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ABSTRACT

motif that is known to mediate metal binding in many nucleic
acid-binding proteins (for review see ref. 24).
To explore the function ofthe various parts ofthe integrase
protein of human immunodeficiency virus type 1 (HIV-1), we
generated and characterized a series of deletion mutants. We
find that a polypeptide of only 137 amino acid residues
containing the D,D-35-E motif can carry out a subset of the
reactions carried out by the complete protein. Our assays of
Zn2+ binding by a series of integrase derivatives bearing point
mutations indicate that the HHCC motif does in fact bind
Zn2+. The activities of the integrase mutants put constraints
on the possible roles of the various parts ofthe HIV integrase
protein.

The integrase protein of human immunodefi-

ciency virus type 1 carries out a set of polynucleotidyl transfer
reactions that result in the covalent attachment of the retroviral
cDNA to host DNA. We have analyzed the activities of a set of
deletion derivatives of the integrase protein. The analysis reveals
that a central domain of only 137 amino acids is sufficient in vitro
to catalyze a subset of the reactions carried out by the complete
protein. This polypeptide contains an amino acid sequence
motif, Asp-Xaa39-5g-Asp-Xaa35-Glu (DX39_5sDX35E, where X
and the subscript indicate the intervening amino acids between
the invariant acidic residues), that is found in the integrases of
retroviruses and retrotransposons and also the transposase
proteins of some bacterial transposable elements. We also rind
that the integrase protein can bind Zn2+, and the histidine and
cysteine residues of another conserved motif (HX3.7HX23
32CX2C) are required for efficient Zn2+ binding. The activities
displayed by deletion mutants suggest to us possible functions for
the various parts of integrase.

MATERIALS AND METHODS
Construction of Deletion Mutants. Deletion derivatives of
the HIV-1 integrase protein were prepared by constructing
plasmids encoding the deletion proteins. Procedures for
manipulating DNA molecules were essentially as described
(25). DNA fragments encoding each deletion derivative were
prepared by PCR using pINSD (26) as template. PCR primers
were designed to provide an Nde I site in the DNA encoding
the amino terminus, and a stop codon followed by a BamHI
site in the DNA encoding the carboxyl terminus. Amplification was carried out for 15 cycles using Vent DNA polymerase (New England Biolabs) under the manufacturer's suggested conditions. PCR products were cleaved with BamHI
and Nde I and ligated to pAR2156 (27) or pET15-b (Novagen,
Madison, WI) DNA that had also been cleaved with BamHI
and Nde I. These steps resulted in the placement of the
deletion derivatives under control of a phage T7 promoter.
The constructions with pET15-b provided an additional amino-terminal 20-amino acid peptide (the HisTag sequence:
MGSSHHHHHHSSGLVPRGSH) that permitted recovery
of the fusion protein on a nickel-chelating column.
Protein Purification. Plasmids encoding the deletion derivatives were introduced into Escherichia coli strain BL21(DE3)
(27), and protein synthesis was induced as described (2, 26).
His-Tag derivatives were purified essentially as described
(Novagen). For purification from the initially soluble fraction,
cells were grown to midlogarithmic phase in 0.5- to 1-liter
cultures, resuspended in 1 x binding buffer (1 M NaCl/20 mM
Tris, pH 7.9/5 mM imidazole), and lysed by (i) freezing in
liquid N2 and thawing, (ii) treatment with lysozyme (0.2
mg/ml) for 30 min on ice, and (iii) sonication. The lysate was
centrifuged for 30 min at 44,000 x g. The soluble portion was
filtered through a 0.45-,um filter and applied to a nickelchelating column. Washing and elution were carried out as

