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Summary.

The major effect of allosteric HIV integrase (IN) inhibitors (ALLINISs) is observed during virion
maturation, where ALLINI treatment interrupts IN-RNA interactions via drug-induced IN
aggregation, leading to the formation of aberrant virions. To understand the structural changes that
accompany drug-induced aggregation, we determined the soft matter properties of ALLINI-
induced IN aggregates. Using small-angle neutron scattering (SANS), scanning electron
microscopy (SEM), and rheology, we have discovered that the higher-order aggregates induced by
ALLINIs have the characteristics of weak three-dimensional gels with a fractal-like character.
Their formation is inhibited by the host factor LEDGF/p75, as well as ex vivo resistance
substitutions. Mutagenesis and biophysical analyses reveal that homomeric carboxy-terminal
domain (CTD) interactions are required to achieve the branched polymer nature of the ALLINI-
induced aggregates. These studies provide key insight into the mechanisms of ALLINI action and
resistance in the context of the crowded virion environment where ALLINIs exert their effect.
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Model for Branched Polymer Network of ALLINI-HIV IN Interactions

eTOC.

Allosteric HIV integrase (IN) inhibitors (ALLINIS) are potent antivirals that induce the
inappropriate aggregation of IN. We report on the soft matter properties of these aggregates,
discovering a branched polymer with fractal-like character and that homomeric carboxy-terminal
domain interactions are required to form these 3-D networks.
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Introduction.

The global burden of the Human Immunodeficiency Virus/Acquired Immune Deficiency
Syndrome (HIV/AIDS) pandemic and the sustained emergence of drug-resistance continues
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to drive the demand for novel antivirals (Arts and Hazuda, 2012; Cihlar and Fordyce, 2016).
Integrase (IN) is one of three virally encoded enzymes, all of which are established
pharmaceutical targets. Compounds such as the second-generation integrase inhibitors
Dolutegravir and Bictegravir are part of the drug class known as strand transfer inhibitors
(INSTIs). These drugs target the IN active site within nucleoprotein assemblies called
intasomes, blocking the initial covalent attachment of viral cDNA to a host chromosome.
Our understanding of the structure and mechanism of retroviral integration has matured with
crystallographic and electron cryo-microscopy (cryo-EM) studies of intasomes from a
variety of retrovirus, including HIV (Ballandras-Colas et al., 2017; Hare et al., 2011,
Maertens et al., 2010; Maskell et al., 2015; Passos et al., 2017; Wilson et al., 2019; Yin et
al., 2016), informing potential mechanisms of resistance in the clinical setting. A second
novel class of IN inhibitors have been identified that targets a distal allosteric site on the
protein and acts late in viral replication (Christ et al., 2012; Christ et al., 2010; Engelman et
al., 2013; Feng et al., 2013; Fontana et al., 2015; Gupta et al., 2014; Jurado et al., 2013; Le
Rouzic et al., 2013; Molteni et al., 2001; Tsiang et al., 2012); these are known as the
allosteric inhibitors of IN (ALLINISs, also referred to as LEDGINs, NCINIs, INLAIS, or
multimodal inhibitors). In contrast to the INSTIs, the mechanism of action of the ALLINIs
is less well-understood, and these compounds have yet to achieve approval for use in
humans. However, continued investigation and development remains strongly motivated by
their potency against virus in cell culture.

IN is comprised of three distinct structural domains (Figure 1A): an N-terminal domain
(NTD, residues 1-50) that binds Zn2*, a catalytic core domain (CCD, residues 50-212) with
conserved RNase H superfamily fold and D,D-35-E active site motif, and a C-terminal
domain (CTD, 212-288) with an SH3-like fold. A characteristic feature of recombinant HIV
IN in solution is its self-association, with reports of the enzyme sampling a variety of
oligomeric states ranging from monomers to tetramers to higher-order species (Deprez et al.,
2000; Deprez et al., 2001; Gupta et al., 2014; Gupta et al., 2010; Gupta et al., 2016; Jenkins
et al., 1996). Like the full-length enzyme, the isolated domains of IN are oligomeric and
have been observed to participate in a variety of homomeric and heteromeric intra- and
intermolecular interactions (Cai et al., 1998; Cai et al., 1997; Chen et al., 2000; Dyda et al.,
1994; Goldgur et al., 1998; Hare et al., 2009a; Hare et al., 2009b; Lodi et al., 1995; Wang et
al., 2001).

The discovery of the functional interaction between the cellular co-factor LEDGF/p75
(product of the PS/P1 gene) and IN (Craigie and Bushman, 2012; Engelman and
Cherepanov, 2012) inspired the subsequent development of the ALLINI class of small
molecules (Figure 1B). The IN-binding domain of LEDGF/p75 (IBD) binds tightly to the
dimer interface of the CCD, facilitating HIV integration at active transcription units within
the host genome (Ciuffi et al., 2005; Schroder et al., 2002; Shun et al., 2007). Over the past
decade, a number of molecules have been developed that specifically target this protein-
protein interaction and display potent antiviral activity (Balakrishnan et al., 2013; Christ et
al., 2012; Christ et al., 2010; Gupta et al., 2014; Jurado et al., 2013; Le Rouzic et al., 2013;
Sharma et al., 2014; Tsiang et al., 2012). A distinctive and surprising feature of this class of
molecules is their mode of action. In contrast to INSTIs, ALLINIs only modestly affect early
replication but very potently disrupt late replication events, including virion assembly and
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maturation (Balakrishnan et al., 2013; Fontana et al., 2015; Gupta et al., 2014; Jurado et al.,
2013; Le Rouzic et al., 2013). The most striking effect is the induction of aberrant IN
polymerization, which correlates with the inhibition of IN-RNA interactions (Kessl et al.,
2016; Madison et al., 2017) and the formation of defective virions with reduced infectivity
(Desimmie et al., 2013; Fontana et al., 2015; Gupta et al., 2014; Gupta et al., 2016; Jurado et
al., 2013). ALLINI-induced IN aggregation is readily reproduced /n vitro with purified
components (Gupta et al., 2014; Gupta et al., 2016).

We previously reported the first crystal structure of full-length HIV-1 IN in complex with the
quinoline-derived ALLINI GSK1264, explaining prior biochemical observations and
providing the first molecular insights into the basis for ALLINI-induced polymerization of
IN (Gupta et al., 2016). In this structure, the ALLINI is entirely buried between the CCD of
one IN dimer and the CTD of an adjacent IN dimer, in an open polymer configuration within
the crystal lattice (Figure 1C). Introduction of ALLINI resistance mutations into the CCD-
CTD interface disrupts IN oligomerization and ALLINI-dependent aggregation of IN.
However, important questions remained unanswered. While the crystal structure reveals the
initiating events of the drug-induced aggregation phenomenon, it is not clear how the
crystallographic linear polymer of IN relates to the ALLINI-induced polymers and insoluble
aggregates that are formed in solution and in HIV virions.

