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Materials and Methods

HIV-1 CSC intasome assembly and purification
Sso7d-integrase was overexpressed in Escherichia coli BL21 (DE3) and purified as previously
5

described (4). Briefly, His tagged Sso7d-IN was expressed in E. coli BL21 (DE3) and the cells
were lysed in buffer containing 20 mM Hepes pH 7.5, 10% glycerol, 2 mM 2-mercaptoethanol, 20
mM imidazole and 1M NaCl. The protein was purified by nickel-affinity chromatography and the
His-tag was removed with thrombin. Aggregated protein was removed by gel filtration on a Hiload
26/60 Superdex-200 column (GE Healthcare) equilibrated with 20 mM Hepes pH 7.5, 10%

10

glycerol, 2 mM DTT and 1M NaCl. The double-stranded vDNA substrate was prepared by
annealing the following oligonucleotides:
5’-AGCGTGGGCGGGAAAATCTCTAGCA-3’
5’-ACTGCTAGAGATTTTCCCGCCCACGCT-3’
HIV-1 CSC intasome preparations were assembled as previously described for strand transfer

15

complex STC intasomes (4), except 50 µM INSTI was present in the reaction mix, and incubation
was carried at 30°C for 60 min. HIV-1 INSTI bound CSC intasomes were purified by Ni-affinity
chromatography and two subsequent steps of size exclusion chromatography (SEC). 50 µM of the
selected INSTI was added to the intasomes after every step of purification. Briefly, the mixture
was first loaded onto a HisTrap HP column (GE Healthcare) previously equilibrated with 20 mM

20

Tris-Cl pH 8.0, 5 mM 2-mercaptoethanol, 5.0 mM MgCl2, 0.5 M NaCl, and 20% (w/v) glycerol.
Intasomes were eluted with a linear gradient of 0 mM to 500 mM imidazole in the same buffer.
Intasome-containing fractions were combined and concentrated with Amicon Ultra-15 (Ultracel100k) centrifugal filter. Large CSC aggregates were then removed by gel filtration on a Superose

2
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6 Increase 10/300 GL column (GE Healthcare) equilibrated with 20 mM Bis-Tris pH 6.2, 0.5 mM
TCEP, 600 mM NaCl, 5.0 mM MgCl2, and 10% (w/v) glycerol. Pooled intasomes were
concentrated prior to TSKgel UltraSW Aggregate HPLC (Tosoh Bioscience) size exclusion
chromatography in 20 mM Bis-Tris pH 6.2, 0.5 mM TCEP, 550 mM NaCl, 5mM MgCl2, and 6%
5

(w/v) glycerol. Intasomes fractions corresponding to single CSCs were pooled and the selected
INSTI was added to 50 µM. CSCs were concentrated to 0.2 mg/mL for structural studies using
cryo-EM. Apo CSCs were prepared in essentially the same way, except MgCl2 and INSTI were
substituted by 5.0 mM CaCl2, and MgCl2 was omitted in all purification buffers.

10

Chemical Materials
BIC was purchased from a commercial source [Cat. no. PBLJ8958, PharmBlock Sciences
(Nanjing), Inc.]. Compounds 4d, 4c, and 4f were synthesized as previously reported (19).

Activity assays
15

Apo CSC intasomes were assembled with vDNA with a 6-FAM (Fluorescein) label added to the
5¢ end of the joining (transferred) strand. Monodisperse 10 nM apo CSC intasomes were incubated
with 250 ng of plasmid DNA, pGEM-5zf at 20 mM Hepes, pH 7.5, 20% glycerol, 100 mM NaCl,
10 mM DTT, 4 uM ZnCl2, 5 mM MgCl2 in the absence or presence of 50 µM of the selected
INSTI at 37°C for 1 h. The assay was stopped by ethanol precipitation and integration products

20

were separated on 1.5% agarose TBE gel. The gel was visualized by fluorescence scanning of the
labeled oligonucleotide (Typhoon 8600, GE Healthcare) followed by ethidium bromide staining.

Cryo-EM specimen preparation for electron microscopy

3
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For each structure determination, 2.5 µL of a sample containing HIV CSC intasomes at ~0.2 mg/ml
in SEC buffer (20 mM Bis-Tris pH 6.2, 0.5 mM TCEP, 550 mM NaCl, 5.0 mM MgCl2, and 6%
(w/v) glycerol) were applied onto freshly plasma treated (7s, Gatan Solarus plasma cleaner) holey
gold UltrAuFoil grid (Quantifoil), adsorbed for 10 seconds and quickly plunged into liquid ethane
5

using manual cryo-plunger operated inside the cold room (~4°C).