The replication cycle of retroviruses requires two enzymatic
steps carried out by the virus-encoded integrase protein.
Infegrase first cleaves the linear DNA product of reverse
transcription, converting the flush ends to 3'-recessed ends
(the "terminal cleavage" reaction) (1-6). Integrase then joins
the recessed 3' ends to protruding 5' ends of breaks made by
integrase in the target DNA (the "strand transfer" reaction)
(3, 4, 7-10). According to our present understanding, host
DNA repair enzymes process and connect the remaining
unjoined ends, thereby completing the formation of a provirus (for reviews see refs. 11 and 12).
The polynucleotidyl transfer reactions carried out by the
integrase proteins of retroviruses are similar to the reactions
carried out by the integrases of retrotransposons and also the
reactions carried out by the transposase proteins of several
prokaryotic transposons (13). The integrase protein of the
yeast retrotransposon Tyl is known to join 3' ends of the
element DNA to 5' ends in the host DNA (14). For the case
of the transposons, the transposase proteins of phage Mu,
TnlO, and Tn7 each direct the hydrolysis of phosphodiester
bonds that connect element DNA to host DNA and then join
the free 3' ends generated by this cleavage to target DNA
(15-17).
Two conserved amino acid sequence motifs have been
found in the integrase proteins of retroviruses and retrotransposons. One motif, found also in the transposase proteins of
some bacterial transposons, consists of three invariant acidic
residues in the arrangement DX39-58DX35E with various
interdigitated conserved residues (the D,D-35-E motif) (1820). Another amino acid sequence motif, HX3_7HX23-32CX2C
(the HHCC motif), is present near the amino terminus
(21-23). This sequence is reminiscent of the "zinc finger"
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described (Novagen) except that all buffers contained 1 M
NaCI. The final preparation was dialyzed against 1 M NaCl/20
mM Hepes, pH 7.5/0.1 mM EDTA/1 mM dithiothreitol/10%o
(vol/vol) glycerol.
For purification of His-Tag derivatives from the insoluble
fraction, cells were lysed and the lysate was centrifuged as
above. The insoluble fraction was then extracted with 6 M
guanidine hydrochloride (Gdn-HCl)/0.5 M NaCl/20 mM
Tris, pH 7.9/0.1 mM EDTA/0.1 mM 2-mercaptoethanol and
centrifuged at 44,000 x g for 30 min. The supematant was
collected and dialyzed against 6 M Gdn HCl/0.5 M NaCl/5
mM imidazole/20 mM Tris, pH 7.9. The retentate was then
filtered through a 0.45-gm filter and purified by chromatography on a nickel-chelating column as described (Novagen).
The eluate was dialyzed against 6 M Gdn-HCl/0.5 M NaCl/20
mM Tris, pH 7.9/1 mM 2-mercaptoethanol to lower the
imidazole concentration and then repassed over a nickelchelating column and eluted as described above. Aliquots of
the eluate were further purified by application to a Dynamax
C4 column (Rainin, Woburn, MA) equilibrated in 0.05%
trifluoroacetic acid/3% acetonitrile and elution with a linear
gradient of 3-80% acetonitrile containing 0.05% trifluoroacetic acid. Each protein preparation was eluted as a single
peak. Protein-containing fractions were freeze-dried and then
were suspended in 2 M Gdn.HCl/0.5 M NaCl/20 mM Hepes,
pH 7.5/1 mM EDTA/5 mM dithiothreitol. Purified deletion
derivatives were dialyzed sequentially at 4°C against (i) 2 M
urea/0.5 M NaCl/20 mM Hepes, pH 7.5/5 mM EDTA/5 mM

