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Our comparison of deduced amino acid sequences for retroviral/retrotransposon integrase (IN) proteins of
several organisms, including Drosophila melanogaster and Schizosaccharomyces pombe, reveals strong conser-
vation of a constellation of amino acids characterized by two invariant aspartate (D) residues and a glutamate
(E) residue, which we refer to as the D,D(35)E region. The same constellation is found in the transposases of
a number of bacterial insertion sequences. The conservation of this region suggests that the component residues
are involved in DNA recognition, cutting, and joining, since these properties are shared among these proteins
of divergent origin. We introduced amino acid substitutions in invariant residues and selected conserved and
nonconserved residues throughout the D,D(35)E region of Rous sarcoma virus IN and in human immunode-
ficiency virus IN and assessed their effect upon the activities of the purified, mutant proteins in vitro. Changes
of the invariant and conserved residues typically produce similar impairment of both viral long terminal repeat
(LTR) oligonucleotide cleavage referred to as the processing reaction and the subsequent joining of the
processed LTR-based oligonucleotides to DNA targets. The severity of the defects depended upon the site and
the nature of the amino acid substitution(s). All substitutions of the invariant acidic D and E residues in both
Rous sarcoma virus and human immunodeficiency virus IN dramatically reduced LTR oligonucleotide
processing and joining to a few percent or less of wild type, suggesting that they are essential components of
the active site for both reactions. On the basis of similarities with enzymes that catalyze analogous reactions,
we propose that the invariant D and E residues may participate in coordination of the metal cofactor (Mn2+
or Mg2') required for the catalytic activities of IN. We further speculate that a metal-DNA complex may be
necessary to position both LTR and target DNA substrates for nucleophilic attack during the cleavage and
joining reactions.

Retroviral integration is dependent upon the interaction of
three macromolecular components: (i) a virus-encoded pro-
tein, integrase (IN), (ii) specific sequences at the long
terminal repeat (LTR) termini of viral "donor" DNA, and
(iii) a host DNA "target." Results from the study of several
different retroviral systems reveal a stepwise pathway for
the interaction of these components during integration in a
natural virus infection: (i) removal of a dinucleotide from the
3' ends of linear viral DNA (4) in the cytoplasm, which we
refer to as the processing reaction, (ii) migration of the viral
DNA to the cell nucleus within a higher-order protein
complex (2), (iii) staggered cleavage of host DNA generating
5'-strand extensions, likely coupled to single-strand joining
of the processed 3' hydroxyl ends of viral DNA to the 5'
phosphate ends of the host target DNA, and (iv) repair and
ligation of the gapped unjoined opposite strands. This final
step produces a short duplication of host sequences flanking
the integrated proviral DNA (for reviews, see references 24,
29, 32, and 33).
The role of IN in processing viral DNA has been estab-

lished. In vivo, this site-specific endonucleolytic activity of
IN was inferred from the observation that the production of
recessed 3' LTR ends is defective in viruses that bear
mutations restricted to the IN domain (26). Direct biochem-
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ical evidence that the endonucleolytic activity of IN is
responsible for processing was first obtained in vitro using a

purified preparation of the Rous sarcoma virus (RSV) IN
protein and short duplex oligodeoxynucleotide substrates
whose sequences represented either of the LTR ends of RSV
DNA (20). In this system, IN specifically removed 2 terminal
nucleotides from the 3' ends of these oligodeoxynucleotide
substrates, as expected from the processing event observed
in vivo (3, 26). Heterogeneous products were also produced
in this in vitro reaction, some of which were greater in length
than the uncleaved substrate. Such products were shown to
arise from the IN-catalyzed joining of the processed strand
of one oligonucleotide to various sites in another oligonucle-
otide which, in this case, is a presumed surrogate for host
target DNA (8, 19). This assay and other assays, based upon
genetic selection (6, 8, 19), have unequivocally demon-
strated that IN alone is sufficient for the major steps of the
retroviral recombination reaction: viral DNA processing,
host DNA cleavage, and single-strand joining of virus and
host DNA.
Although the multifunctional role of IN has been estab-

lished, the region(s) of the protein that are associated with its
various activities has not yet been clearly defined. We
previously utilized computer-assisted alignment of the de-
duced amino acid sequences of 80 retroviral/retrotransposon
INs and other proteins with related activities to map con-

