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ABSTRACT: Human immunodeficiency virus type 1 integrase (HIV- 1 IN) catalyzes the integration of HIV- 1 
DNA into the host chromosome. In vitro reactions with endogenous viral DNA require Mg2+ as the 
metal cofactor, whereas in vitro studies performed with short oligonucleotide substrates utilize Mn2+. In 
this study, we report that the donor processing activity of HIV- 1 IN alters depending on the structure and 
length of the oligonucleotide substrates. Increases in the length of the substrate cause alterations in the 
efficiency of Mg2+-dependent donor processing activity, thereby reconciling this discrepancy between 
the in vivo and in vitro HIV-1 IN mediated reactions. We have also found that the 3’-processing activity 
of HIV-IN is responsible for cleaving the junction between the viral and target sequences of the 
recombination intermediate. Its mechanism differs from the previously described disintegration reaction 
in that the donor strands are regenerated without a joining reaction of the target strands. Kinetic studies 
of 3’-processing activity suggest that the k,,, (0.24h) is very low. This implies that HIV-1 IN remains as 
a complex with the processed DNA prior to the strand transfer reaction. 

Retroviral integration is an essential step in the retrovirus 
life cycle and has increasingly become an attractive target 
in the development of antiviral drugs. Human immunode- 
ficiency virus type 1 (H1V-l)l integrase, encoded by the viral 
pol gene, is responsible for catalyzing the integration of 
HIV-1 DNA into the host chromosome. Integration requires 
specific sequences at the ends of the linear double-stranded 
viral DNA that are synthesized by reverse transcription from 
the viral RNA genome in infected cells (Varmus & Brown, 
1989; Grandgenett & Mumm, 1990; Katz & Skalka, 1994). 
In vitro studies using double-stranded short oligonucleotides 
corresponding to either the U5 and U3 ends of viral DNA 
and purified IN expressed in bacteria provide genetic 
evidence for the viral DNA integration reaction being 
mediated entirely by the IN enzyme (Brown et al., 1989; 
Katzman et al., 1989; Fujiwara & Craigie, 1989; Katz et al., 
1990; Vora et al., 1990; Craigie et al., 1990; Sherman & 
Fyfe, 1990; Bushman & Craigie, 1991). 

Upon recognition of a specific DNA sequence within both 
ends of the long terminal repeat (LTR) of viral DNA, two 
terminal nucleotides at the 3‘ ends of both LTR are removed 
by IN in the cytoplasm (3’-processing; Sherman & Fyfe, 
1990; Bushman & Craigie, 1991; Katzman et al., 1989; 
Pauza, 1990). Subsequently, the recessed C A ~ H - ~ ’  end is 
then joined to the 5‘ end of the chromosomal target DNA, 
producing a hybrid strand in the nucleus (strand transfer). 
The 3’ end of the cleaved target DNA remains unjoined and 
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a Y-shaped gapped recombination intermediate is produced 
(Figure 1). Recent mechanistic studies of 3’-processing and 
strand transfer reactions suggest that integration occurs as a 
one-step reaction (Engelman et al., 1991) without a require- 
ment for an exogenous energy source (Bushman et al., 1990; 
Famet & Haseltine, 1990; Ellison et al., 1990). Thus, the 
target DNA does not need to be cut by the viral integrase 
but is joined to the viral DNA by a concerted phosphoryl 
transfer. To complete the integration process, the gapped 
intermediate is then repaired by a process that remains to be 
elucidated. Further in vitro studies of an oligonucleotide 
substrate that mimics the Y-shaped gapped recombination 
intermediate have shown that integrase can also promote a 
reaction termed disintegration (Chow et al., 1992; Vincent 
et al., 1993). In this reaction both the precursor viral DNA 
and the target strand are regenerated by a cutting-joining 
reaction of the recombination intermediate. 

A problem cited with the currently available in vitro assays 
is that there are often discrepancies between the results 
obtained with the short oligonucleotide substrates usually 
employed and those obtained from infected cell extracts 
utilizing endogenous viral DNA. In vitro experiments with 
short substrates show that 3’ donor processing and strand 
transfer reactions are not observed with MgZf as the divalent 
cation (Sherman & Fyfe, 1990; Craigie et al., 1990), whereas 
the recessed ends of the endogenous viral DNA within core 
particles integrate efficiently in vitro with Mg2+ as the 
divalent cation (Brown et al., 1987; Fujiwara & Mizuuchi, 
1988; Ellison et al., 1990). Furthermore, the same short 
oligonucleotide substrate can be used as both donor and target 
in vitro with Mn2+ to form a gapped recombination inter- 
mediate which is the result of one integration, whereas 
endogenous viral DNA is not used as a target and has both 
ends integrated into the host genome. Accordingly, Vink et 
al. (1991) have stated that in vitro assays with short duplex 
DNA represent artificial systems. These discrepancies raise 
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concerns as to the validity of these assay systems in 
representing the function of IN in vivo. 

This report describes the characterizations of endonucle- 
olytic activity as a function of increasing DNA substrate 
length and DNA structural alterations. The specificity of 
the divalent cation requirements for both the 3’-processing 
and disintegration reactions are investigated. We found that 
increases in the length of the substrates result in a switch 
from Mn2+ to Mg2+ as the preferred metal cofactor for 
endonucleolytic activity of HIV- 1 integrase. This alteration 
makes the reaction conditions consistent with the in vitro 
studies with endogenous viral DNA and infected cell extracts. 
Furthermore, we report evidence for an additional mechanism 
which cleaves the Y-oligomer substrate to generate the 
precursor form of viral DNA without regenerating target 
DNA. 

Lee et al. 

MATERIALS AND METHODS 

Protein Purification. Wild-type HIV- 1 IN protein was 
obtained from Dr. R. Craigie. The protein was expressed 
in Escherichia coli and purified according to the procedure 
previously described (Sherman & Fyfe, 1990). 

Oligonucleotide Substrates. Oligonucleotides containing 
the terminal sequence of HIV- 1 DNA were synthesized and 
annealed to form the substrates used in this study (Chart 1). 
Bold letters indicate the sequences of the U5 end of the 
HIV- 1 DNA. Oligonucleotides were purified by ethanol 
precipitation and electrophoresis through 20% polyacryla- 
mide (29: 1 acry1amide:bisacrylamide) denaturing gels (7 M 
urea). The oligonucleotide samples were electroeluted from 
the sliced gels using the S&S Elutrap electroseparation 
system from Schleicher & Schuell. 