2-mercaptoethanol/15 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), (ii) 1 M NaCl/20
mM Hepes, pH 7.5/0.1 mM EDTA/1 mM dithiothreitol/10%
glycerol/15 mM CHAPS, and (iii) the same buffer as in ii but
with the NaCl concentration reduced to 200 mM.
Deletion derivatives containing amino acids 50-288 and
50-263 were also expressed from vectors that did not encode
the His-Tag peptide, and were partially purified from an
insoluble fraction by extraction with 2 M urea/i M NaCl,
precipitation with ammonium sulfate, and back extraction.
For 50-288, the ammonium sulfate-extracted material was
dialyzed into low-salt buffer and further purified by chroma-

tography on phosphocellulose.
Activities of Deletion Mutants. Assays of terminal cleavage,
strand transfer, and disintegration (28) (see below) were
carried out as described (4, 28), using the substrates described in ref. 26, at 37°C for 1 hr. Reaction mixtures (16 ,ul)
contained 6.25 mM NaCl, 7.5 mM MnCl2, 30 mM Hepes (pH
7.5), 10 mtM 2-mercaptoethanol, 1.6 ,ug of bovine serum
albumin, and 0.2 pmol of substrate. Disintegration reaction
mixtures contained 3 pmol of HIV integrase derivative plus
12.5 mM NaCl, 0.6% glycerol, and 0.9 mM CHAPS carried
in with the protein; terminal cleavage and strand transfer
reactions contained 9 pmol of HIV integrase derivatives plus
37.5 mM NaCl, 1.9% glycerol, and 2.7 mM CHAPS. Quantitation was carried out with a PhosphorImager (Molecular
Dynamics, Sunnyvale, CA). Each value is an average of two
measurements.
Zinc Blotting. Zinc blotting experiments were carried out
essentially as described (29, 30). HIV integrase (8 ,ug) or
mutant derivatives were subjected to SDS/PAGE on a
4-20% polyacrylamide gradient gel containing Tris/glycine
buffer (NOVEX, Encinitas, CA), transferred to a nitrocellulose
membrane, and incubated with three changes of 100 mM Tris,
pH 6.8/50 mM NaCl/27 mM 2-mercaptoethanol over 1 hr at
room temperature. 65Zn2+ was added to 18 ,uM in the above
buffer and incubated for 45 min at room temperature. Filters
were then washed three times in the same buffer without
65Zn2+ and dried. For metal ion competition experiments, the
competing metal ion was added at 1 mM.
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RESULTS
Deletion Analysis of the Integrase Protein. The following
considerations guided our selection of breakpoints for deletion mutations. A previous partial proteolysis study of HIV-1
integrase revealed prominent cleavage near residue 50 (26),
suggesting that this region might be an interdomain boundary.
To determine whether the amino-terminal part of integrase
was dispensable for any of the integrase-catalyzed reactions,
a deletion mutant lacking the amino-terminal 49 amino acids
was constructed. After it was found that the 50-288 mutant
retained a polynucleotidyl transfer activity (see below), a
series of deletions from the carboxyl terminus was constructed in the presence of the amino-terminal deletion to
identify the minimal polynucleotidyl transfer center. Residue
263 was chosen as one carboxyl-terminal breakpoint because
other workers had reported that 1-263 retained detectable
terminal cleavage activity in vitro (31). Residues 212, 186, and
173 were chosen as positions for additional carboxyl-terminal
breakpoints because these corresponded to probable positions of cleavage by proteases near the carboxyl terminus of
the central domain (26) and may represent domain boundaries.
A set of plasmids was made that encoded fusion proteins
bearing an amino-terminal 20-amino acid peptide that contained six histidine residues (His-Tag peptide). This permitted
purification of each fusion protein by binding to a nickelchelating resin followed by elution with imidazole. Each of
these proteins is denoted by IN and a superscript indicating
the number of integrase amino acids retained. As a control,
a His-Tag version of the complete protein (IN1-288) was also
prepared. Each mutant was purified under denaturing conditions and then dialyzed against a series of buffers designed
to promote renaturation, as described in Materials and
Methods. The far-UV CD spectra of wild-type integrase
purified under native conditions and IN1-288 refolded after
guanidine extraction were similar (data not shown), supporting the view that they have similar structures. All protein
preparations yielded a single major polypeptide of the expected size except IN50-186, which also displayed a series of
smaller polypeptides (Fig. 1).
IN5288, IN50-263, and IN50-212 were also purified under
"nondenaturing" conditions from the soluble fraction of cell
lysates. In all cases, the refolded deletion derivatives were at
least as active in the assays described below as the derivatives purified under "native" conditions (data not shown).
IN50186 and IN50-173 were not detectably present in the
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FIG. 1. SDS/PAGE of wild-type (WT) integrase and purified
deletion mutants. One microgram of each protein was loaded per lane
except IN50-186, for which 3 ,ug was loaded, on a 4-20%o polyacrylamide gradient gel. Dots beside the gel mark the mobilities of
molecular size markers (from top to bottom): ovalbumin, 43 kDa;
carbonic anhydrase, 29 kDa; (-lactoglobin, 18 kDa; lysozyme, 14
kDa. The basis ofthe partial proteolysis of the 50-186 mutant was not