served domains of the protein. Our alignments and those of
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others (13, 16, 27), together with deletion analysis of RSV IN
(22), highlighted a functional, highly conserved 50-amino-
acid domain, which we referred to as D(35)E, since it is
composed of invariant aspartate (D) and glutamate (E)
residues consistently separated by 35 amino acids. Further
inspection, prompted by sequence comparisons with the
bacterial transposon TnS52 (27), suggested that the D(35)E
domain may be part of a larger constellation of conserved
residues in retroviral/retrotransposon IN proteins and cer-
tain insertion sequence (IS) element transposases. We refer
to this larger constellation as the D,D(35)E region, empha-
sizing the three invariant acidic amino acids. It seems likely
that residues in this region contribute to the common func-
tions of DNA recognition, cutting, and joining shared by
these groups of proteins. If so, substitution of key amino
acids within it should affect one or more of these activities
significantly. To test this hypothesis, we introduced several
amino acid substitutions in invariant, selected conserved,
and selected nonconserved residuos within the D,D(35)E
regions of RSV IN and human immunodeficiency virus
(HIV) IN. The results provide experimental evidence for the
importance of the invariant acidic residues, which proved to
be exquisitely sensitive to even conservative replacements.
In contrast, conserved residues are somewhat less critical,
since their replacement leaves significant residual activity.
We suggest functions for some of the residues in the
D,D(35)E region on the basis of biochemical and structural
information available for enzymes with related activities.

MATERIALS AND METHODS

Amino acid sequence alignment. Sequences were obtained
from the Genpept (release 64.3), EMBL (release 27.0), and
PIR-Protein (release 29.0) data bases (all current to July
1991) using the Genetics Computer Group Sequence Analy-
sis Software Package, version 7.0 (11). A phylogenetically
representative subset of the known retroviral IN proteins
was used to find sequences similar to that of the region of
RSV IN between residues W-61 and K-164, using version
4.40 of the Profile package of programs (14). The most
closely related sequences were IN proteins from retrotrans-
posons and transposases of ISs. These sequences were

aligned with computer assistance (15). The phylogenetic tree
distance data (in Felsenstein format) was converted to
postscript format using a program written by J. P. G. Mack.
The alignment was converted to postscript format by using a

program based on routines written by Michael Gribskov.
The alignment of phylogenetically representative members
of the set of retroelements and ISs for the residues near D-64
and near the D(35)E domain (D-121 to E-157) of RSV IN is
shown in Fig. 1.
The source of retroelement sequences has been described

previously (21, 22). Figure 1 shows a subset of the ISs used
in the alignment (sequence name, organism, accession num-
ber): IS2, Escherichia coli, JQ0040; IS3, E. coli, TQECI3;
IS26, Proteus vulgaris, X00011; IS136,Agrobactenum tume-
faciens, X04282; IS240-A, Bacillus thunngiensis, M23740;
IS629, Shigella sonnei, P16942; IS861, Streptococcus aga-
lactiae, A30868; IS986, Mycobactenum tuberculosis, P19774;
orf-w2, Lactococcus lactis, M37396. Other proteins with
D,D(35)E or related motifs, not shown in the alignment, are

pilB from Neisseria gonorrhoeae (30) and a segment of the
West Nile virus polyprotein (7) which is C terminal to the VI
protein of this flavivirus.

Oligonucleotide-directed mutagenesis. Synthetic DNA oli-
gonucleotides that incorporated a restriction site to verify

the change were used to direct specific amino acid substitu-
tions in residues throughout the D,D(35)E region of RSV and
HIV IN employing conventional procedures described else-
where (22). The sequences of the mutagenic oligonucleotides
for RSV IN were as follows:

W61L: 5'-GGGACCCCTACAGATACTGCAGACAGACTTTACG-3'
PstI

W61F: 5'-GTTTGGGACCCCTACAATATTCAGACAGACTTTACGC-3'
SspI

D64E: 5'-AGATATGGCAGAOAGAATTCCACGCTTGAGCCTAGAA-3'
EcoRI

D121A: 5'-AAGGCCATAAAAACAGCTAATGGATCCTGCTTCACGTCTA-3'
BamHI

D121E: 5''-AAG(GUCA'TAAAAACAGAAAATaAIt tUITUAUUIU1A-i
BamHI

F126A: 5'-CAGATAATGGGTCCTGCGCGACGTCTAAATCCACGC-3'
AhaII

E133A: 5'-CAGGTCTAAATCCACTCGAGCGTGGCTCGCGAGATGG-3'
XhoI

E157A: 5'-GTCAAGCTATGGTAGCCCGGGCCAACCGGCTC-3'
SmaI

E157D: 5'-AGGGTCAAGCTATGGTCGATCGGGCCAACCGGCTCC-3'
PvuI

K164A: 5'-AGCGGGCCAACCGGCTGCTAGCAGATAGGAT CGTGTG-3'
NheI BamHI

The sequences of the mutagenic oligonucleotides for HIV IN
were as follows:

