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We have probed the structural organization of the human immunodeficiency virus type 1 integrase protein
by limited proteolysis and the functional organization by site-directed mutagenesis of selected amino acid
residues. A central region of the protein was relatively resistant to proteolysis. Proteins with altered amino
acids in this region, or in the N-terminal part of the protein that includes a putative zinc-binding motif, were
purified and assayed for 3' processing, DNA strand transfer, and disintegration activities in vitro. In general,
these mutations had parallel effects on 3' processing and DNA strand transfer, suggesting that integrase may
utilize a single active site for both reactions. The only proteins that were completely inactive in all three assays
contained mutations at conserved amino acids in the central region, suggesting that this part of the protein may
be involved in catalysis. In contrast, none of the mutations in the N-terminal region resulted in a protein that
was inactive in all three assays, suggesting that this part of integrase may not be essential for catalysis. The
disintegration reaction was particularly insensitive to these amino acid substitutions, indicating that some
function that is important for 3' processing and DNA strand transfer may be dispensable for disintegration.

Integration of a DNA copy of the retroviral RNA genome
into a chromosome of the host cell is necessary for efficient
virus replication. Retroviral DNA integration is accom-
plished by a defined set ofDNA cutting and joining reactions
mediated by the viral integration machinery. In the first step,
two nucleotides are removed from the 3' ends of the linear
viral DNA made by reverse transcription. The resulting
recessed 3' ends of the viral DNA are then inserted into the
target DNA in a subsequent DNA strand transfer reaction;
the 5' ends of the viral DNA and the 3' ends of target DNA
at the site of insertion remain unjoined in the resulting
integration intermediate. The integration process is com-
pleted by degradation of the two unpaired bases at the 5'
ends of the viral DNA and repair of the single-strand gaps
between viral and target DNA, reactions that are likely to be
carried out by host enzymes. See references 3 and 18 for
reviews of retroviral DNA integration.

Purified human immunodeficiency virus type 1 (HIV-1)
integrase (IN) protein possesses all biochemical activities
necessary for formation of the integration intermediate.
Integrase has a site-specific nuclease activity that cleaves
two nucleotides from the 3' end of oligonucleotide DNA
substrates that model the ends of HIV DNA (5, 32, 48, 56).
This 3' processing reaction exposes the CAoH-3' end that is
inserted into a target DNA in a subsequent DNA strand
transfer reaction that is also carried out by integrase (5, 6,
32). The integrase proteins of several other retroviruses,
including Moloney murine leukemia virus (Mo-MLV) (9) and
avian sarcoma-leukosis virus (27, 28, 58), also mediate these
reactions in vitro. HIV-1 integrase has also been shown to
promote an apparent reversal of the DNA strand transfer
reaction, termed disintegration (7).
These in vitro systems using oligonucleotide substrates

and purified integrase protein have been invaluable for
investigating the DNA substrate requirements (5, 32, 33, 55,
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56) and chemical mechanisms (13, 57) of the 3' processing
and DNA strand transfer reactions catalyzed by HIV-1
integrase. The stereochemical course of both the 3' process-
ing and DNA strand transfer reactions has been monitored
by incorporating phosphorothioate of known chirality in the
substrate DNA for in vitro reactions and determining the
chirality of these groups in the reaction products (13).
Phosphorothioate at the site of cleavage undergoes inversion
of chirality during the 3' processing reaction. Similarly, the
chirality of phosphorothioate at the site of insertion in the
target DNA is inverted during the course of the DNA strand
transfer reaction. These results strongly support the view
that these reactions both proceed by a one-step mechanism
not involving a covalent intermediate between integrase and
DNA (13).
Although progress has been made in determining the DNA

substrate requirements for integrase and understanding the
chemical mechanism of the 3' processing and DNA strand
transfer reactions, little is known about the parts of the
protein that are involved in interactions with the DNA
substrates, protein-protein interactions, or catalysis. We
have used limited proteolysis to probe the structure of HIV-1
integrase and site-directed mutagenesis of selected con-
served amino acid residues (14, 26, 29, 31) to address the
functional organization of the protein. The results suggest
that integrase may have a single active site located in a
central domain of the protein that is relatively resistant to
proteolysis.

MATERIALS AND METHODS

Nucleotides, oligonucleotides, and enzymes. Radionucle-
otides were obtained from New England Nuclear at a
specific activity of 3,000 Ci/mmol. Oligonucleotides were
synthesized by using an Applied Biosystems 380B DNA
synthesizer. Restriction endonucleases and T4 DNA ligase
were obtained from New England Biolabs. T4 polynucleo-
tide kinase was obtained from Pharmacia LKB. Sequenase
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version 2.0 DNA polymerase was obtained from United
States Biochemical Corp. Proteases were obtained from
Boehringer Mannheim.

Construction of integrase expression plasmids. HIV-1 inte-
grase was expressed in Escherichia coli, essentially as
described previously (48), using a T7 expression system (53).
Plasmid pMK561 (6) was digested with BspMI, and the
741-bp DNA fragment that includes most of the integrase
coding region was isolated. Double-stranded oligonucleo-
tides were ligated onto each end of the DNA fragment to
restore the complete coding region. One oligonucleotide
restored the 5' end of the region and included both an ATG
codon for initiation of translation in E. coli and an NdeI
cohesive end. Another oligonucleotide restored the 3' end of
the region and included a BamHI cohesive end. This DNA
was ligated with NdeI-BamHI-digested pAR2156 DNA (42).
The resulting plasmid (pINT7) was digested with XbaI and
BamHI, and the 911-bp DNA fragment that includes the
entire integrase coding sequence and some 5'-proximal vec-
tor sequence was isolated and ligated with XbaI-BamHI-
digested M13mp19 DNA. Single-stranded phage DNA was
prepared, and bases 4673 and 4676 of the integrase coding
region were altered by site-directed mutagenesis to intro-
duce previously determined substitutions that decrease the
initiation of translation from an adventitious internal start
site (24). Mutagenesis was performed by using a kit obtained
from Amersham (catalog no. RPN 1523). The entire inte-
grase coding region in the resulting recombinant phage (B2)
was sequenced by the dideoxynucleotide chain termination
method (45). Phage B2 was used to prepare double-stranded
DNA, and this DNA was digested with XbaI and BamHI.
The 911-bp DNA fragment was isolated, and plasmid pINSD
was produced by ligation of this fragment withXbaI-BamHI-
digested pAR2156 DNA.