Cryo-EM data collection
Data were acquired using the Leginon software (32) installed on an FEI/Thermo Fisher Scientific
Titan Krios electron microscope at the Scripps Research Institute, operating at 300 keV and using
10

a K2 summit direct electron detector (Gatan) operating in counting mode. A severe preferential
orientation was discovered during early attempts at collecting and processing CSC intasome data.
For this reason, all micrographs were collected at nominal tilt angles ranging from 20°-40° using
previously described protocols (22). All data collection statistics are summarized in Table S1.

15

Electron microscopy data processing
Unless otherwise stated, the same procedures were applied for each individual dataset described
in the current work. Movies were corrected for beam-induced movement after the removal of the
first 3 sub-frames using Motioncorr2 (33), implemented within the Appion platform (34).
Individual frames were gain corrected, aligned and summed with the application of an exposure

20

filter (35). The generated sums (frames 4-80) were used as input for CTF estimation and particle
selection. Estimation of the contrast transfer function (CTF) and particle selection were both
performed in WARP (36). Particles were extracted, and the particle stacks were input into auto 3D
classification in cisTEM (37). A carefully trained particle picking in WARP allowed us to skip the

4
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2D classification and avoid the exclusion of poorly represented views. Iterative 3D classifications
and refinements were performed through Auto-Refine and Manual-Refine tabs in cisTEM using
frequencies that did not exceed 80% fractional Nyquist and until no further gains in resolution or
map quality were observed. In the first round, two classes were computed, and particles
5

corresponding to the best class were selected for subsequent refinement (fig. S10). A mask
comprising the CIC, with outside density filtered to 20Å, was used every last round of the
simultaneous classification and refinement. A cycle of per-particle CTF refinement was also
performed as the last cycle of each round. Particles corresponding to a class that does not have
readily defined features were excluded, and a new round was initiated. This iterative process was

10

performed until no more improvements in quality or resolution of the maps were observed. A final
step of beam tilt refinement, using a program provided by Tim Grant (Janelia Research Campus)
was applied to all maps. With the exception of 4f, we observed slight improvements in the quality
of the maps and to the global resolution (<0.05 Å). The resolution of 4f did not improve with beamtilt refinement, presumably because the residual beam tilt was small within the data. Resolution

15

for all maps was assessed using the conventional Fourier Shell Correlation (FSC) analysis, for both
masked and unmasked half-map and map-to-model curves, using the “mtriage” tool implemented
within the Phenix package (38). The masks for resolution calculation were automatically generated
within the mtriage program. Directional resolution volumes were generated using the 3D FSC tool
(22), whereas the local resolution was generated using sxlocres.py (39). As reported previously

20

(4), density for Sso7d was not observed within the cryo-EM maps, but is not expected to affect the
CIC (fig. S5).

Model building and refinement

5
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The HIV-1 CIC model was built using the initial coordinates of the strand transfer complex (4)
(PDB 5U1C) or by rigid body docking of individual domains taken from high-resolution crystal
structures (PDB 3L3U and 1K6Y) or an NMR structure (1IHV), as appropriate. Individual regions
that diverged from the high-resolution crystal structures were adjusted as necessary and/or missing
5

regions were built manually in Coot (40). Final models were generated by iterative model building
using Coot (40) and refinement with phenix.real_space_refine (38), using secondary structure
restraints. In the last rounds of refinement, ligand coordinates were added to the models. For
compound 4f, ligand coordinates were taken from PDB deposited structure (PDB 5FRO) and
restraint files generated using phenix.elbow (41). For BIC and compound 4d, the SMILES strings

10

were taken from PubChem, and the ligand coordinates and topology files were obtained from
PRODRG2 server (42). For 4c, restraints were generated by phenix.eLBOW, and the coordinates
adopted from the structure of 4d intasome. Due to limited resolution, waters were not placed into
the 4c bound intasome maps. Waters were modeled for the apo, 4d, 4f, and BIC intasomes. Waters
were modeled based on careful inspection of all four maps, guided by the highest resolution

15

structure of 4d intasome. Waters were placed into their relevant regions if a bump of density was
observed in all four independently refined maps. In some instances, the density was weak, but a
water was placed based on inspection of the local chemical environment. For the most stable water
molecules, these densities directly overlapped across independent maps. In other instances,
presumably for the less stable water molecules, the densities were in similar locations and chemical

20

environments, but not necessarily directly overlapping. To quantitatively determine their
correspondence to density and to decide which to eliminate in the deposited models, we also
assigned Q-values to water molecules (43), as shown in fig. S15. All of the water molecules were
carefully inspected and cross-validated across different maps. The geometry of the final models

6
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and other validation statistics were reported by Molprobity (44). The relevant refinement statistics
are summarized in Table S1. High-resolution structural figures were prepared for publication using
UCSF Chimera (45).

