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The 3’ terminus of the pol gene of Moloney murine leukemia virus encodes the integration (IN) protein,
required for the establishment of the integrated provirus. A series of six linker insertion mutations and two
single-base substitutions were generated within the region encoding the IN protein. Mutations were initially
generated within an Escherichia coli plasmid expressing the IN protein, and the resulting variants were assayed
for DNA-binding activity. Mutations which altered conserved cysteine residues within a potential DNA
finger-binding motif resulted in lower or variable DNA binding, which appeared to be the result of variable
protein folding. Upon renaturation, these proteins were able to nonspecifically bind DNA in a manner similar
to that of the other mutant IN proteins and the parent. When reconstructed back into full-length virus, seven
of the eight mutations were lethal. All mutants produced a stable IN protein in virions and mediated normal
conversion of the retroviral RNA to its three DNA forms. Fine-structure analysis of the linear double-stranded
viral DNA indicated that all seven lethal alterations within the IN protein blocked the formation of the 3’

recessed termini that normally precedes integration.

The key step in the retroviral life cycle that ensures the
persistence of the viral genome in the infected cell and its
transmission to daughter cells is the integration of a double-
stranded DNA copy of the genome into the DNA of the host
cell (for recent reviews, see references 21, 40, and 53).
Integration of the viral DNA is an efficient and orderly
process: specific sites near the ends of the viral genome are
joined to the host DNA, so that every integrated provirus
has a similar structure and organization (9, 25). These sites
consist of short inverted repeats, often imperfect, present at
the termini of the long terminal repeats (LTRs) that flank the
viral genes (55). During the integration reaction, two char-
acteristic events occur: the two terminal base pairs of the
inverted repeats are lost, and a small number of base pairs
from the target sequence are duplicated and ultimately flank
the integrated provirus (24, 51, 52). These features are
shared by retroviruses, other retroposons, and many other
transposable elements (50).

A single viral gene product, the integration protein (IN),
has been identified as essential for the establishment of the
integrated provirus (11, 41, 44, 49). The IN function is
encoded near the 3’ end of the viral pol gene; mutations in
this region have no effect on reverse transcription but can
block integration of the viral DNA and subsequent expres-
sion of viral genes. The IN region is initially expressed as
part of the large gag-pol precursor protein (28, 29). In the
mammalian retroviruses this precursor is cleaved during
virion assembly to generate a separate IN protein of about 40
to 45 kilodaltons (kDa) (58). This protein has been shown to
exhibit at least nonspecific DN A-binding activity (34, 46). In
the avian retroviruses, the gag-pol precursor is only partially
cleaved, and the IN function exists both as a free protein
termed pp32 and as part of the beta subunit of reverse
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transcriptase (14, 48). The purified avian proteins have been
shown to exhibit DNA binding (22, 39) and DNA endonu-
clease activity (18-20, 23, 32, 59), with specificity for the
termini of the viral LTR (7, 12, 13, 27). The presence of a
zinc finger motif—a cysteine-containing sequence capable of
folding around a chelated zinc—has been noted and pro-
posed as important for DNA binding (26). Mutagenesis of the
Moloney murine leukemia virus (M-MuLV) IN protein has
been previously described, but detailed analysis of the
biochemical effects of these mutations has not been carried
out (10).

Recent work in the M-MuLV system has provided a more
detailed definition of the structures and sequences of the
DNA intermediates in the integration reaction. Direct anal-
ysis of the unintegrated linear viral DNA has shown that the
two ends are a mixture of two structures: full-length blunt
ends, and termini with the 3’ ends recessed by two nucleo-
tides (5, 45). Kinetic analysis suggested that the terminal
nucleotides on the 3’ ends are cleaved in vivo to form
recessed 3’ ends and that the IN function is required for this
step. More information has followed from in vitro reactions
which recapitulate the integration of viral DNA, either
endogenous or exogenous, into added target DNA (3, 4, 15,
16). These studies have shown that the linear form of the
viral DNA, not the circular forms, is the direct precursor to
the provirus; that linear DNAs with recessed 3’ ends are
active precursors; and that these 3’ ends are directly joined
to target DNA in the strand transfer step, leaving protruding
5" ends on the viral DNA.

