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Primate genomes encode a variety of innate immune strategies to
defend themselves against retroviruses. One of these, TRIM5¢, can
restrict diverse retroviruses in a species-specific manner. Thus,
whereas rhesus TRIM5« can strongly restrict HIV-1, human TRIM5«
only has weak HIV-1 restriction. The biology of TRIM5« restriction
suggests that it is locked in an antagonistic conflict with the
proteins encoding the viral capsid. Such antagonistic interactions
frequently result in rapid amino acid replacements at the protein-
protein interface, as each genetic entity vies for evolutionary
dominance. By analyzing its evolutionary history, we find strong
evidence for ancient positive selection in the primate TRIM5« gene.
This selection is strikingly variable with some of the strongest
selection occurring in the human lineage. This history suggests that
TRIM5« evolution has been driven by antagonistic interactions
with a wide variety of viruses and endogenous retroviruses that
predate the origin of primate lentiviruses. A 13-aa “patch” in the
SPRY protein domain bears a dense concentration of positively
selected residues, potentially implicating it as an antiviral interface.
By using functional studies of chimeric TRIM5a genes, we show
that this patch is generally essential for retroviral restriction and is
responsible for most of the species-specific antiretroviral restric-
tion activity. Our study highlights the power of evolutionary
analyses, in which positive selection identifies not only the age of
genetic conflict but also the interaction interface where this con-
flict plays out.
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Innate immune strategies that defend primates against retro-
viruses are of considerable medical and evolutionary impor-
tance. Two distinct cellular antiviral defense systems,
APOBEC3G/F (1-3) and TRIM5« (4), that limit HIV infection
have been described recently. APOBEC3G and APOBEC3F are
cytidine deaminases that can cause hypermutation in the viral
genome, but a viral accessory protein, Vif, can counteract their
antiviral effect. TRIMSa is a postentry restriction factor that
accounts for the resistance to HIV type 1 (HIV-1) observed in
rhesus monkey cells. It is not yet known how TRIM5a mediates
viral restriction, although a shorter, alternate transcript of the
TRIMS gene has been shown to be an ubiquitin ligase (5).
TRIMS5a restriction depends on the viral capsid, and its effect is
saturable (4), although direct physical interaction between
TRIMS5a and capsid has not been demonstrated. TRIMSa from
human and nonhuman primates also can restrict other lentivi-
ruses and some strains of murine leukemia virus, a distantly
related gammaretrovirus (6-9).

Although host genomes benefit from TRIMSa’s recognition
of viruses, it is in the best interest of the virus to evade
recognition. Such antagonistic interactions have been formal-
ized as the “Red Queen” hypothesis (10) and lead to the rapid
fixation of amino acid replacements (positive selection), most
likely at the interaction interface. The history of positive selec-
tion is thus informative for determining how long genes have
been participants in genetic conflict, for identifying the likely
sources of this conflict, and even for defining interaction do-
mains involved. We previously have performed such an analysis
on the APOBEC genes to show that APOBEC3G’s role in
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genome defense predates the origin of primate lentiviruses (11,
12) and that many other APOBEC cytidine deaminase genes
likely participate in defending the primate genome against
retroviruses.

Here, we show that the TRIM5a restriction factor has
undergone multiple episodes of positive selection that predate
the origin of primate lentiviruses. Selection pressures on
TRIMS5« vary widely among primate lineages, suggesting that
distinct episodes of retroviral infection have dominated
TRIMS5 o evolution. The positive selection in TRIMS« appears
to be concentrated largely in the a-isoform-specific SPRY
domain. We use this concentration of positively selected
residues to propose and validate the presence of a SPRY
“patch” that is essential for TRIMSa’s general and species-
specific restriction of retroviruses.

Materials and Methods

Primate Genomic DNA Sources. Genomic DNA samples obtained
from Coriell Cell Repositories (Camden, NJ) are as follows
(including Coriell repository numbers): Pan troglodytes (chim-
panzee, NAO3448A), Gorilla gorilla (gorilla, NG05251B), Pongo
pygmaeus (orangutan, NAQO4272), Erythrocebus patas (patas
monkey, NG06254), Lagothrix lagotricha (common woolly mon-
key, NG05356), Ateles geoffroyi (black-handed spider monkey,
NGO5352), and Saguinus labiatus (red-chested mustached tama-
rin, NG05308). Genomic DNA from Hylobates syndactylus (is-
land siamang, KB11539), Colobus guereza kikuyuensis (kikuyu
colobus, OR160), Pygathrix nemaeus (douc langur, OR259),
Callithrix pygmaea (pygmy marmoset, OR690), Saimiri sciureus
sciureus (squirrel monkey, KB4544), Callicebus donacophilus
donacophilus (Bolivian gray titi, OR1522), Pithecia pithecia
pithecia (white-faced saki, KB5932), and Alouatta sara (Bolivian
red howler, OR749) was obtained from the Center for Repro-
duction of Endangered Species FrozenZoo Project (San Diego
Zoo, San Diego). Papio anubis (baboon) DNA was a personal
gift from Trent Colbert (Fred Hutchinson Cancer Research
Center). Cercopithecus aethiops (African green monkey)
genomic DNA was prepared from Cos-7 cells with the QlAamp-
DNA kit (Qiagen, Valencia, CA).

Sequencing of TRIM5« Exons from Primate Genomic DNA. TRIMS5«
was amplified and sequenced exon by exon from genomic DNA
with PCR Supermix High Fidelity (Invitrogen) by using the PCR
and sequencing primers shown in Table 2, which is published as
supporting information on the PNAS web site. PCR products
were sequenced directly, except in a few cases where they were
first cloned into the TOPO TA cloning vector (Invitrogen),
followed by sequencing of three independent clones. Exon reads

Abbreviations: dS, synonymous changes per site; dN, replacement changes per site; HIV-1,
HIV type 1; NWM, New World monkey; OWM, Old World monkey.

Data deposition: All sequences reported in this paper have been deposited in the GenBank
database (accession nos. AY843504-AY843520).
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Fig.1. Ancientand variable positive selection has shaped TRIM5« evolution.
(A) TRIM5« is the longest of six reported transcripts of the eight-exon human
TRIMS5 gene. It encodes a 493-aa protein consisting of a RING finger, a B-Box2,
and a coiled-coil domain (signature domains of the TRIM family; ref. 24), as
well as an a-isoform-specific SPRY domain. (B) TRIM5a was sequenced from a
panel of primates representing 33 million years of evolutionary divergence.
Values of dN/dS along each branch were calculated by using the free-ratio
model of pamL for either the whole gene or for the SPRY domain alone (in
parentheses), as shown on a cladogram of the accepted primate phylogeny
(38). AdN/dS value of >1suggests that positive selection has acted along that
lineage. inf refers to cases where dS = 0.

were spliced together to create virtual transcripts for each
primate, and have been entered into the GenBank database
under the accession nos. AY843504-AY843520. The TRIMS«
cDNA sequences for human (AY625000), Macaca mulatta (Rhe-
sus macaque, AY523632.1), and Cercopithecus tantalus (tantalus
monkey, AY593973.2) were obtained from the GenBank data-
base. A phylogeny constructed by using the isolated TRIMSa
genes is in good agreement with the accepted primate phylogeny,
indicating that all sequences isolated by our PCR strategy are
truly orthologous.

Confirmation of TRIM5 Transcripts by Sequencing from RNA. The
following monkey fibroblast cell lines were obtained from Co-
riell: Ateles geoffroyi (AG05352), Lagothrix lagotricha
(AGO05356), Callicebus moloch (AG06115A), and Saguinus la-
biatus (AG05308A). RNA was prepared from ~1 million cells
with the RNeasy kit (Qiagen). RT-PCR of the TRIM5« SPRY
domain was performed with the primers shown in Table 2, by
using the SuperScript One-Step kit (Invitrogen). PCR products
were sequenced directly.

Sequence Analysis. DNA sequences were aligned by using
CLUSTAL X (13), with hand alignment of small indels based on
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Table 1. Positive selection in the TRIM5« gene

Proportion
Data set —2(InA) df  Pvalue dN/dS of sites, %
All primates
MOvs. M3 (k=3) 217.94 4 P<0.0001 24,7.2 33,4
M1 vs. M2 109.88 2 P < 0.0001 4.5 16
M7 vs. M8 109.50 2 P <0.0001 4.2 18

Hominids + OWMs

MO vs. M3 (k = 3) 57.42 4 P<0.0001 1.8, 17 57,2
M1 vs. M2 39.16 2 P <0.0001 10 4
M7 vs. M8 40.21 2 P <0.0001 10 4

We used likelihood ratio tests to determine whether any codon positions
were associated with dN/dS significantly > 1 and hence possibly subject to
positive Darwinian selection. Neutral models (M0, M1, and M7) were com-
pared to selection models (M2 and M8), which allow a proportion of codons
for which dN/dS exceeds 1, or models for heterogeneity of dN/dS among sites
(M3). Asindicated by the Pvalues, all analyses find very strong evidence for the
selection model. Note that in M3, two classes of sites are permitted to have
dN/dS > 1. Also indicated are the proportion of codons that were found to
have dN/dS > 1, with the associated dN/dS values shown. Analyses using the
61 model of codon frequencies are shown, but similar results were obtained
by using the f3x4 frequency model (full PAML results are available in Appendix 1).

amino acid sequence. Maximum likelihood analysis was per-
formed with CODEML in the PAML 3.14 software package (14).
Global synonymous changes per site (dS)/replacement changes
per site (dN) ratios for the tree (Fig. 1) were calculated by a
free-ratio model, which allows dN/dS to vary along different
branches. We tested whether dN/dS values were >1 in two
lineages, those leading to gibbon and human, by using two
methods as described in ref. 15 (see Appendix 1, which is
published as supporting information on the PNAS web site).
Briefly, likelihoods were compared when the lineage was fixed
at dN/dS = 1 relative to when the lineage was allowed to have
a dN/dS >1 (16). In the second method, we calculated the
dN/dS ratios relative to the reconstructed ancestor and tested
for significant deviations from dN/dS = 1 (16).

To detect selection in TRIM5«, multiple alignments were
fitted to either the F3 X 4 or F61 models of codon frequencies.
Likelihood ratio tests of the data were performed by using
different sets of site-specific (NS sites) models as follows: M0
(one-ratio) to M3 (discrete); M1 (two-state, neutral, dN/dS > 1
disallowed) to M2 (selection, similar to model 1 but dN/dS > 1
allowed); and M7 (fit to a beta distribution, dN/dS > 1 disal-
lowed) to M8 (similar to model 7 but dN/dS > 1 allowed). In all
cases, permitting sites to evolve under positive selection gave a
much better fit to the data (Table 1). These analyses also
identified certain amino acid residues with high posterior prob-
abilities (>0.95) of having evolved under positive selection (17,
18) (Fig. 2; see also Appendix 1).

Secondary structure predictions and associated confidence
values for the entire human TRIMS« protein were made by using
the PSIPRED (19) Protein Structure Prediction Server (http://
bioinf.cs.ucl.ac.uk/psipred).

Viral Infection Assays. CRFK (feline renal fibroblast) cells were
obtained from the American Type Culture Collection and grown
in DMEM/10% FCS. The human and rhesus TRIM5« alleles
with a hemagglutinin epitope tag (4) in the LPCX retroviral
vector were obtained from the National Institutes of Health
AIDS Reagent Program (donated by Joseph Sodroski). Site-
directed mutagenesis of the rhesus or human genes was per-
formed by the QuikChange kit (Stratagene) in a single step
(oligonucleotide sequences available on request). Retroviral
vectors were produced in 293T cells, and supernatants were used
to infect CRFK cells. Twenty-four hours after infection, 3 mg/ml
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Fig.2. The SPRY domain is a hot spot for insertions/deletions and positive selection. (A) Codons highlighted by pamL as being subject to positive selection with
high posterior probabilities (P > 0.95) in an analysis of all primates are indicated as circles on stems above the TRIM5a« protein schematic. In a more limited analysis
of just the hominids and Old World monkeys (OWMs), only five residues in the entire protein were identified as evolving under positive selection (triangles on
stems below the TRIM5« schematic). Representative SPRY domains from OWMs and New World monkeys are schematized, along with notable exceptions that
have internal duplications (indicated by tandem arrowheads). These duplications appear to have accumulated more replacement (R) changes than synonymous
(S) changes (R:S ratios indicated above). In owl monkeys, a CyclophilinA insertion (TRIM-Cyp) occurred between exons 7 and 8 (26), and it is believed that the
8th exon of TRIM5 containing the SPRY domain is not transcribed. (B) Codons identified as being under positive selection are indicated in gray background and
by using the same symbols as in A. Changes relative to human are indicated in bold. NWMs have a large deletion in the area of the patch (see Data Set 1, which
is published as supporting information on the PNAS web site). Secondary structure predictions and confidence values (0, low; 9,high) were made by using the
psiPRED server (19). Arrows indicate B-strands, and lines indicate coils. According to this prediction, most of the TRIM5a protein is predicted to be comprised of
a-helices, whereas the entire SPRY domain is predicted with high confidence to be B-strands and coils with no a-helices.

puromycin was added to the medium to select for transduced
cells to obtain pools of cells that stably expressed exogenous
TRIMS5« genes. Expression was verified by Western blotting
using a hemagglutinin antibody (Babco, Richmond, CA).

Single-cycle assays for HIV-1 were performed essentially as
described in ref. 20. HIV-1 provirus was deleted for env, and
GFP or luciferase was inserted into the nef region (20). SIVag-
mTAN virus (21) was a kind gift of Ned Landau (The Salk
Institute, San Diego). Virus was produced in 293T cells by
cotransfection of the provirus with the VSV-G gene, titrated on
cells without restriction factors, and frozen. Infection of CRFK
cells with HIV-1 (GFP) was performed in 24-well plates with 3 X
10* cells per well by using 5-fold dilutions of virus that had been
titrated previously to give between 1% and 80% infection. Two
days after infection, the cells were fixed with 2% paraformal-
dehyde and analyzed by flow cytometry for GFP expression.
Luciferase assays were performed with virus stocks that had
been titrated previously to be in the linear range of the assay
(between 10,000 and 1 million relative light units). Infections
were performed in triplicate in 24-well plates, assayed with the
luciferase assay kit (Promega) in a 96-well plate, and read on a
luminometer.

