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SUMMARY

Due to the importance of human immunodeficiency virus type 1 (HIV-1) integrase as a drug
target, the biochemistry and structural aspects of retroviral DNA integration have been the focus
of intensive research during the past three decades. The retroviral integrase enzyme acts on the
linear double-stranded viral DNA product of reverse transcription. Integrase cleaves specific
phosphodiester bonds near the viral DNA ends during the 3’ processing reaction. The enzyme then
uses the resulting viral DNA 3’-OH groups during strand transfer to cut chromosomal target DNA,
which simultaneously joins both viral DNA ends to target DNA 5’-phosphates. Both reactions
proceed via direct transesterification of scissile phosphodiester bonds by attacking nucleophiles: a
water molecule for 3’ processing, and the viral DNA 3’-OH for strand transfer. X-ray crystal
structures of prototype foamy virus integrase-DNA complexes revealed the architectures of the
key nucleoprotein complexes that form sequentially during the integration process and explained
the roles of active site metal ions in catalysis. X-ray crystallography furthermore elucidated the
mechanism of action of HIV-1 integrase strand transfer inhibitors, which are currently used to
treat AIDS patients, and provided valuable insights into the mechanisms of viral drug resistance.

INTRODUCTION

Retroviruses are the only animal viruses that require the stable integration of genetic
information into the genome of the host cell as an obligate step in replication. All members
of the virus family Retroviridae accordingly carry with them integrase, which is a
specialized DNA recombination enzyme. Integration is required for efficient expression of
retroviral genes by the host transcriptional machinery and hence productive virus
replication. The integrase encoded by human immunodeficiency virus type 1 (HIV-1) is thus
an important antiviral target in the fight against HIV/AIDS (1). Integration additionally
ensures replication and segregation of viral genes to daughter cells during cell division.
Stable association of HIV-1 with cellular DNA underlies the notorious incurable nature of
AIDS despite highly active antiretroviral therapy (HAART) (2).

Retroviridae is composed of two virus subfamilies, Orthoretrovirinae and
Spumaretrovirinae. While six viral genera, including alpha through epsilon and lenti, belong
to Orthoretrovirinae, the spumaviruses solely comprise Spumaretrovirinae. Spumavirus
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biology accordingly differs somewhat from the other retroviruses. For brevity, this chapter
describes generalities that apply to most, if not all, retroviruses; specific viruses or genera
are discussed as applicable. Viruses pathogenic to humans include the lentiviruses HIV-1
and HIV-2 and the deltaretroviruses human T-lymphotropic virus type 1 (HTLV-1) and
HTLV-2.

Retroviruses carry two copies of plus-sense genomic RNA. Integrase is encoded at the 3’
end of the pol gene (3-5), which also encodes for the RNA-dependent DNA polymerase
reverse transcriptase (RT) enzyme that converts the genomic RNA into linear, double-
stranded DNA. Integrase and RT are translated as part of a Gag-Pol precursor polyprotein in
virus producer cells, which is cleaved by the viral protease as particles bud from the plasma
membrane and mature into infectious virions. Integrase and RT, together with viral RNA in
association with the viral nucleocapsid protein, are situated within the viral capsid core
during particle maturation.

Viral DNA synthesis occurs within the context of the reverse transcription complex, which
is a large subviral complex derived from the virus core (6, 7). Retroviral RNAs harbor a
terminal repeat (R) element that adjoins unique sequences at the 5" and 3’ ends (U5 and U3,
respectively). U3 and U5 become duplicated during reverse transcription such that the DNA
contains a copy of 5’-U3RU5-3/, dubbed the long terminal repeat (LTR), at both ends.
Integrase engages approximately 16-20 bp of the LTR termini to integrate the viral DNA
substrate into host DNA (8-12) (Fig. 1A).

INTEGRASE ACTIVITIES

Two integrase activities, 3’ processing and strand transfer, are required for productive virus
replication. The associated DNA cutting and joining steps were initially deciphered using
extracts of acutely infected cells. All retroviruses harbor an invariant CA dinucleotide in the
immediate proximity to each 3’ end of the unintegrated viral DNA (Fig. 1A, underline), and
downstream sequences (up to 3 nucleotides depending on the viral species) are removed
during 3’ processing (13-17). A key breakthrough came with the demonstration that the
DNA-containing nucleoprotein complex, termed the preintegration complex (PIC), can
integrate the endogenous reverse transcript into heterologous target DNA in vitro (18). The
processed viral DNA CA-3’ ends are joined to target DNA during strand transfer, while the
unprocessed viral DNA 5’ ends remain unjoined (14, 15, 17) (Fig. 1B). Cellular enzymes
remove the two unpaired nucleotides from the viral DNA 5" ends and repair the single-
stranded gaps in the recombination intermediate, which yields a short (4-6 bp, depending on
the virus) duplication of target DNA flanking the integrated provirus (Fig. 1B). PIC activity
requires divalent metal ions such as Mn2* or Mg?*, but does not require a high-energy
cofactor (14, 18-21).

Purified recombinant integrase proteins display 3’ processing and strand transfer activities in
vitro (22-30). Simplified assay systems utilized relatively short (~17-22 bp) double-stranded
oligonucleotides that model the ends of the LTRs for 3’ processing reaction substrates (22,
24) and also for acceptor target DNA during strand transfer (23, 26, 27, 29, 30). Because
pre-processed substrates that lacked sequences normally removed during 3 processing
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supported strand transfer activity, the integration of retroviral DNA ends is mechanistically
separable from dinucleotide cleavage (23, 26, 27, 29, 30). Concordantly, 3’ processing of
HIV-1 DNA ends can occur soon after the LTRs are synthesized (31, 32), which precedes
integration into chromosomal DNA minimally by several hours (33, 34).

Purified integrase proteins display two additional endonucleolytic activities in vitro,
disintegration (35) and alcoholysis (36, 37). Though it seems unlikely that either of these
activities occurs in the context of virus infection, their study has nevertheless yielded
valuable information on integrase domain organization and reaction mechanism.

