Biochemistry2003,42, 9235-9247 9235

Dynamic, Thermodynamic, and Kinetic Basis for Recognition and Transformation
of DNA by Human Immunodeficiency Virus Type 1 Integrase

Dmitrii V. Bugreev?} Svetlana BaranovaQlga D. Zakharovd,Vincent Pariss?, Céecile Desjoberf
Enzo Sottofattori, Alessandro Balbi,Simon Litvak$ Laura Tarrago-Litvak,® and Georgy A. Nevinsky#*

Novosibirsk Institute of Bioorganic Chemistry, Siberian:3ion of Russian Academy of Sciences, 8reatieva Avenue,
Novosibirsk 630090, Russia, UMR 5097 CNRS-#énsite Victor Segalen Bordeaux 2, 146 ruéd_8aignat,
33076 Bordeaux Cedex, France and IFR 66 Bordeaux, France, andetsity of Genoa, Department of Pharmaceutical
Sciences, Viale Benedetto XV, 3, Genoa-3, Italy

Receied February 24, 2003; Résed Manuscript Receed May 7, 2003

ABSTRACT: Specific interactions between retroviral integrase (IN) and long terminal repeats are required
for insertion of viral DNA into the host genome. To characterize quantitatively the determinants of substrate
specificity, we used a method based on a stepwise increase in ligand complexity. This allowed an estimation
of the relative contributions of each nucleotide from oligonucleotides to the total affinity for IN. The
interaction of HIV-1 integrase with specific (containing sequences from the LTR) or nonspecific
oligonucleotides was analyzed using a thermodynamic model. Integrase interacted with oligonucleotides
through a superposition of weak contacts with their bases, and more importantly, with the internucleotide
phosphate groups. All these structural components contributed in a combined way to the free energy of
binding with the major contribution made by the conserveteBninal GT, and after its removal, by the

CA dinucleotide. In contrast to nonspecific oligonucleotides that inhibited the reaction catalyzed by IN,
specific oligonucleotides enhanced the activity, probably owing to the effect of sequence-specific ligands
on the dynamic equilibrium between the oligomeric forms of IN. However, after preactivation of IN by
incubation with M@+, the specific oligonucleotides were also able to inhibit the processing reaction. We
found that nonspecific interactions of IN with DNA provide8 orders of magnitude in the affinity

(AG® ~ —10.3 kcal/mol), while the relative contribution of specific nucleotides of the substrate corresponds
to ~1.5 orders of magnitudeAG® ~ — 2.0 kcal/mol). Formation of the Michaelis complex between IN

and specific DNA cannot by itself account for the major contribution of enzyme specificity, which lies in
the kear term; the rate is increased by more than 5 orders of magnitude upon transition from nonspecific
to specific oligonucleotides.

Replication of retroviruses depends on the integration of HIV-1 integrase catalyses two reactions to insert both ends
a double-stranded DNA copy of the retroviral genome into of the proviral DNA into the host cell genome: (i)-3
the host cell nuclear genome (reviewed in Bf The processing, in which the two nucleotides (GT) from the 3
integration step is catalyzed by the retroviral enzyme ends of linear viral DNA are removed, leaving the CA
integrase (IN), whose recognition sequence is located at the dinucleotide at each’&nd and (ii) the strand transfer or
ends of the viral long terminal repeats. This LTR sequence joining reaction in which the processed viral DNA ends are
is critical for site-specific cleavage and integratidh 8). inserted into the host DNA4( 5).
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are crucial for recognition of viral DNA ends by IN. The tribute to binding equilibria for proteins whose specificity
site of 3-end processing and DNA joining always corre- is not very large. Understanding the role DNA plays in
sponds to the '30H of the conserved A. Positions just facilitating the association of DNA-binding proteins is
internal to the conserved CA also play a major role in necessary for understanding how sequence specificity is
susceptibility to integrase. accomplished. Therefore, the analysis concerning the quan-
Viral DNA substrates must be double-stranded to be titative evaluation of the relative individual contributions of
processed or DNA joined by integrase. In vitro, IN binds to the thermodynamic (complex formation) and kinetic (reaction
substrate DNA with affinities similar to those of nonsubstrate rate constant) steps of a catalytic process to the DNA affinity
DNA. The specificity of the reaction may involve the or to the specificity of DNA-binding proteins is very
nonspecific binding of viral DNA first, followed by catalysis  important.
that is achieved in a complex way by the contribution of  Different studies have been performed to address the
several nucleotides, both distal and proximal to the scissile energetic basis of specificity in DNAprotein complexes.
bond, thus cleaving the CA in a site-specific fashion. Binding Experiments using restriction endonucleases showed that
interactions extend inward at least-121 base pairs from  BanHI, EcoRl, and EcaRV have different context prefer-
the viral DNA end. There is no evidence that sequences ences, suggesting that the context affects binding by influ-
further than 15 base pairs from the ends have any role inencing the free energy levels of the complexes rather than
substrate specificity of IN. Therefore, most of the specificity that of free DNA (1—13). Jen-Jacobson described how
appears to reside in the terminal base pairs. enzymes that catalyze reactions at specific DNA sites have
In contrast to the specificity of integration for viral DNA  overcome the problem of inhibition by excess nonspecific
ends, no obvious sequences have been defined for the largbinding sites on DNA 14). It has been proposed that the
number of sites in host chromosomal DNA that can serve specific proteir-DNA recognition complex bears a close
as the target for integration. A model has been proposed forresemblance to the transition state complex, such that very
the functional organization of IN in which viral DNA initially ~ tight binding to the recognition site on the DNA substrate
binds nonspecifically to the C-terminal portion of IN, and does not inhibit catalysis but instead provides energy that is
the catalytic central domain has an important role both in efficiently utilized along the path to the transition state. More
specific recognition of viral DNA ends and in positioning recently, the potential contribution of nonspecific binding
host DNA for nucleophilic attack7). Target DNA recogni- to the thermodynamics of specific binding has been analyzed
tion in vivo is probably influenced by structural features of (15, 16). Studies of the DNA-binding domains of several
the host DNA, as well as by the viral preintegration complex nuclear receptors reveal differences in structure and dynamics
and cellular factors. upon binding to DNA 17). As demonstrated recently, the
As protein-DNA interactions are involved in many of the lac repressor interacts with its natural operon through
fundamental processes that occur inside cells, it is extremelyalternative conformations of its DNA-binding domain, thus
important to understand their nature. Many nucleic acid- showing a high degree of plasticity in DN#protein
binding proteins have low or no sequence specificity, whereasrecognition (.8).
others have extremely high specificity for their special target  In general, site-specific proteifDNA complexes vary
sites. It is therefore particularly important to determine the greatly in structural properties and in the thermodynamic
molecular basis of specificity, which requires characterization strategy to achieve appropriate binding free energy. Overall,
of the conformational properties of the protein (and protein  the primary and spatial structures of proteins, DNA, and
ligand complex), the DNA target size, and the changes thatRNA, as well as their conformational changes, possible
ensue as a consequence of the interaction. Any differenceslasticity, and additional protetrprotein, RNA-RNA, and
observed in the specific complex need to be compared with DNA—DNA interactions upon complex formation play an
any changes that occur in nonspecific complexes to be ableimportant role in the recognition and transformation of
to determine what constitutes specific binding (r8fs10 specific DNA and RNA sequences by enzymes and proteins
and references therein). (9, 10). However, the factors governing the recognition and
In recent years, significant progress has been made in thetransformation of specific DNA may be different for each
detailed analysis of specific proteidNA interaction using enzyme, thus making it difficult to find a relationship
X-ray crystallographic technigues. However, X-ray structural between them.
analysis of proteifrnucleic acid interactions does not provide ~ We have developed new approach8s10) to evaluate
guantitative estimates of the relative importance of molecular the relative contributions of individual nucleotides, including
contacts, or of the relative contributions of strong and weak, their structural elements, to enzyme affinity for DNA. The
or of specific and nonspecific contacts to the total affinity analysis of molecular interactions between enzymes and long
of an enzyme for DNA. X-ray analyses of sequence-specific nucleic acids by stepwise increase in ligand complexity
enzymes with DNA have led to the somewhat erroneous (SILC) has shown that complex formation, including contacts
concept that specific contacts, such as pseudo-WatSaok between an enzyme and specific sequences, cannot alone
interactions, provide high affinity for specific DNA se- provide the basis of either specificity or high affinity for
guences and that such interactions lead to high specificity DNA. Virtually all nucleotides within the DNA-binding cleft
and high efficiency in catalysis. In addition, it is commonly interact with the enzyme. High affinity (58 orders of
supposed that enzymes recognizing specific double-strandednagnitude) is mainly provided by numerous weak, additive
(ds) sequences cannot bind mononucleotides or short single{or close to additive) interactions between the enzyme and
stranded (ss) oligonucleotides with high efficiency. Even the various structural elements of nonspecific nucleotides.
though in vitro studies of specific binding use short DNA For specific DNA, the interaction of its nucleotides with
oligonucleotides, nonspecific binding can significantly con- enzymes may be additive or not and can include different
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specific cooperative, anticooperative, or other interactions.
However, in contrast to nonspecific DNA, the relative
contribution of specific interactions to the total affinity is
rather small, not exceeding-P orders of magnitude. Thus,
complex formation cannot alone explain the specificity of
enzyme action. Specificity is provided by the enzyme-
dependent DNA adaptation to the optimal conformation and
by catalysis 9, 10).