2834 | www.pnas.org/cgi/doi/10.1073/pnas.0409853102

Results

We sequenced the TRIM5« gene (=~1,482 bp of coding se-
quence) from 17 primate genomes that represent 33 million years
of evolution (Fig. 1). Comparison of the rates of nonsynonymous
(that alter the encoded amino acid) and synonymous DNA
changes between species can be used to assess the types of
selective pressures that have acted on a gene (22). For most
protein-coding genes, dS exceeds dN because amino acid re-
placements are generally detrimental to protein function and
therefore are culled out of the population (purifying selection).
We find that many branches of the primate phylogeny, including
internal branches, show evidence for TRIM5« evolution under
positive selection (defined as dN/dS > 1.0; Fig. 1B). Thus,
TRIMS5« has been subject to positive selection for at least 33
million years. This selection has been strikingly variable because
dN/dS ratios along different branches are significantly different
from each other (P < 0.02; Appendix 1). In contrast, the positive
selection on APOBEC3G was found to be more constant (11, 12)
because w values along each branch did not differ significantly
from each other (P > 0.75; Appendix 1). Positive selection of
TRIMS5« is especially strong in the hominid clade, with the
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highest whole-gene dN/dS values of 5.7 and 3.0 found in the
lineages leading to island siamang (gibbon) and human, respec-
tively. We tested for the presence of positive selection in the
gibbon and human branches by both comparative two-ratio
likelihood tests by using PAML (15) and Monte-Carlo simulation
using K-ESTIMATOR (16) (see Materials and Methods and Appen-
dix 1). The average dS in TRIMS5« is not unusually low; it is 0.084
between hominids and Old World monkeys (OWMs) and 0.153
between hominids and New World monkeys (NWMs), compared
with previous estimates of 0.08 and 0.15, respectively, for sub-
stitution rates in various intronic and noncoding regions of
primate genomes (23). Thus, we can rule out the possibility that
selection has led to deflated dS values in TRIMS5«, resulting in
artificially high dN/dS ratios.

TRIMS is a member of the large tripartite motif family in
primate genomes, characterized by having RING finger, B-box,
and coiled-coil domains (24). The « isoform of TRIMS has an
additional SPRY protein domain (Fig. 1.4), which is found in
many proteins including those in the Ig superfamily (25). This
SPRY domain has been shown previously to be essential for the
restriction of HIV-1 (4). Although little is known about SPRY
function, we found that this domain had undergone the most
intense positive selection. This finding is evidenced by the high
dN/dS values obtained in an analysis of this domain alone (in
parenthesis on cladogram, Fig. 1B), including a striking dN/dS
of 8.8 in the branch separating NWM from OWM and hominids
(see also Fig. 4, which is published as supporting information on
the PNAS web site). In addition to the strong positive selection,
the SPRY domain has undergone an unusual number of inser-
tions and deletions (Fig. 24). A small deletion has occurred in
the lineage leading to the NWMs, whereas there have been two
distinct instances of internal duplications, one in African green
monkeys and close relatives and a different triplication in the
lineage leading to spider, woolly, and howler monkeys. The
African green monkeys and tantalus duplication has been ver-
ified in TRIM5« transcripts (GenBank accession nos. AY625003
and AY593973). We confirmed the woolly and spider monkey
triplications by sequencing RT-PCR products (data not shown).
When the duplicated and triplicated sequences within a single
gene were aligned to each other, they showed an inflated number
of nonsynonymous to synonymous changes (e.g., 25 replace-
ment:2 synonymous changes for howler monkey; Fig. 24). Thus,
internal duplications in the SPRY domain followed by positive
selection predict that these sequences are functionally important
for the ability of TRIMS« to restrict different viruses. Finally, in
owl monkey, the entire SPRY domain of TRIM5a has been
replaced by a retrotransposed CyclophilinA gene, now referred to
as TRIM-Cyp (26). CyclophilinA has been reported to directly
interact with viral capsid (27), and, because the SPRY domain
can be functionally replaced by CyclophilinA, this finding sug-
gests that the SPRY also might be a capsid-interacting domain.

We used a maximume-likelihood approach, by using the PAML
suite of programs (14), to determine whether specific codons of
TRIM5« have been repeatedly subjected to positive selection in
primates. Statistical results support the presence of positive
selection with extraordinary confidence, regardless of whether
we include or exclude NWMs in our analysis (Table 1). Analysis
of the full data set identifies ~18% of the codons as having
evolved under positive selection with an average dN/dS ratio of
>4 (Table 1, NSsites model 8 vs. 7). Of these, residues identified
as being under positive selection with high confidence (>95%
posterior probability) are illustrated on a schematic of the
TRIMSa protein (circles on stems, Fig. 2) and fall in either the
coiled-coil or SPRY domains. Some TRIM proteins have been
shown to homomultimerize through their coiled-coil domains
(24), but our results also suggest that the coiled-coil domain of
TRIMSa may additionally participate in host defense. A sec-
ondary structure prediction of the SPRY domain suggests that
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the positively selected residues and insertions/deletions fall
exclusively in predicted coils (Fig. 2B), which could represent
specific interaction surfaces.

Because there are NWM-specific deletions in TRIMS5 o, excluding
NWNMs allows the opportunity to analyze all residues in hominids
and OWMs, a more focused look at just the last 23 million years of
primate phylogeny. Remarkably, the analysis of hominids and
OWMs identified only five residues in the entire protein as being
under positive selection with high confidence (triangles on stems,
Fig. 2A4). All five residues fall within an 11- to 13-aa segment of the
SPRY domain (Fig. 2B), which we will refer to as the SPRY patch.
Such tight clusters of positive selection are predicted to be points of
physical contact between two proteins locked in genetic conflict.
Similar PAML analyses have successfully highlighted the known
binding surface between ZP3, an egg-receptor protein, and sperm
(28). Additionally, the positive selection in the major histocompat-
ibility complex (MHC) proteins is confined to small segments of the
protein known to constitute the antigen-recognition site (29). In this
case, we had no a priori knowledge of the TRIMS« interaction
interface crucial for viral restriction, so we tested our computational
prediction that the SPRY patch identifies such a domain. Because
TRIMS5a was originally identified because of the fact that it confers
resistance to HI'V-1 infection in rhesus, but not in human, cells (4)
we used this species-specific example of TRIMS« restriction to
investigate the functional importance of the patch.

We constructed chimeric proteins between human and rhesus
TRIMS5 « that either differed only in the 11- to 13-aa patch region
or had the patch region deleted altogether (Fig. 34). CRFK cells
(feline cells that have no known retroviral restriction) were stably
transduced to express these proteins at approximately similar levels
(Fig. 3B) and were tested for restriction of increasing titer of a
recombinant HIV-1 virus that expresses GFP (20). As has been
previously reported (4), human TRIMS« showed a weak restriction
of HIV-1, whereas rhesus TRIMS«a almost completely blocked
infection (Fig. 3C). When the patch is deleted from rhesus TRIMS«
(rhesus DEL), it loses restriction not only against HIV-1 (Fig. 3C)
but also against SIV from African green monkeys and N-tropic
murine leukemia virus (Fig. 3E and data not shown). Thus, the
patch we have identified based on positive selection may define a
protein surface that is generally necessary for broad retroviral
restriction.

We next asked whether the patch is responsible for the species
specificity of TRIMSa by substituting the human patch into
rhesus TRIMS5a and vice versa. Remarkably, we found that
substitution of the human patch into the rhesus TRIMSa (rhesus
SWAP) reduces its restrictive capability to a level that is close to
that of human TRIMS5a (Fig. 3C). Thus, the patch we have
defined by using positive selection identifies a region necessary
for species-specific restriction to HIV-1. We then tested the
reciprocal chimera, human TRIMS« with the rhesus TRIM5«
patch (human SWAP, Fig. 3D). The Human SWAP was signif-
icantly more restrictive against HIV-1 than human TRIMS5a.
Despite this gain-of-function effect, swapping the patch alone
was not completely sufficient to recapitulate rhesus TRIMSa-
like restriction, suggesting that other minor determinants of
restriction also may exist.

We wanted to know whether the patterns seen with these
chimeric proteins are specific to HI'V-1 or are generally respon-
sible for defining broad species-specific ability to restrict lenti-
viruses. To address this question, we challenged the TRIMSa-
expressing CRFK cell lines with SIVagm and found that the
reversal of species-specific restriction is the same as was ob-
served for HIV-1 (Fig. 3E). Thus, human TRIMS5« does not
usually restrict SIVagm, but can acquire the ability to restrict
SIVagm when the 13-aa patch from rhesus TRIMS« is added
(human SWAP in Fig. 3E). Conversely, rhesus TRIMS5« loses the
ability to restrict STVagm when its patch is replaced by the 11-aa
patch from human TRIMS« (rhesus SWAP in Fig. 3E). Thus, the
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patch we have identified through positive selection determines
the species-specificity of TRIMSa for restricting at least two
highly divergent lentiviruses.

Discussion

Positive selection is a beacon for domains involved in genetic
conflict. Based on analysis of positively selected codons, we were
able to predict an important protein domain (potentially an
interaction surface) that we then verified in vivo. In addition, we
have illustrated strong positive selection of the TRIM5« gene
throughout primate evolution. The ancient and intense selective
pressures that have shaped the evolution of APOBEC3G (11)
and TRIM5« indicate that the innate immune system is intri-
cately evolved, just as the adaptive immune system is known to
be (30). The tight clustering of positively selected residues in
TRIM5« is in stark contrast to our earlier findings in
APOBEC3G, where the codons that were identified as having
been repeatedly subject to positive selection were scattered
throughout the length of the gene, with no significant clustering
(11). There are two possible reasons for this difference. First, the
TRIMSa protein has a nonredundant domain structure, whereas
APOBEC3G has resulted from two sequential duplications of a
single cytidine deaminase domain to result in four potentially
redundant structural copies of this domain (31, 32). Second,
TRIMS5a and APOBEC3G play different roles in their respec-
tive conflicts. Although it is in the host genome’s best interest
that TRIMS5« improve binding to its target, it is in the host’s
interest that APOBEC3G avoid interactions with viral antago-
nists such as Vif in the case of HIV-1. Therefore, unlike
TRIMSa, APOBEC3G is under pressure to mutate whichever
domain is the current viral target.

What drives the evolution of TRIM5«? The antiquity of the
positive selection rules out primate lentiviruses like HIV-1 as
being the sole, or even the major, cause because they are believed
to be <1 million years old (33). In addition, TRIMS5« from
human and OWM has been shown to be active against murine
leukemia virus (6-9), a gammaretrovirus that is closely related
to human endogenous retroviruses (34) that have episodically
invaded primate genomes and continue to be active in the human
genome (35-37). This finding suggests that TRIM5« evolution
may have been strongly influenced by distinct episodes of
endogenous retrovirus infection and subsequent retrotranspo-
sition events (36). HIV and other primate lentiviruses are likely
to be newcomers to this conflict, with the OWM TRIMS5«
restriction against HIV-1 just an evolutionary coincidence.

Fig. 3. The positively selected patch is critical for the species-specific retro-
viral restriction by TRIM5a. (A) Retroviral vectors (LPCX) containing hemag-
glutinin-tagged TRIM5« alleles from human and rhesus genomes were mod-
ified to delete the rhesus SPRY patch (Rhesus DEL), swap the human patch into
rhesus TRIM5a (Rhesus SWAP), or swap the rhesus patch into the human
TRIM5a (Human SWAP). The sequences in the region of the swaps are shown.
(B) A Western blot (using a hemagglutinin antibody) shows stable CRFK lines
expressing each construct at roughly equivalent levels. (C) Variants of the
rhesus TRIM5a protein were assessed for their ability to restrict HIV-1. Single-
cycle assays for HIV-1 infectivity were carried out in CRFK (feline renal fibro-
blasts) cells expressing exogenous TRIM5«a genes. Experiments were per-
formed by using 5-fold dilutions of an HIV-1 provirus that was deleted for env
and where GFP was inserted into the nef region (20). HIV-positive cells were
detected by flow cytometry for GFP expression. (D) A variant of the human
TRIMS5a (human SWAP) was tested in single-cycle assays for HIV-1 infectivity as
in C. (E) CRFK cells that express the TRIM5« alleles were challenged with
SIVagm virus, which expresses luciferase in place of the nef gene. Preliminary
experiments were performed to establish a dose of virus within the linear
range of infection (data not shown). All infections were performed in tripli-
cate, and luciferase activity was measured 2 days after infection. The relative
light units are shown on the y-axis, and the percent infection (compared with
the CRFK control) is shown above the bar. SD of the data also are shown.
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Nevertheless, as we have shown, the positive selection has had a
profound impact on the species-specific restriction of both
HIV-1 and SIVagm. Thus, the evolutionary histories of both
TRIMS and APOBEC3G indicate ancient adaptation to endog-
enous retrovirus-like elements (11, 12), yet both restriction
systems were discovered because of their incidental activity
against HIV. These findings indicate that the cellular arsenal
honed against endogenous retroviruses is large and mostly
undiscovered and may strongly impact lentiviral restriction.
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Appendix 1. PAML summary results for TRIMSa

A. PAML (1) Analysis of Entire Data Set (hominidstOWM-+NWM)

1. Log Likelihood Scores and Parameter Estimates for Four Models of Variable ®'s

Among Sites Assuming the F3x4 Model of Codon Frequencies.

Model Parameter Estimates Sites* with o > 1 Y
MO: one ratio Average dN/dS for each branch = 1.160 —5772.38
S =1.55260

Site models

M1: neutral (w0 =0) f5= 0.354 Not allowed -5,725.00

(01 =1) (fi =0. 646)

Average dN/dS for each branch = 0.646

S =1.56259
M2: selection (o =0) fo=0.281 (47-51: gaps) -5,667.01
(w;=1) f; =0.566 175 Q 0.9958**
o, =4.624 (f=0.153) 213 50.9635*
Average dN/dS for each branch = 1.273 215 T 0.9955**
S =1.62074 228 L 0.9942%*
310 C 0.9924**
311 A 0.9603*
317K 0.9757*
324 K 0.9995%*

325 P 0.9933**
(326-338: gaps)
339 F 0.9994**
340 V 0.9999%**
(385-386: gaps)
389 K 0.9953*%*
407 G 0.9974**
418 F 0.9997**
421 P 0.9769*

423V 0.9633*

471 Q 0.9535*




Model Parameter Estimates Sites* with ® > 1 Y
483 G 0.9936**
M3:discrete o = 0.342 ;= 0.662 Too many to list. —5,664.25
o = 2.575 (f; = 0.305) Note: M3 vs. MO is a
o =7.922 (f, =0.033) test of heterogeneity
Average dN/dS for each branch = 1,273 | among sites and not an
S =1.63377 explicit test of positive
selection.
M7:B p=0.02830 ¢ =0.01638 Not allowed —5,724.62
Average dN/dS for each branch = 0.6160
S=1.55777
M8:f and ® p=0.2299 ¢ =0.14801 (47-51: gaps) -5,666.71

fo=0.829

o; = 4.308 (f; =0.171)

Average dN/dS for each branch = 1.2426
S =1.62038

139 Q 0.9534*
175 Q 0.9967**
213 S 0.9739*
215 T 0.9966**
228 L. 0.9958**
257 T0.9511*
310 C 0.9943**
311 A0.9717*
317 K 0.9830%*
324 K 0.9996**
325 P 0.9946**
(326-338: gaps)
339 F 0.9995%*
340 V 0.9999%*%*
384 D 0.9539%*
(385-386: gaps)
389 K 0.9964**
390 N 0.9611*
407 G 0.9979**
418 F 0.9998**
421 P 0.9830*
423V 0.9737*




Model Parameter Estimates Sites* with ® > 1 /

471 Q 0.9670*
483 G 0.9952**

p and ¢ are parameters of the [ distribution. f'is the proportion of sites assigned to
an individual o (= dN/dS) category or to a 3 distribution with shape parameters p and q.

