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Abstract We evaluated the predicted biochemical
properties of Gag proteins from a diverse group of
feline immunodeficiency viruses (FIV) to determine
how different evolutionary histories of virus and host
have changed or constrained these important structural
proteins. Our data are based on FIV sequences derived
from domestic cat (FIVfca), cougar (FIVpco), and
lions (FIVple). Analyses consisted of determining the
selective forces acting at each position in the protein
and the comparing predictions for secondary structure,
charge, hydrophobicity and flexibility for matrix, cap-
sid and nucleocapsid, and the C-terminal peptide,
which comprise the Gag proteins. We demonstrate that
differences among the FIV Gag proteins have largely
arisen by neutral evolution, although many neutrally
evolving regions have maintained biochemical fea-
tures. Regions with predicted differences in biochem-
ical features appear to involve intramolecular
interactions and structural elements that undergo
conformational changes during particle maturation. In
contrast, the majority of sites involved in intermolec-
ular contacts on the protein surface are constrained by
purifying selection. There is also conservation of sites

The nucleotide sequence data reported in this paper have been
submitted to the GenBank nucleotide sequence database and
have been assigned the accession number EF106722-EF106737.

E. Burkala - M. Poss
Division of Biological Sciences, The University of Montana,
Missoula, MT 59812, USA

Present Address:

M. Poss (X))

Department of Biology, The Pennsylvania State University,
208 Mueller Lab, University Park, PA 16802, USA

e-mail: mposs@bx.psu.edu

that interact with host proteins associated with cellular
trafficking and particle budding. NC is the only protein
with evidence of positive selection, two of which occur
in the N-terminal region responsible for RNA binding
and interaction with host proteins.
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Introduction

Retroviruses genomes vary in length and genome
organization but all minimally contain three open
reading frames. The structural proteins required to
form the viral particle are encoded by gag at the 5" end
of the genome, enzymes required for virus replication
are encoded by pol in the central portion of the gen-
ome, and the viral envelope proteins, which determine
cell tropism, are encoded by env at the genome 3’ end.
Members of the Retroviridae differ in the enzymes
encoded by pol and there is extensive nucleotide se-
quence diversity and, consequently, receptor specificity
associated with env. However, based on three-dimen-
sional structures of Gag proteins [1-4], the morpho-
logical characteristics of the viral particle formed from
gag gene products are similar across this diverse viral
family [5, reviewed in 6]. Because Gag orchestrates
many steps in the virus life cycle and encoded proteins
elicit an adaptive immune response, the viral gag gene
products are of interest from both a structural and
therapeutic perspective.

The Gag polyprotein is produced from the gag gene
on unspliced full-length viral transcripts. The intact
polyprotein functions during the late stages of viral
replication to direct virus assembly and budding. There
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are three protein domains in Gag that function as
components of the intact polyprotein during particle
assembly and as independent proteins during matura-
tion of the viral particle. The N-terminal portion con-
tains the matrix protein (MA), which localizes the
polypeptide to the membrane via a myristoylated
residue and a patch of basic residues [7-9] and is
responsible for incorporation of the envelope glyco-
protein during particle assembly [10-12]. Capsid (CA)
is the central protein in Gag and is composed of a
C-terminal domain, which initiates Gag dimerization,
and an N-terminal domain, which forms a lattice of
hexamers that yields the morphology characteristic of
each retrovirus core [13]. The nucleocapsid (NC) is the
C-terminal protein of Gag. The ability of this basic
protein to bind RNA confers several important func-
tions on Gag including packaging of the genome [14],
initiating Gag dimerization [15, 16] and compaction of
the viral genome [reviewed in 17]. Cellular proteins
that can confer antiviral activity interact with the basic
domains of NC [18, 19]. The C-terminal peptide of Gag
is highly variable within and between retrovirus
groups. Based on several conserved motifs, the prin-
cipal function of this region appears to be its interac-
tion with cellular factors. In the primate lentiviruses,
this region yields a peptide, p6, that facilitates budding
and release of the virion via the cellular endocytic
sorting pathway [20, 21].

Maturation of the newly formed virion requires
proteolytic cleavage of the Gag polyprotein by the
virus encoded protease and is an ordered process [22].
The viral nucleocapsid is cleaved first to allow coating
and compaction of the genomic RNA followed by
proteolysis of the MA/CA junction. The released MA
forms trimers that line the inner lipid membrane and
CA assembles into hexamers via the N-terminal do-
mains, which form the viral core [4]. Finally, peptides
are removed from the C-termini of CA and NC [22,
23]. The sequential cleavage of proteins allows for
distinct protein interactions that can facilitate both
particle assembly and particle dissociation at tempo-
rally defined steps of the virus life cycle.