To better understand the basis for viral DNA-binding
specificity of HIV-1 integrase, we used the SILC approach
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substrate incubation with IN. The following different controls
were used: (i) the reaction mixture incubated with3#3
GT-ODN,; in the absence of IN and (i) the complete reaction
mixture at zero time of incubation. All measurements were
taken within the linear regions of time courses and enzyme
concentration curves.

Effect of Oligonucleotides on the Rate of thé”Bocessing
Reaction.To analyze the effect of oligonucleotides on IN
activity, the enzyme was preincubated at ‘¥ for 5—60
min in different conditions The standard preincubation

here. This method allowed us to probe interactions betweenmixture (26-100uL) contained 20 mM HEPES/NaOH (pH
integrase and a series of model substrates (single- or doubleZ.5), 10 mM DTT, 0.1 mM EDTA, 56100 mM NacCl, 2

stranded, specific or nonspecific oligonucleotides) to char-

mM CHAPS, 3% glycerol, 0.05% Nonidet P-40,480 mM

acterize quantitatively the structural determinants of substrateMnClz, 10 nM to 30uM integrase, and different concentra-
specificity and the mechanism of action of integrase. Results tions of oligonucleotides. At different time intervals, aliquots
were then analyzed using a thermodynamic model of specific (5—10 uL) of the preincubated mixture were diluted with

DNA recognition.

EXPERIMENTAL PROCEDURES

Materials. Reagents were purchased from Merck and
Sigma. Electrophoretically homogeneous HIV-1 integrase

buffer (20 mM HEPES/NaOH, pH 7.5, 10 mM DTT, 0.1
mM EDTA, 4 mM NaCl) and added to the-Brocessing
reaction mixture (final concentration of IN-BLO nM), and
the reaction was performed as described above.

Kinetic Parametersinitial rates were measured in kinetic
experiments. Th&y andVmax values were estimated using

was purified from the JSC 310 protease-deficient yeast nonlinear regression analysg4( 25). The type of inhibition
strain transformed with the integrase expression plasmid gnq thek; values were determined by nonlinear regression

pHIV1SF2IN as previously described9).

OligonucleotidesSynthesis, purification, and characteriza-
tion of homo- and hetero-oligonucleotides were performed
as described before2Q, 21), and their concentration was
determined as described by Fasmag)( The specific ds
DNA substrate (termed ds GT-ODRN used for 3end
processing was prepared by annealing the 21-mer ODN (5
GTGTGGAAAATCTCTAGCAGT-3) with the 21-mer
complementary strand ‘ACTGCTAGAGATTTTCCAC-
AC-3): both ODNs were heated for 2 min at 9C, fol-
lowed by slow cooling. The ds ODN was then labeled at
the 3-end with p-*?P]dGTP and§-*?P]TTP in the presence
of the exonuclease-free Klenow fragmeng&aicherichia coli
DNA polymerase | 19, 23).

Enzyme Actiity AssaylIntegrase activity was determined
by measuring the'3end processing reaction at 3G. The
standard reaction mixture (2A00 uL) contained 20 mM
HEPES/NaOH (pH 7.5), 10 mM DTT, 0.1 mM EDTA,
4 mM NacCl, 7.5 mM MnC}, 0.05% Nonidet P-40, and 5
10 nM ds P?P]GT-ODNy; substrate. The reaction mixture
was incubated for different times<{&0 min) in the presence
of 5—40 nM IN. Products were quantified using two
methods, both giving essentially identical result§)( (i)
in the first method, the3fP]GT product was separated by
15% PAGE in the presencd @ M urea. Gels were auto-
radiographed, and gel pieces corresponding to tHe) (

analysis and presented as linear transformations using the
Lineweaver-Burk plot. Values of 1G, were determined at

a substrate concentration equal t&2 For competitive
inhibition (24, 25), 1Cso = 3K; when [SE 2Ky. Errors in

ICs0 andK; were within 16-30%.

Small-Angle X-ray Scattering.he effect of oligonucleo-
tides on the oligomerization of integrase was analyzed by
preincubating the enzyme in 4Q of a mixture containing
20 mM HEPES/NaOH pH 7.5, 10 mM DTT, 0.1 mM EDTA,
100 mM NaCl, 2 mM CHAPS, 3% glycerol, 0.05% Nonidet
P-40, and 10@M specific or nonspecific pentanucleotides.
SAXS roentgenograms were obtained using a Siemens
diffractometer (Germany) by the method of step-by-step
scanning with a goniometer and X-ray scintillation detector
as described earlie26). The determination of the fraction
composition using small-angle roentgenograms was per-
formed as described previousI26).

RESULTS AND DISCUSSION

Complex Formation of HIM Integrase with Oligonucleo-
tides The formation of the INDNA complex was analyzed
using the SILC approach, according to the following scheme:
orthophosphate or mononucleotide (as minimal ligands of
IN) — ss nonspecific homo-d(\N)— ss specific hetero-d(\)

— ds nonspecific homo-d(N)— ds specific hetero-d(IN)

We have previously shown that IN can bind different

cleavage products were measured by Cherenkov countingoligonucleotides: single- or double-stranded molecules of
and (i) in the second method, the reactions were stoppedgifferent lengths and with sequences, either related (specific)

by transferring 16-50 uL aliquots to 40uL of ice-cold
solution of DNA (2 mg/mL) in 20 mM Tris-HCI containing
100 mM NacCl, and after thorough mixing, 1 mL of cold

8% trichloroacetic acid was added. Solutions were kept on

ice for 3—4 h to allow precipitate formation. The precipitates
were pelleted by centrifugation at°Z for 20 min (15 000

rpm), and 1 mL of the supernatants was used to count

radioactivity. The content of*{P]GT dinucleotides in the

acid-soluble fraction was the same in both cases ands

contained<5% of the radioactivity typically observed after

or unrelated (nonspecific) to the specific 21-mer substrate
(19). Here, we extended these results to other oligonucleo-
tides.

