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ABSTRACT. In the presence of a divalent metal cofactor @@r Mn?"), retroviral-encoded integrase

(IN) catalyzes two distinct reactions: site-specific cleavage of two nucleotides from beitld$ of viral

DNA, and sequence-independent joining of the recessed viral ends to staggered phosphates in a target
DNA. Here we investigate human immunodeficiency virus type 1 (HIV-1)}DNA interactions using
surface plasmon resonance. The results show that IN forms tight complexes both with duplex
oligonucleotides that represent the viral DNA ends and with duplex oligonucleotides with an unrelated
sequence that represent a target DNA substrate. TR&ONA complexes are stable in 4.0 M NaCl, or
50% (v/v) methanol, but they are not resistant to low concentrations of SDS, indicating that their stability
is highly dependent on structural features of the protein. Divalent metal cofactors exert two distinct effects
on the IN-DNA interaction. MA* inhibits IN binding to a model target DNA with the apparefy
increasing approximately 3-fold in the presence of this cation. On the other hafid(diMg?") stimulates

the binding of IN to a model viral DNA end, decreasing the appakaraf this IN—viral DNA complex
approximately 6-fold. Such metal-mediated stimulation of the binding of IN to the viral DNA is totally
abolished by substitution of the subterminal conserved CA/GT bp with a GT/CA bp, and is greatly
diminished when the viral DNA end is recessed or “pre-processed.” IN binds to a viral duplex
oligonucleotide whose end was extended with nonviral sequences with kinetics similar to the nonviral
model target DNA. This suggests that IN can distinguish the integrated DNA product from the viral
donor DNA in the presence of divalent metal ion. Thus, our results show that preferential recognition of
viral DNA by HIV-1 IN is achieved only in the presence of metal cofactor, and requires a free, wild-type
viral DNA end.

Integration of double-stranded viral DNA into the chromo- domains that have been characterized both structurally and
some of host cells is an essential step in the life cycle of functionally @). The N-terminal domain of HIV-1 IN
retroviruses, including human immunodeficiency virus type comprises approximately the first 49 amino acids. The
1 (HIV-1)! (1). The integration reaction is catalyzed by the catalytic core domain spans a region from residue 50 to
virally encoded enzyme integrase (IN). The reaction proceedsresidue 212, and the C-terminal domain from residue 220 to
in two discrete steps: first, removal of dinucleotides from residue 270, plus a tail comprising residues-22&8 (Figure
both 3 ends of the viral DNA adjacent to a conservéd 5 1A). The N-terminal domain is characterized by a highly
CA-3 dinucleotide; second, coordinated covalent joining of conserved HHCC motif which binds a zinc iom, (6).
the 3-oxygen of the recessed viral DNA ends to staggered Binding of Zr?t stabilizes the structure of the HIV-1 IN
5'-phosphate groups in target chromosomal DNA in the host N-terminal domainT, 8), and stimulates the Mg-dependent
cells @, 3). Retroviral integrase proteins have three distinct activity in vitro, possibly by enhancement of IN multimer-
ization 8—10). The catalytic core domain, containing the
T This work was supported by NIH Grants CA71515 and Al40385 active site of IN, includes a highly conserved D,D(35)E

gzg !{Egtﬁ%“na;%%‘gfﬁgﬁ%ﬂﬂ?ﬁz ?gﬂ;&%ﬁééﬁ‘ﬁﬁtﬁzr?rf]SHy?\f‘;tnhié motif. This motif was proposed to contribute to the binding
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HIV-1 IN Binding to DNA Substrates

specificity of retroviral INs for their cognate DNA end3X-

32). It was also shown that HIV-1 IN forms stable complexes
with viral DNA substrates33, 34). The assembly of these
complexes requires both full-length IN and the presence of
divalent cations, such as the metal cofactorsMor Mg?*.

The complexes are resistant to competition by nonviral DNA,
to washing with relatively high concentrations of salt, and
to exonuclease digestioB3—37). Nevertheless, HIV-1 IN
appears to exhibit a very limited substrate binding specificity.
The binding affinity of the protein to a target DNA substrate
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C280S was constructed by established methd@&s (The
oligonucleotide that was used for the mutagenesis included
the recognition site for the restriction enzyrmisgd which

was used for diagnosis of positive clones. The introduction
of the C280S-encoding mutation was confirmed by DNA
sequencing. Single-stranded DNA was subsequently isolated
from pET29b HIV-1 IN C280S46) and used as template
for the construction of the double substitution mutants
pPET29b HIV-1 IN C56S, C280S; pET29b HIV-1 IN C65S,
C280S; and pET29b HIV-1 IN C130S, C280S (Figure 1A).

was estimated to be nearly the same as to the viral donorThe oligonucleotide that was used for introduction of the

DNA substrate 6, 38). Previous investigations of HIV-1
IN—DNA interactions by mobility shift assag, 39), UV-
induced cross-linking36, 40, 41), Southwestern blotl(,
18), and filter binding assay@) were focused either on the
ability of the protein to bind to viral DNA substrates or on
qualitative analysis of the INDNA interaction. None of the

C56S substitution ensured the elimination of the unique
restriction site forSal in positive clones. A restriction site
for Poull was removed while alNhd site was introduced
in the construction of the mutants encoding C65S and C130S,
respectively. The successful construction of the double
mutants was also confirmed by sequencing the putative

tively between the binding of HIV-1 IN to the viral DNA
substrate and binding to a nonviral target DNA substrate.
The relative effects of divalent cation cofactors on the
interaction of IN with these two DNA substrates were also
not quantified.

In this study, we employed surface plasmon resonance
(SPR) to investigate the binding of HIV-1 IN to DNA
substrates immobilized on the surface of a biosensor chip.
SPR, with the measurement of real-time interactions, allows
us to monitor directly the formation and decomposition of
macromolecular complexes under different conditiof).(
These real-time kinetic measurements provide accurate rat

PET29b HIV-1 IN C56S, C65S, C280S (HIV-1 IN-3CS) was
constructed by introducing a C56S-encoding mutation into
the C65S, C280S double mutant by site-directed mutagenesis.
Positive clones of the pET29b HIV-1 IN-3CS construct were
further sequenced to confirm the substitution of all three
cysteine codons and the integrity of the clone.