T115S: 5'-CCAGTAAAAACAATACACTCAGATAATGGGAGCAATTTCA-3'
DdeI

D116E: 5'-GTAAAAACAATACATACTGAGAATGGCAGCAATTTCA-3'
DdeI

F121A: 5'-CAGACAATGGCAGCAATGCAACTAIGCTACGGTTAAGG-3'
SpeI

E152A: 5'-AAGTCAAGGAGTAGTAGCATCGATGAATAAAGAATTAAAG-3'
ClaI

K159A: 5'-CAAGGAGTAGTAGAATCGAIGAATGCAGAATTAAAGAA-3'
ClaI

Construction of RSV IN double mutant proteins D121E
E1571 and D121A E157A. The double mutants were con-
structed by recombining restriction fragments from the plas-
mids containing the appropriate single mutations. Digestion
of pRIT2T IN with NruI generates two IN fragments: a large
fragment that includes D-121 and a smaller fragment that
includes E-157. To construct double mutant protein D121E,
E157D, the small NruI-NruI fragment of D121E was re-
placed with the analogous fragment from E157D. To con-
struct double mutant protein D121A, E157A, the small
NruI-NruI fragment of D121A was replaced by the analo-
gous fragment from E157A.
Vector construction, expression, and purification of RSV

and HIV IN fusion proteins. The expression vector and
purification of the fusion product of protein A joined to RSV
IN were as previously described (22). For HIV IN, the
amino terminus was modified to incorporate a Stul site; this
resulted in substitution of the N-terminal phenylalanine
residue of IN to proline. The Stul site was then used to insert
a StuI-HpaI fragment containing the HIV IN sequences into
the StuI site in the polylinker region of the maltose-binding
protein (MBP) expression vector, pMAL-c, obtained from
New England BioLabs. The maltose binding protein fusion
with HIV IN is referred to as pMBP-IN. Overnight cultures
of pMAL-c (control) and pMBP-IN (or its mutated deriva-
tives) were diluted 1:100 in 150 ml of L broth and grown at
37°C to an optical density at 600 nm of 1. Expression of the
protein was induced by addition of isopropyl-pi-D-thiogalac-
topyranoside to a final concentration of 1 mM. The pellet of
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the 150-ml culture was resuspended in 5 ml of buffer con-
taining 10 mM sodium phosphate, pH 7.2-1 M NaCl-1 mM
,B-mercaptoethanol-1 mM EDTA and then sonicated. The
cleared supernatant fraction from a high-speed centrifuga-
tion was diluted with salt-free buffer to 0.5 M NaCl and then
passed through a column containing 1.5 ml of amylose resin.
Wash and elution of the column was as recommended by
New England BioLabs. The purified protein was dialyzed in
a solution containing 0.5 M NaCl, 10 mM Tris (pH 7.5), 1
mM EDTA, 1 mM 1-mercaptoethanol, and 40% glycerol.

Protein concentrations were determined spectrophotomet-
rically using a colorimetric protein staining assay supplied by
Bio-Rad. The purity of each preparation (typically >80%)
was then estimated by gel analysis. The amounts of IN
fusion preparations added to each reaction were normalized
to contain equal amounts of full-length protein.

Construction, expression, and purification of nonfusion
RSV IN protein. Construction of RSV IN mutants as nonfu-
sion proteins was accomplished by exchange of a BssHII-
KpnI fragment carrying the relevant mutation for the equiv-
alent fragment in the wild-type IN expression vector,
pRC23-p32 previously described (22, 31). Expression and
purification of the nonfused proteins were as described
previously (22, 31) except elution by gradient was replaced
with step elution from phosphocellulose using NaCl at 0.2,
0.4, and 1 M. The 1 M NaCl fraction containing the IN
protein was diluted fourfold and applied to a 0.5-ml poly(U)
Sepharose column, and eluted in steps with 0.2, 0.4, and 1 M
NaCl in a 0.01 M Tris (pH 7.5) buffer containing 10%
glycerol.