To develop a more complete understanding ALLINI action, we have probed the properties of
ALLINI-induced protein aggregates with a battery of methods to determine their soft matter
properties. Using the first-generation ALLINI molecules BI-D and BI-224436 (Fader et al.,
2016; Fenwick et al., 2014), we have applied scanning electron microscopy, rheology, and
small-angle neutron scattering (SANS) to determine that the ALLINI-induced aggregates
have the properties of weak three-dimensional gels with a branched, fractal-like character.
The formation of these gels at high concentrations is readily inhibited by ex vivo resistance
mutations and host factors that interrupt binding between the CCD and CTD of IN. We have
also found using mutagenesis and solution biophysics that CTD-CTD interactions between
IN dimers are required to form branched polymers in ALLINI-induced aggregates.

Kinetics of ALLINI-induced aggregation by BI-224436 and BI-D.

The ALLINISs efficiently promote aggregation of recombinant HIV IN, resulting in the dose-
dependent formation of insoluble aggregates with an opaque appearance at high micromolar
concentrations (Figure 2A). To quantify the kinetics and dose-response of this drug-induced
aggregation, light scattering at 405 nm can be monitored as a function of time (Figure 2B)
(Gupta et al., 2014; Gupta et al., 2016). For the characterization of ALLINI-induced effects
on purified HIV-IN, we employed preparations of INY15AF185H gyhstitutions at F185 are
known to improve solubility (Jenkins et al., 1996) and viruses containing the F185H
substitution are replication-competent (Engelman et al., 1997). The Y15A substitution
selects for a single conformation of the isolated NTD (Nomura et al., 2006) that is correlated
with diminished oligomerization of full-length IN (Gupta et al., 2016; Hare et al., 2009a).
Recombinant IN is typically purified in buffer containing 1 M NaCl and the detergent
CHAPS to improve solubility. In the absence of drug, no protein aggregation was observed
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(Figure 2A, left). In the presence of ALLINIs, the rate and extent of aggregation observed
was strongly dependent on protein concentration and ionic strength (data not shown). A
concentration of 15 pM monomer and ambient temperature was chosen for assays to
optimize signal-to-noise and the ability to observe initial kinetics without the confounding
effects of heat-induced aggregation expected at higher concentrations. Aggregation of
INYISAFI8H hy BI-D and BI-224436 is time-dependent (Figure 2B) and maximal
aggregation is dependent on drug concentration (Figure 2C) and can be described by a
modified Hill equation (Bocanegra et al., 2013; del Alamo et al., 2005; Rincon et al., 2011).
Over a thirty-minute time course and in 1M NaCl, a ~50% greater extent of aggregation is
observed in the presence of BI-224436 (#;,,=162.9 * 2.5) versus BI-D (¢7,=579.0 £5.2). In
both cases, aggregation reached a plateau within 30 minutes. In a dose-response experiment
(Figure 2C), an ECs for B1-224436-induced aggregation of 4.1 + 0.5 uM was determined
with a Hill coefficient of 1.3; maximal aggregation was achieved at concentrations of drug
near the total protein concentration of 15 pM.

SEM analysis of drug induced aggregates.

To interrogate the physical nature of ALLINI-IN aggregates, we performed transmission and
scanning electron microscopy (TEM and SEM). Based on the PDB 5HOT ALLINI-IN
crystal structure, where linear open polymers were observed, it was predicted that aggregates
in solution would be composed of fibrils. However, no fibrils were observed by TEM
analysis (data not shown). At lower magnifications, SEM revealed a homogenous three-
dimensional network with fractal-like appearance for both BI-D and BI1-224436 (Figure 2D).
Dynamic light scattering (DLS) indicates that the BI-D and BI-224436 induced aggregates
have a large spatial extent, with hydrodynamic radii approaching ~1 micron (Figure 2E).

Rheological properties of ALLINI-induced aggregates.

We next examined the rheological properties of the drug induced IN aggregations to
determine if the three-dimensional network seen by SEM could be verified by an effect on
the viscoelasticity of ALLINI-containing suspensions. In the absence of BI-224436 the
viscosity of the HIV-IN solution was indistinguishable from that of water. After addition of
BI1-224436 both the viscosity and the elastic resistance of the suspension increase in a
manner consistent with the formation of a branched network stabilized by non-covalent
bonds. Figure 3A shows that as the ALLINI-IN sample is increasingly deformed at a
constant strain rate, the resulting resistance, quantified by the shear stress, first rises linearly
with strain up to approximately 35% and then abruptly drops to a steady level at larger
strains, suggesting that the sample responds initially like an elastic solid, but then the
network ruptures at large deformation. The shear modulus, a measure of elastic stiffness,
calculated from the initial slope of the stress-strain plot is 24 Pa, is characteristic of a weak
solid (Chen et al., 2010). When apparent viscosity is calculated from the torque resulting
from steady deformation at different shear rates, the viscosity is a power law function of the
shear rate and shows no tendency to reach a steady magnitude at either the high or low range
of the accessible shear rates (Fig 3B). These characteristics are also consistent with a
dynamic network held by labile inter-particle interactions that are disrupted to different
extents at different shear rates (Buxbaum et al., 1987).
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Probing the physical nature of ALLINI-induced aggregates by SANS.

While techniques like the optical turbidity, sedimentation assays, and dynamic light
scattering provide reliable methods to detect the formation of aggregates, they provide little
insight into the nature of the structure of these aggregates at different length scales. To probe
the physical nature of these materials more rigorously, we applied small-angle neutron
scattering (SANS). Experimental neutrons are ideal for the study of higher order soft matter
and biomaterials because, unlike X-rays, neutrons do not induce aggregation and damage in
proteins, and they penetrate deeply into thick materials without attenuation of signal. Small-
angle scattering is additionally well-suited to probe the fractal structure of a polymer where
the length scales of interest fall below ~1000 A (Teixeira, 1988). We examined IN
concentrations in the range of 20-200 uM for each of three model ALLINIs: BI-D,
BI-224436, and CX04328 (Christ et al., 2010) across a range of time courses from fifteen
minutes to 16 hours at 20°C, with near identical results obtained in each case (Figure 4 and
STable 1). For each ALLINI/IN mixture, the scattering observed was isotropic, indicating a
homogenous sample ordered in three dimensions (Figure 4A).