Following the successful construction of the single, double,
and triple mutants, DNAs from positive clones were intro-
duced into competeri. coli BL21(DE3) cells by transfor-
mation to check for protein expression and, subsequently,
to purify the HIV-1 IN derivatives. The solubilities of the

urified proteins were then assessed. In contrast to wild-
pe HIV-1 IN which is soluble to about 1 mg/mL, the singly

constants for dissociation and association of the Macromo-g pstituted mutant, HIV-1 IN C280S. is soluble up to

lecular interactions4d4). It was found that HIV-1 IN forms
stable complexes with both viral donor DNA and nonviral
target DNA in the presence or in the absence of divalent
cations. However, Mt or Mg?t stimulates the binding of
IN to the model viral DNA substrate, but reduces binding
to a model target DNA substrate. The effect of divalent
cations on the DNA binding activity of IN suggests that the
metal ion cofactor promotes the ability of IN to recognize
viral DNA preferentially, and that four base pairs at the free
viral DNA ends are especially important for such recognition.

EXPERIMENTAL PROCEDURES

Materials. Streptavidin and biotin were purchased from
Pierce. Primary amine chemical coupling kit containing
N-hydroxysuccinimide (NHS)N-ethyl-N'-(3-diethylamino-
propyl)carbodiimide (EDC), and 1.0 M ethanolamine/
hydrochloride (pH 8.0), research grade sensor CM-5 or SA
chips, Hepes-buffered saline (HBS) [10 mM HEPES, pH 7.5,
150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) surfactant P20],

approximately 3 mg/mL and IN-3CS to approximately 15
mg/mL. However, substitution of serine residues for all four
cysteine residues outside of the HHCC domain (i.e., including
C130) results in a protein that is less solubtel(mg/mL)
than the wild-type protein.

Purification of Wild-Type HIV-1 Integrase and Mutants.
Wild-type HIV-1 IN and derivatives were purified as
described previously4() with minor modifications. Cells
were lysed by two passes through a French pressure cell at
18 000 psi in a buffer containing 20 mM HEPES, pH 7.5, 5
mM imidazole, ad 2 M KCI. The cell lysate was then
subjected to centrifugation at 31@9€r 30 min. The salt
concentration of the supernatant was adjustetl M KClI,
and then it was applied to a nickel-charged HiTrap-Chelating
column (Pharmacia). The column was washed with 10
column volumes of binding buffer (20 mM HEPES, pH 7.5,

1 M KCI, 5 mM imidazole), and the protein was eluted using
a linear gradient of imidazole (5 miML M) in 10 column
volumes. Fractions containing the protein were pooled and
subsequently passed over a HiTrap-heparin column (Phar-

and surfactant P20 were from Pharmacia. Other chemicalsmacia) equilibrated in 20 mM HEPES, 250 mM KCI, 0.1

were from Fisher Scientific. All oligonucleotides were

synthesized on an ABI DNA synthesizer in the Fox Chase
Cancer Center DNA Synthesis Facility, purified by electro-
phoresis in denaturing gels (20% polyacrylamide gels
containirg 7 M urea), and electroeluted from gel slices with

a Centrolutor (Amicon).

Construction of the HIV-1 IN-3CS Expression Plasmid.
Construction of plasmid pET29b HIV-1 IN has been reported
(45). The single substitution mutant pET29b HIV-1 IN

mM EDTA, 1 mM dithiothreitol (DTT), pH 7.5. After the
column was washed with 10 column volumes of binding
buffer, the protein was eluted with a linear gradient of 250
mM—1 M KCI in the above HEPES buffer. A final
hydrophobic interaction chromatography step on methacry-
late beads yielded homogeneous preparations that were stored
in 20 mM HEPES, pH 7.5, 1 mM DTT, 500 mM KCI, and
40% (v/v) glycerol at—20 °C. All purification steps were
carried out at £C or on ice.
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Oligonucleotide Actiity Assay Activity of the HIV-1 IN buffer). This was followed by the injection of an excess of
derivatives was assayed as reported previousdy. ( the complementary strand of DNA (typically 24 of 2 ug/
Oligonucleotide Substrate$he sequences of viral DNA  mL DNA in HBS) until there was no increase of RU. Usually
substrates were matched to the U5 end of HIV-1 viral DNA. 150-200 RU of DNA was immobilized on each flow cell
The model target DNA substrates have no sequences thafor kinetic analysis. When a sensor SA chip (with preim-
match with viral DNA ends. Biotin was incorporated at either mobilized streptavidin) was used, the above steps for the
the 8 end of the viral DNA positive strand or thé &nd of immobilization of streptavidin were omitted, and the biotin-
the negative strand for immobilization of oligonucleotides labeled DNA was immobilized directly on the chip. Finally,
on the surface of a biosensor chip. The following oligo- 20uL of 80 ug/mL biotin in HBS was injected, to block the
nucleotide substrates, in which the conserved CA/GT baseremaining biotin binding sites on the streptavidin and reduce
components or mutants thereof are underlined, were usedpossible nonspecific binding.
as HIV-1 IN substrates in this study: Kinetic Analysis and Efficiency of IN Binding to DNA
(1) 21 bp viral DNA end substrate (U5 end): top strand SubstratesFor the BIAcore experiments, enzyme was taken
(AS 995), B-GTGTGGAAAATCTCTAGCAGT-3; bottom from storage and diluted to twice its volume with 10 mM
strand (AS 997), biotin-3GCACACCTTTTAGAGATOGT- HEPES (pH 7.5), containing 300 mM KCI, 1 mM DTT, 0.5
CA-5 mM EDTA, and 0.005% surfactant P20 (buffer A), followed
(2) Preprocessed/recessed viral DNA end (donor DNA by dialysis in 1000 mL of the same buffer. 300 mM KCl in
substrate for the joining reaction of integration): top strand buffer A was used to suppress both nonspecific interaction
(AS 736), 3-GTGTGGAAAATCTCTAGCA-3'; bottom of IN with chip surfaces and catalytic reactions of IN which
strand, the same as AS 997 may change the sequences of DNA immobilized on the chip
(3) 21 bp mutated viral DNA end substrate: top strand surface. After dialysis, the buffer was filtered through a 0.2
(AS 833), 3-GTGTGGAAAATCTCTAGGTGT-3; bottom um membrane, degassed with vacuum for 20 min, and then
strand (AS 1080), biotin‘3GCACACCTTTTAGAGATC- used as running buffer. After centrifugation of the dialyzed
CACA-5' IN at 1700@ for 10 min, protein concentrations of the super-
(4) 35 bp comprising the viral end sequence blocked by natants were determined using the Bio-Rad protein assay
an extension of 14 bp of nonviral sequence: top strand (AS reagent with bovine serum albumin as standard. BlIAcore
1037), 5GTGTGGAAAATCTCTAGCAGTGGCTGCAG- experiments were performed by injection of HIV-1 IN at
GTCGAC-3; bottom strand (AS1038), biotin~=CACAC- various concentrations in a random order at a rate gfLl30
CTTTTAGAGATCGTCACCGACGTCCAGCTG-5 min, except where specified, over a biosensor chip containing
(5) 24 bp model target DNA substrate: top strand (AS immobilized DNA. The bound proteins were stripped off by
1032), biotin-5CTACCGCATTAAAGCTTATCGCGG-3, injection of 20uL of 0.035% (w/v) SDS in HBS, and the
bottom strand (AS 798),'SGATGGCGTAATTTCGAAT- chip surface was subsequently washed with an excess of

