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The major structural protein of the retroviral core (CA) contains a conserved sequence motif shared with the
CA-like proteins of distantly related transposable elements. The function of this major region of homology
(MHR) has not been defined, in part due to the baffling array of phenotypes in mutants of several viruses and
the yeast TY3. This report describes new mutations in the CA protein of Rous sarcoma virus (RSV) that were
designed to test whether these different phenotypes might indicate distinct functional subdomains in the MHR.
A comparison of 25 substitutions at 10 positions in the RSV conserved motif argues against this possibility.
Most of the replacements destroyed virus infectivity, although either of two lethal phenotypes was obtained
depending on the residue introduced. At most of the positions, one or more replacements (generally the more
conservative substitutions) caused a severe replication defect without having any obvious effects on virus
assembly, budding, Gag-Pol and genome incorporation, or protein processing. The mutant particles exhibited
a defect in endogenous viral DNA synthesis and showed increased sensitivity of the core proteins to detergent,
indicating that the mutations interfere with the formation and/or activity of the virion core. The distribution
of these mutations across the MHR, with no evidence of clustering, suggests that the entire region is important
for a critical postbudding function. In contrast, a second class of lethal substitutions (those that destroyed
virus assembly and release) consists of alterations that are expected to cause severe effects on protein structure
by disruption either of the hydrophobic core of the CA carboxyl-terminal domain or of the hydrogen bond
network that stabilizes the domain. We suggest that this duality of phenotypes is consistent with a role for the

MHR in the maturation process that links the two parts of the life cycle.

CA is the major structural component of retroviruses, form-
ing a protein shell that encases the ribonucleoprotein complex
in the virion core. The ribonucleoprotein complex is in turn
composed of viral RNA (VRNA), tRNA, and the associated
nucleocapsid (NC), reverse transcriptase (RT), and integrase
(IN) proteins in an enzymatic complex that is capable of VvDNA
synthesis (4, 14, 41). Structural and sequence similarities have
been noted among CA proteins of retroviruses and CA-like
proteins of other reverse-transcribing elements (20, 21, 25, 27,
34, 47). The most highly conserved region of CA is a motif of
about 20 amino acids that lies within the carboxy-terminal
domain of the protein (termed the major homology region
[MHRY]). The MHR has been identified in all retroviruses with
the exception of spumaretroviruses (12). Related sequences
are present in hepatitis B virus (47), the retrotransposon Ty3 of
Saccharomyces cerevisiae (32, 36), and certain non-long termi-
nal repeat (LTR) transposable elements (33), suggesting that
the motif is very probably involved in an aspect of replication
common to all these reverse-transcribing elements. Neverthe-
less, the functions in the viral replication cycle of the MHR
domain and of CA itself remain unknown.

The CA protein influences both viral assembly and postas-
sembly replication activities. CA exists first as a domain of the
Gag precursor, the protein that directs virus assembly and
budding, and is released as a mature structural protein by the
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action of the viral protease during subsequent maturation. In
Rous sarcoma virus (RSV), the CA sequence within Gag is not
essential for the budding process, since none of the numerous
deletions that span the CA region interfere with the formation
of budding-competent particles in a Gag expression system (13,
29). However, CA clearly determines the internal organization
of the assembled and budded material, as indicated by the
effects of deletions on particle size (29) and core integrity (11,
12; N. K. Krishna, T. M. Cairns, and R. C. Craven, unpublished
data).

The strongest case for the involvement of CA in postentry
replication events comes from experiments with murine leuke-
mia virus (MuLV). Certain mutations in the CA domain of
MuLV Gag cripple the ability of the virus to synthesize VDNA
upon entry (1). The CA protein is the target of a restriction
event mediated by the Fv-1 gene product in the target cell that
results in a block to replication prior to viral integration (3, 5,
15, 26, 38). Furthermore, MuLV CA has been found in asso-
ciation with core-derived complexes that are in the process of
DNA synthesis in the cytosol of the newly infected cell (18) and
with complexes containing completed and integration-compe-
tent VDNA molecules (6). A number of mutations in HIV-1
CA also interfere with DNA synthesis in the cell (8).