Specific codons of the integrase coding region were muta-
genized by using oligonucleotides and single-stranded DNA
from phage B2. The presence of the desired base changes
Was confirmed by sequencing the targeted region of products
of each mutagenesis reaction. The 911-bp XbaI-BamHI
DNA fragments containing the desired mutations were li-
gated with XbaI-BamHI-digested pAR2156 DNA to obtain
expression plasmids for mutant integrase proteins.

Protein purification. HIV-1 integrase was purified from E.
coli essentially as described previously (48), with some
minor modifications. E. coli BL21(DE3) (53) was trans-
formed with an integrase expression plasmid, plated onto
agar plates containing 100 ,ug of ampicillin per ml, and
incubated at 37°C overnight. A colony was inoculated into
Super broth (Quality Biological) containing 100 ,ug of ampi-
cillin per ml, and the culture was grown to an optical density
at 600 nm of 0.8. Glycerol was added to a final concentration
of 15% (wt/vol), and the culture was frozen at -70°C. For
induction of integrase expression, the cells were thawed and
diluted 1:100 (vol/vol) into 5 liters of Super broth containing
100 ,g of ampicillin per ml. The culture was grown to an
optical density at 600 nm of 0.8, and isopropylthiogalacto-
pyranoside (IPTG) was added to a final concentration of 0.4
mM. Incubation was continued for 3 h, and the cells were
harvested and resuspended in 120 ml of ice-cold 25 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES;
pH 7.6)-i mM EDTA. The cells were frozen in liquid
nitrogen. The rest of the preparation was done at 4°C or on
ice.
The cells were thawed on ice overnight and resuspended

in an equal volume of LS buffer (0.1 M NaCl, 20 mM
Tris-HCl [pH 8.0], 1 mM EDTA, 1 mM dithiothreitol
[DTT]), and lysozyme was added to a final concentration of

0.2 mg/ml. The cells were incubated for 30 min on ice and
then subjected to six cycles of sonication for 20 s at 100 W,
allowing 4 min for cooling between each cycle. The lysed
cells were centrifuged at 30,000 x g for 25 min, and the pellet
was resuspended in 40 ml of LS buffer by homogenization.
The suspension was centrifuged at 30,000 x g for 25 min,
and the pellet, which contained the integrase, was resus-
pended in 40 ml of buffer containing 1 M NaCl, 20 mM
Tris-HCl (pH 7.5), 1 mM EDTA, and 1 mM DTT by
homogenization. The suspension was stirred slowly for 30
min and then centrifuged at 30,000 x g for 25 min. Ammo-
nium sulfate (0.8 M, final concentration) was added to the
supernatant, which contained the solubilized integrase.
The extract was loaded onto 2 ml of butyl-Sepharose 4B

(Pharmacia LKB). The column was equilibrated prior to
loading by being washed first with LSC buffer (50 mM
HEPES [pH 7.6], 0.2 M NaCl, 0.1 mM EDTA, 1 mM DTT,
10% [wt/vol] glycerol) and then with HSC buffer (50 mM
HEPES [pH 7.6], 0.2 M NaCl, 0.8 M ammonium sulfate, 0.1
mM EDTA, 1 mM DTT). Proteins were eluted by using a
linear gradient of 100% HSC buffer to 100% LSC buffer. The
fractions containing integrase were pooled and diluted 1:2
(vol/vol) with 50mM HEPES (pH 7.6)-0.1 mM EDTA-1 mM
DTT-10% (wt/vol) glycerol. This material was loaded onto 1
ml of heparin-Sepharose CL-4B (Pharmacia LKB). The
column was washed first with HS buffer (50mM HEPES [pH
7.6], 1 M NaCl, 0.1 mM EDTA, 1 mM DTT, 10% [wt/vol]
glycerol) and then with LSC buffer prior to loading. Proteins
were eluted with a linear gradient of 100% LSC buffer to
100% HS buffer. Integrase-containing fractions were pooled
and dialyzed against 20 mM HEPES (pH 7.6)-i M NaCl-1
mM EDTA-1 mM DTT-20% (wt/vol) glycerol. The proteins
were further purified by dialysis against 20 mM HEPES (pH
7.6)-0.4 M potassium glutamate-0.1 mM EDTA-1 mM
DTT-0.1% (vol/vol) Nonidet P-40, 20% (wt/vol) glycerol,
which precipitates integrase, leaving most of a contaminat-
ing nuclease activity in the supernatant (12). The resulting
suspension was centrifuged at 12,500 x g for 25 min, and the
pellet was resuspended in 20 mM HEPES (pH 7.6)-i M
NaCl-1 mM EDTA-1 mM DTT-10% (wt/vol) glycerol. This
mixture was incubated for 30 min and then centrifuged at
12,500 x g for 25 min. The supernatant, which contained the
soluble integrase, was frozen in liquid nitrogen and stored at
-700C.

Proteolysis and protein sequencing. HIV-1 integrase was
subjected to proteolysis with three different proteases:
trypsin, chymotrypsin, and V8 protease. Approximately 2
p,g of integrase was incubated with 40 ng of protease in 22 Iul
of 20 mM HEPES (pH 7.6)-0.55 M NaCl-1 mM EDTA-1
mM DTT-20% (wt/vol) glycerol. Reactions with V8 protease
were carried out at 25°C, and reactions with trypsin and
chymotrypsin were carried out at 30°C. Reactions were
stopped by the addition of phenylmethylsulfonyl fluoride to
a final concentration of 2mM followed by the addition of 5.5
,ul of 5x protein sample buffer (0.31 M Tris-HCl [pH 6.8],
10% [wt/vol] sodium dodecyl sulfate [SDS], 50% [wt/vol]
glycerol, 25% [vol/vol] 2-mercaptoethanol, 0.005% [wtNvol]
bromophenol blue).