The proportion f; » in parentheses is not a free parameter. Sites assigned to ®; » are those

with posterior probabilities (P) > 0.95 , and those with P> 0.99 are in bold. Analyses

were conducted using x as a free parameter. S = tree length.

*Sites assigned to @ > 1 are those with posterior probabilities P > 0.95 (*) or P> 0.99

2. Log Likelihood Scores and Parameter Estimates for Four Models of Variable ®'s

Among Sites Assuming the F61 Model of Codon Frequencies.

Model Parameter estimates Sites* with ® > 1 Y

MO: one ratio Average dN/dS for each branch = 1.144 -5,748.06
S =1.55005

Site models

MI: neutral (o =0) fo=0.359 Not allowed —5,696.78
(0 =1) (fi =0.641)
Average dN/dS for each branch = 0.641
S =1.56922

M2: selection (mp=0) fo=0.291 (47-51: gaps) -5,641.84

(0 =1)f; =0.551

®, =4.451 (f; = 0.158)

Average dN/dS for each branch = 1.2545
S =1.62398

175 Q 0.9954%*
213 S 0.9544*
215 T 0.9970%*
228 L 0.9957**
310 C 0.9930%*
311 A 0.9669*
317 K 0.9736*
324 K 0.9994%**
325 P 0.9903**




Model Parameter estimates Sites* with ® > 1 Y
(326-338: gaps)
339 F 0.9987**
340 V 0.9999**
(385-386: gaps)
389 K 0.9935%**
407 G 0.9958**
411 S 0.9536*
418 F 0.9994**
421 P 0.9784*
423 V 0.9680*
483 G 0.9909**
M3:discrete ®o =0.301 f5 = 0.631 Too many to list. -5,639.09
o; =2.379 (f; = 0.328) Note: M3 vs. MO is a
@, = 7.224 (f, = 0.041) test of heterogeneity
Average dN/dS for each branch = 1.2692 | among sites and not an
S =1.63693 explicit test of positive
selection.
M7:B p=0.029 ¢ =0.0167 Not allowed -5,696.39
Average dN/dS for each branch = 0.6144
S =1.56601
MS:B and © p=0.16877 ¢ =0.11056 (47-51: gaps) —5,641.64

fo=0.825

o1 =4.190 (f; =0.175)

Average dN/dS for each branch = 1.2331
S =1.62300

139 Q 0.9532*
175 Q 0.9963**
213 S 0.9659%
215 T 0.9975%*
228 L 0.9967**
257 T 0.9607*
310 C 0.9945**
311 A 0.9749*
317 K 0.9805*
324 K 0.9995%*
325 P 0.9920**
(326-338: gaps)
339 F 0.9989**
340 V 0.9999**
(385-386: gaps)




Model Parameter estimates Sites* with ® > 1 /

389 K 0.9949%*
390 N 0.9587*
407 G 0.9966**
411 S 0.9653*
418 F 0.9995%
421 P 0.9832*
423V 0.9756*
471 Q 0.9570%
483 G 0.9929%*

p and g are parameters of the 3 distribution. f'is the proportion of sites assigned to
an individual o (= dN/dS) category or to a 3 distribution with shape parameters p and g.
The proportion f} » in parentheses is not a free parameter. Sites assigned to ; » are those
with posterior probabilities P > 0.95; those with P > 0.99 are in bold. Analyses were
conducted by using «k as a free parameter. S = tree length.

*Sites assigned to @ > 1 are those with posterior probabilities P > 0.95 (*) or P> 0.99

3. Likelihood Ratio Test Statistics (20) for Models of Variable Selective Pressure

Among Sites.

28 df P value
Model 0 (one dN/dS ratio for all branches)
F3x4
One ratio vs. M3 (k=3) 216.26 4 P <0.0001
M1 vs. M2 115.98 2 P <0.0001
M7 vs. M8 115.82 2 P <0.0001
Fol
One ratio vs. M3 (k=3) 217.94 4 P <0.0001
M1 vs. M2 109.88 2 P <0.0001
M7 vs. M8 109.50 2 P <0.0001




4. Likelihood Ratio Test Statistics (20) for Models of Variable Selective Pressure

Along Branches.
Y 23 df* P value
TRIMS
Model 0 (same dN/dS ratio for all branches) —5,784.326
Model 1 (different dN/dS ratio for each branch) | —5,755.534 57.584 37 P<0.02
Apobec3G'
Model 0 (same dN/dS ratio for all branches) —4,209.048
Model 1 (different dN/dS ratio for each branch) | —4,201.337 15.422 20 P>0.75(N.S))

*df denotes degrees of freedom that is equal to one less than the total number of branches

in the phylogeny. For a 20-taxa tree like in TRIMS, the total number of branches is 38, so

df =37. N.S., not significant.

TSawyer, S. L., Emerman, M. & Malik, H. S. (2004) PLoS Biol. 2, ¢275.

5. Likelihood Ratio Test Statistics for Models of Selection Along the Human and
Gibbon Lineages (OWM + hominids only).

® (dN/dS)
(human or o (dN/dS)
gibbon (remainder
branch) of tree) 4 28 df* P value
Human
Model 0 (two-ratio, human ® 1.00 1.132 -5,748.233
=1)
Model 1 [two-ratio, human o >1 | 2.985 1.133 —5,747.543 1.38 1 0.24 (N.S)
(estimated by PAML; ref. 1)]
Gibbon
Model 0 (two-ratio, gibbon ® 1.00 1.087 —5,748.718
=1)
Model 1 [two-ratio, gibbon ® >1 | 5.594 1.091 —5,744.345 8.746 1 0.0031
(estimated by PAML; ref. 1)]




df denotes degrees of freedom; here, df = 1.

6. P Value Statistics for Positive Selection Along the Human and Gibbon Lineages,

Based on Monte Carlo Simulation.

Confidence ancestral

sequence (0-1) per site o (dN/dS) P value
Human vs. Ancestral Node 0.99971 3.6 P<10"*
Gibbon vs. Ancestral Node 0.99633 6.5 r<10"

B. pAML (1) Analysis of Partial Data Set (hominids+tOWM)

1. Log Likelihood Scores and Parameter Estimates for Four Models of Variable o's

Among Sites Assuming the F3x4 Model of Codon Frequencies.

Model Parameter estimates Sites* with © > 1 L
MO: one ratio Average dN/dS for each branch = 1.1923 -3,519.244
Site models
MI: neutral (9 =0) fo=10.307 Not allowed -3,513.813
(0, =1) (/1 =0.693)
Average dN/dS for each branch = 0.693
M2: selection (09 =0) fo=0.185 330 G 0.9960** -3,492.320
(0, =1)f,=0.783 332 R 0.9929**
o, = 11.283 (£, = 0.032) 335 R 0.9890*
Average dN/dS for each branch = 1.1429 337 Q 0.9981**
340 V 0.9993+*
M3:discrete ®o 0.00001 £, = 0.380 Too many to list. -3,490.526
o = 1.667 (f; = 0.601) Note: M3 vs. MO is a
@ = 16.866 (f5=0.019) test of heterogeneity
average dN/dS for each branch = 1.3219 | among sites and not
an explicit test of
positive selection.
M7:B p=0.00592 g =0.00273 Not allowed -3,513.818
Average dN/dS for each branch = 0.7




Model Parameter estimates Sites* with ® > 1 ¢
MS8:B and © p=10.01037 g = 0.00248 330 G 0.9959%* —3,492.324
fo=0.968 332 R 0.9927**
o =11.191 (f; =0.032) 335 R 0.9888*
Average dN/dS for each branch = 1.1308 | 337 Q 0.9980%*
340 V 0.9992**

p and g are parameters of the [ distribution. fis the proportion of sites assigned to

an individual o (= dN/dS) category or to a B distribution with shape parameters p and q.

The proportion f » in parentheses is not a free parameter. Sites assigned to ®; » are those

with posterior probabilities P > 0.95; those with P> 0.99 are in bold. Analyses were

conducted using x as a free parameter. S = tree length.

*Sites assigned to ® > 1 are those with posterior probabilities P > 0.95 (*) or P > 0.99

2. Log Likelihood Scores and Parameter Estimates for Four Models of Variable ®'s

Among Sites Assuming the F61 Model of Codon Frequencies

Model Parameter estimates Sites* with ® > 1 L

MO: one ratio Average dN/dS for each branch -3,469.858
=1.1375

Site models

MI: neutral (09 =0)fo=0.331 Not allowed —-3,462.818
(o1 =1) (f; = 0.669)
Average dN/dS for each branch = 0.669

M2: selection (wp=0) fo=0.215 330 G 0.9914** —3,443.237
(0, =1) f;,=0.749 332 R 0.9934**
®, =10.019 (f;, = 0.036) 335 R 0.9840*
Average dN/dS for each branch = 337 Q 0.9984*
1.1057 338 T 0.6807

340 V 0.9993**

M3:discrete o = 0.00001 f; = 0.415 Too many to list. —3,441.147

o, = 1.761 (f, = 0.568) Note: M3 vs. MO is a test




Model Parameter estimates Sites* with ® > 1 L

®; =17.069 (f; = 0.017) of heterogeneity among
Average dN/dS for each branch = sites and not an explicit
1.2835 test of positive selection.

M7:B p=0.00484 ¢ =0.00310 Not allowed —-3,463.372
Average dN/dS for each branch = 0.6

M8:p and ® p =0.00553 ¢ =0.00144 330 G 0.9919%* —3,443.266
fo=0.964 332 R 0.9938%*
®; =10.263 (f; =0.036) 335 R 0.9849*
Average dN/dS for each branch = 337 Q 0.9985**
1.2368 340 V 0.9994+*

p and g are parameters of the [ distribution. f'is the proportion of sites assigned to

an individual o (= dN/dS) category or to a B distribution with shape parameters p and q.

The proportion f » in parentheses is not a free parameter. Sites assigned to ®; » are those

with posterior probabilities P > 0.95; those with P> 0.99 are in bold. Analyses were

conducted using x as a free parameter. S = tree length.

* Sites assigned to ® > 1 are those with posterior probabilities P > 0.95 (*) or P > 0.99

3. Likelihood Ratio Test Statistics (20) for Models of Variable Selective Pressure

Among Sites.

28 df P value
Model 0 (one o for all branches)
F3x4
One ratio vs. M3 (k= 3) 57.436 4 P <0.0001
M1 vs. M2 42.986 2 P <0.0001
M7 vs. M8 42.988 2 P <0.0001
Fol
One ratio vs. M3 (k=3) 57.422 4 P <0.0001
M1 vs. M2 39.162 2 P <0.0001
M7 vs. M8 40.212 2 P <0.0001
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ATGGCTTCTGGAATCCTGCTTAAT GT AAAGGAGGAGGT GACCT GTCCCATCTGCCTGGAA
ATGGCTTCTGGAATCCTGCTTAAT GT AAAGGAGGAGGT GACCT GTCCCATCTGCCTGGAA
ATGGECTTCTGGAATCCTGCTTAAT GT AAAGGAGGAGGT GACCT GTCCCATCTGCCTGGAA
ATGGECTTCTGGAAT CCTGGT TAAT GT AAAGGAGGAGGT GACCT GTCCCATCTGCCTGGAA
ATGGECTTCTGGAATCCTGCT TAAT GT AAAGGAGGAGGT GACCT GTCCCATCTGCCTGGAA
ATGCCTTCTGGAAT CCTGCT TAATGTAAAGGAGGAGGT GACCT GT CCTATCTGCCTGGAA
ATGGCTTCTGGAATCCTGGT TAATATAAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGCTTCTGGAATCCTGGT TAATATAAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGCTTCCAGAAT CCTGGT GAATATAAAGGAGGAGGT AACCT GCCCCATCTGCCTGGAA
ATGGECTTCCAGAAT CCTGGT GAATAT AAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGECTTCCAGAAT CCTGGEEGAGT ATAAAGGAGGAGGT GACCT GCCCCAT CTGCCT GGAA
ATGCCTTCCAGAAT CCTGGT CAATATAAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGCTTCCAGAATCCTGGT GAATAT AAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGCTTCCAGAATCCTGAT GAACAT AAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGCTTCCAAAAT CCTGGT GAAT AT AAAGGAGGAGGT GACCT GCCCCAT CTGCCTGGAA
ATGGECTTCCGAAAT CCTGT TGAAT AT AAAGGAGGAGGT GACCT GCCCCATCTGCCTGGAA
ATGGECTTCCGAAAT CCTGGT GAATATAAAGGAGGAGGT GACCTGCCCCATCTGCCTGGAC

(CT CCTGACACAACCCCT GAGCCT GGACT GCGGCCACAGCT TCTGCCAAGCATGCCT CACT]( 40)