In this study, we evaluate how predicted biochemi-
cal properties and structure of Gag proteins and pep-
tides have evolved in FIV derived from different host
species. Feline immunodeficiency viruses infect many
members in the family Felidae [24, 25] and like primate
immunodeficiency viruses, the co-evolutionary histo-
ries and clinical consequences of infection vary in each
species [26-28]. During evolution of the virus in each
species of host feline, proteins may change by drift or
they may derive new characteristics that confer greater
fitness in the host environment due to positive selec-
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tion. In contrast, sequences in which any change de-
creases viral fitness will be constrained by purifying or
negative selection. Evaluating the biochemical prop-
erties of proteins in an evolutionary context provides
insights on structural constraints on viral proteins and
highlights regions of proteins in which different struc-
tural or biochemical, and hence potential functional,
properties have evolved in each virus family.

Materials and methods
Samples and nucleotide sequences

Cougar (Puma concolor) PBMC and LN samples were
prepared as described by Biek et al. [26, 29]. The 5" half
of FIVpco genomes were amplified by nested PCR
from genomic DNA using high-fidelity ExTaq poly-
merase (Takara), cloned, and sequenced as described
[30]. First-round primers were S0LTF (TAACCGTA-
AACCGCAAGTG) and 50PCLR (TAGCCATAA-
GTTCCCATAAGG) and second-round primers were
5iXhF (ACTCGAGTGCTTGCATGCAAGAAAT-
GACG) and 5iNotR (ATGCGGCCGCTGTTGATT-
CCACTC). The underlined regions indicate restriction
sites for Xhol and Notl, respectively, which were
incorporated to facilitate cloning of longer PCR frag-
ments. Conditions for the first round amplification
were 94°C for 3 min, then 35 cycles of 94°C for 30 s,
52°C for 30 s, and extension at 70°C for 5 min. Second-
round PCR conditions were identical except that
annealing occurred at 54°C. Second-round PCR prod-
ucts were digested with Xhol and Notl cloned into
pBluescript (Stratagene, USA), which was cut with the
same enzymes. PBMC and serum from infected Afri-
can lions (Panthera leo) were kindly provided by
Dr. C. Packer (University of Minnesota). Primers used
to amplify FIVPleB614 from genomic DNA were
S5iPleF (CTTCACGGATCTTCAAGCCAGG) and
sPle2560R (CTCTCCTGGTCCTTGATTATTGA).
Genomic DNA was amplified using the following con-
ditions: 94°C for 3 min, then 35 cycles of 94°C for 30 s,
54°C for 30 s, and extension at 70°C for 2 min. PCR
products were cloned into the pDrive vector (Qiagen,
USA) using standard protocols and sequenced. TA
cloning strategies were used for FIVple fragments
because there was insufficient sequence information to
design specific sites for cloning into the primers.
Sequence from lion PleC914 was obtained from plas-
ma. Viral RNA was isolated using the QIAamp viral
RNA kit (Qiagen, USA), cDNA was prepared using
Ple46760R (TGGTCCATTATCWGWTTGTA) [31]
and PCR amplification used this primer with 384F
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(CCGAACAGGGACTTGAA) for first round ampli-
fication. Conditions were: 94°C for 3 min, then 40
cycles of 94°C for 30s, 51°C for 30 s, and extension at
70°C for 4 min. Second-round PCR was conducted
with 5iPleF and PleC3350R (AAAGCATCTCCCTA-
AGTTCATT) using identical conditions except that
extension time was reduced to 2 min. Other sequences
used for analyses were acquired from Genbank and
limited to only those with full-length genomic
sequences. FIVfca sequences from domestic cat (Felis
catus) were representative of clade A: FIVCG
(M25381), FIV-Z1 (X57002), FIV-PPR (M36968);
clade B: FIV-GVEPX (E03581), FIV-USIL2489
(U11820), and clade C: FIV-C (AF474246), FIV-C36
(AY600517). Additional non-domestic cat FIV
sequences came from a Florida Panther (Puma con-
color coryi) PLV-14 (U03982) [32], a cougar from
Vancouver Island BC, PLV (DQ192583) [30] and a
Pallas’ cat (Otocolobus manul) OMA (AY713445) [33].

Protein structural analysis

Computational analyses were used to predict chemical
and physical properties of translated gag sequences
using a number of public servers. Molecular weight
and pl were calculated using the EXPASY Compute
pI/MW tool [34]. The EXPASY PROTSCALE [34]
server was used to determine hydrophobicity [35] and
flexibility [36] indices via a sliding window analysis.
Sliding window analysis for charge was performed
using the CHARGE program in EMBOSS (v2.8.0)
[37]. Sliding window of average identity of amino
acids within a window size of ten amino acids was
performed using values calculated by the SWAAP
program [38]. All other sliding window analyses used
a window size of nine residues. Raw data output from
these analyses was compiled and data points were
correlated to residues in the multiple sequence
alignment. Secondary structure predictions were per-
formed using the PSIPRED server [39] because this
algorithm was the most consistent of those evaluated
(JPRED, PHD, PREDATOR, Z-PRED) for pre-
dicting the secondary structural elements identified in
solved crystal structures. Prediction of disordered re-
gions within proteins using the DISOPRED server
[40]. Pattern recognition of conserved and repeated
sequences was performed using the EMBL PRATT
server [41].