The 3-end processing catalyzed by HIV-1 integrase was
assayed with double-stranded GT-OfRNhe specific DNA
substrate derived from the HIV-1 U5 end of the LTR:

point of cleavage
GTGTGGAAAATCTCTAGTCAIGT 3
33 CACACCTTTTAGAGATCGT CA 5
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A SIN12 345 6 Table 1: Affinity of HIV-1 Integrase for Nonspecific
Oligonucleotides and Its Constituehts
m =~ 21-mer (A) Nonspecific single-stranded oligonucleotides
Ki i Ki Ki
A @M)  d(Ch  @M)  rU)n M) r(C) (M)
T-base >500000 C-base>500000
m. # +|~2-mer dTMP 767 dCMP 15000 UMP 4000 CMP 4000
T2 330 G 300 U 2600 G 1500
Ts 166 G 100 U 2000 G 650
B Ty 73 G 50
@ 100 Ts 43 G 32 Us 150
< Te 33 Us 100 G 100
b 80 T, 26 G 10
= T1o 8.3 Uio 30 Gpo 40
k> Cis  0.100
60
< To 1.0 Cx 0.012
E 40 (B) Nonspecific single-stranded oligonucleotides arfd Pi
E \\ i i Ki com- Ki
= 2 o dA)n (M)  T(A)y (M) d(PRWT) (M) pound (uM)
— . A-base >500000 p-ribose  >500000 P1 33000
dAMP 5000 AMP 7100 d(pR) 15000
200 400 A, 80 A
Oligo(rA),, pM Az 48 As 310
Ay 35 Ay 70 d(pRX(T) 100
C As 1.2 As 55
As 1.0 d(pRY(T) 60
95 Ap 052 Ao 0
8- A 0.40
Ay 0.30 d(pR)s(T) 15
“ 1] Asg 4
€ 6l Az 0.016
x Az 2
g_ 3 (C) Nonspecific double-stranded deoxy-oligonucleotides
= 4 ratio: Ki(ss)Ki(ds) ratio: Ki(ss)K; (ds)
?_ 3] no of units Ki: d(T)nd(A)n ss: d(T) ss: d(A)
(n) (uM) ds: d(T)-d(A)n ds: d(Th-d(A)
2 3 45 3.6 1.06
1 4 3.2 23 11
_7 6 0.600 55 2.0
2 4 0 1 2 3 4 5 6 8 0.280 57 3.6
P 10 0.150 55 3.4
1/ [*PJODN,, substrate (M) x 10° 12 0.078 70 5.1
14 0.054 83 5.6
Ficure 1: (A) Inhibition of the IN-catalyzed processing reaction 21 0.040 25 4.0

by ribo-(A)1o. Integrase was incubated under the reaction conditions
described in the Experimental Procedures, with the specific 21-

(D) Nonspecific double-stranded deoxy- and ribo-oligonucleotides

. ; Ki (ss) Ki (ds)
mer duplex DNA substrate containin]-labeled GT nucleotides — :
in the 3-end. The reaction products were analyzed by 15% SSON (M) ds ON (M) ratio: Ki (ss)ki (ds)
polyacrylamide-7 M urea gel electrophoresis. Complete reaction dTio 83  d(Thor(A)1o 1 8.3
mixtures containing the labeled substrate were incubated in the Uio 30 (rUhod(A)1o 0.26 115
absence of integrase (lane S) or in the presence of IN (lane IN). U 30 (rfUho'r(A)10 5 6
Lanes 6: same as lane IN but in the presence of 20, 50, 120, A 40 r(A)10°d(T o 1 40
150, 200, and 30@M oligo r(A)1o. Arrows indicate the 21-mer dAso 052 d(A)wr(U)o 0.26 2
and the dinucleotide product (2-mer). (B) Integrase activity. w0 40 r(A)101(U)10 5 8

Reaction products were determined by measuring the TCA non-  avalues are the average results of two to three independent
precipitable radioactivity corresponding @BRIGT remaining after  experiments. Errors ifK; and |Gy values were within 1620%. K;
IN-dependent processing. Results are expressed as relative activityyalues (shown in bold) were determined by nonlinear regression analysis
100% corresponding to IN activity in the absence of inhibitor. (C) or calculated using the K values (lightface) as described in the
Double reciprocal plot according to the Lineweav8urk repre- Experimental ProcedurePi corresponds to orthophosphatdhe
sentation. The 'Sprocessing reaction was performed varying the d(pR), series are deoxyribose phosphates in which R is a chemically

GT-specific double-stranded?P]JODN,; substrate concentrations  stable analogue of deoxyribose (a tetrahydrofuran derivative).
as indicated. Different concentrations of ribo-{fyvere added: 0

(@), 18 ), 40 @), and 88uM (O). Values represent the average
of at least two independent determinations. Errors were within 10
30%.

(A)10in Figure 1C. We showed that even short nonspecific
ribo-ONs or orthophosphate competed with the ds GT-@QDN
substrate for the enzyme. The corresponding inhibition values
Kinetic analysis was performed by measuring the sequence-for these oligonucleotides are reported in Table 1. Since
specific removal of ?P]GT from the 3-end (Figure 1A,B). substrate and inhibitors are competitive, #evalue gives
A Ky of 1.34 0.3 nM was determined for the specifi@p]- an estimate of the binding affinitykKg = K;) of IN for
GT-ODN,1. All nonspecific ONs inhibited the IN reaction  oligonucleotides. As most of the short oligonucleotides had
competitively toward the substrate as illustrated for oligo- relatively low affinities for IN, K; values were calculated
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A B
o] g] O -deTn
] O -(pAn
= -(pUn
75 74 A -(pOn
X -d[(pR)n(pT)]
6 6 =]
g
¥ 5 J
3 5
- >
4 4
g
3- y
o -d(pT)n 3
2 o - d(pN)n, specific with 3'-GT
= -d(pAn 4
T 4 -d(pC)n L
1 4 - d(pN)n, specific with 3'-CA 14
o0+——T—TTrTrTrrrT 0 +—rrrrrrrrrrrrrrrm
0 246 8101214161820 22 0246 8101214161820222426
n n
9
8
74
6
g€ s
X’
2 4l
' o -ssd(phn
3 O - ss d(pN)n, specific with 3'-GT
m  -ssd(pA)n
24 A -ds d(pT)n+ d(pA)n
r A - ds d(pN)n corresponding
14 to specific ODN with 3'-GT
0

0246 810121416 18 20 22

n
Ficure 2: Dependencies of the logarithms&f (Ki) on the length of ss and ds oligonucleotides. Single-stranded deoxy-oligonucleotides
(A); ss ribo- and deoxy-oligonucleotides (B); and ss and ds oligonucleotides (C). Symbols are shown in padelBha—log Ky for

orthophosphate correspondsrto= 0. Values represent the average of at least two independent determinations. Errors were within 10
30%.

from their 1Gs,. Under the conditions used, in which the with

concentration of the ds GT-ODNsubstrate was equal to .

2Ky, the 1G, corresponded to K3. This was confirmed AG’= —RTIn K|

experimentally with various ss and ds oligonucleotides. Thus, ,

in most cases, the lgvalues were used to calculdfevalues whereKj indicates the contribution of the individual con-

(Table 1). tact 24, 25). Hence, the overalKy value characterizing
Interaction of HIV-1 Integrase with Nonspecific ss Oli- complex formation is the product of thk, values for
gonucleotide.Results in Table 1A,B show that whilk; individual contacts:

values for Pi and dNMPs were comparable, the affinity for

deoxyribose and for all bases was very Id&y £ 500 mM).

We can thus conclude that even if IN recognizes free dNMPs
through interactions with all its structural elements (base,

AG° = —RTIn Ky = —RTIn[K4(1)K4(2) ... K4(n)]
and

sugar, and phosphate), the phosphate group makes the major Ky= Ky(1K4(2) ...K4(n)
contribution.

The Gibbs’ free energy characterizing enzynfigand To assess the possible additivity in the interactions of
complex formation can be presented as the suM\@f  nonspecific oligonucleotides with IN, data from Table 1A,B
values for the individual contacts: were analyzed as the logarithmic dependenciek;dK.)