Fluorescent Labeled Substrate. 5-Amino-( 12)-2’-deoxy- 
uridine @-cyanoethy1)phosphoramidite is a commercially 
available modified base that is directly introduced into 
oligonucleotides with a DNA synthesizer. This reagent 
introduces an aliphatic primary amine at the specified 
positions in the oligonucleotides (Lee et al., 1995). U depicts 

F-Dl’/TI’: 5’-TGAGTACCCCTGTCGAAAATCTCTAGCAGGG!LCTATGGCGTCCCCTCTG 
E-D2’: 3’-ACTCATGGGCACACClTlTAGAGATCGTCAU 

the position of the nucleotide analog. The Dl ’n l ’  and D2’ 
oligonucleotides containing this nucleotide analog were 
derivatized with FITC and EITC (Molecular Probes), re- 
spectively, in 100 mM NaHCOdNazC03 buffer, pH 9.0. 
Excess dye was removed by filtration of the reaction mixture 
through a Sephadex G-25 column (DNA grade). The 
resulting samples were then electrophoresed on denaturing 
(7 M urea) 20% polyacrylamide gels to further purify the 
oligonucleotides and to remove any residual free dyes. The 
appropriate oligonucleotide bands were sliced from the gels 
and electroeluted using the S&S Elutrap electroseparation 
system from Schleicher & Schuell. The fluorescent oligo- 
nucleotides were further purified by an HPLC Zorbak bio 
series oligo column (Du Pont). 

Assays for IN Activities. One microgram of the appropriate 
oligonucleotide was 32P-labeled at the 5‘ termini by use of 
T4 polynucleotide kinase (New England Biolabs) and 25 pCi 
of adeno~ine[y-~~P]-5’-triphosphate (3000 Ci/mmol, ICN). 
The labeled oligonucleotides were separated from unincor- 
porated [y3*P]ATP using a Sephadex G-25 Quick Spin 
column (Boehringer Mannheim) and annealed with a 3-fold 
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FIGURE 1: Schematic diagram of the reactions catalyzed by HIV- 
IN in vitro. (A) 3’-Donor processing. Two nucleotides are removed 
from the 3’-ends of the viral DNA. (B) Strand transfer. The 
recessed CAOH-~‘ end is then joined to the 5’ end of the 
chromosomal target DNA, producing a Y-shaped gapped recom- 
bination intermediate. (C) Disintegration. Both the precursor viral 
DNA and the target strand can be regenerated by a cutting-joining 
reaction of the Y-shaped gapped recombination intermediate. Solid 
lines indicate the viral donor strands (D), and dashed lines indicate 
the target strands (T). 

molar excess of an unlabeled complementary strand in 10 
mM Tris-HC1, pH 7.5, 1 mM EDTA, and 0.1 M NaC1. All 
the reaction mixtures for the IN protein-mediated cleavage 
reactions contained 25 mM HEPES, pH 7.5, 2.5 mM DTT, 
50 mM NaC1, 5% glycerol (v/v), 7.5 mM Mg2+ or Mn2+, 
32P-labeled substrates, and HIV-1 IN in a total volume of 
20 pL. The reactions were initiated by the addition of IN 
and the reaction mixtures were incubated for 60 min at 37 
“C. The reactions were stopped by the addition of an equal 
volume of stop solution (95% formamide, 30 mM EDTA, 
0.1 % xylene cyanol, and 0.1 % bromophenol blue) to each 
reaction and the reactions were boiled for 5 min. A 10-pL 
aliquot of each reaction mixture was electrophoresed on a 7 
M urea denaturing 15% (or 20%) polyacrylamide sequencing 
gel and the reaction products were analyzed by autoradiog- 
raphy. Quantitation of 3’-processing and strand transfer 
reaction products was performed with a Pdi densitometer 
Model DNA 35 using a Kodak photographic step tablet for 
the calibration curve. 

Spectroscopic Measurements. Absorbance and absorption 
spectra were measured with a Hewlett-Packard 8450A diode 
array spectrophotometer. Steady-state fluorescence spectra 
and intensity were recorded with a SLM 8000 spectrophoto- 
fluorometer with 10-mm Glan-Thompson polarizers. Fluo- 
rescence emission measurements were performed under 
“magic angle” emission conditions (Spencer & Weber, 1970). 
A cuvette with a 3-mm excitation path length was used for 
all experiments. The absorbance of all fluorescence sample: 
was less than 0.1 at the wavelength of excitation (460 nm) 
to avoid inner filter effects (Lee et al., 1995). The temper- 
atures of the samples were regulated with a Neslab Instru- 
ments, Inc., T.E.Q. temperature controller and a PBC4 bath 
cooler. 

The extent of cleavage was estimated by using the 
following equation: 

x [DNA],  [DNA],  = - F ,  - Fo 
F ,  - Fo 

where [DNA], is the concentration of cleaved DNA, F ,  is 
the fluorescence intensity at time t ,  F ,  is the fluorescence 
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Substrate I : 5'-CCCGTGTGGAAAATCTCTAGC AGT 

Substrate 2: 5'-TGAGTACCCGTGTGGAAAATCTCTAGCAGTGTC 
3'GGGCACACCTTTTAGAGATCGTCA 

3'-ACTCATGGGCACACCTTTTAGAGATCGTC A 
Substrate 3: 5'-GTGTGGAAAATCTCTAGCAGGGTCTATGGCGTCC 

3'-C ACACCTTTTAGAGATCGT 
Substrate 4: S1-TGAGT~CCCGTGTGGAAAATCTCTAGCAGGGTCTATGGCGTCCCCTCTG 

Substrate 5: S'-TTTAGTCAGTGTGGAAAATCTCTAGCAGGGTCTATGGCGTCCCTCTG 

Y-oligomer "A ": 

3'-ACTCATGGGCACACCTTTTAGAGATCGTCA 

3'-AAATCAGTCACACCT"AGAGATCGTCA 

DUT1 5'-GTGTGGAAAATCTCTAGC AGGGGCTATGGCGTCC 
D2 5'-ACTGCTAGAGATTTTCC AC AC 
n 5'4AAAGCGACCGCGCC 
T3 5'4GACGCCATAGCCCCGGCGCGGTCGCTITC 

D 1 '/Tl' 5'-TGAGTACCCGTGTGGAAAATCTCTAGCAGGGTCTATGGCGTCCCCTCTG 
D2' 5'-ACTGCTAGAGATTTTCCACACGGGTACTCA 
n' 5'-GCAGGGCG AAAGCGACCGCGCC 

Substrate C: 5'-TTTAGTCAGTGTGGAAAATCTCTAGCAGT 

Substrate D: 5'-GACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT 

Y-oligomer "B": 

T3' 5'-CAGAGGGGACGCCATAGGCCCGGCGCGGTCGCmCGCCCTGC 

3'-AAATCAGTCACACCTTTTAGAGATCGTCA 

3'-CTGGGAAAATCAGTC ACACCTTTT AGAGATCGTCA 

intensity obtained in the presence of DNase I, Fo is the initial 
fluorescence intensity, and [DNA][ is the initial concentration 
of DNA (Lee et al., 1995). Kinetic data were analyzed using 
a nonlinear regression data analysis program, ENZFITTER 
(Elsevier-BIOSOFT). 

