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ABSTRACT. The 3-processing activities of HIV-1, HTLV-2, and M-MuLV integrases (INs) with their
corresponding U5 end of the viral DNA molecule were examined to define functional group determinants
of U5 terminus recognition and catalysis. Nucleotide analogues were incorporated into the U5 terminus
to produce conservative modifications in the surface of the major and/or minor grooves to map the hydrogen-
bonding contacts required for LFRN interaction. Specifically, the phylogenetically conserved CA
(positions 4 and 3, respectively) and thepsoximal nucleotide (position 5) were replaced with base
analogues in plus and/or minus strands. For each integrase, similar major and minor groove contacts were
identified in the guanine and adenine of the conserved CA/GT. Overall, perturbances in the minor groove
resulted in a greater decrease IqpBocessing activity than the major groove substitutions. Additionally

for HIV-1 and HTLV-2 INs, we observed an increase in tHep®cessing activity with an ®MeThy
substitution at position 3 of the minus strand-I@eThy may act to destabilize WatseQrick base pairing

and in doing so provide these INs with a more favorable interaction with the adjacent scissile bond. At
position 5, a substantial divergence among the three INs was noted in the functional groups required for
3'-processing activity, thereby supporting the role of this position in providing some level of substrate
specificity.

The retroviral protein integrase (IN)nediates the covalent  requires removal of the unpaired nucleotides at therfls
insertion of the retrovirus genome into the host chromosome of the viral DNA as well as the filling in and joining of the
following reverse transcription of the viral RNA genome to single-strand gaps between the viral and host DNA. While
a DNA intermediate X, 2). This part of the virus life cycle,  host enzymes could contribute to the completion of the
integration, requires the sequential completion of three integrated provirus, HIV-1 IN has been shown to have an
distinct enzymatic events. In the first catalytic reactio, 3 intrinsic DNA polymerase activity which may play a role in
processing, IN cleaves two to three nucleotides from eachgap repair and 'send joining §). Each of these reactions
3 end of the linear viral DNA to expose the phylogenetically has been reconstituted in vitro with double-stranded oligo-
conserved CA dinucleotide. Thé-Bcessed ends are then nucleotide substrates which mimic the end of the viral DNA
available for the second catalytic step, strand transfer. Thismolecule, and IN. The reverse of the strand transfer reaction,
is a direct transesterification reaction, in which the nucleo- disintegration, is also observed in vitro for HIV-B)(
philic 3'-hydroxyl group of each adenosine ribose attacks HTLV-2 (7), and M-MuLV (8) INs.
the B-phosphate in the phosphodiester backbone on opposing A central question in the enzymatic reaction mechanism
strands of the host DNA. These two enzymatic reactions, of integration is the molecular basis for H$ubstrate
3'-processing and strand transfer, are catalyzed solely by thenteraction and moreover its ability to distinguish between a
retroviral IN (3, 4). The final step in integration, gap repair, nonspecific target DNA substrate and the specific viral DNA
termini. Because IN binds equally well to both nonspecific
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kemia virus type 2; M-MuLV, Moloney murine leukemia viruii®- specificity for the U5 terminus maps to the nucleotided
methyladenine, 6-MeAdeD®-methylguanine, 6-MeGua; 7-deazaade- the CA dinucleotide (position 5) in the HTLV-1, HTLV-2,

nine, 7-deazaAdeQ*methylthymine, ®MeThy; 5-methylcytosine, _ _
5-MeCyt; 2,6-diaminopurine, 2,6-(Nj#Pur; EDTA, (ethylenedinitrilo)- and M-MuLV INs (16). In contrast, HIV-1 IN shows a more

