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Integration of retroviral DNA into the host genome requires the activity of retrovirus-encoded integration
protein IN. We expressed Rous sarcoma virus (RSV) IN, 286 amino acid residues in length, by using in vitro
transcription, followed by in vitro translation in rabbit reticulocyte lysate. The nucleic acid-binding activity of
in vitro-translated IN was assessed by using DNA-cellulose affinity chromatography and poly(U)-Sepharose
affinity chromatography and by sedimentation analysis in the presence or absence of DNA. In vitro-translated
RSV IN exhibited nucleic acid-binding activity similar to that of IN purified from avian myeloblastosis virus.
To identify regions of IN which bind to nucleic acids, several deletions of RSV IN were generated. The
NH,-terminal 26 amino acids, including the two His residues of a His-Cys box, were not necessary for IN
nucleic acid binding with any of the substrates tested. The substrates included native calf thymus DNA,
poly(U), and a double-stranded linear DNA molecule with RSV long terminal repeat sequences at its termini.
The COOH-terminal region (residues 178 to 286) of IN bound quantitatively (greater than 90%) to poly(U) and
to single-stranded circular ¢X174 DNA but did not exhibit the double-stranded linear DNA-binding ability of

the entire IN molecule.

An important step in retrovirus replication is integration of
viral DNA into the host genome. The 3’ end of the retrovirus
pol gene encodes integration protein IN. The function of this
protein was established by generating and analyzing mis-
sense mutations in the 3’ end of the pol genes of various
retrovirus species (6, 34, 35, 39). These mutant viruses were
able to generate viral DNA through reverse transcription but
were unable to integrate their viral DNAs into the host
genome efficiently. Further analysis revealed that reverse
transcription generates linear blunt-ended, double-stranded
(ds) viral DNA (4, 10, 36). IN is responsible for removing
two nucleotides from each 3’ end of the linear viral DNA (4,
36). The 3’ OH recessed ends of the viral DNA are then
coupled to 5’ ends of the host DNA. Genetic evidence has
not proven that IN is responsible for nicking of the host
DNA or joining of the viral DNA to the host DNA, although
baculovirus-expressed Moloney murine leukemia virus (M-
MuLV) IN is capable of joining viruslike DNA molecules in
vitro (5).

Of all the retrovirus IN proteins, that of avian retroviruses
has been the most thoroughly characterized, largely by use
of purified avian myeloblastosis virus (AMV) IN (pp32) (15,
27, 42). The properties associated with avian retroviral IN
include DNA-binding, RNA-binding, and DNA endonucle-
ase activities. Purified AMV IN can remove the correct
nucleotides from the 3’ ends of long terminal repeat (LTR)
viral DNA substrates, mimicking the in vivo action of IN
(26, 43). AMV IN can also generate S’ overhang nicks in a
supercoiled DNA substrate at the LTR-LTR junction, sug-
gesting that IN is responsible for generating 5’ overhang
nicks in the host DNA in vivo (16, 42).

AMYV IN shows some sequence specificity in DNA bind-
ing. The nitrocellulose filter DN A-binding assay shows that
AMYV IN preferentially binds viral LTR sequences over gag
or src DNA sequences (27). However, AMV IN also pref-
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erentially binds to or nicks certain pBR322 DNA sequences,
including fragments containing the amp gene promoter and
other A+T-rich fragments (27, 42). AMV IN preferentially
binds to supercoiled and single-stranded (ss) DNA over ds
linear DNA (27). M-MuLV IN expressed in Escherichia coli
also preferentially binds to ss DNA over ds DNA and has no
apparent binding preference for the LTR-LTR junction
region (37). Recently, ss and ds oligonucleotides correspond-
ing to the termini of unintegrated linear viral DNA were
found to be specifically bound by bacterially expressed
M-MuLV IN (28).

AMYV IN binds to various nucleic acid affinity chromatog-
raphy media and has been purified by using these tech-
niques. For these reasons, we decided initially to identify
regions of IN involved in DNA binding by using nucleic acid
affinity chromatography. We used in vitro transcription and
translation to express the Rous sarcoma virus (RSV) IN
protein and various deletion mutants of IN. These proteins
were tested for DNA and RNA binding by nucleic acid
affinity chromatography. The results were confirmed by
sedimentation analysis in the presence or absence of DNA
(7, 40). In vitro-translated IN has DNA- and RNA-binding
activities similar to those of AMV IN. Deletion of the
NH,-terminal 26 amino acids of IN, including two His
residues of a His-Cys box, had little effect on nucleic acid
binding. The COOH-terminal half of IN was required for
nucleic acid binding and was sufficient for binding to ss
nucleic acids.