Oligonucleotide processing and joining assays. Standard
conditions described by Katzman et al. (20) were used to
assay 1- to 2-pmol samples of purified fusion proteins or
nonfused RSV IN proteins. Incubation was at 37°C in 2 mM
Mn2" for the times indicated in the figures. For HIV
MBP-IN, 20 pmol of protein and 1 pmol of annealed 25-mer
DNA substrate representing the U5 end of HIV LTR se-
quences were incubated at 37°C in a 15-,ul reaction mixture
which contained 10 mM Tris (pH 7.5), 50 mM NaCl, 10 mM
MnCl2, and 6% dimethyl sulfoxide. Products of both RSV
and HIV reactions were analyzed on 20% polyacrylamide
gels containing 7 M urea. The amount of product was
quantitated by scanning the radioactivity present in the
appropriate bands using the Radioanalytic Imaging System
(AMBIS, San Diego, Calif.) after size fractionation on the
denaturing polyacrylamide gels.

Circle joining assay. Conditions for the circle joining assay
were identical to the oligonucleotide assay, except that the
U3 oligonucleotides have 2-nucleotide recessed 3' OH (pre-
processed) ends, and 10 ng of a small (1.3-kb) supercoiled
plasmid (pAO3) was added to the reaction. The reaction
products were fractionated on a 1.4% Tris-borate-EDTA
agarose gel containing 1 jig of ethidium bromide per ml.

RESULTS

Effect of amino acid substitutions in the D,D(35)E region on
viral DNA processing. As shown in Fig. 1, the D,D(35)E
region is characterized by invariant acidic residues present
in analogous locations in the IN proteins of all retroelements
and in the transposases of the indicated IS elements. For
RSV IN, these invariant residues are amino acids D-64,
D-121, and E-157, and in HIV they are D-64, D-116, and
E-152. Adjacent residues are also highly conserved (shaded
in Fig. 1). These include the hydrophobic tryptophan (W-61),
the four amino acids surrounding D-121, the hydrophobic

phenylalanine (F) 5 amino acids following D-121, a hydro-
phobic isoleucine (I) in the middle of the D(35)E domain, and
finally a lysine (K), 7 amino acids following the last invariant
residue, E-157. To test their importance for the processing
and joining activities of IN, we made substitutions in each of
the invariant residues and in selected conserved residues in
both RSV and HIV IN proteins. As a control, a noncon-
served residue in this region of RSV IN was also changed.
For experiments with RSV, we introduced amino acid

changes into a fusion protein in which IN sequences are
joined to the C terminus of the Staphylococcus protein A.
All of the fusion proteins, as well as nonfused protein A
expressed from the same vector, were then purified from the
bacterial extracts on the basis of selective affinity to immu-
noglobulin G. This procedure was chosen to standardize the
purification and to minimize contamination with bacterial
nucleases, which are not expected to bind to immunoglobu-
lin G. We previously reported that the wild-type version of
this fusion protein has DNA-binding and endonuclease ac-
tivities characteristic of nonfused RSV IN protein (22).
Figure 2 shows a denaturing gel analysis of substrate, and
the products formed as a function of time of incubation with
the protein A-IN wild-type fusion protein and one of the
mutant proteins, F126A. In both cases, the conversion of
substrate to processed -2 product continued to increase
with time. The rate was linear for F126A, even up to 3.5 h.
Similar kinetics were observed with other mutant IN fusion
proteins. However, quantitation by radioisotope scanning
indicated that the amount of -2 product in the wild-type
reaction begins to plateau between 2 and 3 h, as the amount
of joined product increases. Therefore, we chose a 2-h time
point to compare the processing activities of the mutants
with that of the wild-type protein.
As illustrated in Fig. 3 (lanes 10 and 14), substitution of

invariant acidic residues D-121 or E-157 with alanine (A),
which contains only a methyl group in its side chain, resulted
in substantial loss in the production of the specific -2
processed product. We estimate by radioisotope scanning
that the amount was reduced to 3% or less of wild type,
depending upon assay conditions. Conservative replace-
ments at these positions, which retain the carboxylates but
produce single methylene shifts in the position of the car-
boxyl groups, D-64-- E (lane 6), D-121- E (lane 11), or
E-157-- D (lane 15), also resulted in loss of activity, some
even more pronounced than that observed with the alanine
replacements (compare E-157--*A and E-157--D [lanes 14
and 15]). A double mutation representing an exchange of the
acidic residues at positions 121 and 157 (D-121-+E,
E-157--*D [lane 17]) also resulted in severely defective
cleavage at the -2 processing site. Thus, it appears that the
precise positioning of the carboxyl groups of these side
chains within this conserved region and relative to one
another is critical for cleavage specificity. As expected, IN
with alanine substitutions in both D-121 and E-157 (D-
121-*A, E-157--A) showed no activity over background
(Fig. 3, lane 18). The small amount of -1 product, seen also
in the protein A controls, probably reflects the presence of
contaminating bacterial nucleases.