tetraacetic acid; DTT, dithiothreitol; BMEB-mercaptoethanol; CHAPS, ~ relaxed degree of substrate specificity for the viral DNA at
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate. this position. Differences in substrate specificity preferences
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among INs also extend to catalysis of disintegration sub- MES (pH 6.2), 10 mM DTT, 10% ethylene glycol, 10 mM
strates 7, 20—23). MnCl,, 10 mM KCI, 1 pmol of substrate, and M-MuLV IN
While the importance of specific nucleotides is observed in a final volume of 15u4L. HTLV-2 IN reactions were
in each of these studies, little is known regarding the incubated at 37C for 15 min while reactions were stopped
mechanism through which the specific nucleotides contactat 60 min for M-MuLV IN because of its lower specific
integrase. To probe the chemical basis of the-Wlital DNA activity. Reactions were linear at the time points examined.
interaction, in particular hydrogen bonding, isosteric nucle- In HIV-1 IN time course studies, reactions were scaled to
otide analogues were introduced into the U5 terminus at the 30 uL, and 3uL aliquots were removed at specific time
conserved CA and at position 5. Nucleotide analogues wereintervals. Reactions were terminated by adding an equal
chosen to produce a modification in the surface of the major Volume of loading dye (95% formamide, 20 mM EDTA,
or minor groove. In the following work, we report on the 0.05% bromophenol blue, 0.5% Xylene cyanol). Reaction
relative importance of specific functional groups required Products were separated on 20% polyacrylamide denaturing

for catalysis by HTLV-2, M-MuLV, and HIV-1 INs with gels, subjected to autoradiography or Phosphorimager screens
(Molecular Dynamics). Products were quantitated from

phosphorimaging using ImageQuant software (Molecular
Dynamics). The amount of product or rate of enzymatic
activity was calculated from a minimum of three separate
trials for each experiment performed in triplicate. For HIV-1
reactions, the rate of ®rocessing was determined by linear

their respective U5 substrates.

MATERIALS AND METHODS

Oligonucleotide Substrateligonucleotide sequences
corresponding to the wild-type (WT) U5 terminus of HIV-

1, HTLV-2, and M-MuLV genomes were used as substrates regression.

in enzymatic assays (Figure 1A). Oligonucleotide synthesis,

introduction of 2-deoxynucleoside phosphoramidite ana-
logues, and HPLC purification of oligonucleotides were
performed at Integrated DNA Technologies. Protected 2

deoxynucleoside phosphoramidites were purchased from

Glen Research (Figure 2B). Oligonucleotides were further
purified on 20% denaturing polyacrylamide gels;ebd-
labeled with p-32P]JATP (Dupont-NEN) and T4 DNA

RESULTS

Design of Modified U5 SubstrateQur previous cross-
comparative analysis of the substrate specificity of several
integrases found the'-processing reaction to be more
dependent on the U5 terminus sequence for catalysis as
compared to strand transfer and disintegration reactith)s (

kinase, and hybridized to complementary strands as describeq, this study, we continue our cross-comparative analysis to

previously (L6).

Protein Purification. INs from HIV-1, HTLV-2, and
M-MuLV were purified as hexahistidine-tagged fusion
proteins, expressed i&scherichia coliBL21(DE3) cells

test the hypothesis that conserved features of viral end
recognition exist among INs. The three retroviral INs
explored herein, HTLV-2, M-MuLV, and HIV-1, each
represent a distinct genus within tRetrasiridae (25). In

using the T7 polymerase expression system, and purifiedthe context of the'3processing reaction, we previously noted
from the insoluble fraction essentially as described previously that position 5 (Figure 1A) confers significant substrate

(8, 16. HIV-1 IN was additionally purified from the soluble
fraction, and its specific activity was comparable to HIV-1
IN isolated from the insoluble fraction. To purify HIV-1 IN
from the soluble fraction, cells were grown to midlogrithmic
phase in 0.51-L cultures, and induced f& h in 0.4 mM
isopropy! thiogalactoside. Cells were centrifuged, resus-
pended in Xk binding buffer (1 M NaCl, 20 mM Tris, pH
7.9, 5 mM imidazole), and lysed by treatment with lysozyme
(0.2 mg/mL) for 30 min and sonication. The lysate was
centrifuged for 30 min at 30 0@0 The soluble portion was
filtered through a 0.45-mm filter and applied to a HiTrap
nickel-chelating column (Pharmacia). Washing and elution
were carried out in & binding buffer with a linear gradient
(5—-800 mM) of imidazole. The final preparation was
dialyzed against 1 M NaCl, 20 mM HEPES, pH 7.5, 0.1
mM EDTA, 1 mM DTT, and 10% (v/v) glycerol. Protein
concentrations were measured by the Bradford metBdd (
using the BioRad Micro-Assay.