CTCCTGACACAACCCCT GAGCCT GGACT GCGGCCACACGCT TCTGCCAAGCAT GCCTCACT
CTCCTGACACAACCCCT GAGCCT GGACT GCGECCACAGCT TCTGCCAAGCAT GCCTCACT
CTCCTGACACAACCCCT GAGT CTGGACT GCGGECCACAGCT TCTGCCAAGCAT GCCTCACT
CTCCTGACACAACCCCT GAGT CTGGACT GCGGECCACAGCT TCTGCCAAGCAT GCCT CACT
CTCCTGACAGAACCCCT GAGT CTGCACT GCGGECCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCCCT GAGT CTGCCCT GT GGCCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCCCT GAGT CTGCCCT GCGGECCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCCCT GAGT CTGCCCTGCGECCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCCCT GAGT CTGCCCT GCGECCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCCCT GAGT CTGCCCT GCGGECCACAGCT TCTGCCAAGCGT GCAT CACT
CTCCTGACAGAACCCCT GAGT CTGCACT GCGGCCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCCCT GAGT CTGCACT GCGGCCACAGCT TCTGCCAAGCGT GCATCACT
CTCCTGACAGAACCT CTGAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCCT GCATCACT
CTCCTGACAGAACCT CTGAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCAT GCATCACT
CTCCTGACAGAACCT CTGAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCATGCATCACT
CTCCTGACAGAACCCCT GAGCCTGGACT GT GGCCATAGCT TCTGCCAAGCAT GCAT CACT
CTCCTGACAGAACCCCT GAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCATGCATCACC
CTCCTGACAGAACCCCT GAGCCT AGACT GT GGCCACAGCT TCTGCCAAGCATGCATCACT
CTACTGACAGAACCT CTGAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCATGCATCACT
CTACTGACAGAACCT CTGAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCATGCATCACT
CTACTGACAGAACCT CTGAGCCTAGACT GT GGCCACAGCT TCTGCCAAGCATGCATCACT
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GCAAACCACAAGAAGT CCATGCTAGACAAAGGA- - - GAGAGTAGCTGCCCTGTGTGACGE( 59)

GCAAACCACAAGAAGT CCATGCTAGACAAAGGA- - - GAGAGTAGCTGCCCTGIGIGCCGG
GCAAACCACAAGAAGT CCATGCTAGACAAAGGA- - - GAGAGTAGCTGCCCTGI GIGCCGG
GCAAACCACAAGAAGT CCACCCTAGACAAAGGA- - - GAGAGAAGCTGCCCTGI GIGCCGG
GCAAACCACAAAACGT CCAT GCCAGACGAAGGA- - - GAGAGAAGCTGCCCTGT GTGCCGG
GCGAACCACAAGAAGT CCATGCTATACAAAGAAGGAGAGAGAACCTGCCCTGT GTGCCGG
GCAAACCACAGGAAGT CCATGCTATACAAAGAAGGAGAGAGAACCTGCCCTGT GTGCCCG
GCAAACCACAAGGAGT CCATGCTATACAAAGAAGAAGAGAGAACGCTGCCCTGT GTGCCGG
GCAAACCACAAGGAGT CCAT GCTATACAAAGAAGAAGAGAGAACGCTGCCCTGT GTGCCGG
GCAAACCACAAGGAGT CCAT GCTATACAAAGAAGAAGAGAGAAGCTGCCCTGT GTGCCGG
GCAAACCACAAGAAGT CCATGCTATACAAAGAAGAAGAGAGAAGCT GCCCT GT GTGCCGG
GCAAACCACAAGAAGT CCATGCTATACAAAGAAGGAGAGAGAACCTGCCCTGT GTGCCGG
GCAAACCACAAGAAGT CCATGCCTATACAAAGAAGGAGAGAGAACCTGCCCTGT GTGCCGG
GCAAACCACAAAGAGT CTACGCTACACCAAGGA- - - GAGAGAACGCTGCCCTTTGI GCCGG
GCAAACCACAAAGAGT CTACGCCACACCAAGGA- - - GAGAGAAGCTGCCCCTTGIGCCGG
GCAAATCACAAAGAGT CTATGCTACACCAAGGA- - - GAGAGAAGCTGCCCTTTGIGCCGG
GCAAATCACAAAAAGT CTATGCCACACCAAGGA- - - GAGAGAAGCTGCCCTTTGI GCCGG
GCAAACCACAAAGAGT CTACGCTACACCAAGGA- - - GAGAGAACCTGCCCTTTGIGCAGG
GCAAACCACAAAAAGT CTATGCTACACCAAGGA- - - GAGAGAACCTGCCCTTTGIGCCGG
GCAAACCACAAAGAGTCC- - - - ------~-- AGA- - - GAGAGAAGCTGCCCTTTGT GCCGG
GCAAACCACAAAGAGT CTACGCTACACCAAGGA- - - GAGAGAAGCTGCCCTTTGIGCCGG
GCAGACCACAAAGAGT CTACGCTACACCAAGGA- - - GAGAGAAGCTGCCCTTTGIGCCGG

ATCAGTTACCAGCCT GAGAACATACGGCCT AAT CGGCATGTAGCCAACATAGT GGAGAAT 79)

ATCAGT TACCAGCCT GAGAACATACGGCCTAAT CGGCATGTAGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCT GAGAACATACGGCCTAAT CGGCATGTAGCCAACATAGT GGAGAAG
GTI'CAGI TACCAGCCTAAGAACAT ACGGECCTAAT CGGCAT GTAGCCAACATAGT GGAGAAG
ATCAGTTACCAGCATAAGAACATACGGECCT AAT CGGCAT GTAGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCT GAGAACATACAGCCTAAT CGGCATGTAGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCT GAGAACATACAGCCTAAT CGGCATGTAGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCTGAGAATATACAGCCTAAT CGGCATGTAGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCTGAGAATATACAGCCTAAT CGGCATGTAGCCAACAT AGT GGAGAAG
ATCAGT TACCAGCCT GAGAATATACAGCCTAAT CGGCAT GTAGCCAACAT AGT GGAGAAG
ATCAGT TACCAGCCT GAGAACATACAGCCT AAT CGGCAT GTAGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCT GAGAACATACGGCCTAAT CGGCAT GTGGCCAACATAGT GGAGAAG
ATCAGT TACCAGCCT GAGAACATACGGCCTAAT CGGCAT GTGGCCAACATAGT GGAGAAG
ATGAGT TACCCGT CTGAGAACT TGCGGECCTAAT CGGCAT TTGGCCAATAT AGT GGAGAGG
ATGAGT TACCCGT CTGAGAACT TGCGGECCTAAT CGECAT T TGECCAACAT AGT GGAGAGG
CTCCCTTACCAGT CTGAGAACCT GCGGECCTAATCGGCAT T TGECCAGCAT CGT GGAGAGG
ATCAGTTACTCGT CTGAGAACCT GCGGCCT AAT CGGCAT TTGGT CAACATAGT GGAGAGG
ATCAGT TACCCGT CTGAGAACCT GCGGECCTAAT CGGCAT T TGGCCAACAT AGT GGAGAGG
ATCAGI TACCCATCTGAGAACCT GCGGECCTAAT CGGCAT T TGGCCAACAT AGT GGAGAGG
GT'CAGTI TACCACT CTGAGAACCT GCGECCTAATCGECAT TTGECCAACATAGCGGAGAGG
GI'CAGI TACCAGT CTGAGAACCT GCGGECCTAATCGGCAT T TGECAAACATAGCGGAGAGG
GI'CGGTI TACCAGT CTGAGAACCT GCGECCTAATCGGCATTTGECAAACATAGCCGAGAGG
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B- box2->

CTCAGGGAGGT CAAGTTGAGCCCA- - - GAGGGGCAGAAAGT TGATCAT[TGT GCACGCCAT]( 98)

CTCAGGGAGGT CAAGT TGAGCCCA- - - GAGGGGCAGAAAGT TGATCATTGT GCACACCAT
CTTAGGGAGGT CAAGT TGAGCCCA- - - GAGGGGCAGAAAGT TGATCATTGT GCACGCCAT
CTCAGGGAGGT CAAATTGAGCCCA- - - GAGGGGCAGAAGGT TGAT CACT GT GCACGCCAT
CTCAGGGAGGT CAAGT TGAGCCCAGAGGAGEGEGECAGAAGGT TGATCACT GTGCACGCCAC
CTCAGGGAGGT CAAGT TGAGCCCAGAAGAGGGACAGAAGGT TGATCACT GTGCACGCCAT
CTCAGGGAGGT CAAGT TGAGCCCAGAAGAGGGGECT GAAGGT TGATCACT GTGCACGCCAT
CTCAGAGAGGT CAAGT TGAGCCCAGAAGAGGGEGECAGAAGGT TGAT CACT GT GCACGCCAT
CTCAGAGAGGT CAAGT TGAGCCCAGAAGAGGGEGECAGAAGGT TGAT CACT GT GCACGCCAT
CTCAGAGAGGT CAAGT TGAGCCCAGAAGAGGGEGECAGAAGGT TGAT CACT GT GCACGCCAT
CTCAGAGAGGT CAAGT TGAGCCCAGAAGAGGGGECAGAAGGT TGATCACT GTGCACGCCAT
CTCAGGGAGGT CAAGT TGAGCCCAGAAGAGGGGECAGAAGGT TGATCACT GTGCACGCCAT
CTCAGGGAGGT CAAGT TGAGCCCAGAAGAGGGGCAGAAAGT TGATCACT GTGCACGCCAT
CTCAAAGAGGT CATGCT GAGCCCAGAGGAGGEGECAGAAGGT TGAT CACT GTGCACGCCAT
CTCAAAGAGGT CATGCT GAGCCCAGAGGAGGEEGECAGAAGGT TGGT CACT GTGCACGCCAT
CTCAGGGAGGT CATGCT GAGACCAGAGGAAAGGCAGAACGT TGAT CACT GT GCACGCCAT
CTCAGGGAGGT CAT GCT GAGCCCAGAGGAGGEECAGAAGGT TGATCACT GTGCACACCAT
CTCAGGGAGGT CGT GCT GAGCCCAGAGGAGGGEGECAGAAGGT TGATCTCTGT GCACGCCAT
CTCAGGGAGGT CATGCT GAGCCCAGAGGAGGGEGECAGAAGGT TGATCACT GTGCACGCCAT
CTCAGGGAGGT CATGT TGAGCCCAGAGGAGGEGECAGAAGGT TGAT CGCT GT GCACGCCAT
CTCAGGGAGGT CATGT TGAGCCCAGAGCGAAGGGECAGAAGGT TGAT CGCT GT GCACGCCAT
CTCAGGGAGGT CATGT TGAGCCCAGAGCGAAGGGECAGAAGGT TGAT CGCTGT GCACGCCAT

IGGAGAGAAACTTCTACTCT TCTGT CAGGAGGACGGGAAGGTCATTTGCTGGCTTTGTGAG( 118)

GGAGAGAAACTTCTACTCTTCT GT CAGGAGGACGGGAAGGT CATTTGCTGECTTTGTGAG
GGAGAGAAACTTCTACTCTTCT GT CAGGAGGACGGGAAGGT CATTTGCTGECT TTGCGAG
GGAGAGAAACTTCTACTCTTCT GT AAGGAGGACGGGAAGGT CATTTGCTGECT TTGTGAG
GGAAAGAAACTTCTACTCTTCT GT CAGGAGGACAGGAAGGT CATTTGCTGECTTTGTGAG
GGAGAGAAACT CCTACTCTTCT GT CAGGAGGACAGCAAGGTCATTTGCTGGCTTTGTGAG
GGAGAGAAACT CCTACTCTTCT GT CAGGAGGACAGCAAGGTCATTTGCTGGCTTTGTGAG
GGAGAGAAACTCCTACTCTTCT GT CAGGAGGACAGCAAGGTCATTTGCTGECTTTGTGAG
GGAGAGAAACTCCTACTCTTCT GT CAGGAGGACAGCAAGGTCATTTGCTGECTTTGTGAG
GGAGAGAAACTCCTACTCTTCT GT CAGGAGGACAGCAAGGTCATTTGCTGECTTTGTGAG
GGAGAGAAACT CCTACTCTTCT GT CAGGAGGACAGGAAGGT CATTTGCTGECTTTGTGAG
GGAGAGAAACT CCTACTCTTCT GT CAGGAGGACAGGAAGGTCATTTGCTGGCTTTGTGAG
GGAGAGAAACT CCTACTCTTCT GT CAGGAGGACAGGAAGGTCATTTGCTGGCTTTGTGAG
GGAGAGAAACTTCTACTCTTCT GT CAGCAGGATGGAAATGTCATTTGCTGECTTTGTGAG
GGAGAGAAACTTCTACTCTTCT GT GAGCAGGATGGAAATGTCATTTGCTGECTTTGTGAG
GGAGAGAAACTTCTACTCTTCT GT GAGCAGGATGGAAATATCATTTGCTGECTTTGTGAG
GGAGAGAAACTTGTACTCTTCT GT CAGCAGGATGGAAATGTCATTTGCTGECT TTGTGAG
GGAGAGAAACT TCTACTCTTCTGT CAGCAGGATGGAAATGTCATTTGCTGGCTTTGTGAG
GGAGAGAAACTTCTACTCTTCTGT CAGCAGGATGGAAATGTCATTTGCTGGCTTTGTGAG
GGAGAGAAACTTCTACTCTTCT GT CAGCAGCATGGAAATGTCATTTGCTGECTTTGTGAG
GGAGAGAAACTTCTACTCTTCT GT CAGCAGCATGGAAATGTCATTTGCTGECTTTGTGAG
GGAGAGAAACTTCTACTCTTCTGT CAGCAGCATGGAAATGTCATTTGCTGECTTTGTGAG
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Coi | ed-Coi | 2

|CGGT CT CAGGAGCACCGT GGT CACCACGACGT TOCT CACAGAGGAGGT TGCCCGGGAGTAQ( 138)

CGGT CTCAGGAGCACCGT GGT CACCACACGT TCCTCACAGAGGAGGT TGCCCGEGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACGT TCCTCACAGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACAT TCCTCACGGAGGAGGT TGCCCAGAAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACATTCCT CACGGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGTCACCACACT TTCCT CAT GGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GG CACCACACT TTCCT CAT GGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACT TTCCTCAT GGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACT TTCCT CAT GGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACT TTCCT CATGGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGTCACCACACT TTCCT CATGGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACGT TCCTCAT GGAGGAGGT TGCCCAGGAGTAC
CGGT CTCAGGAGCACCGT GGT CACCACACGT TCCTCATGGAGGAAGT TGCCCAGGAGTAC
CGGT CTCAAGAACACCGT GGT CACCACACATTCCT CGT GGAGGAGGT TGCAGAGAAATAC
CGGT CTCAAGAACAT CGT GGT CACCACACATTACT CGT GGAGGAGGT TGCAGAGAAATAC
CGGT CTCAAGAACACCGT GGT CACAACACAT TCCT CGT GGAGGAGGT TGCACAGAAATAC
CGGTCTCAAGAACACCGT GGGCACCAGACATTCCTTGT GGAGGAGGT TGCACAGAAATAC
CGGT CTCAAGAACACCGT GGTCACCACACATTCCT CGT GGAGGAGGT TGCACAGACATAC
CGGT CTCAAGAACACCGT GGT CACCACACATTACT CGT GGAGGAGGT TGCACAGACATAC
CGGT CTGAAGAACACCGT GGT CACCGCACAT CCCT CGT GGAGGAGGT TGCACAGAAATAC
CGGT CTCAAGAACACCGT GGT CACAGCACATTCCT CGT GGAGGAGGT TGCACAGAAATAC
CGGT CTCAAGAACACCGT GGTCACAGCACAT TCCTCGT GGAGGAGGT TGCACAGAAATAC