3’ Processing and Strand Transfer Reaction Mechanisms

Oligonucleotide-based biochemical assays enabled relatively rapid assessment of DNA
substrate and integrase protein requirements for 3’ processing and strand transfer activities,
as well as the mechanism of DNA recombination. Because integrase activity does not
require a high-energy cofactor, the energy to drive the formation of the new viral-target
DNA bond during strand transfer must come from the pre-existing target DNA
phosphodiester bond. Two different mechanisms can be considered: the viral DNA could
attack the target DNA directly, which through isoenergetic transesterification would
concomitantly drive the formation of the viral-target DNA phosphodiester bond, or the bond
energy could be temporarily stored in the form of an integrase-DNA covalent intermediate
prior to viral-target DNA bond formation (38). Essentially all enzyme-mediated phosphoryl
transfer reactions proceed by bimolecular nucleophilic substitution (Sy2) displacement (39);
as the hallmark of Sy2 chemistry is inversion of chirality, monitoring the stereochemical
course of the strand transfer reaction afforded a means by which to address its mechanism.
The phosphodiester group can be made chiral by substituting one of its non-bridging oxygen
atoms (Pro-Sp or Pro-Rp) with sulfur. Finding the retention of phosphorothioate chirality in
strand transfer reaction products would be consistent with a protein-DNA covalent
intermediate reaction mechanism, as formation of the integrase-DNA covalent bond would
invert chirality, and its subsequent resolution would invert chirality a second time to overall
retention (40). Because phosphorothioate chirality was inverted in HIV-1 DNA reaction
products, strand transfer proceeds via an odd number of transesterification reactions (41).
Though convoluted models that consider 3 or 5 separate chemical reactions could be
entertained, it was evident that strand transfer proceeds via a single transesterification
reaction (41).

HIV-1 integrase uses a water molecule under Mg?*-dependent conditions to hydrolyze CA
\GT (backslash denotes scissile phosphodiester bond throughout the chapter) during 3’
processing (42). Reaction specificity is loosened somewhat in the presence of Mn2*, such
that two or three carbon-containing diols, or the 3’ end of the viral DNA itself, can
additionally serve as the nucleophile (36, 41). Determining phosphorothioate chirality in the
cyclic dinucleotide reaction product formed by DNA end-mediated processing provided a
means to monitor the stereochemical course of the reaction. Because chirality was inverted,
the HIV-1 integrase 3’ processing reaction, like strand transfer, proceeds via a single Sp2
transesterification (41).
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Similarities with Other DNA Recombination Systems

Retroviral and LTR retrotransposon integrase proteins are evolutionarily related to a large
variety of metal ion-dependent polynucleotidyl transferase enzymes that include bacterial
transposases, RuvC resolvase, RNase H (43), the Argonaute component of RISC (RNA-
induced silencing complex) (44), the RAG1 component of the RAG1/2 recombinase that
catalyzes V(D)J recombination (45, 46), and RT (47). The key similarities include the
enzyme active sites and reaction mechanisms.

The bacteriophage MuA transposase protein catalyzes DNA cutting and joining reactions
that are analogous to retroviral integrase 3’ processing and strand transfer activities (38).
Monitoring the stereochemical course of the phage Mu strand transfer reaction revealed
inversion of phosphorothioate chirality (40). The utilization of H, 180 afforded the
monitoring of the stereochemical course of Mu DNA end hydrolysis. Similar to the results
obtained for DNA-mediated 3’ processing of HIV-1 DNA, MuA transposase-mediated
hydrolysis yielded inversion of phosphorothioate chirality (48).

The RAG1/2 recombinase yields a DNA hairpin product during the first step of V/(D)J
recombination (see the chapter by David Roth in this monograph). Monitoring the
stereochemical course of the reaction revealed the inversion of phosphorothioate chirality,
which is consistent with a single step transesterification (49). The phosphorothioate
stereoselectivity of the various reactions catalyzed by the Tn10 transposase protein were
moreover similar to those catalyzed by MuA transposase, HIV-1 integrase, and RAG1/2
recombinase (50, 51). Thus, similar mechanisms underlie the DNA cutting and joining
reactions that are catalyzed by elements as seemingly disparate as HIV-1 integrase, MuA
transposase, and RAG1/2 recombinase.

Challenges of Working with Recombinant Integrase Proteins

Integration proceeds through the pairwise or concerted integration of both ends of linear
viral DNA into chromosomal DNA (Fig. 1B). However, purified integrase proteins vary
greatly in their ability to catalyze the concerted integration of substrate DNA in vitro.
Heterologous circular target DNA is used to distinguish strand transfer reaction products
that result from the integration of single ends of oligonucleotide duplexes from those that
result from the concerted integration of two independent duplex oligonucleotide ends: single
end integration yields a nicked circular DNA product, while concerted integration yields a
linearized product after deproteinization (23). Many integrase proteins yield mixtures of the
two types of reaction products (23, 52-55) whereas others, such as those derived from the
spumavirus prototype foamy virus (PFV) (56) and lentivirus equine infectious leukemia
virus (54), predominantly display concerted integration activity. HIV-1 integrase by contrast
predominantly catalyzes the integration of single oligonucleotide DNA ends in vitro (26).
The reason behind the relatively poor behavior of HIV-1 integrase in concerted integration
reactions remains unclear. Modifications that included relatively long viral DNA substrates
(57-59) and/or the addition of viral nucleocapsid (60) or host lens epithelium-derived growth
factor (LEDGF)/p75 protein (61) have enhanced concerted integration activity. Purification
under conditions that disfavor protein aggregation has also been reported to enhance the
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ability of the HIV-1 enzyme to integrate oligonucleotide substrate DNA in concerted fashion
(62).

Retroviral integrase proteins display a range of solubility properties. Epsilonretrovirus
integrase was reportedly insoluble following its expression in Escherichia coli under a
variety of conditions (55). HIV-1 integrase purified following its expression in bacteria can
attain concentrations of 1 mg/ml or greater, however this strictly depends on non-
physiological concentrations of salt (e.g., 1 M NaCl). PFV integrase is by contrast highly
soluble, with concentrations in excess of 10 mg/ml achieved in buffer containing 200 mM
NaCl (56, 63, 64). The favorable solubility of PFV integrase is at least partially responsible
for its utility as a crystallography substrate with DNA (see below).

Various modifications, most notably the use of solubilizing mutations, can improve the
solubility of HIV-1 integrase (42, 65, 66). The lentiviral integration cofactor LEDGF/p75
possesses favorable solubility, and binding to HIV-1 integrase yields a protein complex that
displays generally favorable solubility properties (67, 68). Such observations have sparked
interest in the structural biology of lentiviral integrase-LEDGF/p75 complexes (61, 68-70).