5

Sequence and structure analysis
To determine sequence alignment and structure conservation, we used the following procedures.
Two PDB files representing the CCD domains of the HIV (BIC bound structure) and PFV (DTG
bound structure, PDB 3S3M) as found in their chains A were written out in Chimera and supplied
to the PDBeFold server (46). Superposition resulted in 0.69 Q-score, 1.51 Å root-mean-square

10

deviation and 25% sequence identity between 130 matched residues. For analysis of the
conservation of the active site, the structure of HIV CSC with BIC bound was superimposed with
the structure of the PFV intasome with DTG bound (PDB 3S3M), based on the positions of their
A chains. Residues within a zone <10 Å away from the bound BIC were selected, noted (43
residues specified in Table S2) and compared with the best structurally-aligning residues in the

15

PFV intasome structure. The occupancy of the 3’-terminal adenine (dA21) conformers was
estimated thanks to ‘Values at atom positions’ option in the UCSF Chimera (45).

Quantum Mechanical Calculations
The torsional profiles (fig. S16) were calculated at the M06-2X/6-31+G(d,p) level of theory using
20

Gaussian 09. The bond torsion was scanned in intervals of 10 degrees. At each interval, the torsion
angle was fixed at the desired angle while all the other degrees of freedom were allowed to
optimize. Electrostatic surface potentials were also calculated at the M06-2X/6-31+G(d,p) level of
theory using Gaussian 09. For this calculation, scaffolds A and B (fig. S16) were geometrically

7
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optimized in the anion form, by deprotonating the hydroxyl group. Then, the electrostatic potential
was calculated for about 7000 points in the vicinity of the van de Waals surface of the scaffolds.
The minimum value is located in the region that coordinates magnesium and is reported in fig.
S16.
5
Cell-based assays
HIV-based viral vectors with either WT or mutant IN were used in single-round infectivity assays
to determine the antiviral activity (EC50 values) of the compounds, as previously described(47).
Briefly, VSV-g-pseudotyped HIV was produced by transfections of 293 cells with pNLNgoMIVR10

ΔLUC and pHCMV-g (obtained from Dr. Jane Burns, University of California, San Diego) using
the calcium phosphate method. At approximately 6 hrs after the calcium phosphate precipitate was
added, 293 cells were washed twice with phosphate-buffered saline (PBS) and incubated with fresh
media for 48 hrs. The virus-containing supernatants were then harvested, clarified by low-speed
centrifugation, filtrated, and diluted for preparation in antiviral infection assays. On the day prior

15

to the screen, HOS cells were seeded in a 96-well luminescence cell culture plate at a density of
4000 cells in 100 µL of medium per well. On the day of the screen for antiviral activity infection
assays, cells were treated with compounds using a range of concentration from 5 µM to 0.0001
µM in 11 serial dilutions, and the cells were incubated at 37oC for 3 hrs. The compounds used to
treat cells are indicated in fig. S8. 100 µL aliquots of the virus-stock, diluted to achieve a luciferase

20

signal between 0.2 and 1.5 Relative Luciferase Units (RLUs), containing the appropriate dilutions
of the compounds, were added to each well. The cells were incubated at 37oC for 48 hrs. Infectivity
was measured by using the Steady-lite plus luminescence reporter gene assay system
(PerkinElmer, Waltham, MA). Luciferase activity was measured by adding 100 µL of Steady-lite

8
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plus buffer (PerkinElmer) to the cells, incubating at room temperature for 20 mins, and measuring
luminescence using a microplate reader. Antiviral activities were normalized to the infectivity in
cells in the absence of compounds. KaleidaGraph (Synergy Software, Reading, PA) was used to
perform non-linear regression analysis on the data. EC50 values were determined from the fit
5

model.

