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Determinants of cellular tropism and receptor targeting lie within a short peptide in the Vrl region of the
envelope (Env) proteins of feline leukemia virus (FeLV) subgroups A and C. Libraries of FeLV Env proteins
with random amino acid substitutions in the peptide were screened for their ability to deliver a marker gene
to D17 and AH927 cells. Screening on D17 canine cells yielded D17-specific Env proteins that used the FeLV-C
receptor. Screening on AH927 cells yielded Env proteins with a broader host range, with maximal titers on
AH927 cells and similar or lower titers on other cells. These Env proteins used an unidentified non-FeLV
receptor for entry. The AS isolate obtained from the AH927 screen was readily concentrated to yield titers of
10° on human PC-3 prostate tumor cells. The sequence divergence observed among targeting peptides of
library-selected Env proteins was greater than that found in parental FeLV isolates. Substitution analyses of
a conserved R in the middle of the targeting peptide held constant during screening indicated that maximal
titers were obtained only when R was present in both a D17 selected isolate and an AH927 selected isolate. The
ability to isolate Env proteins with unique tropisms dependent on the cells on which the library is screened has
direct implications for targeting gene delivery vectors.

The molecular mechanisms underlying the ability of diver-
gent amino acid sequences within an Env protein to target a
retrovirus to a particular receptor are not well understood.
Receptor choice determinants for feline leukemia virus
(FeLV) subgroups A and C (FeLV-A and FeLV-C) have been
shown to reside in a short variable peptide sequence within
Vrl of the Env protein (17). Whereas FeLV-A preferentially
infects feline cells, FeLV-C has a broader host range. By re-
placing a short peptide sequence within FeLV-A Env with the
corresponding FeL'V-C sequence, it was shown that both re-
ceptor usage and cellular tropism could be altered (17).
FeLV-C uses a receptor that is homologous to organic anion
transporters (14, 24). The receptor for FeLV-A has not yet
been identified. Comparisons of Vrl regions indicate that
FeLV-C sequences are generally more similar to other
FeLV-C sequences than FeLV-A sequences and vice versa (6,
16, 17, 22), suggesting that conserved portions of these variable
sequences might determine receptor usage. Alternatively,
these similarities could be due simply to natural evolutionary
constraints that limit the possible diversity of sequence varia-
tion.

In order to bypass the evolutionary constraints and directly
examine the extent of variability permitted within the FeLV-A
and -C Env proteins, libraries of Env proteins containing ran-
dom amino acid substitutions in the receptor-determining pep-
tide were screened for the ability to deliver a gene to specific
cells. The FeLV-A-derived Env protein used as the backbone
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for the library constructs was engineered to contain similarities
to the FeLV-C Env within the receptor-targeting domain, in-
cluding a three-amino-acid deletion and the conservation of
the R of FeLV-C versus the K found within FeLV-A isolates.
Selection of libraries randomized at 10 amino acid positions
was previously successful in retargeting gene delivery (2, 3).
Independent selection of the Env library has yielded isolates
with unique properties. One variant specifically infected D17
canine osteosarcoma cells, using an FeLV-C receptor, while
another isolate infected 143B human osteosarcoma cells, using
anon-FeLV receptor (2, 3). The conclusions of the latter study
with respect to retargeting gene therapy vectors were limited
by the recovery of only a single retargeted Env protein that
used a non-FeLV receptor.

Here the screening of the random FeLV Env library on D17
canine and AH927 feline cells is reported. This has allowed the
isolation of multiple variants with identical target cell specific-
ity and receptor usage. The peptides expressed on Env variants
that infect D17 cells specifically via the FeLV-C receptor and
others that preferentially infect feline and human cells through
a non-FeLV receptor reveal little if any sequence conservation
among them. However, mutagenesis of a central conserved R
residue demonstrated the importance of this R in Env func-
tion. These results illustrate that the Vrl peptide can undergo
extensive variation and still target a given receptor. The isola-
tion of two new variants that use a non-FeLV receptor extends
the previous studies (2, 3), expanding the potential utility of
the library-screening method for retargeting retroviral vectors.

MATERIALS AND METHODS

Cell lines and plasmids. All fetal bovine serum was heat inactivated. D17 cells
were maintained in Dulbecco’s modified Eagle’s medium with 10% heat-inacti-
vated fetal bovine serum. 293T cells were maintained in Dulbecco’s modified
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Eagle’s medium with 10% fetal bovine serum and 400 g of G418 per ml.
293TCeB cells (2) expressing Moloney murine leukemia virus Gag and Pol
proteins from the CeB plasmid (5), were maintained in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum and 400 g of G418 and 6 pg of
blasticidin S (ICN) per ml. TELCeB6 cells expressing a W lacZ gene and
Moloney murine leukemia virus Gag and Pol proteins (5) were maintained in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum and 6 pg of
blasticidin S per ml. AH927 and 143B cells were maintained in Eagle’s minimal
essential medium with 10% fetal bovine serum. AH927CeB (2) and 143BCeB
cells (3) were maintained in Eagle’s minimal essential medium with 10% fetal
bovine serum and 6 pg of blasticidin S per ml. PC-3 and DU-145 cells were
maintained in RPMI 1640 with 25 mM HEPES, nonessential amino acids, and
10% fetal bovine serum. The plasmid library encoding Env proteins with random
peptides inserted into the cell-targeting region has been described previously (3).
These plasmids contain W™ retroviral cassettes encoding the peptide-substituted
env genes coupled to the neo gene encoding G418 resistance. pHIT-G was
obtained from Michael Malim (7).

