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S T R U C T U R A L  B I O L O G Y

Cryo-EM reveals a mechanism of USP1 inhibition 
through a cryptic binding site
Martin L. Rennie*, Connor Arkinson, Viduth K. Chaugule, Helen Walden*

Repair of DNA damage is critical to genomic integrity and frequently disrupted in cancers. Ubiquitin-specific pro-
tease 1 (USP1), a nucleus-localized deubiquitinase, lies at the interface of multiple DNA repair pathways and is a 
promising drug target for certain cancers. Although multiple inhibitors of this enzyme, including one in phase 1 
clinical trials, have been established, their binding mode is unknown. Here, we use cryo–electron microscopy to 
study an assembled enzyme-substrate-inhibitor complex of USP1 and the well-established inhibitor, ML323. 
Achieving 2.5-Å resolution, with and without ML323, we find an unusual binding mode in which the inhibitor 
disrupts part of the hydrophobic core of USP1. The consequent conformational changes in the secondary struc-
ture lead to subtle rearrangements in the active site that underlie the mechanism of inhibition. These structures 
provide a platform for structure-based drug design targeting USP1.

INTRODUCTION
Human DNA is under constant assault from external and endogenous 
agents that induce damage, including ultraviolet radiation, smoking, 
replication stress, cellular metabolites, and the radiation and chemo-
therapeutics widely used in targeted cancer treatments. In response, 
multiple organized DNA repair pathways have evolved, with differ-
ent types of DNA damage eliciting different responses. Ubiquitin-
specific protease 1 (USP1) is a nucleus-localized deubiquitinase and 
a well-established component of DNA repair, acting in the Fanconi 
anemia (FA) pathway (1) and translesion synthesis (TLS) (2) to cat-
alyze the removal of specific monoubiquitin signals (Fig. 1A). In the 
FA pathway, USP1 deubiquitinates the heterodimer of FA groups I 
and D2 proteins (FANCI-FANCD2) to release the complex from 
DNA (1, 3), while in TLS it acts on proliferating cell nuclear antigen 
(PCNA) to regulate polymerase recruitment (2). USP1 has also been 
shown to deubiquitinate several oncogenic proteins to prevent their 
degradation (4, 5).

USP1 is a promising target for the treatment of several types of 
cancer. USP1 expression is up-regulated in certain breast cancers (6, 7), 
ovarian cancers (5), colorectal cancers (8), and bone cancers (4), often 
correlated with poor prognosis (5, 7, 8). Reduction of USP1 activity 
via small molecules or at the level of gene expression has been shown 
to decrease growth of cancer cells (4), particularly when in combina-
tion with other DNA-targeting treatments (5, 6, 8–10). This has fueled 
interest in development of USP1 inhibitors (9–11), with the first 
phase 1 clinical trials commencing in 2021 (12). However, the mecha-
nism for inhibition remains unknown because of a lack of structural 
data. In particular, there are no available enzyme-inhibitor structures. 
ML323, a well-established inhibitor, is thought to interact with USP1 
allosterically (10) and, at the cellular level, has been suggested to 
cause replication stress via trapping of USP1 on DNA (13). Identifi-
cation of the proposed allosteric binding site has remained elusive, 
hampering efforts to develop the next generation of inhibitors.

Recently, we determined structures of USP1 using crystallography 
and cryo–electron microscopy (cryo-EM) at resolutions sufficient to 

resolve protein side chains (3.2 to 3.7 Å) (14). Although such resolu-
tion provides understanding of protein-protein interfaces, it is not 
high enough to model features required in structure-guided drug 
design, which typically needs 2.5 Å or better to unambiguously 
identify small-molecule ligands and their interactions (15). Despite 
extensive efforts, we have found it challenging to produce crystals of 
USP1 diffracting to high resolution, likely due to inherent flexibility. 
The small size of USP1 (90 kDa) also makes it a difficult target for 
cryo-EM. However, when assembled with both its activating partner 
UAF1 (USP1 associated factor 1) (16), and its largest substrate, the 
FANCI-FANCD2 DNA clamp (17–20), the complex reaches 0.5 MDa. 
We recently reported the structure of this complex, mutated at the 
active site cysteine to limit catalysis (Cys90Ser) (14). Although still 
at limited global resolution, we were able to resolve the active site, 
including the isopeptide bond of the ubiquitinated substrate, so we 
wondered whether this scaffold would be amenable to identifying 
the binding site and mechanism of USP1 inhibition by ML323.