To help define the role of the IN protein in integration, we
generated a series of linker insertion and single-base substi-
tutions throughout the domain of the pol gene encoding the
M-MuLV IN function. The effects of these mutations on the
in vitro DNA-binding activity of the protein and on the
formation of the recessed 3’ termini of newly synthesized
linear viral DNA were examined. Mutations located in the
cysteine region, affecting the proposed zinc finger domain,
apparently altered the folding of the protein but did not
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completely abolish the nonspecific DNA binding activity in
vitro. Most of these mutations were lethal to virus replica-
tion, blocking early events in infection. All mutations that
blocked viral integration were found to block the formation
of the recessed termini on the linear DNA formed in vivo.

MATERIALS AND METHODS

Cells, viruses, and infections. NIH 3T3 and Rat2 cells were
grown in Dulbecco modified Eagle medium (GIBCO) sup-
plemented with 10% (vol/vol) calf serum (Hyclone). Wild-
type virus was derived from clone pT11 (33) or pNCA (8).
Mutants of M-MuLV were tested for replication competence
by the XC assay (47) and by reverse transcriptase assay of
the supernatant medium (17) after transformation of NIH
3T3 cells by the DEAE-dextran method (37) with cloned
DNA (0.25 pg per 10° cells). dI5401 virus was obtained from
an existing NIH 3T3 producer line (49). Cloned Rat2 cell
lines expressing IN™ mutant genomes were established after
either Polybrene- or calcium phosphate-mediated cotrans-
formation (61) with pSV2neo DNA (54). Individual colonies
were selected for growth in the presence of the drug G418
(GIBCO; 400 pg/ml) and assayed for release of reverse
transcriptase activity (17). Virus used for infection was
collected from 10-cm dishes containing 5 ml of medium
every 12 h. Infections of Rat2 cells were carried out in the
presence of Polybrene (8 pg/ml).

Bacteria, plasmids, and extracts. Escherichia coli HB101
was used as the host for propagation of all plasmids. The
bacterial IN protein expression plasmid pSCB150-18 was
described previously (46). Preparation of lysates and isola-
tion of insoluble protein fractions of E. coli were done as
described previously (57).

Electroblot transfer and binding assay. Southwestern
(DNA-protein) blot analysis was performed as described
previously (46). In some experiments, after electroblot trans-
fer, the nitrocellulose filter carrying the proteins was soaked
in buffer containing 50 mM Tris hydrochloride (pH 8.3), 50
mM dithiothreitol, 1 mM EDTA, and 8 M guanidine hydro-
chloride for 1 h to denature the proteins. The filter was then
washed for 1 h at room temperature in dilution buffer (50 mM
Tris-HCI [pH 7.5], 2 mM EDTA, 2 mM dithiothreitol, 0.5 M
NaCl, 0.1% Nonidet P-40, and 10% [wt/vol] glycerol), fol-
lowed by an additional wash at 4°C for at least 24 h in the
same buffer, to permit renaturation.

Mutagenesis of pSCB150-18 plasmid DNA. (i) Bisulfite
mutagenesis. Plasmid pSCB150-18 DNA was partially di-
gested with BspMI in the presence of 1 pg of ethidium
bromide per ml (42), and the full-length linear DNAs were
isolated after electrophoresis (60). The DNA was treated
with 2 M sodium bisulfite for 3 h at 37°C and dialyzed as
described before (43). The plasmid DNA was recircularized
by ligation and used to transform E. coli BD1528 (ung).
Colonies were screened for loss of either the ApalLl or
HindIII sites which overlapped the BspMI cleavage site in
the pol gene.

(ii) Insertional mutagenesis. After limited digestion of
plasmid pSCB150-18 with Alul, the linear DNA was isolated
by agarose gel electrophoresis. Then, 12-base-pair (bp)
EcoRlI linkers (sequence CCGGAATTCCGG; New England
BioLabs) were added to the termini with T4 DNA ligase. The
DNA was digested with EcoRlI, treated with T4 DNA ligase
to form circles, and used to transform bacteria. Mutants
were named by the nucleotide position of the mutation, using
the numbering system in which the left edge of the left LTR
is nucleotide 1.
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FIG. 1. Positions of mutations affecting the IN protein.
M-MuLV proviral DNA is shown at the top; the two boxed regions
at both ends of the DNA represent LTR sequences. Enlargement of
the IN region is shown below. Open triangles above the line indicate
positions of 12-bp EcoRI (RI) linker insertion mutations. Amino acid
and DNA sequences in the cysteine region are shown in the lower
half of the figure. RT, Reverse transcriptase; PR, protease.