MATERIALS AND METHODS

Construction of vectors. Plasmid pG36 was constructed by
inserting the 1,328-bp Bgl/lII-to-PstI fragment from the 3’ end
of pol (RSV Prague A strain [PrA]) (19) into pGEM-4
(Promega Biotec) (see Fig. 1). Synthetic nucleotides for both
strands were used to reconstruct the 5’ end of the gene for
IN (19). An Asp718 site joining the 5’ end of the synthetic
nucleotide to the vector was later destroyed by partial
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digestion with Asp718, filling in of the ends with Klenow,
and ligation. Plasmid pG32 was generated by introducing a
stop codon into pG36 (Fig. 1) by oligonucleotide mutagene-
sis with the Bio-Rad Muta-Gene kit. While RSV PrA DNA
was used in all of the cloning steps, the nucleotide sequence
of the closely related Prague C (PrC) strain of RSV was used
to predict the amino acid sequence (38). The 5’ end of the
RSV PrA gene for p36/p32 (including the synthetic nucleo-
tide) was sequenced down to the Met codon corresponding
to amino acid 27. The PrA sequence did not vary from the
published sequence of PrC. After generation of the stop
codon in pG32, the 3’ end of the gene for IN was sequenced
from nucleotides 4995 to 5152 (nucleotide numbers corre-
spond to the PrC sequence), confirming that the stop codon
was generated properly. One nucleotide difference was
detected between the PrA and PrC strains. Nucleotide 5010
is G in PrA (reported as A in PrC; 38). This nucleotide
difference does not affect the predicted amino acid sequence.

Plasmid pG32Bgl was constructed by insertion of the
BgllI-to-Pstl fragment from pG32 containing the gene for IN
into pGEM-4 at the BamHI and PstI sites. Plasmid pG32C-
term was constructed by cutting pG36 with Nrul and treating
it with BAL 31 for 120 s to remove an out-of-frame start
codon. The plasmid was further cut with EcoRl, filled in with
Klenow, and ligated. The p32 stop codon was then inserted
by using the Kpnl-to-Xhol fragment. Proper construction of
pG32C-term was substantiated by DNA sequencing. One
nucleotide difference between the PrA and PrC strains was
detected in nucleotides 4634 to 4753. Nucleotide 4715 is A in
PrA and has been reported as G in PrC (38). This nucleotide
difference is responsible for loss of the BamHI site in PrA
and a conservative amino acid change (Arg [PrC] to Lys
[PrA]).

Expression of p32-related proteins. Ten micrograms of
pG36 was linearized with Xhol and transcribed with SP6
polymerase by using the Riboprobe Gemini System (Pro-
mega Biotec) as recommended by the supplier. The reaction
mixture was treated with RNase-free DNase (Cooper), phe-
nol extracted, and ethanol precipitated. Plasmids pG32,
pG32Bgl, and pG32C-term were treated in the same manner.
To generate mRNA for NH,-terminal products of p32, pG32
was digested with Ddel, Nrul, or Asp718 and transcribed as
described above. Usually, 2 ng of mRNA, reconstituted in
diethyl pyrocarbonate-treated water, was translated in vitro
by using a rabbit reticulocyte system (Promega Biotec) as
recommended by the supplier. The lysates were then made 2
mM in phenylmethylsulfonyl fluoride (PMSF) and incubated
for 15 min with 20 pg of heat-treated RNase A (Calbiochem).

Immunoprecipitation. All sera were incubated on ice with
0.1 volume of 10% Trasylol-S0 mM NaCl-20 mM Tris
hydrochloride (pH 7.5-1 mM EDTA-1 mM PMSF for 30
min prior to use. Samples were made 1% sodium dodecyl
sulfate (SDS)-10 mM dithiothreitol and heated for 3 min to
100°C prior to use. Samples were incubated with 5 pl of sera
overnight at 4°C in 350 pl of 20 mM Tris hydrochloride (pH
7.5)-140 mM NaCl-0.5% deoxycholate-0.5% Nonidet P-40-
0.1% SDS-1 mg of bovine serum albumin per ml-1% Tra-
sylol-1 mM PMSF (buffer A). The samples were then treated
with 2 mg of protein A-Sepharose (Pharmacia) in 15 pl of
buffer A for 1 h at 4°C. The immune complexes were pelleted
and washed twice in 20 mM Tris hydrochloride (pH 7.5)-50
mM NaCl-0.5% deoxycholate-0.5% Nonidet P-40-0.1%
SDS-1 mM PMSF, twice in 20 mM Tris hydrochloride (pH
7.5-50 mM NaCl-0.5% Nonidet P-40-0.1% SDS, and twice
in 20 mM Tris hydrochloride (pH 7.5). Pellets were heated at
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100°C for 5 min in 40 pl of Laemmli loading buffer and loaded
onto SDS-polyacrylamide gels (29).