Vector Constructs
The construction of the mutant INs S153Y, R263K, E138K/Q148K, G140S/Q148H, and
G140S/Q148K has been described previously (26). To make the new IN mutants, the vector
10

pNLNgoMIVR-ΔENV.LUC, which has been described previously (25), was used to produce the
new IN mutants used in this study. The IN open reading frame was removed from pNLNgoMIVRΔENV.LUC by digestion with KpnI and SalI and resulting fragment was inserted between the
KpnI and SalI sites of pBluescript KS+. Using that construct as the wild-type template, we
prepared the following HIV-1 IN mutants M50I/R263K, S119R/R263K, T124A/S153Y,

15

M50I/S119R/R263K,

V72I/E138K/Q148K,

G140S/Q148H/G149A,

and

L74M/G140S/S147G/Q148K using the QuikChange II XL site directed mutagenesis kit (Agilent
Technologies, Santa Clara, CA. The following sense oligonucleotides were used with matching
cognate antisense oligonucleotides (not shown) (Integrated DNA Technologies, Coralville, IA) in
the mutagenesis:
20
M50I, 5¢-CAGCTAAAAGGGGAAGCCATTCATGGACAAGTAGACTGT-3¢;
V72I, 5¢- ACACATTTAGAAGGAAAAATTATCTTGGTAGCAGTT-3¢;
L74M, 5¢-TTAGAAGGAAAAGTTATCATGGTAGCAGTTCATGTAGCC-3¢;

9
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S119R, 5¢- GTACATACAGACAATGGCCGTAATTTCACCAGTACTACA-3¢;
T124A, 5¢- GGCAGCAATTTCACCAGTGCTACAGTTAAGGCCGCCTGT-3¢;
S147G 5¢- ATTCCCTACAATCCCCAAGGTCGTGGAGTAATAGAATCT-3¢;
G149A, 5¢- TACAATCCCCAAAGTCAAGCAGTAATAGAATCTATGAAT-3¢.
5
The IN mutants M50I/R263K, S119R/R263K, T124A/S153Y, and M50I/S119R/R263K (shown
in fig. S8), were made as follows: The M50I/R263K and S119R/R263K IN mutants were made
using the previously generated R263K mutant and the M50I and S119R oligonucleotides were
employed to introduce the second mutations. The IN mutant T124A/S153Y was constructed using
10

the previously made S153Y IN mutant, with the appropriate T124A oligonucleotides being used
to add the second mutation. The IN mutant M50I/S119R/R263K was made using the
aforementioned IN mutant M50I/R263K with the S119R oligonucleotides being used to add the
third mutation. The IN mutant V72I/E138K/Q148K was made using the previously generated IN
mutant E138K/Q148K and the appropriate oligonucleotides for V72I, to add the third mutation.

15

The IN mutant G140S/Q148H/G149A was made using the previously constructed IN mutant
G140S/Q148H and the appropriate oligonucleotides for G149A to add the third mutation. The IN
mutant L74M/G140S/S147G/Q148K was made using the previously generated IN mutant
G140S/Q148K and appropriately listed oligonucleotides for L74M and S147G, respectively, to
add the third and fourth mutations. The DNA sequence of each construct was determined. The

20

mutated IN coding sequences from pBluescript KS+ were then subcloned into pNLNgoMIVRΔEnv.LUC (between the KpnI and SalI sites) to produce mutant HIV-1 constructs, which were
also checked by DNA sequencing.

10

Submitted Manuscript: Confidential

Supplementary Text
Supplementary Note 1: Electrostatic potential of the 4-amino group within the naphthyridine
core
5
The strength of magnesium coordination from the ligands is modulated by the electrostatic
potential on their surface. Density functional theory calculations show that the electron-donating
amino group on the naphthyridine affects the electrostatic potential in a measurable way
(increasing from -143 to -146.8 atomic units). This difference would increase the strength of the
10

magnesium coordination and contribute to the binding affinity.

11
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Fig. S1. Intasome assembly scheme. Under specific biochemical conditions, an oligomer of IN
proteins will assemble on the ends of vDNA to form the stable synaptic complex (SSC). IN then
cleaves two nucleotides from the 3¢ ends of vDNA, forming the cleaved synaptic complex (CSC)
5

that exposes the conserved free 3¢-OH groups of the catalytically competent CA dinucleotides.
CSC intasomes can capture target DNA (tDNA) to form the target capture complex (TCC), which
will rapidly catalyze strand transfer to form the post-catalytic strand transfer complex (STC) in
which the tDNA and the integrated vDNA are still bound to the intasome. INSTIs specifically bind
to CSC intasomes and prevent the formation of the TCC(6), inhibiting catalysis.