AGCGCC-5 buffer A after each cycle. The data were analyzed with the
(6) 40 bp model target substrate: top strand (AS 1033), computer software Bioevaluation 3.0 (Pharmacia).
biotin-5-CCCGGTTTGGAAAGGCCCTGCTGCT- The kinetic rate constants for dissociatidgg(or ky) and

CTCCTGTGGAAGGGT-3 bottom strand (AS 949),'3 for the apparent associatiok.{ or k;), leading to apparent
GGGCCAAACCTTTCCGGGACGACGAGAG-  dissociation constankg = ko/kon), Were obtained by fitting
GACACCTTCCCA-5 the real-time data separately. We observed a biphase dis-
In oligonucleotides AS 997 and AS 1080, an extra G sociation in these analyses with a initial faster decay lasting
residue was included adjacent to the biotin to reduce possible~20 s, followed by a slower decay. Because a decay similar
steric hindrance by streptavidin upon annealing of double- to the faster dissociation was observed when IN protein was
stranded oligonucleotides on the chip surface. immobilized on a chip, it is likely that the initial decay
Immobilization of DNA on a Sensor ChifBlAcore includes the dissociation of multimeric IN forms. Thus, to
experiments were performed on a BIAcore 1000 instrument isolate the effects of INDNA interactions, rate constants
(Fannie E. Ripple Biotechnology Facility, Fox Chase Cancer were determined by fitting dissociation phases from 30 to
Center, Philadelphia, PA). Immobilization of oligonucleotides 180 s. These rates are independent of IN concentrations, and
was through biotin-streptavidin interaction as described by theky values obtained reflect mainly the dissociation of IN
Bonderson et al 48). Streptavidin was firstimmobilized on  from the immobilized DNA. On the other hand, association
a sensor CM-5 chip via a primary amine chemical coupling rate constants are dependent on protein concentration.
reaction. A continuous flow of HBS was maintained at 5 Absolute values for these constants could not be obtained
uL/min. The chip surface was activated by injection of 50 because the HIV-1 IN protein is a heterogeneous mixture in
uL of a mixture of 50 mM EDC and 50 mM NHS. Then 50 solution containing monomeric, dimeric, and even higher
uL of streptavidin (0.2 mg/mL in 10 mM sodium acetate, oligomeric forms 4, 10, 36, 45, 50). The relative proportions
pH 4.5) was injected, followed by injection of 4@ of 1.0 of each form may depend on the concentration of protein,
M ethanolamine hydrochloride (pH 8.0) to block the remain- the ionic strength, and the presence of metal cations.
ing activated carboxyl groups. Loosely bound streptavidin Furthermore, the presence of DNA may also affect these
was washed away by injection of 40 of 0.05% (w/v) SDS. proportions. As it was not possible to quantify the effects of
Usually, approximately 5000 resonance units or responseall of these variables, for the sake of comparison, we
units (RU) of streptavidin were immobilized. The biotin- calculatedapparentassociation rate constants by expressing
labeled single-stranded oligonucleotides were then injectedprotein concentration in terms of a dimer, which is reported
manually until the required response units were observedto be the dominant form in HIIN preparations 36, 45,
(typically 100 RU from 5uL of 0.5 ug/mL DNA in HBS 47, 50), and by assuming that at relatively low IN concentra-
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tions one IN dimer is bound to one DNA substrate molecule A

. . N atalytic core C tail
in a model reaction:

1 50 212 220 270 288

@H_ccxXC e D C E = DwmmCm
Kon 1216 4043 56 6465 116 130 152 280

DNA + (IN)Z? DNA-<(IN), (reaction 1)

zinc-binding polynucleotidyl - transfer SH3-like
hel;x:r:‘];rivr-‘helix domain domain
The association rate constants were subsequently fit to
association phases of the real-time data &gd values

obtained. To compare the kinetic parameters of IN binding

to a DNA substrate in the presence of Mavith those in sl IN-3CS i
the absence of Mé (0.5 mM EDTA), we performed the N
experiments at the same enzyme concentrations and buffer
conditions. A concentration of 7.5 mM Mewas used as
this is within the range of optimal concentrations determined
for IN activity in vitro (36). Both the IN protein preparation
and running buffer included the indicated divalent cations.
When reaction 1 reached equilibrium, a kinetic analysis was
also performed using a LineweaveBurk plot with oL 4

10 T T T —T T T

WT IN

[-2 product], nM

1 _Ki1 o2
RU alIN] a

(eql) o
0 10 20 30 40 50 60 70

Relative resonance units (RU) are directly proportional to Time (min)

the surf:;]lce CO?Cemrat!ons of ;LPDNAhCOmpIexeS' In i” FiIGURe 1: (A) A linear model of HIV-1 integrase protein showing

cases, théq values estimated from the Lineweavdsurk the positions of critical residues and three functional domains as

plots were~10-fold higher than those obtained by fitting well as a C-terminal tail. The N-terminal domain with a helix

the real-time data, suggesting that thedDINA interaction turn—helix structure contains the conserved residues HHCC and

may need a higher oligomeric form of IN. binds a zinc ion ). The catalytic core domain, with polynucleo-
To measure the efficiency of IN binding to the DNA tldyl-transier activity, has a highly conserved D,D(35)E motif and
- binds Mg" (15, 16). The C-terminal domain with a SH3-like
substrates, 10aL of IN (at 20-2000 nM) was injected.  strycture 49, 66) has a nonspecific DNA binding activity. The
The observed RU values, representing the binding efficiency, numbers above the map indicate the approximate borders of the
were represented in a plot of 1/RU vs 1/[IN]. The results domains, and numbers below the map show the positions of the

obtained in the absence of a divalent cofactor were comparedconserved residues of HIV-1 IN. The positions of four cysteine

. : . residues (56, 65, and 130 in the core domain, and 280 at the tail),
with the results in the presence of a divalent cofactor. which were substituted with serines in this study, are also indicated.

