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Abstract. The interleukin-2 receptor (IL-2R) vy
chain, or common ¥y chain (yc), is the hub of a protein
interaction network in the mammalia that is central
to defense against disease. It is the indispensable
subunit of the functional receptor complexes for a
group of interleukins known as the y-chain-depen-
dent interleukins (IL-2, IL-4, -7, -9, -15, and -21). The
ve links these proteins through their interaction with
it and their competition for its recruitment. The yc-
dependent interleukins also interact with each other
to either enhance or suppress expression through
manipulation of expression of receptor subunits.
Given the influence of protein—protein interactions
on evolution, such as those documented for many
genes including the reproductive proteins of the
sperm and egg coat, here we have asked whether
there is a common thread in the evolution of these
interleukins. Our findings indicate that positive
selection has acted by fixing a large number of amino
acid replacement mutations in every single one of
these interleukins, this adaptive evolution is also ob-
served in a lineage-specific manner. Crucially, how-
ever, there does not appear to have ever been an
instance of adaptive evolution in the yc chain itself,
thereby providing an insight into the evolution of this
hub protein. These findings highlight the importance
of adaptive evolutionary events in the evolution of
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this central network in the immune system and sug-
gest underlying causes for differences in defense re-
sponses in the mammalia.
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Introduction

Cytokines typically function as intracellular messen-
gers, mediating their effect via specific receptors on
target cells. The principal functions of these cytokines
include many complementary and many conflicting
roles central to the induction, regulation, and func-
tioning of the immune system in mammals (Kneitz
et al. 1995; Lenardo 1991). Their function is governed
by binding to a receptor bound to a T cell membrane.
The receptor is responsible for transmitting a signal
into the cell upon binding the appropriate ligand.
This results in clonal expansion of T cells and, in
some instances, stimulation of differentiation of T
cells, B cells, NK cells, and myeloid cells (Leonard
1999). The vyc-dependent cytokines bind to the
receptors with varying degrees of affinity, based on
the components of the receptor present (Leonard
1999). The interleukin-2 receptor (IL-2R), consisting
of three subunits (affy), may be present in three
forms: a low-affinity monomeric IL-2R form (o chain
only), an intermediate-affinity dimeric IL-2R form (j



and vy chains), and a high-affinity trimeric IL2R form
(o, B, and vy chains). In order for IL-2 to bind to IL-
2R there is a critical step that involves the binding of
a high-mannose-type glycan, this carbohydrate
binding site in IL-2 has been identified as Asn-26
(Fukushima et al. 2001). This formation induces
cellular signaling and cell proliferation. The inter-
leukins studied here share the signal transducing
polypeptide IL-2Ry or yc (Leonard 1999). The yc is
also used by the 1L-4, -7, -9, -15, and -21 receptors.
Each of these cytokines also have a unique low-
affinity receptor chain, the o chain, that is responsible
for the specificity of the receptor to the particular
cytokine. However, the yc chain implies that the
transmembrane signal is similar for the different
cytokine receptors (Leonard 1999).

There is well-documented evidence of important
protein crosstalk between the yc chain-dependent
cytokines, for instance, IL-7 selectively upregulates
IL-2Ra and B chains (Chou et al. 1999), and IL-2
negatively regulates IL-7 receptor a-chain expression
in activated T lymphocytes while upregulating the
expression of IL-2Ra. (Xue et al. 2002). There are
many similarities and interactions between these
proteins at the level of receptor subunit recruitment
and binding epitopes. The binding epitopes of yc-
dependent cytokines are localized to four loops of the
ve (Raskin et al. 1998). Mutational analysis of murine
vc employing heterodimeric IL-2R and IL-7R on
whole cells suggests that yc epitopes for IL-2 and IL-7
binding overlap and comprise at least three distinct
putative loop segments of the yc protein (Olosz and
Malek 2000). Binding epitope Tyr-103, for example,
of the yc protein is a key ligand-interacting residue
for IL-2, IL-4, and IL-7 and may be a common res-
idue for all yc-dependent receptor systems (Zhang et
al. 2002); others may overlap but need not be the
same (He et al. 1995; Raskin et al. 1998). In addition,
Tyr-103, Cys-161, Cys-210, and Gly-211, previously
shown to contribute to binding IL-2 and IL-7, were
also found to be involved in binding IL-4 and IL-15.
Collectively, these data favor a model in which the yc
chain utilizes a common mechanism for its interac-
tions with multiple cytokines, and the binding sites
are largely overlapping but not identical. Asn-128
and Tyr-103 likely act as contact residues, whereas
Cys-161, Cys-210, and Gly-211 may stabilize the
structure of the proposed ligand-interacting surface
formed by the two extracytoplasmic domains (Olosz
and Malek 2002).

Deletion or mutation of the yc chain of the
receptor complex for these interleukins on the X
chromosome results in severe immunological defects.
Interestingly, the phenotypic effect of the XSCID
disease differs between human and mouse (Mestas
and Hughes 2004). In the human, it has been esti-
mated that a number of mutations in the yc gene
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inhibit function of the immune response. The result in
the majority of situations is a dramatic decrease in the
number of T cells and NK cells, while B cell devel-
opment is normal. However, in yc-null mice, B cell
numbers are greatly diminished (Leonard et al. 1995).
It has also been shown that IL-7R deficiency has
different effects in both systems. In the mouse IL-7R
deficiency blocks both T and B cell development
(Peschon et al. 1994). IL-7R deficiency in the human
only blocks T cell development (Roifman et al. 2000),
leading to the suggestion that B cell development in
the human is independent of IL-7 (Mestas and
Hughes 2004). Clearly there has been a functional
change related to IL-7. In this paper we have exam-
ined the role of natural selection in the evolution of
this immunologically important group of signaling
molecules.

The neutral and nearly-neutral theories of molec-
ular evolution contend that the majority of sequence
change is dictated by random genetic drift (Kimura
1983; Ohta 1992). If this is true, then positive selective
pressures that have been capable of overcoming
random genetic drift are likely to be very rare, but
important. Adaptive evolution of colubine lysozyme
genes permits foregut fermentation in these monkeys
and is responsible for a functional shift in the protein,
specifically an increased pH tolerance and resistance
to digestion by pepsin (Messier and Stewart 1997,
Stewart et al. 1987). Previously evolutionary differ-
ences have been noted at the sequence level between
the human and the mouse (for a recent review see
Emes et al. 2003); these include genes involved in
olfaction (Gilad et al. 2003; Younger et al. 2001),
reproduction (Torgerson et al. 2002), immunity, and
host defense (Mestas and Hughes 2004). These posi-
tive selection events are usually correlated with
functional shifts in those proteins in which we find
these changes. Previous studies have shown that IL-2
is under positive selection (Zelus et al. 2000), how-
ever, we wished to determine in such a close network
of interaction what kinds of selective pressures have
influenced the evolution of these proteins.

Methods and Materials

We created alignments of five of the six known yc chain-dependent
cytokine genes. IL-9 was omitted due to lack of sequence data. For
each of these genes, the species, accession numbers and alignment
lengths are listed in supplementary information Tables la and b.
We have also created alignments of the available receptor se-
quences. These include the yc, the IL-2R B-chain receptor sequence,
and the IL-2Ra-chain receptor sequence. We require a minimum of
three sequences to allow directionality to our analyses with the use
of an outgroup sequence that is more distantly related to the hu-
man and the mouse than they are to each other. These receptor
sequences, species names, accession numbers, and alignment
lengths are also available in the supplementary information. In all
cases, there was at least one human and one mouse sequence. These



610

Table 1. Parameter estimates and likelihood scores for 1L-2
Model P L Estimate(s) of parameter(s) Selected sites*
MO: one ratio 1 —2444.0929 o = 0.592 None
Branch-specific: two ratios
Human 2 —2444.0928 oy = 0.592 None
®; = 31.3095
Primate 2 —2444.0928 oy = 0.592 None
o, = 0.702
Mouse 2 —2444.0090 oy = 0.5825 None
o; = 0.6836
Site-specific
MI: Neutral 1 —2428.9466 po = 0.2723 N.P.
M2: Selection 3 —2424.6353 po = 0, p; = 0.558 None
(p2 = 0.4419), o, = 0.1312
M3: Discrete
K=2 3 —2424.6019 Ppo = 0.4578 (p; = 0.5422) 93 > 50
wo = 0.1422, ®; = 1.0439 20 > 95
K=3 5 —2424.2614 po = 0.4573, p; = 0.5385, p, = 0.0041, 93 > 50
wo = 0.1439, ®; = 1.0517, @, = 999 21 > 95
M7: B 2 —2425.2638 p = 0.3437, g = 0.2409 N.P.
M38: B & © 4 —2424.6349 po = 0.779, p = 0.58, ¢ = 0.7563 None
(p1 = 0.221), ® = 1.3594
Branch site
Human
Model A 3 —2428.9461 po = 0,p1 = 0 (py = 0.2723, p3 = 0.7277) None
Wy = 0
Model B 5 —2424.6014 po = 0,p1 = 0 (py = 0.4578, p3 = 0.5422) None
wy = 0.1422, ®; = 1.0439, @, = 0
Primate
Model A 3 —2428.9462 po = 0.2631, p; = 0.7031 (p, = 0.0092, p3 = 0.0246) None
Wy = 0
Model B 5 —2424.6019 po = 0.4578, py = 0.5422 (p, = 0, p; = 0) 92 > 50
wy = 0.1422, ®; = 1.0439, @, = 0 41 > 95
Mouse
Model A 3 —2423.8316 po = 0.2716, p; = 0.6928 (p, = 0.01, p3 = 0.0256) 4 > 50
W, = 164.3638 2 > 95
Model B 5 —2419.6681 po = 0.4605, p; = 0.5089 (p, = 0.0145, p3 = 0.0161) 35 > 95A
wy = 0.15, ®; = 1.0603, ®, = 176.162 2 > 95F