Consistent with the ~1 um_dimensions inferred from DLS, a Guinier region in the data was
not experimentally accessible, so a precise determination of the radius of gyration (Rg) could
not be performed. In all cases, the scattering data can be described as comprised of two
components: a low to mid-g signal down to ~0.05 A=1, and a high-g signal comprising the
rest of the scattering profile (gmax=0.84 A~1). Data in the low to mid-q regime were readily
fit to empirical relationships by two different methods. In the first method, we used a basic
power law function: the simplest analysis of the decay of intensity in the Porod region
(0.003 A=l < q < 0.01 A1) indicates a fractal structure, where ~3 < D¢ < ~4 (Bale and
Schmidt, 1984), and Ds is the fractal dimension (Fig. 4B-C & STable 1). These values are
characteristic of globular protein hydrogels, which typically have rough, corrugated surfaces.
In contrast, a fibril or linear polymer would be expected to have a fractal dimension of 1 to 2
(Bale and Schmidt, 1984).

In the second fitting method, we used a model that approximates the scattering from fractal-
like aggregates of spherical building blocks (Teixeira, 1988). Using this method, the
correlation length (C) can be derived, which for gels can be described as the size of the
scattering centers (Fig 4C-D). The fit to the data yielded C-values ranging from 705 to 2364
A for 0.003 < g < 0.05. In this analysis, the basic “block” unit was assigned as a IN dimer,
using Dynax approximated by SANS on unaggregated IN as a fixed parameter. The
parameters derived from this fitting for ALLINI-induced aggregates of IN are shown in
STable 1 and a physical interpretation of the results is shown in Figure 4D. These data are
consistent with a mesoscopic structure of the network formed by the ALLINI-mediated
branched polymers of HIV IN.

Zero-angle (1(0)) scattering from SANS data is directly proportional to the size and
concentration of the material being scattered. Using 1(0) as a readout of total aggregation, we
next assessed the dose-dependence of aggregation for BI1-224436. Scattering data were
measured on samples of 80 pM INY15A/F185H \with increasing amounts of BI-224436 or Bl-
D after 30 minutes of incubation at 20°C. A plot of zero-angle scattering as a function of
drug concentration for BI-224436 is shown in Fig 4E. The data are readily fit to a Hill
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equation, resulting in an ECgq of 22+2.3 UM and an exponent of 5.6+2.4. Since two
ALLINIs can bind to an IN dimer, saturation of IN binding would occur at 80 uM
BI1-224436. However, maximum I(0) signal is achieved at ~40 uM drug, indicating that sub-
stoichiometric quantities of drug are enough to completely aggregate IN. This implies that
not every binding site needs to be occupied to elicit maximal aggregation.

Effects of ex vivo resistance mutations and host factors on drug-induced aggregation.

We next sought to relate the structure of IN bound to ALLINIs to the observable aggregation
properties in vitro and further to effects on viral replication. We thus tested whether amino
acid substitutions that make HIV resistant to ALLINIs in tests of viral replication in culture
also affected the types of aggregates induced by IN. W131C and N222K are replication-
competent mutations that arise during culture in the presence of isoquinoline-derived
ALLINIs including GSK1264 (Gupta et al., 2016; Tsiang et al., 2012). We have previously
shown that these substitutions greatly diminish oligomerization and drug-response at lower
concentrations of protein (Gupta et al., 2016). In the CTD-CCD interface observed in the
5HOT crystal structure, both residues are located at the interface of the CCD a3 helix and
the CTD (Fig 5A). As anticipated, we find that aggregation measured by zero-angle
scattering is almost entirely abrogated by these substitutions in equimolar mixtures of
BI-224436 with >200 uM INW131C or INN222K (Fjq 5B-D). Similar results were obtained for
BI-D (data not shown). Hence, substitutions that arise in virus in response to ALLINI
treatment potently counter ALLINI-induced aggregation in vitro.

We next tested the ability of BI-224436 and BI-D to aggregate INF185H in the presence and
absence of the cofactor LEDGF. The LEDGF integrase binding domain (IBD) binds at the
same site on the IN CCD dimer as do the ALLINIs, but unlike ALLINIs the IBD does not
recruit an IN CTD from a different IN dimer (Fig. 5E). In prior work, it was shown that at
sub-micromolar concentrations, the drug-induced aggregation of IN is readily reversed by
the introduction of the IBD (Feng et al., 2016), which is expected to compete with the CTD-
CCD-drug interactions promoting polymerization. When micromolar concentrations of IN
are pre-incubated with IBD, the aggregation response as observed by turbidity is attenuated.
At the higher micromolar concentrations used in SANS experiments, we observe that the
introduction of purified LEDGF exogenously or by co-expression does attenuate but does
not fully reverse the induced aggregation (Figure 5F-G), in line with the expectation that the
ALLINI competes with IBD binding (Gupta et al., 2014).

A role for homomeric CTD interactions in branched polymer formation.

The crystal structure of an ALLINI bound to full length IN revealed a one-dimensional open
polymer of HIV IN mediated by CCD-CTD interactions (Figure 1C and D). However, the
data presented here imply a more complex three-dimensional network, suggesting that the
CTD-CCD interaction observed in the crystal structure only partially explain the branched
three-dimensional polymer (Figure 6A). IN constructs containing only the CTD and CCD
are able to support drug-induced aggregation with GSK1264 (Gupta et al., 2014; Gupta et
al., 2016; Shkriabai et al., 2014), suggesting that additional inter-domain interactions within
the aggregates may involve these domains. In prior studies of HIV IN by NMR, it was
reported that the CTD can self-associate with an apparent Ky of ~1 uM (Lodi et al., 1995).
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We thus considered a model where branching occurs via self-association of the CTD (Fig
6A). In this model, both drug-stabilized CCD-CTD interactions and CTD self-interactions
would underlie the polymer network. Indeed, a superposition of the SHOT crystal structure
with the NMR model (Lodi et al., 1995) or the unpublished crystal structure of the HIV
CTD dimer available in the Protein Data Bank (PDB 5TC2) reveals that the CTD-CTD
dimerization interface is distal to the CTD-ALLINI-CCD interface, supporting a model
where both modes of interaction could occur simultaneously (Fig. 6B).

CTD dimerization substitutions ablate ALLINI-dependent effects.

We purified the IN CTD and verified its ability to form dimers using size-exclusion
chromatography in-line with synchrotron small-angle scattering (SEC-SAXS). Data were
analyzed using singular value decomposition with evolving factor analysis (SVD-EFA)
(Meisburger et al., 2016) to deconvolute the dataset into its minimal components with
maximal redundancy. In both methods, both monomers and dimers were readily identified,
and the decomposed scattering profiles were consistent with known CTD dimer structures
(SFig 1A). The CTD is composed of five B-strands arranged as a sandwich, where the two
exposed faces of the sandwich each contain two strands and one shared strand (Fig. 6C). The
dimer interface is defined by interactions between p-strands 2, 3, and 4, and is
predominantly hydrophobic, burying ~400 A2 of total accessible surface between both
subunits. To further interrogate this dimerization interface, we introduced the L241A or
L242A substitutions (Eijkelenboom et al., 1999; Lu et al., 2005; Lutzke and Plasterk, 1998),
which are IN class Il mutations that have been previously shown to affect replication,
enzyme activity, and infectivity in virus (Lu et al., 2005). Both substitutions readily
disrupted dimerization, as evidenced by SEC-MALS analysis (Figure 6D). Introduction of a
more extensive remodeling of the dimerization interface (W243Q/V250T/1257N/V259T)
also led to a monomeric CTD (Fig. 6D). Further analysis of the L242A mutant using
sedimentation velocity analytical ultracentrifugation (SV-AUC) confirmed a monomeric
species (Fig 6E), but a weak ability to dimerize at high concentrations was still evident from
SEC-SAXS analysis (STable 3).