RESULTS 

There are several discrepancies between the retroviral in 
vitro and in vivo strand transfer reactions. The in vitro 
reaction is less efficient than the in vivo reaction and uses 
the same oligonucleotide substrate as both donor and target. 
Furthermore, integration products are seen predominantly in 
vitro with Mn2+ as the divalent cation, whereas Mg2+ is 
utilized in in vitro studies with endogenous viral DNA and 
infected cell extracts. The low efficiency of integration in 
vitro has been suggested to be due in part to the reverse of 
the strand transfer reaction that has been termed disintegra- 
tion (Chow et al., 1992; Vincent et al., 1993). In this 
reaction, the unjoined 3' end of the target strand attacks the 
junction between the hybrid donor and target strand and 
joins to the 5' end of the cleaved target strand. This results 
in the precise regeneration of the 3'-end-processed donor 
strand and the original target strand (Figure 1). The current 
work focuses on determining the factors affecting donor 
processing activity of HIV-IN and on further examining the 
disintegration reaction. 

It has been previously shown that substrates which contain 
additional base pairs (up to 4 bp) at the 3' end of the HIV-1 
U5 sequence decrease both specific cleavage and integration 
reactions of HIV-IN in vitro. However, substrates with addi- 
tional nucleotides only on the processed strand next to the 
conserved CA-3' (resulting in a 3' overhang) were cleaved 
more efficiently than their blunt-ended counterparts (Vink 
et al., 1991; Mazumder et al., 1994). We hypothesized that 
this observed endonucleolytic activity with the 3' overhang 
could have an important role in the previously reported 
disintegration activity of HIV-IN. The 3' overhang may 
affect the donor processing activity of HIV-1 IN by the 

increased length of the substrate or by altering the substrate's 
structure. 

Extensions on the 3' End of the Processed Strand Result 
in Alterations of Endonucleolytic Activity. Initially, the 
effects of increasing the length of the processed strand on 
the donor processing activity were characterized. Specifi- 
cally, we examined how longer 3' overhangs, such as that 
which makes up the Y-intermediate, alter the 3' donor 
processing activity. In each reaction, the substrates were 
labeled with 32P at the 5' end of the cleavable strand and 
incubated with purified IN in the presence of Mg2+ or Mn2+. 
All of the substrates were cleaved at the phosphodiester bond 
after the conserved CA-3' dinucleotide. As shown in Figure 
2A, the 24-mer substrate 1 ,  which mimics the U5 end of 
the viral DNA, was cleaved more efficiently in the presence 
of Mn2+ than Mg2+. The cleavage efficiency displayed by 
MnZi was 41%, compared to 13% by Mg2+, as determined 
by densitometry. This result is consistent with those that 
had been previously reported. The addition of 5 nucleotides 
3' to the processed strand resulted in a significant reduction 
in cleaved products for both divalent cations (substrate 2, 
Figure 2B). The cleavage efficiency with Mn2+ was 11% 
as compared to 1.4% for the Mg*+-activated cleavage 
products, indicating that Mn2+ was still the preferred cation 
for this substrate. However, when the number of nucleo- 
tide additions was increased to 14 (substrate 3), a dramatic 
change in the efficiency of endonucleolytic cleavage was 
observed (Figure 2C). The Mn2+-mediated cleavage was 
increased to 45% while the same substrate produced 20% 
cleavage with Mg2+. Although Mn2+ was still the more 
efficient cofactor, the formation of cleavage products was 
considerably increased for both cations. This suggested that 
the 3' overhang did in fact impart an effect on the activity 
of IN. 

We further examined the endonucleolytic activity by 
extending both the double-stranded donor sequence at the 
5' end and the target sequence at the 3' end (substrate 4). 
The length of the donor strand (Dl'/Tl') was extended to a 
28-mer by the addition of 9-nt random sequences at the 5' 
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*S’-CCCGTGTGG A A A ATCTCTAGC AGT 
3’GGGCACACCTTTTAGAGATCGTCA 

*S’-TGAGTACCCGTGTGGAAAATCTCTAGCAGTGTC 
3’-ACTCATGGGCACACCTmAGAGATCGTCA 

*S’-CTGTGGAAAATCTCTAGCAGGGTCTATGGCGT 
3’-CACACCTTTTAGAGATCGTCCCAGATACCGCAGG 
*~’-TGAGTACCCCTGTGCAAAATCTCTACCACGGTCTATGGCGTCCCCT~~G 
3’-ACTCATGGGCACACCTTTTAGAGATCGTCA 

A B C 
22 28 5 19 ,14 

.:e! -’ 

24 30 19 

123 123 .123 
- - -  

M D  
28 21 

e- 
30 - 
123 

49 - 

33- 

28 - 

24- I 
22 - 

19- 

FIGURE 2: Effects of additional nucleotides to the conserved CA- 
3’ on HIV-1 integrase cleavage reactions. The cleavage reactions 
were separated by a 7 M urea denaturing 15% polyacrylamide gel 
and analyzed by autoradiography. The filled circle denotes the 32P- 
labeled 5’ ends. The cleavage site and the length of each strand 
are indicated. (A) Substrate 1 (double-stranded 24-mer) corre- 
sponding to the U5 end of the HIV-1 DNA. (B) Substrate (33- 
mer) which contain 5 additional nucleotides next to the conserved 
CA-3’. (C) Dl/TI strand (33-mer) annealed to the D2 donor strand. 
(D) Dl’/Tl’ strand (49-mer) annealed to the complementary donor 
strand, D2’. (M) DNA size markers indicated in nucleotides on 
left. In panels A-D, lanes 1 and 3 represent complete reactions 
containing the respective substrates and integrase with 7.5 mM 
MgC12 and 7.5 mM MnC12, respectively. Integrase was omitted in 
lanes 2. 

end to aid in annealing, and the target strand was increased 
to a 21-mer (Figure 2D). The efficiency of cleavage was 
44% and 27% with Mg2+ and Mn2+, respectively. Hence, 
this substrate is cleaved more efficiently with Mg2+ than 
with Mn2+ and shows a distinct alteration in the divalent 
cation preferred for the cleavage reaction. Earlier observa- 
tions suggested that the 9-nt random sequences at the 5’ end 
should not affect the donor processing and integration 
activity. Vink et al. (1991) demonstrated that when all of 
the nucleotides at positions 14-26 were changed from T to 
G and A to C in the U5 end of the HIV-1 viral DNA, no 
effects on cleavage and integration were detected. It has 
been, therefore, suggested that the terminal 15 bp of the 
HIV-1 viral DNA are sufficient for recognition by IN (Vink 
et al., 1991). However, the results shown in Figure 2 suggest 
that changes in the length of the substrate alter both the 
efficiency and the preferred metal cofactor of the cleavage 
reaction. These results suggest that the endonucleolytic 
activity of HIV- 1 IN is in fact substrate-length-dependent 
and that the extended target sequence has a role in the activity 
of HIV-I IN. 