Library construction and screening. Cell lines producing retroviral peptide
libraries of two different complexities were constructed essentially as described
(3). Briefly, 100 pg of each env library plasmid DNA (complexity = 3 X 107) and
pHIT-G DNA or 300 pg of each were transiently transfected onto 10 10-cm
dishes or 12 150-mm dishes of 293TCeB cells, respectively. The resulting super-
natants containing retrovirus particles pseudotyped with the vesicular stomatitis
virus G protein and packaging the library cassettes were filtered and used to
inoculate 143BCeB cells in the presence of 8 g of Polybrene per ml, which was
removed the next day and replaced with fresh medium. After 2 days these cells
were selected in 400 pg of G418 per ml, resulting in a population of cells
constitutively producing retroviral particles. These particles expressed Env pro-
teins with random peptide substitutions and packaged the env gene correspond-
ing to the Env protein on the surface. The transfer of library cassettes from the
transfected 293TCeB cells to the 143BCeB cells was done at a multiplicity of
infection of <0.2 to ensure the transfer of only a single retrovirus per cell. Since
two cassettes can be packaged by a single retrovirus, each resulting library
producer cell could contain either one or two different peptide-substituted env
genes. These libraries had complexities of 8 X 10* and 3 x 10° different peptides,
depending on the amount of DNA that was transfected into the 293TCeB cells.
The library of complexity 3 X 10° was described previously (3).

To screen the libraries, confluent producer cells were split 1:8 into drug-free
medium, and 3 days later the supernatants were harvested and filtered through
0.45-pm filters before adding to target cells in the presence of 8 uM Polybrene.
Target cells were AH927CeB or D17 cells. The CeB plasmid had been trans-
fected into the AH927 cells to facilitate subsequent transfer of the env gene
cassettes to other cell lines (2). After overnight incubation, the medium was
changed to remove Polybrene, and 2 days later the cells were selected in the
presence of 400 g of G418 per ml. For further characterization, retroviral
cassettes were transferred to a lacZ marker cell line by transfection of drug-
resistant clones with pHIT-G (plus the Gag/Pol expression plasmid pCgp [8] for
D17 clones), followed by transfer of the filtered supernatant to TELCeB6 lacZ
cells in the presence of Polybrene 2 days later. Polybrene was removed the next
day, and the cells were selected in 400 ng of G418 per ml 2 days later.

The screen of the highest complexity library on AH927CeB cells yielded 16
G418-resistant colonies; 15 of these were transferred to TELCeB6 cells for
further screening. Of these, 11 gave titers of >10° per ml of the lacZ-carrying
virus CFU on AH927 cells. Sequencing of targeting peptide-coding sequences
from PCR-amplified genomic DNA from the TELCeB6 derivatives was done as
previously described (2). Sequencing the targeting peptide coding regions of Env
clones from the AH927 screen revealed that 10 isolates were identical. AS is the
prototype of these isolates and was examined in further detail. The single unique
isolate was named A9a. Several clones identical to AS were isolated from plates
that had been separately inoculated with the library supernatant, indicating that
they were the result of separate infectious events, confirming the reproducibility
of the screen. The screen on D17 cells yielded 384 G418-resistant colonies from
the low-complexity library and 561 from the high-complexity library. Only subsets
of these colonies (47 and 45, respectively) were therefore transferred to the
TELCeB6 marker cell line for further analyses. One Env derivative from the
low-complexity screen and five from the high-complexity screen had titers of
>10° per ml on D17 cells. Extrapolating these values back to the uncharacterized
colonies and taking into account one cell division between library inoculation and
drug selection, four variants were obtained from the low-complexity screen and
30 from the high-complexity screen.

Titering and interference assays. To test the tropisms and titers of the selected
Env proteins, confluent Env-expressing TELCeB6 derivatives were split 1:8 in
the absence of drugs. Three days later supernatants were harvested, filtered, and
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used to inoculate cell lines on 2-mm gridded dishes at limiting dilutions in the
presence of Polybrene. Titering results are the average *+ standard deviation of
two separate experiments, each carried out in duplicate. For the experiment
shown in Table 2, L1 and A5 were concentrated by overnight centrifugation at
9,500 x g and 4°C; 115 ml of supernatant was reduced to 1 ml. For interference
assays, target cells infected with FeLV-A, FeLV-B (90Z Env), FeLV-C, and
4070A were constructed as previously described (2, 3) as were control TELCeB6
cells expressing FeLV-A, FeLV-B (90Z), FeLV-C, and 4070A Env proteins. The
interference assays reported in the tables are representative of two separate
experiments carried out in duplicate.