(B) Processing activities of wild-type HIV-1 IN and HIV-1 IN-
RESULTS 3CS. The processing activities of wild-type HIV-1 |l and IN-

i . L 3CS @) were followed over 60 min. The reaction mixtures
The HIV-1 IN-3CS Enzyme Exhibits Wild-Type Aityi contained 1uM 32P-labeled 21 bp model viral DNA substrate, 1

in Vitro. Our initial attempts to study HIV-1 INDNA uM IN protein in 25uL of 20 mM Hepes buffer (pH 7.5), 10 mM
interactions using surface plasmon resonance (SPR) were noMnCl,, 6.67% MeSO, 10% glycerol, and 50 mM KCI. Every 15

successful owing to the low solubility of the wild-type protein  min, 5 uL aliquots were removed and quenched with an equal
under our assay conditions and the strong, nonspecificV0|ume of loading buffer. The samples were then subjected to

. . . electrophoresis on a 20% denaturing polyacrylamide gel containin
interactions between a chip and IN F185K, C280S, a soluble ;" ur%a. Processing was measu?epd %y (%antitatign of-the g

variant protein characterized previousl$0[. We had cleavage product, after exposure of the radioactive gel to an imaging
observed that addition of the reducing agent, DTT, to our plate and analysis on a Fuji MacBAS 2000 imaging system.

protein preparations increased the concentration of soluble

integrase recovered from our purification. Hypothesizing that tions) @5, 50), HIV-1 IN-3CS behaves like the wild-type
the low solubility was due, in part, to formation of protein @7) and consists of comparable mixtures of mono-
intermolecular disulfide bonds, we mutated our expression mers, dimers, and higher-order oligomers at equivalent
plasmid such that all of the cysteine codons (Cys 56, 65, concentrations (data not shown). The soluble HIV-1 IN-3CS
130, and 280 in Figure 1A) outside of the HHCC domain retains catalytic activity, and it is as active in vitro as the
were changed to serine codons. Because Cys 40 and 43 (irwild-type protein for both processing (Figure 1B) and joining
the HHCC domain) coordinate a zinc ion that stabilizes the reactions (not included). Our preliminary results indicate that
structure of the N-terminal domain, these cysteine residuesthe change of the three cysteines to serines does not impair
were not changed7( 8, 49). Singly-, doubly-, triply-, and  replication of the mutant virus in tissue culture. Therefore,
quadruply-substituted cysteine to serine derivatives of HIV-1 except where specified in Table 1(footndieIN-3CS was

IN protein were prepared and analyzed. We found that HIV-1 used for all of the experiments in this study.

IN C56S, C65S, C280S (HIV-1 IN-3CS) was the most  Formation of a Stable Complex of HIV-1 IN with Naral
soluble derivative. Whereas wild-type HIV-1 IN is soluble DNA in the Absence of bBalent Cations.Surface plasmon

to ~1 mg/mL, HIV-1 IN-3CS is soluble to about 15 mg/mL  resonance was used to investigate the details 6fDNA
under identical conditions. Size-exclusion chromatography complex formation. In these experiments, solutions of IN
showed that unlike the soluble F185K, C280S derivative of were passed over the surface of a biosensor chip that
HIV-1 IN that is primarily dimeric (at +10 M concentra- contained immobilized duplex oligonucleotides as described
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Table 1: Kinetic Parameters of HIV-1 IN Binding to DNA Substrétes
metal cofactot Kon Koft
substrate KCl¢ (mM) (mM) (x1PM~1sY (x103s7) Kq (NM)
(A) Model Target DNA
24 bp DNA 300 ) 1.3+0.2 2.2+0.3 17.0+£ 15
300 Mg*: 10 0.9+0.1 2.1+0.2 23.0£ 2.0
300 Mr?t: 7.5 0.4+ 0.1 2.2+0.1 53.0+ 2.1
40 bp DNA 300 ) 2.1+05 2.3+04 10.7+ 1.0
300 Mg*: 10 1.2+0.2 1.4+0.2 11.8+ 1.0
(B) Model Viral DNA
21 bp blunt viral DNA end 300 =) 0.7+£0.1 1.8+0.4 27.6£ 2.0
300 Ca" 75 0.8+ 0.1 1.9+ 0.3 24.0+ 1.4
300 Mgt 7.5 22+ 05 1.8+ 0.1 7.9+ 1.0
300 Mg*: 10 2.0+ 05 1.4+0.3 7.1+ 1.0
300 Mret: 7.5 1.0+ 0.1 0.5+ 0.1 4.6+ 0.8
150 “) 6.9+ 1.0 3.8+ 0.2 5.5+ 0.2
150 Mgt 5 34+1.0 0.4+0.1 1.3+ 0.1
preprocessed 21 bp viral DNA end 300 =X 1.7+ 05 2.7+0.1 16.4+ 0.6
300 Mg*: 7.5 1.5+ 0.5 1.9+ 0.2 12.5+ 0.7
300 Mr?t: 7.5 1.5+ 0.5 1.9+0.1 12.6+ 0.6
(C) Mutated Viral DNA
21 bp viral DNA end CA/IGF-GT/CA 300 ©) 14+04 22+0.1 16.0+£ 0.5
300 Mg*: 7.5 15+0.3 2.3+0.1 16.0+ 0.5
300 Mret: 7.5 1.5+ 04 2.1+ 0.2 14.7+ 0.6
33 bp extended viral DNA end 300 - 44+05 1.5+ 0.3 3.5+ 0.3
300 Mg*: 7.5 3.1+ 05 1.6+ 0.3 49+ 0.4
300 Mr?t: 7.5 21+ 04 1.2+0.2 5.9+ 0.5

aThe BlAcore data were collected after passing IN protein over immobilized200 RU) DNA substrate at 37C. Three to five different IN
concentrations, equivalent to from 20 to 160 nM dimers, were used for each kinetic analysis. At these relatively low concentrations, it was assumed
that the IN protein is primarily in dimer form, and concentrations were determined from the total IN concentrations (mg/mL) and IN dimer formula
weight (64 kDa). Kinetic parameters were obtained by fitting real-time data to a one IN dimer to one DNA molecule interaction moafél. The
rates kor) were first determined by fitting the dissociation phases from 138D s after injections. The apparemtrate constants, were determined
by fitting the association phases with the obtainédate constants and the calculated IN dimer concentration (see Experimental Procedbees).
sequences of DNA substrates are listed under Experimental Procetiimgisated are the concentrations of salt (KCI) in enzyme buffers and flow
through.9 No divalent cation [labeled with<)] was achieved by including 0.5 mM EDTA in both buffers for IN protein and for the flow through.
¢The dissociation constant was calculated from the ratio of the average offtaaed the apparerdn rates Kqg = kori/kon). The error was the
maximum difference between the indicated value and the individwablue from each measuremehthese experiments were performed at 25
°C with wild-type HIV-1 protein.