Exon3->

ICAA] GTGAAGCT CCAGGCAGCT CTGGAGAT GCT GAGGCAGAAGCAGCAGGAAGCTGAAGAG( 158)

CAA| GTGAAGCT CCAGGCAGCT CTGGAGAT GCTGAGGCAGAAGCAGCAGGAAGCTGAAGAG

GT'GAAGCT CCAGGCAGCT CTGGAGAT GCTGAGGCAGAAGCAGCAGGAAGCTGAAGAG
GI'GAAGCT CCAGGCAGCT CTGGAGAT GCCTGAGGCAGAAGCAGCAGGAAGCTGAAGAG
ATGAAGCT CCAGGCAGCT CTGCAGAT GCT GAGGCAGAAGCAGCAGGAAGCT GAAGAG
GTGAAGCT CCAGACAGCT CTGGAGAT GCT GAGGCAGAAGCAGCAGGAACCT GAAAAG
GTGAAGCT CCAGACAGCT CTGGAGAT CCTGAGGCAGAAGCAGCAGGAAGCTGAAAAG
GT'GAAGCT CCAGACAGCT CTGGAGAT CCTGAGGCAGAAGCAGCAGGAAGCTGAAAAG
GT'GAAGCT CCAGACAGCT CTGGAGAT GCTGAGGCAGAAGCAGCAGGAAGCT GAAAAG
GTI'GAAGCT CCAGACAGCT CTGGAGAT GCCTGAGGCAGAAGCAGCAGGAAGCTGAAAAG
GI'GAAGCT CCAGACAGCT CTGGAGAT GCTGAGGCAGAAGCAGCAGGAAGCTGAAAAG
GT GAAGCT CCAGACAGCT CTGGAGAT GCT GAGGCAGAAGCAGCAGGAACCT GAAAAG
GTGAAGCT CCAGACAGCT CTGGAGAT CCTGAGGCAGAAGCAGCAGGAAGCTGAAAAG
GGAAAGCT CCAGGTAGCT CTGGAGAT GATGAGGCAGAAGCAGCAGGATGCTGAAAAG
GAAAAGCT CCAGGTAGCT CTGGAGAT GAT GAGGCAGAAGCAGCAGGATGCTGAAAAG
GAAAAGCT CCAGGTAGCT CT GGAGACAAT GAGGCAGAAGCAGCAGGATGCTGAAAAG
GAAAAGCT CCAGGTAGCT CTGGAGAT GAT GAGGCAGAAGCAGAAGGAT GCTGAAAAG
GAAAATCTCCAGGT AGI TCTGGAGAT GAT GAGGCAGAAGCAT CAGGATCCTGAAAAG
GAAAATCTCCAGGTAGCT CT GGAGACGAT GAGGCAGAAGCAGCAGGATGCTGAAAAG
GAAAAGCT CCAGGCAGCT CTGGAGAT GATGAGGCAGAAGGAGCAGGATGCTGAAAT G
GAAAAGCT CCAGGTAGCT CTGGAGAT GAT GAGGCAGAAGCAGCAGGAT GCTGAAAAG
GAAAAGCT CCAGGTAGCT CTGGAAAT GAT GAGGGAGAAGCAGCAGGAT GCTGAAAAG



Exon4->

Human [TTGGAAGCT GACAT CAGAGAAGAGAAAGCTTCCTGGAAG ACTCAAATACAGTATGACAAA(178)
Chi np TTGGAAGCT GACATCAGAGAAGAGAAAGCTTCCTGGAAG ACTCAAATACAGTATGACAAA
CGorilla TTGGAAGCT GACATCAGAGAAGAGAAAGCT TCCTGGAAG ACTCAAATACAGTATGACAAA
O angut an TTGGAAGCT GACATCAGAGAAGAGAAAGCT TCCTGGAAG ACTCAAATACAGT ATGACAAA
G bbon TTGGAAGCT GACAT CAGAGAAGAGAAAGCT TCCTGGAAG ACTCAAATACAGT ATGACAAA
Rhes_cDNA TTGGAAGCT GACATCAGAGAAGAGAAACCTTCCTGGAAG ATTCAAATAGACTACGACAAA
Baboon TTGGAAGCT GACATCAGAGAAGAGAAACCTTCCTGGAAG ATTCAAATAGACTACGACAAA
AGM TTGGAAGCT GACATCAGAGAAGAGAAAGCCTTCCTGGAAG ATTCAAATAGACTACGACAAA
AGM_cDNA TTGGAAGCT GACATCAGAGAAGAGAAAGCT TCCTGGAAG ATTCAAATAGACTACGACAAA
Tant _cDNA TTGGAAGCT GACATCAGAGAAGAGAAAGCT TCCTGGAAG ATTCAAATAGACTACGACAAA
Pat as TTGGAAGCT GACATCAGAGAAGAGAAAGCT TCCTGGAAG ATTCAAATAGACTACGACAAA
Col obus TTGGAAGCT GACATCAGAGAAGAGAAACCTTCCTGGAAG ATTCAAATAGACTATGACAAA
DLangur TTGGAAGCT GACATCAGAGAAGAGAAACCTTCCTGGAAG ATTCAAATAGACT GCGACAAA
PMar noset TTAGAAGCT GATGI CAGAGAAGAGCAACGCTTCCTGGAAG ATTCAAATACAAAATGACAAA
Tamarin TTGGAAGCT GACGT CAGAGAAGAGCAAGCTTCTTGGAAG ATTCAAATACGAAATGACAAA
Squirrel TTGGAAGCT GACGT CAGACAAGAGCAAGCT TCCTGGAAG ATTCAAATACAAAATGACAAA
o TTGGAAGCT GACGT CAGAGAAGAGCAAGCT TCCTGGAAG ATTCAAATACAAAATGACAAA
Titi TTGGAAGCT GACGT CAGAGAAGAGCAACCTTCCTGGAAG ATTCAAATACAAAATGACAAA
Saki TTAGAAGCT GACGT CAGAGAAGAGCAACGCTTCCTGGAAG ATTCAAATACGAGATGACAAA
How er TTGGAAGCT GACGT CAGAGAAGAGCAACGCTTCCTGGAAG ATTCAAATAGAAAATGACAAA
Spi der TTGGAAGCT GATGT CAGAGAAGAGCAAGCT TCCTGGAAG ATTCAAATAGAAAATGACAAA
Wol |y TTGGAAGCTGATGT CAGAGAAGAGCAACGCTTCCTGGAAG ATTCAAATAAAAAACGACAAA
Human IACCAACGT CTTGGCAGAT T T TGAGCAACT GAGAGACAT CCT GGACT GGGAGGAGAGCAAT]( 198)
Chi np ACCAACGT CTTGGCAGATTTTGAGCAACT GAGAGACAT CCTGGACT GGGAGGAGAGCAAT
CGorilla ACCAACGT CTTGGCAGATTTTGAGCAACT GAGAGACAT CCTGGACT GGGAGGAGAGCAAT
O angut an ACCAGCGT CTTGGCAGATTTTGAGCAACT GAGAGACAT CCT GGACT GGGAGGAGAGCAAT
G bbon ACCAACATCTTGGCAGATTTTGAGCAACT GAGACACAT CCTGGACT GGGT GGAGAGCAAT
Rhes_cDNA ACCAACGT CTCGGCAGATTTTGAGCAACT GAGAGAGAT CCT GGACT GGGAGGAGAGCAAT
Baboon ACCAACGT CTCGGCAGATTTTGAGCAACT GAGAGAGAT CCT GGACT GGGAGGAGAGCAAT
AGM ACCAACGT CTCGGCAGATTTTGAGCAACT GAGAGAGAT CCT GGACT GGGAGGAGAGCAAT
AGM _cDNA ACCAACGT CTCGGCAGATTTTGAGCAACT GAGAGAGAT CCTGGACT GGGAGGAGAGCAAT
Tant _cDNA ACCAACGT CTCGGCAGATTTTGAGCAACT GAGAGAGAT CCT GGACT GGGAGGAGAGCAAT
Pat as ACCAACGT CTTGGCAGATTTTGAGCAACT GAGAGAGAT CCT GGACT GGGAGGAGAGCAAT
Col obus ACCAACGT CTTGGCAGATTTTGAGCAACT GAGAGAGAT CCT GGACT GGGAGGAGAGCAAT
DLangur ACCAATGTCTTGGCAGATTTTGAGCAACT GAGAGAGAT CCTGGACT GGGAGGAGAGCAAT
PMar noset ACCAACAT CATGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GT GAGGAGAGCAAA
Tamarin ACCAACAT CATGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GTGAGGAGAGCAAA
Squi rrel ACCAACAT CATGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GTGAGGAGAGCAAT
ow ACCAACAT CATGGCAGAGT TTAAAAAACGGAGAGACAT CCTGGACT GT GAGGAGAGCAAA
Titi ACCAACAT CATGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GT GAGGAGAGCAAT
Saki ACCAACATTATGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GT GAGGAGAGCAAT
How er ACCAGCACCCT GGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GTGAGGAGAGCAAC

Spi der
Wool | 'y

ACCAACAT CCTGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GTGAGGAGAGCAAT
ACCAACAT CCTGGCAGAGT TTAAGCAACT GAGAGACAT CCTGGACT GTGAGGAGAGCAAT
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IGAGCT GCAAAACCT GGAGAAGGAGGAGGAAGACATTCTGAAAAGCCT TACGAACTCTGAA(( 218)

GAGCT GCAAAACCT GGAGAAGGAGGAGGAAGACAT TCTGAAAAGCCT TACGAAGT CTGAA
GAGCTGCAAAACCT GGAGAAGGAGGAGGAAGACATTCTGAAACGCCTTACGAAGT CTGAA
GAGCTGCAAAACCT GGAGAAGGAGGAGGAAGACATTCTAAAAAGCCT TACGAAGT CTGAA
GAGCTGCAAAACCT GGAGAAGGAGGAGAAAGACGT TCTGAAAAGECT TATGAGGT CTGAA
GAGCT GCAGAACCT GGAGAAGGAGGAAGAAGACATTCTGAAAAGCCT TACGAAGT CTGAA
GAGCT GCAGAACCT GGAGAAGGAGGAAGAAGACATTCTGAAAAGCCT TACGAAGT CTGAA
GAGCT GCAGAACCT GGAGAAGGAGGAAGAAGACAT TCTGAAAAGCCT TACGAAGT CTGAA
GAGCTGCAGAACCT GGAGAAGGAGGAAGAAGACATTCTGAAAAGCCT TACGAAGT CTGAA
GAGCTGCAGAACCT GGAGAAGGAGGAAGAAGACATTCTGAAAAGCCT TACGAAGT CTGAA
GAGCTGCAGT ACCT GGAGAAGGAGGAAGAAGACAT TCTGAAAAGCCT TACGAAGT CTGAA
GAGCT GCAGAACCT GGAGAAGGAGGAGGAAGACAT TCTGAAAAGCCT TACGAAGT CTGAA
GAGCT GCAGAACCT GGAGAAGGAGGAGGAAGACATTCTGAAAAGCCT TACGAAGT CTGAA
GAGCT GCAAAACCT GGAGAAGGAGGAGAAAAACAT TCTGAAAAGACT TGTACAGT CGGAA
GAGCTGCAAAACCT GGAGAAGGAGGAGAAAAACATTCTGAAAAGACT TGTACAGT CTGAA
GAGCTGCAAAACCT GGAGAAGGAGGAGAAAAACATTCTGAAAAGACT TGTACAGT CTGAA
GAGT TGCAAAACCT GGAGAAGGAGGAGAAAAACATTCTGAAAAGACT TGTACAGT CTGAA
GAGCT GCAAAACCT AGAGAAGGAGGAGAAAAACATTCTGAAAAGACT TGTACAGT CTGAG
GAGCT GCAAAT CCTAGAGAAGGAGGAGAAAAACATTCTGAAAAGACT TACACAGT CTGAA
GAGCT GCAAAAACT GGAGAAGGAGGAGGAAAACCT TCTGAAAAGACT TGTACAGT CTGAA
GAGCTACAAAACT TGGAGAAGGAGGAGGAAAACCT TCTGAAAACACT TGCACAGT CTGAA
GAGCTGCAAAACCT GGAGAAGGAGGAGGAAAACCT TCTGAAAATACT TGCACAGT CTGAA

IACT GAGAT GGT GCAGCAGACCCAGT CCCTGAGAGAGCTCATCTCAGATCTGGAGCATCGE( 238)

ACTGAGAT GGTGCAGCAGACCCAGT CCGI GAGAGAGCT CATCTCAGAT CTGGAGCGT CGG
ACTGAGAT GGTGCAGCAGACCCAGT CCGI GAGAGAGCT CATCTCAGAT CTGGAGCATCGG
ACTGAGAT GGTGCAGCAGACCCAGT CCGI GAGAGAGCT CATCTCAGAT GT GGAGCAT CGG
ATTGAGATGGT GCAGCAGACCCAGT CCGT GAGAGAGCT CATCTCAGAT CTGGAGCAT CGG
ACGGAGAT GGT GCAGCAGACCCAGTACAT GAGAGAGCT CATCTCAGAACT GGAGCAT CGG
ACGGAGAT GGT GCAGCAGACCCAGTACAT GAGAGAGCT CATCTCAGAT CTGGAGCAT CGG
ACGGAGAT GGTGCAGCAGACCCAGT ACATGAGAGAGCT CATCTCAGATCTGGAGCATCGG
ACGGAGAT GGTGCAGCAGACCCAGT ACATGAGAGAGCT CATCTCAGAT CTGGAGCATCGG
ACGGAGAT GGTGCAGCAGACCCAGT ACATGAGAGAGCT CATCTCAGATCTGGAGCATCGG
ACGAAGAT GGT GCGGCAGACCCAGTACGT GAGAGAGCT CATCTCAGAT CTGGAGCAT CGG
ACTGAGAT GGT GCAGCAGACCCAGTACAT GAGAGAGCT CGT CTCAGAT CTGGAGCAT CGG
ACTGAGAT GGT GCAGCAGACCCAGTACAT GAGAGAGCT CATCTCAGAT CTGGAGCAT CGG
AGT GACATGGTGCTGCAGACCCAGT CCAT TAGAGT GCTCATCTCAGATCTGGAGCGT CGC
AGT GACAT GGTGCTGCAGACCCAGT CCATGAGAGT GCTCATCTCAGATCTGGAGCGT CGC
AATGACAT GGTGCTGCAGACCCAGT CCGTGAGAGT GCTCATCTCAGAT CTGGAGCGT CGC
AATGACATGGT GCTGCAGACCCAGT CCGT GAGAGT GCTCATCTCAGATCTGGAGCATCGC
AATGACAT GGT GCTGCAGACCCAGT CCATAAGCGT GCTCATCTCGGATCTGGAGCATCGC
AATGACAT GGT GCTGCAGACCCAGT CCATGGGAGT GCTCATCTCAGATCTGGAGCATCGC
AATGACATGGTGT TGCAGACCCAGT CCATAAGAGT GCTCATTGCAGACCT GGAGCGT CGC
AATGACAT GGTGCTGCAGACCCAGT CCATGAGAGT GCT CATCGCAGAT CTGGAGCACCGC
AATGACAT GGTGCTGCAGACCCAGT CCATGAGAGT GCTCATCGCAGATCTGGAGCATCGC
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Exon5-> Exon6->