Antisera and immunoprecipitations. Anti-Pol serum was
prepared in rabbits by immunization with the bacterial fusion
protein encoded by plasmid pSC1 (58). Goat anti-M-MuLV
(serum 81S-107) was obtained from the National Cancer
Institute. To detect virion proteins, cultures were labeled
with [**S]methionine (Amersham), and the virions were
collected, pelleted through a 25% sucrose cushion, and
immunoprecipitated as described previously (58). Prestained
molecular weight markers were purchased from Sigma
Chemical Co.

DNA electroblotting and hybridization. Electroblotting of
DNA from sequencing gels and hybridization with oligonu-
cleotide probes were performed as described before (45).
The U5 probe D contains the sequence 5'-GAGGAGACT
CACTAAC-3'.

RESULTS

Construction of linker insertion mutations in the /N domain
and analysis of their DNA-binding activity. In previous work,
we have expressed the IN protein of M-MuLV in an E. coli
expression system and demonstrated that both the bacteri-
ally derived protein and the natural gene product exhibit
DNA-binding activity (46). To identify regions of the IN
protein required for binding to DNA, we constructed a set of
derivatives of bacterial plasmid pSCB150-18 expressing the
IN protein by inserting a 12-bp EcoRI linker into Alul sites.
Six clones with different inserts in the IN region were
identified and mapped (Fig. 1). The presence of only a single
linker in each mutant was confirmed by detailed restriction
mapping, ensuring that each mutation resulted in the inser-
tion of only four amino acids (Table 1).

To test the the ability of the mutant plasmids to encode
stable proteins, extracts were prepared after induction of the
trp promoter, and proteins in the insoluble fraction were
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (Fig. 2). In each case, the IN protein of
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TABLE 1. Summary of mutations in /N domain

Amino acids

Reverse
Virus . Viability  transcriptase

ggg Mutant Y activify"

Uninfected Rat 2 - -
cells (control)

in5233-12 QL QPEFRL - +
in5247-12 LSF LSRNSGF - ++
in5345-12 KAC KAGIPAC - ++
in5557-12 KL KPEFRL - +
in5939-12 QAH QAGIPAH - ++
in6161-12 AAW  AAGIPAW - ++
bi5346-1 A A% + +++
bi5349-1 C Y - +
Wild type + +++

4 Viability was determined by detection of XC plaques and reverse tran-
scriptase activity after transient transformation of cells with the indicated viral
DNAs (see Materials and Methods).

b Reverse transcriptase activity present in culture medium from stable
producer cell lines expressing the indicated viral DNAs. +++, Wild-type
levels; ++, 10 to 25% of wild-type levels; +, 4 to 10% of wild-type levels; —,
no detectable activity.

M, 46,000 could be readily detected by Coomassie blue
staining (Fig. 2A); in some cases the mobility of the mutant
protein was slightly altered from that of the wild type,
suggesting that significant structural changes had been
caused by the mutation (e.g., Fig. 2A, lane 6).

Each of the mutant proteins was tested for its ability
to bind a mixture of single- and double-stranded DNA by
the Southwestern blotting procedure (2, 38). Briefly, pro-
teins were separated by electrophoresis, blotted to nitro-
cellulose, and challenged with labeled DNA. Most of the
mutant proteins retained the parent protein’s ability to
bind DNA, either with added Mg?* as the divalent cation
(Fig. 2B1) or in the presence of EDTA (Fig. 2B2). In general,
there was stronger binding with EDTA than with Mg>*.
There were significant variations in the amount of DNA
bound by different mutant proteins, not corresponding with
the amount of protein produced by different clones. The
protein from one mutant, in5557-12, consistently bound
more DNA than those from the other mutants and the
wild-type parent (lanes 6). Only one mutant, in5345-12,
showed a significant defect in binding when normalized to
the amount of protein (lanes 5). Similar results were obtained
when the binding was performed in higher salt conditions,
although here weak binding by mutant in5345-12 could be
detected (Fig. 2C1 and C2). The mutation in this construct
resulted in the insertion of four new amino acids near the
N-terminus, increasing the spacing between two cysteine
residues from two six amino acids. This region is highly
conserved among homologous retroviral pol proteins (26)
and has the potential to form a zinc finger DNA-binding
structure, although not a canonical finger structure (1).
These results suggest that this region may be important for
binding activity in this assay, affecting either the refolding of
the IN protein or its intrinsic binding activity.