10

12
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Fig. S2. CSC intasome purification and functional analysis. (A) Apo CSC intasomes were first
separated on a Superose 6 column. After the initial separation, partially purified apo CSC
intasomes from the Superose 6 purification were further subjected to a size exclusion purification
5

by TSKgel Ultra HPLC column (red and blue). The profile showed a residual amount of size
heterogeneity. The larger species were identified as intasome stacks (see fig. S4). Intasomes that
eluted between 7.0 and 8.0 mL were collected for another round of size exclusion to verify their
purity and stability. Reinjection of the eluted complexes onto the same TSKgel Ultra HPLC
column (yellow/green curve) showed that most of the larger intasome stacks were removed for

10

subsequent structural studies. (B) Intasome activity assay post-TSKgel purification. Integration
products were separated on an agarose gel and visualized by ethidium bromide staining (left) and
fluorescence scanning (right). Only labeled oligonucleotides are detected with fluorescence
scanning. Lane 1, intasomes were omitted from reaction; lane 2 and 3, 10 nM and 20nM of apo
intasomes were added into the reaction mixtures, respectively.

13
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Fig. S3. Cryo-EM structure determination and validation of the apo form of HIV CSC. (A)
Representative cryo-EM micrograph of HIV apo CSC, taken at -2.15 µm defocus (scale bar,
20nm). (B) Selected 2D class averages. (C) Reconstructions of the HIV CSC intasome (top) and
5

masked by CIC (bottom). Reconstructions at top reveal a dodecameric configuration of protomers.
Maps are colored to either highlight the 6+2 different protomers found within the masked region

14
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(center) or the 6 protomers comprising the HIV CIC (right). Colors refer to: cyan and dark green
– dimer 1; light green and dark blue – dimer 2; purple and orange – flanking protomers; yellow
and red – distal protomers that are not part of the CIC and have only been observed in lentiviral
intasomes. (D) Reconstruction of the apo CSC intasome colored by local resolution (left), and
5

atomic model colored by the eight protomers (right). Side and bottom views are displayed on the
top and bottom, respectively, for both map and model. The highest resolution is in the active site
and reached ~2.7 Å. (E) Half-map and map-to-model Fourier Shell Correlation (FSC) curves for
masked and unmasked maps. Cutoffs for 0.143 and 0.5 are shown. (F) Euler angle distribution
plot describing the relative particle orientations contributing to the final refined map (values refer

10

to particle count) and the 3DFSC isosurface plot showing the resolution range of the map for the
least favorable cross-sectional view (values refer to resolution). Arrow indicates the direction of
preferred orientation (Z-resolution with respect to the electron beam). (G) Stereo view of the apo
map and model highlighting the catalytic core, where INSTIs bind. The 3¢-adenine 21 (dA21) is
positioned in its stacking conformation with the penultimate nucleotide cytosine 20 (dC20). Ca2+

15

ions are in green, waters in red.

15
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Fig. S4. Lentiviral intasomes assemble to form distinct species in vitro. (A) Comparison of the
prototype foamy virus (PFV) tetrameric intasome (6), the HIV tetrameric and dodecameric
intasomes (4), and the Maedi Visna Virus (MVV) hexadecameric intasome (7). Colors refer to:
5

DNA, green; CIC, yellow; remaining IN protomers, blue. The CIC is highlighted for all species.
(B) 2D class averages from the current work collected from a dataset prior to passing the sample
through the TSKGel HPLC columns and removing the majority of the large species. The large
species are indicated by green dots and small species (which are dodecameric CSC intasomes)
indicated by red dots. (C) The large species could be independently selected, refined, and

10

reconstructed using single-particle analysis, revealing a map with multiple sets of vDNA (left).
Rigid body docking of IN components, colored by CIC, shows that these oligomers correspond to
“proto-intasome” stacks (right), which are not biologically relevant due to the presence of multiple
copies of vDNA, but nonetheless assemble a similar CIC, due to interface conservation. Intasome
stacks were not further pursued, because we were able to isolate monodisperse CSCs.

15
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Fig. S5. Putative position of the Sso7d fusion domain within Sso7d HIV intasomes. Molecular
surface views of a dodecameric HIV intasome assembly. The CIC is dark. Putative locations of
the Sso7d fusion domain, which is invisible within experimental cryo-EM density maps (likely
5

due to flexibility conferred by the glycine linkers), are colored red. Notably, these locations are
not expected to interfere with the CIC, where INSTIs bind.