INTEGRASE PROTEIN STRUCTURES

Domain Organization of Integrase Proteins

Retroviral integrase proteins harbor three common domains, the N-terminal domain (NTD),

catalytic core domain (CCD), and C-terminal domain (CTD) (71-76) (Fig. 2A). All evidence
suggests that the three-dimensional structures of the individual domains are preserved across
the different integrase proteins (77). At the level of amino acid sequence, the CCD and CTD
display the greatest and least extents of conservation, respectively.

The CCD harbors the enzyme active site, at the heart of which are the invariant amino acid
residues of the DDE catalytic triad (73, 78-80) that coordinate a pair of magnesium ions
during catalysis (see below). Initially recognized as a DX3g9.56DX35E motif conserved
among retroviral and retrotransposon integrases and bacterial 1S3 insertion sequences (74,
78, 81), the advent of genomic sequencing has since expanded the DD(E/D) superfamily of
polynucleotidyl transferases to include the transposase proteins of numerous prokaryotic and
eukaryotic transposable elements (47, 82-84). To date, the roles of the active site residues
during integrative recombination are most thoroughly understood from X-ray
crystallographic analyses of active PFV integrase-DNA complexes (85).

The CCD harbors additional conserved residues that contact viral DNA (86-94) and target
DNA (90, 95-98) during integration. The lysine residue that engages the phosphate
backbone of the invariant CA dinucleotide in viral DNA (86, 94) is conserved across
retroviral integrase proteins and some bacterial insertion elements (Fig. 2A), although not
among the retrotransposon integrase proteins despite the conservation of the terminal CA
sequence (78, 86).

Retroviral and retrotransposon integrase NTDs harbor a conserved HHCC motif that
coordinates the binding of a single zinc atom (72, 74, 99, 100). Metal binding stabilizes the
native fold of the NTD and concordantly stimulates HIV-1 integrase catalytic activity (61,
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101, 102). The NTD is involved in integrase multimerization and interacts with viral DNA
during integration (94, 102-105).

Although the extent of amino acid sequence conservation among integrase CTDs is less
prevalent than for the other common domains, certain conserved amino acid motifs are
recognizable across subsets of retroviral integrase proteins (106). The CTD binds DNA in a
sequence non-specific fashion (75, 107-109) and contributes to the functional
multimerization of full-length integrase proteins (42, 108, 110).

The NTD and CTD play important roles in integrase 3’ processing and DNA strand transfer
activities in vitro (74, 76, 111-116). The isolated CCD can catalyze disintegration activity
(74, 113, 114), which was consistent with the notion that it housed the enzyme active site
(73, 74). The integrase proteins from three of the viral genera, including the
gammaretroviruses, epsilonretroviruses, and spumaviruses, carry a fourth domain termed the
N-terminal extension domain (NED) based on sequence and X-ray crystallographic analyses
(55, 94) (Fig. 2A).

Integrase Functions as a Multimer

Kinetic measures of integrase activities (117, 118) and chemical cross-linking (58, 111,
119-121) provided initial evidence that integrase functions as a multimer. The discovery that
mixtures of defective integrase deletion mutant proteins restored as much as 50% of wild
type activity provided a means to probe the functional organization of the different integrase
domains within the multimer (111, 115, 116, 122, 123). For example, the function of the
NTD was required in trans to the catalytically active protomer (111, 116, 122).

Mutagenesis experiments revealed that the invariant CA/TG bp is the most critical sequence
for oligonucleotide-based integrase activity in vitro (29, 124-126). Titers of viruses that
contained one mutated LTR end were modestly reduced, whereas double end-mutant viruses
were essentially dead (11, 12, 127). Sequence analysis revealed large insertions or deletions
of cellular DNA associated with the integration of mutant LTR ends (128, 129). Though
virus replication normally proceeds through the pairwise insertion of both LTRs (Fig. 1B),
integrase-mediated insertion of one end can apparently template the integration of the
second, mutated end via cell-mediated DNA recombination.

Retroviral integration and DNA transposition proceed through a series of stable
nucleoprotein complexes (85) (for reviews, see 130 and 131). In the case of integration, the
two ends of viral DNA are bridged together by a tetramer of integrase in a complex that is
called the intasome or stable synaptic complex (SSC) (31, 58, 94, 120, 121, 132-135).
Processing of the viral DNA ends converts the SSC to the cleaved intasome (CI) (85) (Fig.
1B), which is referred to as the cleaved donor complex or type 1 transpososome in the
transposition literature (130). The CI subsequently morphs into the target capture complex
(TCC) upon target DNA binding. Covalent joining of the viral DNA ends to target DNA
yields the strand transfer complex (STC) (85, 98).

Whereas an integrase tetramer catalyzes strand transfer activity (58, 94, 118, 120), the form
of the enzyme that catalyzes 3’ processing activity during virus infection has been debated.
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Although an integrase dimer appears to suffice to process single LTR ends in vitro (58, 136),
a variety of information needs to be taken into account when considering whether 3’
processing is mediated by an integrase dimer bound to a single viral DNA end or by the
integrase tetramer during infection. DNA end processing prior to SSC formation could
account for the different apparent rates of U5 versus U3 cleavage during HIV-1 infection
(31) and is consistent with integrase-mediated integration of the sole wild type ends of
single LTR end mutant viruses (128, 129). However, 3’ processing and strand transfer of
single viral DNA ends can occur in the context of the SSC in vitro (120). Crystallized PFV
intasomes are functional (see below), and the integrase tetramer catalyzed 3’ processing
activity in crystallo (85). The PFV integrase NTD moreover functioned in trans with the
CCD during 3 processing (85). Therefore, if an integrase dimer were active for 3’
processing, it would need to assume a cis-trans conformation that is different from the active
form observed in the crystals. While not impossible, we favor the straightforward
interpretation that 3’ processing activity is catalyzed by the integrase tetramer in the context
of the SSC during viral infection. Of note, results of small angle X-ray scattering (SAXS)
have yielded novel “reaching dimer” solution conformations for full-length HIV-1 and
ASLYV integrase in the absence of DNA (137, 138). Although extensive CTD-CTD
interactions preclude these structures from functionally engaging DNA, they nevertheless
could represent intermediates on the pathway to SSC formation (see the chapter by Anna
Marie Skalka).