Mutagenesis of the central arginine. In order to express R mutants of B§2 and
A5, oligonucleotides encoding the region encompassing the targeting peptides
were synthesized with all four nucleotides (represented by N) replaced in the
codon coding for the central arginine residue: B82POS, 5'-GTGGGAGACAC
CTGGGAACCTACGGTATTCAGTGAGNNNCTCAGCGAATCCTCA
TCCTCCTCAAAATATGGA-3"; and ASPOS, 5'-GTGGGAGACACCTGGG
AACCCGCAGAGTAAGGGGCNNNGGTAATCAGTTAGGCTCCTCCTCA
AAATATGGA-3'. These were then ligated into the BbsI-cut pRVL vector
backbone after brief hybridization to the oligonucleotides RANSF and RAN3F
as previously described (2) for construction of the random library. The ligation
mix was electroporated into Electromax DH10B competent cells (Gibco-BRL),
and clones were picked for sequencing to confirm the ligation junctions and
determine the amino acid substitution. Qiaquick minipreps (Qiagen) of the
constructs were then transfected into 293TCeB cells with pHIT-G by using
calcium chloride (Stratagene). This resulted in the production of retroviral par-
ticles expressing the vesicular stomatitis virus G protein on their surfaces and
packaging the R mutant genes. After 0.45-pm filtration, the supernatants were
used to infect TELCeB6 cells in the presence of 8 pg of Polybrene per ml
overnight. Two days later cells were selected in G418 for cells that had taken up
the R mutant genes. AS env genes with W or D substitutions for the central R
were constructed similarly with an oligonucleotide identical to ASPOS except
that the degenerate central position was replaced by TGG for W and GAT for
D.

RESULTS

Peptide library screening. Libraries of FeLV-A Env deriva-
tives containing random peptides in the receptor-determining
region were expressed on the surfaces of retroviral particles as
previously described (3). Each particle packages a cassette
(Fig. 1A) encoding the Env protein expressed on its surface
(Fig. 1B). If an Env protein containing an appropriate peptide
is able to mediate gene delivery to a target cell, the target cell
will become drug resistant (Fig. 1B). G418-resistant colonies
resulting from such transfers can then be analyzed to further
characterize the transferred env genes.

Libraries of three different complexities were screened on
AH927CeB feline and D17 canine target cells. Env-expressing
retroviral cassettes from resultant drug-resistant colonies were
then transferred to TELCeB6 lacZ marker packaging cells in
order to confirm and evaluate the functionality of selected
variants. Variants with >10° TELCeB6 lacZ CFU per ml on
the original target cells were characterized in further detail.
Two such variants were isolated from the screen on
AH927CeB cells with the highest-complexity library, but none
was isolated from the library of intermediate complexity (Table
1). Hundreds of G418-resistant colonies were obtained from
the screens of the lowest- and highest-complexity libraries on
D17 cells. Therefore, only a subset of these colonies were
characterized further. Of these, only one clone yielded >10°
CFU per ml from the lowest-complexity screen, whereas five
were obtained from the high-complexity screen. Extrapolating
these numbers to the total yield of drug-resistant colonies
suggests that 4 and 30 variants with >10* TELCeB6 lacZ CFU
per ml were obtained from the lowest- and highest-complexity
libraries, respectively (see Materials and Methods for details).
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FIG. 1. Peptide library screening strategy for targeting retroviruses.
(A) The ¥ retroviral vector expressing the library of peptides in the
receptor-targeting region of the Env protein is bicistronic. Black boxes
are long terminal repeat (LTR) sequences. The sequence surrounding
the 10 randomized amino acids denoted by N is shown. W is amino
acid 52 of the mature 61E FeLV-A Env protein (6). The neo resistance
gene is expressed from the simian virus 40 (SV40) promoter. (B) Ret-
roviruses carrying the peptide library env gene cassettes and expressing
corresponding peptide-substituted Env proteins on their surfaces were
tested for cell targeting. Successful targeting leads to drug resistance
gene transfer, followed by characterization of the linked env gene.

Thus, more highly functional variants were obtained from
higher-complexity libraries in both the AH927 and D17
screens.