Integration AssaysResults of titration experiments gave
the protein concentration (0.Qd/uL for HIV-1 IN, 0.013
ugluL for HTLV-2 IN, and 0.023ug/uL for M-MuLV IN)
that yielded maximal activity for each IN with its respective
WT blunt LTR substrate. Reactions for HIV-1 and HTLV-2
INs contained 25 mM MOPS (pH 7.2), 10 mM BME, 10%
glycerol, 0.75 mM CHAPS, 7.5 mM Mngl 1 pmol of
substrate, and the appropriate IN in a final volume of 15
uL. Reaction mixtures for M-MuLV IN contained 25 mM

specificity in HTLV-2 and M-MuLV reactions16). While

the 5 position confers substrate specificity, this position is
probably recognized in conjunction with the conserved CA,
which is also required for optimal catalysis. Therefore,
studies herein were focused on tHgBocessing reaction to
probe the specific nucleotide functional groups involved in
conferring substrate specificity and recognition of the CA
for HTLV-2, M-MuLV, and HIV-1 INs.

Specifically, nucleotide analogues were substituted at
positions 3, 4, and 5 in the plus (E strand) and minus (A
strand) strands of HTLV-2, M-MuLV, and HIV-1 U5
substrates (Figure 1A) and examined forpBocessing
activity (Figure 1B) with their respective IN. A comparison
of Watson-Crick base-pairing for guanine-cytosine and
adenine-thymine (Figure 2A) with the analogues (Figure 2B)
indicates the effect on possible hydrogen bonding and van
der Waal contacts with amino acids in the major and minor
grooves of DNA. Analogue substitutions have been used
extensively in the study of interaction of proteibDNA as
well as enzyme DNA interactions to explore both geometric
and electronic interface2€). For example, substitution of
adenine withN®-methyladenine (6-MeAde) blocks the hy-
drogen-bonding capability in the major groove ap With
the introduction of a methyl group (Figure 2AR7Y).
Replacement of guanine witb®-methylguanine (6-MeGua)
(28, 29, adenine with 7-deazaadenine (7-deazaAde), thymine
with O*methylthymine (&-MeThy) (30), and cytosine with
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A position 5 in the HTLV-2 U5 substratd §). Position 5 was
T2 U ';?ff‘i°;CCCGGGGAAGAC; Aim M also shown to confer substrate recognition of the M-MuLV
37_ AGGGCCCCTTCAGTTTGTTC LTR by HTLV-2 IN upon replacement of the wild-type
' thymine to an adenine. These results support position 5 as
Y e eoacomcanaca important for conferring substrate recognition of the U5
terminus by HTLV-2 IN and a strong requirement for adenine
HIV-1 U5 5'-ATGTGGAAAATCTCTAGCAGT in this position. Similar experiments were also made with
3’ -TACACCTTTTAGAGATCGTCA . . .. .
B position 7; however, this position did not confer substrate

recognition. Positions 5 and 7 were analyzed to probe the

S?ZPLCATT functional group determinants of substrate recognition;
' GTAA position 7 was included as an internal control.
©) Three base analogue substitutions were made at position
+ 1 5in the plus strand, 6-MeAde, 7-deazaAde, and 2,6 )NH
Pur (Figure 1A). These analogues effect hydrogen-bonding
3% - interactions at W Wy, and S, respectively. Neither the

6-MeAde (W) nor the 7-deazaAde (YY/substrates showed
any significant decrease ir-Brocessing as compared to the
WT substrate (Figure 3A). However, the replacement of
adenine with 2,6-(NB).Pur, which introduced an additional
amino group at § substantially decreased the[Bocessing
activity by 6.3-fold. The introduction of a highly polar amino
group at the gsite adds both steric hindrance and hydrogen-
bonding potential to the local environment. In the minus

3! —————GTAA

8.3, 3'3 * * ’
o

GTAA
s'p Y cATT strand, an @MeThy (W) substitution for thymine did not
3 —— GTAA show any significant change in activity as compared to the