Substitution of the conserved residues, phenylalanine (F)
at RSV position 126 and lysine (K) at position 164, was less
detrimental to processing activity. We observed approxi-
mately sixfold reductions with these neutral alanine substi-
tutions compared with the wild type (Fig. 3, compare lanes
9, 12, and 16). For a control to confirm the significance of
substitutions in this region, we tested the effect of replacing
a nonconserved residue, E-133, in the RSV D(35)E domain.
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FIG. 1. Alignment of amino acids in the D,D(35)E region of retroviruses, retrotransposons, and bacterial ISs. Sequences are grouped by
phylogenetic relatedness as shown in the tree on the left side of the panel. Only representative members of the more than 80 proteins analyzed
are included. Amino acids are designated in single-letter code with the hig&ly conserved amino acids indicated by white letters on a black
background and less conserved adjacent amino acids indicated by shading. Numbers at top represent amino acid positions of the residues in
RSV IN. HSpuENV is a human endogenous spumavirus which, as indicated, appears to be more closely related to retrotransposons than to
other retroviruses. SNV, spleen necrosis virus; MoMLV, Moloney murine leukemia virus.

This replacement, E-133--A, had the least detrimental effect
on processing (Fig. 3, lanes 9 versus 13). Substitution of
tryptophan, W-61 in RSV IN with a small hydrophobic
residue, leucine (L), or a more conservative change to
phenylalanine, resulted in mutant proteins with no process-
ing activity above background (Fig. 3, lanes 4 and 5). All of
the proteins included in Fig. 3 were tested for their ability to
bind DNA [oligo(dAT)] in our standard nitrocellulose assay
(22, 31). All bound with at least 80% the efficiency of wild
type, with exception of the E157 mutants, which were about
half as efficient as wild type, and W61F and W61L, whose
binding was not above background. This inability to bind
DNA may account for the lack of detectable processing
activity for the latter two proteins.
A similar strategy was used to test substitutions in HIV

IN. In this case, the IN coding sequences were joined to the
3' end of a gene encoding MBP and amylose resin was used
to rapidly purify wild-type IN fusion protein and its mutant
versions in a standardized fashion. As shown in Fig. 4A, the
fusion protein (MBP-IN) is purified to ne4r homogeneity by
a single passage of the soluble bacterial lysate through the
amylose resin. Similarly purified MBP was used as a control.
Immunoblot analyses (not shown) indicated that the faster-
migrating proteins, which are coeluted with MBP-IN from
the column, represent degradation products of the full-length

WT Fl 26A
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.25 .5 1 2 3 3.5 .25 .5 1 2 3 3.5 TIME (Hrs)

FIG. 2. Time course for processing activity of RSV protein A-IN
fusion proteins. Purified protein A-IN fusion proteins were assayed
for processing activity using an oligodeoxynucleotide duplex sub-
strate which represents terminal sequences at the U3 end of RSV
DNA as described in Materials and Methods. At the times indicated,
products of the reactions were separated in a 20% denaturing gel.
The -2 band, which contains molecules two nucleotides shorter
than the substrate, corresponds to the expected processed product
which is subsequently joined to target substrates (18). Protein A-IN
wild-type fusion protein (WT) and F126A (protein A-IN with sub-
stitution of A for F at position 126 of RSV IN) are shown. To
enhance visibility of the products of F126A in the figure, exposure
time for autoradiography of the F126A results was twice that of the
wild-type protein.
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FIG. 3. Viral DNA processing activity of RSV protein A-IN
fusion proteins. Purified protein A-IN mutant fusion proteins were
assayed for processing activity as described in the legend to Fig. 2.
Products of 2 h reactions were separated in a 20% denaturing gel.
The -2 band, which contains molecules 2 nucleotides shorter than
the substrate(s), corresponds to the expected processed product.
CON, control (no protein); PROT A, protein A (control); WT,
protein A-IN wild-type fusion protein.

fusion proteins. The estimated lower limit in molecular mass
of affinity-purified product is 42 kDa; this protein comigrates
with MBP. Gtheration of small amounts of degradation
products is riot uncommon with this expression system
apparently as a result of protease susceptibility of the fusion
polypeptides. Nevertheless, as with RSV, the purified HIV
IN wild-type fusion protein exhibited DNA processing ac-
tivity characteristic of the nonfused version (28), producirig
a -2 product prefettntially (Fig. 4B, lane 2).
As illustrated in Fig. 4B, substitution mutants MBP-IN