Targeted cell determines cellular tropism. Isolates with ti-
ters >10° per ml on the original screened cell line were then
tested further for their ability to infect AH927 feline, D17
canine, and 293T human cells (Fig. 2). The AS and A9a isolates
obtained by screening on AH927CeB cells had broad host
ranges, infecting AH927 and 293T cells at similarly high levels
(on the order of 10* to 10° per ml) and, to a lesser extent, D17
cells (10% to 10%). All of the isolates obtained by screening on
D17 cells maintained the highest titer on D17 cells. With one
exception, B82, infection on AH927 or 293T cells was minimal
for D17-selected isolates. B82 maintained a titer of 10° on D17
cells but also gave a lower titer of approximately 10° on 293T
cells. The host ranges of the selected Env viruses are in con-
trast to the parental FeLV-A, which preferentially infects
AH927 cells, and the related FeLLV-C, which infects all three

TABLE 1. Summary of Env libraries and target cells

No. of functional variants obtained”

Library
complexity D17 AH927
8 x 10* 4% ND
3% 10° ND 0

3 X 10° 30* 2

¢ Number of different Env variants obtained by screening libraries of various
complexities on the indicated cell lines. Only variants with titers of >10% lacZ
CFU per ml on the indicated cell lines are included. *, Values extrapolated from
the subset of colonies tested. ND, not determined.
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Target Cells
ENV

AH927 D17 293T
AH-AS5 22+0.4x10% | 3.8+0.2x103 | 2.2+0.4x10°
AH-A9a 28+03x10%|7.2+1.0x102 | 26+0.1x10%
D-B82 <4 1.5+0.2x10% | 1.5+0.8x 103
D-C82 2+1X%10 1.6 +0.9x 104 742
D-B62 440 9.3+2.7x103 1+0x10
D-A71 <4 3.6+0.6x103 2+1x10!
D-A32 1+1X10 2.0+0.1x103 1+0x 107
D-A102 <4 1.4+02x103 9+0
FeLV-A 5.8+1.0x 108 7+1x10] 3.6 +2.3x103
FeLV-C 28+0.2x10% | 49+0.4x10% | 20+0.4x10°

FIG. 2. Tropism of library-derived Env proteins is influenced by
the cell line on which the library is screened. Library-derived Env
proteins were expressed on retroviral particles produced from the
TELCeB6 lacZ packaging cell line (5) and titered on feline AH927,
canine D17, and human 293T cells. Env proteins from the library
screen on AH927 cells are indicated by the AH prefix, those obtained
from the screen on D17 cells are indicated by the D prefix. Results with
wild-type FeLV-A and -C Env proteins are shown for comparison.
Titers are TELCeB6 lacZ CFU per ml.

cell lines at similarly high levels. Thus, the tropisms of the
library-derived Env proteins depended the cell line on which
the library was screened.

The host range and tissue specificity of the AS Env was then
analyzed on three additional human cell lines, PC-3 and
DU145 prostate cells and 143B osteosarcoma cells (Table 2).
PC-3 cells were derived from a bone metastasis (11), and
DU145 cells were derived from a brain metastasis in a patient
with prostate cancer (23). In agreement with earlier results
demonstrating that a library-derived Env protein was stable to
centrifugation (3), the A5 virus could be concentrated 100-fold
by centrifugation, allowing titers on the order of 10° on PC-3
cells, 10> on 143B cells, and 10> on DU145 cells (Table 2).
These titers were compared to the previously identified L1
isolate, which was selected on 143B cells and showed only
limited infection on a broad range of cell lines (3), including
PC-3 and DUI145 cells. Thus, variants with different tropic
properties on human cells were derived from two separate
screens.

D17-targeted Env proteins use the FeLV-C receptor. The
receptor usage of the D17-targeted Env proteins was examined
by receptor interference. Expression of an Env protein within
a cell can block the subsequent infection of a virus utilizing the
same viral receptor. Viral interference of the B82 and C82
derivatives, which gave the highest titer on D17 cells (Fig. 2),
was determined. These two D17-specific Env proteins were
tested for interference on FeLV-C-infected D17 cells (Table

TABLE 2. Tissue specificity of A5 on human tumor cell lines

Titer (lacZ CFU/ml) on target cells

Env*
143B PC-3 DU145
AS 41+25x%x10° 3.9+0.7 X 10° 2+ 1% 10?
L1 3.6 = 1.0 X 10° <50 <50
4070A 2.6 +1.7x10° 4.6 22 % 10* 6.1 = 3.0 x 10*

“ L1 and AS were concentrated by centrifugation as described in Materials and
Methods.
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TABLE 3. Interference analyses of D17-screened Env proteins

Titer (lacZ CFU/ml) on target cells”

Env
D17 D17/FeLV-C
FeLV-C 1.5 x 10° 3% 10! (0.002)
BS2 3.9 x 10* 3 % 10' (0.08)
c82 2.0 % 10 5 % 10' (0.25)
None 1 x 10! 3 x 10!

“ Values in parentheses are the titer on infected cells as a percentage of that
on uninfected cells.