Reactions were scaled up fivefold for protein sequencing.
The products of proteolysis were electrophoresed in SDS-
15% polyacrylamide (30:0.8, acrylamide-bisacrylamide) gels
and transferred to polyvinylidene difluoride membranes as
described previously (36). The membranes were stained with
Coomassie blue R-250, and stained bands were cut from the
membrane and subjected to 20 cycles of Edman degradation,
using an Applied Biosystems 471A protein sequencer.

Protein sequence alignment. The predicted amino acid
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FIG. 1. Limited proteolysis of HIV-1 integrase with trypsin and
V8 protease. (A) Integrase was incubated with trypsin, and the
cleavage products were analyzed on an SDS-15% polyacrylamide
gel. Lanes: 1, phenylmethylsulfonyl fluoride was added prior to
trypsin; 2 to 6, reactions for 0.5, 2, 4, 8, and 20 h, respectively. The
migration positions of intact integrase and the major proteolytic
fragments are indicated on the right; the migration positions of
molecular weight standards are indicated in kilodaltons on the left.
(B) Limited proteolysis with V8 protease. The reactions in lanes 1 to
6 were the same as in panel A except that V8 protease was

substituted for trypsin; the major proteolytic fragments are labeled.

sequences of the integrase proteins from 20 retroviruses
were aligned with the amino-terminal 194 amino acids of
HIV-1 integrase from strain NL43 (1, 34). Sequences were
aligned by eye to yield maximum similarity.

3' processing, strand transfer, and disintegration reac-

tions. The following oligonucleotides were used as DNA
substrates: AE117 (5'-ACTGCTAGAGAlTTICCACAC),
AE119 (5'-GTGTGGAAAATCTCTAGCA), AE146 (5'-GG
ACGCCATAGCCCCGGCGCGGTCGCTTTC), AE150 (5'-
GTGTGGAAAATCTCTAGCAG), AE156 (5'-GTGTGGAA
AATCTCTAGCAGGGGCTATGGCGTCC), and AE157 (5'-
GAAAGCGACCGCGCC).

Oligonucleotides AE117 and AE150 were annealed and
filled in with [cc-32PJ1T1P, using Sequenase version 2.0 DNA
polymerase for use in the 3' processing reaction as described
previously (13). Processing reactions and denaturing poly-
acrylamide gel electrophoresis were also done as described
previously (13).
The preprocessed substrate for the DNA strand transfer

reaction was prepared by labeling oligonucleotide AE119
with T4 polynucleotide kinase and annealing an equimolar
amount of oligonucleotide AE117 as previously described
(9). Labeled substrate was separated from unincorporated
nucleotides by passage through a G25 quick-spin column
(Boehringer Mannheim). Conditions for the DNA strand
transfer reaction were identical to those previously de-
scribed for the 3' processing reaction (13).
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FIG. 2. Locations of the protease cleavage sites. Intact integrase
is represented as a bold line (center). Amino acid positions are

numbered from the N terminus. The positions of Glu residues (V8
cleavage sites) and Arg and Lys residues (trypsin cleavage sites) are

indicated above and below, respectively. The peptides generated by
V8 cleavage are shown above, and those generated by cleavage with
trypsin are shown below. Predominant peptides are noted in bold
type when the band on the gel contained a mixture of peptides that
were not resolved by electrophoresis. Dashed lines represent the
estimated positions of C termini.

The DNA substrate for the disintegration reaction was

prepared by labeling oligonucleotide AE157 with T4 polynu-
cleotide kinase and annealing equimolar amounts of oligo-
nucleotides AE146, AE117, and AE156 in the same way as

described for the preparation of the DNA strand transfer
substrate. This substrate was also passed through a G25 spin
column prior to use. Conditions for the disintegration reac-
tion were identical to those for the 3' processing reaction.

Quantitation of protein concentration and reaction prod-
ucts. Protein concentrations were determined by densitom-
etry of bands in SDS-polyacrylamide gels stained with
Coomassie blue G-250, with wild-type integrase as a stan-
dard, using a MasterScan Interpretive Densitometer (Scan-
alytics).

Products of the 3' processing, DNA strand transfer, and
disintegration reactions were quantitated by using a Molec-
ular Dynamics PhosphorImager.

RESULTS

Mapping of accessible protease cleavage sites in HIV-1
integrase. Partial proteolysis is a useful tool for analyzing the
domain structure of proteins; protease cleavage sites located
within tightly folded regions of a protein are more resistant
to cleavage than are sites located in hinge regions between
domains or in other, less ordered parts of the structure. We
have subjected HIV-1 integrase to limited proteolysis and
analyzed the cleavage products by SDS-polyacrylamide gel
electrophoresis and N-terminal peptide sequencing.
A time course of digestion with trypsin and V8 protease is
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N /FLDGIDKAQEEHEKYHSNWRAMASDFNLPPVV
RH (11) /FLDRIEEAQDDHAKYHNNWRSWVQEFGLPNIV
RH (11) /FLEKIEPAQEEHEKYHSNVKELSHKFGIPNLV
RH (11) /FLKKIEPAQEEHEKYHSNVKELVFKFGLPRLV
RH (11) /FLEKIEPAQEEHDKYHSNVKELVFKFGLPRIV

RH (143) /WVENIQEAQDEHENWHTSPKILARNYKIPLTV
RH (141) /WVDRIEEAEINHEKFHSDPQYLRTEFNLPKMV
RH (140) /WIENIPLAEEDHTKWHQDARSLHLEFEIPRTA
RH (85) /FLENIPSATEDHERWHTSPDILVRQFHLPKRI
RH (9) /INTNLESAQNAHTLHHLNAQTLRLMFNIPREQ
RH (4) /ILTALESAQESHALHHQNAAALRFQFHITREQ
RH(9) /LSSPVEAARNFHNNFHVTAETLRSRFSLTRKE