under Experimental Procedures. The association and dis-integration in vitro, HIV-1 IN should be able to form a stable
sociation of IN and this DNA was monitored by the change complex with such DNA under the same conditions. As
in response units which are proportional to the surface expected, when a 21 bp oligonucleotide representing the
concentration of bound analytd3). HIV-1 U5 viral DNA end was immobilized on the surface
To investigate the stability of the nucleoprotein complex of a chip, results similar to those obtained with the nonviral
formed by IN with a model target DNA, a duplex 24 bp DNA were observed (data not shown). Our results are
oligonucleotide with no sequence match with viral DNA ends consistent with previous report8,(36) suggesting that a
was immobilized on a biosensor chip. Formation of the-IN  divalent metal cofactor is not absolutely necessary for
DNA complexes was achieved by injection of 40 of 0.55 stability of IN-DNA complexes. These results also imply
uM IN in buffer A with a flow rate of 25uL/min (Figure that the model viral DNA binds to IN like a target DNA
2A). To these complexes bL of HBS buffer containing when a metal cofactor is not present.
high concentrations of either NaCl (6-8 M), or methanol Binding of IN to the Model Target DNA Substrate Is
[10—75% (v/v)], or both 2.0 M NaCl and 50% methanol Reduced in the Presence of MnDivalent metal ions, M#
(Figure 2A) was injected as a pulse. The results showed noor Mg?*, are required for retroviral integrase to catalyze
significant change in response units after the-IDNA integration reactions. Binding of these divalent metal cofac-
complexes were exposed to these conditions, indicating thattors induces a conformational change and activates HIV-1
the complex is highly stable to high ionic strength and IN (45, 51). To determine if the presence of a divalent cation
hydrophobic solutions. Figure 2B shows the effects of can influence the binding of IN to a model target DNA
increasing concentrations of SDS [0.66504% (w/v)] on substrate, 105L of solutions containing increasing IN
the stability of the IN-DNA complexes. We observed some concentrations (equivalent to 22000 nM IN monomer, in
dissociation with the lowest concentration and complete buffer A) was injected in a random order over the surface
dissociation, with a return of response units to the base line, of immobilized target DNA in the absence or in the presence
with 0.04% (w/v) SDS. This result suggests that structural of 7.5 mM Mr¢". The relative response units were observed
features of IN are critical for the high stability of these+tN  to increase with increasing IN concentration in both the
target DNA complexes. absence and presence of MifFigure 3A,B), demonstrating
Because duplex oligonucleotides with sequence corre-that the protein is soluble and functional for DNA binding
sponding to a viral end can also function as a target for DNA under the conditions of the analyses. The relative response
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Ficure 2: Stability of nucleoprotein complexes formed by HIV-1 IN with a model target DNA substrate. The biosensor surface contained
356 RU of immobilized 24 bp oligonucleotides representing a model target DNA substratk.cf®.45uM IN protein in buffer A in the

absence of divalent cations or in the presence of 7.5 mM™M@ and D) was injected at a flow rate of 2&/min and 25°C. Closed

arrows in panel A indicate the beginning and end of this injection. The assembtddNI complexes were then challenged by injection

of either 5ulL of buffer A containing 2.0 M NaCl and 50% (v/v) MeOH (A and C) oub of HBS buffer containing SDS (B and D) as
indicated by the open arrows in panel A. The expected base line, with no injection, is set as 0 in each panel. The challenging buffers from
the top to bottom curves are as follows: (&)buffer A with 2.0 M NaCl and 50% (v/v) MeOH; (B¥ same as in (A) plus 0, 0.005, 0.01,

0.02, 0.03, 0.04% (w/v) SDS in HBS buffer; (&) same as in (A) but with addition of 7.5 mM Mty (D) = same as in (A) plus 0, 0.005,

0.01, 0.02, 0.03% (w/v) SDS in HBS buffer, with addition of 7.5 mM ¥n

units determined at 331.5 s, which excludes the bulk reduce the affinity of the INtarget DNA complex. These
reflection upon injection, represent the relative binding increases are consistent with the differences observed in
efficiencies. The values obtained were replotted vs IN Figure 2A,C where it is shown that the ftNDNA complex
concentration as a double reciprocal (Figure 3C). Theseis significantly less stable after injection ofi& of 2.0 M
comparisons show that the binding of IN to the model target NaCl and 50% (v/v) MeOH in the presence of 7.5 mM#¥n
DNA was reduced in the presence of 7.5 mM Mnin the (Figure 2C) than it is under the same conditions in the
presence of 7.5 mM Mg, reduced binding efficiency of  absence of divalent cations (Figure 2A). The increases in
HIV-1 IN to the model target DNA was observed only at Kgvalues are also consistent with the fact that the INNA
low IN concentrations (Figure 3C), and the effect of this complex can be totally dissociated by injection ofib of
cation was less pronounced than that offMrn each case,  0.03% (w/v) SDS in the presence of 7.5 mM Mr(Figure
a hyperbolic-like curve was observed in the double-reciprocal 2D) compared to 0.04% (w/v) SDS in the absence of divalent
plots (Figure 3C), suggesting that the HIV-1 -HDNA cations (Figure 2B). The kinetic parameters summarized in
interaction is a kinetically complicated process. Table 1A show that the increases iy values are due
Kinetic parameters for association and dissociation were primarily to decreases in then rate constants.
determined as described under Experimental Procedures at Divalent Cation Cofactors Stimulate the Binding of HIV-1
relatively low IN concentrations (calculated to be-2160 IN to the Model Viral DNA SubstrateSimilar surface
nM IN dimer) to minimize the influence of possible aggre- plasmon resonance experiments were performed with a
gation and formation of higher-order IN multimers. When duplex oligonucleotide representing the viral U5 DNA end.
IN was injected at a concentration less than 10 nM (close to The effect of metal cofactors (Mg, Mn?*, or C&") on the
Kg; Table 1), no binding was detectable, suggesting that IN interaction of IN with viral DNA was investigated by
DNA interaction requires a multimeric form of IN, most inclusion of either the divalent cation or 0.5 mM EDTA with
likely a dimer and higher oligomeric forms. Th& value the enzyme in the running buffer. Figure 4 shows the data
obtained for the IN-target DNA complex in the absence of expressed in double-reciprocal plots. In contrast to results
divalent cofactor (17.0 nM in Table 1A) is consistent with with the target DNA (Figure 3C), the metal cofactors W¥in
the apparent high stability of the complex revealed by the and Mg+ were found to stimulate IN binding to the viral
results shown in Figure 2A. Th€y value increased to 53.0 DNA substrate (Figure 4A,B). A much less pronounced
and 23.0 nM in the presence of 7.5 mM krand 10 mM stimulatory effect was observed with €a(Figure 4B).
Mg?*, respectively, indicating that these divalent cofactors Kinetic calculations (Table 1B) show decreasiigvalues
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Ficure 4: Stimulation by divalent metal cofactors of HIV-1 IN
binding to model viral DNA end substrates. (A) Effect of #ron