3). A titer reduction of greater than 99% was considered sig-
nificant interference (4, 15). The titers of the B82 and C82
isolates were reduced to 0.08% and 0.25% of their levels on
uninfected D17 cells, respectively, when the cells were infected
with FeLV-C. This indicates that they were using the FeLV-C
receptor for viral entry. It was not possible to evaluate inter-
ference by FeLV-A due to the low titer of FeLV-A on this cell
line. Similarly, it was not possible to reliably evaluate receptor
usage by the other D17-specific Env proteins by the interfer-
ence assay due to their lower titers and the high background (3
% 10") of non-Env-mediated gene transfer (Table 3).
AH927-targeted Env proteins use a non-FeLV receptor. The
receptor usage of AH927-targeted A5 and A9a Env proteins
was also examined by receptor interference assays. In this case,
infection of AH927 and 293T cells by FeLV-A and FeLV-C did
not prevent subsequent infection by either A5 or A9a (Fig. 3).
AH927 cells doubly infected with FeLV-A and FeLV-C also
remained sensitive to superinfection by A5 and A9a. These
results indicate that A5 and A9a are not using either the
FeLV-A or FeLV-C receptor. Similarly, neither FeLV-B nor
amphotropic murine leukemia virus 4070A interfered with
subsequent infection by A5 or A9a (Fig. 4A), indicating that
A5 and A9a were not using the Pitl or Pit2 receptor (1, 19, 25,
26). The nonreciprocal interference pattern observed between
FeLV-B and 4070A on feline cells was due to the use of both
Pitl and Pit2 by FeLV-B (1, 19) and the exclusive use of Pit2
by 4070A (26). On human 293T cells, however, FeLV-B uses
only Pit-1 (20, 25) and 4070A uses only Pit-2 (20, 26). Thus,

Target Cells
Env AH AH/A AH/C  AH/A+C  293T  293T/A  293T/C

6.3x108| 6x 101 |1.6x108| 1x101 [5.3x103] <5 |[8.2x103
FeLV-Al (100%) [(0.001%)| (25%) [0.0002%) (100%) |(<0.09%)| (150%)

F LV_C2.2x1061.6x106 5 5 8.7 x 104{7.2 x 104| 3 x 10!
€ (100%) | (73%) [0.0002%)(0.0002%) (100%) | (83%) | (0.03%)
AS 7.0x104[1.8x 104[1.7 x 104]9.1 x 103{1.6 x 1041.3 x 104| 3x 103

(100%) (26%) (24%) (13%) | (100%) | (81%) (20%)

9.6x103|2.7 x103[3.1 x 103{1.1 x 103]4.6 x 103{3.5x 103| 2x 103
(100%) | (28%) | (32%) | (11%) | (100%) | (76%) | (43%)

A%a

FIG. 3. Library-derived A5 and A9a proteins do not use FeLV-A
or FeLV-C receptors. Interference assays were used to examine re-
ceptor usage. lacZ transduction mediated by A5 or A9a on either
AH927 (AH) or 293T cells infected with FeLV-A (A) and/or FeLV-C
(C) was examined and compared with titers obtained on uninfected
cells. The titer on infected cells as a percentage of that on uninfected
is given in parentheses. Titers are TELCeB6 lacZ CFU per ml. Assays
with 293T cells and AH927 cells were performed on different days and
are each representative of two separate experiments.
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A Target Cells
Env AH AH/B _ AH/4070 AHCeB/AS 293T  293T/B 2931/4070)
FeLV.g[30x10°| <5 [5.0x10%17x10%)9.2x10%] 3x 10" |5.6x 10
€ (100%) [<0.002%) (17%) | (57%) | (100%) (0.0006%) (61%)

4O7OA1.6x106 7 2x101 [1.5x108(6.5x10%[6.9x 10%] <5
(100%) {0.0004%)(0.001%)| (94%) | (100%) | (107%) [<0.001%

3.3x10%[1.6x 1041.6 x 10%
(0.02%) | (100%) | (48%) | (48%)

A5 2.5x10%6.6x103[27x103] 5
(100%) | (26%) | (11%)

A9a 3.2x103|7.6x1021.6x102| 2 [2.1x103|1.6x103}1.5x 103
(100%) | (24%) | (5.0%) | (0.06%) | (100%) | (76%) | (71%)

B Target Cells
Env AH  AHCeB/AS

3.7 x107 (2.1 x 107
(100%) | (57%)

FelLV-A

1.9 x 108|2.0 x 108
FeLv-C (100%) | (110%)

2.8 x 105 2
(100%) 0.0007%

AS

FIG. 4. (A) Library-derived AS and A9a proteins do not use Pit-1
or Pit-2 receptors. Interference assays were performed on AH927
(AH) and 293T cells infected with either FeLV-B (B) or amphotropic
murine leukemia virus 4070A (4070). AHCeB/AS cells express the AS
Env protein. The titer on infected cells as a percentage of that on
uninfected is given in parentheses. Titers are TELCeB6 lacZ CFU per
ml. Assays with 293T cells and AH927 cells were performed on differ-
ent days and are each representative of two separate experiments.
(B) A5 Env expression does not interfere with FeLV-A or FeLV-C
entry. Experimental details are as described for panel A.

nonreciprocal interference was not observed between FeLV-B
and 4070A on 293T cells (Fig. 4A).