*N.P., not permitted; A, present in All lineages; F, present in the foreground lineage.

sequences were available in both the GenBank and the Swissprot
databases, thereby maximizing the likelihood of these sequences
being correctly annotated and confirmed. All alignments were
carried out at the amino acid level using the default settings in
ClustalX 1.81 (Thompson et al. 1994), and gap positions were
placed in the nucleotide sequences according to where they were
found in the protein alignment. Phylogenetic trees for the data were
constructed using the maximum likelihood criteria in the PAUP*
program (Swofford 1998). An initial neighbor-joining phylogenetic
tree was constructed and using this tree and maximum likelihood
estimation, the transition—transversion ratio, rate matrix, base
frequency, proportion of invariable sites, and shape of the rate
distribution among sites were estimated. These values were then
fixed and 1000 pseudosamples of the data were created using
the bootstrap method (Felsenstein 1985). Phylogenetic hypotheses
were constructed using these datasets and the results were sum-
marized using a majority-rule consensus method. In all cases all
internal branches were found in greater than 75% of all pseudos-
amples. Branch lengths are indicative of sequence divergence; see
Figs. la—g for phylogenies.

The likelihood ratio test (LRT) was used to evaluate a variety of
models of codon sequence evolution (Yang 1998; Yang and Nielsen
2002; Yang et al. 2000). For all models used in this analysis a
variety of starting o values was taken and InL scores were calcu-

lated for each. The starting ® value that generated the best InL
score was chosen, along with the corresponding parameter esti-
mates. This was repeated a number of times to ensure that the same
InL score was reached. This process reduces the probability of
using a local minimum on the likelihood plane rather than the
global minimum. The LRT proceeds by comparing nested models
of sequence evolution. These models usually allow for variable
nonsynonymous-to-synonymous (dN/dS or ®) ratios among sites,
along different branches of a phylogenetic tree, or in combination.
These models imply that there are a variety of classes of sites in a
given set of aligned sequences and the LRT provides a method of
identifying the model that best describes the evolution of the set of
sequences. One model is usually constrained so that ® < 1. The
more general model allows at least one class of sites to exist where
the o value is dependent on the data. In those cases where the ®
value exceeds unity and the resulting increase in the likelihood
score is significant, we can conclude that positive selection has
occurred. In order to ascertain significance of difference in likeli-
hood score we can compare the likelihood statistic 2A/ with 2,
where v is the number of degrees of freedom and corresponds with
the number of free parameters.

The simplest model (fewest free parameters) is called MO. In
this model it is assumed that there is a single ® value at all sites and
across all lineages. This corresponds to the Goldman and Yang



A Human

611

Gi Human Human
Pig Tailed Macaque Chimp
Rhesus Macaqgue Baboon
Rhesus Macaque
Red Crowned Mangabey
Qlive Baboon Japanese Macaque | Rhesus M e
Ha yast n Red Crowned Mangabey
Nolsy Night Monkey
Common Squirre! Monkey Mouse Mouse
Mongolian Gerbil Pig
Mouse ama
Iohi
Dog Bottle-nosed Dolphin Cow
tlama Sheep
Pig
Sheep Cow Pig
— 0.05 substitutions/site 0.05 substitutions/site
— 0.05 substitutions/site
Human Human lj Cow Human
Rhesus Macaque Sheep
Pig
Alrican Green Monkey Mouse Mouse
Dog
. Mouse
Cat
Pig Cow Cow
Human
L
—( Sheep Mouse |
Cow Pig Rat L———— Dog
—— 0.05 substitutions/site 0.05 substitutions/site ——— 0.05 substitutions/site 0.05 substitutions/site

Fig. 1. Phylogenetic representation of data used in analyses. a, b,
¢, d, e, f, and g are interleukin (IL)-2, IL-4, IL-7, IL-15, IL-21, IL-2
receptor subunit o, and the common 7y chain, yc, respectively. The
IL-2R B phylogeny is not shown, as it represents the relationship of
three sequences and is trivial. Phylogenies were estimated using the
maximum likelihood and all branches had high bootstrap support

(1994) model. Model M1 assumes that there are two classes of
sites—those with an ® value of 0 and those with an ® value of 1.
Model M2 allows for three classes of sites—class 1 have an o value
of 0, class 2 an @ value of 1, and class 3 an ® value that is not fixed
to any value and is estimated from the data. Given the relationship
between M1 and M2, they can be tested for the significance of the
difference of the fit of these two models using an LRT with df = 2.
Model M3 allows all ® values to vary freely. There are two variants
of this model employed in this analysis. The first is where there are
two classes of sites that are free to vary (k = 2) and the second is
where there are three classes of sites (k = 3). M3(k = 2) can be
tested for its fit against MO with df = 2. M3(k = 3) cannot be
tested against any of the other models presented here using an
LRT, however, its empirical comparison with M3(k = 2) can be
interesting if the likelihood score is better.

We have also employed a number of models that use discrete
approximations to continuous distributions in order to model
variability in o at different sites. The first of these, M7, assumes
that variation in ® follows a beta distribution. A total of 10 classes
of sites are assumed to exist and their ® values are constrained to be
between 0 and 1. The second model, M8, allows the existence of

(>75%); these figures are omitted to avoid clutter. The phylogenies
were unrooted for the analyses but are presented here rooted
around the artiodactyl outgroup for clarity. The branch lengths
correspond to the number of substitutions per site; the scale for
each phylogeny is unique and is located below the phylogeny.

another class of site where the @ value is allowed to be greater than
unity. M8 and M7 can be compared with one another using the
LRT with df = 2.

Finally, we used two models that allow the ® value to vary
across sites and across different lineages. The first of these, MA, is a
lineage-specific extension of M1 and the second, MB, is a lineage-
specific extension of M3(k = 2). Both of these branch-site models
can be compared with their site-specific counterparts using the
LRT with df = 2. We identify those individual sites where positive
selection is most likely to have occurred using the empirical Bayes
approach as described previously (Nielsen and Yang 1998).

Results

To avoid repetition in this section, we will detail the
likelihood ratio tests (LRTs) performed on the IL-2
sequence data specifically; see Table 1. All paml re-
sults are given in the supplementary information
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Table 2. Summary of the maximum likelihood model for each alignment (interleukins and interleukin receptors), the number of
parameters estimated (P), the value estimated for the D,,:D; ratio or o, and the proportion (p) of sites with each o value

Likelihood model Positive Number of
Protein (lineage) P Parameter estimates selection sites selected*®
Interleukins
1L-2 Model B (mouse) 5 po = 0.4605, p; = 0.5089, Yes 88 > 50 A
(p2 = 0.0145, p; = 0.0161) 35> 95A
@y = 0.1500, ®; = 1.0603, @, = 176.162 4>5F
2>95F
IL-4 M3:k =2 3 po = 0.6725 (p; = 0.3275) Yes 43 > 50
wy = 0.17, o, = 1.165 16 > 95
IL-7 M3: k=2 3 po = 0.8092 (p; = 0.1908) Yes 26 > 50
w = 0.2928, ®; = 2.6002 7> 095
IL-15 M3:k =3 5 po = 0.701, p; = 0.2922, p, = 0.0068 Yes 38 > 50
w = 0.1259, o, = 1.1321, , = 14.824 11 > 95
IL-21 M3:k =2 3 po = 0.7664 (p; = 0.2336) Yes 20 > 50
wy = 0.2294, ©; = 1.2508 2> 95
Interleukin receptor chains
IL2Ra M3:k =3 5 po = 0.389, p; = 0.5638, p, = 0.0472 Yes 6 > 50
Wy = 0.0948, »; = 0.7776, @, = 1.9854
IL2RB M3:k =3 5 po = 0.6177, p; = 0.3659, p» = 0.0164 Yes 201 > 50
o = 0.1226, 0, = 1.1822, @, = 999 42 > 95
IL2RY or y¢ M3: k=3 5 po = 0.3774, p; = 0.0541, p, = 0.5685 No None

o = 0, 0 = 0.5659, @ = 0.5659

Note. The number of sites estimated using Bayesian statistics as belonging to the positively selected category are listed in the last column;
only those with posterior probabilities >0.95 are considered. The complete list of models and estimated parameters for each protein is listed

in supplementary information Tables 2—8.