. . . . for d(N), versus the numbem) of mononucleotide units
AG® = AG] + AGx+ ...+ AG; (0 = n =< 21, wheren = 0 corresponds to Pi). As shown in
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Figure ZA' a"_ IOg'depenqe_nCieS for nonspecific ss d(N) Table 2: Affinity of Integrase for Nonspecific ss Oligonucleotitles
appear biphasic. The transition from dTMP, dCMP, or dAMP

to the corresponding d(Blleads to an incre.ase in the affinity oligonucleotide given name T;ﬁi?sf CMK,{,I)
by a factor of 2.5, 50, and 62, respectively. Valuesf,of
defined as the increase in affinity of IN for various dg¢N) gﬁ% 2 128
per unit increase in length, were evaluated from the slopesggaa 4 33
of the linear parts of these curves. Integrase showed two (GA); 6 1
regions close to linear ah = 0—2 and n = 4-21, (AC)s 6 33
respectively, while the region correspondingites 2—4 has (CTC)AGATCTTTT CIAIT-ODN, 1% 88'?5
a transitional character. Monotonic increase&inn > 4), Aé(A)g 10 18
reflecting interaction between IN and each new nucleotide TCACCTCCTT C/T-ODNo, 10 6.6
unit, are equal to the reciprocalsfofk; = 1/f = 0.79-0.33 CTGCGTCTATCAGCG 15 0.270
M). The K; values characterizing the affinity of IN for ETGTATEACATTCCTTCCT%CGCCTEGTT T/C-ODh g 8'%23
dNMPs were hlgherA(1000 times) than thi; Characterizing GTGTGGAAAATCTCTAGCAGT GT- specific 21 0:010
the enzyme interaction with any other nucleotide of longer ODNy;
oligonucleotides r{ > 4). The linear log-dependencies for CCCTCCTCCTTCTCTCTCCTT  C/T-ODN. 21 0.013
ss oligonucleotides provide evidence &G° values close g%ggggTCCTTCTCTCTTTTT C/T-ODM, 2; g'éoo
to additive for the interaction of some of the 21 individual [Tp(Et)]gT% 10 8000
units of d(N}; with integrase. (To)p(ddT) 10 15
We have previously shown that the interaction of different d(GAGATCGTCYA 10 0.500

sequence-specific DNA enzymes (repair, topoisomerization, aResults are the average of two to three measuremintalues
restriction enzymes) with each nucleotide unit of nonspecific (shown in bold) were determined by nonlinear regression analysis or
ss or ds oligonucleotides is usually a superposition of weak calculated using the K5 values (lightface) as described in the
electrostatic, hydrophobic, or van der Waals interactions with %E}erb'mema' Procedures. Errorsinand 1Go values were within 16
o . : 6.° Ethylated analogue.
the individual structural element&@. The interaction can
be described by the descending geometrical progression:
interaction with integrase, we compared the affinity of the
— _ AR AR TRV RN enzyme for d(T) and oligothymidylates containing several
Kal(N)ul = Kal(PII(e) e () he) (he) dC links in different positions (Table 2). The affinity for
where K [(P)] is the K4 for the minimal orthophosphate ~ C/T-ODNaiawas comparable with that of d(Chut not d(T),
ligand; eis a factor reflecting an increase of affinity because ©f the same length (Table 1A). C/T-ORN and C/A/T-
of one internucleotide phosphate group; andare coef- ~ ODNo, having 4-5 T nucleotides in the'&nd, presented
ficients of increase in affinity because of hydrophobic and/ @n affinity intermediate between that for d¢Bnd d(C; of
or van der Waals interactions of the enzyme with one of the the same length. Therefore, the flexible structure of d{€)
bases: C, T, G, and A, the numbers of which in {i)e very important for a productive chz_inge during mutual
equal tol, m, k, andg, respectivelyIn addition, factorf is adjustment of IN and DNA conformations.
equal to he). Only the values o and hy usually change The contribution of the sugar moieties to binding was
from one enzyme to another. The affinity of some DNA- estimated by comparing the affinities for ribo- and deoxyribo-
interacting enzymes for nonspecific (NJoes not always  oligonucleotides. The structural characteristics of RNA and
depend on the relative hydrophobicity of the bases. However, DNA differ markedly in solution: RNA usually exists in A
if the enzyme interacts with the bases, the increase in affinity form and DNA in B form. In addition, all r(Njand d(T)
for such oligonucleotides usually follows the same order as adopt very rigid nonflexible structures2?). The log-
the increase in the relative hydrophobicity of the bases: dependencies for all r(Nyvere practically the same as those
C<T<G<A(910. for d(T), (Figure 2B). Therefore, for IN the superposition
HIV-1 integrase was the first enzyme we found in which of enzyme interactions with each mononucleotide unit of ss
the affinity for nonspecific d(G) d(T),, and d(A), did not  F(N)a is essentially the same as for d{TYhus, since the
follow the relative hydrophobicity of the bases. Thus, the affinity of different d(T), and r(N) does not in practice
affinity of d(A).; and d(C); (having minimal and maximal ~ depend on their bases, it seems reasonable to suggest that
relative hydrophobicities) is similar, while the affinity of IN interacts mostly with the sugaphosphate backbone.
d(T)21 is significantly lower (Table 1A,B). Interestingly, a To probe the contribution of the suggohosphate back-
faster increase in the affinity for d(€as compared with  bone in the formation of many weak contacts between IN
d(T), resulted in a difference ef2 orders of magnitude for  and oligonucleotides, we synthesized two different series of
the 21-mers (Figure 2A). As mentioned above, the interaction analogues: (i) the abasic oligomers, d[(g)], in which
of some enzymes recognizing specific DNA can highly R is a chemically stable analogue of deoxyribose with the
depend on the conformational flexibility and dynamic base in C-1replaced by a hydrogen atom and (ii) the
behavior of both enzyme and DNA and their capability for ethylated analogues. Table 1B shows that the affinity of the
specific adaptation to each other. The higher affinity of (C) abasic analogues was slightly lower than the corresponding
can also be explained by a better adaptation of d{€xa d(T), (Figure 2B). The situation was different for the other
specific conformation in the viral DNAN complex and analogues. The ethylation of the negatively charged inter-
correlates well with a very flexible structure of d¢Cyvhile nucleotide phosphate groups led to a decrease in affinity.
d(T), adopts a rigid nonflexible structur@®). To confirm For example, Table 2 shows that the [Tp(Ef)lnalogue
the importance of the flexibility of d(G)in its effective had an affinity that is 3 orders of magnitude lower than that
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of d(T)i,o (Table 1). These results further confirmed that length and structural characteristics of these compounds
integrase interacts through electrostatic interactions mainly (Table 1C,D). All these results show that integrase interacts
with the phosphodiester backbone of oligonucleotides, a with both strands of the DNA substrate but that the
finding correlating well with data concerning the crystal contribution of the second strand is significantly lower than
structure of the HIV-1 integrase catalytic core and C-terminal that of the first. Thus, the rules governing the recognition of
domains 28). The structure resolved to 2.8 A presents a nonspecific ss and ds oligonucleotides by IN are very similar.
Y-shaped dimer, in which the DNA binding site can be  Activation of IN by Specific ODN#s previously shown,
formed by the interaction of two monomers of the enzyme. the GT dinucleotide produces an inhibitory effect on IN
The electrostatic potential map identifies a contiguous strip activity similar to that observed with nonspecific oligonu-
of positive charge along the outer face of the IN dimer, cleotides 19). However, an unexpected result was obtained
beginning at the active site of one monomer and expandingwith longer ODNSs: the activity of the enzyme was stimulated
along the linker helix of the other monomer. This strip of after preincubation of IN with low concentrations of specific
positive potential may provide a base for IN interaction with  ODNs (Figure 3A). The level of activation increased with
internucleotide phosphate groups of specific and nonspecificthe length of ODNs (lanes-212). Specific ODNs containing
DNA. CA in the 3-end were better activators (lanes I2) than