In hopes of better defining the function of the CA protein,
the MHR has been targeted by mutagenesis in several retro-
viruses and the yeast Ty3 element. The result has been a
perplexing array of phenotypes. In Ty3, human immunodefi-
ciency virus type 1 (HIV-1), RSV, MuLV, Mason-Pfizer mon-
key virus (M-PMV), and bovine leukemia virus, many substi-
tutions completely abolish particle assembly or cause the
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release of particles of aberrant morphology (1, 12, 31, 36, 40,
44). Also, certain mutations that alter or delete the MHR
sequence of HIV-1 Gag have been reported to cause defects in
Gag-membrane binding (17) and in Gag-Pol packaging into
particles (24, 39). A number of additional MHR mutations
have been described in RSV, MulLV, HIV-1, M-PMV, and
bovine leukemia virus that have no discernible defect in as-
sembly yet cause a severe loss of infectivity (1, 12, 31, 40, 44).
Likewise, certain Ty3 mutations also result in the formation of
particles that have severe defects in reverse transcription and
transposition (36). The existence of this latter class of mutants
(those with apparently normal assembly) argues strongly that
the MHR motif influences one or more events of replication
that are distinct from the assembly of budding-competent par-
ticles.

The principal goal of the work presented below was to define
the reason for the failure of such RSV mutants to establish
persistent infections. The mutations present in the five assem-
bly-competent lethal MHR mutants previously described (12)
all mapped to the second half of the motif, raising the possi-
bility that the two structural elements within the MHR (a
strand-loop element followed by an a-helix) recently defined in
the CA proteins of RSV, HIV, equine infectious anemia virus,
and human T-cell leukemia virus (9, 20, 25, 27) might possess
distinguishable functions. The study of new mutations pre-
sented here supports the contrary conclusion. Mutations whose
lethal phenotype cannot be explained by effects on particle
assembly and release map to numerous locations throughout
the MHR. In all cases, the lethality is due to a failure to
accomplish a very early stage of reverse transcription, suggest-
ing that the mutations interfere with either the formation or
the activity of the reverse transcription complex in the viral
core.

MATERIALS AND METHODS

Plasmid DNAs and cell lines. The infectious RSV genome, carried in plasmid
pRC.VS8, was derived from pBH.RCAN.HiSV (16) by replacement of the
Schmidt-Ruppin A gag gene with that of the Prague C strain (12). The viral
mutants F167Y, L1711, and R170Q were previously described (12). New substi-
tutions (see Fig. 1) were created by oligonucleotide-directed mutagenesis as
described previously (45) with the following primers (nucleotide changes are
underlined): D155N (GGCGCACAT), D155Y (GGCGAACAT), 1156V (GGA
CGTGATGC), QIS8E (CATGGAAGGAC), Q158N (CATGAACGGAC),
E162D (CTGATTCCT), E162Q (ATCTCAATCCT), F164L (GTCCCTTGT),
F164V (GTCCGTTGT), F164Y (TCCTACGTTG), and L171A (TCGGGCTA
TA). Cell lines stably expressing the F167Y, L171A, L1711 and R170Q mutant
genomes were created by calcium phosphate transfection of QT6 cells (35) with
mutant proviral DNAs and selection of hygromycin-resistant colonies. Colonies
were screened for virus production by Western blotting for RSV antigens. Re-
leased particles were analyzed for normal patterns of Gag cleavage products,
envelope glycoproteins, and RT activity on an exogenous template. The pheno-
types of the released particles remained stable over at least 2 to 3 months of
culturing of the cell lines.

Particle release and infectivity. The expression of Gag protein from the mu-
tant proviral vectors and the ability of the mutant proteins to assemble and
release virus-like particles were evaluated by transfection of QT6 cells followed
by radiolabeling and immunoprecipitation as described previously by our labo-
ratory (2, 12, 29, 45). To determine the efficiency of release, QT6 cells were
transfected in duplicate and 24 h later were radiolabeled with L-[**S]methionine
(50 wCi, 1,000 Ci/mmol) using two different methods. The cells of one plate were
lysed after only 5 min to evaluate the levels of Gag expression; from the second
plate, extracellular particles were collected after 3 h of labeling. The Gag and CA
proteins were subsequently immunoprecipitated with an anti-RSV serum and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and phos-
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phorimaging. A ratio of the CA released into the medium to the Gag expression
level in the lysates was obtained as an estimate of budding efficiency.

Infections of QT6 cells were initiated by transfection of duplicate plates with
proviral DNAs (12). One set of plates was used to confirm Gag expression by
radioimmunoprecipitation with an anti-RSV serum 24 h later. The second set
was passaged over a period of 30 days, at which point the mutants that continued
to produce extracellular particles (detected by the accumulation of RT activity
and Gag antigens in the medium) were scored as infectious.