FicURE1: (A) U5 end sequences of HIV-1, HTLV-2, and M-MuLV  activity noted with the WT substrate (Figure 3B).Wé the
substrates. The positions substituted with analogues or mutationonly site in the major groove of Thy for hydrogen bonding.
are in boldface and underlined. The numbel’ing System used for Hydrogen bond|ng |n the m|nor groove Of the m|nus Strand
nucleotide identification is indicated above the sequence. The top il
strand in each U5 end represents the plus strand, and the botto as not gxplored due to lack of ava|lap|l|ty of base analogues
strand represents the minus strand. In reactions with HIV-1, position 1O S1. Similar base analogue substitutions were made at
5 in the minus strand was a Thy when Ade or analogues of Ade position 7 in the plus strand [6-MeAde, 7-deazaAde, and
were employed. (B) Schematic representation of the enzymatic 2,6-(NH,),Pur] and in the minus strand {@leThy) (Figure
activities catalyzed by the retroviral IN in vitro for a single U5 3a B). No effect on activity was observed with any of the
end: step 1,3processing; step 2, strand transfer; and step 3, e . .\ . .
disintegration. Symbols: ) plus strand: ) minus strand. analogue_ substltutmns_ at p95|t|0r_1 7. This result confirmed
our previous observations in which we saw no effect on
catalysis by HTLV-2 IN when nucleotides were substituted
at this position 16).

Table 1: Nucleotide Analogues Used in This Study

nUdec_’t'd? analo_gue SUbSt'_tu“on : primavry effect Three different nucleotide analogue substitutions were
%Séda'l‘;‘am;ggﬁf;;“e agde:r;ri‘r’fe T};g‘l?érggr?:c‘)’fea;tsw made in the plus or minus strand at position 4 of the HTLV-2
NE-methyladenine adenine major groove at W U5 substrate _(F|gure 1A). Mod|f|c_at|_on of position 4 of the
5-methylcytosine cytosine major groove ag'W plus strand with a 5-MeCyt substitution resulted in a nearly
iné)sine _ guanine minor groove af S 2-fold increase in 3processing activity as compared to the
O>-methylguanine guanine major groove ag W wild-type LTR (Figure 3A). 5-MeCyt interferes with hydro-
O*methylthymine thymine major groove atyW

gen bonding and the steric environment at’' Wy the
introduction of a methyl group, and, thus, we were surprised
to observe the slight increase in activity. In the minus strand,
the replacement of guanine with inosine showed a 4-fold
5-methylcytosine (5-MeCyt)27) introduces modifications  reduction in activity, while replacement of guanine with
into the major groove (W W/, W,, and W) (Table 1). In 6-MeGua showed a 5.6-fold decrease (Figure 3B). The
several of the analogues, the substitution of a hydrogen with introduction of inosine for guanine creates a deletion of the
a CH; group may also create a steric effect by blocking the amino functional group in the minor groove at 8-MeGua
ability of IN to interact with neighboring bases. Substitution introduces a methyl group in the major groove at. W

a Refers to position of possible interaction in minor (S) and major
(W) grooves; also refer in Figure 2A for W and S position designations.

of adenine with 2,6-diaminopurine [2,6-(NHPur] 27, 31)
or guanine with inosine (1)1, 32 introduces modifications
into the minor groove (§ (Table 1). Since nucleotide

At position 3 (plus strand), adenine was replaced with 2,6-
(NHy),Pur, 7-deazaAde, or 6-MeAde (Figure 3A). The
introduction of the 2,6-(NB.Pur analogue drastically re-

analogues are not available to probe interactions in the minorduced HTLV-2 IN 3-processing activity to nearly undetect-

groove at $or ', we were not able to explore hydrogen-
bonding interactions at this site.

Functional Group Determinants in the Interaction of
HTLV-2 IN and the U5 Terminu®reviously, we reported
that HTLV-2 IN shows a marked decrease irpBocessing
activity levels with substitution of adenine with thymine at

able levels. Substitution with 7-deazaAde did not decrease
3'-processing activity in HTLV-2 IN, while the 6-MeAde
substitution showed a 3.3-fold increase in the level of activity.
Substitution of @-MeThy for thymine in the minus strand

of the HTLV-2 U5 substrate showed a 3.2-fold increase in
the level of 3-processing (Figure 3B).
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Ficure 2: (A) Watson and Crick AT and GC base pairs show possible recognition sites in the major (W) and minor (S) grooves [Adapted
from (41)]. Possible base-pairing schemes are shown for two of the analogues used in this study. (B) Chemical structures of the isosteric
nucleotide analogues used in this work. Arrows indicate the site of modification of the nucleotide.