To study the effects of CTD dimerization on IN aggregation, we introduced the L242A
substitution into full-length INF185H_In contrast to the INF185H control, which forms
oligomers ranging from monomers to tetramers (Gupta et al., 2014; Gupta et al., 2016), the
INF185H.L242A construct is hypo-oligomeric, forming primarily monomers and dimers at
micromolar concentrations (SFig 1B). When we tested the ability of BI-224436 to induce
aggregation of IN containing the L242A substitution, we found the IN mutant was entirely
resistant, as evidenced by a lack of detectable turbidity in the presence of a six-fold excess
of drug (Fig. 7A). A similar result was obtained when the quadruply-substituted (W243Q/
V250T/1257N/V259T) IN was tested for ALLINI-induced aggregation (data not shown).
These results indicate that the CTD dimerization interface is required for ALLINI
aggregation.

Based on the structures shown in Fig 6B and C, the L242A substitution should not affect the
ability of ALLINIs to form the one-dimensional polymer shown in Fig. 6B. To test this
prediction, we performed SV-AUC on the INF185H.L242A protein in the presence and absence
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of 100 uM BI-224436 (Fig. 7B). In the absence of drug, the protein forms monomers and
dimers, consistent with the results from SEC-MALS analysis. In the presence of BI-224436,
a new ¢(S) distribution is seen that is consistent with a mixture of oligomers formed by self-
association of dimers. This result supports the idea that the L242A substitution does not
block the ability of ALLINIs to induce CCD-CTD interaction between IN dimers.

To further test the hypothesis that IN L242A is resistant to ALLINI-induced aggregation but
can still form ALLINI-induced oligomers, we probed the CCD-CTD interaction using
isolated domains. Based on SEC-MALS, sedimentation equilibrium (SE-AUC), SV-AUC,
and SEC-SAXS, the IN CCDF18K s predominantly a dimer in solution at 10-100 pM
concentrations (SFigl and STable 3). The complexes predicted to form between IN CCD
and monomeric IN CTDY242A in the presence of ALLINIs should therefore have
stoichiometries of 1:2 and 2:2 CTD:CCD, since each CCD dimer can bind two ALLINI-
bridged CTDs. Using SE-AUC analyses of CCD/CTD mixtures, the weight-average
molecular weight (M,y) increases in the presence of BI-224436; the data are well described
by an 2A + B <> BA, association model with apparent K4 of 0.62 uM (SFig 2 and STable
4). In the absence of B1-224436, the same association model requires Kq >> 1 mM.

To verify inclusion of the CTD in these complexes, Alexafluor647-labelled CTDL242A was
mixed with unlabeled CCDF185K (Fig. 7C) and the mixture was analyzed by SV-AUC in the
presence and absence of excess BI-224436 In the absence of ALLINI, the CTD sediments at
~2.5S and does not form larger species in the presence of the CCD dimer (Fig. 7D). In the
presence of ALLINI and CCD, a new species is formed that is consistent with a 2:2
CTD:CTD stoichiometry (Fig. 7E), consistent with results from sedimentation equilibrium,
confirming the presence of the CTD in the drug-induced species.

Discussion.

In this study, we report the soft matter properties of ALLINI-induced aggregates of HIV-IN
and the contributions of homomeric CTD interactions to the formation of three-dimensional
branched polymers. The results reported herein and in prior studies together support a
unique mode-of-action for ALLINIs. By analogy to classical polymerization models, the
ALLINI acts as an “initiator’ for polymerization, bringing base units (IN dimers) together to
form multimers. This is then followed by propagation of the polymer, not only in one
dimension, but at branch points mediated by homomeric CTD interactions (Figure 6A). This
mode-of-action resembles that of Taxol, which stabilizes polymers of microtubules. Indeed,
like the polymers of ALLINI-induced HIV IN, microtubules also branch via native protein-
protein interfaces (Dent, 2020). We have shown that ablation of the IN CTD«CTD interface
still allows for propagation of polymers along one dimension, but without the formation of
insoluble three-dimensional polymers. In contrast to recent proposals of the role of tetramers
and dimers in ALLINI action (Koneru et al., 2019), this open polymerization model argues
for a continuum of oligomers that start with a base dimer. In our study, we employed
ambient temperatures and buffer additives like 1M NaCl to lower the rate of ALLINI-
induced aggregation. In /n vivo conditions and at physiological temperatures (37°C), it
would be expected that aggregation would be even more efficient.
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In contrast to other published reports, our studies were conducted at high protein
concentrations (~20-200 uM), which should more closely model the environment in virions
in which the ALLINIs exert their strongest effect. The crowded environment of a nascent
virion is estimated to have a total macromolecular concentration exceeding 500 mg/ml
(Benjamin et al., 2005; Briggs et al., 2004; del Alamo et al., 2005). Electron cryo-
tomography studies of HIV-1 virus-like particles (VLPSs) has revealed particle volumes that
imply that viral RT and IN enzymes exist at concentrations in the millimolar regime
(Benjamin et al., 2005), in contrast to the expected nanomolar concentrations of IN in the
cytoplasm of an infected T-cell. For the ALLINIs, it can be argued that this difference in
local environment partially underlies the difference in potency observed in early vs late
replication, and our results further illustrate how potently ex vivo resistance substitutions
abrogate this aggregation even at elevated concentrations. It is also possible that host
proteins in virions may influence aggregation--host heat shock proteins (HSPs) HSP60,
HSP70 and HSP9OAB1 have been identified in assembled virions (Bartz et al., 1994; Linde
et al., 2013), and HSP60 has been shown to interact with HIV-IN (Parissi et al., 2001).

Our experimental results highlight the unique functional properties of the CTD, which is
poorly conserved across retroviruses. The domain has been identified as a site for post-
translational modification and host-factor interactions (Allouch and Cereseto, 2011; Allouch
et al., 2011; Cereseto et al., 2005; Kiernan et al., 1999; Lammers et al., 2010; Larue et al.,
2012; Ying et al., 2012) and is implicated in a variety of functional processes during viral
replication including intasome formation, integration, histone interactions (Mauro et al.,
2019) and reverse transcription (Tekeste et al., 2015). Here we linked the dimerization
properties of the CTD to the ability of ALLINISs to induce three-dimensional branched
polymers. In the absence of ALLINIs, we observe only very weak interaction between the
isolated CCD and CTD domains of IN, although the hypo-oligomeric properties of ALLINI
resistance mutants mapped to this interface argues that weak interactions do contribute to the
properties of IN in solution. The existence of many resistance mutations and polymorphs
mapping to this interface argues against a functional role in viral replication for the CCD-
CTD interaction exploited by ALLINIs.