Detection of viral DNA in cell lysates. QT6 cells were infected with particle
suspensions produced from stable cell lines, concentrated 50-fold using a Cen-
triprep-50 spin column (Amicon), and standardized by an exogenous RT assay
(10). After 18 h, low-molecular-weight viral DNA was isolated from the cells (23)
and used as a template in the Tag PCR with primers derived from the RSV LTR
and the 5" and 3’ untranslated regions: primer 3 (CTTCATGCAGGTGCTCG
TAGTCG) and primer 5 (GCCATTTTACCATTCACCACA) for minus-strand
strong stop DNA; primer 3 and primer 8 (GGATTGGACGAACCACTGAA)
for first strand switch; primer 7 (CAACGACTCTCTGAGTTCTC) and primer 5
for second-strand switch; and primer 8 and primer 9 (CAGGAGTATTGCATA
AGACTAC) for 2LTR circles. Additional primers (TTTTAACCTAACTCCCC
TACTTA and GCCTGAAGCTAGTCACGGAAT) were used to amplify quail
mitochondrial DNA. Each primer pair was tested with plasmid DNA over a
range of annealing temperatures, MgCl, concentrations, and DNA concentra-
tions to ensure high sensitivity (=10 copies of DNA) and responsiveness of the
PCR signal to template dilution. One primer of each pair was end labeled with
[y->3P]ATP using T4 polynucleotide kinase and included with template DNA in
a 100-pl reaction mixture containing 2.5 U of Taq polymerase, 200 M each
deoxynucleoside triphosphate, and 15 mM MgCl,. Standard cycle parameters
and product analysis were described previously (37).

Endogenous reverse transcription. Particles produced from cell lines were
prepared as described above. Particles produced by transfection were pelleted
through 25% sucrose (400 wl) in a TLA100.4 rotor at 126,000 X g for 40 min,
resuspended in 200 pl of Tris-buffered saline containing 10 mM MgCl,, and
incubated with 600 U of DNase I for 1 h at 37°C. Destruction of the plasmid
DNA was confirmed by PCR amplification of the ampicillinase gene in the
vector. Virions were incubated in an endogenous RT reaction buffer (37) with
125 pg of melittin per ml for 3 h at 42°C, and then viral DNA was extracted and
analyzed by PCR as above.

Detergent treatment of viral particles. Resistance of the CA protein to ex-
traction with 1% Triton X-100 was evaluated as previously described (12), using
a rabbit anti-CA serum to detect radiolabeled protein in supernatant and pellet
fractions. The RT protein was analyzed similarly, except that =4 X 10° trans-
fected QT6 cells were labeled with L-[**S]methionine (250 wCi, >1,000 Ci/mmol)
for 24 h, after which the particles in the medium were treated with detergent and
centrifuged through a 25% sucrose cushion. Labeled RTa, RTB, and IN proteins
in the pellet and supernatant fractions were analyzed by immunoprecipitation
with a goat anti-RT («/B) antibody (no. 765-168; National Institutes of Health).

RESULTS

In our previous study of RSV, all point mutations that al-
lowed the release of noninfectious particles mapped within
second half of the MHR (specifically, F167Y, L1711, L171V,
and R170Q) whereas the mutations that blocked assembly
were scattered throughout the MHR (Fig. 1) (12). This uneven
distribution may simply reflect the limited number of muta-
tions tested or, alternatively, could be indicative of different
functional roles for the two halves of the domain. Therefore,
before focusing on the reasons for the replication defect in the
assembly-competent lethal mutants, we created several addi-
tional mutations targeted primarily at the conserved sites in the
first half of the RSV MHR domain.

Substitutions in the MHR strand-loop subdomain. A total
of 11 new substitutions were created (Fig. 1), including substi-
tutions at three conserved positions in the strand-loop (I156,
Q158, and E162) and at the nonconserved D155, which lies at
the boundary of the conserved motif and the upstream inter-
domain linker (9). Additional substitutions were also con-
structed at the first amino acid (F164) of the helical subdo-
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FIG. 1. Amino acid substitutions in the major homology region of
the RSV Gag protein. The Gag protein is shown with CA shaded and
the MHR in black. The wild-type MHR sequence is positioned below
Gag, with the most highly conserved amino acids underlined and
numbered according to their position in CA. Amino acid substitutions
listed below the MHR are grouped by phenotype. Substitutions result-
ing in >50% budding efficiency were scored as budding positive. New
substitutions created in this study are in bold type; the others were
previously described (12).