A change in affinity of 1.2-2.0-fold when elongating  GT containing ODNs of the same length (lanes6). The
oligonucleotides r{ > 4) by one nucleotide unit is lower  stimulation was even higher in the presence of ds ODNs
(change inAG®° of approximately—0.11 to—0.4 kcal/mol) corresponding to the'3erminal sequence of ODMN(com-
than would be expected for strong electrostatic contacts (uppare lanes 15 with 3 and 16 with 5). On the contrary, a
to —1.0 kcal/mol) or hydrogen bonds-@ to —6 kcal/mol) nonspecific GT-containing compound such as(G)) did
but comparable to values for weak tedipole and dipole- not activate the enzyme, whereas preincubation with CA or
dipole interactionsZ4). Thus, the interaction of negatively (T)s(CA) led to a small but detectable increase in the activity
charged internucleotide groups of nonspecific oligonucleo- (lanes 7 and 8). The effect of ODNs corresponding to the
tides with the DNA-binding channel of IN might rely on noncleavable strand of DNA was notably lower (lanes 13
dipolar electrostatic interactions rather than on electrostaticand 14). Lane 17 shows the activation of the enzyme after
interactions of immediate contacting groups. Since the preincubation with MA" ions, an effect previously described
structures of ribo-ONs, d(¥;)and d[(pR)(T)] cannot easily by us and othersl1@, 30, 31).
be adjusted by the enzyme, a decreased affinity of IN for We then analyzed the relative activity of IN in thé 3
the B-flanks of these ligands may result from the longer processing reaction as a function of the substrate concentra-
distance between the positively charged surface of IN andtion. This reaction usually requires a long incubation time
the sugar-phosphate backbone of these oligonucleotides. The (0.5—1 h), thus suggesting that even without preincubation,
increased efficiency of the interaction between IN and the specific ODNs can to some extent activate IN during the
5'-flanks of ss d(G) or specific ODNs could be due to course of the reaction. To check this, we analyzed the activity
bringing the oppositely charged surfaces of IN and oligo- of IN as a function of the substrate using a fixed concentra-
nucleotides closer together as a result of easier conforma-tion (2 nM) of ds f?P]GT-ODNy; and a stepwise increase
tional changes in DNA and the enzyme structure. in its total concentration (up to 62 nM) because of addition

Affinity of IN for Nonspecific DNA Duplexe&Jsually of nonradioactive ds ODN (Figure 4). Such isotopic dilution
enzymes interacting with ds oligonucleotides contact both of a radioactive substrate should normally cause a decrease
chains of DNA after partially melting them, thus maintaining in the accumulation of the labeled product. However, the
the base-pairing between both strands. However, the con-increase in total concentration of OBNed to a significant
tribution of the second strand to the affinity is usually much enhancement of{P]GT dinucleotide removal. The maximal

lower than that of the first strand Q). level of apparent substrate-dependent activation of IN was
To assess the contribution of the second strand, weabout 6-fold. This was significantly lower than the real level
analyzed the interaction of IN with nonspecific d{T(A), of IN activation since adding 60 nM nonradioactive ORN

duplexes. The affinity increased with the length of the duplex to 2 nM [F?P]JODN,; diluted the specific activity of the
to a maximal value at = 12—21 (Table 1C). The minimal  substrate by a factor of 31. Thus, the level of IN activation
ligand exhibiting duplex properties toward IN was the was so high that the activated enzyme molecules were able

mixture of complementary hexanucleotides, d@d d(A}), to remove GT efficiently, not only from nonlabeled OBN
for which theT, in solution Q9) is significantly lower &5 but also from $2P]JODN,;.

°C) than the reaction temperature (30). Thus, for short The concentration of the ODMNsubstrate (£2 nM) in
duplexes, some stabilization is obtained by interaction with the reaction mixture is usually10—100 times lower than
IN. that of the enzyme (10100 nM). In general, the catalytic

Next, we assayed ribo-oligonucleotides (Table 1D). Chang- activity of HIV-1 IN is so low that most activity-based assays
ing from d(Tho d(A)1o to r(U)or(A)1o led to a decrease in  require more than stoichiometric amounts of the enzyme as
affinity by a factor of~30, while in the case of mixed ribo- compared to the concentration of the substraig. At fixed
deoxy duplexes, r(4y-d(A)ioand r(A)ed(Tho, the changes  low concentrations of the ODN substrate, an increase in
in affinity were much lower. It is very likely that IN cannot  enzyme concentration up tel uM leads to a linear increase
efficiently force a productive conformation on the structure in the 3 processing reaction (data not shown). This means
of an RNA—-RNA. The replacement of one ribo- by a that <1-5% of IN molecules are active in the reaction. It
deoxyribo-strand led to an easier change in conformation, has been reported that IN can exist in a dynamic equilibrium
which was dependent on IN. Ratios between Khealues of different oligomers. In the micromolar range, IN form
of ss and ds oligonucleotides were highly dependent on thehigh-order multimers such as tetramers, octamers, or ag-
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IN concentrations. The activity was determined as a function of
the concentration of nonradioactive ds GT-ORNt a constant
concentration of ds'g32P]JGT-ODN,; (2 nM) specific substrate.
Integrase was used at different concentrations: 50 (1), 128 (2), 320
(3), and 700 nM (4). The relative accumulation &H]GT was
compared aftel h of reaction. Before adding IN to the reaction
mixture, the enzyme (M) was preactivated by incubation with

40 mM MnCl, at 30°C for 1 h. Values represent the average of at
least two independent determinations. Errors were within30%6.

Relative activity, %
8

N3 The relative amounts of different enzyme oligomers can
; — T T r ) be estimated using small-angle X-ray scattering (SAXS) (26,
LN /20 4°_ 60 8 100 33). According to our preliminary data on IN analysis by
' [specific ODN], LM SAXS, more than 95% of IN (100 nM) exists in monomeric
%&URE{?{ ty(A) Relative at(:jtivit_y ofllcl)\l i'\r}l tGh$ proce;f_SS%&é\@Oﬂ- form, while preincubation (for 051 h at 30°C) with a
€ actvity was measured usin n -Speciiic e H : :
as substrate. Integrasey®1) vyasgprevio_usly pPeincubated forll h specific G.CAGT oligonucleotide leads to the formz_mon of
at 30°C under different conditions: 1, in the absence of ODNs or €nzyme dimers. As was shown above, nonspecific ODNs
MnCl, (this relative activity was taken as 1):-26, in the absence ~ compete with the substrate for IN, but under the preincuba-
of MnCl; but after addition of 2.;xM ODNs as follows: 2, AGT; tion conditions, nonspecific d(3)or d(A)s did not lead to
3, ss GT-specific hexamer '(RAGCAGT 3), 4, GT-specific S  formation of IN dimeric forms. This indicates that nonspe-

octamer (5 CTAGCAGT 3); 5, GT-specific ss decamer '(5 . . . . . . .
CTCTAGCAGT 3); 6, GT-specific ss ODM (5 GTGTG- cific oligonucleotides interact predominantly with the pre

GAAAATCTCTAGCAGT 3); 7, CA dinucleotide; 8, ss (§ICA); formed catalytically active oligomeric forms of the enzyme.
9, ss CA tetramer (SAGCA 3'); 10, ss CA hexamer (ETAGCA Besides several factors governing specificity, the viral

3); 1T1' 3+S CA deca_Pwe_[[ ’(_?;CT'(A:TAC;CA 3); 12|, ss %ﬁ'gDNg DNA sequence-dependent formation of catalytically active
(5 GTGTCGGAAAATCTCTAGCA 3); 13, anoncleavable decamer i o mers of IN can be an important way to increase enzyme