Integrase Domain Structures

A high-resolution structure of a full-length retroviral integrase protein in the absence of
DNA has yet to be reported, which is likely due to the inherent flexibility of integrase
interdomain linkers (Fig. 2A) (64, 104). Over the years, structures of isolated integrase
domains and 2-domain constructs have been elucidated. Because the integrase CCD could
catalyze disintegration activity (74, 113, 114), it was earmarked early on as a target of
interest. The HIV-1 integrase CCD was however insoluble following its expression in E. coli
(74, 139). An important advance came from the identification of amino acid substitutions,
including F185K, which significantly increased the solubility of HIV-1 integrase CCD
protein (65) and afforded its crystallization and structural determination by X-ray diffraction
(43). The CCD harbors an RNase H fold, which situates the active site residues of the DDE
catalytic triad in close proximity to one another (Fig. 2B). Retroviral integrase CCDs in the
vast majority of cases crystallize as a homodimer with a large dimeric interface (43, 140)
(reviewed in 77), and the Lys185 side-chain composed part of the HIV-1 integrase CCD/
F185K interface (Fig. 2B). The ~35 A distance between the active sites within the
homodimer was incompatible with pairwise insertion of two ends of HIVV-1 DNA across a
major groove (43), which is ~17 A in canonical B-form DNA. More recent studies of PFV
intasomes have helped to clarify the role of the CCD dimer during integration (see below).

The F185K change also enhanced the solubility of full-length HIV-1 integrase, and the
mutant enzyme retained integrase 3’ processing and strand transfer activities in vitro (42).
The mutation however rendered HIV-1 replication-defective, which was attributed to
pleiotropic defects at the steps of virus particle assembly and reverse transcription (42). The
CCD from the alpharetrovirus avian-sarcoma leukosis virus (ASLV) integrase was
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sufficiently soluble to permit its crystallization in the absence of solubility-enhancing
mutations (140).

The NTD adopts a helix-turn-helix fold around a single zinc atom, which is chelated by the
side chains of the conserved residues of the HHCC motif (99, 100, 141) (Fig. 2C). The CTD
folds into a 5-stranded beta barrel with homology to Src homology 3 (SH3) domains
(142-144) (Fig. 2D). Though SH3 domains in general interact with Pro-rich regions of
proteins (145), some, such as Sso7d from Qulfolobus solfatarius, also mediate DNA binding
(146). Each integrase domain notably engages DNA in the context of the active PFV
intasome (94).

Integrase Two-Domain Structures

Structures of 2-domain integrase constructs provided initial insight into the organization of
the different protein domains during integration. The HIV-1 integrase CCD-CTD fragment
containing five solubilizing mutations (including F185K) crystallized as a homodimer, with
the CTDs positioned at the ends of alpha helical extensions that emanated from the common
CCD dimer (66) (Fig. 3A). The structures of two other integrase CCD-CTD proteins that
were solved at around the same time, including those from simian immunodeficiency virus
(147) and ASLV (148), revealed different positions of these CTDs relative to the integrase
CCD dimer (reviewed in 77). Protein contacts made during crystallization therefore likely
influenced the positions of the CTDs relative to the CCD dimer in each of the 2-domain
CCD-CTD structures (77). Consistent with this interpretation, the CCD-CTD linker region
of PFV integrase adopts an extended conformation that is largely devoid of secondary
structure in the presence of viral DNA (see below).

Perhaps the most interesting of the partial integrase structures was that of the HIVV-1 NTD-
CCD construct, where the asymmetric unit harbored four protein molecules (Fig. 3B) (149).
Although each CCD participated in canonical dimer interface formation (yellow-cyan and
green-yellow dimers in the figure), a novel interface was observed between two “inner”
molecules of the tetramer (Fig. 3B, green and cyan). The NTDs of the cyan and green
integrase protomers were moreover seemingly positioned to work in trans with the apposing
CCD, though incomplete electron density maps precluded assignments of interdomain NTD-
CCD connectors in this structure. The active sites of the two inner monomers additionally
seemed too far apart to catalyze pairwise insertion of HIVV-1 DNA ends (149).

LEDGF/p75-Integrase Structures

LEDGF/p75 is a lentiviral-specific integrase-binding protein that helps to guide integration
to active genes (reviewed in 150 and 151; also see the chapter by Craigie and Bushman in
this monograph). LEDGF/p75 harbors a conserved domain, called the integrase-binding
domain (IBD), which is necessary and sufficient for binding to integrase (152). On the
integrase side, the CCD is minimally required for LEDGF/p75 binding, with the NTD
contributing to high affinity binding (61, 153).

The LEDGF/p75 IBD is a compact alpha helical domain, with the hairpins from two helix-
hairpin-helix folds situated on one end of the elongated structure (154). A crystal structure
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of the HIV-1 integrase CCD-IBD complex revealed that the host factor predominantly
utilizes hairpin residues, most notably 11e365 and Asp366 at the tip of the first hairpin, to
nestle into the CCD-CCD dimer interface (69) (Fig. 4A). A series of quinoline-based
antiviral compounds has been developed that mimics the amino acid contacts of the IBD-
CCD interaction, and the small molecules accordingly compete for the binding of
LEDGF/p75 to HIV-1 integrase in vitro (155) (reviewed in 156). It is however currently
unclear to what extent this inhibition contributes to the antiviral activities of the compounds
(see Craigie and Bushman chapter).

Structures of lentiviral integrase NTD-CCD 2-domain constructs with the LEDGF/p75 IBD
elucidated the structural basis of the NTD-IBD interaction (61) and clarified the
organization of the NTD and CCD within the active tetramer (70). Owing to the favorable
solubility of LEDGF/p75 protein, crystallization in these cases proceeded in the absence of
solubility enhancing mutations. Electronegative side chains on one face of the HIV-2
integrase NTD alpha 1 helix apposed electropositive side chains from the second helix-
hairpin-helix repeat of the IBD (Fig. 4B). The electrostatic interaction is mutagenetically
reversible, as HIV-1 integrase containing Lys residues in place of Glu10 and Glul3 was
active only in the presence of reverse-charge LEDGF/p75 mutant protein (61). Such mutant
co-dependent function can in theory guide the customized integration of defective integrase
mutant viruses in cells that express complementary mutant LEDGF/p75 protein (61, 157).