investigated.
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soluble fraction of cell lysates and so could not be purified
under native conditions.
The deletion derivatives were tested for the known activities of HIV integrase. The terminal cleavage and strand
transfer reactions can be monitored conveniently with model
substrates in vitro (2, 4) (Fig. 2A). A reaction mixture
containing IN1-288 yielded the expected terminal cleavage and
strand transfer products, but none of the reaction mixtures
containing deletion mutants yielded detectable product (Fig.
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FIG. 2. Activities of the wild-type (WT) HIV-1 integrase protein
and deletion derivatives. (A) Schematic diagram of the assay of
terminal cleavage and strand transfer activities. DNA strands are
indicated by the lines, DNA 5' ends by circles, and a labeled 3' end
by an asterisk. In the presence of the HIV integrase protein, two
nucleotides are removed from the 3' end that resembles one end of
the unintegrated linear viral DNA (2, 4, 5). Molecules containing the
recessed 3' ends can then be joined to 5' ends of breaks made by the
integrase protein in the target DNA (4, 7). This reaction yields a
ladder of strand transfer products longer than the starting substrate,
because many points in the target DNA can serve as integration sites.
(B) Analysis of terminal cleavage and strand transfer products by
denaturing gel electrophoresis. The strand transfer products are
marked by the bracket. The lowest arrow marks the free dinucleotide
cleavage product. The two arrows further up the gel mark the signals
from products ofcleavage generated by using nucleophiles other than
water (see refs. 32 and 33 for the characterization of these products).
(C) Schematic diagram of the disintegration assay (28). Symbols are
the same as in A except that a labeled DNA 5' end is shown as a filled
circle. In the presence of integrase protein, the 3' end of the labeled
DNA strand can attack the phosphodiester bond at the base of the
DNA "branch," cleaving off the DNA resembling the viral DNA end
(drawn as the diagonal DNA branch) and connecting the labeled
strand to the rest of the target-like part of the DNA (drawn as the
horizontal DNA). Note that the target DNA in this substrate does not
resemble a viral DNA end in sequence. (D) Analysis of disintegration
products by denaturing gel electrophoresis. The disintegration product is marked by the bracket; the unreacted substrate is at the bottom
of the gel. The ladder of bands between the unreacted substrate and
the disintegration product in the 1-288 (WT) lane is due either to the
reintegration of viral DNA ends produced as disintegration products
or to a nuclease activity. (E) Schematic diagram of the disintegration
assay using the "A-branch" substrate. The reactions are as in C
except that the branch of the disintegration substrate that resembles
the viral DNA end is replaced by a single adenine residue. (F)
Denaturing gel electrophoresis of products made by using the
A-branch substrate. The bracket marks the disintegration product.