*A, present across all lineages; F, present only in the foreground lineage.

(Table 2-Table 8), and the summary is given in Ta-
ble 2. The notation of the models is described under
Materials and Methods. The LRTs performed in-
clude a x> test comparing: (1), model MO with
M3(k = 2),(2) M1 with M2, (3) M7 with M8, (4) M1
with model A, and (5) M3(k = 2) with model B, each
with two degrees of freedom (df), and a comparison
of M3(k = 2) with M3(k = 3). The same LRTs are
performed for all other proteins in this analysis, and
the resulting likelihood model calculated for each
protein is discussed. Initial branch lengths were esti-
mated from codon-based models.

The yc-dependent cytokines are composed of a
common structural framework, the conformationally
stable four-helix bundle, and rapid advances have
been made in relating the structure and function of
these cytokines (Chaiken and Williams 1996). There
are currently 3-D structures available for IL-2 and
IL-4, and a hypothetical structure for IL-7. Those
sites identified in this study as being positively se-
lected (greater than 95% posterior probability) are
plotted on the available structures to give a structural
and functional context for our findings.

I1L-2 Analysis

The results for the analysis of IL-2 are given in Ta-
ble 1. Our initial analysis involved using the original

codon model described by Yang (Goldman and Yang
1994). For this model, denoted MO in all tables, o is
constant for all sites and all positions. Under this
model ® was estimated as 0.59207 (InL =
—2444.0929), indicating that, on average, the ratio of
nonsynonymous substitutions per nonsynonymous
site to synonymous substitutions per synonymous site
is less than unity. This likelihood score is one of the
worst obtained for IL-2, indicating that it is a very
poor fit to the data.

We then examined models of sequence evolution
where the ® value is allowed to vary from site to site
in the alignment. These models are indicated using
the notation M1 to M8 for all proteins analyzed (see
Tables 2-8 in supplementary data and Table 1 here
for IL-2). Model M1 has two classes of sites, one class
where o is fixed at 0, implying that changes at these
sites are unable to occur, and another class of sites
where o is fixed at unity. This model is a poor fit to
the data (InL = -2428.946626). Model M2 is an
extension of M1 and allows an additional class of
sites to exist, with ® estimated from the data. Under
model M2, the likelihood score increases by 4 units
(InL = —2424.6353). This indicates that models that
allow variation across the alignment provide a better
description of the data than models that do not.

The next two models applied use an unconstrained
discrete distribution in order to model variability at
different sites in the alignment. The first of these



models, M3(k = 2), allows two classes of sites to exist
in the alignment. In order to determine whether a
model which allows only one ® value over the entire
alignment is sufficient to describe the evolution of the
protein or whether a more complex model that allows
for either two or three different categories of ® across
the protein are necessary, models M3(k = 2) and
M3(k = 3) are employed. For this reason a second
LRT is performed to compare model M3(k = 2) to
model MO with df = 2. The LRT reveals that
M3(k = 2)(InL = -2424.6019) is significantly better
than model MO0, 2A/ = 38.91518, p < 0.0005, df = 2.
Itindicates that the first class of sites (representing 46%
of thealignment) has an @ of 0.14224, indicating strong
purifying selection, and the second class of sites (54%
of the alignment) has an ® value that is only slightly
greater than unity (1.04). This indicates a relaxed se-
lective constraint on these sites, a small portion of
which may be under positive selection. However, it is
important to note that this is not the likelihood model
for the data. Allowing three classes of sites M3(k = 3),
the likelihood score obtained (InL = —2424.2614) is
not significantly better than the discrete model with
two site classes. If there are sites under strong positive
selection (as calculated by M3[k = 3]), they represent
such a small proportion of the protein that any change
in the resulting likelihood score is insignificant. We see
a significant improvement in likelihood score with the
inclusion of branch site-specific models.

The comparison of the site-specific models M7 and
MS indicate that there is no statistical improvement
in the likelihood score when the LRT is performed,
2Al = 1.25, with df = 2. This is not significant.
However, model M7 indicates there may be a large
proportion of sites (24%) that are selectively uncon-
strained; it is possible that a more suitable model will
find that a small number of these may be positively
selected.

The final category of models used are the branch-
site models described by Yang (Yang and Nielsen
2002). These are designated “model A” and “model
B” (Tables 2-8, supplementary information). Model
A is an extension of the site-specific neutral model
(M1) and can be compared with it using a > test with
df = 2. Treating the human and monkey branches
individually as foreground (see Fig. 1a and Table 1),
the difference in log likelihood is not significant
(2Al = 0.00094, df = 2, and 2A/ = 0.00078, df = 2,
respectively). Treating the mouse branch as fore-
ground, see Fig. 1a, the difference in log likelihood is
highly significant (2A/ = 10.22994, df = 2, p <
0.005). This indicates that site- and lineage-specific
models do provide us with a better description of the
evolution of TL-2.

Model B is an extension of the unconstrained
discrete distribution model M3(k = 2) and can be
compared to it using a x> test with df = 2. We have
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labeled the human, monkey, and mouse branches in
turn to determine if there has been lineage-specific
evolution in any of these taxa. Treating the human
and monkey branches independently as foreground,
the LRT results indicate that model B is not signifi-
cantly better than the discrete models (2A/ = 0.0008,
df = 2, and 2A/ = 0, df = 2, for human and mon-
key branches, respectively), indicating that there are
not lineage-specific evolutionary events detectable in
these linecages. However, we find that the lowest
likelihood score obtained for IL-2 is found using
model B with the mouse branch treated as fore-
ground. Performing an LRT between results for
model B and results for the discrete model,
M3(k = 2), we find that model B is statistically sig-
nificantly better at the 1% significance level
(2Al = 9.8675, df = 2, p < 0.01). This model also
indicates that some sites are evolving under the in-
fluence of positive selection, specifically in the mouse
lineage. A total of 51% of the sites in the IL-2 data set
are unconstrained in their evolution, with an ® value
of 1.06, and 3% of sites are evolving under strong
positive selection, @ = 176, in the mouse lincage
only; see Table 2 for a summary of the likelihood
model. The inference is that the IL-2 protein has been
under increased positive selective pressure in the
mouse lineage.

Using Bayesian estimations we have identified 35
sites for IL-2 that are under positive selection with
greater than 0.95 posterior probability. These can be
seen in Fig. 2a. The carbohydrate recognition site
Asn-26 (volume of 114.1 A? and surface area of 160
Az) is one of these positively selected sites. In the IL-2
alignment the Asn-26 site is highly conserved across
all monkey species used and is also identical in the
dog. In the rest of the phylogeny we observe vari-
ability at this site. In the rodent and artiodactyla, this
amino acid residue is highly variable. In the mouse
linecage the substitution at position 26 is for a serine, a
tiny polar amino acid with a volume of 89.0 A’and a
surface area of 115 A?, therefore representing a rad-
ical substitution in the mouse lineage. In the pig and
llama lineages, position 26 is a lysine, this is a posi-
tively charged nonpolar amino acid with a volume of
168.6 A3 and a surface area of 200 1&2, overall quite
similar in size and surface area to Asn. The other
artiodactyl in the data set, the sheep, has a glutamate
in position 26 which has a volume of 138.4 Aand a
surface area of 190 A2 and is a polar charged amino
acid. The substitution in the rat and gerbil lineages is
for an arginine, a positively charged polar residue
with a volume of 173.4 A® and surface area of 225 A2
that is physicochemically very similar to the lysine
substitution in pig and llama. The most radical of all
of these substitutions occurs in the mouse lineage, at
a site that is known to be critical to the function of
carbohydrate recognition.
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Fig. 2. The 3-D backbone structures of IL-2 (a, b) and IL-4 (c, ¢).
For a and c, all sites evolving under negative or neutral evolution
are dark colored and those under positive selection are light col-
ored. For b, d, and e, sites involved in binding are light colored,
while all other sites are dark colored. (a) IL-2 positively selected

Previous work on the IL-2/IL-2R complex has
identified a region 16 codons long responsible for
binding to the receptor (Bubenik et al. 1987); these
sites are highlighted in Fig. 2b. Of these 16 amino
acid residues, 4 are identified here as having
undergone positive selection. The binding sites of
these interleukins interact with the yc chain by the
first and fourth helical domains of IL-2 (Rose et al.
2003). Of the 35 positively selected amino acids, 8
are located in the first helix (A) and 2 are located
in the last helix (D). This represents almost a third
of all those positively selected sites. Earlier studies
also suggested an interaction between these regions.
Robb (1985) determined that amino acids at or
near positions 8-27 and 33-54 are responsible for
binding IL-2 to IL-2R. We have identified nine
amino acids in this region as having undergone
positive selection.

sites. (b) IL-2 receptor binding sites. (¢) IL-4 positively selected
sites; this view is rotated slightly to maximize the visualization of
sites under positive selection. (d) IL-4 yc-chain binding epitopes. (e)
IL-4 species-specific receptor-chain binding arms.