Similar to the HIV-1 integrase 2-domain construct (149), the maedi-visna virus integrase
NTD-CCD fragment crystallized as a dimer of dimers in the presence of the LEDGF/p75
IBD (70). Because an NTD-CCD interdomain linker was resolved in one of two crystal
forms, all four NTD-CCD linkers could be unambiguously assigned in this structure. Within
the inner dimer, CCD residue Lys188 formed an intermolecular salt bridge with NTD
residue Glull. Mutating the analogous HIV-1 integrase residues (Lys186 and Glull; Fig.
3B) revealed that the salt bridge played an important role in integrase concerted integration
activity and the establishment of HIV-1 infection (70). Thus, although there was limited
information on the positioning of the CTDs or viral DNA strands within the intasome, these
studies established the basic geometry of the CCD and NTD within a functional integrase
tetramer.

FOAMY VIRUS INTASOME STRUCTURES

A key breakthrough in the field of retroviral integrase structural biology came with the
crystallization and structural determination of functional PFV integrase-DNA complexes. As
alluded to above, PFV integrase is well behaved in solution, and the intasome complex
moreover retained its structural and functional integrity upon challenge with relatively high
concentrations of salt (94).

Dimer-of-Dimers Architecture

As hinted at from prior NTD-CCD structures that were solved in the absence of DNA (70,
149), the PFV intasome contains a tetramer of integrase with the dimer-of-dimers
architecture (Fig. 5A) (94). Each dimer harbors the canonical CCD dimer interface (green-
yellow and cyan-yellow dimers in the figure). The inner integrase protomers (green and
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cyan) within the tetramer make all the contacts with the viral DNA ends and contribute the
active sites that process and integrate the viral DNA (85, 94, 98). The NED and NTD of
each inner monomer span the structure to interact with the apposing DNA duplex, and, in
the case of the NTD, the apposing CCD (Fig. 5A). The CTD from each inner monomer
positions in between each NTD and CCD, poised to interact with target DNA (94) (Fig. 5).

TCC and STC Structures

Sequence analysis of retroviral integration sites revealed weakly conserved palindromes that
center on the staggered cut in target DNA, indicating that an integrase multimer with dyad
symmetry prefers particular nucleotides at the sites of viral DNA joining (158-162). PFV
preferentially integrates at sites that on average harbor the sequence 3KWK\VYRBMWMg
(written using International Union of Biochemistry base codes; the backslash indicates the
position of U5 DNA joining, which occurs at the —1\0 position; the target DNA sequence
that is duplicated after integration is underline) (56). PFV integrase catalyzed the integration
of pre-cleaved U5 DNA into a 30 bp symmetric target DNA duplex during intasome
crystallogenesis, which allowed the structural determination of the STC (98). TCC structures
were determined by omitting divalent metal ion, or by using viral DNA that terminated in
dideoxy adenylate and therefore lacked reactive CAgn—3’ ends (98) (Fig. 5B).

The overall geometry of the PFV integrase-viral DNA complex does not change during
target DNA binding and integration (98) (Fig. 5). Approximately 26.5 A separates the two
active sites of the inner monomers; the intasome accordingly accommodates target DNA in a
severely bent conformation to enable integration across the expanded major groove. The
deformation of the target DNA duplex is localized at the central base pair step, which incurs
a negative roll of approximately 55° (98) (Fig. 5B). The severe kink impressively occurs in
the absence of direct protein-DNA stacking interactions.

As anticipated from the relatively weak nature of target DNA palindrome sequence
conservation, the majority of PFV integrase-target DNA interactions are mediated through
the phosphodiester backbone (98). Two amino acids, Alal88 in the integrase CCD and
Arg329 in the CTD, by contrast make base-specific contacts: Alal88 interacts with cytosine
at position 6 through van der Waals interaction whereas Arg329 hydrogen bonds with
guanosine 3, guanosine —1, and thymine -2 (see Fig. 5B for target DNA sequence). Thus,
within the tetramer, Ala188 and Arg329 interact with all _sKWK\VYRBMWMg consensus
bases aside from the central dinucleotide (YR). The sequencing of in vitro concerted
integration products accordingly revealed that R329S, R329E, and A188S mutant integrases
displayed novel target DNA nucleotide preferences (98). The Arg329 mutants additionally
preferred sites that harbored relatively flexible dinucleotides at the center.

Depending on their composition, DNA dinucleotides differ in their base-stacking propensity,
and hence vary in their ability to accommodate a distortion of a DNA duplex. Pyrimidine-
purine (YR) and RY are the most and least flexible, respectively, with intermediate
flexibilities for YY and RR dinucleotides (163). Thus, the consensus target DNA
palindrome for PFV integrase underscores features of DNA bendability, including bases that
register with interacting amino acids Arg329 and Alal88 surrounding a central, flexible YR
step (98). Bendability may moreover underlie a general property of retroviral integration and
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DNA transposition sites (164, 165). The consensus HIV-1 integrase target DNA

sequence _3TDG\(G/V)TWA(C/B)CHA; harbors the central nucleotide signature gRYXRY 4
(166). Though seemingly enriched for rigid RY dinucleotides, the pattern actually ensures
for relatively flexible sequences at the center of the integration site: Y at the center X
position yields YY and YR at nucleotide positions 1 and 2 and at positions 2 and 3,
respectively, whereas R at the center X yields YR and RR at these respective positions. Due
to the lack of HIV-1 intasome structures, less is known about HIV-1 integrase-target DNA
interactions than is known for PFV integrase. Nevertheless, mutagenesis experiments
suggest that Ser119 of HIV-1 integrase, a residue that is structurally equivalent to Alal88 in
PFV integrase, also interacts with bases that lie 3 positions upstream from the positions of
viral DNA joining (166). Altered patterns of strand transfer reaction products on sequencing
gels notably first highlighted a role for Ser119 in HIV-1 integrase and the analogous residue
Serl24 in ASLV integrase in target DNA binding (96, 97, 167).

Structural Basis for Integrase Enzymatic Activities

The chemistry of transesterification starts with deprotonation of an attacking nucleophile
and concludes with the protonation of a leaving group (168-170). The key role of the
integrase active site residues in this process is to coordinate the binding of divalent metal
ions; the metal ions in turn orchestrate the chemistry. One metal ion accordingly positions
and deprotonates the attacking nucleophile, which is water for 3’ processing and the 3’-OH
of cleaved viral DNA for strand transfer, whereas the other metal ion helps to destabilize the
scissile phosphodiester bond and promote the formation of the pentavalent phosphorane
reaction intermediate (168, 169, 171).