2B). The failure to form strand transfer product was not due
to a block at the terminal cleavage step only: reaction
mixtures containing a "precleaved" substrate lacking the
two nucleotides normally removed by integrase also failed to

yield product (<2% of the activity of IN1-288) (data not
shown).
Integrase also carries out another reaction in vitro, in which
a branched DNA molecule mimicking the product of normal
integration is converted into two separate molecules (28) (Fig.
2C). This reaction, "disintegration," resembles a reversal of
the normal strand transfer reaction. Disintegration product
was generated in reactions containing IN'-2m and all deletion
proteins except IN50-173 (Fig. 2D, summarized in Fig. 3). The
amounts of substrate converted to product in a standard assay
were 14% (IN'-288), 4% (IN50-288), 3% (IN50-263), 4% (IN50-212),
and 1% (IN50-186). After long autoradiographic exposures, a
slight amount of product was detected even in reaction mixtures containing IN50-173 (data not shown).
What parts of the disintegration substrate are required for
the catalysis by the deletion mutants? To address this issue,
the activity of deletion mutants was also assayed on a second
branched DNA substrate in which the viral DNA end had
been replaced by a single adenine residue (the "A-branch"
substrate) (Fig. 2E). IN1-288 was found to be active on this
substrate, as expected (0.1% of the substrate was converted
to product in a standard assay) (28). IN50-288 was about
equally active, whereas IN50-263 and IN50-212 displayed somewhat less activity (0.12%, 0.06%, and 0.04% of substrate
converted to product, respectively). IN50-186 and IN50-173
were not detectably active (Fig. 2F). In reactions conducted
in the presence of higher concentrations of NaCl and
CHAPS, only IN50-288 and IN50-263 exhibited substantial
activity in addition to IN1-288 (data not shown). Evidently
amino acids between 186 and 288 are required for activity on
this substrate.
Might the 20-amino acid His-Tag play a role in the function
of these deletion mutants, and so influence our interpretations of the activities of mutant proteins? To address this
issue, deletion mutants 50-288 and 50-263 lacking the
His-Tag were each partially purified under nondenaturing
conditions and assayed. Each preparation displayed disintegration activity, indicating that the His-Tag is not required for
this activity (data not shown).
Zinc Binding by Amino Acids of a Conserved AminoTerminal Motif. The observation that the integrase proteins
of retroviruses and retrotransposons contain a conserved
sequence, HX3_7HX23-32CX2C, that resembles known metal

Int Disint

HH CC D D- 35-FE

+

1

50

+

288

D D 35- F

+

50

288

D D- 35- E
+

50

263
D D- 35- E

:
-

50

D D- 35- E

50

+

212
186

+

DD-35- E
50

173

FIG. 3. Summary of activities found for HIV-1 integrase and
deletion derivatives. Int, integration; Disint, disintegration. Plus
signs indicate that the protein retained the indicated activity; minus
signs indicate that the protein retained <2% of the activity of IN1-288.

z

CD

o
U}

-r

U0

Catalytic Center
Zinc Binding
H
HH CC II D D- 35- E

CO)

zz

Ono a

Z cn
ui Z ZD
CD r- D
<
CMj C\5 Cy)
CC
C) Ca
N C.
0 Z. ZO
lL
If
ws
tie
0
o
w u
z wJ U7
F-

<

+

I I

- z
> C%j
r-

I I

3431

Proc. Natl. Acad. Sci. USA 90 (1993)

Biochemistry: Bushman et al.

I I I I I I I I

I

I
1

50

186

288

FIG. 5. Summary of the activities of the domains of the HIV
integrase protein mapped in these studies.