N / PLREAKDLHTALHIGPRALSKACNISMQQ
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AKEIVAS CDKCQLKGEA
AKEIVAA CPKCQIRGEP
ARQIVNS CAQCQQKGEA
AKQIVDT CDKCHQKGEA
ARQIVDT CDKCHQKGEA
AKQITQE CPHCTKQGSG
AEEIRRK CPVCRIIGEQ
AEDIVNQ CEICKEARTP
AKEIVAR CQECKRTTTS
ARQIVKQ CPICVTYLPV
AREIVKL CPNCPDWGHA
ARDIVTQ CQSCCEFLPV
AREVVQT CPHCNSAPAL

-I D64 T66
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MHGQVDCSPGI WQLDCTHLEGKVILVA VHV ASGYIEAEVIPAE
KHGQVDASIET WQMDCTHLEGKVIIVA VHV ASGFIEAEVIPRE
IHGQVNAELGT WQMDCTHLEGKI IIVA VHV ASGFIEAEVIPQE
IHGQVNAELGT WQMDCTHLEGKIIIVA VHV ASGFIEAEVIPQE
IHGQVNSDLGT WQMDCTHLEGKIVIVA VHV ASGFIEAEVIPQE
PAGCVMRSP NHWQADCTHLDNKIILTF VESNSGYIHATLLSKE
VGGQLKIGPGI WQMDCTHFDGKIILVG IHV ESGYIWAQIISQE