The same procedures and LRT tests were carried
out for the remaining yc-dependent interleukins and
the receptor sequences. What follows is a description
of the maximum likelihood model that best fits the
data for each interleukin and receptor chain ana-
lyzed; these are summarized in Table 2. (See Ta-
bles 2-8 supplementary information for all parameter
estimates.)

1L-4 Analysis

The likelihood model for IL-4 is the discrete model
with two site classes (M3[k = 2]) (see Table 2), the
phylogeny used is described in Fig. 1b. Under this
model, both proportions of sites and ® values are
estimated from the data. It is estimated that 67% of
the sites in the IL-4 protein are under purifying



selection with an ® value of 0.1697 and 33% of sites
are under positive selective pressure with an ® value
of 1.16; see Table 2. Using Bayesian statistics there
are 17 sites with posterior probabilities of being
positively selected of greater than 0.95. The LRT test
of M7 and M8 shows that M8 is a significantly better
fit to the data (2Al = 5.95,df = 2, p < 0.10). Model
MBS finds 32% of the sites in the alignment are under
positive selection (o = 1.18) and also identifies a
small proportion of these, 3%, or 15 sites, that have a
high probability of having undergone strong positive
selection (m = 3.07).

The 3-D structure of IL-4 has been established
(Walter et al. 1992). The 17 amino acids identified as
having undergone adaptive evolution in IL-4 are
highlighted in Fig. 2c. Of the 17 sites identified, 5 of
these are located on either helix A or C. The binding
epitope of IL-4 for IL-4Ra has been determined as a
set of side chains determining the dissociation rate,
Glu-9 and Arg-88 surrounded by five side chains (Ile-
5, Thr-13, Arg-53, Asn-89, and Trp-91) of lower
importance, and a partially overlapping set deter-
mining the association rate constant formed by five
positively charged residues on helix C, Lys-77, Arg-
81, Lys-84, Arg-85, and Arg-88 and two neighboring
residues on helix A (Glu-9 and Thr-13). Of the pos-
itively selected sites, residue 12 is in close proximity to
positions 9 and 13, both of which play an important
role in a-chain receptor binding. Position 85 is under
positive selection and forms part of this binding
epitope for the o receptor chain; position 86 is also
under positive selection. Position 89 is under positive
selection; it forms part of the surrounding five side
chains for binding to the IL-4 receptor and a neigh-
boring amino acid 88, which is involved in binding to
the o chain. There are a number of amino acid resi-
dues that are under positive selection and that flank a
helix domain, for example, positions 32 and 34 mark
the start and end of the B1 helix, position 58 marks
the end of the B2 helix, and position 110 is the first
amino acid of the D helix and all are under positive
selection.

Residues important for receptor a-chain binding
have been located on the antiparallel helices A and C
(Kruse et al. 1993; Ramanathan et al. 1993). For
mouse, it has been determined that the amino-ter-
minal 16 residues and the carboxy-terminal 20 resi-
dues of I1L.-4 are required for species-specific receptor
(a~chain) binding as well as T cell proliferation
(Morrison and Leder 1992). These residues are
highlighted on the IL-4 structure in Fig. 2e. A major
proportion of the amino acid sequence between these
regions can be substituted between human and mouse
without any loss of receptor binding or biological
function/activity (Morrison and Leder 1992). Glu-12,
Ile-14, Leu-104, Asp-106, Phe-107, and Leu-111 bear
side chains that are critical to IL-4 function. Glu-12 is
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under positive selection in our data set, as is position
110. A small number of sites responsible for the
binding of IL-4 to the yc chain have been determined
to date (Zhang et al. 2002) (see Fig. 2d), one of which
(position 128) is within a distance of three amino acid
residues of a positively selected amino acid.

I1L-7 Analysis

For IL-7 the best model was the site-specific discrete
model M3(K = 2); see Table 2 for a summary of
the likelihood model and Fig. 1c for the phylogeny
used. The results of this model are also supported by
the LRT test between M7 and M8 (2A/ = 6.45,
df =2, p < 0.05). Model M8 is a significantly
better fit to the IL-7 data than M7, and it predicts
that ~14% of the protein is under positive selection
with an ® value of 3.07. Model M8 also identifies
two amino acid positions under positive selection,
these positions are 71 and 79 and are both located in
the C helix of the protein. Under the M3(k = 2)
model, it is estimated that there are 81% of the sites
under strong purifying selection, with o estimated as
0.2928, and 19% of sites under positive selection,
with an o estimated as 2.6. Using Bayesian statistics,
26 sites are classified as having a >0.5 posterior
probability of belonging to the positively selected
class of sites across all lineages, and 7 of these sites
(including those identified using model MS) are
classified as having a >0.95 posterior probability.
As only seven sites in our analysis had >0.95 pos-
terior probability, we do not include the 3D struc-
ture here, but supply a brief summary of their
location. The sites in question are located only on
the helices of the IL-7 protein, three sites in helix A,
two sites in helix B, one site within helix C, and one
site in helix D. The helices are known to be
important for receptor binding from studies of other
members of this group of cytokines.

IL-15 Analysis

For IL-15, the phylogeny used is shown in Fig. 1d
and the likelihood model is the site-specific discrete
model with three site classes, M3(k = 3). Under this
model (Table 2), there is a large portion (70%) of the
alignment under strong purifying selection
(o = 0.1259), 29% of sites have a relaxed selective
constraint with an ® value of 1.13 and the final class
of sites estimated from the data has an ® value of
14.82. However, this is a tiny proportion of sites
(1%). 1t is estimated from Bayesian statistics that 38
specific sites have a >0.5 posterior probability of
belonging to the category of amino acids with an ®
value of 1.13, and of these, 11 have >0.95 posterior
probability of being in the positively selected category
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with an ® value of 14.82. The LRT test of M7 versus
MS reveals that M8 is a better fit to the IL-15 data at
the 10% significance level (2A/ = 5.54, df = 2, p <
0.10), but not at the 5% level, which has a critical
value of 5.99. Model M8 indicates that a small pro-
portion (1%) of the protein is under strong positive
selection @ = 13.48. Very few data exist concerning
the residues on IL-15 involved in the binding of the
various receptor subunits. However, it is thought that
binding sites for IL-15 and IL-2 may be similar for
IL-2RB and yc subunit binding (Pettit et al. 1997).

IL-21 Analysis

The maximum likelihood model for IL-21, is
M3(k = 2), the phylogeny used is described in
Fig. le. Under this model (Table 2), it is estimated
that 77% of sites in the IL-21 protein are under
purifying selection with an ® value of 0.22944, and
23% of sites under a positive selection with an ® value
of 1.25. From Bayesian statistics it is estimated that
20 sites have >0.5 posterior probability of being
under positive selection, 2 of these sites with strong
support (0.95 posterior probability). However, the
LRT test of M7 (InL = —-1223.225) versus MS§
(InL = —1222.949) does not describe a statistically
significant increase in InL for M8. M8 estimates that
a large amount of the protein sequence, ~23%, is
under positive selective pressure (o = 1.25); a slight
increase in InL is apparent.

Sufficient data exist for the yc chain and the IL-
2Ra and P chains; the phylogenies used for IL-2Ra
and yc are shown in Figs. 1f and g, respectively. As
there are only three sequences for IL-2R, the phy-
logeny is trivial and is not shown.