To generate C-2 antiserum, the Bgl/lI-to-Xhol DNA frag-
ment encompassing the entire PrA IN protein, except for the
first seven amino acids, was cloned into the pATH2 vector at
its BamHI site (41). The TrpE-IN fusion protein expressed in
E. coli RR1 was isolated by SDS-polyacrylamide gel elec-
trophoresis and injected into rabbits to generate antibodies
(C-2). TrpE fusion vector pATH2 was the kind gift of T. J.
Koerner.

Sequencing. [*H]Leu or [*H]Val (100 rCi; ICN Radio-
chemicals) was dried under vacuum in microcentrifuge
tubes. Rabbit reticulocyte lysate (35 nl) was added, and the
mixture was preincubated with 2.5 U of citrate synthase
(from porcine heart) (Sigma) and 3 pl of 20 mM oxaloacetate
(pH 7.0; Sigma) at 30°C for 15 min (33). Additional reagents,
including [>*S]Met, were added and incubated as recom-
mended by the supplier (Promega Biotec). The lysates were
run on SDS-polyacrylamide gels. The gels were treated with
10% acetic acid for 30 min, rinsed in three changes of water
for 30 min, dried, and autoradiographed. Proteins of interest
were excised and eluted from the gel by diffusion in 2 ml of
25 mM Tris-192 mM glycine-0.1% SDS. Five micrograms of
B-lactoglobulin (Applied Biosystems) was added as the car-
rier and sequencing standard. The proteins were dialyzed
extensively against 0.01% SDS and lyophilized. The proteins
were reconstituted in 200 pl of H,O and sequenced by
automated Edman degradation with an Applied Biosystems
477A Protein Sequencer (18). Total radioactivity was deter-
mined in fractions from each sequencing cycle.

DNA-cellulose affinity chromatography. Native DNA-cel-
lulose (0.6 ml) (Pharmacia) was rinsed for several hours with
buffer B, which contained 20 mM Tris hydrochloride (pH
7.5) at 25°C, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothrei-
tol, 10% glycerol, and 100 pg of bovine serum albumin
(Bethesda Research Laboratories) per ml. Translation reac-
tion mixtures were diluted 1:2 with buffer B and clarified
twice for 5 min each time in an Eppendorf microcentrifuge.
Samples were loaded onto the columns and allowed to bind
for 15 min before being washed with several column volumes
of buffer B. Samples were eluted with a 10-ml linear NaCl
gradient (50 mM to 1 M). All procedures were performed at
4°C with a flow rate of 4 ml/h. The same procedure was used
for poly(U)-Sepharose affinity chromatography, except that
the NaCl gradient was 100 mM to 1 M.

Sedimentation DNA-binding assay. IN-related proteins
were in vitro translated, treated with RNase, and clarified as
previously described. Lysate (10 pl) was incubated with 10
wg of DNA in 180 pl of buffer (20 mM Tris hydrochloride
[pH 7.5], 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 40
ug of bovine serum albumin per ml) for 1 h at 4°C (40). The
reaction mixtures were sedimented on 5 to 20% sucrose
gradients at 4°C. The gradients were fractionated from the
bottom and analyzed by SDS-polyacrylamide gel electropho-
resis and autoradiography. Fractions were also analyzed on
1% agarose gels with ethidium bromide staining. DNA
substrate pFT-Ndel (8a) is a 2,931-bp pGEM-3-based vector
(Promega) containing adjacent RSV LTR short inverted
repeats. Digestion with Ndel generates a linear ds molecule
with LTR short inverted repeats at the termini (9). The LTR
U5 and U3 sequences were 36 and 24 bp long, respectively.
This substrate was sedimented for 5 h at 44,000 rpm in an
SW 50.1 rotor. $X174 DNA substrates were sedimented for
200 min at 44,000 rpm in an SW 50.1 rotor.
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FIG. 1. Vector used for in vitro transcription from the gene for
IN (PrA strain of RSV). The 3’ region of pol and part of env (stippled
region) were cloned into the pGEM-4 vector downstream of the SP6
promoter. A synthetic nucleotide at the 5’ end of the gene for IN
supplies an initiator Met codon and properly reconstructs the 5’ end
of the gene down to the BglII site. A stop codon, required for
expression of p32, was generated by oligonucleotide-directed muta-
genesis. A similar vector, pG36, without the stop codon, was used
for transcription of p36 mRNA. Nucleotides underlined or overlined
identify codons in frame with the initiator Met codon.