17
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Fig. S6. Differences between PFV and HIV intasome CICs. (A) Domain organization of Sso7dHIV and PFV IN. Conserved domains are colored as following: green, NTD; orange, CCD; purple,
CTD; cyan, linkers. (B) Domain organization within HIV and PFV CICs, shown in a molecular
5

surface representation, colored as in A. (C) Atomic model of the HIV intasome CIC, colored by
RMSD corresponding to a structure-based alignment with the PFV intasome CIC. The orientation
of the models matches those in B. The vDNA is in gray and the regions of the HIV atomic model
that are missing in PFV intasomes are colored dark red. RMSD scale ranges from: 0 Å (blue), 1.5
Å (white) and 3 Å (red).
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Fig. S7. Differences between PFV and HIV intasome in the active site. (A) The active site of
the HIV (green, top panel) and PFV (gold, bottom panel) apo intasomes, displayed with the same
orientation as in Fig. 1C. Residues associated with INSTI resistance are highlighted for HIV and
their corresponding residues in PFV IN. Stereo-view of the superimposed HIV and PFV intasome
5

active sites are displayed. Numbers refer to regions of interest containing viral resistant variants
not conserved between HIV and PFV (B) Close-up stereo views of resistant variants (bold) and
surrounding regions indicated in panel A. Strong interactions are represented by dashed lines.
Alignment of the two regions was performed on the IN CCD.

10
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Fig. S8. Comparison of antiviral potencies against a panel of INSTI-resistant mutants
selected in vitro. The EC50 values were determined for the clinically relevant INSTIs (DTG and
BIC) and our compounds using vectors that carry INSTI-resistant double, triple, and quadruple
5

mutants in a single-round infection assay, shown up to a maximum concentration of 100 nM. The
compounds used for treating cells and generating drug resistant variants are indicated for each set
of mutants. The error bars represent standard deviations of independent experiments, n=3.

10
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Fig. S9. INSTI-bound CSC intasome purification and functional analysis. (A) Intasomes
bound to BIC were first separated on a Superose 6 column. After the initial separation, partially
purified intasomes from the Superose 6 purification were further subjected to a size exclusion
5

purification by TSKgel Ultra HPLC column (red and blue). Intasomes that eluted between 7.0 and
8.0 mL were collected for another round of size exclusion to verify their purity. Similar to apo
intasomes, reinjection of the eluted complexes onto the same column (yellow/green curve) yielded
CSCBIC complexes suitable for structural studies. Profiles for intasomes that contained compounds
4d and 4f looked similar to the BIC-containing intasomes. (B) Intasome activity assay. Apo

10

intasomes were isolated and inhibited with INSTIs. Integration products were separated on an
agarose gel and visualized by EB staining (left) and fluorescence scanning (right). Lane 1,
intasome was omitted from reaction; lane 2, 10 nM apo intasome was added into the reaction
mixture, respectively; lane 3-6, reactions were carried out in the presence of 10 nM intasome and
0.05 mM of the respective inhibitor, BIC, 4d, 4f, and 4c.

15
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Figure S10. Image processing strategy for the high-resolution intasome maps. All datasets
were collected using tilts (T20 = 20o, T30 = 30o, T40 = 40o) with numbers defined in Table S1.
Movies were corrected for beam-induced movement after the removal of the first 3 sub-frames
using Motioncorr2, implemented within the Appion platform. The generated sums (4-80) were
5

used for CTF estimation and particle picking in WARP. The initial distribution of particles from
different tilted datasets is shown in the upper pie plot. WARP outputs were converted into cisTEM
inputs. Iterative 3D classifications and refinements were performed through Auto-Refine and
Manual-Refine tabs in cisTEM. 3D Classification and refinements were performed until no further
gains in resolution or map quality were observed. A final step of beam tilt refinement using a

10

program provided by Tim Grant (Janelia Research Campus) was applied to all maps (the 4f
complex did not benefit from this approach). The contribution of the tilted particles for the final
maps is represented by the pie plots below.
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Fig. S11. Cryo-EM structure determination and validation of compounds BIC, 4d, and 4f
bound to the HIV CSC intasome. (A) Local resolution estimates for each map, colored in
Chimera. Side and bottom views of the reconstructions are shown. (B) FSC curves for half-map
5

and map-to-model, both masked and unmasked, showing both FSC cutoffs 0.143 and 0.5. (C)
25
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Euler angle distribution plots describing the relative particle orientations contributing to the final
refined maps (values refer to particle count) and the 3D FSC isosurface plots showing the
resolution ranges of the maps for the least favorable cross-sectional view (values refer to
resolution). Arrow indicates the direction of preferred orientation (Z-resolution with respect to the
5