In summary, in the conserved CA/GT, analogues were substrate in position 5 were based on adenine analogues
noted to effect catalysis at adenine afrsthe minor groove, substituted for thymine at position 5 to explore the contribu-
while for guanine both major groove (YWand minor groove  tion of the plus strand position (Figure 1A). In the minus
hydrogen-bonding contacts were identified)(\ require- strand, thymine was replaced witH-®eThy at position 5.
ment for a hydrogen bond was not observed aitvadenine. The wild-type LTR and the 5FA U5 substrate were
The introduction of an additional methyl group in position included in our study of position 5 to compare the possible
3 at W, on the plus strand or on the minus strand af,W loss or gain of activity during '3processing. As observed
and in position 4 at W, increased ‘3processing activity. previously, replacement of thymine with adenine at position

Functional Group Determinants in the Interaction of 5 (5T—A) increased levels of $rocessing as compared with
M-MuLV IN and Its U5 Terminusreviously, we observed the M-MuLV WT substrate by 2.2-fold (Figure 4A).

a higher level of 3processing activity for M-MuLV IN with Substitution of position 5 with 2,6-(NpLPur (S), 7-de-
modified U5 substrates as compared to the M-MuLV wild- azaAde (W), 6-MeAde (W), or inosine (W) in the plus
type substratel). These experiments suggest that the wild- strand and ®MeThy (W-') in the minus strand all resulted
type U5 terminus is not an optimal substrate for M-MuLV in a decreased amount of activity as compared to the AT

IN. In particular, substitution of an adenine for thymine at substrate (Figure 4A,B). Remarkably, the levels of activity
position 5 (5~A substrate) increases activity substantially. of 6-MeAde, inosine, and ©MeThy base analogue sub-
The introduction of adenine for thymine at position 5 in the strates were equivalent to the amount of activity noted with
M-MuLV U5 substrate creates a disturbance in the possible the WT substrate. Substrates with 7-deazaAde or 2,6;NH
hydrogen bonding and van der Waals contacts in both the Pur substitutions showed an additional decrease in activity,
major and minor grooves of both plus and minus strands. In which was lower than the WT substrate. These results suggest
the following studies, modifications of the M-MuLV U5 that important hydrogen-bonding interactions with adenine
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Ficure 3: HTLV-2 IN 3'-processing activity with HTLV-2 WT and modified U5 substrates with nucleobase modifications in the plus (A)

or minus (B) strands. Numbers at the bottom of each panel indicate the position of substitution in the U5 substrate. All reactions were
performed in triplicate, and percent cleavage was determined from Phosphorimager analysis as described under Materials and Methods.
Representative autoradiographs of HTLV-2 INpBocessing activity with HTLV-2 WT and modified U5 substrates with nucleobase

modifications are presented for the plus (C) and minus (D) strands.
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Ficure 4: M-MuLV IN 3'-processing activity with M-MuLV WT and modified U5 substrates with nucleobase modifications in the plus
(A) or minus (B) strands. Numbers at the bottom of each panel indicate the position of substitution in the U5 end. All reactions were
performed in triplicate, and percent cleavage was determined from Phosphorimager analysis as described under Materials and Methods.

occur at W (7-deazaAde) and Y(6-MeAde and inosine).  (Figure 4A). In contrast, at position 4 in the minus strand a
At W, the inosine analogue substitutions allow for inter- substantial loss in activity occurred with substrate containing
action as hydrogen bond acceptors. On the minus strand, thenosine ($) or 6-MeGua (W) for guanine (Figure 4B).
O*MeThy substrate was decreased in activity as comparedAdenine was replaced with 2,6-(NJZPur (S) or 7-deazaAde
to the 5T—A substrate, but was similar to the level of activity (WS5) at position 3 in the plus strand (Figure 4A), and thymine
of the WT LTR. This analogue disturbs the hydrogen was replaced by ®MeThy (W,') on the minus strand (Figure
bonding acceptor capability of the oxygen and, thus, suggests4B). The 6-MeAde substitution increased only slightly, 1.23-
significant contributions of this contact as well. fold, as compared to the wild-type substrate. The substrate
The conserved CA/GT was also examined for M-MuLV with the 7-deazaAde incorporated into position 3 showed a
with five different base analogues. At position 4, the Cytto 1.8-fold decrease in the level of-Brocessing. Similar to
5-MeCyt substitution in the plus strand showed relatively the HTLV-2 reactions, the largest effect on M-MuLV IN
no change in activity as compared to the WT substrate 3'-processing activity was with the 2,6-(NHPur substrate.
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unpaired electrons on the nitrogen of 6-MeAde, however,
are still able to interact with hydrogen bond donors. In
summary, only the major groove site ;\Wvas suggested to
be involved in hydrogen bonding with a hydrogen bond
donor of the HIV-1 IN.