RESULTS

Expression of p32-related (IN) proteins. During viral infec-
tion, the IN protein (pp32 in RSV) is produced by proteolytic
processing of a gag-pol precursor (2, 8, 14, 19). Proteolytic
processing generates both the NH, and COOH termini of
IN. Hence, there is neither an initiator Met nor a stop codon
for the gene for IN. The p36 protein apparently arises from
incomplete processing at the COOH terminus of p32. A
4.1-kDa polypeptide is cleaved from p36 at its COOH
terminus to generate p32 (see Fig. 3). For expression of p36,
plasmid pG36 was constructed by inserting the 3’ end of the
pol gene of RSV PrA into vector pGEM-4 (Fig. 1). The
initiator Met was supplied by a synthetic nucleotide which
properly reconstructs the 5’ end of the gene for IN. Plasmid
pG36 was linearized at the Xhol site and transcribed with
SP6 polymerase, typically resulting in 20 ug of p36-specific
mRNA. Translation of p36 mRNA (2 to 3 jug) in a rabbit
reticulocyte lysate system produced two major polypep-
tides, as shown by SDS-polyacrylamide gel analysis (Fig. 2).
Immunoprecipitation with IN-specific antisera showed that
the proper reading frame had been maintained (Fig. 2). Both
proteins immunoprecipitated with polyclonal antiserum gen-
erated from a p32 fusion protein. Likewise, both proteins
were precipitated with antisera generated from peptides
corresponding to amino acids 44 to 57 and 276 to 286 (14).
However, only the slower migrating band immunoprecipi-
tated with antiserum generated from a peptide encompassing
amino acids 1 to 10. This suggested that the slower migrating
protein was p36 and the faster migrating protein arose from
proteolytic processing of p36 or initiation of translation from
an internal Met codon.

For expression of p32 (IN), a stop codon was introduced
in pG36 by using site-directed oligonucleotide mutagenesis
(Fig. 1). The stop codon was generated precisely at the
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FIG. 2. Immunoprecipitation of proteins produced by in vitro
translation of p36. In vitro-translated p36 was purified by poly(U)-
Sepharose affinity chromatography. Approximately 40,000 cpm of
[>S]Met-labeled p36 was immunoprecipitated with preimmune rab-
bit serum and various antisera as described in Materials and
Methods. The immunoprecipitates and control, 40,000 cpm of
purified p36, were electrophoresed on an SDS-10% polyacrylamide
gel and autoradiographed. Polyclonal refers to antiserum raised
against an IN fusion protein described in Materials and Methods.
The terms a.a. 1-10, a.a. 44-57, and a.a. 276-286 refer to antisera
raised against IN peptides of the corresponding amino acid residues.

COOH terminus of p32 (14). In vitro translation of p32
produced two major proteins with immunoreactivities simi-
lar to those of the proteins translated from pG36 (data not
shown). To confirm that the slower migrating protein was
p32, in vitro translation of p32 was performed with [*H]Leu
(33). The [PH]Leu-labeled slower migrating protein was
excised from an SDS-polyacrylamide gel and sequenced
from its NH, terminus by automated Edman degradation
(30). *H]Leu eluted in cycles 2, 8, and 12, which indicated
that the slower migrating protein was p32 lacking the initia-
tor Met (Fig. 1) (19, 38). The faster migrating protein
presumably resulted from initiation of translation at amino
acid 27 (see below). This internal initiation codon, as well as
others (see below), permitted examination of two IN prod-
ucts simultaneously in our DN A-binding assays.

The NH,-terminal peptides of p32 (N9.9K, N14.7K, and
N28.5K; Fig. 3) were produced by digesting pG32 with Ddel,
Nrul, or Asp718, followed by in vitro transcription with SP6
polymerase. Transcription occurs from the promoter down
to the respective restriction site. Likewise, in vitro transla-
tion generates peptides with COOH termini corresponding to
their respective restriction sites. SDS-polyacrylamide gel
electrophoresis revealed that the NH,-terminal peptides
were of the proper sizes in relation to p36 and p32 (data not
shown). Immunoprecipitation showed that the peptides were
of the proper reading frame and initiated at the NH, terminus
of p32 (data not shown).