Substrate 4 Y-TGAGTACCCGTGTGGAAAATCTCTAGCAGGGTCTATGGCGTCCCCTCrG 
(Lanes A) 3’-ACTCATGGGCACACCTTTTAGAGATCGTCA 

Substrate 5 S’-TITAGTCAGTGTGGAAAATCTCTAGCAGGGTCTATGGCGTCCCrC!TG 
(Lanes B) 3’-AAATCAGTCACACCAGAGATCGTCA 

A B  
M 123 123 

49 

33 

30 

24 

FIGURE 3: Comparison of the effects of the 9-nt random donor 
sequences versus the endogenous viral DNA. (A) Substrate 4 
labeled on the Dl’/Tl’ strand. (B) Substrate 5 labeled on the 49- 
mer strand. The cleavage reactions were separated on a 15% 
denaturing polyacrylamide gel and analyzed by autoradiography. 
In each reaction, lanes 1 and 3 represent a complete reaction with 
7.5 mM MgC12 and 7.5 mM MnC12, respectively. Lane 2 represents 
a reaction with no integrase. 

To ensure that the observed differential activity is not an 
artifact of the 9 random nucleotides present at the 5’ end of 
the Dl’/Tl’ strand, the 9 nucleotides were replaced with 8 
endogenous base pairs (substrate 5). This substrate displayed 
a similar cleavage pattern at the junction between CA and 
GG of the hybrid strand, regenerating the recessed donor 
strands (Dl’/D2’) from the hybrid strands (Figure 3). The 
efficiencies of cleavage reactions remained better with Mg2+ 
than Mn2+ and were consistent with the data presented in 
Figure 2. Therefore, we concluded that increases in the 
length of both donor and target sequences in the hybrid 
strand result in the enhancement of activation by Mg2+ over 
Mn2+. 

Donor Strands Can Be Regenerated @om the Intermediate 
Product of the in Vitro Strand Transfer Reaction by More 
Than One Mechanism. To determine if this differential 
activity was significant for the aforementioned disintegration 
reaction, two Y-oligomers and their related substrates were 
examined. Y-oligomer A consists of a 33-mer DID1 hybrid 
strand (Figure 2C), and Y-oligomer B consists of the 49- 
mer Dl’/Tl’ hybrid strand (Figure 2D). The respective 
Y-oligomers and their related substrates were prepared by 
annealing the hybrid strands to the appropriate strands. 

According to the disintegration reaction (Figure l), the 
ratio of the T1/T2 strand to the D1 strand should be 1:l 
because production of D1 is dependent upon the formation 
of the T1/T2 strand. Therefore, if the Y-oligomers are 
labeled only on the Tl/T2 strand versus only the Dl  strand, 
the ratio of product formation should be equal. When 
Y-oligomer A was labeled with 32P at the 5’-end of T2 (15- 
mer), joining of T1 (14-mer) to T2 was observed (Figure 
4B). This confirms the previous disintegration data (Chow 
et al., 1992). This disintegration reaction is preferentially 
promoted by Mn2+: the formation of T I P 2  product was 18 
times higher with Mn2+ than Mg2+. Similar results have 
been previously reported (Fesen et al., 1994). When the 
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Y-oligomer ”A” (Lanes A and B) 
DlITI : S’-GTGTGGAAAATCTCTACCA~T~ATGGCGTCC 
D2 : 5‘-ACTCCTACACATTTTCCACAC 
T2 : S’GMAGCGACCGCGCC 
T3 : S’GGACGCCATAGACCCCGGGCGCGTCGCI-ITC 

Y-oligomer ”B” (Lanes C and D) 
Dl’IT1’ : 
D2’ 
T2’ 
T3’ 

A 
k 

123 

49 - 

33- 

28 - 

24 - 

19- 

15- 

FIGURE 4: Strand cutting and joining reactions mediated by HIV- 
IN with various substrates. (A) Y-oligomer A radiolabeled at the 
5’ end of Dl/Tl. (B) Y-oligomer A labeled at the 5’ end of T2. 
(C) Y-oligomer B labeled at the 5’ end of Dl’nl’. (D) Y-oligomer 
B labeled at the 5’ end of T2’. (E) Y-oligomer B minus the T2’ 
strand labeled at the 5’ end of Dl’nl’. (M) Molecular size markers. 
The cleavage reactions were separated by a denaturing 15% 
polyacrylamide gel and analyzed by autoradiography. In panels 
A-E, lanes 1 and 3 represent a complete reaction containing each 
substrate and integrase with 7.5 mM MgC12 and 7.5 mM MnC12, 
respectively. In lanes 2, integrase was omitted. 

same Y-oligomer waS labeled with 32P at the 5’ end of the 
33-mer D1/”1 (Figure 4A), similar results to the data shown 
in Figure 2C were observed: Mn2+ produced 45% cleavage 
product while Mg2+ promoted 28% cleavage. Contrary to 
what would be expected from the mechanism of the 
disintegration assay, however, these results show that the 
production of D1 (19-mer) is much more efficient than the 
regeneration of the T l n 2  strand. 

Drastically different results were obtained when these 
experiments were repeated with Y-oligomer B as the 
substrate. When Y-oligomer B was labeled with 32P at the 
5’-end of the Dl’/Tl’, the results were consistent with the 
data observed in Figure 2D, which favored Mg2+ over Mn2+ 
(Figure 4C). The extent of the cleavage products was 12% 
with Mg2+ and 5% with Mn2+. These results were confirmed 
in nondenaturing polyacrylamide gels (data not shown). 
Furthermore, when this Y-oligomer was labeled at the 5’ end 
of T2’ (22-mer), Tl’R2’ products were not observed in the 
presence of either Mn2+ or Mg2+ (Figure 4D). 

S’-TGAGTACCCGTGTGCAAAATCTCTACCAGGGT~ATGGCGTCCC~CTG 
S’-ACTGCTACAGATTTTCCACACGGGTA~CA 
S’GCAGGGCGAAAGCGACCCCGCC 
5’-CAGAGGGGACGCCATAGGCCCGGCGCGGTCGCITTCGCCCTGC 

D E 
:- - 
123 123 
- -  

Since the disintegration reaction requires T2’ (or T2), the 
product strand D1’ should not be produced from a three- 
stranded substrate which lacks the T2’ strand. Cleavage 
reactions with Y-oligomer B minus the T2’ strand (Figure 
4E) showed that the quantity of cleaved product of D1’ was 
27% with Mg2+ and 7% with Mn2+. Hence, D1’ was 
produced more efficiently than with the original Y-oligomer 
(Figure 4C), as if a different activity was cleaving the hybrid 
strand. 

To ensure that the observed cleavage product (D1 strand) 
from three- and four-stranded substrates was not from the 
two-stranded substrate due to incomplete annealing, the 
integrity of each of the substrates was tested by native 
polyacrylamide gel electrophoresis. Autoradiography data 
after electrophoretic separation ensured the absence of 
unannealed strands as shown in Figure 5. All of the 
substrates were completely or nearly completely annealed. 
Therefore, the results shown in Figure 4 cannot be accounted 
for by the presence of incompletely annealed substrates. 
These results with both Y-oligomers are not accounted for 
by the previously described disintegration reaction and 
suggest that the integrase protein differentially recognizes 
DNA substrates depending on their structures and that this 
recognition is further differentiated by the different divalent 
cations. We concluded that a distinctively different disin- 
tegration mechanism must exist which cleaves the Y- 
oligomer into the original donor strand without producing 
the original form of the target strand. 