The co-crystallization of PFV integrase with uncleaved U5 DNA led to the structural
determination of the SSC (85). Soaking the SSC crystals with divalent metal ions (Mg2* or
Mn?2*) supported integrase 3’ processing activity in crystallo (85). A brief exposure of the
crystals to manganese chloride allowed freezing out the active form of the SSC just prior to
viral DNA cleavage and elucidating the roles of the divalent metal ions in 3’ processing
activity. Metal ion A is in near perfect octahedral coordination though its engagement of
active site residues Asp128 and Asp185, the non-bridging Pro-Sp oxygen of the scissile CA
\AT phosphodiester bond, and three water molecules, including the nucleophilic water (Fig.
6A). The distance between the attacking water and scissile phosphodiester bond, 3.3 A (red
dashed line in the figure), was notably identical to that observed in a metal-bound structure
of the RNase H enzyme (172). Metal ion B, coordinated through active site residues Asp128
and Glu221, a water molecule, and a bridging oxygen atom in addition to Pro-Sp, is in a less
ideal environment, which may aid scissile phosphodiester bond destabilization (Fig. 6A)
(85). The structure is consistent with the stereoselectivity of the HIV-1 integrase 3’
processing reaction, as the substitution of the Pro-Rp oxygen with sulfur was tolerated by
integrase to a much greater extent than was the substitution of the Pro-Sp position (50).

The crystallized PFV TCC was also catalytically proficient. Due to the relatively rapid
kinetics of the strand transfer reaction, numerous crystals were surveyed at early times post-
metal ion exposure to determine manganese-bound TCC and STC structures (85). The
overlay of both structures clarified the roles of the metal ions during strand transfer as well
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as the irreversible nature of the reaction (Fig. 6B). The roles of the metal ions in 3’
processing activity reverse during strand transfer, even though the majority of coordination
contacts, including those with active site residues and Pro-Sp oxygen, remain. Thus, reaction
specificity is in large part determined by the positions of attacking nucleophile and scissile
bond relative to the metals. Metal ion B accordingly activates the 3’-OH of viral DNA for
nucleophilic attack, whereas metal ion A helps to destabilize the scissile bond through its
contact with a bridging oxygen atom (Fig. 6B). The structure is again consistent with the
stereoselectivity of the HIV-1 integrase enzyme, as the substitution of sulfur for the Pro-Sp
as compared to Pro-Rp oxygen preferentially inhibited strand transfer activity (50).

The phosphodiester bond that is formed between the viral and target DNA during strand
transfer is displaced from the active site relative to the position of the scissile bond in target
DNA prior to catalysis (Fig. 6B, curved arrow). Because isoenergetic reactions like strand
transfer are in theory reversible, the displacement ensures that virus integration into
chromosomal DNA is a largely irreversible process. The torsional stress that is applied to the
target DNA by integrase (Fig. 5B) is the likely driving force behind the displacement (85,
98).

Future Directions in Integrase Structural Biology

The NED, NTD, and CTD of the outer integrase protomers were not resolved in the PFV
intasome X-ray crystal structures (Fig. 5) (85, 94, 98). The interaction of these domains with
the inner integrase dimer and/or target DNA therefore seems dispensable for integrase 3’
processing and strand transfer activities. We accordingly infer that the main role of the outer
two molecules in PFV integrase catalysis in vitro is architectural, to frame the critical inner
integrase dimer and viral DNA ends together.

Retroviral integration prefers nucleosomal DNA both in vitro (173-176) and during virus
infection (177-179). One potential role for the outer integrase protomers may be to
orchestrate interactions with nucleoprotein targets as compared to the naked target DNA
utilized during intasome crystallogenesis (85, 98). SAXS and small angle neutron scattering
studies have yielded models for the outer integrase NED, NTD, and CTD in the PFV
intasome (64), and it could accordingly prove useful to conduct similar experiments with
nucleoprotein targets such as reconstituted nucleosomes.

Four integrase molecules comprise the intasome, yet retrovirus particles harbor ~100-200
copies of integrase (180). It is unclear what fraction of this population may associate with
the viral DNA as the PIC forms and traffics through the cell. Retroviral integrase proteins
have been reported to bind to numerous cellular proteins (181-183) and some of these, like
LEDGF/p75, have been confirmed to play an important role in integration. Other potential
roles for integrase binding partners include the facilitation of reverse transcription (184) and
PIC nuclear import (185-189), though the biological relevance of some of these interactions,
for example that between HIV-1 integrase and the beta-karyopherin transportin 3, has been
brought into question (190, 191). Complexes of integrase and cellular binding proteins that
are verified to play important roles in virus replication are obvious candidates for structural
biology studies moving forward.
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Despite the advances afforded from recent success with PFV integrase structural biology,
the spumaviruses are but one of seven retroviral genera. The PFV integrase interdomain
linkers are relatively long (Fig. 2A), bringing into question as to whether integrase proteins
that harbor shorter linker regions, like those derived from HIV-1 (Fig. 2A) or ASLV (77),
will support the formation of the dimer-of-dimers architecture observed with the PFV
intasome. Numerous groups have assembled HIV-1 models based on the PFV structure
(105, 135, 192, 193), indicating reasonable potential for concordance (64). With ASLV
integrase NTD-CCD and CCD-CTD linkers as seemingly short as 13 and 8 amino acid
residues, respectively (77), the structure of the ASLV intasome should shed light on the
potential universality of the PFV intasome architecture as a virus family-wide model.

THE INTEGRASE ACTIVE SITE AS A TARGET FOR ANTI-HIV DRUGS

The critical requirement of integrase for productive HIV-1 replication highlighted the
enzyme as a target for drug development (194, 195). Initial attempts however yielded
compounds with limited antiviral specificity that predominantly inhibited the assembly of
active integrase-DNA complexes, often via electrostatic interactions (1). Screening assays
staged with integrase pre-bound to immobilized viral DNA turned out to be key for the
discovery and the development of the first clinically useful HIV-1 integrase inhibitors (1,
196, 197).

Integrase Strand Transfer Inhibitors (INSTIs)

Whereas 3’ processing of HIVV-1 LTR ends occurs soon after reverse transcription (31, 32),
strand transfer is delayed until the HIV-1 TCC is formed in the nucleus. Depending on the
activation state of the infected cell, retroviral PICs are accordingly vulnerable to small
molecule inhibitors of integrase strand transfer activity for a period of several hours to days
(33, 34, 198). The initial compounds in this drug class, which contained a common diketo
acid moiety (199), chelated divalent metal ions in the active site and competed with target
DNA for binding to the intasome in vitro (200, 201).