In vitro translation of the COOH-terminal peptides relied
on various deletions of the 5’ end of the gene for IN in pG32
and the use of internal Met codons for initiation of transla-
tion. Translation of C28.5K (Fig. 3) resulted from deletion of
the 5’ end of IN down to the Bg/II site. One major protein,
which comigrated with the faster migrating protein from
pG32, was produced (see Fig. 5d). The identity of this
protein was confirmed by using immunoprecipitation and
amino acid sequencing. The C28.5K protein was translated
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FIG. 3. Schematic representation of in vitro-translated IN-related proteins. The top line (p36 DNA) identifies restriction sites used in
cloning and for in vitro transcription for NH,-terminal products. The second line (p36) represents the p36 protein. The dots identify conserved
amino acids among RSV, human immunodeficiency viruses 1 and 2, human T-lymphotropic virus types I and II, and simian immunodeficiency
virus from an African green monkey and an Asian macaque monkey (31a). His-Cis identifies conserved His at amino acids 9 and 13 and Cys
at amino acids 37 and 40 in RSV. The site of phosphorylation at Ser residue 282 in pp32 (isolated from RSV PrA) is represented by P (22).
The 4.1k (4.1-kDa) peptide is proteolytically cleaved from the gag-pol precursor to generate pp32. The IN-related in vitro-translated proteins
are represented at the bottom. The abilities of these proteins to bind to nucleic acids are tabulated at the right. ds DNA binding represents
binding to native DNA-cellulose. RNA binding represents binding to poly(U)-Sepharose. [M], NaCl concentration at which the proteins
eluted from poly(U)-Sepharose; +++, binding and elution at a high NaCl concentration (binding emulating that of IN); ++, binding and
elution at an intermediate NaCl concentration; +, minimal binding and elution at a low NaCl concentration; —, no significant binding; *,

elution at <0.2 M NaCl.

by using [*H]Val. Sequencing revealed that [*H]Val eluted in
cycles 7 and 8, indicating initiation of translation at amino
acid 27 with retention of the initiator Met on the polypeptide.
The reason why the initiator Met was not removed, as
described for p32, is unknown. However, DNA sequence
analysis of the gene for IN and immunoprecipitation studies
strongly suggest that the initiator Met at residue 27 was
utilized. The COOH-terminal products C14.4K and C12.0K
were produced by deletion of the 5’ end of the gene for IN
down to the Nrul site (Fig. 3). They are cotranslated from
the same vector, with C14.4K initiating at the first Met
codon, corresponding to amino acid 155. This was confirmed
by NH,-terminal sequencing with [*H]Leu. [*H]Leu eluted
in cycles 7, 8, and 15, which is consistent with initiation at
amino acid 155 with loss of the initiator Met. C12.0K
presumably resulted from readthrough of the first ATG and
initiation from an internal Met codon at amino acid 177.
DNA sequencing of the PrA gene for IN substantiated the
presence of Met codons corresponding to amino acid resi-
dues 155 and 177. NH,-terminal sequencing of the C12.0K
peptide was unsuccessful. However, immunoprecipitation
ensured that the proper reading frame was maintained (data
not shown). Both COOH-terminal products, C14.4K and
C12.0K, were immunoprecipitated with a peptide antiserum
directed against amino acids 276 to 286. Hence, translation
of both products proceeded to the COOH terminus of p32.

DNA-cellulose affinity chromatography. Native DNA-cel-
lulose affinity chromatography (1) was used to determine
whether the in vitro-translated IN-related products were
capable of binding to DNA. DNA-cellulose affinity chroma-
tography has been used to purify a variety of nucleic
acid-binding proteins (1) and more recently to identify DNA-
binding domains in the human glucocorticoid receptor (20)
and the Saccharomyces cerevisiae MATa2 protein (23).
Typically, 0.6 ml of affinity medium containing approxi-