The 3-processing activity of HIV-1 IN was followed with
three different nucleotide analogue substitutions in the plus
(Figure 6A) or minus strand (Figure 6B) at position 4 in the
HIV-1 U5 substrate (Figure 2B). In the plus strand, substitu-
tion of cytosine with 5-MeCyt reduced thé-Brocessing
reaction rate 2-fold. Both substitutions in the minus strand,
guanine to inosine or guanine to 6-MeGua, greatly decreased
HIV-1 IN activity. Substrates with inosine had a 16-fold
reduction in rate, while substrates with 6-MeGua showed a
25-fold decrease in rate. The latter nucleotide analogue
substitutions suggest strong hydrogen-bonding interactions
in the major groove (\W and minor groove (g at position
4 in the minus strand.

Four analogues, 6-MeAde, 7-deazaAde, 2,6-QNPLIr,

y axis represents the percent of substrate converted to product. Alland G-MeThy, were used to probe the major and minor

reactions were performed in triplicate, and percent cleavage was
determined from Phosphorimager analysis as described unde

Materials and Methods.

rooves in position 3 (Figure 7A,B). In the plus strand, the
6-MeAde (W) substitution resulted in a similar rate of
product as compared to the wild-type substrate. The 7-dea-

This substitution decreased activity 4-fold as compared to zaade (W) substrate showed a slight reduction in rate,

the WT substrate. In the minus strand, the modification
produced by substitution of€MeThy at position 3 had no
effect on activity. This observation is in stark contrast to
the increase in activity obtained for HTLV-2 IN (Figure 3B).
Functional Group Determinants in the Interaction of
HIV-1 IN and Its U5 TerminusPrevious work by Sherman
et al. shows the substitution of G to A at position 5 had
little effect on the 3-processing activity of HIV-1 IN 18).
This information was useful in our analysis as more

3-fold. Substrates containing 2,6-(MEPur (S) were greatly
decreased in their rate of-Brocessing, showing a 10-fold
decrease. Therefore, in the plus strand of position 3, major
groove H-bonding contacts are suggested atalfhough a
greater impact on'3rocessing occurred by changing the
minor groove hydrogen-bonding contacts afr8m acceptor

to donor. On the minus strand at position 3, we made a single
substitution of thymidine with ®MeThy. Unexpectedly, this
substitution resulted in a 3-fold increase in activity as

nucleotide analogues are available based on adenine. Theresompared to the wild-type substrate (Figure 7B%METhy

fore, 6-MeAde, 2,6-(NH),Pur, 7-deazaAde, or adenine

results in blocking the hydrogen-bonding acceptor capabili-

replaced the guanine at position 5 in the plus strand of the ties of the oxygen at position Was well as steric hindrance

WT HIV-1 U5 substrate (Figure 1A). In addition, the guanine

through the introduction of a methyl group. This result

at position 5 was substituted with inosine and 6-MeGua gyggests the methyl group increased hydrophobic interactions
(Figure 1A). Our previous studies in substrate recognition or reduced base-pairing at thymidine in the conserved CA/

with HIV-1 IN showed a much lower specificity as compared
to HTLV-2 and M-MuLV INs. Therefore, the rate of'-3

GT to the benefit of the INU5 end interaction. A reduction
in the normal WatsonCrick base-pairing may allow for

HIV-1 IN to obtain greater sensitivity in our analysis (Figure

5). Similar to the observations reported by others previously

increase in the opening of this site.