Construction of two point mutations near the 5’ end of the
IN region and further analysis of DNA-binding activity. Be-
cause analysis of the insertion mutations suggested that the
amino-terminal region of the IN protein was potentially
involved in formation of a DNA-binding site, point muta-
tions in this area were also tested. Two mutants were
constructed: bi5346-1, bearing a highly conservative Ala-to-
Val substitution between the two cysteine residues men-
tioned above, and bi5349-1, carrying a change of the second
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Cys residue to a Tyr (Fig. 1). The proteins encoded by these
new mutant plasmids, by the linker insertion plasmids, and
by the parent were analyzed for DNA-binding activity after
electroblotting (Fig. 2D and E). The IN proteins of the two
point mutants bound DNA well, both with (panel D1) and
without (panel D2) divalent cation; the Cys residue was
therefore not essential for this activity. Experiments with
mutant in5345-12 gave variable results, depending on the
particular preparation of electroblotted filters (Fig. 2). The
variation in the binding activity of this mutant could reflect
variable refolding of this protein; depending on the experi-
ment, the mutant demonstrated no binding (panels B1 and
B2), weak binding (panels C1 and C2), or good binding
(panels D1 and D2).

To test whether variations in the renaturation of the
proteins were responsible for these results, duplicate gels of
the various mutant proteins were prepared and electroblot-
ted as usual. One copy was incubated overnight and then
used directly in a binding assay, while another was treated
with guanidine hydrochloride and then exposed to renatur-
ation conditions before the assay. Controlled experiments
done either directly (Fig. 2E1) or after denaturation and
renaturation (Fig. 2E2) showed that the IN proteins with
alterations in the cysteines did not refold correctly to re-
cover activity. We conclude that under some conditions,
these mutant proteins are capable of binding DNA; however,
the ability of the in5345-12 protein to renature, compared
with that of the proteins from the wild type and the other
mutants, is sometimes impaired. When folded correctly, the
mutant proteins still exhibit binding activity.

Viability of viral genomes with mutations in the /N domain.
To test the infectivity of viral genomes carrying site-specific
mutations in the IN region, fragments carrying each muta-
tion were excised from the expression constructs and used to
replace the equivalent fragment of a full-length clone of the
viral genome. The resulting cloned DNAs were introduced
into NIH 3T3 cells by the DEAE-dextran method (37).
Production of replication-competent virus was detected by
the XC plaque assay (47) and by measurement of virion-
associated reverse transcriptase activity (17). None of the
12-bp insertion mutants gave rise to viable viruses after
transfection at 37°C, as judged by the XC plaque assay or the
reverse transcriptase assay of the medium (Table 1). Trans-
fection experiments with the two point mutants showed that
the bi5349-1 mutation, which resulted in the change of the
cysteine residue to tyrosine, was similarly lethal. However,
mutant bi5346-1, with the conservative change of an alanine
residue to valine, was viable; the number of XC syncytia
induced after DNA transfection was similar to that of the
wild-type virus. The level of reverse transcriptase activity
detected in the medium was indistinguishable from that in
the medium collected from the wild-type producer cells.
These results suggested that although several 12-bp insertion
mutations did not affect the DNA-binding activity of the
fusion protein in vitro, these mutations were nevertheless
lethal to the virus in vivo. In addition, the mutation that
changed the cysteine residue to tyrosine was lethal in vivo;
in the nitrocellulose-binding assay of the IN protein ex-
pressed in E. coli, however, the cysteine residue did not
appear to be critical for DNA binding. Therefore, alterations
in the IN protein that have little effect on the DNA-binding
activity as assayed in vitro can block its function in vivo.
The functions of the IN protein in replication are clearly
more demanding than the binding of DNA as measured in
vitro.