Ficure 3: Effects of divalent cations on the binding efficiency of
IN to a model target DNA substrate. (A) Overlay plot of IN binding
to a model target DNA substrate in the absence of metal cofactors. yinging efficiency of IN to model viral blunt-ended DNA substrate
To an immobilized (360 RU) target DNA substrate were injected eypressed in a double-reciprocal plot. The experiments were carried
105uL samples of IN protein (from 20 nM to 2/aM) in buffer A out as described in the legend to Figure 3. 180 RU of 21 bp blunt-
at 30uL/min flow rate at 37°C. (B) Overlay plots of IN binding  gnged viral DNA end substrate was immobilized. The double-
to a model target DNA substrate in the presence of 7.5 mMM™Mn  acinracal plot shows the binding efficiency of IN at 32 in the

The experimental conditions were the same as in (A), but 7.5 MM gpsence of metal cofactom)or in the presence of 7.5 mM Mnh

Mn2t was added both to the IN samples and to the running buffer. (®). (B) Effects of Mg* and C&* on the binding efficiencies of
The base lines before the injections were adjusted to zero. (C)|N'to the viral DNA end substrate. Binding efficiency of IN was
Effects of Mr#* and Mg" on the dependence of IN binding  measured as described in (A) but with 532.5 RU of the immobilized
efficiency as a function of the IN concentration. With elimination pnaA substrate. The plots show the dependence of IN binding
of bulk reflections due to the injection of IN solution, the relative efficiency on the IN concentration either in the absence of metal
response units at 331.5 s, as indicated by the open arrows in (A)igng @) or in the presence of 7.5 mM Mg (#) or 7.5 mM C&*

and (B), were plotted vs IN concentrations as a double reciprocal: (o) (C) Effects of metal cofactors on the binding efficiency of IN

in the azbsence of divalent catiorl)(and in the presence of 7.5 573 preprocessed viral DNA end. 287 RU of 19/21 bp model
mM Mn?* (@) or 7.5 mM Mg* (#). The overlay plotof INbinding  hrenrocessed viral donor DNA substrate was immobilized. The
to the DNA substrate in the presence of ¥ds not shown, but  pinging efficiency of IN was measured either in the absence of
the experiment was performed under the same conditions asmeta| cofactorsM) or in the presence of 7.5 mM Mh (@) or 7.5
indicated in (A), except for the addition of 7.5 mM FKigin the mM Mg (#). The experimental conditions were the same as
enzyme and buffers. described in the legend to Figure 3.

of 27.6, 24.0, 7.9, and 4.6 nM for no metal cofactor, 7.5 These changes result from both an increase inotheate
mM C&", 7.5 mM Mg*, and 7.5 mM M@A", respectively. constants and a decrease in i€ rate constants in the
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presence of metal cofactors (Table 1B). Thus, the affinity 0.015

of IN for the viral DNA substrate is increased in the presence A

of metal ions, and the relative order of this effect is¥r 0012 "
Mg?t > C&*". This order is similar to that observed in a ' M
previous study which measured the ability of these cations 2

to induce a conformational change in HIV-1 IM5). The = 0.009

effects of the divalent cation cofactors on the efficiency of
IN binding to DNA substrates suggest that the metal-induced
conformational change allows HIV-1 IN to recognize and
bind to the viral DNA end preferentially.

Divalent Cation Stimulation of IN Binding to Viral DNA 0.003-
Is Abolished by Alterations in the Viral DNA Sequengs.
we observed that the effect of metal cofactors on HIV-1 IN

0.006-

binding to DNA substrates is DNA sequence-dependent, we T T o 15 20 35 3 35
next asked how changes in the viral DNA substrate might
affect IN binding. The processing reaction produces a 1IN (M-

recessed viral DNA end resulting from the loss of two
nucleotides from the'2nd of the plus strand. The processed
viral DNA is then a substrate for the next step in the reaction, o015{ B
joining to target DNA. To investigate the kinetics of
interaction with processed viral DNA, binding assays were 0.012- M+
performed under the same conditions, but with a model

“preprocessed” viral DNA substrate that contained a recessed
3-OH end. The results showed that IN forms a stable

complex with the preprocessed viral DNA, equally resistant

to MeOH, NaCl, and SDS as the blunt-ended model viral 0.006
DNA (data not included). This is consistent with a previous

report that the viral DNA end remains bound to IN protein 0.003

after the processing reactioB4). However, we observed

little stimulation of binding activity by metal cofactors with o4 : : . ; :
the preprocessed viral DNA substrate (Figure 4C). Kinetic o 5 w520 2% 30
calculations showKy values of 16.4, 12.5, and 12.6 nM in VIN (uM-1y

the absence of metal cofactor and in the presence of 7.5 mM

Mg?* or 7.5 mM Mr?*, respectively (Table 1B). These Ficure 5: Effect of metal ions on the binding efficiency of HIV-1

: : ) IN to altered viral DNA ends. (A) The double-reciprocal plots show
values are 23 times higher than th&y's calculated for the dependence of the efficiency of IN binding to a 21 bp viral

blunt-ended viral DNA in the presence of the metal cofactors. pNa end (138 RU) with a flipped CA/GT bp on the concentrations
This result suggests that the terminal dinucleotides that areof IN, in the absence of metal cofactom)(or in the presence of

absent in this preprocessed substrate may be important for.5 mM Mr?* (@) or 7.5 mM Mg* (#). (B) Double-reciprocal

; e . ; ; plot showing binding efficiency of IN to a viral DNA end extended
the preferenna_tl recognition of blunt-ended viral DNA in the with 14 bp nonviral DNA (145 RU) in the absence of metal
presence of divalent cations.