RESULTS AND DISCUSSION
Previous studies have focused on diubiquitin and ubiquitinated PCNA 
as substrates in inhibitor screens; therefore, we first asked whether 
ML323 inhibits FANCI-FANCD2 deubiquitination in vitro. We find 
that, in our reconstituted assay, the FANCI-FANCD2 heterodimer, 
with monoubiquitin on FANCD2, is readily deubiquitinated by 
USP1-UAF1, but this is notably reduced in the presence of ML323 
(Fig. 1B and fig. S1). We then assembled the enzyme-substrate-
inhibitor complex from the six individual components (USP1C90S-
UAF1-FANCI-FANCD2Ub-dsDNA-ML323). Single-particle analysis 
of this complex with cryo-EM yields a consensus reconstruction to 
2.7 Å (Fig. 1C, fig. S2, and table S1). Focused reconstruction of 
USP1-ubiquitin and classification into two states yields reconstruc-
tions of USP1 with and without ML323, each to 2.5 Å (Fig. 1, D and E, 
and fig. S3). At this resolution, the inhibitor can be unambiguously 
identified and modeled as well as several water molecules within the 
structures (Fig. 1E and fig. S4).

Rather than binding to a pocket on the surface of USP1 or in the 
active site, the inhibitor binds within the hydrophobic core of USP1, 
replacing elements of the USP fold (Fig. 2, A and B). This cryptic 
site lies between the palm and thumb subdomains of the USP fold, 
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~9 Å from the active site cysteine (Cys90 mutated to Ser; C to the 
nearest nonhydrogen atom of ML323). Superposition of the ML323 
binding site onto the unbound structure reveals >80% of the ML323 
atoms clash with atoms of the unbound structure, as measured by 
solvent-excluded surface area calculations (fig. S5). This extensive 
overlap highlights the requirement for drastic rearrangement of the 
protein structure to accommodate the inhibitor. ML323 displaces 
two segments of the polypeptide containing two short  strands of 
the thumb (1 and 2; Fig. 2A). 1 resides at the N terminus of the 
USP fold and is completely displaced together with adjacent residues 
(76 to 88; Fig. 2B). 2 becomes less ordered together with adjacent 
residues (168 to 195), and we were unable to unambiguously model 
this region (Fig. 2, C and D). In crystal structures of USP1 [Protein 
Data Bank (PDB) IDs: 7AY0 and 7AY2] (14), these segments are 
partially disordered in the absence of crystal contacts, suggesting 
inherent flexibility even in the absence of ML323. Hence, this region 
may undergo conformational exchange between a compact state, 
observed in the unbound cryo-EM structure, and an open state in 
which the ML323 binding site is exposed. In effect, the inhibitor 
replaces a buried segment of the protein structure and increases dis-
order in the surrounding region.

ML323 contacts numerous hydrophobic residues of both the palm 
and thumb that were previously part of the hydrophobic core (Fig. 2B). 

In addition, the side chain of Gln97 is displaced by ML323 to form a 
hydrogen bond with a water molecule and may form a strained hy-
drogen bond with the pyrimidine of ML323. The isopropyl group of 
ML323 occupies the same position of the equivalent group of Leu83 
in the unbound structure, while the triazole contributes a hydrogen 
bond with Gln160, explaining why these modifications improved 
inhibition compared to the initial inhibitor on which ML323 was 
based (Fig. 2B and fig. S6) (10, 11). The helix on which Gln160 is lo-
cated bends to form additional van der Waals contacts with ML323. 
The corresponding helix in the closely related USP12 (21, 22) and 
USP46 (23), which both share UAF1 as a cofactor, is shorter (Fig. 2D). 
This helix and the adjoining loop are also smaller in other USPs com-
pared to USP1 (fig. S7). Hence, this region of USP1 may mediate the 
selectivity of ML323 for USP1 over other USPs (10).