Construction of cell lines producing IN~ virions. To char-
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FIG. 2. DNA-binding activity of IN proteins with insertion and point mutations. (A to C) Insoluble proteins were prepared from various
bacterial lysates; proteins were solubilized in SDS and analyzed by electrophoresis on SDS-polyacrylamide gels. (A) Coomassie stain of the
protein gel. In lanes 2 to 8, the 46-kDa (kD) IN protein is indicated by the arrowhead. (B and C) Nitrocellulose-binding assay of the IN
proteins. Following electrophoresis, proteins were blotted to nitrocellulose, denatured, renatured, and assayed for DNA-binding activity in
the presence of 50 mM NaCl and 5 mM MgCl, (B1), 50 mM NaCl and 10 mM EDTA (B2), 150 mM NaCl and 5 mM MgCl, (C1), or 150 mM
NaCl and 10 mM EDTA (C2). Samples in panels A to C: lanes 1, pATH3; lanes 2, wild-type plasmid pSCB150-18; lanes 3, in5233-12; lanes
4, in5247-12; lanes S, in5345-12; lanes 6, in5557-12; lanes 7, in5939-12; lanes 8, in6161-12; lanes M, size markers. Positions of the size standards
are indicated. (D) Analysis of proteins from added mutants. Proteins on blots were denatured, renatured, and assayed for DNA-binding
activity in the presence of 50 mM NaCl and 5 mM MgCl, (D1) or 50 mM NaCl and 10 mM EDTA (D2). Lanes 1, pATH3 control cells; lanes
2, pSCB150-18; lanes 3, in5345-12; lanes 4, bi5349-1. (E) Proteins were electroblotted as before and incubated in dilution buffer alone prior
to the DNA-binding assay (E1) or denatured and renatured (E2). Each lane contains insoluble protein pellets from the following plasmids: lane

1, pATH3; lane 2, pSCB150-18; lane 3, in5345-12; lane 4, bi5349-1; lane 5, bi5346-1.

acterize in more detail the block to replication caused by the
new mutations in the IN domain, we established cell lines
expressing the mutant genomes. The complete proviral DNA
bearing each mutation was introduced into Rat2 cells by
cotransformation with pSV2neo plasmid DNA (54). Individ-
ual G418-resistant clones were tested for production of virus
by assays of reverse transcriptase activity released into the
medium. All the mutant genomes were able to induce release
of virion-associated reverse transcriptase activity, suggest-
ing that late stages of the life cycle were normal (Table 1).
Virus was collected from these lines and used without
dilution to infect fresh NIH 3T3 cells; the number of virions
in the preparation, judged from the level of reverse tran-
scriptase activity detected, was approximately 5- to 10-fold
less than in a similar preparation of wild-type virus.
Medium was harvested from the infected cells and tested
for the appearance of progeny virus by reverse transcriptase
assays. Whereas cells infected with wild-type virus became
producers of progeny within 1 to 2 days, cells infected with
the mutants did not release detectable progeny virus for up
to a month postinfection. These results suggested that the
mutant virions were unable to establish a productive infec-
tion and were blocked in the early phase of the life cycle.
Analysis of the virion proteins from IN™ virus. To examine
the viral proteins present in the IN™ mutant virions, pro-
ducer cells were metabolically labeled with [>*S]methionine
overnight, the virions were harvested, and the viral proteins
were analyzed by SDS gel electrophoresis after immunopre-
cipitation with an antiserum raised against whole M-MuLV
virions (Fig. 3). The abundant gag proteins of the virus are
the major proteins recognized by this antiserum. In wild-
type virions, the initial gag gene product, Pr65%4, is nor-
mally processed to four smaller cleavage products by the
viral protease; in these experiments, high levels of the
mature CA protein were detected, showing that, as ex-
pected, cleavage of the precursor was essentially complete
(Fig. 3, lane 10). In most of the IN™ mutant virions, the
predominant gag protein detected was also the CA product.
The quantity of gag protein detected was highly variable
from producer line to line; this variation may reflect both the
inherent efficiency of assembly of the mutant virion and the
level of expression from the particular integrated provirus.
In several of the IN™ mutant virions, the Pr655?4 precursor
protein could still be detected along with various processing
intermediates (Fig. 3, lanes 2 to 6 and 9). A reduced rate and
final extent of cleavage of the gag proteins have been
reported previously for several mutants with alterations in
the pol gene (49). For mutant in5557-12, the cleavage was so
limited that the levels of the precursor were higher than
those of the mature proteins. These results indicate that
changes in many portions of the pol gene can have some
effect on the activity or action of the viral protease. The
inability of these mutant viruses to process every gag