Lastly, our findings have several implications for future development of this inhibitor class.
Small-angle neutron scattering allowed us to fit empirical models from a panel of different
ALLINI-induced aggregates, revealing differences in correlation length. A physical
interpretation of these differences may be that the proportion of CCD-CTD vs CTD-CTD
interactions occurring in an aggregate alters the geometry of interactions between IN dimer
subunits. In the crystal structure of the IN-ALLINI complex, an idealized linear polymer was
observed, whereas in aggregates, three-dimensional polymeric networks are formed, and our
findings argue that CTD-CTD interactions are key to these differences. It might be surmised
that larger ALLINI scaffolds could perturb the idealized polymer observed /n crystallo,
instead favoring a different proportion of CTD-CTD interactions once aggregation is
initiated. This informs future drug design efforts, as this attribute of ALLINI-induced effects
may be a tunable property. In addition, using isolated domains, we further dissected the
drug-induced interaction, allowing us to determine the affinity of an ALLINI-induced IN-IN
interaction. This allows for future structure-activity relationship studies where K4 can be
related to ALLINI chemical structure and possibly other tunable properties. These
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observations inform ongoing optimization of the ALLINI<CCD interface needed, and the
additional considerations of avidity and other participating CTD=CTD interactions that drive
the formation of IN branched polymers.

STAR Methods.

Resource Availability

Lead Contact.—Further information and requests for either resources or reagents should
be directed and will be fulfilled by the lead contacts Gregory Van Duyne
(vanduyne@pennmedicine.upenn.edu) and Frederic Bushman
(bushman@pennmedicine.upenn.edu).

Materials Availability.—Plasmids generated in these studies are available on request to
the lead contacts Gregory Van Duyne (vanduyne@pennmedicine.upenn.edu) and Frederic
Bushman (bushman@pennmedicine.upenn.edu.

Data and Code Availability.—All data generated in these studies are available on request
from the lead contacts Gregory Van Duyne (vanduyne@pennmedicine.upenn.edu) and
Frederic Bushman (bushman@pennmedicine.upenn.edu). Structures used in our analyses
including 5HOT, 5TC2, 3F9K, and 1IHV, are publicly available in the Protein Databank
(www.rcsh.org).

Experimental Model Details

Bacterial Strains.—For expression of proteins, £.coli bacterial strain BL21(DE3)
(Novagen) was cultured at 37°C in 2xYT media.

Method Details

Inhibitor Preparation.—The inhibitors INH2 (Christ et al., 2010), BI-D (Fader et al.,
2016; Fenwick et al., 2014) and BI-224436 (Fenwick et al., 2014) were purchased from
MedChemExpress (Monmouth Junction, NJ, U.S.A.). To create stock solutions for this
study, drugs were resuspended in acetonitrile at 1- or 10-mM concentrations, aliquoted, and
lyophilized. Dried aliquots were stored at —80°C until use. Inhibitors were then resuspended
to initial volumes using sample buffers for subsequent experimentation.

Protein Expression and Purification.—Full-length and truncated HIV-1 IN(NL4-3),
co-expressions with LEDGF(IBD)346-471 constructs, and purified LEDGF(1BD)326-530 were
expressed and purified as described previously, with some modifications (Ciuffi et al., 2006;
Diamond and Bushman, 2006; Gupta et al., 2010; Gupta et al., 2016). IN-only constructs
encoding the F185H solubility mutation were expressed from a pETDuet-derived (Novagen)
vector in which the IN construct was inserted in-frame with a C-terminal Mxe intein (New
England Biolabs) containing a chitin binding domain and hexahistidine tag. Proteins were
purified using nickel-nitrilotriacetic acid (NTA) (Qiagen) and chitin (New England Biolabs)
resins. After fusion proteins were liberated by intein cleavage in 50 mM dithiothreitol (DTT)
overnight at 4°C, IN preparations were further purified using a Superdex 75 HiLoad 16/60
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column at room temperature, eluted isocratically in 20 mM HEPES-NaOH pH 7.5, 1 M
NaCl, 7 mM CHAPS, 10 uM ZnOAc,, and 10 mM B-ME or DTT

IN domain constructs described herein (CCD, CTD) were expressed from an expression
vector containing an in-frame hexahistidine-FLAG-SUMO (HFS) fusion with Ulp1 protease
cleavage site. Proteins were purified using nickel-NTA resin, followed by overnight cleavage
at 4°C with Ulpl. These materials were subjected to a second nickel-NTA column to capture
liberated fusion partner, yielding purified domain. For experiments using the intact HFS-IN
fusion, proteins were immediately purified after nickel-NTA elution using a Superdex 75
HiLoad 16/60 column at room temperature, eluted isocratically in 20 mM HEPES-NaOH pH
7.5, 300 mM NaCl, and 1 mM DTT.

The QuikChange method (Wang and Malcolm, 1999) was used to generate the point
mutations described in this study. Purified proteins were concentrated at 4°C in a YM-3 or
YM-10 Centricon (Millipore) and aliquots with 10% glycerol were flash-frozen in liquid
nitrogen for storage at -80°C

Aggregation Assays.—Assays were performed as previously described (Gupta et al.,
2014), with the following modification: turbidity assays were performed using
VICTOR3V™ 1420 multilabel counter (PerkinElmer, Waltham, Massachusetts, U.S.A.) by
measuring the absorbance of the reaction solution at 405 nm. Final reaction conditions were
20 mM HEPES, pH 7.3, 375-505 mM NaCl, 3.75-5.05 mM CHAPS, 10 mM DTT, 10 uM
ZnAc; with inhibitor concentrations ranging from 0.08 uM to 88 uM at 24-27°C. For the
graphical representation of aggregation, the baseline (IN stock buffer + drug buffer) has been
subtracted from the results. Time-course data were analyzed as previously described (del
Alamo et al., 2005) using an empirical Hill function as implemented in Origin 7.0
(Northampton, Massachusetts, U.S.A.):

( t/tSO )n

OD = ODf(i
1+ 159)™

where OD s the optical density at incubation time t; ODris the optical density at infinite
time; & is the time at which the ODis equal to one-half the OD¢ and nis a Hill coefficient/
cooperativity factor.