mately 1.2 mg of DNA per ml was used. Hence, the
experiments were done in DNA excess with only nanogram
amounts of IN-related proteins. The translation reaction
mixtures were treated with PMSF (to prevent proteolysis)
and DNase-free RNase. The lysate reaction mixtures typi-
cally contained 2 to 3 pg of mRNA and several micrograms
of tRNA which could compete with DNA-cellulose for
binding to IN. RNase treatment was responsible for a
significant quantitative increase in binding of p36 to DNA-
cellulose (data not shown). Extensive clarification of the
lysates prior to loading reduced nonspecific binding. The
lysates were loaded and allowed to bind to the DNA-
cellulose for 15 min before being washed with buffer B.
Bound proteins were eluted with a linear NaCl gradient.
Binding of p36 to native DN A-cellulose is shown in Fig. 4.
p36 protein bound quantitatively (greater than 90% bound)
and was eluted as a single peak at an NaCl concentration of
0.42 M. Both major products from translation of p36 bound
to DNA-cellulose. No significant binding of either product
was detected on a cellulose column control. A third band
that migrated slightly faster than the two major products was
also detected and eluted at the same salt concentrations.
This third p36-related peptide was immunoprecipitated with
p32-specific antiserum (Fig. 2). The NH, and COOH termini
of the third peptide were not rigorously identified. In vitro-
translated p32 generated a similar elution profile from DNA-
cellulose, including quantitative binding (greater than 90%)
and elution at 0.41 M NaCl (data not shown). No binding of
p32 to cellulose was detected. Hence, the 4.1-kDa peptide at
the COOH terminus of p36 does not significantly alter DNA
binding. These results suggested that DN A-cellulose affinity
chromatography could be used to identify regions of p32
involved in DNA binding.

Truncated IN polypeptides were tested for binding to
native DNA-cellulose. The results are compiled in Fig. 3. As
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FIG. 4. Native DNA-cellulose affinity chromatography of in
vitro-translated p36. Crude lysates (50 wl) of p36 were treated with
RNase A and PMSF and clarified before being chromatographed on
native DNA-cellulose or cellulose. Bound proteins were eluted with
a 10-ml linear NaCl gradient (0.05 to 1.0 M), followed by a2 M NaCl
step wash. Fractions (0.3 ml) were collected and assayed for
radioactivity in 20 wl. The counts per minute in fractions 1 to 20
represent trichloroacetic acid-precipitable radioactivity, and those
in fractions S5 to 92 represent total radioactivity. (Inset) Samples (20
wl) of the fractions indicated were electrophoresed on an SDS-10%
polyacrylamide gel and autoradiographed.

deletions were made from the COOH terminus of IN
(N28.5K, N14.7K, and N9.9K), the ability to bind DNA was
decreased. This was exemplified by a decrease in the quan-
tity of the IN polypeptides bound to DNA-cellulose and a
decrease in the NaCl concentration at which they eluted.
The NH, terminus of IN contains two His residues separated
from two Cys residues by 23 amino acids (Fig. 3). These His
and Cys residues are highly conserved among many retrovi-
ruses, including human immunodeficiency virus 1, bovine
leukemia virus, and M-MuLV (24). The homology of this
sequence to the zinc fingers of transcription factor IIIA
suggested that this region plays a role in DNA binding (24).
However, this region appears to be insufficient for binding,
as no significant binding (less than 10%) of the N9.9K
product was detected on native DN A-cellulose.

The C28.5K product (Fig. 3), which presumably initiates
at amino acid 27, bound quantitatively (90% bound) to native
DNA-cellulose and eluted at 0.37 M NaCl (data not shown).
The DNA-binding ability of C28.5K was almost indistin-
guishable from that of p32. However, since in vitro transla-
tion of p32 resulted in cotranslation of C28.5K, a slight
difference was detected. Some of the C28.5K product eluted
from native DN A-cellulose slightly ahead of p32. A similar
result was obtained with p36 on DNA-cellulose (Fig. 4).
Hence, deletion of the NH,-terminal 26 amino acids of p32
resulted in a detectable but minor decrease in DN A-binding
ability. Further, the His residues of the His-Cys box were
not required for the major nucleic acid binding detected with
this assay.

The C14.4K and C12.0K products did not bind signifi-
cantly (=10%) to native DN A-cellulose. As a control, all of
the above-described truncated IN products were analyzed
for binding to cellulose alone. No significant binding was
detected, ensuring that apparent binding was a result of
binding to the DNA and not to the cellulose matrix.

Poly(U)-Sepharose affinity chromatography of IN-related
proteins. To confirm the results obtained with DNA-cellu-
lose, the IN-related proteins were tested for binding to RNA
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FIG. 5. Poly(U)-Sepharose affinity chromatography of truncated
IN proteins. Truncated IN proteins were in vitro translated as
described in Materials and Methods and chromatographed on
poly(U)-Sepharose. Samples (20 pl) of 0.4-ml fractions were elec-
trophoresed on SDS-polyacrylamide gels. Autoradiographs of SDS-
polyacrylamide gels are shown. Input represents 1 to 2-pl samples of
treated lysates applied to the affinity column. Stippled bars repre-
sent the truncated IN proteins assayed in the panels. Panels: a,
N9.9K; b, N14.7K; ¢, N28.5K; d, C28.5K; e, C14.4K and C12.0K.

by using poly(U)-Sepharose. Poly(U)-Sepharose affinity
chromatography is a well-established procedure for purifica-
tion of p32 (IN) from AMYV (15) and, more recently, RSV p32
expressed in E. coli (42). IN has high affinity for poly(U), as
indicated by quantitative binding and elution at 0.65 M KCl
(15). The in vitro translation reaction mixtures were not
treated with RNase A before application to poly(U)-Sepha-
rose. Hence, competition with lysate RNA resulted in less
than quantitative binding of some of the IN-related proteins.
Nonetheless, p32 (IN) bound well to poly(U) and eluted at
0.60 M NaCl (data not shown; see below).