AVIRGGN KRGV NHWQVDYTHYENIILLVW VETNSGLIYAEKVKGE
PVRGTN PRGR FLWQMDNTHWNKTIIWVA VETNSGLVEAQVIPEE
PHLGVN PRGLFPNMIWQMDVTHYSEFGNLKY IHVSIDTFSGFLLATLQTGE
PQLGVN PRGLKPRVLWQMDVTHVSEFGKLKY VHVTVDTYSHFTFATARTGE
PHVGIN PRGIRPLQVWQMDVTHVSSFGKLQY LHVSIDTCSGIMFASPLTGE
EAGVN PRGLGPLQIWQTDFTLEPRMAPRSW LAVTVDTASSAIVVTQHGRV

~~~~~~~~~~~~~~~~"-I- ws--- Tm-SVVVV -V.. osesrmv.a c*7Vn-T
RH(O) /QLLPLETPEQWHKLTHCNSRALSRWPNPRIS AWDPRSPATLCETCQRLNPT GGGKMRTIQ RGWAPNHIWQADITHYKYKrFTYA LHVFVDTYSATHASA^KRL
RH(4) /APLVPLTPQGLHGLTHCNQRALVSFGATPRE AKSLVQT CHTCQTINSQ HHMPRGYIR RGLLPNHIWQGDVTHYKYKKYKYC LHVWVDTFSGAVSVSCKKKE

RH(4) /TPVLQLSPADLHSFTHCGQTALTLQGATTTE ASNILRS CHACRKNNPQ HQMPQGHIR RGLLPNHIWQGDITHFKYKNTLYR LHVWVDTFSGAISATQKRKE

RH (62) /RAVGRKVLEQTHRATHLGESKLTELVRKHYPICGIYRAARDITTR CVACAQVNPRAAPVEKGLNSRIRGAAPGEHWEVDFTEMITAKGGYKYLLVLVDTFSGWVEAYPAKRE
RH (63) /EKYAKELISHLHKLTHLSARKMKTLLEREETGFYLPNRDLHLRQVTESCRACAQINAG KIKFGPDVRARGRRPGTHWEVDFTEIKPGMYGYKYLLVFIDTFSGWAEAYPAKHE
N (45) /DQFTFELLDFLHQLTHLSFSKMKALLERSHSPYYMLNRDRTLKNITETCKACAQVNAS KSAVKQGTRVRGHRPGTHWEIDFTEIKPGLYGYKYLLVFIDTFSGWIEAFPTKKE

RH (63) /DQFVFELLDSLHRLTHLGYQKMKALLDRGESPYYMLNRDKTLQYVADSCTVCAQVNAS KAKIGAGVRVRGHRPGSHWEIDFTEVKPGLYGYKYLLVFVDTFSGWVEAFPTKRE
RH (62) /QSDRQKIVLQAHNLAHTGREATLLKIANLYWWPNMRKDVVKQLGR CQQCLITNASN KASGPILRPDRPQKPFDKFFIDYIGPLPPSQGYLYVLVVVDGMTGFTWLYPTKAP

44 4 c4 c
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* * l llII * * * *.1**

HIV-1 TGQETAYFLLKLAG RWPVKTVHTDNGSNFTSTTVKAACWWAGIKQEFGIPYNPQSQGVIESMNKELKKI IGQVRDQAEHLKT AVQMAVFIHNFKRKGGIGGY/ 94

SIVagm TGKETAHFLLKLLA RWPVKHLHTDNGPNFTSQNVAAVCWWGNIEHTTGIPYNPQSQGSVESMNRQLKEI ISQIRDDCERLET AVQMATHIHNFKRKGGIGGI /109
HIV-2 SGRQTALFLLKLAS RWPITHLHTDNGANFTSQEVKMVAWWIGIEQSFGVPYNPQSQGVVEAMNHHLKNQISRIREQANTIET IVLMAIHCMNFKRRGGIGDM/99
SIVsm TGRQTALFLLKLAG RWPITHLHTDNGANFTSQEVKMVAWWAGIEQTFGVPYNPQSQGVVEAMNHHLKTQIDRIREQANSIET IVLMAVHCMNFKRRGGIGDM/100
SIVmac TGRQTALFLLKLAG RWPITHLHTDNGANFASQEVKMVAWWAGIEHTFGVPYNPQSQGWEAMNHHLKNQIDRIREQANSVET IVLMAVHCMNFKRRGGIGDM/99
EIAV NALCTSLAILEWAR LFSPKSLHTDNGTNFVAEPVVNLLKFLKIAHTTGIPYHPESQGIVERANRTLKEKIQSHRDNTQTLEA ALQLALITCNKGRE SMGGQ/7 8

FIV TADCTVKAVLQLLS AHNVTELQTDNGPNFKNQKMEGVLNYMGVKHKFGIPGNPQSQALVENVNHTLKVWIQKFLPETTSLDN ALSLAVHSLNFKRRGRIGGM/85
CAEV GQEFRIKVMHWYA LFGPESLQSDNGPAFAAEPTQLLMQYLGVKHTTGIPWNPQSQAIVERAHQLLKSTLKKFQPQFVAVS AIAAALVAINIKRKGGLGTS/85
BIV TALQVALCILQLIQ RYTVLHLHSDNGPCFTAHRIENLCKYLGITKTTGIPYNPQSQGVVERAHRDLKDRLAAYQGDCETVEA ALSLALVSLN KKRGGIGGM/85

MPMV TTKHVITHLLHCFSI IGLPKQIKTDNGPGYTSKNFQEFCSTLQIKHITGIPYNPQGQGIVERAHLSLKTTIEKIKKGEWYPRKGTPRN ILNHALFILNFLNLDDQNKS/70
MMTV ATKDVLQHLAQSFAY MGIPQKIKTDNAPAYVSRSIQEFLARWKISHVTGIPYNPQGQAIVERTHQNIKAQLNKLQKAGKYYTPHH LLAHALFVLNHVNMDNQGHT/1 17

IAP-IL3 KASHVIQHCLEAWSA WGKPRLLKTDNGPAYTSQKFQQFCRQMDVTHLTGLPYNPQGQGIVERAHRTLKAYLIKQKRGTFEETVPRAPRV SVSLALFTLNFLNIDAHGHT/101
RSV TSVAVQHHWATAIAV LGRPKAIKTDNGSCFTSKSTREWLARWGIAHTTGIPGNSQGQAMVERANRLLKDRIRVLAEGDGFMKRIPTSKQGELLAKAMYALNHFERGENTKT/1 16
BLV TTQMTIEGLLEAIVH LGRPKKLNTDQGANYTSKTFVRFCQQFGISLSHHVPYNPTSSGLVERTNGLLKLLLSKYHLDEPHLPMTQ ALSRALWTHNQINLLPILKT/8 9

HTLV-I I TSCETISAVLQAISL LGKPLHINTDNGPAFLSQEFQEFCTSYRIKHSTHIPYNPTSSGLVERTNGVIKNLLNKYLLDCPNLPLDN AIHKALWTLNQLNVMNPSGK/95
HTLV-I TSSEAISSLLQAIAY LGKPSYINTDNGPAYISQDFLNMCTSLAIRHTTHVPYNPTSSGLVERSNGILKTLLYKYFTDKPDLPMDN ALSIALWTINHLNVLTNCHK/95
REV-A TSQVVIKHLILDIIPRFGLPVQIGSDNGPAFVAKVTQQLCEALNVSWKLHCAYRPQSSGQVERMNRTLKKAIAKLEDRDRRGLGLP PPSGFAPGT VYPGREGLSP/1 40

FeLV TAKVVAKKLLEEIFPRYGIPQVLGSDNGPAFISQVSQSVATLLGINWKLHCAYRPQSSGQVERMNRSIKETLTKLTLETGSKDWVLL LPLVLYRVRNT PGPHGLTP/150
Mo-MLV TAKVVTKKLLEEIFPRFGMPQVLGTDNGPAFVSKVSQTVADLLGIDWKLHCAYRPQSSGQVERMNRTIKETLTKLTLATGSRDWVLL LPLALYRARNT PGPHGLTP/1 44

AKV-MLV TARVVSKKLLEEIFPRFGMPQVLGSDNGPAFTSQVSQSVADLLGIDWKLHCAYRPQSSGQVERMNRTIKETLTKLTLAAGTRDWVLL LPLALYRARNT PGPHGLTP/1 42

HSRV STSATVKSLNVLTS IAIPKVIHSDQGAAFTSSTFAEWAKERGIHLEFSTPYHPQSGSKVERKNSDIKRLLTKL LVGRPTKWYDL LPVVQLALNNTYSPVLKYTP/1 67
c c ccc c

C CC
c c

FIG. 3. Protein sequence alignment. The amino acid sequence of HIV-1 integrase, from strain NL43, is shown from the amino terminus

to residue 194 (1, 34). The dots above the sequence number every 10 residues and the dashed lines mark the approximate boundary of the

central core. The residues highlighted above the sequence were changed by site-directed mutagenesis. The symbols below the sequences

indicate positions of amino acid conservation (arrow, invariant amino acid residue; c, amino acid residue that exhibits only conservative

variation). Amino acid residues were grouped for this purpose as follows: G, A, S, T, P; L, I, V, M; F, Y, W; D, E, N, Q; K, R, H; C (47).

Numbers at the left are the numbers of amino acid residues between the amino termini and the conserved Asp residue in the RNase H (RH)

domains of the viruses. This Asp is residue 704 of the p61 reverse transcriptase protein of HIV-1 NL43 (1). For Mo-MLV, the number at the

left is the number of residues between the terminus and the presumed amino terminus of Mo-MLV integrase protein (8). NI, HIV-1 and Rous

sarcoma virus integrase N termini (22, 34). Numbers at the right are the numbers of amino acid residues remaining in the complete integrase

proteins. The other sequences were aligned to the HIV-1 sequence by eye to yield maximum similarity. These sequences are from the

following viruses: SIVagm, simian immunodeficiency virus from African green monkey, strain 677 (16); HIV-2, HIV type 2, strain ROD (19);

SIVsm, SIV from a sooty mangabey, strain H4 (23); SIVmac, SIV from a macaque, strain 251 (30); EIAV, equine infectious anemia virus,

strain CL22 (52, 59); FIV, feline immunodeficiency virus, strain Petaluma (54); CAEV, caprine arthritis-encephalitis virus, strain CO (44);

BIV, bovine immunodeficiency virus, clone 127 (17); MPMV, Mason-Pfizer monkey virus, strain 6A (51); MMTV, mouse mammary tumor

virus, BR6 isolate (38); IAP-IL3, intracisternal A particle, IL3 isolate (20, 61); RSV, Rous sarcoma virus, strain Prague C (46); BLV, bovine

leukemia virus, strain FLK (41); HTLV-II, human T-cell leukemia virus type II, clone XH6.0 (49); HTLV-I, human T-cell leukemia virus type

I, clone HS-35 (35); REV-A, reticuloendotheliosis virus, strain A (60); FeLV, feline leukemia virus, strain F6A (10); Mo-MLV, clone pMLV-1
(37, 50); AKV-MLV, murine leukemia virus, strain AKR-623 (21); HSRV, human spumaretrovirus, clone pHSRV (15, 40).

shown in Fig. 1; chymotrypsin gave a series of proteolytic