(5 AAAAGGTGTG 3); 14, a noncleavable 19-mer'(3\C- e - . .
GATCTCTAAAAGGTGTG 3); 15, double-stranded GT-specific ~ SPecificity. The propensity of IN for self-assembly increases
hexamer (5 AGCAGT 3(N)e); 16, double-stranded GT-specific ~ with the length of specific GT-ODNs, but CA-containing
decamer (LTCTAGCAGT 3(N)ig); and 17, 40 mM MnGl in ODNs corresponding to the cleaved strand are better activa-
t3he absence OfTﬁDN- (Ei.) Eﬁe.CItOf specific OE'\{S oo th3eoratc_e Oft tors. Therefore, it cannot be excluded that, in addition to
'-processing. The reaction mixture was incubated for 30 min at ., . ¥ : )
30°C in the presence of 2 nM GT-specific #3H]ODN,; substrate their .ef.“fect on IN self assembly,' these GT and. CA
and different concentrations of CTCTAGCA (lines 1 and 3) or containing ODNs can change the oligomer conformation by
CTAGCAGT (lines 2 and 4). The reaction was started by the alternative routes. Our results on sequence-dependent activa-
addition of 10 nM integrase before (lines 1 and 2) or after tjon indicate that IN is an extremely dynamic enzyme in
preincubation with 40 mM MnGl(lines 3 and 4). The relative  cqnformational terms. According to the crystal structure,

amount of f2P]GT in the acid-soluble fraction for reaction mixtures . . . . :
in the absence of oligonucleotides was taken as 100%. ValuesSCMe residues in the active site region and betweenche

represent the average of at least two independent determinations@nd 0.6 helice_s of Ca_ta|yti0 core C_“mers _form very ﬂeXib'e_
Errors were within 16-30%. loops @8). It is possible that easily achievable changes in

the structure of IN are necessary to provide different types
gregates32). However, at catalytically active concentrations of interactions with nonspecific and specific DNAs before
(10—100 nM), integrase mostly exists as monomers that areand after the removal of the GT dinucleotide and the
catalytically inactive. Therefore, the activation of IN after following reaction of integration. These results probably
preincubation with specific ODNs might result from a change indicate sequence-dependent formation of catalytically active
in the equilibrium between monomeric and oligomeric forms oligomers of IN.
in favor of the formation of catalytically active oligomers. Affinity of Integrase for Specific OligonucleotideEhe
The low affinity of IN subunits for each other and the addition of low concentrations of specific ODNs to the
increase in the activation effect by specific ss and ds ODNs reaction mixture led to activation of IN, whereas increasing
with increasing concentrations of IN strongly suggest that their concentration inhibited the reaction (Figure 3B). Thus,
the preincubation of IN with such ODNs leads to the the activation of IN made it difficult to estimate the affinity
formation of catalytically active oligomeric forms of the of specific ODNs for the enzyme when using the method of
enzyme. inhibitory analysis.
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Table 3: Affinity of Integrase for Specific ODNs

A
3’-GT-specific ODNs N* K; 3’-CA-specific ODNs N* K;
(M) (M)
Pi| 0 [33000
dGMP| 1 |[15000
GT| 2 130 CA| 2 15
AGT| 3 53.3 GCA| 3 3.5
CAGT| 4 233 AGCA| 4 1
GCAGT| 5 13 TAGCA| 5 0.700
AGCAGT| 6 6.1 CTAGCA| 6 0.400
TAGCAGT | 7 33 TCTAGCA| 7 0.300
CTAGCAGT| 8 2.5 CTCTAGCA| 8 0.200
CTCTAGCAGT | 10 0.500 ATCTCTAGCA| 10 0.100
AAATCTCTAGCAGT | 14 0.180
GGAAAATCTCTAGCA| 15 0.075
GAAAATCTCTAGCAGT | 16 0.063
GTGTGGAAAATCTCTAGCA 19 0.030 GTGTGGAAAATCTCTAGCA | 19 0.030
GTGTGGAAAATCTCTAGCAG 20 0.150
GTGTGGAAAATCTCTAGCAGT | 21 0.010
T,0GT 21 0.400
TTTTGTAAAACCACGGCCAGT | 21 0.170
GTGTGGAAAATCTCTAGCAGrU | 21 0.083
B
Specific double K; Ratio :
stranded ODNs (UM) Ki ss/Ki ds
AGTd(N); 40 1.3
CAGT-d(N), 10 2.3
AGCAGTd(N)s 0.1800 33.9
CTAGCAGT+d(N)g 0.0320 78
CT CTAGCAGTd(N);o 0.0100 50
AAATCTCTAGCAGTd(N)4 0.0032 56.3
GAAAATCTCTAGCAGT+d(N);4 0.0020 31.5
GTGTGGAAAATCTCTAGCA«d(N);o 0.0040 7.5
GTGTGGAAAATCTCTAGCAG+*d(N)y 0.0600 2.5
GTGTGGAAAATCTCTAGCAGT*d(N),, 0.0013 7.7
T]qGT‘A]gCA 0.0360 11.1
GTGTGGAAAATCTCTAGCAGrU+d(N),, 0.0500 1.7

a(A) Single-stranded ODNs.N corresponds to the number of nucleotide units. (B) Double-stranded ODNs, a{f¥¢sponds in each case to
the complementary strand. Results are the average of three to four measuremeHisvaltes were determined by nonlinear regression analysis
(in bold) or calculated using the gvalues. The ratid; (ss)K; (ds) was calculated with thi&; values (ss) given in part A.

To evaluate inhibition, it was important to eliminate the the transition from dAMP to d(AA) or d(CA) and then to
activation produced by specific ODNs on IN (Figure 3B, the corresponding d(M)ed to a significantly higher increase
lines 1 and 2). As shown above, preincubation of IN with in affinity (4—330-fold). The increase became slow and
Mn?* increased the specific activity of the enzyme. We nearly monotonicf(= ~1.2) only atn = 5—21. Thus, IN
therefore preincubated IN in the presence oMo obtain shows two different modes of interaction with specific short
the activated form of the enzyme, and the processing reactionODNs containing either the'3erminal GT (and related
was then performed in the presence of specific ODNSs. Figure nonspecific d(T) and d(C) oligonucleotides) or the '3
3B presents the results with two specific ODNs. When terminal CA (and related d(4).
starting with a Mit-activated form of IN, an inhibition Before the processing reaction, the contribution of GT
similar to that obtained with nonspecific ODNs was obtained terminal nucleotides of ODN to the total affinity was
(Figure 3B, lines 3 and 4). In these conditions, specific ODNs significantly higher than that of any other nucleotide.
were also found to be competitive inhibitors toward the However, the high affinity of CA-containing ODNs and their
substrate. Thé&; values determined for specific ODNs are great ability to activate the enzyme suggest that after IN-
summarized in Table 3. dependent removal of the GT-terminal nucleotide, a change

Complex Formation of IN with Specific ODNs: Interac- inthe enzyme-DNA complex occurs. IN forms new strong
tions with the Nucleotide Unit#s shown in Figure 2, all ~ contacts with the four AGCA-terminal nucleotides and
log-dependencies for specific and nonspecific ss oligonu- probably retains to some extent the weak contacts previously
cleotides are very similar and appear nearly biphasic. Theformed with the 5flank of ODNy;.
transition from dTMP, dGMP, or dCMP to the corresponding  In Table 3 it is shown that thi; of AGCA is 1 uM. On
d(N), or d(GT) increased their affinity by a factor of-215, the other hand, the contribution of the AGCA sequence
while further lengthening by one nucleotide results in a nearly within ss GT-ODN; to the affinity of IN could be ap-
monotonic increase by a factor 6f1.26-1.64. In contrast, proximately estimated from the ratio df; values for
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AGCAGT (6.1 uM) and GT (130uM) (Table 3). This
calculation gave &; of 0.047 M, showing that the contribu-
tion of the AGCA tetranucleotide to the enzyme affinity for
CA-ODNyg was 4.7x 10" times greater that that for GT-
ODN_y;. Moreover, from the ratio oK; values for CA (15
uM) and AGCA (1 uM), it can be calculated that the
contribution of the CA-terminal dinucleotide to the affinity
of CA-ODNy is about 5.5x 10* times higher than that for
the two additional AG nucleotides (0.067 M) of the AGCA
terminal tetranucleotide.