CTGCAGGGGT CAGTGATGGAGCTGCTTCAG GGTGTGGATGGECGTCATAAAAAG GACGGAG( 258)

CTGCAGGGGT CAGTGATGGAGCTGCTTCAG GGTGTGGATGGCGT CATAAAAAG GATGGAG
CTGCAGGGGT CAGTGATGGAGCTGCTTCAG GGTGTGGATGGCGT CATAAAAAG GATGGAG
CTGCAGGGGT CAGT GATGGAGCTGCTTCAG GGTGTGGATGGCATCATAAAAAG GATGCAG
CTGCAGGGGT CAGT GATGGAGCTGCTTCAG GGTGTGGATGGECGT CATAAAAAG GATGAAG
TTGCAGGGEGT CAATGATGGATCTACTGCAG GGTGTGGATGCCATCATTAAAAG GATTGAG
TTGCAGGGGT CAATGATGGAGCTACTGCAG GGTGTGGATGCCATCATTAAAAG GATTGAG
TTGCAGGGGT CAATGATGGAGCTCCTGCAG GGTGTGGATGCCATCATTAAAAG GATTGAG
TTGCAGGGGT CAATGATGGAGCTGCTGCAG GGTGTGGATGCCATCATTAAAAG GGTTGAG
TTGCAGGGEGT CAATGATGGAGCTGCCTGCCAG GGTGTGGATGGCATCATTAAAAG GATTGAG
TTGCAGGGEGT CAATGATGGAGCTCCTGCCAG GGTGTGGATGGCATCATTAAAAG GATTGAG
TTGCAGGGEGT CAGT GATGGAGCTCCTGCCAG GGTGTGGATGGCATCATAAAAAG GATTGAG
TTGCAGGGGT CAATGATGGAGCTGCTGCAG GGTGTGGATGCCATCATAAAAAG GATTGAG
CTGCAGGCGTCAGTGATGGACCTTTTACAG GGTGTGGATGACGTCATAAAAAG GATTGAG
CTGCAGGGGT CAGTGCTGGACCTGI TACAG GGTGTGGATGATGTCATAAAAAG GATTGAG
CTGCAGGGGT CAGT GGTGGAGCTGTTACAG GATGTGGATGGT GTCATAAAAAG GATTGAG
CTGCAGGGGTCAGT GATGGAGCTGTTACAG GGTGTGGATGGT GTCATAAAAAG GATTGAG
CTGCAGGGGT CAGT GATGGAGCTGTTACAG GGTGTGGATGGECGTCATAAAAAG GGTTAAG
CTGCAGGGGTCAGTGATGGACCTGI TACAG GGTGTGGATGAAGT CATAAAAAG GGTTAAG
CTGCAGGGGTCAGT TATGGACGCTGI TACAG GGTGTGGAAGGCGTCATAAAAAG GATTAAG
CTGCAGGGGT CAGTGATGGACGCTGI TACAG GATGTGGAAGGCGTCATAAAAAG GATTAAG
CTGCAGGGGT CAGT GATGGAGCTGTTACAG GGTGTGGAAGGCATCATAAAAAG GACTACG

AACGT GACCT TGAAGAAGCCAGAAACT TTTCCAAAAAAT CAAAGGAGAGTGTTTCGAGCT( 278)

AACGT GACCT TGAAGAAGCCAGAAACT TTTCCAAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACGT GACCT TGAAGAAGCCAGAAACT TTTCCAAAAAAT CGAAGGAGAGT GT TTCGAGCT
AACGT GACCT TGAAGAAGCCAGAAACT TTTCCAAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACGT GACCTTGAAGAAGCCAGAAACT TTTCCAAAAAAT CGAAGGAGAGT GT TTCGAGCT
AACATGACCT TGAAGAAGCCAAAAACT TTTCACAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACATGACCT TGAAGAAGCCAAAAACT TTTCACAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACATGACCT TGAAGAAGCCAAAAACAT TTCACAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACATGACCT TGAAGAAGCCAAAAACATTTCACAAAAAT CAAAGGAGAGT GTTTCGAGCT
AACATGACCT TGAAGAAGCCAAAAACATTTCACAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACATGACCT TGAAGAAGCCAGAAACATTTCACAAAAAT CAAAGGAGAGT GT TTCGAGCT
GACATGACCT TGAAGAAGCCAAAAACT TTTCCCAAAAAT CAAAGGAGAGT GT TTCGAGCT
AACATGACCT TGAAGAAGCCAAAAACT TTTCCCAAAAAT CAAAGGAGAGT GT TTCGAGCT
AAAGT TACTTTGCAGAAGCCAAAAACGT TTCTTAATGAAAAAAGGAGAGTATTTCGAGCT
ACAGTGACTTTGCAGAAGCCAAAAACCT TTCTTAATGAAAAAAGGAGAGTATTTCGAGCT
AAAGT GACTTTGCAGAAGCCAAAAACCT TCCTTAAT GAAAAAAGGAGAGT AT TTCGAGCT
AAAGT GACTTTGCAGAATCCAAAAACCT TTCTTAATGAAAAAAGGAGAATATTTCAAACT
AATGT GACTTTGCAGAAGCCAAAAACT TTTCTTAATGAAAAAAGGAGAGTATTTCGAGT T
AACGT GACTTTGCAGAAGCCGAAAACT TTTCTTAAT GAAAAAAGGAGAGTATTTCGAGCT
AACGT GACTTTGCAGAAGCCAGAAACCT TTCTTAATGAAAAAAGGAGAGT AT TTCAAGCT
AATGTGACTTTGCAGAAGCCAAAAACCT TTCTTAATGAAAAAAGGAGAGT GTTTCGAGCT
AATGTGACTTTGCAGAAGCCAAAAACCTTTCTTAATGAAAAAAGGAGAGT GTTTCGAGCT
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Exon7-> SPRY->

CCTGATCTGAAAGGAATGCTAGAAGTGTTTAGAG AGCTGACAGATGTCCGACGCTACTGE( 298)

CCTGATCTGAAAGGAATGCTAGAAGTGTTTAGAG AGCTGACAGATGTCCGACGCTACTGG
CCTGATCTGAAAGGAATGCTAGAAGTGTTTAGAG AGCTGACAGATGTCCGACGCTACTGG
CCTAATCTGAAAGGAATGCTAGAAGTGTTTAGAG AGCTGACAGATGTCCGACGCTACTGG
GCTGATCTGAAAGTAATGCTAGAAGTGTTGAGAF AGCTGAGAGATGTCCGACCGCTACTGG
CCTGATCTGAAAGGAATGCTAGACATGT TTAGAG AGCTAACAGATGCCCGACGCTACTGG
CCTGATCTGAAAGGAATGCTAGACATGT TTAGAG AGCTAACAGATGTCCGACGCTACTGG
CCTGATCTGAAAGGAATGCTAGACATGT TTAGAG AGCTAACAGATGTCCGACGCTACTGG
CCTGATCTGAAAGGAATGCTAGACATGTTTAGAG AGCTAACAGATGTCCGACGCTACTGG
CCTGATCTGAAAGGAATGCTAGACATGTTTAGAG AGCTAACAGATGTCCGACGCTACTGG
CCTGCTCTGAAAGGAATGCTAGACATGTTTAGAF AGCTAACAGATGTCCGGCCCTACTGG
CCTGATCTGAAAGGAATGCTAGACATGT TTAGAG AGCTAACAGATGTCCGACGCTACTGG
CCTGATCTGAAAGGAATCCTAGACATGTTTAGAG AACTAACAGATGTCCGACGCTACTGG
CCTGATCTGAAAGGAATGCTACAAGCATTTAAAG AGCTGACAGAAGT CCAACGCTACTGG
CCTGATCTGAAAGCAATGCTACAAGCATTTAAAG AGCTGACAGAAGTCCAACGCTACTGG
CCTGATCTGAAAAGAATGCTCCAAGTGTTAAAAG AACTGACAGAAGTCCAACGCTACTGG
CCTGATCTGAAAGGAACACTACAAGTGTTTAAAG AGCCGACAGAAGTCCAACCCTACTGG
CCTGATCTGAAAGGAATGCTACAAGT GTCTAAAG AGTTGACAGAAGT CCAACGCTACTGG
CCTGATCTGAAAGGAATGCTACAAGT GTTCAAAG AGCTGACAGAAGT CCAACGCTACTGG
CCTGATCTGAAAGGAATGCTACAAGTGTTTAAAG AGCTGAAAGAAGT CCAGTGCTACTGG
CCTGATCTGAAAGGAATGCTACAAGTGTTTAAAG AGCTGAAAGAAGTCCAGTGCTACTGG
CCTAATCTGAAAGGAATGCTACAAGTGTTTAAAG AGCTGAAAGAAGTCCAATGCTACTGG

Exon8->

C A VI § E D K R

TTGATGT GACAGT GGCTCCAAACAACATTTCATGI GCTGT CATTTCTGAAGATATGAGA
TTGATGT GACAGT GGCTCCAAACAACATTTCATGI GCTGT CATTTCTGAAGATATGAGA
TTGATGI GACAGT GGCTCCAAACGACATTTCATATGCT GT CATTTCTGAAGATATGAGA
TTGATGI GACAGT GGCTCCAAACAACATTTCATATCCTGTCATTTCTGAAGATATGAGA
TTGATGT GACACTGGCTACAAACAACATTTCCCATCCT GT CATTGCT GAAGATAAGAGA
TTGATGI GACACT GGCTCCAAACAACATTTCCCATGCT GT CATTGCT GAAGATAAGAGA
TTGATGT GACACTGGCTCCAAACAACATTTCCCATGCT GT CATTGCTGAAGATAAGAGA
TTGATGT GACACTGGCTCCAAACAACATTTCCCATGCT GT CATTGCTGAAGATAAGAGA
TTGATGT GACACTGGCTCCAAACAACATTTCCCATGCT GT CATTGCTGAAGATAAGAGA
TTGATGI GACACTGGCTCCAAACAACATTTCCCATGI TGT CATTGCTGAAGATAAGAGA
TTGATGT GACACTGGCTCCAAACAACATTTCACATCCT GT CATTGCT GAAGATAAGAGA
TTGATGI GACACTGGCTCCAAACAACATTTCACATCCT GT CATTGCT GAAGATAAGAGA
CTCATGT GACACTGGTTCCAAGT CACCCTTCATGTACTGTCATTTCTGAAGATGAGAGA
CTCATGT GACACTGGTTCCAAGT CACCCTTCATATCCTGT TATTTCTGAAGATGAGAGA
CTCATGI GACACTGGTTCCAAGT CACCCTTCATATACTATCATTTCTGAAGAT GGGAGA
CTCATGTGACACTGGTTCCAAGT CACCCTTCATGTACTGT CATTTCTGAAGATGAGAGA
CTCATGTGACACTGGTTGCAAGT CACCCTTCACGIGCTGT CATTTCTGAAGACGAAAGA
TTCATGIGACACTGGT TCCAAGT CACCTTTCATGTGCTGT CATTTCTGAAGAT GAGAGA
CTCATGT GACACTGATTCCGAATCACCCTTCATGTACTGTCATTTCTGAAGATAAGAGA
CTCATGI GACACTGGTTCCAAGT CACCCTTCATGTACTGTCATTTCTGAAGATGAGAGA
CTCATGT GACACTGGTTCCAAGT CACCCTTCATGI GCTGT CATTTCTGAAGATCAGAGA

ololololololololololololololnlolololololn)]

| TTGATGT GACAGT GGCTCCAAACAACATTTCATGIGCTGT CATT TCTGAAGATAAGAGA(318)
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(Patch) »

Q VvV S§SS PKPOQI I Y GARGTR Y Q T

ICAAGT GAGCT CT CCCAAACCACAGATAATATAT|GGGGCACGAGGGACAAGATACCAG - - ACA(338)

CAAGT GAGCTCTCCCAAACCACAGATAATAT AT CGEGECACGAGEGACAAGATATCAG: - - ACA
CAAGT GAGCT CTCCCAAACCACAGATAATATAT GCEGCCACAAGCGACAAGATATCAG - - ACA
CAAGT GAGCT GT CCCGAACCACAGATAATATAT GCEGCCACAAGCGACAACATATCAG - - ACA
CAAGT GAGCT CTCCCGAACCACAGATAATATTTGAGCCACAAGGGACAATATCTCAG - - ACA
CAAGT GAGCTCTCGCAACCCACAGATAATGTATCAGCCACCAGEGACATTATTTACG - - TTT
CAAGT GAGCTCTCGCAACCCACAGATAACGT ATCAGCCACCAGEGACATTATTTTCG - - TTT
CAAGT GAGCTATCACAACCCACAGATAATGTATCAGCCACCAGGEGTCATCATTTGEG - - TCA
CAAGT GAGCTATCGCAACCCACAGATAATGTATCAGT CACCAGGGTCATTATTTGEG - - TCA
CAAGT GAGCTATCACAACCCACAGATAATGTATCAGGCACCAGGGTCATCATTTGEG - - TCA
CAAGT GAGCT CTCGCAACCCACAGATAATGTATTGEGCACAAGCGAAATTATTTCAG - - TCA
CGAGTGAGCT CTCCCAACCCACAGATAATGTATCGGEGCCACAAGCGACATTATTTCAG - - TCA
CAAGT GAGCTCTCCCAACCCACAGATAATGTI GTCGEECACGAGEGACATTATTTCAG - - TCA