fragments similar to those generated by trypsin (12). The
amino termini of the five major fragments observed during
the time course of digestion with trypsin (Fig. 1A) and of the
six fragments produced by digestion with V8 protease (Fig.
1B) were determined by peptide sequencing. The approxi-
mate carboxyl termini of these fragments were then deduced
from their apparent molecular weights. The results of this
analysis are summarized in Fig. 2.

The amino-terminal region of the protein was relatively

sensitive to proteolysis; cleavage was detected at most of the

predicted (1, 4, 25) cleavage sites for trypsin and V8 protease

(Fig. 2). The carboxyl-terminal part of the protein was also

relatively sensitive to proteolysis. In contrast, a central core

region of the protein, comprising approximately 120 amino

acid residues, was more resistant; proteolytic fragments

spanning this region remained intact at late times during

proteolysis (Fig. 1, fragments T17, T20, and V20).

HIV-1
SIVagm
HIV-2
SIVsm
SIVmac
EIAV
FIV
CAEV
BIV
MPMV
MMTV
IAP-IL3
RSV
BLV
HTLV- I I
HTLV-I
REV-A
FeLV
Mo-MLV
AKV-MLV
HSRV
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Selection of amino acid residues for site-directed mutagen-
esis. HIV-1 integrase contains certain amino acid residues
that are invariant among the sequences of retroviral and
retrotransposon integrases, as well as the transposases of
some bacterial transposable elements (14, 26, 29, 31, 43).
Figure 3 shows an alignment of the amino acid sequence of
HIV-1 integrase with the corresponding sequences from 20
other retroviruses; most of the sequences in this alignment
are from infectious molecular clones of viral DNA and are
therefore expected to encode functional integrase. We used
this alignment to determine where the invariant residues lie
with respect to the regions of the protein that were both
relatively sensitive and relatively resistant to proteolysis.
The alignment also identifies less well conserved amino acid
residues among retroviral integrases that might be attractive
targets for mutagenesis.

Eight amino acid residues are invariant in this sequence
alignment (Fig. 3). Four of these residues are in the central
core, and the other four are in the amino-terminal region that
was relatively sensitive to proteolysis. In addition, 17 amino
acids, all of which lie in the central core, show only
conservative variation in amino acid side chains (Fig. 3).

Site-directed mutagenesis was used to introduce amino
acid substitutions at selected invariant residues and some
less conserved residues. These residues are noted above the
sequence in Fig. 3 (see also Table 1). Three of the four
invariant residues in the central core, D-64, D-116, and
E-152, are also conserved in the sequences of retrotrans-
posons and certain bacterial transposable elements (14, 31,
43). These amino acids were replaced by residues with either
a different carboxyl side chain or an amide side chain. We
also made conservative substitutions in the four invariant
residues in the amino-terminal region. These His and Cys
residues are conserved in the corresponding regions of
retrotransposons but not in the sequences of bacterial trans-
posable elements (29, 43). Five other residues of the central
core were also changed by mutagenesis. In general, these
residues were chosen because they were both highly con-
served in our alignment and near one of the targeted invari-
ant residues (Fig. 3). In addition, Ala was substituted for
S-123 as a control; Ala is present at this position in four of
the other sequences in the alignment, and Gly is present at
this position in an independent infectious molecualr clone of
HIV-1 (39).

Biochemical activities of the mutant integrase proteins.
Each of the mutant proteins was expressed in E. coli and
purified. We chose to study only those mutant proteins that
could be purified by the procedure used for the wild-type
protein and are therefore unlikely to have gross structural
changes induced by the point mutations. Some additional
mutants, with altered purification properties, were not stud-
ied.
The 3' processing, DNA strand transfer, and disintegra-

tion activities of each mutant protein were assayed over a
range of protein concentration. The concentration depen-
dence of each activity with the wild-type protein is shown in
Fig. 4. Each of the mutant proteins was assayed in the same
way for the three activities. Figures 5 and 6 shows the results
for each mutant at an integrase concentration of 0.30 ,M;
any differences in concentration dependence between reac-
tions with the mutant and wild-type proteins are noted in the
text. The data are summarized in Table 1.
We analyzed the activities of four mutant proteins con-

taining amino acid substitutions in the His-Cys region. Two
of these proteins contained single amino acid substitutions of
either H-12 or C-40; the other two contained substitutions of
either both His or both Cys residues. The H12N substitution

TABLE 1. Relative activities of HIV-1 IN proteins

Relative activity'
Protein DNA strand

3' processing transfer Disintegration

H12N 30 38 135
H12N/H16N <0.3 <0.1 18
C40S 1.2 3.8 19
C40S/C43S 1.9 5.5 64
D64N <0.3 0.5 0.3
D64E <0.3 0.6 0.3
T66A 22 42 91
T115A 80 95 140
D116N <0.3 <0.1 <0.1
D116E 1.7 4.8 38
N117Q 26 57 99
S123A 71 68 136
E152D <0.3 1.8 7.2
E152Q <0.3 <0.1 <0.1
S153R 24 22 48

a Percent of wild-type activity at a protein concentration of 0.30 p.M.
Values are for the experiments shown in Fig. 5 and 6. In a separate set of
assays, the same results were obtained within a tolerance of +10% (12).

decreased both 3' processing and DNA strand transfer about
threefold in comparison with the . wild-type protein, but
disintegration activity was unaffected (Fig. 5 and 6; Table 1).
The double substitution H12N/H16N had a much more
drastic effect. The 3' processing and DNA strand transfer
activities of this protein were below the limits of detection,
with reductions in activity of at least 300-fold (Fig. 5 and 6A;
Table 1). However, a decrease of only about fivefold was
observed in the disintegration activity (Fig. 6B). Both the 3'
processing and DNA strand transfer activities remained
undetectable when wild-type and H12N/H16N proteins were
compared in reactions containing a ninefold-higher concen-
tration of protein and the same concentration of DNA
substrate (12). The single C40S substitution affected disinte-