main. The L171A mutation was created for a separate study
but is included in many of the experiments presented below.
All of the new mutant genomes were capable of expressing
Gag protein, detected by radioimmunoprecipitation with an
anti-RSV antibody as described in previous studies (2, 12, 29,
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45). The protein profiles of a representative set of mutants are
shown in Fig. 2A. In a quantitative experiment (Fig. 2B), the
particle release ability of each mutant (a ratio of particle re-
lease to Gag expression as described in Materials and Meth-
ods) was compared with that of the wild-type parent. The
mutants could be separated easily into two groups. The
D155N, 1156V, E162D, and L171A mutants released particles
at levels equal to or greater than those of the wild-type parent,
and the D155Y mutant averaged 86% of the wild-type level.
The E162Q mutant was slightly less efficient, showing release
levels ranging from 50 to 100% with an average of 70% (Fig.
2). In each case, the particles that were released contained
properly processed CA protein (Fig. 2A); no uncleaved Gag
precursor or unusual cleavage intermediates were present in
the particles. In contrast, the remaining mutants showed clear
defects in particle release, with budding efficiencies of <32%
of the wild-type level (Q158N, 9%; Q158E, 11%; F164Y, 27%;
and F164L, 32%) (Fig. 2B).

The potential for infectivity was analyzed for each of the new
mutants by monitoring the appearance of RT activity in the
medium after transfection of QT6 cells with proviral plasmid
DNA. Not surprisingly, all four of the budding-defective mu-
tants were completely noninfectious in this assay, as illustrated
by Q158E, Q158N, and F164Y (Fig. 3A). Two of the particle-
producing mutants (D155N and I56V) were indistinguishable
from the wild-type parent in their ability to establish infection
following transfection (Fig. 3B). A third mutant (E162D) was
invariably successful in establishing infection (Fig. 3A); how-
ever, the appearance of RT in the medium during the 4-week
assay period was slower than seen with the wild-type parent or
the other two infectious mutants. Whether genetic reversion or
second-site suppressor mutations occurred during this lag time
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FIG. 2. Evaluation of mutant particle release in QT6 cells. (A) Virions released into the media were visualized by radioimmunoprecipitation.
(B) Budding efficiencies were calculated as a ratio of the amount of Gag produced to the CA released into the medium, as discussed in Materials
and Methods. All numbers were normalized to the wild-type value (WT), which was set at 1.00 efficiency. Average budding efficiencies (center box)

and standard deviations (lines) are shown. uninf’d, uninfected.
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FIG. 3. Establishment of infection followed by monitoring RT activity in the media of transfected QT6 cells. (A and B) Medium samples were
collected at intervals over a span of 1 month following transfection. Viruses with RT activity at background (i.e., equal to the untransfected) levels

after this period were scored as noninfectious. untr’f, untransfected.

has not yet been determined but seems likely, given that the
glutamic acid at position 162 is absolutely conserved in all 20
retroviruses compared in an earlier study (12). Interestingly,
three more recently described fish retroviruses lack this glu-
tamic acid (30).

Most important for the remainder of this study is a group of
four mutants (D155Y, E162Q, F164V, and L171A) which
failed to infect (Fig. 3), even though their ability to assemble
and release virus particles was near normal. These new mu-
tants join four mutants with a similar phenotype (F167Y,
R170Q, L1711, and L171V), which were described in our ear-
lier study (12). Quite striking is the fact that the combined
members of this mutant class map across the MHR sequence
with no obvious clustering (Fig. 1). The substitutions that cause
the assembly-defective phenotype are similarly distributed.
Only at one position (Q158) did every substitution destroy
assembly. This greater sensitivity may be indicative of the un-
usual role of the conserved glutamine in the CA structure (see
Discussion). Other than this, there is no evidence that the two
structural elements that compose the MHR (the strand-loop
and a-helical elements) are functionally distinct.

Detection of viral DNA in infected cells. Having obtained a
sizeable collection of mutations that destroyed infectivity but
not particle assembly, we investigated the reasons for this rep-
lication defect. The L1711 mutant, which has been the most
carefully characterized RSV mutant, served as the focus of the
experiments below. Additional mutants with substitutions in
the loop (D155Y and E162Q) and in the a-helical subdomain
(F167Y, L171A, and R170Q) were included in most experi-
ments as well.

Initially, low-molecular-weight DNA extracted from QT6
cells infected with the mutant viruses for 18 h was analyzed for
full-length viral DNA by Southern blotting and by PCR am-
plification of the 2LTR circle junction DNA (formed in the cell
as a result of circularization of full-length linear viral DNA). In
both tests, no completed viral DNA molecules could be de-

tected in samples from cells infected with the L171A, L1711,
and F167Y mutants (data not shown). The R170Q, D155Y,
and E162Q mutants also failed to produce detectable 2LTR
DNA in infected cells (data not shown).