CAAGTGAGATATCAGGTTCCG - - - - = - = == == mmmmmmm oo TACATCAA: - - CCA
CAAGTGAGATATCAGTTTCAG: - - - <= - - - === e oo mmmem oo ATACATCAA- - - CCA
CAAGTGAGATATCAGAAACCT - - - - < = = = === = mmmmmmmm e oo ATACGTCAC- - - CTA
CAAGTGAGATATCACAAACGG: - - - < = - < <= == -mmmmmm e oo ATATATCAA- - - CCA
CAAGTGAGATATCAGGAATGG - - - - = - - === == o mmmmmmm oo ATACATCAA- - - TCA
CAAGTGAGATATCACGAACGG: - - - - = - - <= == -mmmmmmm oo ATACATCAA- - - TCA
GAAGTGAGATATCAGGAACAG: - - - < = = = === === mmmmmm oo e ATACATCATCACCCG
CAAGTGAGATATCAGGAACAG: - - - < = - = === === mmmmmmm oo ATACATCAA- - - CCA
CAAGTGAGATATCACAAACAG: - - - < = - = === === mmmmm oo IAGACATCGA- - - CCA
oo’ - |
0 1 e
0 1 T

CTCACGAATTTCAATTATTGT ACT GECGT CCTGGGCTCCCAAAGT AT CACATCAAGGAAA
CTCACGAATTTCAGI TATTGTACT GGCGT CCCGGGECT CCCAAAGT AT CACAT CAGGGAAA
CTCACGAATTTCAATTATTGTACT GGCGT CCTGGGCTCCCAAAGTATCACATCAAGGAAA
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F V. NF NY CT G |

TTTEREAATTTCAATTATTGTACTGGCATCCT GGGCT CTCAAAGT AT CACAT CAGGGAAA( 358)

TTTAREAATTTCAATTATTGTACT GGCATCCTGGGCTCTCAAAGTATCACATCAGGGAAA
TT TTTCAATTAT TGTACGGEGCATCCTGGGECT CTCAAAGT ATCACAT CAGGGAAA
TA TTTCAATTATTGIACTGGCATCCTGGEGCT CTCAAAGT AT CACGT CAGGGAAA
TT TTTCAATTATTGIACTGGCATCCTGGGCT CTCAAAGT AT CACATCAGGGAAA
CT TTTCAATTATTGTACT GGCGT CCTGGGECT CCCAAAGT ATCACAT CAGCGAAG
CT TTTCAATTATTGTACT GGCGT CCTGGGECT CCCAAAGT ATCACAT CAGGGAAG
CTCABEAATTTCAATTATTGTACT GGCGT CCTGGGCTCCCAAAGTATCACAT CAGGGAAA
CT TTTCAATTATTGTACT GECGT CCTGGGECT CCCAAAGT ATCACAT CAGGGAAA
Cr TTTCAATTATTGIACT GGCGT CCTGGEGCTCCCAAAGT AT CACATCAGGGAAA
Cr TTTCAATTATTGIACT GGCATCCTGGGCT CCCAAAGT AT CACATCAGGGAAA
CT TTTCATTTATTGTACT GGCGT CCTGGGCTCCCAAAGT ATCACAT CAGGGAAA
CT TTTCATTTATTGTACT GECGT CCTGGGECT CCCAAAGT ATCACAT CAGGGAAA
CTTEBREAAAGT CAAGTATTTTTATGGCGTCCTGGGCTCCCTAAGTATCACAT CAGGGAAA
T GTCAACTATTTTTATGGECGT CCTGEECT CCCCAAGT ATCACAT CAGGGAAA

Ccr GTCCAGTATTTTTATGGECGT CCTGGECT CCCCAAGT ATCACAT CAGGGAAA
TT GTCAAGTATTTTTGI GECGT CCTGGECT CCCCAAGT ATCACAT CAGGGAAA
T GAGTCAAGTATTTTTATGGECGT CCTGGGECT CCCCAAGT ATCACAT CAGGGAAA

TT GTCAAGTATTTTTATGGECGT CCTGEECT CCCCAAGT ATCAGAT CAGGGAAA
TCTAREGAAGT CAAGTATTTTTATGGCATCCT GGGCTCCCCAAGTATCACAT CAGGGAAA
T GTCAAGTATTTTTGI GGECGT CCTGEECT CCCCAGGT TTCACAT CAGGGAAA
T GCCAAATATTTTTATGGECGT CCTGGECTCCCCAAGT TTCACAT CAGGGAAA

ICATTACT GGGAGGTAGACGT GT CCAAGAAAACT GCTTGGATCCTGGGGGTATGTGCTGEG( 378)

CATTACT GGGAGGT AGACGT GT CCAAGAAAAGT GCT TGGATCCTGGGEGGTATGTGCTGEC
CATTACT GGGAGGT AGACGT GT CCAAGAAAAGT GCT TGGATCCTGEEGGTATGTGCTGEC
CATTACT GGGAGGT AGACGT GT CCAAGAAAAGT GCT TGGATCCTGEEGGTATGTGCTGEC
CATTACT GGGAGGT AGACGT GT CCAAGAAAAGT GCT TGGAT CCTGEEEGTATGT GCTGEC
CATTACT GGGAGGT AGAT GT GTCCAAGAAAAGT GCCTTGGAT CCTGEEGGTATGT GCTGGEC
CATTACT GGGAGGT AGAT GT GTCCAAGAAAAGT GCTTGGAT CCTGEEGGTATGT GCTGGEC
CATTACT GGGAGGTAGATGT GT CCAAGAAAAGT GCT TGGATCCTGGGEGGTATGTGCTGEC
CATTACTGGGAGGTAGATGT GT CCAAGAAAAGT GCT TGGATCCTGEEGGTATGTGCTGEC
CATTACTGGGAGGT AGATGT GT CCAAGAAAAGT GCT TGGATCCTGEEGGTATGTGCTGEC
CATTACT GGGAGGTAGATGT GT CCAAGAAAAGT GCT TGGAT CCTGEGEEGTATGT GCTGEC
CATTACT GGGAGGTAGAT GT GTCCAAGAAAAGT CCTTGGAT CCTGEEGGTATGT GCTGGEC
CATTACT GGGAGGT AGAT GT GTCCAAGAAAAGT GCTTGGAT CCTGEEGGTATGT GCTGGEC
CATTACT GGGAAGT AGACGT GT CCAAT AAAAGGEGT TGGATCCTGGEGGTATGTGGTAGC
CATTACT GGGAGGT AGACGT GACCAAT AAAAGGGAT TGGATCCTGEEGATATGTGT TAGC
CATTACT GGGAGGT AGACGT GT CCAAT AAAAGGEECT TGGACCCT GGEGGTATGTGT TAGC
CATTACT GGGAGGT AGACGT GT CCAATAAAAGT GAGT GGATCCTGEGEEGTATGTGT TAGC
CATTACT GGGAGGTAGACGT GTCCAATAAAAGT CCTTGGATCCTGEGEGGTATGTGT TAGC
CATTACT GGGAGGT AGACGT GTCCAATAAAAGT CCTTGGATCCTGGGAGTATGTGTTAGC
CATTACT GGGAGGTAGACGT GTCCAATAAAAGT GCT TGGATCCTGGGEGGTATGTGTCAGC
CATTACT GGGAGGT AGACGT GT CCGATAAAAGT GCT TGGATCCTGEEGGTATGTGT TAGC
CATTACTGGGAGGTAGACGT GTCCAATAAAAGT GCT TGGATCCTGEEGGTATGTGT TAGC
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TTCCAACCTGATGCAATG - - --------------------------------------- (384)
TTCCAACCTGATGCAATG - - <= -------------------------------------
TTCCAACCTGATGCAACG: - - - = = = = = =« === o oo oo oo oo oo
TTCCAACCTGATGCAATG: - - - = = - - = = =« <o m oo ee o omeo oo
TTGCAACCTGATGCAATG: - - - = = - - = = =« oo oo o e oo oo oo
TTCCAATCOGATGCAATG: - - - - = - - = = = = o m o ee oo
TTCCAACCTGATGCAATG: - - - - = = = = = = - o m oo em oo oo

TTCCAACCCGATGCAAT G - - = - = - = = = = o m e m e e ie oo
TTCCAACCOGATGCAAT G - - = - = - - = = = = = = s s e oo mee oo
TTCCAACCOGATGCAAT G - - = - - - - = = = = = o s e dee oo oo
TGGAAATGCAATGCAAAA: - - = - - - - - o @ m oo
TTTAAATGCAATGCAAAA: - - - - - - -« o @ o m oo ii i
TTGAAATGTACTGCAAAT - - - = - - - - < = oo et e et

TTGAAATGCATTGGAAATTTTCCAGGAAT TGAAAAT TATCAACCT CAAAATGECTACT GG
TTGAAATGCACT GCAAATGT TCCAGGAATTGAAAAT TAT CAACCTAAAAATGCCTACT GG
TTGAAATGCACT GCAAAT GT TCCAGGAATTGAAAAT TATCAACCTAAAAATGCECTACT GG

F-oo-------- TGIAAT------------ccccccccccccoooo-- ATTGAAAAAAATI( 390)
------------ TGTAAT------- - - - - - oo - - - - - - - - - - - ATTGAAAAAAAT
———————————— TGTAAT- - - - - - e e e e e oo oo oo - - - - - - ATTGAAAAAAAT
____________ TATAAT- - - - - - m e oo e oo - o - - - - - - - - ATTGAACAAAAT
____________ TATAAT- - - - - - e o e e e e oo oo oo oo - - - - ATTGAACAAAAT
____________ TATAAT- - - - - - e e e e e o e oo oo o - - - - - - - ATTGAACAAAAT
____________ TATAAT- - - - - - e e e e e e e oo o oo - - - - - - - ATTGAACAAAAT
____________ TATAAT- - - - - mm e e e e oo oo - - - - - - - ATTGAACAAAAT
____________ TATAAT- - - - - - c e oo oo oo - o - - - - - - ATTGAACAAAAT
____________ TATAAT- - - - - - c e oo oo oo - - - - - - - - ATTGAACAAAAT
———————————— TATGAT-----------mmmm e oo oo - - - - - - - GTTGAACAAAAT
____________ TATAAT- - - - - - e e e e e e e oo oo oo oo - - - - ATTGAACAAAAT
____________ TATAAT- - - - - - e s e e e e oo oo oo - oo - - - ATTGAACAAAAT
............ TGGAAT------------c-eeceeeee---------GITCTAAGACCT
____________ TGGAAT------ - ememme e ee oo oo - - - - - - - GTTCTAAGACCT
____________ CAGAGT-------ccmemmcececeae oo - - - - - GTTTCAGGAACT
____________ TGTAGT--------memememeee oo oo - - - - - - GTTCCAAGAATT
------------ CCGAAT--------mmmmemee e ee oo oo oo - - - - - GGTCCAGGAGT T
------------ CCGAAT- - - - - - - e mme e me e e e oo oo oo - - - - - GGTCCAAGAATT

GI TATAGGGT TACGGAATGCAGATAACTATAGT GCTTTCCAAGAT GCAGT TCCAGAAACT
GITATAGGGT TACAGAATGCAAATAACTATAGT GCTTTCCAGGAT GCAGT TCCAGGAACT
GITATAGGGT TACAGAATGCAGATAACTATAGT GCTTTCCAGGAT GCAGT TCCAGGAACT



Human
Chimp
Corilla
Or angut an
G bbon
Rhes_cDNA
Baboon
AGM

AGM _cDNA
Tant _cDNA
Pat as

Col obus
DLangur
PMar noset
Tamarin
Squirrel
Oowl

Titi

Saki

How er

Spi der
Wol |y

Human

Chi mp
Corilla
Orangut an
G bbon
Rhes cDNA
Baboon
AGM

AGM cDNA
Tant _cDNA
Pat as

Col obus
DLangur
PMar noset
Tamarin
Squirrel
o

Titi

Saki

How er

Spi der
Wool |y

[GAAAAT TATCAACCTAAATACGGG: - - - - ---------------------------------- (398)

GAAAATTATCAACCTAAATATGOC - - - - - ------------- - --- - ----------
GAAAATTATCAACCTAAATATGGC: - - - - - - = < = = = = < mm oo omee oo o occee oo
GAAAATTATCAACCT CAATATGGC: - - - - - - = = = = = = mmm oo mee e eee oo
GAAAATTATCAACCTAAATATGGC: - - - - - - = = = = = = mwm oo mee oo
GAAAATTATCAACCTAAATATGGC: - - - - - - = = == = == mmm e o mmmee oo
GAAAATTATCAACCTAAATATGGC: - - - - - - = === = = < mm oo mmmee oo oee oo
GAAAATTAT CAACCTAAATATGGA: - - - - - - = === = = <o m e oo oo oo oo
GAAAATTATCAACCTAAATATGGC: - - - - - - = < = = = = < mmm o oo mee oo o ocee e
GAAAATTATCAACCTAAATATGGC: - - - - - - = = = = = = mmm oo mee oo eee e
GAAAATTATCAACCTAAATATGGC: - - - - - - = = = = = = mwm oo mee oo
GAAAATTATCAACCTAAATATGGC: - - - - - - = = = = = == mm e o mmmme oo
GAAAATTATCAACCTAAATATGGC: - - - - - - = = = = = = < mm o oo mmee oo o oce oo
GAAAATTAT CAACCTAAAAATGGC: - - - - - - = = = = = = <= mm oo mmem oo oo
GAAAATTATCAACCTAAAAATGGC: - - - - - - = = = = = = <= mm oo o mee oo oo
GAAAATTATCAACCTAAAAATGGC: - - - - - - = = = = = = < wm o m e ee oo eee oo
GAAAAT GAT CAACCTAAAAATGGC: - - - - - - = = = = = = < wm o eee oo eee oo
GAAAACTAT CAACCTAAAAATGGC: - - - - - - = = = = = = == mm oo mmmme oo oo
GAAAATTAT CAACCTAAAAATGGC: - - - - - - = = = = = = <= mm oo mmeeo oo ocee oo
GAAAATTATCAACCT AAAAAT CGCAACCGG: - - TTTACAGGGT TACAGAAT GCAGATAATTGT
GAAAATTATCAACCT AAAAAT GGCAACCGGAGGAAT AAAGGGT TACGGAAT GCAGATAACTAT
GAAGATTATCAACCT AAAAAT GGCT GCT GGAGGAATACAGGGT TACGGAAT GCAGATAACTAT