Accordingly, we hypothesized that the D1 and D1’ strands 
were being predominantly produced from the Y-oligomers 
by a different mechanism which results in cleavage of the 
hybrid strands. The 3’ donor processing reaction precisely 
cleaves between the CA and GT at both ends of the HIV-1 
linear DNA, whereas the disintegration reaction takes place 
precisely in between the CA and GG in the Y-oligomer 
substrate. A slight difference in the terminal 3’ nucleotide 
in these sequences does not seem to be significant for these 
reactions since it has been shown that HIV-1 integrase can 
catalyze the donor processing of both the HIV-1 (CAGT) 

1 2 3 4  

FIGURE 5: Analysis of annealed substrates. Substrates were 
annealed as previously described (see Materials and Methods). All 
substrates were annealed with 32P-labeled Dl’/Tl’. Upon annealing, 
each substrate was analyzed on a TBE 10% polyacrylamide gel. 
Lane 1 contains Dl’/Tl’. Lane 2 contains Dl’nl’ annealed to D2’. 
Lane 3 contains the three-stranded substrate of Dl’/Tl’, T3’, and 
D2’. Lane 4 is the complete Y-oligomer B substrate, the strand 
transfer intermediate. 
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Lane A: DI ‘/TI ’: 5’-n;AGTACCCGTGTCGAAMT~~AGCAGGGTCTATGGCGTCCC~ffG 
T3’ : CCCGGATACCGCAGGGG AGAC-5’ 

3’cGTCCCGClTrCGCTGGCGCGG 

Lane B: DI ‘/TI ’ : S’-TGAOTACCCGTGTGCAAAATCTCFACCAGOGT(3TAT 
0 2 ’  : 3 ’ - A C T C A ~ G C A C A C C A G A G A T C G T C A  

Lane c Dl  ’/TI ’ : S ’ - T O A G T A C C C G T G T C C A A A A T ~ ~ A ~ A ~ G T C T A ~ C G T C C C f f C T G  
0 2  ’ : 3 ’ - A C T C A T ~ C A C A C C A G A G A T C G T C A  

Lane D: DI ‘ /TI  ’ : S ’ - T G A G T A C C C C T G T G G A € A ~ C T ~ A G C A ~ T C T A T G G C G T C C C ~ ~ G  
DZ’ : 3’-AffCATGOGCACACCAGAGATCGTCA 

Lane E DI ’/TI ’ : ~ ’ - T O A G T A C C C G T G T C C A M A T C T ~ A ~ G ~ T C T A ~ C G T C C C ~ ~ G  
02’  : 3’-ACTCATGGGCACACCAGAGATCCACA 

M A  B C D E  - ---- 
123 123 123 123 123 

49 - 

33- 

28 - 

24 - 

FIGURE 6: Effects of alterations in the nucleotide sequence on the 
cleavage reaction mediated by HIV-IN. (A) Dl’nl’ strand (49- 
mer) annealed to T3’. (B) Dl’/Tl’ substrate (49-mer). (C) CAGG 
in the Dl’nl’ strand replaced by CATT. (D) AAAA sequence in 
the Dl’nl’ strand altered to ACAC. (E) CAGG in the Dl’nl’ 
strand changed to GTGG. Substrates in panels B-E were annealed 
to their appropriate complementary strands. (M) Molecular size 
markers. The cleavage reactions were separated by a denaturing 
15% polyacrylamide gel and analyzed by autoradiography. In 
panels A-E, lanes 1 and 3 represent a complete reaction containing 
each substrate and integrase with 7.5 mM MgC12 and 7.5 mM 
MnC12, respectively. In lanes 2, integrase was omitted. 

and HIV-2 (CAGG) substrates with equal efficiency (van 
Gent, 1991). It could therefore be envisioned that endo- 
nucleolytic cleavage by the.IN protein at the CA site (Figure 
2) regenerates the Dl’/D2’ and D1/D2 substrates without 
producing the Tl’/T2’ and T1/T2 strands. This alternative 
mechanism, shown in Figure 11, would explain why the 
Tl’n2’ strand was not produced when the D1’ strand was 
regenerated from the Y-oligomer. 

Endonuclease Properties of HIV-I Integrase. To confirm 
the authenticity of the Mg2+-dependent endonucleolytic 
activity of HIV-IN, various substrates were analyzed for their 
cleavage efficiency. If radiolabeled Dl’/Tl’ is annealed to 
the T3’ strand without the D2’ and T2’ strands, cleavage 
products should not be detected since there is no recognition 
site for HIV-IN. Figure 6A shows that products are not 
formed in the presence of either cation. Cleavage products 
were also not observed with either metal when the T3’ strand 
was radiolabeled at the 5’ end and annealed to the Dl’/Tl’ 
strand (data not shown). Differences in the cleavage pattern 
were not observed when the sequence CAGG within the D1’/ 
T1’ strand was replaced by the sequence CATT found at 
both ends of the MoMLV DNA (Figure 6C). Both substra- 
tesshowed identical 39% cleavage with Mg2+ and 14% 
cleavage with Mn2+, in good agreement with previous 
fluorescence data (Lee et al., 1995). However, when the 

Substrate c: 5’-TTTAGTCAGTGTGGAAAATCTCTAGCAGT 
(Lanes A) 3*-AAATCAGTCACACCTTTTAGAGATCGTCA 

Substrate D: 5’-GACCCTTTTAGTCAGTCTGGAAAATCTCTAGCAGT 
(Lanes B) 3’-CTGGGAAAATCAGTCACACCTTTTAGAGATCGTCA 

A B 
123 123 

35 
33 

29 
27 

FIGURE 7: Analysis of substrate length dependence on donor 
processing activity. (A) Substrate C (29-mer) labeled on the 
processing strand. (B) Substrate D (35-mer) labeled on the 
processing strand. All cleavage reactions were separated by a 
denaturing 15% polyacrylamide gel and analyzed by autoradiog- 
raphy. In both panels, lanes 1 and 3 represent complete reactions 
with 7.5 mM MgC12 and 7.5 mM MnC12, respectively. Lanes 2 
represent a reaction with no integrase. 

AAAA tract within the Dl’/Tl’ strand was replaced by the 
sequence ACAC, 17% and 7% cleavage efficiencies with 
Mg2+ and Mn2+ were observed, respectively (Figure 6D), 
as compared to those shown in Figure 6B. As expected, no 
cleavage products were detected when the sequence CAGG 
present in the Dl’/Tl’ strand was substituted with GTGG 
(Figure 6E). These results confirm that both donor strands 
containing specific sequences necessary for donor processing 
by HIV-1 integrase are required for the observed cleavage 
activity. These endonuclease activities are analogous to those 
that would be associated with the 3’ donor processing 
activity. Therefore, it is highly conceivable that the 3’ donor 
processing activity of HIV-IN is also substrate-length- 
dependent. We hypothesized that the observed endonuclease 
activity of HIV-1 integrase is directly related to the sequence- 
specific 3’ end cleavage activities and that HIV-1 IN would 
display similar substrate-length-dependent donor processing 
activities. 