IL-2Ro Analysis

For IL-2Ra, the best model tested for site specific
change was the discrete model with three site classes
(M3[k = 3]), as outlined in Table 2. Under this
model there are three categories of sites with ® values
estimated from the data. Strong purifying selection is
detected in 39% of the sites in the o chain with an ®
value of 0.0948, 56% of the sites are under weak
negative selection with an o value of 0.77758, and 5%
of the sites are under positive selection for change
with an o value of 1.94. There are six sites selected
using Bayesian statistics as having >0.5 posterior
probability of being under positive selection; these
are at positions 20, 66, 68, 177, 178, and 200 in the
amino acid sequence. Position 20 is at the end of the
signal domain of IL-2Ra, positions 66 and 68 are just
before the carbohydrate binding position, which is
amino acid 70, positions 177 and 178 are part of the

second Sushi domain, and position 200 is potentially
part of the extracellular domain. The Bayesian sup-
port for these sites is very low and so must be treated
with caution. Although not statistically significant,
there is an increase in InZ when MS is compared to
M7. Perhaps because the number of amino acids (4%
of sites) showing evidence of positive selection
(0 = 1.94) does not comprise a large enough portion
of the overall alignment that any addition of
parameters is not justified mathematically, M7 is
chosen as the more likely model for the data. M7
describes the B distribution of of ® values among sites
as having a large portion of amino acids with o val-
ues close to 0, a large portion of the protein with ®
values close to unity, and the remainder distributed
evenly between the two extremes.

IL2RB Analysis

The results for IL2Rp also indicate positive selec-
tion at work on this chain of the receptor complex
(Table 2). The best model following LRT calcula-
tions M3(k = 3). The LRT test between M7 and
M8 also indicates positive selection (2A/ = 13.426,
df = 2, p < 0.001). Under model M8, 2% of the
protein has signatures of positive selection. Under
model M3(k = 3), 61% of the sites are estimated to
have an ® value of 0.12264 and are under strong
negative selection, 37% of the sites have an ® value
of 1.18, and 2% of the sites (11 sites) are under
strong positive selection with an ® estimated at 999.
These 11 sites include positions 4, 105, 342, 345,
388, 455, 515, 517, 520, 522, and 528. Position 4 is
part of the signal sequence and position 106 marks
the end of a strand region of the protein. The
remaining nine amino acid positions all fall within
the cytoplasmic domain of the protein and are in
close succession on the protein sequence. It is pos-
sible that the large proportion of sites (37% of the
protein) with ® values slightly greater than 1 rep-
resents a cohort of sites in the IL2RP protein that
allow for a compensatory effect against those radi-
cal or diversifying substitutions that are positively
selected. In total, there are 42 sites identified as
positively selected with a posterior probability of
0.95 using Bayesian statistics. Of these 42 sites, 2
are part of the signal domain for IL2RJ, 27 are
part of the cytoplasmic domain, 5 are part of the
fibronectin type-III domain, position 31 is only 2
positions from the carbohydrate binding site and is
under positive selection, 5 sites are at the start of
strand domains in the secondary structure of this
protein, 1 site is at the end of a turn, 4 sites are in
the spaces between strands, and 1 site is between a
strand and a helix. Position 266 is under positive
selection and is the first amino acid position after
the transmembrane domain, and position 219 is the



last site before the WSXWS motif. The only do-
main of the IL2RB protein without any positively
selected site present is the transmembrane domain.
The lack of positive selection in the transmembrane
domain perhaps indicates the chemical constraint
on amino acids that span the membrane and high-
lights the importance of the signal transducing do-
main. Alternatively this region could have no
neutrally evolving sites.

vc Analysis

The best model tested for the yc chain is the discrete
model with two site classes (M3[k = 2]), as outlined
in Table 2. Under this model it was estimated that
38% of sites are under very strong purifying selection
with an o estimated at 0.00001, and the remaining
62% of sites are under slightly weaker purifying
selection, with an ® value estimated at 0.56591. These
results indicate that any change in the yc chain of the
receptor is selected against. The LRT test between
M7 (InL = -3185.508) and M8 (InL = —3185.095)
shows M7 to be the better model. M7 also supports
this strong purifying selection, describing a 3 distri-
bution with the majority of sites in the protein with
very low o values (<0.25).

The results show that of all the known yc-depen-
dent cytokines (with the exception of IL-9 which will
involve further sequencing before analysis of this
kind can be carried out) and receptor sequences, all
show evidence of positive selection, either in a branch
site- or in a site-specific manner with the one excep-
tion of the hub protein, yc, which is under strong
purifying selection in all mammalian lineages tested
and across all sites.

Discussion and Conclusion

We have identified heterogencous selective pressures,
including positive selection, relaxation of selective
constraints, and purifying selection in the yc-depen-
dent cytokines and the receptor chains tested. How-
ever, for the yc there is evidence of strong purifying
selection. The overwhelming majority of positively
selected sites in the ligands occurs in those regions
known to be involved in binding to the receptor
complex. We therefore believe that the selective
pressure at work in this network involves a more
efficient and competitive binding and attraction of
receptor chains by the cytokines. As the yc is the
central protein in this protein interaction network, it
is under a strong selective pressure to remain un-
changed. All other proteins in the network compete
for the recruitment of the yc and we suggest that, in
doing so, have become subject to positive selection
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for change. We have found IL-2 to exhibit a relaxed
selective constraint across all of the mammalian
species tested, with a total of 51% of the sites with an
o value of 1.08. There is a small proportion of sites
(3%) in IL-2 under positive selection in the mouse
linecage alone with an ® value of 163. We have iden-
tified 22 sites belonging to the positively selected
category, one of which (Asn-26) is the carbohydrate
binding site of IL-2 which is responsible for the initial
binding of IL-2 to a high mannose-type glycan; this is
the first step in the binding of IL-2 to the receptor.
The Asn-26 position is present in all primate species
and in dog, but this position is highly variable among
the rest of the phylogeny, with the most radical of all
the substitutions at this position occurring in the
mouse lineage (Asn to Glu).

A significant proportion of all those sites identified
as being under positive selection in IL-2 is located in
regions of the protein involved in receptor binding. It
is of particular interest in this light that a statistically
significantly large portion of these sites found to be
under positive selection is located in those regions
important for binding to the B and yc chains of the
receptor. Of the 35 sites identified using Bayesian
statistics as belonging to the positively selected cate-
gory, 8 are located in helix A of IL-2 including the
previously mentioned carbohydrate binding site,
Asn-26. The A helix of IL-2 is known to play a role in
the binding of the yc and B chains. In total, 25 amino
acids of 35 under positive selection are located on
helices, the majority of which are on helices A, B, and
C. There are also a number of positively selected
amino acids occurring at regions flanking domains;
these sites may have a central role in defining a new
conformation.

II-2Ra and P exist in part as preformed com-
plexes in which the affinity of IL-2Rp for IL-2 is
altered by the proximity of IL-2Ra through mech-
anisms that do not require the prior binding of IL-2
to IL-2Ra (Roessler et al. 1994). Both of these su-
bunits effect IL-2 regulation and affinity by inter-
acting and binding to each other, and we have
identified positive selection in both of these. There
is evidence that ligand-dependent receptor internal-
ization may be the rate-limiting step controlling the
duration of IL-2R signaling; a reduction in the
receptor internalization rate could contribute to the
observed response enhancement (Chang et al. 1996).
Previous analysis of the IL-2R[ chain has revealed
a region between the two Stat5 docking sites in the
IL-2RB chain that mediates signaling events that,
together with Stat5 activation, are essential for the
stimulation of IL-2Ra gene transcription (Imbert et
al. 2002). This region is between position 392 and
position 510 of the IL2Rp chain; we have found 10
positively selected amino acids (~10%) in this re-
gion. Perhaps, a more reduced rate of internaliza-
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tion and therefore more enhanced IL-2R signaling
as well as more efficient IL-2Ra transcription have
resulted from the functional shift produced by po-
sitive selection in these proteins. Equally important,
the IL-2 protein itself has undergone positive
selection in the regions responsible for receptor
binding, demonstrating a complementary effect in
the evolution of ligand and receptor.

It is perhaps of no surprise to find positive selec-
tion in IL-4, as it has already been observed that
positive selection drives the regulation of this gene in
human populations (Rockman et al. 2003). Positive
selection on the IL-4 promoter has had the effect of
altering the whole balance of interactions within the
immune system by eliciting a threefold higher
expression in the human lineage, and now we have
found that the protein itself is under positive selec-
tion. This protein is known to play a central role in
viral infection. For IL-4, of the 16 amino acids
identified as belonging to the positively selected cat-
egory, 5 are located on either the A or the C helix.
These helices are involved in binding to the receptor.
A number of individual amino acids directly involved
in binding to the a-chain receptor are under positive
selection. In those cases where we have analyzed the
results in a structural framework, there is a large
proportion of sites under positive selection that are at
the start or end of domains such as helices or strands.
These regions are conformationally important and
may play a role in altering function by changing
structure; it has previously been shown that a single
amino acid substitution can alter the antigen-binding
specificity of a protein (Rudikoff et al. 1982).

The results from the IL-7 analysis are interesting in
light of the known differences in functionality of this
protein in the human and mouse species. Positive
selection is supported by a number of models across
the mammalian phylogeny, and the sites under posi-
tive selection directly correspond to regions believed
to be involved in receptor binding. It is possible that
the functional shift predicted to have occurred in
these specific regions could have contributed to the
development of an IL-7-independent B cell develop-
ment in the human lineage. To date, very few data
exist for residues in the IL-15 and IL-21 proteins that
are involved in receptor binding, but preliminary
studies suggest the regions in which we have found
positive selection correspond to regions involved in
receptor binding.