protein in the viral particle, however, is probably not the
cause of the lethality of these mutations. These virus were
capable of successfully infecting and carrying out reverse
transcription after infection of fresh cells (see below).

It is also important to note that all the mutants produced
functional levels of env gene products. Because of overlap
between the IN coding region and 5’ portions of the env
mRNA, the two 3’-proximal mutations constructed here
could have affected env mRNA expression. In particular,
mutation in5939-12 is an insertion of 12 bp precisely at the
acceptor splice site for the formation of the singly spliced
env mRNA (31) and might well have disrupted formation of
the mRNA and protein. The fact that these two mutants
expressed normal amounts of envelope protein and could
enter cells and carry out reverse transcription shows that the
mutant mRNAs containing the insertions are fully func-
tional.

Analysis of pol gene products of the virus. One trivial
explanation for the lethality of the IN mutations is that the
mutant IN protein might be unstable and not persist in the
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FIG. 3. Analysis of virion proteins. Cells were metabolically
labeled with [*>Slmethionine, and virus was pelleted from the
medium. Virion proteins were immunoprecipitated with anti-M-
MuLYV antiserum and analyzed by SDS-polyacrylamide gel electro-
phoresis and fluorography. Lane 1, Rat2 cells, uninfected control;
lane 2, dI5401 in NIH 3T3 cells; lanes 3 to 9, mutants as indicated;
lane 10, wild-type M-MuLV. Molecular mass of protein size mark-
ers are shown at right (in kilodaltons). Arrows at left indicate the
position of the major capsid protein CA and the gag polyprotein
precursor Pr6587%.
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FIG. 4. Analysis of virion pol gene products. Cells were meta-
bolically labeled with [**S)methionine, virus was pelleted from the
medium, and virion proteins were immunoprecipitated with rabbit
anti-pSC1 antiserum and analyzed by SDS-polyacrylamide gel elec-
trophoresis. Lane 1, Rat2 cells, uninfected control; lane 2, dI5401 in
NIH 3T3 cells; lanes 3 to 9, mutants as indicated; lane 10, wild-type
M-MuLV. Positions of protein size markers are shown at left (in
kilodaltons). Arrows at right indicate the positions of the reverse
transcriptase (RT) and IN proteins.

mature virion. To examine this possibility, the pol gene
products within the virions were examined directly. Proteins
were metabolically labeled with [**S)methionine, viral parti-
cles were isolated, and the virion proteins were immunopre-
cipitated with sera which recognize both the reverse tran-
scriptase and the IN pol gene products (Fig. 4). Wild-type
virions exhibited the expected pattern of an equimolar
amount of the fully-processed reverse transcriptase (of about
80 kDa) and mature IN proteins (46 kDa); none of the
gag-pol precursor, Pr20029¢7° was detected (Fig. 4, lane
10). In six of the seven mutant virions, the mature IN protein
was readily detected and was present at approximately
equimolar amounts with the mature reverse transcriptase. In
some experiments the IN proteins of both mutants and
wild-type virions migrated as a doublet. The basis for this
behavior is unknown, but it is probably not due to phosphor-
ylation (58). For insertion mutant in5557-12, the processing
of the pol precursor was incomplete; in some experiments
the precursor predominated and the cleaved IN protein was
barely visible (Fig. 4, lane 3), while in others the mature IN
protein was readily detected. These results show that the
new mutant IN proteins are synthesized, are generally
processed correctly, and persist stably in the mutant virions.
As previously described, virions of the deletion mutant
dl5401 contained no detectable IN protein (58).