(18), a slight decrease (1.7-fold) in the rate was observed D|ISCUSSION

with the G to A substitution. The substrate containing the
substitution of 6-MeAde had activity similar to the WT
substrate. Introduction of 6-MeAde for guanine in this
position will perturb both W and $ hydrogen bonding
interactions. The G to | substitution, which perturbs S

Several nucleotide analogues were used to map specific
functional group contacts at the U5 terminus in positions
known to be critical for IN-mediated catalysis. The nucleotide
analogues described here have been used extensively to

interactions, also showed activity comparable to the WT explore the specificity of DNA binding of proteins such as

LTR. A moderate effect on HIV-1 IN activity was noted
with the 2,6-(NH).Pur and 7-deazaAde modifications. The

structure-specific nucleasgl), restriction enzymes30), and
repressor protein88). The mode by which IN makes contact

7-deazaAde had a greater effect, but neither analogue reducewith the viral termini is unknown, and, therefore, we tested

the rate of 3processing activity by greater than 30%. Only

the hypothesis that IN interacts with the major and minor

the substitution of 6-MeGua showed a major effect on the grooves. Conservative nucleotide analogue substitutions were

HIV-1 IN 3'-processing activity as compared with WT HIV-1

made at three critical positions in the U5 terminus, positions

substrate. This substitution resulted in a 3.7-fold decrease4 and 3 (the conserved CA) and position 5.

in the rate of dinucleotide cleavage. A comparison of the

A distinct milieu of functional group determinants were

effect of 6-MeAde and 6-MeGua in hydrogen bonding shows observed for each IN at position 5 in the viral LTR. Figure

the addition of a methyl group to the carbonyl of guanine

8 summarizes the results for each substrate. Major groove

(6-MeGua) creates a very poor hydrogen bond acceptor. Theinteractions were not significant in the HTLV-2 reactions at
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Ficure 6: Time course of HIV-1 IN 3processing reaction with HIV-1 WT and modified U5 substrates in position 4 in the plus (A) or
minus (B) strands. All reactions were performed in triplicate, and percent cleavage was determined from Phosphorimager analysis as
described under Materials and Methods.
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Ficure 7: Time course of HIV-1 IN 3processing reaction with HIV-1 WT and modified U5 substrates in position 3 in the plus (A) or
minus (B) strands. All reactions were performed in triplicate, and percent cleavage was determined from Phosphorimager analysis as
described under Materials and Methods.

processing activity. These combined observations suggest

HTLV-2 'ﬁ@A @A XX that the local DNA conformation at this position confers
3' TA@T XX substrate recognition. We knew from previous work that the
5. C A XX native U5 substrate is not optimal for catalysis and the

M-MuLv T XX M-MuLV 5T—A substrate supports a higher integration

'@G C XX activity of the M-MuLV IN in vitro (16). Thus, we
HIV-1 | @ @ anticipated that replacing the adenine residue with nucleotide
oo 3 ‘@T XX analogues may decreasemBocessing activity. As expected,
ITI 5 4 3

all the modifications based on adenine in position 5 in major
(W1, W5) and minor grooves ($ of the M-MuLV U5
terminus resulted in decreased M-MuLV IN activity. The
adenine substitution may permit hydrogen bonding in the
major groove with neighboring amino acids. However, it is
position 5. In contrast, HIV-1 and M-MuLV IN reactions difficult to determine the influence of local conformation at
required hydrogen-bonding interactions within the major this site within the context of these studies. HIV-1 IN
groove for optimal enzymatic activity. However, in the case tolerated most modifications in the major and minor groove
of M-MuLV, our findings are based on adenine at position in the HIV-1 U5 terminus. Only the 6-MeGua substitution
5. In HTLV-2 IN—US5 terminus interactions, the introduction was observed to have a dramatic decrease on catalysis.
of an amino group into the minor groove,j$lecreased’'3 Comparison of the activity displayed by 6-MeAde and
processing activity. The apparent lack of hydrogen-bonding 6-MeGua reveals the importance of the carbonyl oxygen of
interactions was unexpected given our previous observationsguanine as a hydrogen acceptor in the U5-eiflinterac-

of the strong requirement of HTLV-2 IN for adenine in this tions. Similar steric effects are introduced by 6-MeAde and
position. The minor groove only permits discrimination 6-MeGua in the major groove, and thus cannot be considered
between AT and GC base pairs. Previously, we noted thatto play a role in the observed decreased activity. Further, no
substitution of position 5 with Thy greatly reduces 3  effect was noted with the introduction of an amino group at