In order to see whether A5 and A9a were using the same
receptor, the original G418-resistant AH927CeB cells express-
ing A5 Env, obtained from the library screen, were used as
target cells for interference assays. A5 expression in these cells
prevented superinfection by both A5 and A9a, indicating that
AS and A9a were using the same receptor (Fig. 4A). FeLV-A,
-B, and -C and 4070A were all able to infect A5 Env-expressing
cells (Fig. 4A and B), confirming that these viruses were not
using the same receptor as AS.

Targeting peptide sequences show no homology to each
other. In Fig. 5, the sequences of the targeting peptide regions
of the two AH927-selected and six D17-selected Env proteins
are compared with those from wild-type FeLV-A and -C Env
proteins (6, 16, 17, 22). In the middle line of the figure, each
randomized residue is indicated by an X and numbered 1
through 10. A5 and A9a were derived from the screen on
AH927 cells. Clone C82 is the variant isolated from the low-
complexity library screen on D17 cells. EF is a D17-specific
isolate that was isolated from a previous screen on AH927 cells
(2). The rest of the variants were isolated from the high-
complexity screen on D17 cells. The library-derived sequences
are listed in order of titer, with the highest-titer variants at the
top of each group (AH927 and D17).

There are no identities between the A5 and A9a targeting
peptides at any position. In fact, the only conservative substi-
tution is at position 6, where A5 has a G and A9a has an A.
Otherwise, the residues at each position are quite different.
Minimally, we know that A5 and A9a are within the same
interference group, indicating functional similarity although no
apparent sequence similarity.
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Isolate Sequence
FeLV-A | GLAS WEP IVLNP TNV K HGARY SSSKYGC
A |GM1 WEP IVLNP TNV K HGARY SSSKYGC
A |oQ182 WEP IVLNP TNV K HGARY SSSKYGC
A |61E WEP IVLSP TNV K HGARY PSSKYGC
A F3A WEP IVLDP TNV K HGARY PSSKYGC
FeLV-C |FS246 | WEP IVLNP TSV R PGAVL LSSSPKY
C |FZ215 | WEP MAPDP ... R SWARY SSSIHGC
C |Sarma | WEP IAPDP ... R SWARY SSSTHGC
C | FA27 WEP IVPDL ... W GWASY SSSKYGC
Rgndom 12345 678910
Library WEP XXXXX ... R XXXXX SSSKYGC
AH927 | A5 WEP RRVRG ... R GNQLG SSSKYGC
AH927 |A9a WEP SPNVR ... R AIHSD SSSKYGC
p17 | EF WEP SGRTY ... R SGATT SSSKYGC
D17 |B82 WEP TVFSE ... R LSESS SSSKYGC
D17 |C82 WEP RRPYL ... R SRDAR SSSKYGC
D17 | B62 WEP NWAYR ... R IRTHD SSSKYGC
D17 |A71 WEP RIMGD ... R KGLEG SSSKYGC
D17 | A32 WEP GFKSG ... R DRSRA SSSKYGC
D17 | Al02 WEP TMHAI . R HNRYE SSSKYGC

FIG. 5. Library-derived targeting peptide sequences show little if
any homology to each other or to wild-type FeLV-A and FeLV-C
isolates. Targeting peptide sequences of wild-type isolates are shown at
the top of the figure. Library-derived peptides are at the bottom of the
figure, below the sequence of the peptide region randomized for li-
brary screening. Randomized residues are denoted by X and are num-
bered from 1 to 10. Dots indicate gaps in the sequence. AH927 indi-
cates selection on AH927 cells. D17 indicates selection on D17 cells
except for the previously reported EF isolate, which was selected on
AH927 cells but specifically infects D17 cells (2).

For the D17-targeting peptides, it is the diversity of the
sequences rather than the similarity that is striking. The most
interesting homologies are the S/T substitutions at positions 1,
4,9, and 10 in EF and B82, two isolates that maintain a titer of
10° on D17 cells. However, these are all replaced by other,
quite different amino acids in both C82 and B62, which main-
tain a titer of 10* on D17 cells. Within the D17-targeted pep-
tides, Ser is found two out of seven times at positions 4 and 6,
Tyr twice at position 4, and Arg twice at position 1 and three
times at position 7. However, overall the selected peptides are
as dissimilar from each other as they are from the naturally
occurring FeLV-A and FeLV-C isolates. The relative sequence
conservation among the wild-type isolates is remarkable com-
pared with the degeneracy of the library-derived sequences.
While it is possible that all seven of the D17-targeted Env
proteins use the FeLV-C receptor, this has only been directly
demonstrated for the most highly functional variants (EF, BS2,
and C82). Limiting focus to these three proteins alone, it is
clear that there is no specific motif or residue that might be
responsible for targeting them to the canine FeLV-C receptor.