The cryo-EM structures also explain the mechanism of inhibi-
tion by ML323. Although the active site cysteine is not appreciably 
perturbed in the ML323-bound structure, there is a subtle change in 
the loop containing the catalytic aspartate, Asp751, on the palm sub-
domain (Fig. 3A). This disruption repositions Asp751 further from 
the catalytic histidine, His593, breaking a hydrogen bond between 
them. An adjacent aspartate, Asp752, moves closer to His593 forming 
a new hydrogen bond with the imidazole ring. On the basis of this 
hydrogen bonding geometry, the imidazole ring of His593 flips and 
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Fig. 1. Cryo-EM structures of inhibitor-bound and unbound USP1. (A) Schematic representation of USP1-UAF1 and its substrates. (B) ML323 inhibits deubiquitination 
of FANCI-FANCD2Ub by USP1-UAF1 in vitro. Reactions of USP1-UAF1 at 0.1 M and FANCI-FANCD2Ub at 1 M in the presence or absence of 10 M ML323 [0.25% dimethyl 
sulfoxide (DMSO)] assessed by SDS–polyacrylamide gel electrophoresis and Coomassie staining. Image is representative of two technical replicates. See also fig. S1. 
(C) Cryo-EM map of reconstituted FANCI (purple), FANCD2 (green) conjugated with ubiquitin (yellow), USP1 (pink), UAF1 (orange), and ML323. (D) Focused map of 
USP1-ubiquitin without ML323. (E) Focused map of USP1-ubiquitin with ML323 (blue). A refined model of ML323 and surrounding map contoured at 6.8 root mean square 
deviation (RMSD) is highlighted.
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forms an additional hydrogen bond with a water molecule when ML323 
is bound (Fig. 3B). In the unbound state, this histidine is poised to 
deprotonate what would be the catalytic cysteine, which would then 
allow nucleophilic attack on the isopeptide (Fig. 3B). However, in 
the flipped conformation, when ML323 is bound, the histidine is un-
able to deprotonate the cysteine. This flipping of the imidazole ring 
likely underlies the reduction in the catalytic rate by ML323 (Fig. 1B) 
(10). ML323 can therefore be classified as a type IV deubiquitinase 
inhibitor (24)—binding outside of the ubiquitin-binding site and 
allosterically inhibiting catalysis.

ML323-induced changes remain localized around the ML323 bind-
ing site and USP1 active site. We generated consensus reconstructions 
of USP1-UAF1-FANCI-FANCD2Ub-dsDNA with and without ML323 

based on the classified particles (fig. S8, A to D, and table S1). On 
FANCD2, adjacent to Lys561, which is conjugated with ubiquitin, 
Arg560 forms a hydrogen bond with Asp751 of USP1 when ML323 is 
absent (14). When ML323 is bound, the side chain of Arg560 is some-
what disordered, likely arising from the movement of the Asp751 loop 
and breaking of the hydrogen bond between Arg560 and Asp751 (fig. 
S8E). Further, the displaced 1 region moves between FANCD2 and 
USP1 (fig. S8E). We speculate that these changes may be suboptimal 
for USP1 binding to substrate and therefore explain the reduced bind-
ing of ML323 to substrate-bound USP1 that has previously been 
observed (10). The remainder of the FANCD2-USP1 interface is 
effectively unchanged between ML323-bound and unbound structures, 
as well as the USP1-UAF1 interface (fig. S8F). These interfaces may 
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Fig. 2. Inhibitor binding disrupts the hydrophobic packing of USP1. (A) Superposition of the ML323-bound (colored) and unbound (gray) structures. ML323 is shown 
as spheres. A dashed line represents the interface between the palm and thumb of USP1. The displaced  strands of the thumb (1: residues 82 to 83, 2: residues 175 to 
176) are indicated. (B) Comparison of the ML323 binding site between the bound (colored) and unbound (gray) states. Q97 and Q160 form potential hydrogen bonds 
with ML323, shown as dashed lines. C trace and side chains involved in ML323 binding are shown. Cryo-EM maps are shown as mesh contoured at 6.8 RMSD. (C) Com-
parison of the region surrounding 2 that becomes less ordered upon ML323 binding (residues 168 to 195). C trace is shown and cryo-EM maps as transparent solid 
contoured at 6.8 RMSD. In the ML323-bound state, this region, which we were unable to model unambiguously, is represented as a pink dashed line. (D) Structure-based 
sequence alignment of USP1 with close homologs. Q160 is marked by an asterisk. Helices are represented as tubes,  strands as arrows, loops as solid lines, and unmodeled 
residues as a dashed line.