Scanning Electron Microscopy.—HIV INY15AFI85H was jsolated by gel filtration
using a Superdex 75 26/60 column at 1 ml/min in 20 mM HEPES<NaOH pH 7.5, 1 M NaCl,
10 mM dithiothreitol (DTT), 7mM CHAPS, and 10 pM ZnOAc,. Protein were concentration
to 6.6 mg/ml (205 UM monomer and drug added to two-fold excess (410 pM). After brief
vortexing, mixtures were nutated 4°C for an hour, then centrifuged at 13,000 rpm at 4°C for
5 minutes. After aspiration of the supernatant, 500 pl of a 2.5% glutaraldehyde solution was
then added for 2.5 hours at room temperature, after which the supernatant was aspirated.
Pellets were stored at 4°C in 10 mM sodium cacodylate buffer until data collection. Images
were obtained on a FEI Quanta 250 Scanning Electron Microscope at the University of
Pennsylvania Electron Microscopy Resource Laboratory.
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Dynamic Light Scattering.—Measurements of the hydrodynamic radii of aggregated IN
preparations were performed using a Wyatt DynaPro Nanostar dynamic light scattering
instrument (Wyatt Technology, Santa Barbara, CA) at 20°C. The data were analyzed using
Dynamics 7.0 software. A Rayleigh sphere model was used for the analysis of
autocorrelation functions, meaning that the hydrodynamic radii calculated were sphere-
equivalent radii. By measuring the fluctuations in the laser light intensity scattered by the
sample, the instrument can determine the rate at which the particles diffuse through the
medium. This value is converted to hydrodynamic radius using the Stokes-Einstein relation:

kT

Rh = onoDo

where D is the is the diffusion coefficient, kis the Boltzmann constant, T is the absolute
temperature, ng is the viscosity and Ry is the sphere-equivalent hydrodynamic radius
(Einstein, 1905).

Rheology.—The viscoelastic properties of 10 mg/ml HIV INY15AF185H with 1 mMm
BI1-224436 were measured with an RFS3 strain-controlled rheometer with the same held
between parallel plates at room temperature. The shear elastic modulus was calculated from
the slope of shear stress vs shear strain for a sample deformed at a constant strain rate of
0.15 571, The viscosity of the sample was measured by steady shear deformation over a
range of strain raters from 0.05 s71 to 50 s72.

SEC-MALS.—Absolute molecular weights were determined by multiangle light scattering
coupled with refractive interferometric detection (Wyatt Technology, Santa Barbara,
California, US) and a Superdex 75 10/300 GL column (GE Healthcare) at room temperature
as previously described (Gupta et al., 2010).

Sedimentation Equilibrium (SE) and Sedimentation Velocity (SV) Analytical
Ultracentrifugation (AUC).—Analytical ultracentrifugation experiments were performed
with an XL-A analytical ultracentrifuge (Beckman-Coulter) and a TiAn60 rotor with six-
channel (for SE) or two-channel (for SV) charcoal-filled epon centerpieces and quartz
windows. Complete sedimentation velocity profiles were recorded every 30 seconds for 200
boundaries at 40,000 rpm and 20°C. Data were fit using the c(S) distribution model of the
Lamm equation as implemented in SEDFIT (25). After optimizing meniscus position and
fitting limits, sedimentation coefficients (S) and frictional ratios (#7;) were determined by
iterative least squares fitting of the Lamm equation, with all fit RMSDs less than 0.01. SE
data were collected at 40C with detection at 280 nm for 1-3 sample concentrations. SE
analyses were carried out using global gits to data acquired at multiple speeds for each
concentration with strict mass conservation using the program SEDPHAT (Vistica et al.,
2004) Error estimates for equilibrium constants were determined from a 1,000-iteration
Monte Carlo simulation. The partial specific volume (o), solvent density (p), and viscosity
(m) were derived from chemical composition by SEDNTERP (Laue et al., 1992). SE figures
(Supplemental Figure 2) were prepared using the program GUSSI (Brautigam, 2015).
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Small-angle Neutron Scattering.—SANS data were collected at the Bio-SANS beam
line CG-3 of the High Flux Isotope Reactor at ORNL using a single instrument
configuration with 7-meter sample-to-detector distance and two cameras. Data were
collected at 20°C using 1 mm quartz cells and a neutron wavelength of 6 A + 0.15. The
range of momentum transfer q used was 0.003 < ¢ < 0.84 A, where q = 4nsin(B)/A, where 6
is the scattering angle and A is the neutron wavelength. Additional descriptions of the
instrument and setup have been previously published (Berry et al., 2012; Heller et al., 2014).
The recorded scattering data were circularly averaged and reduced to one-dimensional
scattering profiles using MantidPlot software (Taylor et al., 2012). Calibration of the SANS
data to an absolute scale was performed by measuring a porous silica standard with known
intensity at zero angle, and blank buffers containing the same percentage D,O as the
samples were similarly measured and subtracted from the sample scattering for background
correction. For each measurement, equimolar ALLINI was added to 20-200 uM recombinant
IN in a final buffer of 20 MM HEPES<NaOH pH 7.5, 300 mM NaCl, 7 mM CHAPS, 5 mM
DTT and 90% D,0O (Cambridge Isotopes Laboratories, Tewksbury, MA) (0.2 micron
filtered) and allowed to incubate for 30 minutes at room temperature before data collection.

One-dimensional scattering profiles were fit to one of two empirical relationships using the
program SasView 5.0.1 (http://www.sasview.org/). The first was a basic power law model,
where:

1(q) = scale - q~POWET 4 background

And the second, a model that approximates the scattering from fractal-like aggregates of
spheres was used:

I(@) = $Vplock(Pblock — Pso]vent)zp (9)S(g) + background

where ¢ is the volume fraction of the spherical “building block™ particles of radius RO,
Vpiock IS the volume of a single building block, psoivent IS the scattering length density of the
solvent, ppiock IS the scattering length density of the building blocks, and ~(g)and S(g) are
the scattering from randomly distributed spherical particles (the building blocks) and the
interference from such building blocks organized in a fractal-like clusters (Teixeira, 1988).
In the fitting, scattering length densities for solvent and protein were calculated using the
program MuLCH(Whitten et al., 2008) and fixed during the fitting.

Small-angle X-ray Scattering.—Size-exclusion chromatography (SEC)-SAXS data
were collected at beamline 16-1D (LiX) of the National Synchrotron Light Source Il (Upton,
NY) (DiFabio et al., 2016). Data were collected at a wavelength of 1.0 A in a three-camera
configuration, yielded accessible scattering angle where 0.006 < q < 3.0 A~1, where q is the
momentum transfer, defined as q = 4 sin(B)/A., where A is the X-ray wavelength and 26 is
the scattering angle; data to q<0.5 A~1 were used in subsequent analyses. 100 pL of 5-10
mg/mL CTD?20-288 CcTD220-270, or CTD220-270(L242A) \yas injected and isocratically eluted
at 0.5 ml/min from a Superdex 200 10/300 sizing column (G.E. Healthcare) equilibrated in
20 mM HEPES-NaOH pH 7.5, 300 mM NaCl, and 1 mM DTT at room temperature. Eluent
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from the column flowed into a 1 mm capillary for subsequent X-ray exposures at 1-s
intervals. Plots of intensity from the forward scatter closely correlated to in-line UV and
refractive index (RI) measurements.