Phylogenetic and selection analyses

To determine the phylogenetic relationships of the
approximately 1,500 bp gag gene, a maximum likeli-

hood (ML) tree was created in PAUP* (4.10b; Sinauer
Associates, Inc.) [42], using a GTR + G model as
determined in Modeltest [43]. Support for topology
was determined using 100 bootstrap replicates with a
heuristic search algorithm. All main nodes had boot-
strap values of 90-100.

To determine sites under positive selection, five
models of codon-based substitution available in the
CODEML module of PAML [44, 45] were considered
that allowed different values for the parameter w, the
ratio of the rates of non-synonymous and synonymous
substitutions. A likelihood ratio test with the Bonfer-
roni correction for multiple tests was used to determine
the model that best fit the data. Model MO (single value
of w) was contrasted with M1 (w < 1, = 1), M1 was
compared to M2, which allows @ > 1). M7 and M8
have values of @ comparable to those in M1 and M2
and include a beta distribution to model the frequency
of sites with w < 1. The Bayes empirical Bayes (BEB)
calculation of posterior probabilities for site classes
was used to calculate the probabilities of sites under
positive selection [45]. This analysis was performed for
the entire dataset and for the FIVpco and FIVfca sets
individually.

The sequence alignments and trees were also sub-
mitted to the Hyphy package available from Data-
Monkey [46, 47]. Both SLAC (single-likelihood
ancestor counting) and FEL (fixed effects likelihood)
analyses were conducted. Data on purifying selection is
based on FEL analyses using a value of P < 0.05 to
establish significance.

Structural models

Homology models of proteins were based on Gc34 Gag
proteins and were produced using the SCWRL server
[48]. The Gc34 Gag sequence was used because it is the
closest sequence to the FIVpco consensus and is
therefore a good representative of this group. Potential
structural homologues were determined using the
FUGUE sequence-structure homology prediction ser-
ver [49]. For use in homology models, optimal struc-
tural templates with highest Z-score from FUGUE
analysis were selected based on sequence similarity to
FIV proteins, size of the protein sequence, and struc-
ture resolution. Structures for Equine infectious ane-
mia virus (EIAV) capsid (2EIA) [2] and Human
immunodeficiency virus type 1 (HIV-1) nucleocapsid
(1A1T) [50] proteins were used to produce homology
models. As sequence identity of Gc34 MA was low
compared to sequences from solved structures, the
PRALINE profile alignment program [51] was used to
align and map to analogous positions on protein EIAV
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matrix structure (1HEK) [52]. Model visualization,
annotation, and generation of figures was performed
using the PyMOL open source software [53].

Results
Phylogenetic relationship of the FIV gag gene

The gag gene of FIV varies in length from an average
of 1350 bp in FIVfca and 1386 bp in FIVpco to as long
as 1506 bp in FIVple. Phylogenetic reconstruction of
the gag sequences demonstrates that there are three
principal groups, which cluster according to host
species (Fig. 1). The topology of taxa within each
species-specific cluster is consistent with the clade
structure previously identified for each of FIV [26, 29,
54, 55] (Fig. 1). There was phylogenetic support for
inclusion of the Pallas’ cat sequence (OMA) in the lion
lentivirus clade, as was previously shown for phyloge-
nies based on pol gene sequences [25]. As a result, the
OMA gag sequence was included in the FIVple group
for analysis of protein structural properties.

The overall nucleotide identity within the FIVfca
gag sequences is 93.6% (range 90.3-99.8%). There is
greater diversity within FIVpco sequences than in

Fig. 1 Maximum likelihood
tree of FIV gag nucleotide
sequences. Sequences used in
this study were bootstrapped
with 100 trials and significant

FIVfca; nucleotide identity between FIVpco gag ran-
ges from 61.8% to 99.8% and has an average of 89.7%
(Fig. 1a). The sequences from FIVpleB614 and FIV-
pleC914 share only 71 % nucleotide identity. OMA gag
is 80% identical to that of FIVpleB614. Between
groups, FIVpco gag shares 56-58% nucleotide identity
with both FIVfca and FIVple while FIVfca and FIVple
are 66.8% identical. The predicted intra-group Gag
protein identity is 97%, 94%, and 81% for FIVfca,
FIVpco, and FIVple, respectively. FIVpco Gag
proteins are 70.3% and 73.3% identical to FIVple and
FIVfca Gag proteins, respectively and FIVple and
FIVfca share 75.8% identity. Thus, FIV Gag proteins
have diversified by 25-30% as these viruses have
evolved in each host species.