Arginine is optimal at the central position. The conservation
of a positively charged residue in the middle of the receptor-
targeting domain of FeLV-A and FeLV-C and the retargeted
Env proteins raised the issue of the significance of this residue
for Env function. In order to address this question, the R was
mutated in both the B82 and A5 Env proteins, and the effects
of the change on titer were examined. In the case of the
D17-targeted B82 (Table 4), several different amino acids were
able to replace R. Although R was the optimal amino acid at
this position, H, D, and N functioned as well as or better than
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TABLE 4. Effects of changing the central R residue

Titer* (lacZ CFU/ml)
Substitution

B82 substitution AS substitution

R 1.6 + 0.2 x 10° 1.6 = 0.8 X 10°
H 75 =02 % 10* ND
D 3.5+ 04 x10* <8
N 9.3 =3.0 x 10° <8
K 8.6 * 3.4 x 10° 6.5 = 0.8 x 10*
Y 5.05 =247 x 10° ND
S 2.8 0.2 x10° ND
T 1.8 £ 04 x 10° <8
w 1.4 0.3 % 10° <8
A 1.2 0.2 x 107 <8
L 6.8 + 2.8 X 10 ND
A% 6.5 =25 x 10" <8
P 6.4 + 2.4 % 10 ND
C 4+0x10" ND
G ND <8
I ND <8
M ND <8
Stop 6*2 <8

“ B82 substitutions were tested on D17 cells, and A5 substitutions were tested
on AH927 cells. ND, not determined.

the conservative K substitution. Hydrophilic amino acids (S, T,
and Y) had slightly lower titers than the K substitution. Hy-
drophobic substitutions and P or C were barely functional, if at
all.

In contrast, only the conservative change from R to K at the
central position of AS was allowed. D, N, A, V, T, G, I, M, and
W were all detrimental (titers < 8 per ml) when tested on
AHO927 cells (Table 4). The K substitution had only a slightly
lower titer (6.5 X 10* = 0.8 X 10%) than the R-containing A5
(1.6 X 10° = 0.8 X 10°). Similar results for A5 were observed
on 293T cells, where only the K substitution was permitted
(data not shown). Of particular interest is that titers were
decreased on AH927 cells by over 4 orders of magnitude by D
and N substitutions in A5, whereas the same substitutions in
the D17-targeted B82 protein reduced BS82 titers less than
20-fold. Thus, among other differences, replacement of a pos-
itive charge with a negative one was allowable in B82 but not
in AS. The role that this residue plays in structure and function
therefore appears different for the two Env proteins.

DISCUSSION

The results presented here demonstrate the ability of highly
divergent peptide sequences to target FeLV Env proteins to
the same receptor. The degree of divergence is far greater than
the divergence observed in naturally occurring FeLV isolates.
The similarity observed among natural isolates suggested that
there might be important motifs that would determine recep-
tor usage. Surprisingly, no motifs or conserved residues were
identified after comparison of library-selected viruses that
were within the same receptor interference groups. One pos-
sible explanation for the results reported here is that the highly
divergent sequences obtained from a single round of library
screening are not optimal for interaction with the target re-
ceptors. More-optimal sequences might show conservation
such as occurs among wild-type isolates due to natural selective
forces.
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Control of receptor targeting by the hypervariable V3 loop
of human immunodeficiency virus type 1 Env may provide an
alternative analogy for the inability to identify receptor binding
consensus sequences in the library-derived FeLV Env proteins.
As with FeLLV-A and -C Env and the library-derived variants,
highly variable sequences within V3 determine whether human
immunodeficiency virus type 1 uses one coreceptor or another
for entry and the identification of consensus motifs has not
been straightforward (9, 10, 21). Site-specific mutagenesis
studies, however, have demonstrated the importance of several
V3 residues in human immunodeficiency virus type 1 Env in-
teractions with coreceptors (13, 18, 27). Whether or not these
sequences interact directly with the coreceptor or influence
coreceptor choice indirectly has not been conclusively deter-
mined (12), although direct interaction with conserved resi-
dues in V3 has been suggested (13, 18, 27). One of these
residues is R298 at the base of the V3 loop, which is conserved
among all human immunodeficiency virus type 1 and type 2
and simian immunodeficiency virus V3 sequences known to
use CCR5 as a coreceptor (28). Replacement of this residue
with non-positively charged amino acids eliminates human im-
munodeficiency virus type 1 infection (28). This is similar to
the effect of substitution of the central conserved R in the
AH927-selected AS Env protein, although the precise role that
these residues play in Env structure and function remains to be
elucidated.

Quite interestingly, substitution analyses of both the D17-
targeted B82 and the AH927-targeted AS proteins indicated a
strong dependence on the central conserved R of the targeting
peptide for maximal entry. However, the range of substitutions
allowed was quite distinct, indicative of different functional
roles. Within the AH927 cell-targeting peptide of AS, only the
R and the conservative K substitution were functional. In con-
trast, for the D17-targeted BS82 Env, R is the optimal amino
acid, but other charged or hydrophilic amino acids could re-
place it, yielding lower titers. Even a negatively charged amino
acid could substitute for the positive charge. These data sug-
gest that this residue may play an important role in hydrogen
bond formation in B82 but might form a salt bridge in AS.
Regardless of the mechanism, the central R of A5 is the only
residue within the targeting region where there is a stringent
requirement for conservation.