All these data indicate that thé-&rminal GT dinucleotide
forms contacts with a specific subsite of IN recognizing the
GT terminus of viral ds DNA. At the same time, specific
ODNSs containing CA or even only A at their-8&rmini
probably are not in contact with the GT-recognizing subsite
of the enzyme but interact with the second CA-recognizing
subsite of IN. Data with nonspecific oligonucleotides also
support this conclusion (Table 2). The affinity of short ODNs
such as GGAA or (GA)is comparable to that of specific
CA-ODNs and d(A), while the efficiency of interaction of
AATT and d(AC) correlates well with that of GT-ODNs

Bugreev et al.

result from formation of a hydrogen bond between two OH
groups of the rA nucleoside, thus preventing thélroxyl
from having effective contacts with the enzyme. A decrease
in the affinity of CTAGCAp by a factor of 6.5 after
phosphorylation of the OH group from the deoxyribose of
the terminal dA also suggests an important role of this OH
group in the interaction with IN.

Affinity of IN for Specific DNA Duplexe$he data reported
in Figure 2C show similar log-dependenciesksfvalues
versus length for nonspecific or specific double-stranded
ODNs, although the affinity of IN for specific duplexes was
always higher. The maximal contribution to the interaction
between IN and specific DNA can be estimated approxi-
mately asKy = 0.033 M (Table 3). The apparent relative
contribution of the first strand (corresponding to the cleaved
strand of viral DNA) to the overall affinity may be estimated
as ~7—8 orders of magnitude, while adding the second
strand increased the affinity by onyl order of magnitude.
The same difference<1 order of magnitude) corresponding
to the relative contributions of the two complementary strands
was observed for nonspecific ODNs. This indicates that IN

and d(T) of the same length. The same conclusion can be interacts with both strands of the DNA substrate but that

drawn from the change in the affinity of ds ORN1.3 nM)
after being modified; the removal of T from thé-énd
(ODNyg) or its replacement with rU (rU-OD}) decreased
the affinity ~30—40-fold (Table 3B). The affinity of ds
ODNgy (60 nM) or rU-ODN; (50 nM) is similar to that of
nonspecific ds d(A)+d(T).; (40 nM) of the same length,
while ds CA-ODNg presents &; comparable to that of the
specific ds GT-ODM, substrate.
Thus, these general trends in the interactions of IN with

formally the contribution of the second strand is significantly
lower. However, the increase in affinity because of the
second strand and calculated from the respective affinities
of ss and ds ODNs may be an underestimated value since
the annealing of the second strand might induce changes in
enzyme affinity.

Considering our results with HIV-1 integrase and our
previous datag, 10) with DNA-specific enzymes (replica-
tion, repair, topoisomerization, and restriction enzymes), it

long and short ss ODNSs corresponding to the cleaved strandcan be concluded that the relative contribution of the second

of ODN_; agree very well with those for specific ds ODNSs.
The affinities of IN for ss GT-ODB, (10 nM) and ss CA-

strand never exceeds—2 orders of magnitude. Different
factors are involved, including partial melting of the DNA

ODNjig (30 nM) were nearly the same and only 7.7- and 2.5- duplex in the complex with enzyme leading to a decrease in
fold lower, respectively, than those of their duplexes (Table complementary interaction between strands. In other cases
3). There is no doubt that theé-&rminal T forms specific ~ (e.g., in the case of a repair enzyn3)), the protein forms
contacts with IN. In contrast, the interactions of the penul- more contacts with the first than with the second strand, and
timate G are not so strong. The high affinity for GT-ORN  the relative contributions of these strands to the affinity of
and CA-ODNy was expected since these ODNs have the DNA duplex usually correlate with the number of such

sequences representing the specific substrates for processingontacts.

and strand transfer, respectively. After removal of GT, a
reorganization of the active site of IN probably occurs, which
allows effective interaction with the nascert8rminal CA

The reduced contribution of the second strand to the
affinity does not mean that the second strand is not important
for recognition and cleavage of specific viral DNA since IN

dinucleotide of the cleaved strand. Our results showing a cannot catalyze'rocessing or integration with ss DNA.

stronger activation of IN by ODNSs containing thet8rminal

CA as compared with GT-containing ODNs also support this
idea. Moreover, in this case, our data point to two different
modes of interaction between IN and these ODNSs.

The interaction of IN with the invariant 3erminal CAGT
sequence of viral DNA either before or after the removal of
GT contributes significantly to its total affinity for DNA.
This sequence is very important for IN oligomerization into
catalytically active forms and for cooperative interactions
of the enzyme with the'3erminus and the 'Hlank of the
specific ds ODM,; substrate. Moreover, the removal of GT
leads to the formation of a freé-®H group on the terminal

In the case of DNA repair, topoisomerization, and restriction
enzymes, the second strand of DNA is usually more
important for adjusting the DNA structure to a conformation
optimal for catalysis than for enzyme binding. However,
some enzymes cannot fit ss DNA to form direct contacts
with the catalytic amino acid residues of the active.Sitee
same might be true for HIV-1 IN.

Thermodynamic Models of IN Interactions with Specific
DNA. The estimation of the relative contributions of different
structural elements of specific and nonspecific DNA to the
total affinity for any enzyme including IN seems difficult
because of the dynamic and cooperative character of BNA

dA, which can form additional contacts, such as hydrogen enzyme interactions.

bonds, with the amino acid residues of IN localized near
this group. Interestingly, a replacement of dA with rA
d(GAGATCGTC)rA (Table 2) decreases the affinity of the
specific CA-ODNy (Table 3) by a factor of-5. This might

In this study, we used the SILC approach to quantitate
the determinants of substrate specificity. Within the limita-
tions of the SILC method, the analysis of the data concerning
the nucleotides from both strands of specific DNA to the
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Kq (OPGPT) =0.13 mM| Each of the nine 5’ terminal nucleotides K4 (pCpA) = 15 uM
AG® =-5.4 keal/mol of ODNy provides: AG® = - 6.7 kcal/mol
AG® = -0.08 kcal/mol
K4 (pT)=0.77 mM Total AG® = - 0.72 keal/mol
AG® = - 4.3 kcal/mol
Ka (pA) = 1.5-2.0 mM
Kq(Pi)= 33 mM AG°® = -3.2to— 3.9 kcal/mol
AG® = - 2.0 keal/mol A n - -
Each of the six nucleotides provides _
o _ Ke(C)= 1.5 -2.0 mM

K4 (pR)= 15mM AG?= - 023 keal/mol AG=-2.7 10 - 3.5 kealmol

4G?=- 2.5 keal/mol Total AG® =- 1.38 keal/mol

Kq (T base) = 51 mM N

AG® = - 1.8 kcal/mol

A
Kqe(pG) =023 M
K4 (pG) =170 mM AG® = - 0.88 kcal/mol
AG° =- 1.1 keal/mol
Ka(pA)=029 M
Ks(pA) = K4 (pC) = 0.41-043 M AG® = - 0.75 kcal/mol
AG°=- 0.51 to -0.54 kcal/mol
Each of 17 nucleotide pN-units of ODN,,;
increases the affinity by a factor of 1.57
(Kyg=0.64 M, AG® =-0.27 kcal/mol)
Total AG® = - 4.6 kcal/mol
[

5 GpTpGpTpGpGpApApApApTpCpTpCpTpApG pCpA | |pGpT |3’ 5> GpTpGpTpGpGpApApApApTpCpTpCpTpApG pCpA ¥
3 CpApCpApCpCpTpTpTpTpApGpApGpApTp( pGpT| [pCpA |5° 3 CpApCpApCpCpTpTpTpTpApGpApGpAPTP( pGPT| [pCpA | 5°