The DNA samples were next analyzed for the presence of
incomplete DNA products by using PCR primer pairs that
amplify viral DNAs containing the minus-strand strong-stop
sequence (the first 101 bases) and molecules whose synthesis
proceeded at least through the point of the first strand switch
(169 bases) or the second strand switch (586 bases). All three
viral DNA sequences were easily detected in samples from
cells infected with wild-type virus (Fig. 4A), whereas little or no
viral DNA could be detected in samples from mutant-infected
cells. Quail mitochondrial DNA was present in all samples,
however, confirming the consistent performance of the DNA
extraction and PCR steps. To estimate the degree of the de-
fect, template DNAs were serially diluted prior to amplifica-
tion (Fig. 4B). The level of strong-stop DNA in L171A-in-
fected cells proved to be reduced >1,000-fold compared to
that in wild-type-infected cells. The F167Y and L1711 muta-
tions caused a reduction of 100-fold. Finally, detection of viral
DNA was no better when the infected cells were lysed and
DNA was extracted at earlier times after infection (2 to 8 h
postinfection [data not shown]), giving no indication that the
viral DNA was synthesized and then degraded. Thus, it ap-
pears that even at the earliest stages of infection tested (syn-
thesis of the first 101 nucleotides of DNA), these mutants are
severely deficient in viral DNA synthesis.

Endogenous reverse transcription. The next step was to
determine whether the defect that caused the severe loss of
DNA synthesis in infected cells was also evident in extracellu-
lar particles. Although our earlier report showed the presence
of some endogenous reverse transcription ability in mutant
particles isolated from cell lines (12), this was reevaluated by
applying the more quantitative PCR-based assay to the
broader set of mutants now available. Minus-strand strong-
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FIG. 4. Viral DNAs in infected QT6 cells. Cells were infected with RSV particles collected from stable cell lines. Low-molecular-weight DNA
was extracted and analyzed by amplification using the LTR primers described in Materials and Methods and with the quail mitochondrial DNA
primers. (A) Viral DNA detected in lysates of cells infected for 18 h. (B) Template DNAs analyzed in panel A were diluted prior to amplification
in order to compare the relative amounts of minus-strand strong-stop DNA in cells infected with wild-type (WT) and MHR mutant virus. uninf’d,

uninfected; mito, quail mitochondrial DNA.

stop DNA was clearly detectable in all samples (Fig. 5A), as
previously reported (12). However, dilution of the template
DNA showed that the level of viral DNA in the mutant parti-
cles was actually lower than that in wild-type particles by a
factor ranging from 10-fold (D155Y, E162Q, and F167Y) to as
much as 100-fold (L171A and L171I). The infectious mutant
D155N was indistinguishable from the wild-type parent in the
endogenous reverse transcription assay.
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FIG. 5. Efficiency of reverse transcription of the endogenous viral
RNA. Particles were collected from stable cell lines (wild type [WT],
F167Y, L171A, and L171I) or from transfected cells (WT, D155N,
D155Y, and E162Q), permeabilized with melittin, and incubated with
dNTPs for three hours at 42°C. The resulting DNA was extracted,
diluted, and amplified as before. The relative amounts of minus-strand
strong stop (A) or first strand switch (B) DNA products in wild-type
and MHR mutant virions were compared. F167Y particles collected
from transfected cells showed the same 10-fold deficit in endogenous
reverse transcription activity as those collected from the stable cell line
(data not shown).

The failure of the previous study (12) to find this defect in
the F167Y, R170Q, and L1711 mutant particles was probably
due to the use of a crude and nonquantitative assay method
that was dependent on observation of the strong-stop DNA
band among a smear of DNA products on a sequencing gel. It
is also likely that the batch-selected cultures used to produce
the R170Q and F167Y mutant particles may have contained
revertant viruses (J. B. Bowzard, unpublished data). In the
present study, the use of the more quantitative and highly
reproducible PCR-based method allowed the detection of a
DNA synthesis defect in each of the assembly-competent but
noninfectious mutants, regardless of whether the particles
were produced by cloned cell lines (F167Y, L1711, and L171A)
or by transfection (F167Y, E162Q, and D155Y).

The presence of more extended DNA products was also
evaluated in the endogenous reverse transcription reactions.
The noninfectious mutants were deficient in the synthesis of
the first strand-switch product, but with the exception of the
L171A mutant, the defect appeared no more severe than at the
strong-stop stage (Fig. 5B); in other words, the response to
template dilution was identical with the two sets of primers.
Finally, the sensitivity of detection of the second strand-switch
product was too low even in the wild-type samples to allow a
quantitative comparison with the strong-stop and first strand-
switch products.

RT content. The major defect at an early stage of the en-
dogenous reverse transcriptase reaction implies that something
is very wrong with the protein-RNA complex that makes up the
reverse transcription machinery. For this reason, the mutant
viruses were examined for abnormalities that might explain the
defect in viral DNA synthesis.