There are currently three INSTIs approved for the treatment of HIV/AIDS, raltegravir (202),
elvitegravir (203), and dolutegravir (204) (Fig. 7). Commonalities among the molecules
define aspects of the pharmacophore critical for antiviral activity. Each compound harbors
coplanar oxygen atoms (highlighted in red in the figure) that resemble the diketo acid
moiety of progenitor INSTIs. The compounds additionally harbor a halogenated benzyl
group on a flexible linker (Fig. 7, blue). INSTIs display generally broad-spectrum
antiretroviral activity (56, 205, 206), and co-crystallization with the PFV CI accordingly
revealed critical aspects of the mechanism of INSTI action (94, 207, 208). As predicted from
prior solution-based measures (201), the co-planar oxygen atoms engage the divalent metal
ions at the integrase active site. Through stacking interactions with the cytosine of the
invariant CA dinucleotide and its guanosine partner on the non-transferred DNA strand, the
INSTI halobenzyl group supplants the invariant adenosine base and accordingly ejects the 3’
deoxyadenylate from the active site (compare Fig. 8B with 8A) (94, 207, 208). Ejection of
the 3’-OH strand transfer nucleophile from the active site underscores the mechanism of
INSTI action. The structure of the uncleaved dinucleotide in the active site of the integrase
SSC accounts for the mechanistic selectivity of INSTIs, as the binding sites of the DNA and
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compounds coincide (Fig. 8B and 8C). Inhibition of 3’ processing activity would
accordingly require the ejection of a trinucleotide from the integrase active site (85).

Overlaying drug-bound structures with those of the metal-bound SSC and TCC revealed
additional insight into the function of INSTI co-planar oxygen atoms. The position of the
raltegravir oxygen atom that is distal from the halobenzyl group mimics the positions of the
nucleophilic water molecule for 3’ processing activity and a bridging oxygen atom of the
scissile phosphodiester bond in target DNA. Vice versa, the position of the raltegravir
oxygen atom proximal to the halobenzyl group mimics those of the 3’-OH strand transfer
nucleophile and a bridging oxygen atom of the viral DNA scissile phosphodiester bond (Fig.
8D). Therefore, the INSTIs are in fact substrate mimics of the 3’ processing and strand
transfer reactions (85).

Mechanisms of Viral Resistance to INSTIs

The PFV intasome model has additionally proved useful in probing the structural basis of
INSTI drug resistance. Raltegravir, elvitegravir, and dolutegravir as of this writing have
been in the clinic for roughly 7, 2, and 1 years, respectively, and the mechanism of
raltegravir resistance has accordingly been investigated most thoroughly. Three resistance
pathways have been described, including those involving changes of HIV-1 integrase
residues GIn148, Asn155, and Tyr143 (209); PFV integrase harbors Ser217, Asn224, and
Tyr212 at these respective positions. Tyr212 stacked against a unique 5-member oxadiazole
ring in raltegravir (Fig. 8B), so loss of a direct drug binding contact likely accounts for the
Tyr143 resistance pathway (94). Perturbation of local active site structure as compared to
loss of direct drug contact is potentially the basis for GIn148 and Asn155 resistance
pathways. In particular, INSTI binding to the PFV integrase mutant S217H, which
mimicked the HIV-1 integrase resistance mutation Q148H, correlated with an approximate
1-A shift in the conformation of the active site. INSTI binding requires the mutant active site
to adopt a wild type-like conformation, and the associated energy cost should reduce drug
binding affinity (207).

The capacity of a small molecule to trap the HIV-1 PIC in a long-lived inhibited state
correlates with its antiviral activity, and extended dissociative half-time (td;/2) emerged as
an important benchmark in INSTI development (210, 211). The second-generation INSTIs
dolutegravir and MK-2048 (an experimental compound), which possess tdy/,s of roughly 71
and 32 hours, respectively, dissociate much more slowly from wild type-integrase DNA
complexes in vitro than either raltegravir (with a tdq/, of 8.8 hours) or elvitegravir (2.7
hours) (210, 211) and are much more potent against viruses with Q148H or N155H
resistance mutations (212, 213). Plausibly, the tighter binding INSTIs are less affected by
the energetic penalty associated with the need for the active site to reconfigure to a wild
type-like conformation (207). In addition, the higher flexibility of dolutegravir was
suggested to play a role in its reduced susceptibility to canonical INSTI resistance mutations
(208).
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Future Directions in Integrase Active Site Drug Development

Though INSTIs are ineffective 3’ processing inhibitors, designs that side step the
requirement for nucleotide ejection could be entertained. For example, small molecules that

en
at

gage the viral DNA-integrase interface in the SSC could insert a chemically inert moiety
the position for the nucleophilic water molecule. Molecular dynamic simulations of the

PFV integrase strand transfer reaction could moreover suggest improved positions for INSTI
metal chelating groups, which in turn could improve INSTI potency (85). Toward these

en
de

ds, we suspect that the pharmaceutical industry will employ the PFV model system to help
velop novel inhibitors of the integrase active site and HIVV-1 DNA integration.
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Integration substrate and integrase activities. (A) Reverse transcription yields linear, double-
stranded DNA with U3RU5 long terminal repeats. The 14 terminal bp of HIV-1 DNA are
compared with their originating positions in viral RNA (italicized bases form part of the
primer binding site (PBS) and polypurine tract (PPT) that are important for DNA synthesis).
The positions of the invariant CA dinucleotides (underlined in the DNA) relative to the 3’
ends of the PBS and PPT determines whether 3’ processing is required to yield a CAgn 3’
terminus; 3’ processing by HIV-1 integrase liberates a pGpTon dinucleotide from each viral
DNA end. (B) Two monomers (oblong shape) of an HIV-1 integrase tetramer within the
cleaved intasome (CI) use the viral DNA 3’-hydroxyl groups to cut the target DNA (thick
bold lines) with a 5 bp stagger, which concomitantly joins the LTR ends to target DNA 5
phosphates. Repair of the strand transfer complex (STC) yields a 5 bp duplication of target
DNA flanking the integrated HIV-1 provirus. Open and filled triangles, U3 and U5 termini.
Integrase was omitted from the drawing of the STC for simplicity. IN, integrase.
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Figure2.