SAXS Analysis.—SVD-EFA analysis of the SEC-SAXS data sets were performed as
previously described (Meisburger et al., 2016), as implemented in the program RAW
(Hopkins et al., 2017). Buffer subtracted profiles were analyzed by singular value
decomposition (SVD) and the ranges of overlapping peak data determined using evolving
factor analysis (EFA)(Maeder, 1987). The determined peak windows were used to identify
the basis vectors for each component and the corresponding SAXS profiles were calculated.
When fitting manually, the maximum diameter of the particle (Dmax) Was incrementally
adjusted in GNOM (Semenyuk and Svergun, 1991) to maximize the goodness-of-fit
parameter, to minimize the discrepancy between the fit and the experimental data, and to
optimize the visual qualities of the distribution profile. The theoretical SAXS profiles for
atomic models were created using the CRYSOL program (Svergun et al., 1995). To facilitate
comparison of atomic models to small-angle scattering data, atomistic models representing
the complete composition of the protein were constructed and the resulting model was
gradually relaxed by energy minimization in a box of water the programs VMD (Humphrey
et al., 1996) and NAMD (Phillips et al., 2005), using CHARMMA42 force fields. The models
were rendered using the program PYMOL (DeLano, 2004).

Quantification and Statistical Analysis

Data from aggregation assays (Figure 2) were analyzed with Origin Software Version 7
(OriginLab Corporation, North Hampton, MA). These experiments were performed in
triplicate. For Kinetic trials, representative data is shown and for dose response experiments,
data points were shown as the mean + standard deviations for three replicates. Error
estimates for sedimentation equilibrium constants were determined from a 1,000-iteration
Monte Carlo simulation. In Figure 4, error bars shown on the graph represent the error
associated with the determination of 1(0). Errors determined for the radius of gyration (Rg)
by SAXS represent the error associating with least-squares fitting of the primary data in
Guinier Plot analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights.
Allosteric Inhibitors drive the inappropriate aggregation of HIV Integrase.
Drug-induced aggregates behave like weak 3D-gels with a fractal character.

Homomeric C-terminal domain interactions underlie this branched-polymer
behavior.
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Figure 1. HIV-1 Integrase.
A. Domain Map of HIV-1 Integrase. B. Chemical structures of small molecules used in these

studies. C. Open polymer configuration of ALLINI-bound HIV integrase as observed in the
IN-GSK1264 crystal structure. D. ALLINI binding site and CCD-CTD interface.
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Figure 2. Properties of ALLINI-Induced Aggregation.
A. Concentration-dependent aggregation of HIV Integrase with BI-224436. In the absence

of drug, protein at 221 uM concentration appears transparent. With the increasing addition
of BI-224436, the evolution of an opaque aggregate is readily apparent. B. Time-course
kinetics of drug-induced aggregation for BI-224436 (open black circles) and BI-D (grey
circles). Protein aggregation without drug is shown with closed black circles. C. Dose
response profile for B1-224436 after a 1-hour incubation at room temperature. D. Scanning
Electron Microscopy (SEM) analyses of BI-224436 and BI-D-induced IN aggregates. E.
Dynamic Light Scattering (DLS) analyses of drug-induced aggregates after an overnight
incubation in 1 mM drug.
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Figure 3. Viscoelastic Properties of Drug-Induced Aggregates.
A. Shear stress at increasing levels of shear strain for a sample of 10 mg/mL HIV-1

INF185He1 mM BI-224436 deformed at a constant shear rate of 0.15 s~1 showing the initial
elastic response followed by an abrupt fracture of the sample. B. Viscosity vs shear rate at
steady shear deformation for very large strains at which intermolecular bonds are
continuously broken and reforming, and elongated structures orient in the direction of flow
to an extent that depends on the rate of deformation.
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Figure 4. SANS Analysis of ALLINI-induced aggregates of HIV IN.
A. Two-dimensional Neutron Scattering of BI-224436-induced aggregates of HIV-1

INF185H B porod Models for Polymer Networks with different shapes. The slope of the
Porod region can be directly related to different surface and mass fractal dimensions. For
mass fractals, a lower figure correlates with Gaussian chains where larger figures indicate
collapsed polymer coils; values of 3-4 indicated branched systems (gels). For surface
fractals, values between 3-4 indicate rough interfaces. C. Representative small-angle neutron
scattering (SANS) of BI-224436 induced drug aggregate of HIV INF185H Shown in grey is
the experimental data where 0.003 A™1 < q < 0.84 A~L. Shown in inset is a Power law fit to
data obtained from 100 uM INF185H.B|-224436, in the range where 0.003 < q < 0.01 A1,
Shown in the main plot is the same data, fit with a Fractal model in the range where 0.003 <
g <0.05 A1, A summary of the parameters derived from model fitting of SANS data can be
found in STable 1. D. Schematic representation of the mesoscopic structure of the network
formed by the ALLINI-mediated branched polymers of HIV IN, where C is the correlation
length obtained from SANS data at 20°C. The small spheres are a simplified view of the
basic units of the network backbone (IN dimers). The scattering centers (grey circles) are
formed by regions of clustered protein that give rise to the scattering curves presented. The
properties derived from SANS of INY15AF185H jn the absence of drug are provided in
STable 2. E. Dose-response curve for the drug-induced aggregation of 80 pM HIV
INYISAFI8H Each data point represents one recorded SANS profile. Using the zero-angle
intensity from each experiment, a dose-response curve could be obtained, revealing the
concentration for half-maximal aggregation (ECsp). The data were fit with a standard Hill
equation, yielding an apparent ECsq of 22.1 uM + 2.33 and a cooperativity factor of 5.6 +
2.35. Error bars shown on the graph represent the error associated with the determination of