Analysis of the viral DNA synthesized after infection by IN™
virus. To determine whether the mutant virions could initiate
an infection and mediated the reverse transcription of the
viral RNA into DNA, we examined the viral DNA in
recently infected cells. Virus preparations of the various
IN™ mutants were collected from the stable producer cells
and used to infect fresh Rat2 cells. The low-molecular-
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FIG. S. Southern blot analysis of unintegrated viral DNA. Virus
was harvested from producer cell lines and used to infect fresh Rat2
cells. Low-molecular-weight DNA was isolated, separated by elec-
trophoresis on agarose, transferred to nitrocellulose, and probed
with M-MuLV sequences. Cells were infected with supernatants
from the following lines: lane 1, Rat2 uninfected control; lane 2,
dI5401 in NIH 3T3 cells; lanes 3 to 9, mutants as indicated; lane 10,
mock-infected control; lane 11, wild-type M-MuLV control. Lanes 1
to 3 were a 7-day exposure. Lanes 4 to 11 were a 1-day exposure.
Sizes are indicated at the right (in kilobases).

weight DNA was isolated 30 h postinfection, separated by
electrophoresis, and analyzed by Southern blot hybridiza-
tion (Fig. 5).

In a wild-type M-MuLV infection, three viral DNA prod-
ucts were detected: an 8.8-kb linear DN A, an 8.8-kb circular
DNA, and an 8.2-kb circular species (Fig. 5, lane 11). The
linear species was the predominant form at this early time in
infection; the amount of circular forms increased at later
time points (data not shown). Infection with the deletion
mutant d/5401 generated the same three proviral DNA
forms, although the ratio of circular to linear forms was
higher than in the wild type (lane 2), as described previously
(45, 49). All of the IN™ linker insertion and point mutants
were capable of infecting cells and synthesizing the three
proviral DNA products (lanes 3 to 9). The ratio of circular to
linear DNA species again was generally increased, favoring
the circular forms, as for mutant d/5401. Similar observa-
tions have been made after infection by mutants defective in
integration due to changes in the LTR termini (8). For
mutant in5557-12, the incomplete processing of the gag and
pol gene products apparently had little effect on the ability of
the virus to reverse transcribe its RNA genome (Fig. 5, lane
7). Interestingly, although the virions of the insertion mutant
in5345-12 contained high levels of reverse transcriptase
activity as well as reverse transcriptase protein (Fig. 4, lane
7), this mutant consistently synthesized a disproportionately
low level of proviral DNA.

Analysis of the viral DNA formed after infection by the
various mutants showed that all the mutations were still
present. All the viral DNAs containing the linker insertions
were sensitive to digestion with EcoRI, and the DNAs from
the bisulfite mutants were resistant to digestion with Apal.l
(data not shown). The results show that all the IN™ mutants
were genetically stable and at least largely competent to
carry out reverse transcription of all the viral DNA forms.

Analysis of the termini of linear viral DNA synthesized after
infection by IN~ virus. Recent analyses of unintegrated linear
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retroviral DNAs have demonstrated that a mixture of two
terminal structures are present: some termini are blunt-
ended and others have 3’ ends recessed by two nucleotides
(5, 45). The IN~ deletion mutant dI5401 was found to be
unable to form the recessed ends, suggesting that the IN
protein was required for and might directly mediate the
cleavage of these strands. To test whether the new mutant
IN proteins could mediate this early step in the integration
process, we examined the terminal structures of the linear
DNAs formed after infection by the IN~ viruses.

The low-molecular-weight DNA from freshly infected
cells was first isolated and digested with restriction enzymes
to generate small terminal fragments. The resulting frag-
ments were then separated by electrophoresis on a sequenc-
ing gel, electroblotted onto nylon filters, and probed with
oligonucleotides specific for each of the strands at the two
termini of the linear DNA (Fig. 6). DNA from wild-type
virus showed the expected mixture of blunt and recessed 3’
ends (lanes 1, 11); deletion mutant d/5401 showed only the
blunt ends, as seen previously (lane 2). DNA from each of
the six linker insertion mutants and the defective point
mutant bi5349-1 showed only the blunt termini, with no
detectable formation of the 3’ recessed ends (lanes 4 to 10).
Thus, every IN™ mutant was defective in the cleavage
process, the first detectable step leading to the integrated
provirus. No region of the protein was singled out as
dispensable for this early event but needed for later events;
there were no partially functional mutants, as tested at 37°C.