Binding of IN-related proteins to poly(U)-Sepharose is
shown in Fig. 5. As with DNA-cellulose, stepwise deletion
from the COOH terminus of IN resulted in a concomitant
decrease in binding to poly(U) (Fig. 5a to c). The NH,-
terminal product, N9.9K, showed no detectable binding to
poly(U). Of the two proteins shown in Fig. 5b, the slower
migrating protein was identified by immunoprecipitation as
the N14.7K product. The faster migrating product was
presumably due to readthrough of the initiator Met and
initiation at the second Met (amino acid position 27) instead.
The same effect was obtained with the N28.5K product (Fig.
5¢).

The elution profile of C28.5K from poly(U)-Sepharose
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FIG. 6. Sedimentation assay of N9.9K and C28.5K products.
IN-related products were incubated with or without 10 pg of linear
pFT-Ndel. The reaction mixtures were sedimented on'a 5 to 20%
sucrose gradient. Gradient fractions were analyzed by SDS-poly-
acrylamide gel electrophoresis and autoradiography. The numbers
refer to fraction numbers from the bottom of the gradient. The
arrows indicate DNA peaks.

(Fig. 5d) was similar to that of p32. Approximately 50% of
the translated product bound to poly(U) and was subse-
quently eluted at 0.58 M NaCl. Unlike the results obtained
with DNA-cellulose, the C14.4K and C12.0K products
bound quantitatively to poly(U)-Sepharose (90% bound) and
resisted the 0.1 M NaCl wash. The peptides eluted at
different NaCl concentrations; C14.4K eluted at 0.34 M
NaCl, and C12.0K eluted at 0.43 M NaCl. Therefore, the
COOH-terminal 109 amino acids of IN (C12.0K) were suffi-
cient for binding to poly(U)-Sepharose (Fig. Se).
Sedimentation DNA-binding assay. A method other than
chromatography was necessary to confirm the results ob-
tained with DNA-cellulose and poly(U)-Sepharose. The
method chosen relies on sucrose gradient sedimentation (7,
40). The in vitro-translated products were incubated with an
excess of a ds linear DNA substrate and subsequently
sedimented on 5 to 20% sucrose gradients. Protein bound to
the DNA sediments faster than free protein. The gradients
were fractionated, and the fractions were analyzed by SDS-
polyacrylamide gel electrophoresis (Fig. 6 and 7). The per-
centage of protein cosedimenting with the DNA substrate is
directly related to the equilibrium binding constant (7).
When the protein cosedimenting with the DNA is greater
than 90% or less than 10% of the total protein, a binding
constant cannot be accurately determined (7). As this was
the case with the IN-related proteins, binding constants were
not determined. The DNA substrate initially used in this
assay (pFT-Ndel) was a 2,931-bp ds linear DNA molecule
containing the RSV LTR short inverted repeats at its ter-
mini. An analogous molecule has been used as the substrate
in in vitro integration reactions (9). The results of this assay
using the in vitro-translated IN proteins were similar to those
obtained with native DNA-cellulose chromatography. The
N28.5K product, the C28.5K product (Fig. 6¢ and d), and
full-length IN all cosedimented quantitatively (greater than
90%) with the DNA substrate. The N9.9K (Fig. 6a and b),
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FIG. 7. Sedimentation assay of C14.4K and C12.0K products.
C14.4K and C12.0K products were assayed and analyzed as de-
scribed in the legend to Fig. 6. The DNA substrates used were ds
linear $X174 and ss circular plus-strand $X174. The numbers refer
to fraction numbers from the bottom of the gradient. The arrows
indicate DNA peaks.

N14.7K, C14.4K, and C12.0K products exhibited little (Iess
than 10%) binding in this assay.