F121A and K159A exhibit similar levels of processing; both
only about 10% or less of wild type. This is somewhat lower
than the level of activity observed for the analogous mutants
(F126A and K164A) of RSV IN. As with RSV, the HIV
D116E mutant is more severely defective (lane 4). In con-
trast to its RSV counterpart, the HIV E152A substitution
mutant (lane 6) seemed to retain some processing activity.
Nevertheless, this mutant is also significantly reduced in
activity compared with its wild-type counterpart. The most
active substitution in the HIV series is T-115---S (Fig. 4B,

A 4 yue" e

*-W

too
_

-MBP

B
bc2b$ S' e-

Eb.~~~~~~-W -.2

1 2 3 4 5 6 7

FIG. 4. Purification and activity of HIV IN fusion proteins. (A)
Protein gel analysis of crude lysate and purified HIV IN fusion
protein. Proteins are detected by Coomassie blue staining. Lanes: 1,
molecular weight markers (MWM); 2, proteins in the soluble frac-
tion of E. coli lysate; 3, proteins purified by single passage of the
crude lysate through amylose affinity resin. (B) Processing activity
of HIV MBP-IN substitution mutants. Proteins purified as shown in
panel A were assayed for processing activity, using an oligodeoxy-
nucleotide duplex substrate which represents the 25 terminal base
pairs at the U5 end of HIV DNA. Because the HIV IN fusion
protein is less active than that of RSV (Fig. 2), products of a 3 h
incubation were compared.
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FIG. 5. Processing activities of nonfused RSV IN substitution
mutants proteins. Reaction conditions were identical to those de-
scribed in the legend to Fig. 2. Samples of the reaction were
withdrawn and analyzed at the times indicated. Conversion of
substrate to -2 product was determined from the amount of
radioactivity present in the relevant band, detected by isotope
scanning and expressed as a percentage of total counts in the
reaction.

lane 3). As illustrated in Fig. 1, threonine (T) or serine (S) is
conserved at this position throughout the retrovirus family
and the analogous substitution in RSV IN (T-120--3-S) also
exhibits near wild-type levels of activity (18).

Relative processing activities of substituted proteins are
retained in nonfused proteins. We have observed that the
RSV IN fusion proteins are typically 5- to 10-fold less active
than the nonfused forms under equivalent assay conditions
(22). In order to determine whether the relative processing
activities of the mutants were influenced by linkage to
protein A, we analyzed two of the mutant proteins, D121E
and F126A, in a nonfused form. With D121E, activity was
barely detected at early times in the incubation (Fig. 5).
Even after 40 min, less than 5% of the substrate was
processed to form the -2 product. The F126A nonfusion
protein was more active, producing approximately 30 to 50%
of the amount of product observed with wild type at the
various times tested. The data in Fig. 5 confirm our earlier
observation that the nonfused IN proteins process the sub-
strate more rapidly than their fusion counterparts, requiring
only 20 to 30 min rather than 2 to 3 h to convert equivalent
amounts of substrate. Nevertheless, the relative amounts of
processed product formed by the wild type and by mutants
(i.e., wild type IN > F126A > D121E) are similar for both
forms of the protein.

Effect of amino acid substitutions in the D,D(35)E region on
DNA strand joining. By using LTR oligonucleotide sub-
strates whose termini are identical to the processed viral
DNA (preprocessed ends), it is possible to measure the
joining activity of IN independently of processing. Joining of
the preprocessed 3' ends to other oligonucleotides in the
same reaction produces a population of products that are
longer than the substrate. As shown in Fig. 6 (lane 3), joined
oligonucleotides are clearly visible in the reaction catalyzed
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FIG. 6. DNA joining activity of protein A-RSV IN fusion pro-
teins. Purified protein A-IN fusion proteins were assayed for DNA
joining activity using an oligodeoxynucleotide duplex substrate with
a 3' recessed terminus that represents the processed U3 end of RSV
DNA. The reaction was for 2 h. Joined products (>S) are separated
from substrate (S) and smaller cleavage products in a 20% denatur-
ing gel. Lanes: 1, control (CON) (no protein); 2, control (protein A
[PROT A]); 3, protein A-IN wild-type fusion protein (WT); 4 to 8,
protein A-IN substitution mutants as indicated above the lanes.

by the RSV protein A-IN wild-type fusion protein. No joined
products were detected with either of the D-121 substitutions
or with the E-157-- A substitution. Joining by HIV MBP-IN
D116E was impaired to a similar degree relative to HIV
MBP-IN wild-type fusion protein in a comparable assay

(data not shown). As with processing, the F126A (lane 6) and
K164A (lane 8) fusion proteins displayed intermediate join-
ing activities of approximately 50 and 30% of wild type,
respectively.