The mutant particles were not deficient in enzymatically
active RT. The CA protein in mutant and wild-type particles
was evaluated by Western blotting of particle suspensions that
had been standardized for their RT content by using an exog-
enous poly(A) template and an oligo(dT) primer (Fig. 6). No
variation in the enzyme activity-to-CA ratio that could explain
the DNA synthesis defect was found in any of the mutants.
Furthermore, L1711 mutant particles contain normal ratios of
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FIG. 6. The ratio of CA to RT per particle is equivalent between
wild-type and mutant viruses. Particles were normalized by RT activity
on an exogenous template/primer, serially diluted, and separated by
SDS-PAGE. Viral proteins were transferred to nitrocellulose by West-
ern blotting and incubated with anti-RSV serum. The relative amount
of CA protein per sample was examined. untr’f, untransfected.

RTo, RTB, and IN protein (see below), as do the F167Y,
R170Q, and L171A mutants (data not shown). Thus, the fail-
ure of mutants to synthesize DNA is not explained by defects
in the packaging or processing of the Gag-Pol precursor pro-
tein.

Viral RNA content. Although the F167Y and L1711 particles
were shown previously by slot blot analysis to contain viral
RNA (12), the failure of DNA synthesis raised the possibility
that viral RNA might be degraded inside the particle. There-
fore, the viral RNA was extracted and analyzed by standard
methods (19, 37) (Fig. 7). Genomic RNA from the D155Y,
E162Q, F167Y, L171A, L1711, and R170Q mutants proved to

.
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be intact and was present primarily in the form of dimers (Fig.
7A), as was that from the mutant F164V (data not shown). No
degradation of the viral RNA template and no deficit in the
amount recovered were detected in any case. The thermosta-
bility of the dimeric RNAs of the L1711 mutant was tested by
exposing the nucleic acid to temperatures as high as 65°C prior
to electrophoresis. The mutant RNA showed the same melting
profile as that from wild-type particles (Fig. 7B); the same
result was obtained with F167Y and L171A particles as well
(data not shown). Thus, we detected no gross distortion of the
viral genomic RNA that could explain the defect in reverse
transcription.

Association of CA and RT with detergent-resistant core ma-
terial. A number of laboratories have isolated material derived
from the RSV core, including CA, by centrifugation of deter-
gent-treated virions through sucrose (4, 12, 41). In our labo-
ratory, such a method has allowed the reproducible recovery of
approximately 25 to 30% of the total CA protein in particulate
form from infectious wild-type virions (12) (Fig. 8A). However,
with the F164V or F167Y mutants, the amount of CA protein
recovered in the detergent-resistant pellet was greatly reduced,
ranging between 0 and 3% of the total amount of CA (Fig.
8A). This was similar to our previous findings with the L1711
mutant (12). For the D155Y and E162Q mutants, a somewhat
less severe defect was seen; approximately 10% of CA was
recovered in the pellet, still reproducibly lower than the 30%
recovered from the wild-type particles.

The distribution of RT between the particulate and pellet
fractions was also altered by the L1711 mutation. For wild-type
particles, approximately 30% of RTa and 40% of RTR re-
mained with the pellet after detergent treatment (Fig. 8B). In
contrast, detergent treatment of the L1711 mutant particles
solubilized all the detectable RTa and left only a trace amount
of RTB (4 to 6%, as quantitated by phosphorimaging analysis
of the results of two independent experiments) associated with
the pellet. The IN protein behaved differently in that the pro-
tein from the wild-type virus was entirely associated with the

Wild Type L1711
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FIG. 7. Analysis of viral RNA in wild-type and mutant particles. (A) Nondenaturing Northern blot analysis of RNA extracted from particles.
(B) RNA melting profiles were generated by incubating the viral RNAs at the indicated temperatures for 10 min prior to loading on a

nondenaturing agarose gel. WT, wild type; D, dimer; M, monomer.
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FIG. 8. CA and RT are displaced from detergent-resistant complexes by mutations in the MHR. Particles produced by transfection were
incubated with or without detergent prior to ultracentrifugation through a sucrose cushion. Pellet and supernatant fractions were collected and
immunoprecipitated with a monoclonal antibody against CA (A) or RT (B). A background band recovered by the RT immunoprecipitation
migrated slightly above the IN protein and appeared in both infected and uninfected controls. WT, wild type; TX-100, Triton X-100; P, pellet; S,

supernatant.

particulate fraction after detergent treatment and this distri-
bution was not altered by the L1711 mutation. Although the
exact structure of the detergent-resistant material isolated
from both infectious and noninfectious virions remains to be
determined, these results imply that the intermolecular inter-
actions that hold CA and RT in place in the core have been
altered in some way by the mutations. This finding is consistent
with the DNA synthesis defect identified in both infected cells
and cell-free virions.