electron beam). (D) Stereo views of the maps and models bound to the respective INSTIs
highlighting the catalytic core.
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Figure S12. Cryo-EM structure determination and validation of compound 4c bound to the
HIV CSC intasome. (A) Local resolution estimates for each map, colored in Chimera,
accordingly. Side and bottom views of the reconstructions are shown. (B) FSC curves for half5

map and map-to-model, both masked and unmasked, showing both FSC cutoffs 0.143 and 0.5. (C)
Euler angle distribution plots describing the relative particle orientations contributing to the final
refined maps (values refer to particle count) and the 3D FSC isosurface plots showing the
resolution ranges of the map for the least favorable cross-sectional view (values refer to
resolution). Arrow indicates the direction of preferred orientation (Z-resolution with respect to the

10

electron beam). (D) Stereo views of the map and 4c model highlighting the catalytic core where
the drug binds.
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Fig. S13. Alternate rotameric configurations of the terminal 3¢-adenosine. The terminal 3¢adenosine of the vDNA can adopt two alternative binding conformations in the presence of
INSTIs. In rotamer 1, the adenine stacks on top of the bound INSTI and constructively contributes
5

to INSTI binding. In rotamer 2, the adenine points away from the INSTI. Chemical optimization
that promotes the stability of conformer 1 stability should be advantageous for ligand binding. The
cryo-EM density map is contoured at 3.6 s. Occupancy values were calculated by summing the
average real space map values for the atoms (calculated in Chimera) comprising the base for each
conformational state.

10
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Fig. S14. Binding modes of compounds 4d and 4f follow the concept of filling the substrate
envelope. The HIV intasome substrate envelope is shown as a multi-color surface/stick
representation. It is generated from the post-3¢-processed vDNA substrate from the HIV intasome
5

(PDB 5U1C, dark red), the dinucleotide fragment of pre-3¢-processed vDNA substrate from the
PFV intasome (PDB 4E7I, light brown) and host target DNA substrate (PDB 5U1C, green). The
same coloring scheme was used in all of the panels. (A) The HIV intasome is colored by
asymmetric unit (grey and dark grey) and the substrate envelope is shown. (B) Active site region
showing the conserved DDE motif and compound 4d (black) bound completely within the

10

substrate envelope. (C) Superposition of compounds 4d (light blue) and 4f (light pink) with
substrate DNA fragments. For both 4d and 4f the terminal parts of their 6¢ substituents occupy the
29
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space where both vDNA and tDNA substrates bind. (D) Zoom on the fit of compounds 4d (light
blue) and 4f (pink) within the substrate envelope.
.
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Fig. S15. Quantitative analysis of water molecules bound to HIV intasome maps. Zoom into
the HIV intasome active sites of (A) apo, (B) BIC, (C) 4d, and (D) 4f bound structures, showing
the solvent (O atoms from water) labeled by their calculated Q-scores (43). Density surrounding
5

the water molecules of relative cryo-EM maps are shown.
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Fig. S16. The amino group in the naphthyridine scaffold helps to stabilize the structure of
the bound-state rotamer. There is rotational freedom around the bond connecting the
naphthyridine core to the amide linker (arrow in molecules). The bound state rotamer corresponds
5

to a dihedral angle equal to 0 degrees, and is used as the reference energy (0 kcal/mol) in the torsion
profile. In both scaffold A and B, the bound state rotamer is the most stable conformer. For
conformers deviating from the bound state (i.e., a dihedral larger than 60 degrees), the addition of
the amino group increases the energetic penalty from about 5 to 8 kcal/mol between scaffold A
and B, respectively.
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Data collection and
processing
EMDB ID

apo

BIC

4d

4f

4c

EMD-20481

EMD-20483

EMD-20484

EMD-20485

EMD-21038

Titan Krios
Gatan K2
Counting
300
37000
34,30,36
43
5.4
1.5 - 3.0
0.79
80
10
C2
1,989
326,483
157,952
2.9
2.7 – 3.7
0.87

Titan Krios
Gatan K2
Counting
300
37000
40,43,18
45
5.6
1.5 - 3.0
0.79
80
10
C2
2,188
340,266
146,022
2.9
2.7 – 3.7
0.87

Titan Krios
Gatan K2
Counting
300
37000
38,41,21
45
5.6
1.5 - 3.0
0.79
80
10
C2
2,024
234,582
138,770
2.8
2.6 – 3.6
0.85