FIG. 4. Zinc blot analysis of zinc binding by HIV integrase
protein and mutants containing amino acid substitutions. Proteins
were separated by SDS/PAGE on a 4-20% polyacrylamide Tris/
glycine gel (NOVEX). OVA, ovalbumin; CA, carbonic anhydrase;
SD, superoxide dismutase. Mutants are denoted by indicating the
wild-type residue, the residue number, and the mutant substitution.
Each lane contained 8 ug of the indicated protein. The second lane
contained 8 ,ug of CA and 8 ,ug of SD.

binding motifs prompted us to examine whether the HIV-1
integrase can bind Zn2+. Metal binding was tested in a zinc
blot (29, 30), in which the protein of interest is subjected to
SDS/PAGE, blotted to a nitrocellulose membrane, incubated
under conditions designed to promote protein renaturation,
and then probed with 65Zn2+. After washing, 65Zn2+ binding
was assessed by autoradiography. A drawback of this method
is that Zn2+ can in principle bind to any protein with a free
sulfhydryl group, and in early experiments Zn2+ was found to
bind not only to integrase protein but also to proteins not
normally expected to bind Zn2+. We found that the specificity
of Zn2+ binding could be somewhat improved by addition of
high concentrations of 2-mercaptoethanol, which both allows
the binding reaction to be conducted under reducing conditions (30) and provides a free sulfhydryl competitor (data not
shown).
Under these conditions, HIV-1 integrase was found to bind
Zn2+ (Fig. 4, lane 3), as were the known zinc-binding enzymes carbonic anhydrase and superoxide dismutase (lane
2). Ovalbumin, a protein not expected to bind Zn2+ (29),
displayed only very weak binding (lane 1). Competition
studies revealed that metal binding was specific: Zn2+ and
Cd2+ competed for binding of 65Zn2+, whereas Ca2+ and
Mn2+ did not (data not shown).
To map the residues of integrase involved in Zn2+ binding,
a series of mutants containing amino acid substitutions (26)
was assayed by zinc blotting. Four mutants bearing substitutions in the histidine and cysteine residues of the potential
metal binding motif displayed reduced Zn2+ binding, while
seven mutants bearing substitutions elsewhere in the protein
displayed wild-type levels of Zn2+ binding. Evidently the
conserved amino acids of the HHCC motif are important for
Zn2+ binding in this assay.

DISCUSSION
The data presented in this paper map two functions of the
HIV-1 integrase protein (Fig. 5). (i) A polynucleotidyl transfer center lies between amino acids 50 and 186. This region
encompasses the D,D-35-E amino acid sequence motif found
in integrase proteins from plants, animals, and fungi and also
found in the transposase proteins of some bacterial transposons. (ii) Integrase protein binds zinc, and conserved
amino acids of the HHCC motif near the amino terminus
(residues 12-43) are required for efficient zinc binding.