gration activity to a similar extent as did substitution of both
His residues (Fig. 6B and Table 1). However, unlike H12N/
H16N, the C40S protein exhibited detectable 3' processing
and DNA strand transfer activities, albeit much reduced
relative to that of the wild-type protein (Table 1). Substitu-
tion of both C40 and C-43 did not further diminish any of the
activities; in fact, this protein seemed to be somewhat more
active and displayed disintegration activity similar to that of
the wild-type protein (Fig. 6B; Table 1).

In contrast to the relative tolerance of the His-Cys region
to mutation, two of the substitutions in the central core
region, D116N and E152Q, completely abolished detectable
activity in all three assays; substitution at these positions
with a residue that conserves the carboxyl side chain re-
sulted in proteins with partial activities (Table 1). Substitu-
tion of the other invariant residue in this region also drasti-
cally affected the activities of the protein; 3' processing
activity was undetectable with D64N and D64E, and DNA
strand transfer and disintegration activities were only barely
detectable with these mutants.

Substitution of the less well conserved residues in the
central core region had lesser effects on activity (Fig. 5 and
6; Table 1). Reactions with the N117Q protein, which is quite
active in all three assays, showed an interesting difference in
the distribution of 3' processing cleavage products (Fig. 5).
Under our reaction conditions (13), these products include
the simple dinucleotide, a cyclic form of this dinucleotide
(labeled FORM II in Fig. 5), and an adduct in which glycerol
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B1 2 3 4 5 6 7

SUB-

C1 2 3 4 5 6 7

PROD

SUB-

1 2 3 4 5 6 7

go -30

FORM 1- *4_

*
* #*

pGPTOH _:E

5'-GTGTG G AAA ATCT CTAG2AGT
CACACC T TT TAGAGATCGTC A -5'

5-TGTGTG AAA ATCT CTAG A
CACACC T TT TAG A GAT CGTC A -5'

c

G A,
TG{c

G T
A TAI

A TAA G
Tr A

c A

ATc A -5'Gc-

5'-GAAAG CGACCG CGCC GGGGCTATGGCGTCC
CT T T CGC TGGCGC G GCC CCGATACCGCAGG-5'

FIG. 4. 3' processing, DNA strand transfer, and disintegration activities of wild-type HIV-1 integrase. The DNA substrates are shown
below each panel. (A) 3' processing reaction. The substrate models the terminal 21 bp of the U5 end of the linear viral DNA. The arrow depicts
the site of cleavage by integrase. The DNA was labeled with 32P at the phosphate 5' of the T highlighted in bold type. Integrase was omitted
from the reaction in lane 1; the reactions in lane 2 to 7 contained 2.3 p,M, 0.77 p,M, 0.26 p,M, 85 nM, 26 nM, and 10 nM integrase, respectively.
The migration position of the substrate DNA is marked SUB. Different nucleophiles can participate in the processing reaction mediated by
integrase, giving rise to alternative products (13). FORM I is the product of cleavage by glycerol, FORM II is the product of cleavage by the
3'-OH of the DNA substrate, and pGpTOH is the product of hydrolysis (13, 57). (B) DNA strand transfer reaction. The arrow depicts the 3'
end of the preprocessed substrate that is joined to target DNA in the strand transfer product. The reactions in lanes 1 to 7 contained the same
amounts of integrase as did the corresponding lanes in panel A. The migration position of the substrate DNA is marked SUB, and the products
of strand transfer are marked PROD. (C) Disintegration reaction. The reactions in lanes 1 to 7 contained the same amounts of integrase as
did the corresponding lanes in panel A. The migration position of the starting substrate DNA is marked SUB, and the disintegration product
is marked 30. The smear above the reaction product is reportedly due to secondary structure of the product DNA (7). The conserved CA
dinucleotide that marks the 3' end of the viral sequence that is joined to target DNA in the strand transfer reaction is underlined in each panel.
The labeled phosphates in panels B and C are marked (0). The 5' end of each single-stranded oligonucleotide is noted in each panel.

is attached to the dinucleotide cleavage product (FORM I in
Fig. 5). Whereas the glycerol adduct is more abundant than
the cyclic product with the wild-type protein, the cyclic
dinucleotide is the more abundant product with N117Q.

DISCUSSION

We have attempted to gain insight into the functional
organization of HIV-1 integrase by analyzing the 3' process-
ing, DNA strand transfer, and disintegration activities of
mutant proteins containing amino acid substitutions at con-
served amino acid positions. The results support the idea
that these activities are mediated by a common catalytic site,
located within a central core region that includes three highly
conserved amino acid residues, D-64, D-116, and E-152. The
N-terminal part of the protein, which contains a putative
zinc-binding motif, appears more tolerant to mutagenesis

with respect to the three activities that we have assayed in
vitro and may not be directly involved in catalysis.
The His-Cys region. Although the His-Cys motif is highly

conserved throughout retroviruses, none of the mutations
that we tested in this region reduced disintegration activity
to an undetectable level, and only one of the four mutants,
H12N/H16N, was scored as completely inactive in the 3'
processing and DNA strand transfer assays. Thus, although
changes in these conserved residues can significantly influ-
ence the efficiency of the in vitro reactions, they do not
abolish catalytic activity. The disintegration activity was
particularly insensitive to changes in these residues; substi-
tution of both His or both Cys residues decreased disinte-
gration activity only about fivefold. Similarly, substitution of
either of the corresponding His residues of Rous sarcoma
virus integrase does not significantly impair 3' processing or
DNA strand transfer activity (29). The ability of proteins

A
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* 4*,

* r *

FIG. 5. 3' processing reactions of mutant integrase proteins. Each
protein was assayed for 3' processing activity at a concentration of
0.30 IuM. Reaction products were analyzed on a denaturing polyacryl-
amide gel. Integrase was omitted from the reaction in the lane marked
-; the wild-type protein was added to the reaction in the lane marked
WT; the other lanes contained the products of reactions with the
indicated mutant proteins. Other labeling is the same as in Fig. 4A.