Titan Krios
Gatan K2
Counting
300
37000
18,44,38
42
5.3
1.5 - 3.0
0.79
80
10
C2
2,072
412,354
143,698
2.8
2.7 – 3.6
0.83

Titan Krios
Gatan K2
Counting
300
37000
39,31,30
45
5.6
1.5 - 3.0
0.79
80
10
C2
2,783
375,744
142,225
3.4
3.1 – 4.3
0.87

Model statistics
PDB ID

apo
6PUT

BIC
6PUW

4d
6PUY

4f
6PUZ

4c
6V3K

Refinement package (Real space
refinement)
Model composition
Protein (residues)
DNA (nucleotides)
Ligands
Map CC
FSC map-to-model (global) (0.5)
RMSD [bonds] (Å)
RMSD [angles] (°)
All-atom clashscore
Molprobity score
Ramachandran plot
Favored (%)
Allowed (%)
Outliers
Rotamer outliers (%)
CaBLAM outliers (%)
C-β deviations (%)
EM-Ringer Score
Average B-factors
protein (Å2)
DNA (Å2)
water (Å2)
ligand (Å2)
* The SCF value is calculated as
described (48), but currently
assumes that all orientations have
been properly assigned and does
not take into account false
positive assignments

Phenix

Phenix

Phenix

Phenix

Phenix

589
34
n/a
0.90
3.0
0.007
0.820
4.38
1.31

605
36
BIC
0.90
3.0
0.005
0.582
7.04
1.42

621
36
4d
0.91
3.0
0.011
0.831
4.32
1.39

615
36
4f
0.91
3.0
0.007
0.809
5.31
1.32

613
36
4c
0.87
3.6
0.006
0.706
8.42
1.79

97.52
2.48
0.00
0.2
1.31
0
4.56

97.88
2.12
0.00
0.2
1.86
0
4.70

97.00
3.00
0.00
0.2
1.74
0
4.33

97.83
2.17
0.00
0.2
0.88
0
4.50

95.14
4.86
0.00
0.2
2.58

42.55
51.84
37.54
n/a

37.30
52.40
29.88
30.29

35.43
50.14
31.77
27.29

32.28
47.40
29.86
39.40

39.76
65.78
n/a
37.49

Microscope
Detector
Recording mode
Voltage (kV)
Magnification
Tilts (20°,30°,40°; in %)
Total dose (e–/Å2)
Dose rate (e–/pix/s)
Defocus range (µm)
Pixel size (Å)
Number of frames/movie (no.)
Frame rate (frames/sec)
Symmetry imposed
Number of micrographs (no.)
Total picked particle (no.)
Particles used for final map (no.)
Resolution global (FSC 0.143, Å)
Resolution in CIC (FSC 0.143, Å)
SCF value*

Table S1. Cryo-EM data collection and atomic modeling statistics
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HIV-1
His51
Val54
Gln62
Leu63
Asp64
Cys65
Thr66
His67
Leu68
Ile73
Leu74
Val75
Glu92
Thr115
Asp116
Asn117
Gly118
Ser119
Asn120
Phe121
Thr122
Phe139
Gly140
Ile141
Pro142
Tyr143
Asn144
Pro145
Gln146
Ser147
Gln148
Gly149
Val150
Ile151
Glu152
Ser153
Met154
Asn155
Lys156
Lys159
Ser230
Arg231
Arg263
Lys264

PFV
Ile112
Pro115
Phe126
Ile127
Asp128
Tyr129
Ile130
Gly131
Pro132
Val142
Leu143
Val144
Pro161
Ser184
Asp185
Gln186
Gly187
Ala188
Ala189
Phe190
Thr191
Phe208
Ser209
Thr210
Pro211
Tyr212
His213
Pro214
Gln215
Ser216
Ser217
Gly218
Lys219
Val220
Glu221
Arg222
Lys223
Asn224
Ser225
Lys208
Ala328
Arg329
Asp367
Asn368

Chain
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
K
K
K
K

Resistance mutant
X

X

X
X

X

X

X

X
X
X
X
X
X

X
X

Table S2. Conservation of residues near the active site between HIV-1 and PFV. Residues
within 10 Å of BIC were identified and are indicated in the table, marked with the appropriate
chain ID. The Dolutegravir bound PFV intasome was used for comparison (PDB 3S3M) (17).
5

Green color indicates conserved residues between the two INs; red color indicates variable
residues. “X” identifies residues that are prone to resistance (12) (https://hivdb.stanford.edu/drsummary/resistance-notes/INSTI/).
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