Retroviral integrase domain organization and HIV-1 integrase domain structures. (A) The
N-terminal domain (NTD), catalytic core domain (CCD), and C-terminal domain (CTD) are
common among all retroviral integrase proteins, whereas sequence analysis indicates that
gammaretrovirus and epsilonretrovirus in addition to spumavirus proteins harbor an N-
terminal extension domain (NED) (55, 94). HIV-1 and PFV integrases were aligned by NTD
N-termini, with positions of domain boundaries and lengths of interdomain linker and C-
terminal tail regions indicated. Residues conserved across all retroviral integrase proteins are
shown in single letter code. Bars and arrows indicate alpha helix and beta strand secondary
elements as determined by X-ray crystallography for PFV integrase (94) and by a
combination of X-ray crystallography (66, 149) and molecular modeling (105) for HIV-1
integrase. (B) The X-ray crystal structure of the HIV-1 integrase CCD [protein database
(pdb) code 11TG] (43) highlights in red sticks the aspartate residues of the DDE catalytic
triad (the glutamic acid was not visualized in this structure) and in blue sticks the Lys185
substitution that enhanced protein solubility and enabled protein crystallization (the Lys
residue at the rear face of the dimer is barely visible in this projection). (C) The NMR
structure of the integrase NTD (pdb code 1WJC) highlights the His (blue sticks) and Cys
(yellow sticks) residues that coordinate a single zinc atom (grey sphere) (99). (D) The
structure of the HIV-1 integrase CTD as determined by NMR (pdb code 1IHV) (142)
highlights Arg231, which has been implicated in target DNA binding (108, 166).
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A

Figure 3.
Structures of 2-domain HIV-1 integrase constructs. (A) The X-ray crystal structure of the

HIV-1 integrase CCD-CTD dimer (pdb code 1EX4) (66), highlighting the CCD and CTD
side-chains that were shown in Fig. 2. (B) The crystal structure of the NTD-CCD
asymmetric unit (pdb code 1K6Y) (149) highlights NTD residue Glull and CCD residue
Lys186 of the green and cyan molecules, respectively, which play important roles in
integrase concerted integration activity and HIV-1 infection (70). The other pair of
interacting residues (Glull from the cyan NTD and Lys186 from the green CCD) is not
visible in this projection. The side chains of the DDE catalytic triad (red sticks) and NTD-
coordinated zinc atoms (grey spheres) are also shown.
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A

Figure4.
Lentiviral integrase-LEDGF/p75 IBD structures. (A) X-ray crystal structure of the IBD

(magenta cartoon)-HIV-1 integrase CCD/F185K (cyan/green dimer) complex (pdb code
2B4J) (69). Highlighted is the Asp366 side-chain from the upper IBD molecule (red stick)
hydrogen bonding (dashed lines) to backbone amides of integrase residues within the linker
between CCD a helices 4 and 5. The extent to which integrase CCD a4/5 connector regions
contribute to forming analogous CCD-CCD dimer interface pockets at least in part accounts
for the lentiviral specificity of the LEDGF/p75-integrase interaction (54, 69). The Asp and
Glu side chains of the catalytic DDE triad are also painted red. (B) The crystal structure of
the HIV-2 integrase NTD-CCD-IBD complex highlights the electrostatic interaction
between the integrase NTD and the second helix-hairpin-helix unit of the IBD (pdb code
3F9K, chains A, B, and C) (61). Salt bridges between IBD residue Arg405 and integrase
residue Glul0 are indicated by dashed lines; IBD residue Asp366 is behind the green CCD,
hidden from view.
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Figure5.
PFV intasome structures. (A) Structure containing 19 bp pre-cleaved U5 DNA end (94, 207)

(pdb code 30Y9). The inner integrase monomers of the tetramer, which contact the viral
DNA, are painted cyan and green; the outer integrase molecules are yellow. The transferred
DNA strands with CAgy 3’ ends are painted magenta whereas the non-transferred strands
are orange. The large grey spheres are NTD-coordinated zinc; small grey spheres are Mn
atoms coordinated by the DDE active site residues (red sticks) and viral DNA end. (B)
Structure of the TCC (98) (pdb code 30S1). Although a 30 bp target DNA (tDNA) was
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utilized during crystallization, only 18 bp (grey plus strand sequence ;GCACGTG
\CTAGCACGTGC ) was resolved in the electron density maps.
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Figure6.
Structural basis of integrase 3’ processing and strand transfer activities. (A) Structure of the

manganese-bound SSC (pdb code 4E71). The DNA and integrase backbones are colored
magenta and green, respectively; red and orange sticks are oxygen and phosphorus atoms,
respectively. Gray and red spheres are manganese ions and water molecules, respectively,
with the nucleophilic water labeled Wy,¢. Black dashed lines indicate metal ion interactions;
the red dashed line connects the nucleophile and scissile phosphodiester bond. (B) Overlay
of metal ion-bound TCC (pdb code 4E7K; DNA and protein in green) and STC (pdb code
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AE7L; elements painted in cyan) structures. Both sets of metal ions are shown; the 3.8 A
spacing between ions in the TCC contracts to 3.2 A in the STC (85). The curved black line
indicates the displacement of the viral-target DNA phosphodiester bond after strand transfer
relative to the scissile bond in target DNA. Other labeling is the same as in panel A.
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Figure7.
Chemical structures of INSTIs raltegravir (RAL), elvitegravir (EVG), and dolutegravir
(DTG).
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Figure8.
Structural basis of INSTI mechanism of action. (A) The active site from pdb code 30Y9

highlights PFV integrase DDE residues, Mn2* ions A and B, and the 3-OH of the terminal
deoxyadenylate. (B) Structure of raltegravir (cyan)-bound integrase active site (pdb code
30YA) highlighting positions of supplanted deoxyadenylate 3’-OH, magnesium ions (grey),
and integrase residue Tyr212. (C) The integrase active site in the context of the PFV SSC
highlights the position of the unprocessed AT dinucleotide. Additional panel A-C coloring:
green, integrase; magenta, transferred DNA strand; orange, non-transferred strand. (D)
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Overlaid structures of the PFV SSC (pdb code 4E7I; integrase and viral DNA in green),
TCC (pdb code 4E7K; integrase and target DNA in cyan and viral DNA in blue), and
raltegravir-bound CI (pdb code 30YA; raltegravir in magenta) highlights the common
positioning of raltegravir oxygen atoms with strand transfer and 3’ processing attacking and
leaving groups. Subscript numbers denote target DNA bases. tDNA, target DNA; vVDNA,
viral DNA.
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