with substitutions at the conserved His and Cys residues to
function in vitro suggests that the His-Cys motif is not
essential for catalysis. It is tempting to speculate that this
region of integrase is involved primarily in protein-protein
interactions and/or recognition of the viral DNA substrate.
The central core. The mutations D116N and E152Q, which

introduced amide groups at these two highly conserved
positions, abolished all detectable in vitro activities. Similar
results have recently been reported for the 3' processing and
DNA strand transfer activities of mutant HIV-1 integrase
proteins containing substitutions at these positions (11, 31).
Although we cannot exclude the possibility that these amino
acid changes have long-range effects on protein structure,
the loss of all function upon mutation of these residues
suggests that they may form part of the active site. Our
experiments do not address the role of the C-terminal part of
integrase protein, but the divergence of the amino acid
sequence of this region between different retroviruses sug-
gests that it is not a structurally conserved part of the
protein, as would be expected for the active site.

Participation of negatively charged amino acid side chains
in the active site might be anticipated from their known role
in coordinating divalent metal ions in enzymatic catalysis of
several other phosphoryl transfer reactions. For example, a
pair of metal ions, positioned by interactions with nearby
negatively charged amino acid side chains, is involved in the
3'-5' exonuclease reaction catalyzed by DNA polymerase I
(2). The pair of metal ions is thought to be involved in both
formation of the attacking hydroxyl group and the stabiliza-
tion and resolution of the reaction intermediate. A similar
role for the conserved acidic residues has been suggested to
be involved in catalysis by integrase (31). Tentative support
for the notion that D-116 lies within the active site comes
from the relatively greater abundance of cyclic dinucleotide
cleavage product made in reactions with N117Q. Lengthen-
ing the side chain of this adjacent amino acid residue
presumably modifies the local environment so as to increase
the relative efficiency of nucleophilic attack by the 3' end of
the viral DNA rather than water.
How are the activities of integrase protein related to each

other? Our results are consistent with a common active site
for 3' processing, DNA strand transfer, and disintegration,

A , §O,g i*<o <%Jit lp)(11
I I

a. t

B ,i*aOr
II I I I I I I

-3 0

PROD ~.*...............N

SUB -

-SUB

FIG. 6. DNA strand transfer and disintegration reactions of mutant iniegrase proteins. (A) DNA strand transfer activity of the proteins was
assayed at a protein concentration of 0.30 pM.M Reactions were analyzed on a denaturing polyacrylamide gel. Integrase was omitted from the
reaction in the lane marked -; the lane marked WT contained a reaction with wild-type protein; the other lanes contained reactions with the
indicated mutant proteins. Other labeling is the same as in Fig. 4B. (B) Disintegration activity of the same proteins was tested at a protein
concentration of 0.30 p.M. Reaction products were analyzed on a denaturing polyacrylamide gel. Integrase was omitted from the reaction in
the lane marked -; the lane marked WT contained a reaction with wild-type protein; the other lanes contained reactions with the noted mutant
proteins. Other labeling is the same as described in the legend to Fig. 4G.
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as previously suggested by the results of the stereochemical
analysis of the 3' processing and DNA strand transfer
reactions (13). However, these reactions may differ in the
protein-protein and protein-DNA interactions involved. Mu-
tations that discriminate between these activities may pro-
vide information on the parts of the protein that are involved
in such interactions. All of the proteins that we tested with
mutations in the His-Cys region were quite active in the
disintegration assay but impaired to a greater extent in 3'
processing and DNA strand transfer activities. These data
suggest that some interactions involving this region that are
important for cleavage and strand transfer are dispensable
for disintegration. Protein-protein interactions and recogni-
tion of the viral DNA end are obvious candidates. We also
find that whereas the efficiency of the 3' processing and
DNA strand transfer reactions show a distinctly nonlinear
dependence on integrase concentration, with little product
generated below a threshold concentration, disintegration
can occur at lower protein concentrations (Fig. 4). One
possible interpretation is that a higher multimeric state of
integrase is required for 3' processing and DNA strand
transfer than for disintegration.
We note that the in vitro reactions that we have used to

assay the effects of mutations probably do not test the ability
of integrase to perform all of the functions that are required
of it in vivo. For example, a majority of the in vitro DNA
strand transfer products result from insertion of a single
processed viral DNA end substrate molecule into a single
strand of the target DNA, rather than concerted insertion of
a pair of viral DNA ends. Coordinated insertion of pairs of
ends may require a higher oligomeric state of integrase that
is not efficiently formed in our reactions. These assays may
not detect the effects of mutation of residues that are
normally involved in such oligomerization or interactions
between integrase and other viral proteins that may be
important in vivo. It would be of particular interest to assay
the replication of HIV-1 containing the H12N mutation in
vivo, since this mutant is quite active in all three in vitro
assays. Failure of virus with this mutation to replicate in
vivo might provide valuable insights into aspects of integrase
function that are not reflected in the in vitro activities that we
have assayed.
The in vitro activities of the HIV-1 integrase mutants

reported here points to a key role for the central core region
in catalysis and suggests that the His-Cys region is involved
in protein-protein and/or protein-DNA interactions. The
nature of such interactions between integrase and its DNA
substrates are intriguing questions that are yet to be ad-
dressed.
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