DISCUSSION

With the addition of new mutations in this study, we present
the most comprehensive collection of such mutations, consist-
ing of a total of 25 substitutions placed at 10 positions (Fig. 1).
A few substitutions in this sequence, primarily alterations at
the less highly conserved positions in the motif, caused no
demonstrable effects on virus infectivity; these were not stud-
ied further. Two classes of lethal mutations could be distin-
guished—those that caused a severe assembly and release de-
fect and others that allowed near-normal particle release.
Strikingly, the distributions of these two phenotypes across this
region of CA are almost identical. At five of seven positions,
replacement with two or more different amino acids yielded
both types of noninfectious mutants. Only at Q158 did all five
replacements destroy assembly (see section below). From this
analysis, there is no evidence for functionally distinct subre-
gions within this region of CA; rather, the entire domain prob-
ably functions as a whole. This conclusion is quite significant,
given the wide variety of phenotypes that have been seen in
HIV-1 and M-PMV MHR mutants (31, 40).

Implications of the budding-defective phenotype. The block to
release from avian cells in certain MHR mutants seems contra-
dictory to the published findings that the CA region of Gag is not
part of the minimal protein segments needed to drive budding, a
conclusion drawn from Gag expression studies in mammalian
cells (12, 29). However, the pattern of intracellular Gag proteins
observed in avian cells with these mutants, i.e., minimal Gag
cleavage and very little CA protein in cell lysates (Fig. 2A) (12),
resembles that seen with Gag mutants that are deficient in Gag-
membrane binding (a function of Gag MA) or Gag-Gag interac-
tion (the NC region) (2, 13, 42). The budding defect in the MHR
mutants could conceivably result from interference with either
activity via long-range structural effects. However, our experience
with the modularity of these functions and the plasticity of the
RSV Gag to mutation (2, 13, 29, 43, 45) make this seem unlikely.
An alternate scenario is that a localized structural perturbation
within the CA carboxy-terminal domain (CTD) of Gag leads to
inappropriate aggregation of the precursors in the avian cell. Such
a dead-end pathway could also result from inappropriate interac-
tions of Gag with a cellular factor(s). This could explain the cell
type dependence of certain RSV MHR mutants, i.e., Gag pro-
teins that allow budding from mammalian cells but not avian cells
(12).

Of the mutations that interfered with assembly, R170L and
E162G and all five replacements at the Q158 position alter the
conserved hydrophilic residues in the MHR. The homologous
residues in the HIV CA protein form an unusual network of
hydrogen and ionic bonds that links the two halves of the MHR
to one another and to the a-helix immediately following the
MHR. Recently obtained nuclear magnetic resonance spec-
troscopy data on the RSV CA CTD are consistent with the pres-
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ence of a similar network (28). The central role of the glutamine
in this network (20) suggests that it is especially important for the
folding of the CTD, and this may explain why all substitutions at
Q158 destroyed RSV assembly. The R170L and E162G substitu-
tions that also interfere with assembly (12) should likewise have
dramatic effects on this bonding network. The more conservative
substitutions (R170Q and E162D), on the other hand, may be
compatible with particle assembly and release because they are
able to maintain at least some of the hydrogen bond network.
Thus, these findings suggest that a similar bonding network forms
in the Gag precursor and is important for maintaining its assem-
bly function. The remaining budding-defective mutations are al-
terations that create rather substantial changes in the hydropho-
bic core of the CTD. For example, introduction of a polar amino
acid (F167S) or of a larger, bulkier hydrophobic residue (L171F)
had dramatic effects on the assembly of the Gag protein, support-
ing the idea that these changes are destabilizing the hydrophobic
core of the CTD.

Budding-competent, noninfectious mutants. When the le-
thal mutations that destroyed the budding capacity of Gag are
removed from consideration, all those that remain have a com-
mon feature—a defect in reverse transcription. Many of these
are the more conservative substitutions placed at the same sites
where more radical changes blocked virus assembly. The L1711
mutant is the most thoroughly characterized. The disability in
the other MHR mutants of this class, although less severe in
some cases, is qualitatively the same, as is that of the D155Y
mutant, whose substitution lies at the boundary of the MHR
and the interdomain linker.