Substrate-Length-Dependent Donor Processing Activity of 
HIV-1 Zntegrase. To further test whether Mg2+-dependent 
endonuclease activity is accounted for by the donor process- 
ing activity, substrates C and D were prepared. These 
substrates contain 29 and 35-mer donor strands, respectively, 
which correspond to the U5 end of HIV-1 DNA. The target 
sequences were omitted. The cleavage reactions of substrate 
C (Figure 7A) showed both Mg2+ and Mn2+-dependent 
cleavage patterns with approximately equal efficiency: 28% 
cleavage with Mg2+ and 30% cleavage with Mn2+. This 
result supports the data shown in Figure 2 and 4, although 
there is a slight difference in the extent of cleavage. These 
results also suggest that there is a further role for the extended 
target sequence in the activity of HIV-IN and that there is a 
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I 0: 20 40 60 so 
Substrate hM1 

FIGURE 8: Analysis of enzyme and substrate concentration- 
dependent cleavage reaction performed with 32P-labeled D l’rl’ 
annealed to D2’. (A) Lanes 1-5 and 6-10 represent reactions 
performed with 1 pmol of substrate in the presence of 7.5 mM 
MgCl2 and 7.5 mM MnC12, respectively. In lanes 1 and 6, integrase 
was omitted. The concentrations of IN used in lanes 2-5 and 7- 10 
were 88, 175,263, and 350 nM, respectively. (B) The concentra- 
tions of substrates used were 17.5,35,53, and 70 nM, respectively, 
with 225 nM enzyme. The entire reaction mixtures were electro- 
phoresed on a 7 M urea denaturing 20% polyacrylamide gel (16- 
cm x 14-cm plates) and analyzed by autoradiography. (C, D) Gel 
data were scanned by using a densitometer and the quantitated data 
were plotted and represent the results shown in panels A and B, 
respectively. 

substrate-length-dependent donor processing activity. This 
was further supported from the cleavage reaction with 35- 
mer substrate D (Figure 7B). The degree of cleavage was 
higher in the presence of Mg2+ than Mn2+: 33% with Mg2+ 
and 16% with Mn2+. It should be emphasized that the 
predominant Mg2+-dependent donor processing activity was 
not observed from shorter oligonucleotide substrates as 
shown in Figure 2A. Therefore, we conclude that Mg2+- 
dependent activity is enhanced with increasing substrate 
length, whereas the Mn2+-dependent activity shows an 
opposite effect. The substrate-dependent differential donor 
processing activity seems responsible for the alterations in 
the cleavage activity observed in Figure 2. 

Fluorescence Kinetic Studies of the Mg2+-Dependent 3‘- 
Processing Activity of HN-IN.  The Mg2+-dependent cleav- 
age reaction in vitro with substrate 4 was further character- 
ized as a function of both substrate and enzyme concentration. 
As shown in Figure 8A, increasing amounts of product 
formation were observed with increasing concentrations of 
the enzyme in the presence of Mg2+. Substrate concentra- 
tiondependence was also observed with Mg2+ as the catalytic 
cofactor (Figure 8B). The gel data shown in Figure 8 (panels 
A and B) were scanned using a densitometer and the resulting 

data were plotted as shown in Figure 8 (panels C and D). 
These results indicate that the cleavage reaction of substrate 
4 shows a linear response to the enzyme concentration. 
Moreover, increasing substrate concentrations yield increas- 
ing amounts of cleavage products, suggesting that this 
substrate is a good candidate for in vitro kinetic studies. 

This led us to prepare a fluorogenic substrate which 
contains a fluorescence donor and acceptor as shown in Chart 
2. Both FITC and EITC were covalently labeled to the 
primary amine group of the nucleotide analog E, 5-amino- 
( 1 2)-2’-deoxyuridine (P-cyanoethy1)phosphoramidite. Sig- 
nificant resonance energy transfer from fluorescein to eosin 
(calculated Forster distance is 54 A; Carraway et al., 1989) 
is expected from this fluorogenic substrate due to the strong 
spectral overlap between the emission spectrum of fluores- 
cein (AMAX = 520 nm) and the absorption spectrum of eosin 
( A M ~  = 525 nm). Utilizing this substrate, we have 
previously characterized the endonucleolytic activity of HIV- 
IN using fluorescence resonance energy transfer (FRET; Lee 
et al., 1995). The fluorescence assay was confirmed by direct 
comparison of fluorescence data to those obtained by 
autoradiography analysis of the cleavage reaction with 
radiolabeled fluorogenic substrate. Our results indicate that 
the intensity ratio of the donor fluorescence in the the absence 
of its energy acceptor to that in its presence is approximately 
8:l. Since HIV-1 IN usually displays a low cleavage 
efficiency, one advantage of utilizing FRET is that it 
enhances the detection of substrate cleavage. For example, 
10% cleavage of the substrate would result in approximately 
a 2-fold increase in the fluorescence intensity. 

The kinetics of the DNA cleavage reactions were moni- 
tored with excitation and emission wavelengths of 460 and 
510 nm, respectively. These wavelengths were chosen to 
avoid the contribution from the eosin (acceptor) fluorescence. 
Time-dependent cleavage reactions were monitored by the 
enhancement of the donor fluorescence at 510 nm and the 
initial velocities were determined from the linear portion of 
these curves. The extent of IN-mediated DNA cleavage was 
determined from the recovery of the donor fluorescence as 
compared to DNase I digestion of the same concentration 
of substrate. Since DNase I results in the complete digestion 
of the fluorogenic substrate, the resultant donor fluorescence 
from DNase I digestion can be used as the reference for the 
total recovered donor fluorescence. Alternatively, the fluo- 
rescence intensity of the donor labeled single-stranded DNA 
can be used as the control. We chose to use digestion by 
DNase I as the control in order to rule out any intensity 
variation due to incomplete annealing of the substrate. 

To test whether HIV-IN exhibits concentration-dependent 
differential activation of Mg2+-catalyzed 3’-processing activ- 
ity, fluorescence kinetic studies were performed as a function 
of HIV-IN concentration with a fixed concentration of the 
fluorogenic substrate (40 nM) in this current study. Figure 
9 shows the plot of the initial velocity vs enzyme concentra- 
tion (from 45 to 540 nM). This resulted in a linear plot, 
suggesting that the rate of cleavage was first-order with 
respect to the HIV-IN concentration. However, no activity 
was detected at concentrations lower than 45 nM HIV-IN, 
indicating that subunit interactions may be required for 
activity (Jones et al., 1992). The same results were also 
obtained from the Mg2+-dependent activity with 25 nM 
radiolabeled substrate (Figure 8, panels A and C). The 
characteristics of the first-order kinetics suggest that the 
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Chart 2 

Lee et al. 