Predicted biochemical properties of matrix (MA)

The FIV Gag polyprotein is proteolytically cleaved to
produce three structural proteins, matrix (MA), capsid
(CA), and nucleocapsid (NC). Position of proteolytic
cleavage sites in each sequence was based on sequence
homology to those determined for FIVCG [56]
(Fig. 2). The Tyr-Pro residues that mark the junction
of MA and CA in FIVCG are conserved in all FIVfca
and FIVple sequences except FIVpleC914, which has

(90-100%) branch support a) Pco Fca  Ple
values are shown. (a) Inset Pco 103 - -
describes the phylogenetic Fca 420 6.4 -
nucleotide divergence for Ple 439 332 231
intra- and inter-group

comparisons of FIVs (cougar
(FIVpco), domestic cat
(FIVfca), and African lion
(FIVple)

FIV-USIL2489 FIV-C36 FIV-C

PleB614
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Fig. 2 Schematic diagrams of FIV Gag proteins from: cougar
(FIVpco), domestic cat (FIVfca), and African lion (FIVple). (a)
Bar diagram indicates position of codons identified to be under
positive selection (full bars) for all FIVs (full black bars; codon
404: PAML: P < 0.05; FEL: P < 0.007; codon 471: FEL:
P < 0.001) and for FIVpco sequences (full gray bars; codon 399
PAML: P < 0.03), and half black bars represent sites that are
invariant. (b) Percent identity sliding window plot for all FIV

an Asn-Pro at the putative cleavage site. All FIVpco
have Ala-Pro except for PLV-14, which has the Tyr-Pro
sequence typical of the FIVfca clade. The predicted
molecular masses of MA from FIVfca and FIVpco are
similar at 14.5-14.6 kDa (Table 1). The MA from
FIVple viruses possess an insertion of between 11 and
20 amino acids at the C-terminus of MA relative to the
other FIV. Thus, the predicted molecular mass of
FIVple MA is 15.6-17.5 kDa (Table 1).

Four of the five a-helices (H1 and H3-5) repre-
sented in the HIV-1 MA structure [52] are predicted to
occur in FIV MA. Secondary structure predictions
support the presence of a-helix 2 (H2) in all FIVpco
MA, but this region is predicted to be a f-sheet (S1) in
both FIVfca and FIVple MA proteins (Fig. 2).
The secondary structural prediction confidence of the
p-sheet for FIVica and FIVple MA is low, but this
region of the protein is not predicted to be disordered
in any sequence (data not shown). It is notable that the
hydrophobicity index for H2 from FIVpco MA is
higher than for the other FIV (Fig. 3a) because H2
contains important determinants for membrane asso-
ciation [57]. Six of the seven N-terminal amino acids of
H2/S1 are under purifying selection in all FIVs but the
C-terminal region is neutrally evolving (Fig. 4a). Thus,
there is no evidence that any functional difference
associated with different intrinsic hydrophobicity of H2
in FIV MA is currently under selective pressure.

The pl of MA (Table 1) ranged from 8.3 to 9.5 in
FIVpco and FIVfca, and 9.0-9.4 in FIVple indicating
that areas of localized charge differences exist within

sequences. (¢) Each FIV group displays: schematic diagram of
the relative lengths of the Gag polyproteins and their subsequent
products with breaks in blocks representing gaps for optimal
sequence alignment (myristoylation of N-terminal Met is
indicated by “Myr”’) and majority consensus predicted secondary
structures of each subunit protein are shown, where, lines
represent unstructured regions, cylinders represent o-helices, and
arrows represent f-sheets

and between FIV groups. Because charge is important
for intra- and inter-molecular interactions, FIV MA
proteins were evaluated for charge distribution using a
sliding window analysis. Overall, the MA proteins of all
FIV groups consist of positively charged N- and C-
termini and a negatively charged central H3. The N-
terminal region is basic in all FIV. There are four
conserved acidic residues in H3, which contribute to the
net negative charge of this helix. The charged residues
at either end of H3 are evolving neutrally and the two in
the central portion of the helix are under purifying
selection in all FIV. FIVpco sequences have three
additional acidic residues in H3 that are all under
purifying selection. Thus, FIVpco MA sequences are
more negatively charged in H3 than other FIV
(Fig. 3a). FIVfca and FIVple sequences have acidic H5
and FIVpco sequences vary in this region. However, the
long C-terminal extension characteristic of FIVple MA
sequences carries a net positive charge, which contrib-
utes to the more basic p/ of MA from this group. There
was no evidence for positive selection on any sites
associated with charge differences in FIV MA.