Although several different library-derived Env proteins tar-
geted the FeLV-C receptor on D17 canine cells, no Env pro-
teins targeted FeLV receptors on feline or human cells. Even
a previously reported D17-specific Env protein (EF) isolated
by selection on AH927 cells was only minimally functional on
AHO927 cells while it was highly functional with the FeLV-C
receptor on D17 cells (2). A previous screen on human 143B
cells also did not yield any FeLV receptor-targeted Env pro-
teins (3). Since the overall goal of the library-screening ap-
proach is to target specific cell types for gene therapy, the
backbone vector was designed as a structural hybrid between
FeLV-A and FeLV-C Env proteins in order to minimize po-
tential use of FeLV receptors. The length of the targeting
peptide and the identity of the central, positively charged res-
idue are those of FeLV-C Env rather than FeLV-A Env: 11
amino acids, including the central R of FeLV-C, versus 14
amino acids, including the central K residue of FeLV-A. How-
ever, the KY sequence four amino acids downstream of the
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peptide is more commonly found in FeLV-A Env. The mixed
nature of the construct may therefore be incompatible with
interaction with FeLV receptors expressed on the feline and
human cells. This is consistent with earlier results examining
hybrid FeLV-A/FeLV-C Env proteins with junctions within the
Vrl1 targeting peptide that were nonfunctional (17). It is pos-
sible that viral uptake on D17 cells does not require extensive
direct contacts between this peptide domain and the canine
receptor compared with the feline and human receptors. Res-
idues outside the randomized peptide region may contact the
receptor and play a greater role in binding of the FeLV-A Env
backbone to D17 cells. This may be why it was possible to
isolate several variants with FeLV receptors on these cells.

The inability to target human FeLV receptors by library
screening is advantageous for the isolation of useful targeted
Env proteins for gene therapy since otherwise targeted Env
proteins would simply have the same tropisms as FeLV. Use of
an Env backbone with a hybrid FeLV-A/C targeting region for
library screening has been effective in the isolation of different
Env proteins with distinct tropic properties on human cells
with non-FeL'V receptors. The previously reported L1 protein
preferentially infects 143B and 293T cells (3). In contrast, A5
could be concentrated by centrifugation to a titer of over 10°
on PC-3 cells, whereas L1-mediated gene delivery remained
undetectable even after concentration on these cells. These
different properties of A5 and L1 may be attributable to the
fact that they were obtained by screening on different cell lines.
The ability to isolate Env proteins with different human cell-
targeting properties by using non-FeLV receptors is a promis-
ing result suggesting that other Env proteins with useful tar-
geting properties may be obtained by screening additional Env
libraries. Experiments to identify the receptors for AS and L1
are in progress.

The properties of the isolated Env proteins are generally
influenced by the cells on which the library is screened, al-
though maximal titers are not always observed on the screening
cell line (2, 3). At least three D17-specific variants that use the
FeLV-C receptor and two variants (A5 and A9a) that use the
same non-FeL'V receptor on AH927 and 293T cells have been
obtained. This suggests that certain cell surface proteins may
be more readily targeted by Env library screening than others.
Minor changes in the number and nature of randomized res-
idues within the targeting peptide used for screening might be
able to influence the receptor and cellular tropisms of library-
derived variants. In order to target other receptors, it may be
advantageous to bias codon usage against residues known to be
important for interaction with the targeted receptors. For ex-
ample, codons would be biased against R and K at the central
position to target non-FeLLV-C receptors on D17 cells or bi-
ased toward hydrophobic amino acids at the same position to
circumvent the receptor used by A5 and A9a. Similar ap-
proaches could be applied to other positions to expand the
range of possible target receptors.

The high complexity of the library compared with the small
number of peptide sequences actually isolated indicates the
stringent requirements for fully functional targeted peptides.
These requirements are not limited solely to interactions with
the receptor proteins but include other aspects of the selected
targeting peptide’s influence on Env structure and function.
Every amino acid must be compatible with the folding pathway
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of the protein. It also must not interfere with other steps of the
maturation of the protein, such as intracellular transport, in-
corporation into the viral particle, and proteolytic cleavage.
Compatibility with receptor binding and virus-cell fusion are
the final requirements for targeting peptide function. Thus, the
combination of amino acids observed in selected peptides re-
sults from multiple selective forces. The lack of sequence con-
servation and the relative scarcity of functional targeting pep-
tides highlight the complex nature of the intra- and
intermolecular interactions driving the selection process. This
type of information can be obtained most thoroughly and rap-
idly by screening peptide display libraries, where multiple
amino acid substitutions can be made simultaneously.
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