A B

Fig. 3. Inhibitor binding disrupts the catalytic site. (A) The loop on which the catalytic aspartate, D751, is pushed out by ML323. (B) The catalytic histidine, H593, and 
cysteine, C90S, remain in approximately the same position; however, D752 replaces the hydrogen bond with H593, causing it to flip. Hydrogen bonds are shown as 
dashed lines. Nucleophilic attack is shown by a solid arrow.
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be able to partially compensate for disruption at the ML323 binding 
site. ML323 at 10 M is sufficient to reduce the activity of USP1-UAF1 
on FANCI-FANCD2Ub by approximately 50% in gel-based assays 
(fig. S1). Hence, the ability of ML323 to inhibit USP1 deubiquiti-
nation of FANCI-FANCD2Ub appears reduced compared to ubiq-
uitinated PCNA [median inhibitory concentration (IC50) = 820 nM] 
and further still compared to diubiquitin (IC50 = 174 nM) (10). We 
speculate that the extensive interfaces that form when USP1-UAF1 
recognizes FANCI-FANCD2Ub that are not perturbed by ML323 may 
contribute to this reduced inhibition. Overall, the structures provide 
an allosteric mechanism that rationalizes the mixed mode of inhibition.

USP1 contains multiple insertions in the USP core fold (Fig. 4A). 
While these are predicted to be structurally disordered and are not 
tightly associated with the USP fold (14), they play important roles 
in regulating USP1 function (2, 13, 25, 26). The N-terminal exten-
sion (NTE) (residues 1 to 75) of USP1 has previously been shown to 
assist substrate discrimination (25). Deletion of the NTE markedly 
reduces USP1-mediated deubiquitination of FANCD2 but has little 
effect on deubiquitination of FANCI or PCNA (25). However, the 
mechanism of this discrimination is unknown. We integrated 
AlphaFold predictions together with the cryo-EM data to elucidate 
the structural basis of FANCD2 interaction with the USP1 NTE. We 
used AlphaFold-Multimer (27, 28) to generate models of USP1NTE 
with FANCD2 (Fig. 4 and fig. S9). A short segment of USP1NTE, 
residues 21 to 25, exhibited good confidence scores [pLDDT (pre-
dicted local-distance difference test) > 70, Fig. 4B] and relatively low 
predicted aligned error relative to FANCD2 (Fig. 4C). This region 
maps well to previous biochemical experiments in which mutation 
of these residues to alanine disrupted FANCD2 deubiquitination (25). 
Focused reconstruction and LocSpiral postprocessing (29) of the 
USP1-UAF1-FANCD2Ub-FANCI-dsDNA-ML323 cryo-EM data around 
this region showed additional density in the same position as the 