) cofactors M) or in the presence of 7.5 mM Mh (®) or 7.5 mM
CA/TG base pairs are conserved near the ends of all g2+ ().

retroviral DNAs. Mutation of these base pairs resulted in
10P-fold reduction in integration of Moloney murine leukemia to be near the end of the DNA. Therefore, we constructed
virus (MLV) DNA in vivo (52). Similar mutation of HIV-1 and tested a viral DNA substrate in which the normal end
DNA substrates gave dramatic reduction of integration of was extended by 14 base pairs of nonviral sequence. We
HIV-1 DNA in vivo (32) and undetectable processing activity found that in this case, as well, no cofactor stimulation of
of HIV-1 IN in an in vitro assay 24, 53, 54). Thus, we asked  IN binding to the viral DNA substrate was observed. In fact,
if the CA/TG base pairs are required for the metal stimulation the binding efficiency in the presence of knwas actually
of IN binding to the viral DNA. We found that a blunt-ended somewhat lower than that in the absence of the metal cofactor
viral DNA substrate in which these two base pairs were (Figure 5B), similar to the situation with the model target
flipped showed no difference in the binding of IN in the DNA (Figure 3C). With the 35-mer extended viral DNA
absence or presence of kgor Mn?* (Figure 5A). Kinetic substrate, th&y values were raised from 3.5 to 5.9 nM by
calculations showed simild¢, values of 16.0, 16.0, and 14.7  the addition of 7.5 mM M#", and to 4.9 nM by the addition
nM in the absence of metal cofactor and in the presence ofof 7.5 mM Mg" (Table 1C). These results suggest that a
7.5 mM Mgt or 7.5 mM Mr?t, respectively (Table 1C).  free viral DNA end is required for divalent cation stimulation
Thus, the stimulation of the binding activity of IN by the of IN recognition by HIV-1 IN.
metal cofactors (M§ or Mn?") was totally abolished by Affinity of IN-DNA Complexes Is Influenced by Salt and
this mutation. These results indicate that the conserved CA/DNA Length.The kinetic parameters summarized in Table
GT base pairs are also essential for the preferential recogni-1 show that in all cases thaff rates are close to (0-44.0)
tion of viral DNA in the presence of the divalent cations. x 1072 s™!, and theonrates are near (0-47.0) x 1®° M~*
Biochemical and genetic studies have shown that the s™%, consistent with the interpretation that there is a lack of
specific viral DNA sequences that are recognized by IN need absolute binding specificity of HIV-1 IN to the substrates

Mg+t

/RU

0.0094

1

EDTA
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(36, 38). However, a combination of these two kinetic factors
results in substantial differences in the appaitentalues
between viral DNA substrate and nonviral DNA substrate.
It can be seen that the stabilities of Hdonviral DNA
complexes are increased with increasing length of DNA
(Table 1A,C). This result is consistent with a previous report
that the affinity of the IN-viral DNA complex increases with
the length of viral DNA substrate$%). On the other hand,
the affinities of IN-viral DNA complexes are decreased with

Yi et al.

place these proteins and integrases in the same super-family
(58), and they may share a similar mechanism of catalysis.
Formation of stable MuAMu DNA end complexes is
dependent on the presence of either?Mdvin?*, or Ca&*"

(59, 60). In the assembly of HIV-1 IN-viral DNA com-
plexes, both a stabilizing effect of €aon the complexes

(34, 35) and no significant effect of Ca have been reported
(33). In our experiments, 7.5 mM Caexhibited a minimal
effect both on the stimulation of IN binding to viral DNA

increasing salt concentration (Table 1B). In the absence ofsubstrate (Figure 4B) and on the stability of the-{Nral

any divalent metal, the apparéut, values change from 6.9
x 1P M~%stin 150 MM KCl to 0.7x 1 M~*stin 300
mM KCI. This change in thé&,, values is a primary source
of the increase iq values from 5.5 nM in 150 mM KCl to
27.6 nM in 300 mM KCI. The change may signify that the
conformation of IN protein is affected by the salt concentra-
tion. In the presence of Mg, the K4 value increases from
1.3 to 7.6 nM when KCl is increased from 150 to 300 mM,
and both the decrease in thg values and the increase in
the kot values contribute to the increase in tgvalues.

DISCUSSION

HIV-1 IN forms highly stable complexes with either model
viral DNA or model target DNA substrates. The complexes
are resistant to challenge by either high salt concentration
high methanol, or both, but are not resistant to low

DNA complexes revealed by kinetic analysis (Table 1B).
This is consistent with our previous observations that a
relatively high concentration of this cation was required to
observe a conformational change in HIV-1 I4), and with

a report that preincubation of IN with €aonly slightly
enhanced IN activity in vitro33).

Our observed cofactor stimulation of the binding of IN to
viral DNA and the resulting decreases in appaiéntalues
are consistent with previous reports that the metal cofactors
promoted formation of stable HNviral DNA complexes 83,

34). We found that these effects were abolished by the
extension of the viral DNA end with nonviral sequences, or
by substitution of the conserved CA/TG base pair with a
GT/AC base pair (Figure 5A,B), and were diminished with
a preprocessed model viral DNA end (Figure 4C). Ellison
'and Brown 83) reported thaa 2 bpdeletion from the 5
end (AC) of HIV-1 DNA minus strand of U5 DNA also

concentration of SDS (Figure 2). These properties suggestyeiapilized the INviral DNA complex. Taken together,

that the structural features or the conformation of IN protein,
rather than its charge, plays a major role in the-Bubstrate

these results suggest that the last 4 bp and a free viral DNA
end are critical for the metal ion stimulation of IN binding

interaction. Two DNA-sequence dependent effects of metal to viral DNA. and for stabilization of the INviral DNA

cofactors were observed with the-H{DNA interaction. With
nonviral model target DNA substrates, Mrdecreased the
binding efficiency of IN to the DNA substrate. Mg also
decreased this binding but with less effect tharfMrigure
3C). In contrast, with a model viral DNA substrate, both
Mg?* and Mr?* stimulated binding of IN (Figure 4A,B), and
stabilized the IN-viral DNA complexes.

In the absence of a divalent metal cofactor, IN bound to
the 21 bp viral DNA substrate (appardfd = 27.6 nM at
300 mM KClI, Table 1B) with affinity similar to that observed
for the 24 bp nonviral, target DNA substrate (17.0 nM, Table
1A). Thus, IN exhibits no preference for the viral DNA in

complexes. On the other hand, the effect of divalent cations
on IN binding to the flipped CA/GT-altered viral DNA
substrates (Figure 5A) is similar neither to the stimulation
seen with the blunt model viral DNA substrate (Figure 4A,B)
nor to the reduction observed with a model target DNA
substrate (Figure 3C). Thus, other residues upstream from
the viral DNA end may also contribute to IN recognition
(27, 28, 30—32, 54).