Ficure 8: Summary of the critical sites of ENU5 terminus
interactions in major (W) and minor (S) grooves. Arrows indicate
whether an increase or decrease Wp®cessing was observed.
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S,. The flexibility of position 5-with regard to the number  suggests very few hydrogen-bonding interactions in the major
of substitutions which can be made without effecting groove are essential for substrate recognition or substrate
activity—supports our previous finding of the relaxed processing. Further, the major interactions appear limited to
substrate specificity displayed by HIV-1 IN as compared to three positions in the plus and minus strands. This agrees
HTLV-1, HTLV-2, and M-MuLV INs (16). with previous ethylation interference experiments which
Base analogue modifications of the conserved CA/ GT, defined critical contacts with HIV-1 IN and its termini in
particularly at the guanine and adenine residues, revealed gositions 3, 4, and 53@). Future kinetic analysis of the
common mechanism in the interaction of the three INs. In critical functional groups defined herein will ascertain their
all three, the modifications in the minor groove were more contribution to the role in binding or catalysis by IN.
critical to activity than those in the major groove. Substitution  In light of our studies, we were led to consider that the
of guanine with 6-MeGua or inosine, which modifies the mode of U5 end recognition constitutes an indirect readout
major groove (W) or minor groove (9, respectively, of the B-DNA by IN rather than a direct readout. The direct
decreased 'JProcessing activity. On the minus strand, readout mechanism has been demonstrated for a number of
however, we did not note any significant effect in a cytosine sequence-specific proteiDNA complexes and is character-
to 5-MeCyt substitution in position 4, which modifies the ized as the interaction of a protein with specific functional
major groove at W This modification resulted in a moderate groups in the nucleobased9. In the case of indirect readout,
decrease in the'drocessing activity of HIV-1 IN, and a  the functional groups present in the nucleobases provide the
slight increase with HTLV-2 and M-MuLV INs. overall geometry of the recognition site, and the major direct
Base analogue substitutions at position 3 in the plus strandcontacts are formed from interactions of the phosphodiester
with 6-methyl-A (W) in HIV-1, HTLV-2, and M-MuLV residues of the DNA and amino acid side chai#g)(The
U5 termini also showed an effect on the activity of the three combined observations of our laboratory and others suggest
INs. Interestingly, the HTLV-2 IN reactions showed an a model whereby IN may initially recognize the viral and
enhancement in'drocessing with the introduction of a host DNA through an indirect readout mechanism. However,
methyl group at W, while HIV-1 and M-MuLV INs showed in the case of the viral end, continuation tbgBocessing
a decrease in activity. A drastic decrease p®cessing may require that the appropriate functional groups are
activity was observed with the adenine to 2,6-@\Rur (S) available to form a transition state via specific hydrogen-
substitution in the three U5 termini at position 3 with all bonding of the nucleobases. The ability to form a transition
three INs. With the ®MeThy substitution at position 3 on  state for catalysis would be absent in a nonviral substrate.
the minus strand, we observed an increase in the 3 Entry into the transition state may require significant
processing activity of HIV-1 and HTLV-2 INs, but not with  distortion of the viral DNA ends at base pairs 1, 2, and 3
M-MuLV IN. The O*MeThy, which creates more of a (36). Thus, additional recognition of the U5 substrate may
hydrophobic surface in the major groove, may stabilize the occur during catalysis. In studies with disintegration sub-
IN—US5 terminus complex by enhancement of van der Waal strates, numerous changes in the viral DNA nucleotides can
contacts between the protein and the viral DNA. Alterna- be made with little impact on catalysis of the substrate(
tively, the methyl group may act to destabilize Watson 23). This also suggests that IN may rely on a particular
Crick base-pairing and in doing so create a more favorable geometrical shape for recognition and, therefore, the involve-
interaction with the adjacent scissile bond. Destabilization ment of an indirect readout mechanism.

of the Watson-Crick base-pairing in the three terminal Over the past few years, integrase has become a highly
positions by introduction of mismatched base pairs has beensought target for directing antivirals to treat individuals with
previously shown to enhance end processi3g—36). AIDS. Our investigations will hopefully provide insight for

Therefore, it is possible that the introduction of an amino those concerned with designing effective inhibitors of the
group into the minor groove at position 3 may prevent retroviral integrase. Given that IN interacts with both major

distortion or bending of the DNA and interfere with the and minor grooves of the U5 end, competitive suicide
creation of a requisite conformation of the DNA required inhibitor analogues of the conserved CA or GT may be useful
for optimal interaction of IN for additional contacts with the in blocking IN activity.

viral DNA end. It has been suggested that Lys 159 in HIV-1

IN may interact with the N7 position (Y of the conserved =~ ACKNOWLEDGMENT
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