NTE of the AlphaFold model (Fig. 4D and fig. S10). In the AlphaFold 
model, Leu23 of the NTE inserts into a hydrophobic pocket of FANCD2, 
with Arg22 forming a salt bridge with Asp667 on FANCD2. The im-
portance of positive charge at residue 22 in the NTE has previously 
been established via mutagenesis analysis (25). Mutation of Arg22 to 
glutamate in which the charge is reversed drastically reduced the rate 
of FANCD2 deubiquitination, mutation to alanine in which the charge 
is removed had a moderate effect, and mutation to lysine in which 
the charge is conserved had a negligible effect (25). This is consistent 
with the salt bridge interaction observed in the AlphaFold models. 
The hydrophobic pocket of FANCD2 in which Leu23 of USP1NTE 
binds is absent in the equivalent region of the FANCD2 paralog, 
FANCI (fig. S11). Hence, it is unlikely that the NTE can interact with 
FANCI in the same way it binds to FANCD2. This explains how the 
NTE of USP1 acts as an allosteric adapter to target FANCD2.

We have revealed an unexpected mode of binding to USP1 by a 
small-molecule inhibitor, disrupting a substantial portion of the hy-
drophobic packing. Although there are other examples of an inhibitor 
displacing protein structure [e.g., (30)], the extent to which the USP1 
structure is altered is remarkable. The displacement is likely facili-
tated by intrinsic plasticity in this region exposing the ML323 binding 
site. It is tempting to speculate that there may be a native metabolite 
that regulates USP1 activity at this site. At the resolution achieved, 
we define key interactions that rationalize previous medicinal chemis-
try optimizations and reveal conformational changes induced in the 
catalytic site that underpin inhibition. The ML323-bound structure 
offers the potential for design of new inhibitors that recapitulate and 
improve the protein-ligand interactions but have superior drug-like 
properties. Given the role of the NTE in regulation and the allosteric 
mode of ML323 inhibition, there are exciting opportunities for the 
next generation of inhibitors of this enzyme and in the development 
of future cancer treatments.

A

C

B

D

Fig. 4. AlphaFold confidently predicts an interaction between USP1NTE and FANCD2. (A) Schematic representation of the USP1 primary structure. (B) USP1NTE pLDDT 
confidence scores of five AlphaFold-Multimer replicate models. (C) AlphaFold-Multimer predicted aligned error for the USP1NTE-FANCD2 complex, highlighting the region 
of USP1 confidently predicted to interact with FANCD2. Gray lines separate the two sequences. (D) Rigid-body fit of the AlphaFold-Multimer (27) models of USP1NTE (pink) 
with FANCD2 (green) into the cryo-EM map generated by focused refinement on FANCD2 with LocSpiral (29) postprocessing. The confidently predicted region of USP1NTE 
agrees well with the cryo-EM map (contoured at 4 RMSD).
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MATERIALS AND METHODS
Protein expression and purification
Proteins, all human homologs, were prepared as described previ-
ously (14). Protein purification buffers and columns used are 
provided in table S2. Briefly, His6-TEV-USP1G670A,G671A, His6-
TEV-USP1G670A,G671A,C90S, His6-3C-UAF1, His6-3C-FANCD2, 
His6-FANCI, and His6-TEV-V5-FANCI were expressed separately 
in Sf21 insect cells. Cells were lysed by sonication, clarified, and 
purified by Ni–nitrilotriacetic acid (NTA) affinity and then anion 
exchange chromatography. At this stage, protein aliquots were 
occasionally flash-frozen in liquid nitrogen and stored −80°C. For 
His6-TEV (Tobacco Etch Virus)-USP1G670A,G671A and His6-TEV-
USP1G670A,G671A,C90S TEV protease treatment was performed over-
night at 1:10 protease to target protein with gentle agitation before 
subtractive Ni-NTA affinity chromatography. Flow through was 
concentrated to ~10 mg/ml and separated by gel filtration. Purified 
protein was concentrated to 5 to 15 mg/ml, flash-frozen, and stored 
at −80°C in 10- to 20-l single-use aliquots. All steps were per-
formed on ice or at 4°C and completed within 24 to 36 hours of lysis. 
FANCD2 was ubiquitinated and purified using an engineered Ube2T 
(Ubiquitin-conjugating enzyme E2 T) and SpyCatcher-SpyTag setup 
described in detail elsewhere (31, 32). For FANCD2, the His6-3C tag 
was removed by 3C protease treatment during preparation of the 
monoubiquitinated version.