FITC 

E-D2': ~'-ACTCATGGGCACACC~~~AGAGATCGTCAU-EU€ 
F-D1 '/T1' : 5'-TGAGTACCCGTGTCGAAAATCTCTAGCAGGG~~ATGGCGTCCCCTCTG 

I + HIV-IN 

FITC 
5'-TGAGTACCCGTGTGGAAAATCTCTAGCA + GGGUCTATGGCGTCCCCTCTG 
3 '-ACTCATGGGCACACCTTTTAGAGATCGTCAY-EITC 

10-1 A 
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FIGURE 9: A plot of initial velocity vs HIV-IN concentration. The 
kinetic experiments were performed with a fixed concentration of 
fluorogenic substrate, 40 nM. The HIV-IN concentrations were 
varied from 45 to 540 nM. Fluorescence intensity was monitored 
with excitation and emission wavelengths of 460 and 510 nm, 
respectively. The initial velocities of cleavage reactions were 
determined from the linear portions of the kinetic data. 

enzyme activity is not dependent on the protein concentration 
in this range but that the actual active enzyme concentration 
is much lower than the enzyme added to the reaction mixture. 
It is conceivable that the low enzyme activity is due to the 
low solubility of HIV-1 IN in the reaction mixture containing 
50 mM NaC1. 

To obtain kinetic parameters, assays were performed in 
which the substrate concentration (from 15 to 300 nM) was 
varied with a fixed concentration of HIV-1 IN (174 nM). 
Figure 10 shows a plot of initial velocity vs [SI and a Line- 
weaver-Burk plot (inset). The apparent V,,, under these 
reaction conditions is 0.7 f 0.04 nM/min, which gives a 
tumover number (k,,,) for the cleavage reaction of 0.004/ 
min for an IN monomer. The apparent K, is 145 d= 17 nM, 
which yields kCaJKm = 2.3 x lo5 M-I min-' for an IN mono- 
mer. The k,,, estimated in this study indicates that HIV-1 
IN turns over 0.24 times for a 60-min reaction time. One 
interpretation of this low k,,, is that the protein does not tum 
over during the 3'-processing reaction. In fact, a typical 
reaction shows that 5 pmol of the enzyme cleaves 10-30%of 
a 0.5-pmol DNA sample in 60 min. There is no experimental 
data showing complete cleavage of substrate in any condi- 
tions. Hence, this incomplete and low enzyme activity of 
HIV-1 IN may be due to the very low catalytic turnover. 

DISCUSSION 

Substrate Structure and Length Dependence on Endo- 
nucleolytic Activity. 3' Donor processing characterized with 
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FIGURE 10: A plot of initial velocity vs [SI and a Lineweaver- 
Burk plot (inset). The kinetic experiments were performed with a 
fixed concentration of HIV-IN, 174 nM. The substrate concentra- 
tion was varied from 15 to 300 nM. Fluorescence intensity was 
monitored with excitation and emission wavelengths of 460 and 
510 nm, respectively. The initial velocities were determined from 
the linear portions of the cleavage reactions. Inset: A Lineweaver- 
Burk plot of the same data. 

a short oligonucleotide substrate shows that HIV-1 IN 
catalyzes the reaction with a preference for Mn2+ over Mg2+ 
(Vincent et al., 1993). This characteristic has been observed 
with other retroviral IN proteins. MoMLV and avian IN 
proteins are much more efficient in cleaving the viral DNA 
with Mn2+, although the avian IN protein maintains greater 
selectivity in the presence of Mg2+. This implied that Mg2+ 
is required for optimal specificity even though the activity 
is reduced (Katzman et al., 1989; Vink et al., 1991). A 
similarity between the MoMLV, avian, and HIV- 1 integrases 
is that two nucleotides are precisely removed from the 3' 
ends of the viral DNA (Grandgenett & Mumm, 1990). 
Cleavage occurs next to the conserved terminal CA-3' and 
subsequently exposes the CAOH-~'. A minimal length of 15 
base pairs from the termini of duplex DNA, which contains 
the corresponding sequence of the viral DNA ends, is also 
required for specific cleavage (Katzman et al., 1989). Single 
base substitutions of the terminal GT-3' to GG or TT do not 
significantly alter the efficiency of cleavage (van Gent et 
al., 1991), but single base substitutions of the conserved CA 
sequence to TA resulted in the total inhibition of cleavage 
activity (Bushman & Craigie, 1991). Thus, retroviral inte- 
grases exhibit similar substrate specificity and require Mn2+ 
as the preferred metal cofactor when short oligonucleotide 
substrates are utilized for their in vitro reactions. However, 
as demonstrated in the current study, the endonucleolytic 
activity is altered to a Mg2+-dependent activity with longer 
substrates. 
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FIGURE 11: Schematic diagram of two different mechanisms of 
disintegration. (A) Disintegration. The OH-3’ of the cleaved target 
DNA attacks the junction between the donor/target hybrid strand 
of the Y-shaped substrate to regenerate the donor and rejoin the 
target strands. (B) Altemative disintegration. The presence of the 
proximal target DNA as the source of the nucleophile is not 
required. Presumably, water or glycerol is used as a nucleophile 
to cleave the hybrid strand. Therefore, this mechanism is catalyzed 
by the sequence-specific 3’-processing activity and not accompanied 
by a cutting-joining reaction of the target strands. 

The endonuclease activity responsible for regenerating the 
donor strands from the Y-oligomer substrate correlates 
directly with the donor processing activity of HIV-1 IN. This 
conclusion was drawn from the following ob- 
servations: the endonuclease activity is metal-dependent and 
cleaves between CA and GG. When the sequence CAGG 
is changed to CATT, the same precise cut is observed 
immediately following the conserved CA-3’. No cleavage 
is observed from the single-stranded substrate or from the 
Y-oligomer in the absence of the D2 strand. When the 
conserved CA sequence is replaced by GT, the cleavage 
activity is completely abolished. Therefore, these properties 
of endonuclease activity are identical to those of the donor 
processing activity: as the length of the donor sequences 
was increased, the endonuclease activity that cleaves specif- 
ically between the donor and target sequence of the hybrid 
strands and 3‘ donor processing displayed Mg2+-dependent 
activity. 

Significance of Alternative Disintegration. The Mg2+- 
dependent activity of HIV-IN also plays a significant role 
in distinguishing the two different mechanisms that can 
regenerate the donor strands from Y-substrates (Figure 11). 
According to previous mechanistic studies (Engelman et al., 
1991), the strand transfer reaction requires HIV-1 IN to 
arrange the CAOH-~’ of the cleaved viral donor DNA to the 
target DNA in such a way that the resulting CAOH-~’ attacks 
the target DNA to produce a Y-shaped intermediate. In the 
disintegration reaction, the OH-3’ of the cleaved target DNA 
attacks the junction between the donor/target hybrid strand 
of the Y-shaped substrate to regenerate the donor and rejoin 
the target strands. Thus, the disintegration reaction has been 
suggested as the reverse reaction of strand transfer. Both 
strand transfer and disintegration reactions are activated by 
Mn2+ but not by Mg2+, indicating that both activities are 
correlated. Chow et al. (1992) further suggested that the 
inefficient integration reaction observed in vitro can be 
accounted for in part by the counteracting effect of the 
disintegration. However, these two reactions do not always 
show a direct correlation. Mutant integrase proteins lacking 
both the 3’-processing and strand transfer activities have been 
shown to catalyze the disintegration activity (Engelman & 
Craigie, 1992; Vincent et al., 1993; Engelman et al., 1993; 
Leavitt et al., 1993). 