1(0).
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Figure 5. Effects of ex vivo resistance mutations and host factors on drug-induced aggregation.
A. W131C and N222K at the CCD-CTD-ALLINI interface. B-D. Small-angle neutron

scattering profiles for 212 uM INY15AF185H (B red), 205 pM inW131C.F185H (C plye), and
200 pM INF185H.N222K (D nink) in the presence and absence of BI-224436 (DMSO controls
are shown in grey). Arrows indicate I1(0) in each condition. E. The LEDGF(IBD)CCD*NTD
interface, as seen in the PDB 3F9K HIV-2 structure. F-G. SANS profiles for 100 uM
INF185H or 100 uM co-expressed INF185He| EDGF(IBD) in the presence of 100 pM
B1-224436 (F) or 100 uM BI-D (G). Arrows indicate 1(0) in each condition.
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Figure 6. Disruption of the CTD-CTD Dimer interface.
A. Models for linear vs. branched polymer networks of ALLINI-induced HIV IN

interactions. B. Superposition of the CTD Dimer (PDB 1IHV) with the CCD-CTD-ALLINI
interaction observed in the IN-ALINI crystal structure (PDB 5HOT). C. CTD-CTD dimer
interface. The quaternary structure of the CTD dimer was confirmed by SEC-SAXS (see
SFiglA and STable 3) and was best captured by PDB 5TC2. Shown in spheres are residues
that were mutated for effects on oligomerization. D. SEC-MALS analyses of Hisg-FLAG-
SUMO (HFS)-tagged CTD?20-270 tq assess the effects of interfacial mutations on
oligomerization. Relative to wild-type CTD fusion (dimers, red), the mutants L241A
(orange), L242A (green), and the more extensive quadruply mutated W243Q/VV250T/I257N/
V259T (blue) disrupted dimerization of the isolated domain. E. Sedimentation velocity (SV-
AUC) analysis of isolated CTD220-270(L242A) (green), indicating a single species with a
calculated mass consistent with a monomer.
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Figure 7. Role of the CTD in branched polymer formation.
A. Turbidity time courses for INF185H.L242A i the presence of BI-224436. No aggregation

was observed in absence of drug, nor the presence of up to three-fold excess of ALLINI.
Shown in green is INY15AF185H B S\/. AUC analysis of 15 pM INF185H.L242A jp, the
presence (purple) and absence (orange) of 100 uM BI1-224436. In the absence of drug,
species consistent with monomers and dimers are observed (confirmed by SEC-MALS; see
SFig1B). In the presence of ALLINI, a ladder of species is observed consistent with the
formation of higher-order oligomers. C. Shown is a cartoon schematic depicting the SV-
AUC analysis of drug-mediated CCD-CTD interactions using Alexafluor647-labelled HFS-
CTD. D. SV-AUC results at 657 nm is shown, with control data in the absence of any drug
for both HFS-CTDL242A alone (red) and a mixture with excess CCD (orange). No evidence
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of complex formation is observed. F. In the presence of BI-224436, a new ~5S species is
formed that is consistent with a higher order HFS-CTD,*CCD,*ALLINI, complex (~77.8
kD suggested by SE-AUC analysis (See SFig 2 and STable 4). The breadth of the species
observed in the presence of drug are consistent with an associating system.

Structure. Author manuscript; available in PMC 2022 March 04.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gupta et al.

KEY RESOURCES TABLE

Page 31

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

Dithiothreitol (DTT) RPI Cat#D110000-50.0
Isopropyl-p-D-thiogalactopyranoside (IPTG) Enzo Cat#582-001-6100
Ni-NTA-Superflow Qiagen Cat#30430

Chitin Binding Resin New England Biolabs Cat#S665

Superdex 75 Increase 10/300

G.E. Healthcare

Cat#17-5171-01

Superose 6 Increase 10/300

G.E. Healthcare

Cat#29-0915-96

HEPES Sigma-Aldrich Cat#H3375
Sodium Chloride Fisher Scientific Cat#S271
CHAPS Sigma-Aldrich Cat#C3023
Zinc(Il) Sulfate Fisher Scientific Cat#S25642A

Glycerol Fisher Scientific Cat#L-13751
Amicon MWCO 10 kD Millipore Sigma Cat#UFC901024
Amicon MWCO 3 kD Millipore Sigma Cat#UFC900324

Ulpl SUMO Protease

Lifesensors

Cat#SP-4010

BI-D MedChemExpress Cat#HY-18601
BI-224436 MedChemExpress Cat#HY-18595
CX04328 MedChemExpress Cat#HY-10522
|NF185H (Gupta et al., 2010) N/A
|NY15AF185H (Gupta et al., 2016) N/A
|NW131C,F185H (Gupta et al., 2016) N/A
|NN222K,F185H (Gupta et al., 2016) N/A
|NN222K,F185H (Gupta et al., 2016) N/A

INY99H L129F,N222K (Gupta et al., 2016) N/A

INF185Hs| EDGF347-471(IBD) (Gupta et al., 2010) N/A
IN(CCD)F185K (Gupta et al., 2014) N/A
IN(CTD)?220-280 This study N/A
IN(CTD)?20-270 This study N/A
IN(CTD)?20-279(L242A) This study N/A
HFS-IN(CTD)?20-280(1 242) This study N/A

Deposited Data

C-terminal domain of HIV-1 Integrase, crystal this paper PDB: 5TC2
structure

Two-domain fragment of HIV-2 Integrase in (Hare et al., 2009b) PDB: 3F9K
complex with LEDGF(IBD)

Solution Structure of the DNA Binding (Lodi et al., 1995) PDB: 1IHV

Domain Of HIV-1 Integrase, NMR,
Minimized Average Structure
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terminal Hisg-FLAG-Smt3 affinity tag
Expression Vector

REAGENT or RESOURCE SOURCE IDENTIFIER
HIV-1 Integrase bound with GSK1264 (Gupta et al., 2016) PDB: 5SHOT
Recombinant DNA

pETDuet (Novagen)-C-terminal Mxe Intein- (Gupta et al., 2010) N/A
CBD-6xHis Fusion Expression Vector

pCDFDuet (Novagen) in-frame with an N- (Gupta et al., 2017) N/A

Software and Algorithms

NAMD (Phillips et al., 2005) https://www.ks.uiuc.edu/Research/namd/

PyMOL Schrodinger, LLC https://pymol.org

BioXTAS RAW (Hopkins et al., 2017) https://sourceforge.net/projects/bioxtasraw/

ATSAS (Franke et al., 2017) https://www.embl-hamburg.de/biosaxs/software.html

Origin Software

OriginLab Corporation

https://www.originlab.com

VMD (Humphrey et al., 1996)) https://www.ks.uiuc.edu/Research/vmd/

Mantidplot Mantid Project https://download.mantidproject.org/

SEDFIT (Schuck, 2000) http://www.analyticalultracentrifugation.com/
download.htm

SEDPHAT (Vistica et al., 2004) http://www.analyticalultracentrifugation.com/
download.htm

SEDNTERP Biomolecular Interaction http://bitcwiki.sr.unh.edu/index.php/Main_Page

Technologies Center (BITC)

ASTRA Wyatt Technology https://www.wyatt.com/products/software/astra.html

DYNAMICS Wyatt Technology https://www.wyatt.com/products/software/
dynamics.html

ScAtter ALS SIBYLS https://bl1231.als.Ibl.gov/scatter/

SASView NSF DANSE http://www.sasview.org/download/
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