Joining of preprocessed viral oligonucleotides to targets of
various sequence and structure can also be tested by addi-
tion of other target DNAs to the joining assay. Heterologous
plasmid DNA is a particularly useful target, since joined
products of the reaction can be detected with great sensitiv-
ity. The background is negligible, and instead of a population
of different length products, only two products are formed,
both easily distinguished: (i) linear DNA, likely the product
of concerted joining of two oligonucleotides to plasmid DNA
and (ii) relaxed DNA with an oligonucleotide "tail," the
product of joining of one oligonucleotide to a single end of
the nicked supercoiled DNA. We used the nonfused forms of
the proteins characterized in Fig. 5 for these tests so that the
maximal activities could be measured. Since the amount of
plasmid target DNA in the reaction is very small, oligonu-
cleotide-to-oligonucleotide joining can be measured simulta-
neously in this assay by electrophoresis of a portion of the
reaction in a sequencing gel, as in Fig. 6. With respect to
oligonucleotide-to-oligonucleotide joining (Fig. 7A), the non-
fused mutant proteins exhibited relative activities similar to
the protein A fusions shown in Fig. 6. Both F126A (Fig. 7A,
lane 4) and K164A (lane 5) were approximately two- to
threefold less active than the wild-type nonfused protein. No
joined oligonucleotide products were detected with D121E
(Fig. 7A, lane 3). The assay to detect oligonucleotides joined
to plasmid DNA (Fig. 7B) again showed D121E to be
virtually inactive; only a trace amount of radioactivity was
detected at the position of relaxed plasmid DNA (Fig. 7B,
lane 2). However, the behavior of the two other mutants
tested was not as expected from the oligonucleotide joining
results. RSV IN K164A, which showed a decrease in the
oligonucleotide joining assay, was slightly more active than
the wild-type IN in the plasmid assay (Fig. 7B, lane 4). On
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FIG. 7. Joining assay using supercoiled plasmid DNA target.
Nonfused RSV IN proteins were tested in these reactions. Condi-
tions were as described in the legend to Fig. 6, except that 10 ng of
a 1.3-kb supercoiled plasmid (pAO3) was added to the reaction and
incubation was for 30 min. The products were deproteinized by
phenol extraction and then fractionated on a 20% polyacrylamide gel
(A) or a 1.2% agarose gel (B). FIII; linear products resulting from
the presumed concerted joining of two oligonucleotides to the
plasmid; FII; relaxed circles, the result of a single oligonucleotide
joining. Lane 5, 32P-labelled pAO3 linearized by digestion with
EcoRI.

the other hand, F126A, which was only slightly less active
than wild type in the oligonucleotide assays in either fused
form (Fig. 6, lane 6) or nonfused form (Fig. 7A, lane 4), was
much less active in joining the preprocessed LTR oligonu-
cleotides to the supercoiled target plasmid (Fig. 7B, lane 3).
These results indicate that mutations can influence substrate
interactions differentially and suggest that structural features
in the DNA may be distinguished by residues of the
D,D(35)E region during target DNA selection.

DISCUSSION

We have identified a constellation of amino acids that are
conserved in retroviral/retrotransposon integrases and bac-
terial IS transposases. We refer to it as the D,D(35)E region,
for the three invariant, acidic residues, which are D-64,
D-121, and E-157 in RSV IN and D-64, D-116 and E-152 in
HIV IN. The similarity of sequences in this region of the
retroelement/transposase family suggests that it encodes a
structural domain whose function has been conserved in
evolution. It seems likely that residues in this region con-
tribute to the activities that these proteins have in common-
binding, cutting, and joining DNA substrates. To extend our
previous deletion analysis of this region and to test the
importance of specific residues within it, we have made
substitutions of invariant amino acids and selected con-
served and nonconserved amino acids and tested their
effects on the biochemical activities of IN. On the basis of
these results and consideration of the nature of the substi-
tuted amino acid side chains, type of replacement, and
precedent for their activity in other proteins, specific roles
can be proposed for some of the substituted residues.
Conserved W, F, and K residues may be important for DNA

recognition. W-61 (of RSV IN and HIV IN) is highly con-
served in the retroviral IN proteins and in IS transposases
but is replaced by other hydrophobic residues in retrotrans-
posons (Fig. 1). Substitutions of RSV IN W-61 with two such
residues, L or F, completely eliminated sequence-indepen-
dent DNA-binding activity in a nitrocellulose filter binding
assay (22, 31), a property not observed with any of the other
IN substitution mutants analyzed in this study. These mu-
tants were also defective in both processing and joining
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activities. The reason for the DNA binding defect is un-
known. W-61 might normally interact directly with the DNA
substrates, or alternatively, substitution of this residue may
alter protein structure or multimerization potential so that
DNA binding and other activities are abrogated. Substitution
of glutamine (Q) or alanine (A) for the nearby residue T-66,
which is also invariant in retroviral IN proteins and con-
served in IS elements, has no or little effect on DNA binding,
processing, or joining (18). Thus, the results with the W-61
replacements cannot be explained simply by an unusual
sensitivity to changes within this general region.