Protein concentrations were determined using the predicted ex-
tinction coefficients at 280 nm (33) and absorbance via a NanoDrop. 
The ratio of 260 nm/280 nm was ≤0.65 for all protein batches used 
in subsequent experiments.

Cryo-EM sample preparation
The USP1C90S-UAF1-FANCI-FANCD2Ub complex was prepared 
by mixing the four individually purified subunits 5:5:1:1. The com-
plex was exchanged into EM buffer [20 mM tris (pH 8.0), 150 mM 
NaCl, and 2 mM dithiothreitol (DTT)] using a Bio-Spin P-30 col-
umn (Bio-Rad). The concentration of complex was estimated from 
absorbance at 280 nm (assuming no loss of any of the protein com-
ponents), and 1.2 equivalents of double-stranded DNA (dsDNA) 
(61 base pairs; TGATCAGAGGTCATTTGAATTCATGGCTTC-
GAGCTTCATGTAGAGTCGACGGTGCTGGGAT; IDT) per 
FANCI-FANCD2Ub was added. ML323 was then added at 2 equiva-
lents of USP1-UAF1. Immediately before preparing grids, the sam-
ple was equilibrated to room temperature for 5  min. UltrAuFoil 
R1.2/1.3 300 mesh grids were glow-discharged twice at 45 mA for 
60 s. A 3.5-l aliquot of 9.3 M USP1-UAF1, 1.8 M FANCI-FANCD2Ub, 
2.2 M dsDNA, and 18.3 M ML323 was applied. The grids were blot-
ted for 3.0 s and vitrified in liquid ethane using a Vitrobot (Thermo 
Fisher Scientific) operating at ~95% humidity at 15°C.

Cryo-EM sample data collection and processing
Initial grid screening was performed on a JEM-F200 (JEOL) equipped 
with a DE-20 detector (Direct Electron) at the Scottish Centre for 
Macromolecular Imaging (SCMI). For data collection, a Titan Krios 
(Thermo Fisher Scientific) located at the Electron Bio-imaging Centre 
(eBIC) (Diamond Light Source) equipped with a K3 detector (Gatan) 
was used. A total of 10,998 movies were collected using beam-image 
shift. All movies were collected in superresolution mode with 2× 
binning and a calibrated pixel size of 1.06 Å using EPU (Thermo 
Fisher Scientific). Movies were collected with a total dose of ~40 e−/Å2 
over 40 frames at a rate of 15.46 e− per pixel per s.

Subsequent processing was performed in cryoSPARC v2.13.2 
and v3.3 (figs. S2, S3, and S10) (34). Patch motion correction, patch 
CTF (contrast transfer function) estimation, and manual curation 
was performed resulting in 9344 dose-weighted, motion-corrected 
micrographs. A maximum alignment resolution of 3 Å was used 
during patch motion correction. Particle picking, ab initio model 
generation, and cleaning to remove junk picks were performed sim-
ilarly to previously described (14). Blob picking was performed on a 
subset of micrographs with minimum and maximum particle diam-
eters of 150 and 250 Å, respectively, using an elliptical blob, followed 
by two-dimensional (2D) classification and ab initio reconstruc-
tion. Templates from 2D classification were then used to pick from 
all micrographs, and 6.7 million images were extracted with a box 
size of 320 × 320 pixels. Cleaning was performed iteratively and in 
batches by heterogeneous refinement with one good starting model 
and two or three “junk” starting models distinct from the protein 
complex of interest, all low-pass–filtered to 20 Å. Further rounds of 
heterogeneous refinement were performed using the same starting 
model low-pass–filtered at 12, 15, 20, and 30 Å. Between one and 
eight final full passes through the dataset were used in heterogeneous 
refinements. Particles corresponding to the highest resolution class 
were then reextracted yielding 1.3 million particles. Another 
round of heterogeneous refinement yielded 1.15 million particles 
reaching 2.82 Å after nonuniform refinement (35). Local motion 
correction was performed, again with a maximum alignment reso-
lution of 3 Å improving the resolution to 2.76 Å. Global CTF refine-
ment of beam tilt and trefoil (36) against the pooled images was 
performed improving the resolution to 2.72 Å. All Fourier shell cor-
relation (FSC) calculations were performed using masks without 
autotightening as the autotightened mask tended to exclude some 
side chains and water molecules. Local resolutions were calculated 
using an adaptive window factor of 20.