As demonstrated in this study, the ratio of the regenerated 
donor (D1 or DI’) and target (Tl/T2 or Tl’B2’) strands from 
the Y-shaped substrates are not the same, indicating that the 

D1 and D1’ strands were not regenerated exclusively by the 
disintegration reaction. We propose that an altemative 
mechanism, herein referred to as alternative disintegration, 
cleaves the junction between the viral and target DNA 
sequences. This mechanism differs from the previously 
described disintegration in its deficiency of a concerted 
cutting-joining reaction. In contrast to disintegration, 
altemative disintegration is catalyzed by the sequence- 
specific 3‘-processing activity. Thus, this mechanism does 
not require the presence of the proximal target DNA as the 
source of the nucleophile but presumably uses water or 
glycerol as a nucleophile to cleave the hybrid strand in 
accordance with previous chemical characterizations (En- 
gelman et al., 1991). Depending on the length of the 
substrates, this reaction can be activated by either divalent 
cation, Mg2+ or Mnz+. The 3’-processing activity responsible 
for the regeneration of D1’ donor strand from Y-oligomer B 
(longer substrate) was preferentially activated by Mg2+, 
whereas the shorter Y-oligomer “A” substrate was more 
efficiently cleaved by Mn2+. It is apparent that the efficiency 
of the Mg2+-dependent 3’-processing activity increases as 
the length of substrate increases and decreases as the DNA 
substrates are altered from the two-stranded DNA to the four- 
stranded Y-oligomer substrate, an indication that HIV-IN 
differentially recognizes DNA substrates depending on their 
length and structure. Interestingly, both Y-oligomers (A and 
B) and related substrates did not produce the strand transfer 
products. This suggests that the strand transfer products may 
be cleaved by the 3’-processing activity of HIV-IN, thereby 
reducing the efficiency of strand transfer reaction. Although 
it is presently unknown whether altemative disintegration 
reactions occur in vivo, its possibility makes it important to 
obtain a better understanding of this reaction in order to 
elucidate the mechanism of the overall integration process. 
Further characterization is necessary since the Mg2+-depend- 
ent reaction not only catalyzes the altemative disintegration 
of the Y-oligomer substrates but also may be biologically 
relevant with respect to the cleavage and integration of viral 
DNA in vivo. Moreover, the absence of alternative disin- 
tegration would indicate that a mechanism exists in vivo 
which prevents this process to achieve the efficient integra- 
tion. 

An important factor determining the overall integration 
reaction could be the structural requirements of the DNA 
substrates. Local and global changes in DNA structures often 
alter binding affinity of the proteins. It is also conceivable 
that the protein may undergo conformational changes due 
to binding to the different structures of the DNA substrates, 
resulting in significant alterations in the functional properties 
of the protein. HIV-IN will most likely face significant 
changes in DNA structure during the entire process of 
retroviral integration. For a better understanding of the 
substrate-dependent differential activation of HIV-IN, DNA 
binding affinities associated with different lengths of DNA 
substrates must be examined along with the differential 
effects of the two divalent cations, Mg2+ and Mn2+. 
Therefore, characterization of the effects of structural changes 
of DNA substrates on functional properties of HIV-IN is the 
topic of future investigation. 

Kinetic Studies of the Mg’+-Dependent 3’-Processing 
Activity of HIV-IN. Designing a fluorogenic substrate made 
it possible to characterize the cleavage kinetics by fluores- 
cence resonance energy transfer. This led us to develop an 
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activities may be better suited to screen for specific inhibitors 
of HIV-I integrase. 
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in vitro fluorescence assay which is rapid, simple, continuous, 
and nonradioactive (Lee et al., 1995). This fluorescence 
assay made it easier for kinetic studies of the 3‘-processing 
activity of HIV-IN. The results from the fluorescence studies 
(Figures 9 and 10) correlated well with those obtained from 
gel electrophoresis analyses (Figure 8) validating the use of 
the fluorescence assay towards kinetic studies. 

This kinetic study provided an interesting catalytic turnover 
number. The V,,, (0.7 nM/min) and the total enzyme 
concentration (174 nM) gave a k,,, of 0.004/min or 0.24/h. 
This result suggests that HIV-IN requires 4 h to turn over. 
This apparent low tumover implies that HIV-IN may remain 
bound to DNA following the removal of the two nucleotides 
from the viral DNA. Consequently, HIV-IN may direct the 
exposed CAOH-~’ into the proper orientation and proximity 
to the target DNA to promote the concerted phosphoryl 
transfer. This mechanistic model is consistent with the 
results of previous mechanistic studies (Engelman et al., 
1991). Thus, integrase would only be dissociated from the 
DNA following the strand transfer reaction and thereby turn 
over. The kinetic data obtained from this study, however, 
differ from those of RSV-IN. Previous kinetic studies 
indicate that RSV-IN efficiently turns over (0.52/min for an 
IN dimer) (Jones et al., 1992). It is possible that HIV-IN 
used in this study does not have a high specific activity due 
to the low concentration of the protein which may not 
efficiently form a functional dimeric enzyme. This can be 
attributed to the lower solubility of HIV-IN at low salt 
conditions. HIV-IN exhibits a limited solubility even at 1 
M NaCl ( < O S  mg/mL). Since not all of the integrase added 
to the reaction mixture is expected to be soluble, it is pos- 
sible that only a small fraction of the total integrase pro- 
tein is active, which would reduce the activity of the en- 
zyme and result in a lower catalytic turnover. Although 
this possibility cannot be ruled out, the lower turnover 
indicates that the majority of HIV-IN remains as a com- 
plex. The observation that preintegration complexes of HIV- 
IN/DNA can exist stably for prolonged periods of time 
support this assertion (Ellison & Brown, 1994). Neverthe- 
less, further kinetic studies are crucial in determining and 
verifying the mechanism of the overall viral integration 
process. 

Conclusion. The completion of retroviral integration may 
not be accomplished by retroviral IN alone. It is probable 
that the host DNA repair system plays an important role in 
the integration process. Further studies are needed to 
determine if retroviral or cellular proteins other than IN have 
a direct role in this integration process. It will be a 
tremendous advantage to gain a complete understanding of 
those factors that regulate viral integration. 

The Mg*+-dependent in vitro activity of HIV-1 integrase 
provides a better understanding of the structural and func- 
tional properties of HIV- 1 integrase. Longer substrates that 
correspond more to the endogenous viral DNA alter the 
function of HIV-1 IN to bring the in vitro reaction in better 
agreement with the in vivo reaction. Our results indicate 
that there are additional roles for the extended sequences 
and that these sequences are in fact important for the in vivo 
function of the enzyme. In this manner, Mg*+-dependent 
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