Mpyristoylation of the N-terminus of retrovirus MA
proteins is important for membrane localization [58]
but some lentiviruses, such as EIAV, Visna/Maedi
virus, and Caprine arthritis-encephalitis virus (CAEV)
do not require myristoylated MA for assembly [59,
60]. FIVCG MA has been previously reported to be
myristoylated [56] and all FIV MA proteins evaluated
in this study contain similar recognition sites for
myristoylation (Fig. 2).
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Table 1 Summary information of predicted properties for FIV Gag proteins

Accession  MA CA NC
Length Mol. Mass p/* Sel” Length Mol. Mass pI Sel.* Length Mol. Mass pI  Sel.*
(AA) (Da) (AA) (Da) (AA) (Da)

Pco 44 116 22
Gce34 EF106722 134 14,535 8.6 223 25,178 6.1 75 8,089 10.5
Mc350 EF106723 134 14,505 8.6 223 25,151 6.1 75 8,071 10.4
Mc100 EF106724 134 14,505 8.6 223 25,151 6.1 75 8,207 10.7
Mcl121 EF106725 134 14,540 9.0 223 25,123 6.1 75 8,100 10.4
YM29 EF106726 134 14,502 8.6 223 25,165 6.1 74 7,952 103
YF16 EF106727 134 14,475 8.7 223 25,151 6.2 74 7,952 10.3
IMO01 EF106728 134 14,478 8.6 223 25,189 6.5 76 8,267 10.6

JF6 EF106729 134 14,506 8.6 223 25,209 6.1 76 8,209 10.3
YM137 EF106730 134 14,478 8.6 223 25,164 6.1 76 8,198 10.4
YF125 EF106731 134 14,505 9.5 223 25,208 5.8 76 8,202 10.3
SR631 EF106732 134 14,550 8.9 223 25,120 6.1 76 8,243 103
SR631Br EF106733 134 14,490 8.6 223 25,109 5.6 76 8,243 10.3
CoLV EF106734 134 14,578 8.6 223 25,150 72 75 8,154 10.5
PLV DQ192583 134 14,372 8.6 223 25,152 6.2 75 8,234 10.3
PLV-14 U03982 146 15,068 83 222 24,686 6.2 87 9,052 114

Fca 21 42 11
FIVCG NC_001482 135 14,658 9.3 223 24,681 5.4 66 7,106 10.2
FIV-71 X57002 135 14,568 9.0 223 24,681 5.6 66 7,088 10.2
FIV-PPR M36968 135 14,672 8.8 223 24,630 52 66 7,017 10.2
FIV-GVEPX  M59418 135 14,743 8.5 223 24,715 5.4 66 7,074 10.1
FIV-USIL2489 U11820 135 14,672 9.0 223 24,715 5.6 66 7,126 10.2
FIV-C AF474246 135 14,698 9.3 223 24,718 5.7 66 7,112 10.0
FIV-C36 AY600517 135 14,712 8.9 223 24,732 5.4 66 7,111 10.2

Ple n.d. n.d. n.d.
OMA AY713445 155 16,863 9.4 223 25,244 6.0 76 8,327 10.5
PleB614 EF106736 136 17,545 9.2 223 25,378 72 79 8,797 10.7
PleC914 EF106737 159 15,631 9.0 223 25,341 6.2 70 7,757 10.4

Pco, FIVpco from cougar; Fca, FIVfca from domestic cats; Ple, FIVple from lions

n.d.: not done
# Tsoelectric point

® Number of sites per protein under purifying selection for each group by FEL analysis [46, 47]

Predicted biochemical properties of capsid (CA)

The capsid proteins of these three groups of FIV have
similar length and predicted secondary structural
elements. The C-terminal cleavage site of capsid
(Val-Gln) is present in OMA and all FIVfca and
FIVpco sequences but is absent from the two FIVple.
The approximate C-terminus of FIVple capsid was
estimated from the alignment, which is conserved
except for the last five amino acids surrounding the
putative cleavage site. Molecular masses of FIVpco,
FIVfca, and FIVple CA proteins are approximately
25.2,24.7, and 25.3 kDa, respectively (Table 1).
There are nine o-helices and one short fS-sheet
(Figs. 2, 3b) predicted for each FIV CA protein. Based
on the crystal structure of CA from HIV-1, these sec-
ondary structural elements are arranged in two distinct
domains that are delineated by the predicted f-sheet
[61-63]. The N-terminal domain (NTD) forms the
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surface of the core particle and encompasses predicted
helices 1-5 and a proline-rich loop structure situated
between H4 and HS5. We note that the two small
helices in the HIV-1 structure, H5 and H6, were not
predicted for any of the FIV CA. Thus HS5 in FIV CA
is equivalent to H7 in the HIV-1 CA structure. The
first three helices (H1-H3) share common properties
for charge, hydrophobicity, and flexibility; 70% of
these residues are under purifying selection. The cen-
tral portion of HS from FIVpco CA is predicted to be
less hydrophobic and more flexible than that of FIVfca
or FIVple H5 (Fig. 3b).