Each of these functions probably lies on an independently
folded protein domain. IN50186 is evidently capable of independent folding, since IN50-'" was active after purification in
the presence of 6 M Guanidine and subsequent removal of the
denaturant. In the context of the complete integrase protein,
residues 50-186 were particularly stable in partial-proteolysis
studies (26), also indicating that this region is probably an
independently folded domain. IN50186 is most likely close to
the smallest unit sufficient for folding and polynucleotidyl
transfer activity, because the conserved residues of the
D,D-35-E motif, which are known to be required for function
(20, 26, 31, 34), lie 14 residues from the amino terminus and
34 residues from the carboxyl terminus. IN50-173 displays
only extremely weak disintegration activity, indicating that
some of the residues between 173 and 186 are important for
efficient disintegration. For the case of the amino-terminal
Zn2+ binding region, Burke et al. (35) have reported that a
peptide composed of the amino-terminal 55 amino acids can
fold stably in the presence of Zn2+, consistent with the view
that the amino-terminal region is also a discrete domain in the
context of the complete protein.
Our data establish that the D,D-35-E domain is sufficient
for the disintegration reaction, whereas the terminal cleavage
and strand transfer reactions require additional functions
present in the complete integrase. How are the various
subfunctions of integrase distributed among the protein domains? One would expect that integrase must bind to both the
viral DNA end and the target DNA to carry out the strand
transfer reaction, and we have identified interactions with
both DNAs in DNA premodification interference experiments (36). Data presented here imply that residues 50-212
are probably sufficient for binding the target DNA, because
the A-branch substrate consists only of the target-like part of
the disintegration substrate plus one additional adenine residue, and IN50-212 retains activity on this substrate.
More tentatively, we propose that the zinc-binding domain
is involved in binding of the viral DNA end. Since both the
cleavage and the strand transfer reaction require binding of
the viral DNA, loss of this activity would be expected to
block terminal cleavage and strand transfer without necessarily abolishing the disintegration activity. In support of this
idea, we find that a mutant that lacks the zinc-binding domain
(IN50288) has 3.5 times less activity on the disintegration
substrate than does IN'-288; however, on the A-branch substrate, which lacks the viral DNA end, IN1-288 and IN50-288
have equal activity. Evidently integrase is only sensitive to
the presence of the viral DNA end when the amino-terminal
zinc-binding domain is present, as expected from the view
that these parts interact.
The residues at the carboxyl terminus of integrase are
clearly important for full function, since deletion of 264-288
drastically diminishes terminal cleavage and strand transfer
(31), but the specific function of the carboxyl-terminal sequences is unclear. One potential role of the carboxylterminal sequences could be aiding the formation of active
integrase oligomers. Experiments on the integrase protein of
Rous sarcoma virus indicate that the active form for terminal
cleavage is a dimer (37). We find that the HIV integrase
protein probably acts as a multimer for terminal cleavage and
strand transfer and that carboxyl-terminal sequences may
contribute to forming an active oligomer (unpublished data).
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It seems likely that the D,D-35-E domain is the catalytic
center for all the polynucleotidyl transfer reaction carried out
by integrase. Support for this view comes from the observation that most amino acid substitutions of the conserved
acidic residues abolished all polynucleotidyl transfer reactions, while the physical properties of the mutant proteins
were not drastically changed, suggesting that the mutants
were properly folded (20, 26, 31, 34). Studies of the mechanism of catalysis by integrase are also consistent with this
view. None of the reactions carried out by the HIV integrase
requires an external energy source (2, 4, 28). A study of the
stereochemical course of strand transfer indicates that the
reaction takes place by a single-step transesterification mechanism. The terminal cleavage reaction also probably takes
place by a single-step mechanism (32, 33). A common active
site could carry out both terminal cleavage and strand transfer if these reactions differ in the choice of the nucleophile
that attacks the backbone phosphodiester: a water molecule
for the terminal cleavage reaction and a DNA 3'-hydroxyl for
the strand transfer reaction.
The D,D-35-E motif is found in many proteins involved in
polynucleotidyl transfer reactions (18-20), suggesting that
the D,D-35-E motif has been adapted by evolution to carry
out such reactions in diverse contexts. The integrase proteins
of retroviruses and retrotransposons contain HHCC and
D,D-35-E motifs that may lie on independent domains, but
the carboxyl-terminal sequences are much less similar among
the members of this group. Evidently the carboxyl-terminal
parts of these proteins have varied during the course of
evolution, while the two amino-terminal domains have been
relatively conserved. For the case of the bacterial transposase proteins that contain the D,D-35-E motif, the retroelement zinc-binding domain is absent, but a domain containing a reasonable match to the helix-turn-helix motif is
present at the amino terminus (18, 38). The amino-terminal
domain containing the helix-turn-helix may direct sequencespecific DNA binding at the ends of the transposon, as has
been shown for the analogous domain of the IS] transposase
(39). The gene 46-encoded exonuclease protein of phage T4
contains a potential D,D-35-E motif, but in a context that
does not resemble either the integrases or the transposases
(19). The gene 46 nuclease does not obviously contain either
a helix-turn-helix or zinc-binding motif, but it may contain a
nucleotide-binding fold (40) of as yet unclear function. The
D,D-35-E polynucleotidyl transfer domain has evidently
been adapted to diverse purposes by the addition of auxiliary
domains that direct the function of the basic catalytic center.
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