The C14.4K and C12.0K products were further analyzed
with this assay by using ds linear, ss circular, and super-
coiled $X174 DNA molecules as substrates (Fig. 7). A small
percentage of the total protein cosedimented with ds linear
(Fig. 7b) or supercoiled (data not shown) DNA. A large
percentage (greater than 90%) of the total protein (both
C14.4K and C12.0K) cosedimented with the ss circular
$X174 substrate (Fig. 7c). These data indicate a higher
affinity of the C14.4K and C12.0K products for ss over ds
$X174 DNA molecules.

DISCUSSION

We used in vitro translation, followed by affinity chroma-
tography or a sedimentation assay, to identify regions of the
RSV IN molecule that bind DNA. In vitro-translated p32
(IN) was indistinguishable from pp32 purified from virus.
The design in cloning, immunological reactivity, and NH,-
terminal sequencing of in vitro-translated p32 indicate that
its primary amino acid sequence was identical to that of
purified RSV PrA IN. In vitro-translated IN and purified
AMYV IN have similar nucleic acid-binding activities, as
exemplified by binding to DNA and RNA and elution profiles
from poly(U)-Sepharose. Expression of proteins by in vitro
translation has been used successfully to identify DNA-
binding domains in a variety of proteins, including the
glucocorticoid receptor, the GCN4 protein, c-Jun, and c-Fos
(12, 17, 21, 32). It is not known whether in vitro-translated
IN was phosphorylated or whether it possesses DNA endo-
nuclease activity.

No significant difference between the binding of p36 and
p32 to DNA-cellulose or poly(U)-Sepharose was detected.
Therefore, the 4.1-kDa peptide at the COOH terminus of p36
has no apparent effect on nucleic acid binding, despite the
significant net negative charge of its predicted primary amino
acid sequence (38). The 4.1-kDa peptide also has no appar-
ent effect on the endonuclease activities of bacterially ex-
pressed p32 and p36 and is not required for viral replication
in tissue culture cells (25, 42).
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The C28.5K product, which lacks the NH,-terminal 26
amino acids of p32 including the two His residues of the
His-Cys box, exhibited nearly wild-type nucleic acid binding
with all of the substrates tested. These substrates included
native calf thymus DNA, poly(U), and a ds linear 2,931-bp
DNA molecule with RSV LTR short inverted repeats at its
termini. A protein comprising the NH,-terminal 90 amino
acids (N9.9K), including the entire His-Cys box, did not bind
significantly to any of the above nucleic acid substrates. The
His-Cys box of avian IN (H-X;-H-X,;-C-X,-C) does not
conform to the generalized sequences of other Cys-His box
or Zn%* finger-containing nucleic acid-binding proteins (3,
31). It is unknown whether IN has a Zn?*-binding function
or requirement in vivo. Added Zn?* is not required for in
vitro DN A-binding or site-specific endonuclease activities of
avian IN (15, 16, 26, 42).

Comparison of binding of the NH,-terminal products
(N9.9K, N14.7K, and N28.5K) with all nucleic acid sub-
strates showed that the COOH-terminal half of IN was
necessary for efficient nucleic acid binding. Further, the
COOH-terminal products were sufficient for binding to
poly(U)-Sepharose or ss $X174 DNA, suggesting that this
region plays a role in nucleic acid binding in vivo. The
COOH-terminal products did not bind efficiently to ds DNA
substrates. Therefore, upstream peptide sequences are also
required for this function. The higher affinity of the COOH-
terminal products for ss over ds nucleic acids suggests that
the interaction is not simply an electrostatic interaction
between a positively charged protein and the negatively
charged phosphates of nucleic acids (Fig. 7). Further, the
ability of the COOH-terminal region to bind to ss nucleic
acids is consistent with the binding preferences of AMV IN
and M-MuLV IN for ss nucleic acids (27, 37).

It is intriguing to consider the possible role of an ss nucleic
acid-binding region of IN. During the integration event, IN
appears to be responsible for the ss coupling reaction (4, 5,
10, 13) involving the viral 3’ hydroxyl terminus and the 5’
phosphoryl end of the host DNA. Also, in the avian retro-
viruses, the IN domain is contained within the of reverse
transcriptase molecule and is responsible for enhanced bind-
ing to RNA and DNA (11).

Of all the IN-related constructs generated in this study,
none bound nucleic acids better than p32, the parent mole-
cule. The C28.5K product exhibited nearly wild-type affinity
for all nucleic acid substrates, while the other constructs had
reduced affinities. Hence, the entire IN molecule is required
for optimum nucleic acid interactions. Deletion of any part
of the molecule may disrupt secondary and tertiary struc-
tures that may affect IN binding. The identities of these
important regions and their auxiliary role in nucleic acid
binding are being investigated.
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