The L1711 particles contain properly processed Gag proteins
and have physical properties (size and density) identical to
those of the wild-type parent (12, 29). The Gag-Pol precursor
is packaged and processed to form enzymatically active RT.
The packaging and integrity of the viral genome also appear
normal. What is not known is whether the placement of tRNA
on the primer binding site of the viral RNA is qualitatively and
quantitatively normal, but we have been able to detect the
presence of the primer on the viral RNA by end labeling with
[*?P]dATP (data not shown). The ability of the mutant virus to
bind and enter cells has not been tested, although failure of
virus entry seems an unlikely explanation since Env glycopro-
teins have been detected on the particles (12) (data not shown)
and there is no reason a priori to guess that CA mutations
would interfere with this step.

Defects consistent with the in vivo results were found in
extracellular mutant particles—a serious deficit in either the
initiation of DNA synthesis or the elongation of the nascent
viral DNA and the disruption of core integrity indicated by the
ease of detergent extraction of CA and RT. The first strand-
switching step does not appear to be affected by the mutations
(with the possible exception of the L171A mutant); however, it
is not known whether extension of the DNA molecules after
this step occurs with normal efficiency. Finally, the defect in
DNA synthesis in infected cells exceeds that observed in the
endogenous reverse transcription reaction by a factor of 10,
suggesting that the instability of the mutant cores becomes
even more critical in the environment of the cytosol. It is
possible that other, unidentified factors are limiting the effi-
ciency of strong-stop DNA formation in the cell. Regardless,
the reduced endogenous reverse transcription activity suggests
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that the phenotype of these RSV mutants may truly be differ-
ent from that of Fv-I-restricted MuLV (26, 38), HIV CA mu-
tants that fail to incorporate cyclophilin A (7), and other
MuLV CA mutants (1) that fail to make viral DNA in the cell
although they are able to do so in extracellular particles.

Clearly, the primary function of the MHR is not one of
packaging the viral genome or the Gag-Pol precursor nor of
controlling the PR-mediated processing of Gag or Gag-Pol.
The viral DNA synthesis deficit and the unusual detergent
sensitivity of the cores in extracellular mutant particles (in spite
of apparently normal incorporation and processing of the com-
ponent parts) argue instead that the defect is due to inappro-
priate interactions between the core components. In other
words, the parts are not put together properly. It is tempting to
conclude that this results from a failure of the MHR residues
to perform a normal activity that is needed for putting the parts
together. It must also be recognized, however, that the pheno-
type could be an indirect consequence of structural abnormal-
ities in Gag or CA which interfere with the formation or
activity of the viral core by some means unrelated to the nor-
mal function of the MHR. Thus, although characterization of
these RSV mutants has eliminated a number of possibilities
from consideration, the question of the function of the MHR
residues in the wild-type virus remains open.

Structural studies of the CA proteins may yet yield some
useful clues to CA function. Work by Gamble et al. has de-
scribed a CA-CA interface in the CTD of HIV CA that ap-
pears to explain the dimerization activity of both the isolated
domain and the intact CA protein in solution (20). This inter-
face is expected to exist in the assembled CA shell as well. In
the HIV protein, the MHR does not appear to participate
directly in the CA-CA interface. However, this region is inte-
gral to the CA CTD structure and is in intimate contact with
the a-helix that forms the dimer interface (20, 46). In vitro
assembly studies with the HIV CA protein indicate that dif-
ferent conformations correlate with different modes of protein
packing (22). Thus, it is quite conceivable that certain MHR
substitutions in the HIV protein could perturb the domain
structure and thereby alter CA-CA interactions. In the RSV
mutants, a similar scenario might explain the loss of detergent
resistance in the virion core as well as the lethal phenotype.
However, the RSV protein, unlike the one from HIV, fails to
dimerize in solution (9, 28); therefore, the possible conse-
quences of the lethal MHR substitutions on CA multimeriza-
tion cannot be evaluated as yet.

The possibility that the MHR is critical to the structure of
the Gag precursor and the mature CA protein does not appear
sufficient to explain its unusually strong conservation. It may be
significant that the MHR immediately follows the flexible in-
terdomain linker. It seems quite possible that the MHR could
be a conformational switch that controls the interactions be-
tween CA subunits or heterotypic interactions that need to
occur in an ordered fashion during maturation. Such a dynamic
role in the progression of events that connects Gag assembly to
the final formation of an active core might be consistent with
the duality of mutant phenotypes observed. Finally, the DNA
synthesis defect in the mutants raises the interesting possibil-
ities that the MHR is a site of interaction with other viral or
cellular factors necessary for vDNA synthesis and that CA
could be a direct contributor to the DNA synthesis machinery.
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Although we cannot distinguish between these possibilities at
this time, the field has been narrowed considerably as a result
of these studies, and the contribution of CA to the DNA
synthesis pathway will continue to be explored.
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