Analysis of the IL-2Ra, -B, and -yc of the receptor
complex shows that both the o and the B chains are
under positive selection and the yc is under negative
selection. This perhaps makes sense as the yc is in-
volved in so many other interactions that a change in
this one protein would have a huge effect in the
overall protein interaction pathway (Goh and Cohen
2002). It was found that in the IL2Ra protein, all the

positively selected sites are located in regions other
than the transmembrane domain, including sites in
extremely close proximity to the carbohydrate bind-
ing position. In the IL-2R analysis sites again very
close to the carbohydrate binding position were
identified as being under positive selection; the only
domain of this protein that does not show evidence of
positive selection is the transmembrane domain. This
may be due to the constraint placed on this region of
the protein due to its importance in anchoring of the
receptor subunits. We have found 10% of the sites in
the gene transcription regulatory region of IL2Rp to
be under positive selection. This is likely to have a
significant biological impact.

The results presented here suggest a general po-
sitive selective pressure acting on a whole network
of interacting proteins. The only protein in the
network that is under strong purifying selection is
the protein at the hub of this network, thus show-
ing that selective pressure on the central protein in
the network is greater than that of the interacting
and competing proteins. This may be driving the
functional shifts within the cell-to-cell communica-
tors of the mammalian immune system. We believe
the findings in this study show that the mechanism
driving the evolution of these cytokines and recep-
tors is the competition for recruitment of the yc and
is strongly related to ligand-receptor binding and
affinity.
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Supplementary Information: Tables 1-8

O’Connell_Table 1(a):

Gene Human

Mouse

Other Species_Acc

Length bp

Interleukin-2 S77834
(IL-2)

Interleukin-4 M23442

(IL-4)

Interleukin-7 J04156

(IL-7)

Interleukin-15 U14407
(IL-15)

Inteleukin-21
(IL-21)

BC066262

AF195956

M25892

X07962

U14332

AF254070

HBABOON_U88365
OBABOON_AY?234220
NNMONKEY_U88362
SMONKEY_AF294755
DOG_D30710
LLAMA_AB107651
PIG_X56750
GERBIL_X68779
RAT_M22899
SHEEP_A19169
MANGABEY_U19846
PTMACAQUE_U19852
RMACAQUE_U19847
GIBBON_K03174
CHIMP_AY 130260
CEMACAQUE_AB000515
RMACAQUE_AY376144
MANGABEY_U19838
PIG_X68330 LLAMA_ABI107648
DOLPHIN_AB020732
SHEEP_AF172168
COW_M77120
CERCOPITH_AF541946
RMACAQUE_AF401221
SHEEP_U10089
COW_X64540
PIG_AB035380
RMACAQUE_U19843
AGMONKEY_U03099
PIG_U58142
SHEEP_AF149700
COW_U42433
COW_AB073021
PIG_AB073020

515

471

534

489

534

O’Connell_Table 1(b):

Receptor gene

Human

Mouse

Other Species_Acc

Length bp

Gamma chain
(vo)

IL-2R alpha chain
(IL-2Ra)

IL-2R beta chain
(IL-2RB)

D11086

X01057

M26062

D13821

K02891

M28052

COW_U33748
DOG_U04361
COW_M20818
DOG_AF056491
CAT _D16143
PIG_U78317
RAT_M55049
SHEEP_Z11560
RAT_M55050

1167

852

1671




O’Connell_Table 2: Paml results for 1L-4

Model P L Estimates of parameters Positively selected sites
MO: one ratio 1 -1976.2056 o = 0.3952 None
Branch-specific Human
Two-ratios 2 —1976.2056 oy = 0.3952 None
o) = 29.363
Branch-specific Mouse
Two-ratios 2 —-1976.1251 oy = 0.4061 None
o; = 0.3518
Site-specific:
MI:Neutral 1 —1969.4257 po = 0.2517 N.P.
M2:Selection 3 —1951.5432 po = 0.06, p; = 0.3445 None
(p2 = 0.5955), ©, = 0.1783
M3:Discrete (K = 2) 3 —1951.4458 po = 0.6725, (p; = 0.3275) 43 > 50
wy = 0.1697, ®; = 1.1650 17 > 95
M3:Discrete (K = 3) 5 -1951.1776 po = 0.0755, p; = 0.6206, p, = 0.3038, 37 > 50
wy = 0, o = 0.2092, @, = 1.2126 13 > 95
M7: Beta 2 —1954.4061 p = 0.5708, q = 0.759 N.P.
MS8: Beta&Omega 4 —1951.4299 po = 0.6832, p = 8.3097, q = 38.24 41 > 50
(p1 = 0.3168), ® = 1.1827 15 > 95
Branch-site Human
Model A 3 —1969.4252 po = 0,p1 = 0, (p2 = 0.2517, p3 = 0.7483) None
0y = 0
Model B 5 —1951.4454 po = 0,p1 = 0, (p2 = 0.6725, p; = 0.3275) None
g = 0.1697, ®; = 1.165, @, = 0
Branch-site Mouse
Model A 3 —-1963.4261 po = 0.2462, p; = 0.4842, 34 > 50
(p2 = 0.0908, p3 = 0.1787) 1 >95
my = 149.8492
Model B 5 —1949.4646 po = 0.5876, p; = 0.2442, 32 > 50 A
(p2 = 0.1188, p3 = 0.0494) 15> 50 F

o = 0.1719, ®; = 1.2076, 0, = 97.3073

N.P. = Not Permitted, A = present across all lineages, F = present in the foreground lineage.
LRT Tests for IL-4:

For 2 degrees of freedom the critical value is 5.99.

MO v M3(K = 2): 2(1976.2056 — 1951.4458) = 49.5196, df = 2, p < 0.0005 => significant.
M3k = 2) v M3(k = 3): (1951.4458 — 1951.1776) = 0.2682 => not significant.

M1 v M2: 2(1969.4257 — 1951.5432) = 35.765, df = 2, p < 0.0005 => significant.

M7 v M8: 2(1954.4061 — 1951.4299) = 5.95,df = 2, p < 0.10 => significant at 10% level.
M2 v Model A (Human): M2 < MA => not significant.

M2 v Model A (Mouse): M2 < MA => not significant.

M3(K = 2) v Model B (Human): 2(1951.4458 — 1951.4454) = 0, df = 2 => not significant.
M3 (K = 2) v Model B (Mouse): 2(1951.4458 — 1949.4646) = 3.96, df = 2 => not significant.



O’Connell_Table 3: Paml results for I1L-7

Model P L Estimates of parameters Positively selected sites

MO: one ratio 1 -1516.1135 o = 0.5587 None

Branch-specific Human

Two-ratios 2 -1515.7939 oy = 0.5782 None
o; = 0.3063

Branch-specific Cetartiodactyla

Two-ratios 2 -1515.9772 oy = 0.5359 None
o; = 0.7845

Branch-specific Mouse

Two-ratios 2 -1513.6756 my, = 0.741 None
o; = 0.318

Site-specific:

MI:Neutral 1 —-1505.1027 po = 0.4072 N.P.

M2:Selection 3 -1502.7111 po = 0.3812, p; = 0.5601 7 > 50
(p> = 0.0587), m, = 5.1805 0>95

M3:Discrete(K = 2) 3 —1501.6984 po = 0.8092, (p; = 0.1908) 26 > 50
@y = 0.2928,0; = 2.6002 7 > 95

M3:Discrete(K = 3) 5 —1501.4962 pPo = 0.208, p; = 0.6506, p, = 0.1414, 19 > 50
oy = 0, ® = 0476, ®, = 3.0735 5>095

M7: Beta 2 —-1504.9389 p = 0.107, q = 0.0893 N.P.