Local refinement was performed with a mask covering USP1 and 
ubiquitin using Gaussian priors of 3° over rotation and 2 Å over 
shifts with marginalization and nonuniform refinement (fig. S3). The 
3D variability analysis of this locally aligned region (two modes and 
2.8-Å filter resolution) and clustering was used to yield two states—
one with ML323 bound and one unbound. 3D classification with 
two classes was performed using the two cluster models filtered to 8 Å 
as inputs. The resulting particles were passed through local refine-
ment again with the mask covering USP1 and ubiquitin. The two 
particle subsets were also used to generate consensus reconstruc-
tions with and without ML323 via nonuniform refinement.

For the FANCD2 helical and C-terminal domain, local refine-
ment was performed with a mask covering this region and using 
Gaussian priors of 3° over rotation and 2 Å over shifts with margin-
alization and nonuniform refinement (fig. S10). LocSpiral (29), via 
the COSMIC2 web platform (https://cosmic-cryoem.org/) (37) was 
used to postprocess the half maps using resolutions between 2.47 and 
30 Å, a bandwidth of 8, threshold for significant comparison 0.95, 
and a threshold for 3D mask of 0.14.

Model building and refinement
ML323-bound and unbound structures were built into the locally 
refined maps using USP1 and ubiquitin from the previous structure 
of USP1-UAF1-FANCI-FANCD2Ub-dsDNA (PDB ID: 7AY1) (14). 
Manual model editing was performed using Coot (38). ML323 re-
straints were calculated using the Grade web server (http://grade.
globalphasing.org/). Automated refinement against the globally 

https://cosmic-cryoem.org/
http://grade.globalphasing.org/
http://grade.globalphasing.org/
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sharpened maps, with the B-factor estimated from the Guinier plot, 
were performed using Phenix real-space refinement (39). A refine-
ment resolution of 2.8 Å (FSC = 0.5) was used. Bond and angle 
restraints for the USP1 Zinc finger, as well as secondary structure 
restraints, were incorporated during automated refinement. To con-
firm the side-chain conformation of His593 modeled in the ML323-
bound state, the conformation was flipped back to the unbound 
conformation and a 0.5-Å random shift introduced across all atoms 
via phenix.pdbtools. This model was passed through automated 
real-space refinement, with NQH-flips enabled, which returned His593 
to the inhibited conformation shown in Fig. 3B.

For the consensus reconstructions of the unbound complex, USP1-
ubiquitin from the focused reconstruction, together with FANCI, 
FANCD2, and UAF1 from PDB ID 7AY1 (14), were used as initial 
models. Manual model editing was performed using Coot (38), with 
AlphaFold models of FANCI (Q9NVI1), FANCD2 (Q9BXW9), and 
UAF1 (Q8TAF3) used to guide editing. Automated refinement against 
the globally sharpened map was performed using Phenix real-space 
refinement (39). A refinement resolution of 3.1 Å was used. Bond 
and angle restraints for the USP1 Zinc finger and isopeptide bond, as 
well as Ramachandran restraints, were incorporated during automated 
refinement. For the consensus reconstruction of the ML323-bound 
complex, USP1-ubiquitin-ML323 from the focused reconstruction, 
together with FANCI, FANCD2, and UAF1 from the consensus 
model of the unbound complex, were used as initial models. Manual 
and automated refinement was performed as per the consensus model 
of the unbound complex. The dsDNA from PDB ID 6VAE (17) was 
rigid body–fitted into the unsharpened maps, and a final round of 
atomic displacement parameter refinement was performed. The 
nucleotides were then stubbed before deposition to the PDB. Cryo-EM 
data and model statistics are reported in table S1. The FSCs between 
the models and maps were computed using Phenix (fig. S3) (40).