Our results show that at equal concentrationgMnduces
stronger effects than Mg both on the enhancement of IN
binding to the viral DNA substrate and on the reduction of
IN binding to the target DNA substrate. These differences

the absencle of the cofactors. In the presence of 7.5 mM may exp|ain Why Mﬁ+ is genera”y more effective than MJg
Mg?*, the dissociation constants are changed to 7.9 nM for a5 a cofactor for catalysis in the in vitro assay. In addition,

viral DNA and 23.0 nM for the target DNA, the difference
is even more pronounced in the presence of 7.5 mMMn
with apparenty values of 4.6 and 53.0 nM for the viral

Mn?* is more effective at stabilizing the HNviral DNA
complexes than MY, which may be important for the
processing reactior86). Mn?" may also be more effective

and target DNAs, respectively (Table 1A,B), a greater than than Mg+ in inducing release of the DNA product after

11-fold difference. In standard in vitro assays, a 21 bp viral Cata|ysis_ Thd(d (Off rate Constant) of IN bound to 33 bp
DNA end functions both as a viral DNA and as a target DNA  extended viral DNA complexes at 50 mM KCI in the

substrate. Thus, our kinetic calculations with the model viral

presence of 5 mM Mg is ~3 x 10*s7, i.e., 0.018 minZ.

DNA substrate may reflect an average of both effects of the This is comparable to values dé. reported for the

metal ion. The actual differences in the ability of the enzyme
to recognize viral and target DNAs in the presence of Me

processing reaction of HIV-1 IN: 0.046 and 0.069 niiin
the presence of 5 mM Mn and Mg™", respectively 36),

may be much greater. Furthermore, during concerted integra-g. 0021 mirr! in the presence of 10 mM Mh (61), and 0.004

tion of two viral DNA ends into a target DNA in vitro, we
can expect that the Me effects will increase to the square
of the results we observed with a single viral DNA end.

min~tin the presence of 7.5 mM Mg (62). The kg, of the
joining reaction of integration is reported to be close to, but
no greater than, that of the processing react&s).(Thus,

Transposition reactions catalyzed by transposases, such aproduct release is, or contributes to, the rate-limiting step.
the MuA transposase, are mechanistically similar to the Destabilization of the IN-product DNA complexes by Mt

retroviral integration reactiorbg, 57). Structural comparisons

could facilitate turnover by enhancing the release of product.
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Alternatively, metal ions may help IN to bind to viral DNA
in the right orientation, position, or conformation so that the

Biochemistry, Vol. 38, No. 26, 1998467

and Leu 234 in this domain contribute to DNA bindirf(
67). Although the isolated core domain of HIV-1 IN shows

catalytic reactions can be performed. It is also possible thatno detectable binding to any linear DNA, even in the

the metal cofactor may shift the equilibria among multimeric
forms of IN to favor IN-viral DNA interaction but not IN-
target DNA interaction.

Stimulation of HIV-1 IN binding to viral DNA by metal
cofactors was observed by Pemberton and co-world8)s (
Their results were explained by a positive cooperative
binding of IN to viral DNA substrates induced by metal
cofactors. However, our data for the binding of IN to the
model viral substrate (Figure 4A,B), to the viral DNA end

presence of metal ionglQ; also our unpublished data), the
core domain does harbor some or all of the determinants
responsible for recognition of the CA/GT dinucleotid2§,(

68, 69). In fact, the core domain can bind to a model
branched DNA intermediate of integration, and recognize
key features of the DNA substrat&(). A core region
corresponding to residues 15367 was identified as a
nucleotide (5N3-AZTMP) binding site’(), and the residues
Lys 136 (72), Lys 156, and Lys 1597@Q) can be cross-linked

extended with 14 bp of nonviral sequence (Figure 5B), and to, or close to, the conserved CA dinucleotide in the viral

to the model target DNA substrate (Figure 3C) show that
the plots of 1/RU vs 1/[IN] deviate from straight lines into
hyperbolic-like curves. The pattern of these plots indicates
that the affinity of IN-DNA complexes decreases with

DNA end. Mutagenesis studies also suggested that GIn148
may be involved in the binding of viral DNA endg4).
Recent molecular modeling studies suggest that at least eight
IN protomers mediate the concerted integration of the two

increasing IN concentration. This suggests that a negativeviral DNA ends into a target DNA 75). How such a

cooperativity, if any, may exist between two IN molecules
binding to one DNA substrate even in the presence of metal
cofactors 64). This may signify that a DNA binding site is
close to a proteirrprotein interface in multimeric forms of
IN. However, the bending in the double-reciprocal plots may
also result from more complicated interactions between
HIV-1 IN and its substrates, such as specific IN protein
protein interactions and/or a DNA-induced protein conforma-
tion change. When the IN concentration is increased, the
equilibrium shifts to favor higher multimeric IN forms.
Owing to their higher mass, such multimeric forms (e.g.,
tetramers) could contribute disproportionately to an increase
in RU even though they have the same DNA binding
property as dimers. In fact, after IN was loaded onto the

nucleoprotein complex may be assembled is not understood.
Our results suggest that the predominant forces for formation
of highly stable IN-target DNA or IN-viral DNA com-
plexes are the same in the absence of divalent cations.
However, in the presence of the metal cofactor, IN can
discriminate between viral and nonviral DNA, and the last

4 bp in the viral DNA ends are especially important for such

discrimination.
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with an initial, fast dissociatiorks ~ 5 x 1072 s™%) followed
by a slower decayk{s ~ 1 x 102 s%, Table 1). This
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suggests that two or more complexes of different stabilities script and helpful discussions.

were formed on the chip surface. The fraction of less stable
complex (appareriy ~ 1 x 10°% M) was higher at a higher
IN concentration, as we observed that the initial, fast decay
became more obvious at higher IN concentration (Figure
3A,B). Therefore, this faster decay may reflect the dissocia-
tion of IN either from a less stable complex with DNA or
from other protein molecules in an ININ—DNA) complex.
Further experiments will be required to distinguish between
these two possibilities. Furthermore, as both the initial fast
decay kot ~ 5 x 1072 s71) and the late slower decalf ~
1 x 1072 s!) decreased slightly with increase in sample
loading times at lower IN concentrations (data not shown),
it is also possible that the DNA substrates induce a protein
conformation change3() that allows formation of a more
stable nucleoprotein complex.

Significant progress in our understanding oft{BNA

interactions has been made in recent years. Both the catalytic

core domain and the C-terminal domain of HIV-1 IN are
known to contribute to nonspecific DNA binding@). Photo-
cross-linking studies indicate that viral DNA can bind to

peptides in both the core and C-terminal domains, but target 11.

DNA can bind to peptides in all three domairg5). The
minimum region of IN required for nonspecific DNA binding
has been mapped to residues 2200 in the C-terminal
domain (@9) whose structure has been solvetb,(66).
Mutagenesis studies have revealed that Lys 264, Arg 262,
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