M&8: Beta&kOmega 4 —1501.5665 po = 0.8625, p = 1.0374, q = 1.7427 18 > 50
(p1 = 0.1375), ® = 3.0725 2 > 95

Branch-site Human

Model A 3 —-1503.6347 po = 0,p; = 0, (p2 = 0.4213, p5 = 0.5787) None
w, = 0.2649

Model B 5 —1499.9629 Po = 0, p; = 0, (p2 = 0.8044, p; = 0.1956) None
@y = 0.2896, o; = 2.8702, @, = 0.2531

Branch-site Cetartiodactyla

Model A 3 —-1503.9870 Po = 0.4009, p; = 0.5466, 5> 50
(p> = 0.0222, p; = 0.0303) 0> 95
w, = 22.13%4

Model B 5 -1501.3227 po = 0.7893, p; = 0.1757, 22 > 50 A
(p> = 0.0286, p; = 0.0064) 2>95A
oy = 0.2822, ®; = 2.5955, @, = 10.1859 1 >50F

Branch-site Mouse

Model A 3 —1504.4557 po = 0.404, p; = 0.5757, 1> 50
(p> = 0.0084, p; = 0.0120)
o = 998.9776

Model B 5 —1500.9655 po = 0.8034, p; = 0.1791, 22 > 50 A
(p2 = 0.0143, p3 = 0.0032) 4>95A
@y = 0.2957, o, = 2.7111, @, = 999* 1 >50F

* Values of ® = 999 represent the limit of this method and are indicative of no silent substitutions.
N.P. = Not Permitted, A = present across all lineages, F = present in the foreground lineage.
LRT Tests for IL-7:
For 2 degrees of freedom the critical value is 5.99.
MO v M3(K = 2): 2(1516.1135 — 1501.6984) = 28.83, df = 2, p < 0.0005 => significant.
M3k = 2) v M3(k = 3): (1501.6984 — 1501.4962) = 0.2022 => not significant.

M1 v M2: 2(1505.1027 — 1502.7111) = 4.7832, df = 2 => not significant.

M7 v M8: 2(1504.9389 — 1501.5665) = 6.7448, df = 2, p < 0.05 => significant.

M2 v Model A (Human): M2 < MA => significant.
M2 v Model A (Mouse): M2 < MA => significant.
M3 (K = 2) v Model B (Human): 2(1501.6984 — 1499.9629) = 3.471, df = 2 => not significant.

M3(K = 2) v Model B (Mouse): 2 (1501.6984 — 1500.9655) = 1.4658, df = 2 => not significant.
M3(K = 2) v Model B (Cetartiodactyl): 2(1501.6984 — 1501.3227) = 0.7514, df = 2 => not significant.



O’Connell_Table 4: Paml results for I1L-15

Model P L Estimates of parameters Positively selected sites
MO: one ratio 1 -1512.0104 o = 0.3825 None
Branch-specific Human
Two-ratios 2 —1511.8633 wy = 0.3761 None
®; = 0.9487
Branch-specific Primate
Two-ratios 2 —1511.2701 oy = 0.4022 None
o; = 0.1538
Branch-specific Mouse
Two-ratios 2 —1511.3572 o = 0.4393 None
®; = 0.2974
Site-specific:
MI:Neutral 1 —1498.2159 po = 0.4828 N.P.
M2:Selection 3 —1495.0662 po = 0, p; = 0.3265 None
(p2 = 0.6735), @, = 0.1061
M3:Discrete(K = 2) 3 —1494.3282 po = 0.7632, (p; = 0.2368) 31 > 50
w = 0.1534, ®; = 1.4418 11 > 95
M3:Discrete(K = 3) 5 —1492.6356 po = 0.701, p; = 0.2922, p, = 0.0068, 38 > 50
® = 0.1259, ®; = 1.1321, o, = 14.824 11 > 95
MT7: Beta 2 —1496.0306 p = 0.2244, q = 0.3382 N.P.
MS: Beta&Omega 4 —1493.2649 po = 0.9925, p = 0.2521, q = 0.3865 1 >95
(p1 = 0.0074), ® = 13.8279
Branch-site Human
Model A 3 —-1498.2159 po = 0.4828, p; = 0.5172, None
(p2 = 0,p3 = 0)
Wy = 0
Model B 5 —1494.3282 po = 0.7632, p; = 0.2368, 30 > 50 A
(p2 = 0.ps = 0) 11> 95
Wy = 0.1534, ®; = 1.4418, 0, = 0
Branch-site Primate
Model A 3 —1496.6848 po = 0.1391, p; = 0.1525, None
(p2 = 0.338, p3 = 0.3704)
wy; = 0
Model B 5 —-1493.1851 po = 0.2515, p; = 0.0789, 4 >50A
(p2 = 0.5097, p3 = 0.1599)
@ = 0.1612, ®; = 1.5413,
wy; = 0
Branch-site Mouse
Model A 3 —1496.5228 po = 0.2917, p; = 0.2835, None
(p2 = 0.2154, p; = 0.2094)
®, = 0.1708
Model B 5 —1494.3282 po = 0.7632, p; = 0.2368, 30 >50 A
(p2 = 0,p3 = 0) 11 >95A

® = 0.1534, o; = 1.4418, o, = 0.8498

N.P. = Not Permitted, A = present across all lineages, F = present in the foreground lineage.
LRT Tests for IL-15:

For 2 degrees of freedom the critical value is 5.99.

MO v M3(k = 2): 2 (1512.0104 — 1494.3282) = 35.3644, df = 2, p < 0.005 => significant.
M3k = 2) v M3(k = 3): (1494.3282 — 1492.6356) = 1.6926 => significant.

M1 v M2: 2(1498.2159 — 1495.0662) = 6.2994, df = 2, p < 0.05 => significant.

M7 v M8: 2(1496.0306 — 1493.2649) = 5.53, df = 2, p < 0.10 => significant at 10% significance level.
M2 v Model A (Human): M2 < MA => not significant.

M2 v Model A (Mouse): M2 < MA => not significant.

M2 v Model A (Primate): M2 < MA => not significant.

M3(K = 2) v Model B (Human): 2(1494.3282 — 1494.3282) = 0, df = 2 => not significant.
M3(K = 2) v Model B (Mouse): 2(1494.3282 — 1494.3282) = 0, df = 2 => not significant.
M3(K = 2) v Model B (Primate): 2(1494.3282 — 1493.1851) = 2.2862, df = 2 => not significant.



O’Connell_Table 5: Paml results for 1L-21

Model P L Estimates of parameters Positively selected sites

MO: one ratio 1 —-1226.7363 o = 0.3979 None

Branch-specific Human

Two-ratios 2 —1225.7218 wy = 0.3484 None
o; = 0.8249

Branch-specific Mouse

Two-ratios 2 -1226.7339 oy = 0.4025 None
o; = 0.3923

Site-specific:

M1:Neutral 1 —1225.0948 po = 0.39 N.P.

M2:Selection 3 —1223.0041 po = 0, p; = 0.3234 None
(p2 = 0.6766), ©, = 0.1892

M3:Discrete(K = 2) 3 —1222.9479 po = 0.7664, (p; = 0.2336) 20 > 50
my = 0.2294, ®; = 1.2508 2 > 95

M3:Discrete (K = 3) 5 —1222.9479 po = 0.7664, p; = 0.2336, p, = 0, 20 > 50
®y = 02294, o) = 12508, Wy = 17.1909 2> 95

M7: Beta 2 —1223.2252 p = 0.5129, q = 0.6388 N.P.

MS: Beta&Omega 4 —1222.9490 po = 0.771, p = 30.0912, q = 99
(p1 = 0.229), ® = 1.2599

Branch-site Human

Model A 3 —1223.7869 po = 0.115, p; = 0.1393, None
(p2 + p3 = 0.7457)
wy = 0.7797

Model B 5 —-1221.8441 po = 0.3617, p; = 0.0905, 144 > 50
(p2 + p3 = 0.5478) 0>95
oy = 0.2002, ®; = 1.3671, , = 1.0674

Branch-site Mouse

Model A 3 —1222.5068 po = 0.211, p; = 0.1814, None
(p2 + p3 = 0.6077)
o, = 0.4618

Model B 5 —1222.4373 po = 0.3425, p; = 0.1633, 11 > 50
(p2 + p3 = 0.4941) 0 > 95

wy = 0.1018, o; = 1.2186, w, = 0.5024

N.P. = Not Permitted.

LRT Tests for IL-21:

For 2 degrees of freedom the critical value is 5.99.

MO v M3(k = 2): 2(1226.7363 — 1222.9479) = 7.5768, df = 2, p < 0.05 => significant.

M3k = 2) v M3(k = 3): (1222.9479 — 1222.9479) = 0 => not significant.

M1 v M2: 2 (1225.0948 — 1223.0041) = 4.1814, df = 2 => not significant.

M7 v M8: 2 (1223.2252 — 1222.9490) = 0.5524, df = 2 => not significant.

M2 v Model A (Human): M2 < MA => not significant.

M2 v Model A (Mouse): 2(1223.0041 — 1222.5068) = 0.9946 => not significant.

M3(K = 2) v Model B (Human): 2(1222.9479 — 1221.8441) = 2.2076, df = 2 => not significant.
M3(K = 2) v Model B (Mouse): 2(1222.9479 — 1222.4373) = 1.0212, df = 2 => not significant.



O’Connell_Table 6: Paml Results for IL2Ra chain

Model P L Estimates of parameters Positively selected sites

MO: one ratio 1 —4508.7344 o = 0.4933 None

Branch-specific Human

Two-ratios 2 —4507.4583 oy = 0.5192 None
o) = 0.3248

Branch-specific Mouse

Two-ratios 2 —4508.6065 oy = 0.5018 None
w; = 0.4399

Site-specific:

MI:Neutral 1 —4473.5636 po = 0.252 N.P.