Structures and maps were analyzed, and figures were produced 
using ChimeraX (41). Volume operations and calculations were per-
formed in Blender (https://blender.org/) on solvent-excluded surfaces 
that were computed in ChimeraX and exported as Wavefront files 
(.obj). A Boolean modifier was used to generate the difference be-
tween the ML323-alone volume (V1) and the unbound USP1 volume 
(V2), which was taken to be the nonoverlapping volume of ML323 
(V3). The volume overlap was then calculated as (V1 − V3)/V1. 
Structure-informed multiple sequence alignments were performed 
using PROMALS3D (42).

AlphaFold models were generated using the full-length human 
FANCD2 and the NTE of human USP1 (residues 1 to 75) sequences. 
AlphaFold v2.1.0 (27, 28) with multimer model preset was used to 
generate five relaxed models with all other settings as default. The 
AlphaFold models were superimposed onto the FANCD2 chain from 
the cryo-EM built model using matchmaker in ChimeraX, and the 
position was further refined by rigid-body fitting of FANCD2 resi-
dues 650 to 800 into the LocSpiral map.

Deubiquitination assays
Deubiquitination reactions were performed by preparing a 2× sub-
strate mix and a 2× enzyme mix and mixing these 1:1 to initiate the 
reaction. Both mixes were set up on ice and then incubated at room 
temperature for at least 20 min before reaction initiation and during 
the reaction. The 2× substrate mix was prepared by diluting stocks 
(≥30 M) of FANCD2Ub, His6-V5-TEV-FANCI, and dsDNA (61 base 
pairs) with Deubiquitination buffer [20 mM tris (pH 8.0), 75 mM 

NaCl, 5% glycerol, and 1 mM DTT]. The resulting 2× mix was com-
posed 2 M FANCD2Ub, 2 M FANCI, and 8 M dsDNA. The 
2× enzyme mixes were prepared by diluting concentrated stocks 
(≥30 M) of USP1, His6-3C-UAF1, and ML323 or dimethyl sulfoxide 
(DMSO) control with DUB buffer. The resulting 2× mixes were 
composed of 200 nM USP1, 200 nM UAF1, 0.5% DMSO, and 20 M 
ML323, where included. Aliquots of 4 l of reaction were terminated 
at the indicated time points by addition of 20 l of 1.2× NuPAGE 
LDS buffer (Thermo Fisher Scientific) supplemented with DTT 
(final concentration 100 mM). SDS–polyacrylamide gel electro-
phoresis was performed using Novex 4 to 12% tris-glycine plus gels 
(Thermo Fisher Scientific) and subsequent staining of the gels with 
Instant-Blue Coomassie stain (Expedeon).

For Western blotting, 1:1000 dilution rabbit anti-FANCD2 (Abcam, 
ab108928) and 1:8000 dilution mouse anti-V5 (Abcam, ab27671) 
were used for detection of FANCD2 and FANCI, respectively. 
Secondary antibodies labeled with IRDye 680RD or 800CW [donkey 
anti-rabbit immunoglobulin G (IgG) or anti-mouse IgG, LI-COR, 
926-68073, 926-32212) were used at 1:10,000 dilution. Bands were 
subsequently visualized on the Odyssey CLX Infrared Imaging Sys-
tem (LI-COR). Each band was quantified using Image Studio with 
horizontal background subtraction (LI-COR). Percentage ubiquiti-
nation was calculated from the ratio of the ubiquitinated band to the 
sum of the nonubiquitinated and ubiquitinated bands. Replicate assays 
were performed from different thawed protein aliquots, each from the 
same protein preparation. Plots were prepared using matplotlib (43).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq6353
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