In confirmation of the Southern blot analysis above, the
IN~ viruses generally directed the formation of a higher
proportion of the LTR-LTR junction fragment than terminal
fragments (lanes 4 to 10). The higher abundance of that
fragment reflects the higher abundance of circular DNAs
over linear seen in the absence of integration.

DISCUSSION

In these studies, we have examined the effects of various
mutations in the M-MuLV IN protein, both in vitro, with a
DNA-binding assay, and in vivo, by measuring the ability of
the mutant viruses to proceed through the life cycle. Muta-
tions altering the IN protein had complicated effects on the
binding activity. Most of the mutations showed very little
effect on the potent, nonspecific DN A-binding activity of the
protein. Two mutations, both mapping in the zinc finger
region near the N-terminal third of the protein, did reduce
the binding in some assays, although two other mutations in
this region had no effect. Alterations changing the distance
between two cysteines (in5345-12) or eliminating one of
these two cysteines (bi5S349-1) often profoundly decreased
binding, suggesting that the cysteines may function in form-
ing a DN A-binding structure, but their effects were variable
and critically dependent on the way the protein was handled
before assay, as is often seen for renatured enzymes (30).
Thus, the mutations may act largely by affecting the ability
of the protein to renature rather than by directly affecting the
inherent binding of the protein. Furthermore, the activity
assayed after blotting may require only partial refolding and
may not reflect the true sequence specificity of the native
protein. Other assays may be required to define functional
domains of the protein.

The effects of these mutations as judged by our other
assays in vivo were more severe. All of the linker insertion
mutations were lethal to the virus, suggesting that the IN
protein carries out far more specific functions than the
simple DNA binding measured in vitro. Of the bisulfite
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FIG. 6. Analysis of termini from a collection of mutant IN™
viruses. Wild-type M-MuLV and mutant IN~ viruses were collected
from producer cells and used to infect Rat2 cells. Cells were lysed 30
h postinfection, and terminal DNA structures were analyzed after
blotting as described in Materials and Methods. The filter was
probed to detect the 3’ terminus of U5. For IN~ virus, proviral DNA
from approximately 6 x 107 to 9 x 107 cells was analyzed; for
wild-type virus, DNA from 1 X 107 to 2 x 107 cells was used. Lanes
1 and 11, Wild-type (WT) virus. Lane 2, d/5401 virus (IN7). Lane 3,
DNA isolated after a mock infection. Lanes 4 to 10, Mutants as
indicated. The identities of the various DNA species, based on the
size of the fragments, are indicated at the side of the panel. Marker
DNAs derived from Maxam and Gilbert sequencing reactions (36)
(G+A and T+C lanes) are at the left.

mutations, only the extremely conservative Ala-to-Val mu-
tation had no effect on virus replication. In all the mutants,
the ability of the virus to enter the cell and synthesize the
linear viral double-stranded DNA was not altered; integra-
tion itself was apparently blocked. Fine-structure analysis of
the termini of the viral DNA formed in vivo indicated that
the linear molecules from IN™ mutant virus were all blunt-
ended. These results support the model (5, 45) that the IN
protein is required for the formation of the 3’ recessed
termini and that this structure is in turn required for integra-
tion of the DNA.

The process of integration seems to be divisible into two
steps: cleavage of the termini of the viral DNA, and then
strand transfer of the 3’ ends into the target DNA, leaving
nicks in the target (5, 16). All of the mutants analyzed here
were blocked in the first step, the cleavage of the viral DNA,
and we have not been able to separate these two steps by



4716 ROTH ET AL.

mutation. The approach of creating mutations scattered
along an entire coding region has been successful with other
genes in defining functional domains of the respective gene
products (6, 35, 56); although IN domains may exist, neither
assay used here—nonspecific binding in vitro and cleavage
in vivo—allowed a definition of any such domains with
partial activities. It is possible that the IN protein is folded as
a single functional protein. We are currently analyzing these
mutants in an in vitro integration reaction to determine
whether they are blocked at separate stages of the process.
Preliminary data suggest that most of these mutants are
severely impaired in their ability to integrate an exogenous
substrate, even when the recessed 3’ ends are preformed.
These results suggest that the mutants we have generated are
defective for both steps of the integration process.
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