[ o i i i i iiiiiiiiiiiiiiiii- TACTGG( 400)

------------------------------------------------------ TACTGG

AGTGCTTTCCAGAATGCATTTCCAGGAATTCAAAGT TATCAACCT AAAAAGAGCCACTTG

AGTGCTTTCCGGGATACATTT
AGTGCTTTCCAGGATGTATTT

CAACCTATAAATGACTCCTGG
CAACCTAAAAATGACTACTGG
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GTTATAGGGTTA -~ ------------------------ GAGGAAGGAGT TAAATGTAGT|( 411)

GITATAGGGTTA- - - -~ ----- - ------------- GAGGAAGGAGT TAAATGTAGT
GTTATAGGGTTA- - - - - == m oo meme oo omcee o GAGGAAGGAGT TAAAT GCAGT
GTTATAGGGTTA- - - - === m o mmmmmee e GAGGAAGGAGTTAAATGTAGT
GTTATAGGGTTA- - - - === oo mmmmme oo GAGGAAGGAGTTAAATGTAAT
GTTATAGGGTTA - - - === m oo mmmme oo CAGGAAGGAGTTAAATATAGT
GTTATAGGGTTA- - - - - == m oo mmmme oo mee oo CAGGAAGGAGT TAAATATAGT
GTTATAGGGTTA- - - - - == oo o mmmme oo mee oo CAGGAAGGAGATAAATATAGT
GTTATAGGGTTA- - - - - == m oo mmeme oo cecee o CAGGAAGGAGATAAATATAGT
GTTATAGGGTTA- - - - === m o mmmmmee e CAGGAAGGAGATAAATATAGT
GTTATAGGGTTA- - - - - === o mmmmem oo CAGGAAGGAGTAAAATATAGT
GTTATAGGGTTA- - - - - === o mmmmme oo CAGGAAGGAGT TAAATATAGT
GTTATAGGGTTA- - - - - == m oo mmmme oo CAGGAAGGAGTTAAATATAAT

GI TATAGGGT TACGGAATACAGATAACTATAGT GCT TTCCAGGATCCAGT TAAATATAGT
GITATAGGGT TACAGAATACAAATAACTATAGT GCTTTCCAGGATGCAGT TAAATATAGT
GITATAGGGT TACGGAAT GCAGGTAACTATAGGCECTTTCCAGAGITCATTTGAATTTCGT
GITATAGGGT TACGGAAT GCAGATAACTATAGT GCTTTCCAGGATGCAGT TGAATATAGT
GTGATAGGGT TACGGAATGCAGATAACTATAGT GCTTTCCAGGATTCAGT TAAATATAAT
GI TATAGGGT TATGGAATGCAGGTAACTATAGT GCT TTCCAGGATTCAGT TAAATATAGT
TTTACAGGGT TACAGAATCTAAGTAACTATAATGCT TTCCAGAATAAAGT TCAATATAAC
GITACAGGGTTACGGAATGTAGATAACTATAATGCCTTTCCAGGATGCAGT TAAATATAGT
GITACAGGGT TATGGAACGCAGATAACTATAATGCCTTTCCAGGATGCAGGT AAATATAGT

F----- GCTTTCCAGGATAGITCCTTCCATACTCCTTCTGITCCTTTCATTGTGCCCCT(( 429)

—————— GCTTTCCAGGATGGT TCCTTCCATACTCCT TCTGCTCCTTTCATTGTGCCCCTC
—————— GCTTTCCAGGATGGT TCCTTCCATACTCCT TCTGCTCCTTTCATTGIGCCCCTC
—————— GCTTTCCAGGATGGT TCCTTCCATAATCCTTCTGCTCCTTTCATTGTGCCCCTC
------ GCTTTCCAGGATGGT TCCATCCATACTCCTTCTGCTCCTTTCGT TGTGCCCCTC
------ GITTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGTGCCCCTC
—————— GITTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGT GCCCCTC
—————— GI'TTTCCAGGATAGT TCCTCACATACTCCTTTTGCTCCTTTCATTGIGCCCCTC
—————— GI'TTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGTGCCCCTC
—————— GITTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGTGCCCCTC
------ GITTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGCGCCCCTC
------ GITTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGTGCCCCTC
—————— GITTTCCAGGATGGT TCCTCACATACTCCTTTTGCTCCTTTCATTGT GCCCCTC
—————— GATGTCCAGGATGGT TCTCECTCTGT TICT TCTGGICCTTTGATCGTGCCCCTC
—————— GATTTCCAGATTGGT TCCCGCTCTACTGCT TCTGTTCCTTTGATCGTGCCCCTC
—————— GATTTCCTGECTGGT TCCCECCTTACTCTTTCTCCTCCTTTGATCGTGCCCCTC
------ GATTTCCAGGATGGT TCCCECTCTACTCCTTCTGCTCCTTTGATCGT GCCCCTC
------ GATTTCCAGGATGGT TCCCECTCTACTACT TATGCTCCTTTGATCGT GCCCCTC
—————— GATTTCCAGGATGGT TCCCACTCTGCTACT TATGGT CCTTTGATCGT GCCCCTC
TATATTGATTTTCAGGATGATTCCCTCTCTACTCCTTCTGCTCCTTTGATCGTACCCCTC
—————— GATTTCCAGGATGGT TCCTGCTCTACTCCT TCTGCTCCTTTGATGGTGCCCCTC
—————— GATTTCCAGGATGGT TCCTGCTCTACTCCTTTTECTCCTTTGATTGTGCCCCTC
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TCTGTGATTATTTGICCTGATCGIGTTGGAGT TTTCCTAGACTATGAGGCTTGCACTGI (( 449)

TCTGTGATTATTTGTCCTGATCGTGTTGGAGT TTTCCTAGACTATGAGGECTTGCACTGTIC
TCTGTGATTATTTGTCCTGATCGTGT TGGAGT TTTCCTAGACTATGAGGCTTGCACTGIC
TCTGTGATTATTTGTCCTGATCGTGT TGGAGT TTTCCTAGACTATGAGGECTTGCACTGIC
TCTGTGAATATTTGTCCTGATCGTGT TGGAGT TTTCCTAGACTATGAGGECT TGCACTGIC
TCTGTGATTATTTGTCCTGATCGTGTTGGAGT TTTCGTAGACTATGAGGECT TGCACTGTC
TCTGTGATTATTTGTCCTGATCGTGTTGGAGT TTTCGTAGACTATGAGGECTTGCACTGTC
TCTGTGATTATTTGTCCTGATCGTGTTGGAGT TTTCGTAGACTATGAGGECTTGCACTGIC
TCTGTGATTATTTGTCCTGATCGTGT TGGAGT TTTCGTAGACTATGAGGCTTGCACTGIC
TCTGTGATTATTTGTCCTGATCGTGT TGGAGT TTTCGTAGACTATGAGGECT TGCACTGIC
TCTGTGATTTTTTGTCCTGATCGTGT TGGAGT TTTCGTAGACTATGAGGECT TGCACTGIC
TCTGTGATCATTTGTCCTGATCGTGTTGGAGT TTTCGTAGACTATGAGGECTTGCACTGTC
TCTGTGATTATTTGTCCTGATCGTGTTGGAGT TTTCGTAGACTATGAGGECTTGCACTGTC
TTTATGACTATTTGTCCTAATCGTGTTGGAGT TTTCCTAGACTATGAGGECTTGCACTATC
TTTATGACTATTTATCCTAATCGTGT TGGAGT TTTCCTAGACTATGAGGCTTGCACTGIC
TTTATGACTATTTGTCCTAATCGGGT CGGAGT TTTCCTAGACTATGAGGCTCGCACTATC
TTTATGACTATTTGTCCTAATCGTGT TGGAGT TTTCCTAGACTATGAGGECT TGCACTGIC
TTTATGACTATTTGTCCTAATCGTGTTGGAGT TTTCCTAGACTATGAGGECTTGCACTGTC
TTTATGACTATTTGTCCTAATCGTGTTGGAGT TTTCCTAGACTATGAGGECTTGCACTGTIC
TTTATGACTATTTGI CCTAAACGTGTTGGAGT TTTCCTAGACTATGAGGECTTGCACTGIC
TTTATGACTATTTGTCCTAAACGTGTTGGAGT TTTCCTAGACTGTAAGGCTTGCACTGIC
TTTATGACTATTCGTCCTAAACGTGT TGECGT TTTCCTAGACTATGAGGECTTGCACTGIC

[TCATTCITCAATATCACAAACCATGGATTTCTCATCTATAAGI TTTCICACIGITCITTT|( 469)

TCATTCTTCAATATCACAAACCATGGATCTCTCATCTATAAGTTTTCTCACTGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTTTTCTCACTGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTTTTCTCACTGITCTTTT
TCATTCTTCAATATCACAGACCATGGATTTCTCATCTATAAGITTTCTCACTGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTI TTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGI TTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTTTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTTTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTTTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGITTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGTI TTTCTCAGIGITCTTTT
TCATTCTTCAATATCACAAACCATGGATTTCTCATCTATAAGI TTTCTCAGIGITCTTTT
TCATTCTTCAATGT CACAAGCAATGGATTTCTCATCTATAAGTTTTCTAACTGTCATTTT
TCATTCTTCAATGT CACAAACAATGGATTTCTCATCTATAAGTTTTCTAACTGTCATTTT
TCATTCTTCAATGT CACAAGCAATGGATTTCTCATCTACAAGTTTTCTGACTGTCATTTT
TCATTCTTCAATGT CACAAACAATGGATTTCTCATCTATAAGTTTTCTAACTGICATTTT
TCATTCTTCAATGT CACAAGCAATGGATTTCTCATCTATAAGT TTTCTAACTGICATTTT
TCATTCTTCAATGI CACAAGCAATGGATTTCTCATCTATAAGT TTTCTAACTGICGITTT
TCATTCTTCAATGT CACAAGCAATGGATATCTCATCTATAAGTTTTCTAACTGTCAGTTT
TCATTCTTCAATGT CACAAGCAATGGATGTCTCATCTATAAGTTTTCTAAGIGTCATTTT
TCATTCTTCAATGT CACAAGCAATGGATGTCTCATCTATAAGTTTTCTAACTGTCATTTT
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[TCTCAGCCTGTATTTCCATATTTAAATCCTAGAAAAT GTGGAGT CCCCATGACTCTGTGO( 489)

TCTCAGCCTGTATTTCCATATTTAAATCCTAGAAAAT GTGGAGT CCCCATGACTCTGTGC
TCTCAGCCTGTATTTCCATATTTAAATCCTAGAAAATGTAGAGT CCCCATGACTCTGTGC
TCTCAGCCTGTATTTCCATATTTAAATCCTAGAAAATGTAGAGT CCCCATGACTCTGTGC
TCTCAGCCTGTATTTCCATATTTAAATCCTAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAAT CCCAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAATCCCAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAATCCCAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAATCCCAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAATCCCAGAAAAT GTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAATCCCAGAAAAT GTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAAT CCTAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTAAGCCTGTATTTCCATATTTAAATCCTAGAAAATGTACAGT CCCCATGACTCTGTGC
TCTTATCCTGTATTTCCATATTTCAGT CCTACGACATGTGAATTACCCATGACTCTGTGC
TCTTATCCTGTATTTCCATATTTCAGTCCTATGACATGTGAATTACCCATGACTCTGTGT
TCTTATCCTGTATTTCCATATTTCAATCCTATGACGT GTGAATTACCCATGACTCTGTGC
TGTTATCCTGTATTTCCATATTTCAGTI CCTATGACATGTGAATTACCCATGACTCTGTGC
TCTTATCCTGTATTTCCATATTTCAGI CCTATGACATGTGAATTACCCATGACTCTGTGC
TCTGATTCTGTATTTCCATATTTCAGT CCTATGACATGTGAATTACCCATGACTCTGTGC
TCTTATCCTGTATTTCCATATTTCAGT CCTATGACATGTGAATTACCCATGACTCTGTGC
TCTTATCCTGTATTTCCATATTTCAGI CCTATGATATGTAAATTACCCATGACTCTGTGC
TCTTGICCTGTATTTCCATATTTCAGI CCTATGACATGTAAATTACCCATGACTCTGTGC

[TCACCAAGCTCTTGA( 493)
TCACCAAGCTCTTGA
TCGCCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGGTCTTGA
TCACCAAGCTCTTGA
TCACCAAGGTCTTGA
TCACCAAGATCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
TCACCAAGCTCTTGA
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Supporting Data Set 1

Data Set 1. Alignment of TRIM5a sequences from primates analyzed in this study. Protein
domains are indicated by boxes on the human sequence. Numbers at the end of each line (in
parentheses) indicate the human codon number. Vertical lines denote exon breakpoints.
PAML-highlighted codons (codons evolving under positive selection) are denoted with blue
(highlighted in analysis of full data set) or yellow (highlighted in hominid+OWM data set)
highlighting. Purple boxed human sequence and purple translated residues above the alignment
indicate the SPRY "patch." Blocks of sequence in orange type contain gaps and were omitted from
the PAML analysis of the full data set. The small section blocked with orange lines (and orange type)
cannot be unambiguously aligned to the rest of the alignment. Two AGM sequences are present in
the alignment. "AGM-cDNA" is cDNA read no. AY625003 from GenBank. This sequence was not
used in the final analysis, and instead the read titled "AGM" (our sequence from Cos-7 DNA) was
used. The owl monkey sequence in this alignment (gift from J. Luban, Columbia University, New
York) also was not used in the analysis, because it has not been shown that TRIMS5a. is transcribed
as well as TRIM-Cyp.

Supporting Figure 4

Fig. 4. Positive selection of the SPRY domain. dN is plotted vs. dS for all pairwise combinations of
primate sequences. These values are calculated by using the Nei—Gojobori method by PAML software
[Yang, Z. (1997) Comput. Appl. Biosci. 13, 555-556]. Pairwise combinations of hominids (hom),



Old World monkeys (owm), and New World monkeys (nwm) are plotted with different symbols as
shown in the legend. Points that are making comparisons between human and another primate are in
a black box. In the first graph, the entire gene length is analyzed, and in the second and third graphs,
the gene has been divided into two at the beginning of the SPRY (as defined in the alignment
shown). The SPRY domain is predominantly evolving under positive selection, whereas the
remainder of the gene shows a net signature of purifying selection.
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