M2:Selection 3 —4454.7750 po = 0.1312, p; = 0.4674 None
(p2 = 0.4014), ©, = 0.2456

M3:Discrete(K = 2) 3 —4455.0197 po = 0.4437, (p; = 0.5563) None
wy = 0.119, ®; = 0.9083

M3:Discrete (K = 3) 5 —4453.8754 po = 0.389, p; = 0.5638, p, = 0.0472, 6 > 50
o = 0.0948, ®; = 0.7776, ®, = 1.9854

M7: Beta 2 —4455.2529 p = 0.443, q = 0.3881 N.P.

MS8: Beta&Omega 4 —4454.2679 po = 0.9601, p = 0.4917, q = 0.4723 None
(p1 = 0.0399), ® = 1.9419

Branch-site Human

Model A 3 —4465.9498 po = 0.0895, p; = 0.2465, None
(p2 = 0.1769, p; = 0.4871)
@, = 0.1545

Model B 5 —4453.8156 po = 0.2684, p; = 0.3495, None
(p> = 0.166, p; = 0.2161)
ay = 0.115, ®; = 0.9463, @, = 0.094

Branch-site Mouse

Model A 3 —4469.8544 po = 0.1632, p; = 0.491, None
(p2 = 0.0861, p; = 0.2607)
Wy = 0

Model B 5 —4455.0197 po = 0.4437, p; = 0.5563, (p» = 0, p3 = 0) None

wy = 0.119, ®; = 0.9083, w, = 7.2944

N.P. = Not Permitted.

LRT Tests for IL2Ro. chain:

For 2 degrees of freedom the critical value is 5.99.

MO v M3(k = 2): 2(4508.7344 — 4455.0197) = 107.4294, df = 2, p < 0.0005 => significant.
M3k = 2) v M3(k = 3): (4455.0197 — 4453.8754) = 2.2886 => significant.

M1 v M2: 2(4473.5636 — 4454.7750) = 37.5772, df = 2, p < 0.0005 => significant.

M7 v M8: 2(4455.2529 — 4454.2679) = 0.9558, df = 2 => net significant.

M2 v Model A (Human): M2 < MA => not significant.

M2 v Model A (Mouse): M2 < MA => not significant.

M3(K = 2) v Model B (Human): 2(4455.0197 — 4453.8156) = 2.4082, df = 2 => not significant.
M3(K = 2) v Model B (Mouse): 2(4455.0197 — 4455.0197) = 0, df = 2 => not significant.



O’Connell_Table 7: Paml Results for IL2Rf} chain

Model P L Estimates of parameters Positively selected sites
MO: one ratio 1 —4360.2461 o = 0.3862 None
Branch-specific Human
Two-ratios 2 —4355.2809 oy = 0.518 None
W) = 0
Branch-specific Mouse
Two-ratios 2 —4357.1613 oy = 0.3268 None
o; = 0.8597
Site-specific:
M 1:Neutral 1 —4331.3846 po = 0.4162 N.P.
M2:Selection 3 —4324.6683 po = 0.4104, p; = 0.5723 7 > 50
(p> = 0.0172), @, = 999* 1 >095
M3:Discrete(K = 2) 3 —4325.1965 po = 0.6893, (p; = 0.3107) 142 >50
oy = 0.1512, ®; = 1.5022 20 > 95
M3:Discrete(K = 3) 5 —4321.1730 po = 0.6177, p; = 0.3659, p, = 0.0164, 201 > 50
oy = 0.1226, ®; = 1.1822, ®, = 999* 42 > 95
M7: Beta 2 —4328.6412 p = 0.1981,q = 0.2114 N.P.
MS: Beta&Omega 4 —4321.9283 Po = 0.9825, p = 0.2215,q = 0.244 None
(p1 = 0.0175), @ = 999*
Branch-site Human
Model A 3 —4325.8156 po = 0.2344, p; = 0.3301, None
(p> = 0.1809, ps = 0.2546)
m, = 0.1454
Model B 5 —4323.9267 po = 0.7228, p; = 0.2147, 69 > 50 A
(p2 = 0.0481, p; = 0.0143) 9>350F
g = 0.1756, ®; = 1.6665, @, = 999*
Branch-site Mouse
Model A 3 —4327.6983 po = 0.4148, p; = 0.508, 8 > 50
(p2 = 0.0347, p3 = 0.0425) 1 > 95
o, = 7.8991
Model B 5 —4322.5371 po = 0.622, p; = 0.2591, 112 > 50 A
(p> = 0.0839, p; = 0.035) 25> 50 F

oy = 0.1279, 0, = 1.4757, m, = 5.5893

*Values of ® = 999 represent the limit of this method and are indicative of no silent substitutions.
N.P. = Not Permitted, A = present across all lineages, F = present in the foreground lineage.
LRT Tests for IL2RB chain:

For 2 degrees of freedom the critical value is 5.99

MO v M3(k = 2): 2(4360.2461 — 4325.1965) = 70.0992, df = 2, p < 0.0005 => significant.
M3k = 2) v M3(k = 3): (4325.1965 — 4321.1730) = 4.0235 => significant.

M1 v M2: 2(4331.3846 — 4324.6683) = 13.4326, df = 2, p < 0.0025 => significant.

M7 v M8: 2(4328.6412 — 4321.9283) = 13.4258, df = 2, p < 0.0025 => significant.

M2 v Model A (Human): M2 < MA => not significant.

M2 v Model A (Mouse): M2 < MA => not significant.

M3(K = 2) v Model B (Human): 2(4325.1965 — 4323.9267) = 2.5396, df = 2 => net significant.
M3(K = 2) v Model B (Mouse): 2(4325.1965 — 4322.5371) = 5.3188, df = 2 => not significant.



O’Connell_Table 8: Paml Results for yc chain

Model P L Estimates of parameters Positively selected sites

MO: one ratio 1 —3194.5246 ® = 0.3265 None

Branch-specific Human

Two-ratios 2 —3194.3901 wy = 0.3176 None
®; = 0.3804

Branch-specific Mouse

Two-ratios 2 -3193.1102 oy = 0.281 None
®; = 0.4136

Site-specific:

M1:Neutral 1 -3192.3646 po = 0.4814 N.P.

M2:Selection 3 —3185.0953 po = 03774, p, = 0 None
(p2 = 0.6226), ©, = 0.5659

M3:Discrete(K = 2) 3 —3185.0953 po = 0.3774, (p; = 0.6226) None
@ = 0, ® = 0.5659

M3:Discrete(K = 3) 5 —3185.0953 po = 0.3774, p; = 0.0541, p, = 0.5685, None
oy = 0, o) = 05659, Wy = 0.5659

M7: Beta 2 —3185.5081 p = 0.4786, q = 0.845 N.P.

MS8: Beta&Omega 4 —3185.0957 po = 0.3774, p = 0.001, q = 0.7299 None
(p1 = 0.6226), ® = 0.5659

Branch-site Human

Model A 3 —3188.2570 po = 0.0882, p; = 0.0829, None
(p2 = 0.4273, p; = 0.4015)
o, = 0.3049

Model B 5 -3184.2779 po = 0.2058, p; = 0.2785, None
(p2 = 0.2191, p3 = 0.2966)
®y = 0, ®; = 0.6127, 0, = 0.3904

Branch-site Mouse

Model A 3 —-3185.9907 po = 0.2965, p; = 0.199, None
(p> = 0.3019, p; = 0.2026)
o, = 0.5189

Model B 5 —3182.8061 po = 0.3812, p; = 0.4281, 13 > 50

(p2 = 0.0898, p; = 0.1008)
o = 0, », = 0.5776, ®, = 1.1703

N.P. = Not Permitted.

LRT Tests for yc chain:

For 2 degrees of freedom the critical value is 5.99.

MO v M3(k = 2): 2(3194.5246 — 3185.0953) = 18.8586, df = 2, p < 0.0005 => significant.
M3k = 2) v M3(k = 3): (3185.0953 — 3185.0953) = 0 => not significant.

M1 v M2: 2(3192.3646 — 3185.0953) = 14.5386, df = 2, p < 0.001 => significant.

M7 v M8: 2(3185.5081 — 3185.0957) = 0.8248, df = 2 => not significant.

M2 v Model A (Human): M2 < MA => not significant.

M2 v Model A (Mouse): M2 < MA => not significant.

M3(K = 2) v Model B (Human): 2(3185.0953 — 3184.2779) = 1.6348, df = 2 => neot significant.
M3(K = 2) v Model B (Mouse): 2(3185.0953 — 3182.8061) = 4.5784, df = 2 => not significant.





