generated in this study
are FJ177967-FJ178000.

We obtained the DNA sequences and annotation of human
APOL genes from manually annotated entries in GenBank (Lander
et al. 2001; Benson et al. 2008). We used the BLAT tool to obtain
sequences from whole-genome assemblies in the UCSC genome
browser database (http://genome.ucsc.edu/) (Kent 2002; Karolchik
et al. 2008) for the following primate species (assembly dates in
parentheses): chimpanzee, Pan troglodytes (March 2006) (Chimpanzee
Sequencing and Analysis Consortium 2005); orangutan, Pongo
pygmaeus (July 2007) (data not shown); rhesus macaque, Macaca
mulatta (Jan 2006) (Gibbs et al. 2007); white-tufted-ear marmoset
Callithrix jacchus (June 2007) (data not shown). We also obtained
sequences from shotgun-sequenced BAC clones from GenBank
for these species: baboon, Papio hamadryas; owl monkey, Aotus
nancymaae; and ring-tailed lemur, Lemur catta (data not shown).
We obtained sequences from assembling reads from trace archives
in GenBank for lowland gorilla, Gorilla gorilla; and baboon, Papio
hamadryas (data not shown). Our laboratory also obtained DNA
or RNA for sequencing from the Integrated Primate Biomaterials
and Information Resource (IPBIR) (Coriell Institute for Medical
Research, Camden, NJ) for the following species: island siamang
gibbon, Hylobates syndactylus; white-cheeked gibbon, Hylobates
concolor; olive baboon, Papio anubis (APOL6 only); patas monkey,
Erythrocebus patas; African green monkey, Cercopithecus aethiops;
douc langur, Pygathrix nemaeus; kikuyu colobus, Colobus guereza
kikuyuensis; purple-faced langur, Trachypithecus vetulus vetulus;
black-handed spider monkey, Ateles geoffroyi; Bolivian gray titi
monkey, Callicebus donacophilus donacophilus; pygmy marmoset,
Callithrix  pygmaea; red-chested mustached tamarin, Saguinus
labiatus; squirrel monkey, Saimiri sciureus sciureus; and white-faced
saki, Pithecia pithecia pithecia.

DNA from 24 African Americans was obtained from a Human
Variation Panel from Coriell Institute for Medical Research, catalog
no. HD24AA.

Primate gene sequencing and assembly

Genes were amplified by polymerase chain reaction (PCR) using
the PCR Super Mix HiFi Kit (Invitrogen). Reverse-transcriptase PCR
was also performed for some genes using the SuperScript III RT/
Platinum Taq Kit (Invitrogen). We cloned some gene fragments
using the TA-cloning vector pCR2.1 (Invitrogen) prior to se-
quencing. All sequencing was performed by the Sanger method.
Base calling was performed with phred, sequence assembly with
Phrap, and viewing with Consed (Ewing and Green 1998; Ewing
et al. 1998; Gordon 2003). After assembly, we analyzed only those
bases that had phred quality scores of at least q20 (<1% chance
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error). We detected human heterozygotes using PolyPhred version
6.15 (Nickerson et al. 1997) and required at least twice redundant
read coverage at each nucleotide position. All polymorphisms
were confirmed by visual inspection.

Evolutionary analyses

Whole-gene values for dy/ds were calculated by the method of
Comeron (1995) with K-estimator (Comeron 1999). For genes with
more than one known isoform, whole-gene dy/ds analysis was
performed on the following isoforms: APOL1 isoform a, APOL3
isoform 3, and APOL4 isoform 1. The numbers of nonsynonymous
and synonymous changes in primate lineages were estimated using
maximum likelihood analysis in PAML (Yang 1997).

Multiple alignments were made with ClustalW (Higgins and
Sharp 1988) and checked manually for proper alignment (for
alignments, see Supplemental Figs. S6-59). Phylogenetic trees were
estimated by Bayesian inference using Mr Bayes (Huelsenbeck and
Ronquist 2001). The program was run for 1 million generations and
samples taken every 100 generations. We used the following set-
tings: General Time Reversible (GTR) evolutionary model, gamma-
distributed rate variation across sites with a proportion of invariable
sites, and default settings for prior distributions. All other settings
were defaults. Software programs were run locally or using the
website Mobyle (mobyle.pasteur.fr).

Predictions of individual codons that evolved under positive
selection were performed by maximum likelihood using nssites
model comparisons in PAML. To identify positive selection, we re-
quired a significant difference in log likelihoods, by chi-squared
testing, between nested PAML models M1 and M2, and M7 and M8.
Model M1 allows codons to belong to one of two categories of dn/
ds, one with dy/ds < 1 and the other with dy/ds = 1. Model M2 is the
same as M1 except that it adds a third category with dn/ds > 1.
Model M7 allows codons to have dy/ds values according to a beta
distribution (two parameters). Model M8 is the same as M7 except
that it adds a discrete category of dn/ds of with dy/ds > 1. Codons
predicted to be under positive selection were identified by Bayes-
Empirical-Bayes (BEB) analysis. We required that rapidly evolving
codons be predicted in both M1 vs. M2 and M7 vs. M8 model
comparisons with P-values of greater than 0.95. All P-values are
reported from BEB analysis using model M2 because this combi-
nation provided the most conservative estimates of codons that
experienced strong positive selection. Lineage-specific evidence for
positive selection was performed using free-ratio analysis in PAML.

We also used the HyPhy software package (www.datamonkey.
org) to estimate positive selection (Pond et al. 2005). First, we used
the GARD tool to estimate if gene conversion or recombination
had occurred in test sequences (Kosakovsky Pond et al. 2006). Our
parameters to GARD included the HKY85 nucleotide substitution
bias model, a beta-gamma distribution for rate variation, and three
rate classes. If gene conversion was predicted, we tested each gene
segment between putative breakpoints for positive selection, us-
ing a phylogenetic tree constructed specifically for that segment.
To identify particular codons that evolved under positive selec-
tion, we used FEL and REL with the HKY85 model. To identify
whole-gene evidence for positive selection, we used PARRIS with
the HKY85 model. To estimate lineage-specific values of dy/ds we
used GABranch (Pond and Frost 2005). We tested for differences in
positive selection between APOL6 domains with the HyPhy batch
file dNdSDistributionComparisons.bf. We used default values as
starting parameters (shown in Supplemental Fig. $2), and obtained
similar results using random starting values.

We used DnaSP to calculate test statistics for natural selection
from human variation data (Rozas et al. 2003). Tajima’s D mea-
sures the difference between the number of segregating sites in

a sequence alignment and the average number of nucleotide dif-
ferences between pairs of sequences (Tajima 1989). We also used
DnaSP to perform the HKA test (Hudson et al. 1987), in which we
tested all substitutions between compared genes.

To measure the statistical significance of clusters of rapidly
evolving codons, we used a permutation test. For the cluster in the
APOL6 MAD, we measured the probability that five rapidly
evolving codons out of 12 would cluster within 13 sites from
a total of 325 sites. This cluster was also significant if we only
analyzed the MAD (five of five codons clustered within 13 sites
from a total of 67 sites). These tests assumed that all sites tested
were equally likely to have experienced positive selection.

Protein secondary structures were predicted using the soft-
ware Phyre (Bennett-Lovsey et al. 2008).
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