The C-terminal domain (CTD) is responsible for
Gag multimerization and is comprised of helices 6-9
(corresponding to H8-11 in HIV-1). The region span-
ning the C-terminus of HS8 through H9 from FIVpco
CA proteins is predicted to have lower hydrophobicity
than the other FIVs. FIVple and FIVpco H7 have
greater flexibility than FIVfca H7 (Fig. 3b).
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The majority of sites in CA from the three groups
of FIV are under purifying selection, which is con-
sistent with the observed conservation of sequence
and biochemical properties. Although selection
against changes in amino acid sequence is anticipated
for key structural elements, it is of interest that the
loop region between H4 and HS5 is also under puri-
fying selection (Fig. 4b). This region is highly flexible
and disordered and shows absolute conservation of a
PRPLPY motif.

Predicted biochemical properties of nucleocapsid
(NO)

The molecular mass of FIV NC ranges from 7 kDa to
9 kDa (Table 1). Variation in mass is due principally to

length differences in the N- and C- terminal domains.
The FIVple and FIVpco N-terminal domains are basic
and range in length from 15 to 34 amino acids. There
are two sites in this region predicted to be under po-
sitive selection in FIVpco sequences (Figs. 2, 4c). The
N-terminal domain of FIVfca is only nine amino acids
long, is not basic, and has no sites under positive
selection. The longest N-terminal domain is in the
PLV-14 NC protein. This sequence has an insertion of
approximately 20 amino acids consisting of Arg-Gly
repeat [32] that is unique among FIV NC.

The central region of FIV NC consists of two CCHC
zinc-finger (ZF; C-X,—C-X4;~H-X,4~C) motifs (Figs. 2,
4c) that are both under purifying selection. The five
amino acid linker, which separates the two zinc-finger
motifs, has lower sequence homology but maintains a
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Fig. 3 continued
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conserved motif consisting of a hydrophobic residue
flanked by charged residues. In FIVple and FIVpco, all
charged residues are basic and there is a conserved Pro
central in the sequence whereas FIVica lacks the Pro
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and there is an acidic residue N-terminal of the central
hydrophobic residue (Fig. 3c).

The C-terminus of NC following the second zinc-
finger motif has the lowest inter-feline group sequence
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Fig. 3 continued (c)
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identity of any region of Gag (Fig. 2). However, within
each FIV group, the identity is high. In FIVfca NC, the
region from the C-terminal end of ZF2 to the end of
NC is basic whereas both FIVple and FIVpco NC are
acidic to neutral in this region. The Val-Gln-GIn
cleavage site at the end of NC is conserved in all
sequences examined except for FIVCG, which has
Met-GIn-Gln.

Predicted biochemical properties of the C-terminal
peptide (p2°)

The C-terminal peptide produced from proteolytic
cleavage of Gag is approximately 19 amino acids, or
2.2 kDa (p2€). Although this peptide is smaller than
the corresponding p6 peptide from primate lentiviruses,

40 50 60 70 80 90 100

the FIV p2€ peptides share two motifs that are found
in the primate p6 and that are under purifying selec-
tion. The PS/TAPP motif, which is involved in endo-
cytic pathway sorting, is present in all FIV sequences.
The C-terminal LXXL motif is associated with clathrin
binding [64] and is conserved in FIVpco and FIVfca.
FIVple motifs at this site are variable and consist of
LXXI/M. The PLV-14 p2© sequence is truncated
before the LXXL motif. However, the N-terminus of
the peptide is approximately eight residues longer than
that of the other FIVpco sequences and contains a
YPXL motif analogous to that described for the EIAV
p9 peptide [65]. The OMA and FIVpleB614 p2©
peptides also are longer in the N-terminus of p2© but
these extended domains do not contain any charac-
terized motifs.
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Fig. 4 Homology models of the (a) matrix (MA), (b) capsid
(CA), and (¢) nucleocapsid (NC) proteins. On the blue
homology model structure, yellow residues indicate negatively
selected sites and red residues indicate invariant sites for the
FIVs (cougar (FIVpco), domestic cat (FIVfca), and African lion
(FIVple). (a) Selected sites for FIVs relative to the EIAV MA
protein crystal structure (1HEK). Shown are model images
rotated approximately 180° about the Y-axis. (b). Homology
model of Gc34 using the EIAV CA crystal structure (2ETA)
shown in two orientations 180° about the Y-axis. C-terminal and
N-terminal domains (NTD & CTD, respectively) are delineated