Substitution of alanine for RSV F-126, a residue con-
served in retroviruses, or for K-164, a residue conserved in
retroviruses and IS elements but not retrotransposons, pro-
duced proteins with partial processing activity. Similar re-
sults were obtained with the analogous substitutions F-121
and K-159 in HIV IN. Hydrophobic and basic amino acids
are often involved in direct interactions with DNA and the
partial defects observed are at least consistent with impaired
substrate interactions. It may be possible to reveal such
interactions by more detailed kinetic analyses and substrate
binding studies.
Although RSV F126A and K164A IN exhibited similar

joining activities when LTR oligonucleotides were both
donor and target, they differed markedly in their abilities to
join viral LTR oligonucleotides to heterologous, supercoiled
plasmid DNA. The severe defect of F126A in the plasmid
joining assay suggests that this hydrophobic residue may
participate in recognition of this target. It also suggests that
sequence or structural differences between targets may be
important in promoting interaction of IN with specific sites
during integration.
The invariant D and E residues are critical for catalysis. In

contrast to the phenylalanine and lysine substitution mutants
discussed above and the conserved histidines, H-9 and H-13
(22), and T-66 of RSV IN (18), replacement of the invariant
D or E residues in the D,D(35)E region (RSV D-64, D-121,
and E-157 or HIV D-116 and E-152) dramatically reduced
both LTR processing and joining activities, even when the
substitutions were highly conservative. The dependence of
both processing and joining on these invariant residues
suggests that they participate in both reactions. As has been
documented for other nucleases (5, 10, 17), marked sensitiv-
ity to conservative changes is a property that is typical of
residues which are components of catalytic centers. In
addition, acidic residues are characteristically involved in
metal binding (23). Since both the processing and joining
reactions of IN require Mn2" or Mg2" one possible role for
these invariant residues would be coordination of the metal
cofactor(s) required in these reactions. Such a role has
recently been proposed for a similar cluster of acidic resi-
dues from analysis of the crystal structures of E. coli and
HIV RNase H (9, 35). Like the IN D(35)E domain, E. coli
and HIV RNase H contain D and E residues, separated by 37
and 34 amino acids, respectively. The essential role of the
relevant residues (D-10 and E-48) in catalysis by E. coli
RNase H was further demonstrated by the pronounced
deleterious effect of their replacement on enzymatic activity
(17). Nonconservative substitutions such as D-10--N or
E-48--,Q eliminated activity, while conservative changes
such as D-10---.E or E-48---*D produced enzymes with 1 to 8%
of wild-type activity. Although the nature of our LTR
cleavage assays makes rigorous quantitation of IN activity
somewhat difficult, we observed similar results with the
invariant acidic residues in which conservative substitutions

yielded proteins with activities only a few percent of wild-
type protein.
The exonucleolytic function of E. coli DNA PolI may

provide the most relevant model for understanding the
precise mechanism of DNA cutting involving acidic D and E
residues. This protein is believed to utilize a cluster of such
acidic residues to stabilize a pentacoordinate phosphorus
DNA transition state which facilitates substrate hydrolysis
(1, 10). It seems possible that the carboxylate groups of the
invariant D and E residues of IN may complex with metal to
establish a similar DNA-enzyme intermediate. Cleavage of
DNA strands may then be accomplished by nucleophilic
attack via a hydroxyl group of an amino acid side chain on
the protein (18, 21), the 3' OH of processed LTR end (12,
25), or a water molecule (12, 34). We hypothesize that the
invariant acidic residues in the D,D(35)E region are critical
for metal binding and positioning of the DNA substrate for
nucleophilic attack. Further enzymatic and structural anal-
ysis should allow us to test this hypothesis more directly.
Since the D,D(35)E region is conserved in retroviral/retro-
transposon integrases and bacterial IS transposases, we
expect that the results will elucidate general mechanisms
relevant to these and other types of recombinases.
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