Ficure 5: Thermodynamic model of the interaction of IN with ~ FIGURE 6: Thermodynamic model of the interaction of IN with
GT-specific ds ODM,. AG® values characterizing different contacts  the duplex CA-specific ODR and complementary 21-mer ODN.
between the enzyme and the DNA strands are shown. All contactsAG® values characterizing different contacts between the enzyme
of IN with ss GT-ODN; provide an overall totalAG°® of and the DNA strands are shown. All contacts of IN with the cleaved
approximately—11.1 kcal/mol Kg = 1 x 108 M). The sum of all strand .after removal of GT provide an overall totAG° of

types of nonspecific and specific contacts of IN with the phosphate approximately—10.4 kcal/mol Ky = 3 x 107° M). The sum of all
backbone and bases of the noncleaved strand together with thelypes of nonspecific and specific contacts of IN with the phosphate
interactions between complementary strands, as compared to ss GToackbone and bases of the noncleaved strand together with the
ODNgy,, increases the affinity approximately by a factor of 8 and Interactions between complementary strands, as compared to ss
decreasef\G° by —1.25 kcal/mol. All types of nonspecific and ~ ODNgy, increases the affinity approximately by a factor of 8 and

specific interactions of IN and ds GT-ORNprovide approximately ~ decreasefdAG® by —1.25 kcal/mol. All types of nonspecific and
AG°® = —12.4 kcal/mol. specific interactions of IN and ds DNA provide approximately
AG° = —11.6 kcal/mol.

affinity of IN (Figure 2) showed that the relative contribution ¢ the 5-flank increased the affinity by a factor of1.57
of the elements from the'3erminal nucleotides of the  (« ~ 064 M,AG® ~ —0.27 kcal/mol). The total contribu-

cleavable strand can differ by several orders of magnitude. tjon of these 17 links was estimated AG° ~ —4.6 kcal/
In contrast, very small monotonic changes of the depend- | All specific or nonspecific contacts of IN with the
encies of logKq on the number of nucleotides ¢ 4—8) backbone and the bases of the noncleaved strand, together
indicated weak interactions close to additive. with the complementary interactions between the strands,
The relative contribution of GT to the affinity of GT-  increased the duplex affinity by a factor of 8 (corresponding
ODN; for IN (AG® ~ —5.4 kcal/mol) was approximately  to a decrease inG® by —1.25 kcal/mol) as compared with
assessed from the, value (Table 3) for GT (Figure 5). The  ss ODNy. Such a small increase in affinity may be due to
contributions of the phosphate, deoxyribose phosphate, andseveral factors, including formation of weak contacts of IN
T nucleotide unit to the affinity of the GT-dinucleotide were only with the second strand of ds DNA or very weak contacts
obtained fromKg values of free Pi (0.033 MAG® ~ —2.0 between the strands because of partial melting of ds DNA.
kcal/mol), free d(pR) (0.015 MAG® ~ —2.5 kcal/mol), and  Although the current data do not allow us to resolve this
free dTMP (0.77 mMMAG® ~ —4.3 kcal/mol). Thus, the  jssue, the thermodynamic model of Figure 5 may ap-
contributions of the base and the sugar of dTMP were proximately describe the interaction of IN with specific ds
estimated a¥q ~ 0.051 M AG®° ~ —1.8 kcal/mol) and GT-ODNSs.
0.450 M AG® ~ —0.5 kcal/mol), respectively. Since dCMP  For the processed substrate (CA-ORMNN)2;, the relative
and dGMP have the same affinities as deoxyribose phos-contribution of CA to the total affinity of CA-ODN for the
phate, these free nucleotides probably interact nonspecificallyenzyme AG° ~ —6.7 kcal/mol) was approximately evalu-
with a subsite of IN recognizing the T because of their pR ated from theky value for free CA (15:M) (Figure 6). The
moieties, similar to deoxyribose phosphate. Therefore, theindependent estimation of the contributions of C and A units
approximate contribution of the G unit to the affinity of the  to the affinity of IN for the CA dinucleotide is rather difficult.
GT dinucleotide for IN may be more correctly estimated from Free dAMP and dCMP can interact with subsites of the
the ratio ofKq values for dTMP and the GT dinucleotide: enzyme different from those with which they are in contact
Kq (G) ~ 0.170 M AG°® ~ —1.1 kcal/mol). when in the CA dinucleotide. In addition, the recognition of
The relative contributions of the next A and C nucleotide CA and AA dinucleotides by IN can occur in a cooperative
units of the specific CAGT sequence are comparable andfashion since the transition from dAMP to AA or CA led to
are characterized by th€ values~0.41-0.43 M (AG° ~ a very large increase in affinity (by a factor of 63 and 333,
—0.51 to—0.54 kcal/mol). Each of the next 17 nucleotides respectively). Therefore, the minimal approximate contribu-
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Table 4: Determination oKy and Ve in the 3-Processing specific ds ODNs at low concentrations of substrate and IN,
Reaction Catalyzed by Integrase with Various ds ODNs Used as it can be calculated that the reaction rate is increased by more
Substrates than 5-6 orders of magnitude by the transition from
Vinax Ky nonspecific to specific ODNs. In contrast, the complex
double-stranded ODNs (%) (nM) formation step accounts only fora30-fold difference when
[GTGTGGAAAATCTCTAGCAGT](N)2s 100 13 changing from specific to nonspecific DNA. Thus, as in other
[(T)17CAGT]*(N)21 35 12 enzymes, the catalytic step in integrase appears to be
[(A)1CAGT]+(N)20 50 4.8 significantly more sensitive to the DNA structure than the
(-TGTGGAAAATCTCTA GCAGTY 120 26 IN-DNA complex formation step. The specificity of the
«(—ACACCTTTTAGAGAT GAGCA) o . .
(-ACTGCTAGAGATTTTCCACA) not detectable enzyme action is mainly evidenced by the enzyme-dependent
«(-TGTGGAAAATCTCTACT CGT) DNA adjustment to the optimal conformation and by the
(T)16GT-(N)az not detectable catalytic step of the reaction.
(T)21:(A)21 not detectable

In conclusion, several steps of the reaction may provide
enzyme specificity. First, in contrast to nonspecific DNA,
specific DNA can direct the assembly of catalytically active
oligomeric forms of IN and then activate the enzyme because
of a change in its structure. Second, formation of complexes
tion of the A unit to the affinity of the dinucleotides can be between preformed catalytically active oligomeric forms of
estimated fronKq for free dJAMP AG°® ~ —3.2 kcal/mol). IN and specific DNA occurs with approximately 1 order of
The extrapolation of the initial parts of biphasic curves for magnitude higher efficiency as compared with nonspecific
d(A)» and CA-ODN; to n = 1 gives akK; for the A unit DNA. Upon transition from nonspecific to specific DNA,
~1.5-2 mM (—3.2 to—3.9 kcal/mol) for the first 3terminal the k., Of the processing reaction increasesty—6 orders
nucleotide of these dinucleotides. Thus, a very approximate of magnitude. Finally, an additional increase in IN specificity

estimation of the contribution of the A and C units to the may be provided by the particular stage of the integration
affinity of the CA dinucleotide is-3.2 to—3.9 and—2.7 to reaction.

—3.5 kcal/mol, respectively.

The increase in affinity upon transition from the CA ACKNOWLEDGMENT
dinucleotide to longer ODNs occurs nearly additively, and
the relative contributions of the G and A units (3rd and 4th
from the 3-end) to the affinity of CA-ODN was estimated
as—0.88 and—0.75 kcal/mol, respectively (Figure 6). Each REFERENCES
of the next six nucleotides of CA-ODN contributed ap-

(T)17CCGT(N)21 not detectable

aErrors of Ky and Vimax values were within 2630%. Values are
the average results of two to three independent measurements.
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