Discussion

The feline immunodeficiency viruses form a mono-
phyletic group within the lentiviruses. Our phyloge-
netic analysis demonstrates that there is greater
nucleotide diversity within the cougar (FIVpco) and
lion (FIVple) lineages than within FIVfca from
domestic cats. In addition, 200 of the 515 sites are
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NTD
)-1-— N-terminus —i=

CTD

)
¥ 7 C-terminus
ZF2
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by dashed line. (¢) Gc34 homology model for stemloop-bound
conformation of NC using the NMR structure from HIV-1 NC
(1A1T) two coordinated zinc ions are represented by white
spheres and the cyan residues denoted by asterisks (*) indicate
sites determined to be under positive selection for all FIV
sequences by FEL and PAML analyses. Note: one residue under
positive selection by FEL analysis in the C-terminal region of NC
is not indicated as model template does not extend to this
residue. For all models, structural elements on the models
highlighted by italicized and red outlined text denote regions
discussed in text and boxed regions in Fig. 2

under purifying selection across the FIVpco gag gene
but there are only 78 sites under purifying selection in
FIVfca gag. The greater diversity and number of sites
under purifying selection in FIVpco are consistent with
a longer evolutionary history of FIV with wild felid
hosts [29, 54].

We evaluated predicted secondary structure and
charge, hydrophobicity, and flexibility profiles for each
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of the Gag proteins from the different FIV. The vari-
ation for each of these predictions was low within each
virus group and, in general, there was also substantial
conservation of biochemical features between virus
groups. However, we identified several regions that
differed among FIV groups due to charge, hydropho-
bicity or flexibility on a segment, or that conferred a
unique property on a protein due to length variation.

Charge differences were detected in the third and
fifth helices and C-terminal extension of matrix. H3 is
responsible for precise presentation of the trimeriza-
tion domain of matrix and affect particle formation [4,
66, 67]. In HIV-1 MA, the loop between H3 and H4 is a
hinge that facilitates displacement of the intervening
region upon trimerization [68]. The differences in
charge associated with H3 and loop among the FIVs
may affect the nature of intermolecular interactions
and subsequently impact either particle assembly or
disassembly. In the immature Gag polyprotein, H5 and
C-terminal sequences of MA form a random coil [69]
that acts as a flexible linker that tethers MA to CA.
This C-terminal extension of MA can accommodate
mutations [70] and insertions such as those in FIVple
without significantly impacting infectivity or assembly
[71, 72].

The matrix protein is a globular protein stabilized by
extensive hydrophobic interactions. The H2 of MA
forms one edge of the protein and makes hydrophobic
contacts with other helices [7]. There are also basic
residues on the outer surface of this helix that may
facilitate interaction with the host membrane [73].
Whereas the charge profile in H2 is similar among the
FIV and three of the four basic residues are under
purifying selection, the H2 of FIVpco is predicted to be
more hydrophobic. Further, the secondary structure
prediction for H2 differs among the FIV MA. Thus, if
there is a functional consequence of H2 structure or
hydrophobicity, it is likely to be on intramolecular
contacts within FIVpco MA.

The charge profiles of all FIV capsid proteins were
similar. Differences between FIV CA involved a de-
crease in hydrophobicity and an increase in flexibility
of HS (H7 in the HIV-1 crystal), flexibility differences
in H7 (H9 in the HIV-1 crystal) and decreased
hydrophobicity in the C-terminal helix. These differ-
ences are of interest because capsid proteins undergo
conformational changes following proteolytic cleavage
in the newly released virus particle giving the virus core
its characteristic morphology. The rearrangements that
occur after proteolytic processing of HIV-1 CA do not
involve movement of either H7 or adjacent H6 [69, 74].
However, H7 and H2 form antiparallel four-helix
bundles at the dimer interface in EIAV capsid crystals

[2], suggesting that movement of H7 in the NTD may
be associated with maturation in some lentiviruses.
Similarly, greater flexibility is predicted for FIVpco in
the CTD helices, which are involved in capsid dimer-
ization in HIV-1 [62]. Thus, differences in both MA
and CA among the FIV can potentially influence
restructuring of the molecules that occur during mat-
uration in the virus particle due to changes in charge or
hydrophobic interactions or flexibility.

There were notable charge differences in both
N- and C-terminal domains of nucleocapsid from the
FIV. Both FIVpco and FIVple sequences contain long
N-terminal regions with four to six basic residues
reminiscent of HIV-1 NC. In contrast the N-terminal
region of FIVfca is shorter on average by 10 residues
and has only one basic residue. However, unlike the
other FIV, FIVfca NC carries a net positive charge at
the C-terminal end of the second Zn finger. The basic
residues in NC are important for its multiple roles as an
RNA binding protein. To package the viral genome,
the N-terminal basic residues in HIV-1 form electro-
static and hydrogen bonds with the phosphodiester
backbone in the major groove of the stem-loop of the
W-packaging sequence and the zinc-fingers bind to the
exposed based of the RNA tetraloop [50]. Removal of
basic residues significantly reduces RNA encapsidation
[75-77], whereas increasing the positive charge in this
region decreases selectivity of NC binding to viral
RNA [78]. PLV-14, which is the most divergent of the
FIVpco, possesses an N-terminal insertion in NC con-
sisting of a Gly-Arg repeat sequence [32]. Although
this is unlike any sequence found in other lentiviruses,
a similar domain exists in the nucleic acid binding
domain of NC for spumaretroviruses [79]. In addition
to the role in RNA binding, the N-terminal region of
NC adjacent to the first zinc-finger motif binds several
cellular components, including a cytidine deaminase
(APOBEC3G) [19]. It is notable that two of the sites
predicted to be under positive selection in FIVpco are
in this multi-functional N-terminal region. Thus, dif-
ferences in the N-terminus of NC may dictate different
strategies for encapsidation of the viral genome or
interaction with cellular proteins among the FIV.

The diversity within gag sequences in these FIV
groups also provides an opportunity to assess the
structural constraints imposed on Gag proteins that
have different evolutionary histories in each host spe-
cies. For example, the loop between H2 and H3 in MA
forms part of the trimer interface [4, 80]. Residues in
this region are absolutely conserved among the FIV.
Our data suggests there are limited opportunities to
change sequence of CA because not only are predicted
biochemical properties largely conserved, over half of
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the codons in FIVpco are under purifying selection. In
particular, the surface of hexameric rings formed by «-
helices 1 and 2 and the CypA binding loop is essentially
identical among the FIV. These data indicate that the
structure of the capsid is likely to be similar among the
FIV but, as discussed above, the transition upon mat-
uration and intramolecular packing may be slightly
different.

In addition to conservation of structural faces of
capsid, there is also notable conservation of key resi-
dues that have been identified in studies of other ret-
roviruses. For example, upon cleavage from MA, CA
refolds to present an N-terminal -hairpin structure of
the NTD that forms CA-CA contacts in the viral core.
This interface is stabilized by a salt bridge between Pro
1 and Asp 51 in HIV-1 [61, 63]. There is a Pro and Asp
at the corresponding sites in all FIV CA, which are
under purifying selection, suggesting that these resi-
dues are also critical to stabilize the maturing capsid
structures in FIV.

Although nucleocapsid is the most divergent of the
three FIV Gag proteins, it retains the two zinc-finger
motif found in other lentivirus NC. The key Cys and
His residues, which coordinate the zinc ions within the
zinc-fingers, are conserved and under purifying selec-
tion. Mutational studies have shown that the zinc-fin-
gers are required for nucleic acid binding but can be
functionally replaced by a cluster of basic residues [81].
It is of interest that some sites that appear to have a
function dictated by a general biochemical property,
such as charge, are absolutely constrained to specific
amino acids in this group of lentiviruses because
properties of a protein can also be retained by neu-
trally evolving sites.

Gag proteins also interface with host cellular pro-
teins. Several motifs that are responsible for these
interactions are present and highly conserved in FIV
Gag proteins. The cellular peptidylprolyl isomerase A,
cyclophilin A (CypA), is incorporated into HIV-1
particles [82] via interaction with a proline residue in
the loop between H5 and H6 of HIV-1 CA [61, 82-84].
Although all FIVs possess conserved Pro residues
within this proline-rich loop that are under purifying
selection, interaction of non-primate lentivirus CA
with CypA has not yet been investigated. However,
cyclosporin is a potent antiviral agent for FIV [85],
suggesting that CypA plays a role in the FIV life cycle.
This may relate to a newly described function of CypA
in primate lentiviruses, which is to inhibit binding of
post-entry primate host restriction factors, such as
TRIM-5¢, Ref-1, and Lvl [86-88].

Despite extensive variability in the C-terminal
peptide (p2°) of Gag, there are two motifs that are
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conserved among the FIV. All FIV have a PT/SAPP
domain, which is present in all lentiviruses except
EIAV. The cellular protein, Tsg101, binds to this motif
[21, 89], is responsible for recognition and sorting via
the cellular endosomal [20, 90] and is required for virus
release or “‘pinching off”’. A second conserved motif
located at the C-terminus of the peptide is the LXXL
motif, which also exists in most lentiviruses. LXXL
motifs are required for viral budding via interaction
with clathrin adaptor proteins [reviewed in 91]. How-
ever, PLV-14 has a YXXL motif, which is equivalent to
an L domain used by EIAV [92] that is upstream of the
PT/SAPP domain. L domains of diverse retroviruses
have been shown to be functionally interchangeable
and positionally independent [93, 94].
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