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Structural and molecular basis of PCNA-
activated FAN1 nuclease function in
DNA repair

F. Li 1,3,5, A. S. Phadte 1,5, M. Bhatia1,5, S. Barndt 1, A. R. Monte Carlo III 1,
C-F. D. Hou 1,4, R. Yang2, S. Strock1 & A. Pluciennik 1

FAN1 is a DNA dependent nuclease whose proper function is essential for
maintaining human health. For example, a genetic variant in FAN1, Arg507 to
His hastens onset of Huntington’s disease, a repeat expansion disorder for
which there is no cure. How the Arg507His mutation affects FAN1 structure
and enzymatic function is unknown. Using cryo-EM and biochemistry, we have
discovered that FAN1 arginine 507 is critical for its interaction with PCNA, and
mutation of Arg507 to His attenuates assembly of the FAN1–PCNA complex on
a disease-relevant extrahelical DNA extrusions formed within DNA repeats.
This mutation concomitantly abolishes PCNA–FAN1–dependent cleavage of
such extrusions, thus unraveling the molecular basis for a specific mutation in
FAN1 that dramatically hastens the onset of Huntington’s disease. These
results underscore the importance of PCNA to the genome stabilizing function
of FAN1.

DNA repair systems have evolved to rectify exogenous or endogenous
DNA lesions. FAN1 (FANCD2/FANCI associated nuclease 1)1–5 is a DNA
repair enzyme involved in removal of extrahelical extrusions formed
within triplet repeat sequences, andDNA interstrand crosslinks (ICL) at
stalled replication forks1,4–8. Genetic variants in the human FAN1 gene
are associated with modification of age of onset of Huntington’s dis-
ease (HD)9–11, a neurodegenerative disorder caused by expansion of a
CAG repeat tract within exon 1 of the huntingtin gene12. In model
systems, knockout/knockdown of FAN1 promotes triplet repeat
expansion10,11,13–17. Because expansion of CAG repeats in striatal and
cortical neurons over the lifetime of an individual is a key driver of HD
manifestation18, FAN1 is regarded as playing a preventative role in HD
bymaintaining the genetic stability of triplet repeats19.Moreover, FAN1
has also been implicated in stabilization of triplet repeats associated
with fragile X related disorders13,17, suggesting that FAN1 may have a
broader neuroprotective role from repeat expansions in humans.

FAN1 is a 1017-amino-acid protein that harbors a RAD18-like ubi-
quitin-binding zinc finger (UBZ) domain near the N-terminus, an SAF-

A/B, Acinus, and PIAS (SAP)-type primary DNA binding domain (in the
central region), a tetratricopeptide repeat (TPR) domain, and a virus-
type replication-repair nuclease module (VRR_nuc) domain in the
C-terminal region19,20. The FAN1 enzyme possesses 5′ flap endonu-
clease and 5′ to 3′ exonuclease activities1,2,4,5,7 (mediated by its VRR_nuc
domain) and was originally identified as a key player in the reversal of
interstrand crosslink (ICL) damage. Indeed, inactivation of FAN1
results in increased sensitivity of human cells to treatment with ICL-
inducing agents like mitomycin C or cisplatin1,3,4, and in humans leads
to karyomegalic interstitial nephritis- a chronic kidney disease21, and
autism/schizophrenia22.

We have recently shown that the endonuclease and exonuclease
functions of FAN1 act in concert to cleave extrahelical extrusions
(transient structures that arise due to DNA strand slippage within
repetitive sequences) by a process that requires DNA-loaded sliding
clamp proliferating cell nuclear antigen (PCNA)6. The FAN1-catalyzed
cleavage of such structures leads to their removal by factors that are
yet to be identified. The activation of the FAN1 nuclease function by
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PCNA is a strand-directed process wherein the orientation of DNA-
loaded PCNA has been suggested to orient the nuclease activity of
FAN1 to a particular DNA strand. This mechanism requires a physical
interaction between these proteins on DNA, although the molecular
events underlying this activation process are not understood.

Basedon crystal structures of FAN1 andFAN1 incomplexwithflap-
containing DNA substrates7,23,24, two models have been proposed to
explain FAN1 enzymatic function20. The structure of a 5′ flap DNA
bound to an asymmetric FAN1 dimer suggested a model wherein the
FAN1 scans the DNA, binds the DNA lesion and unwinds the 5′ flap to
direct the scissile phosphodiester link to the active site for catalysis24.
This “substrate scanning and unwinding” model is suitable for pro-
cessing of long flaps. By contrast, structures of a FAN1 monomer
bound to a branched DNA (with both 3′ and 5′ flaps) led to a model in
which FAN1 recognizes the 5′ flap terminal phosphate via a basic
pocket and cleaves the DNA successively every third nucleotide7. The
“+3 nucleotide exonuclease”model is suitable for short flaps and nicks
(and as we show here, for extrusions as well).

Our current work is distinct from these prior studies, since we
address FAN1 action on a very different DNA substrate – the (CAG)2
extrusion, which does not contain 3′ or 5′ termini and thus requires
both endonuclease and exonuclease steps. Our cryo-EM structure of
the FAN1–PCNA complex clamped to a (CAG)2 extrahelical extrusion
reveals themechanism of PCNA activation of the FAN1 nuclease. Using
a combinationof structural andbiochemical approaches,we show that
the HD onset-modifying R507H variant of FAN1 abolishes its PCNA-
dependent stimulation as a result of structural distortions in the
FAN1–PCNA binding interface. These data reveal that disruption of
PCNA-dependent stimulation of FAN1 via R507mutation is responsible
for promoting the rapid onset of HD.

Results
Cryo-EM structure of FAN1–PCNA–DNA ternary complex
FAN1 is a DNA repair nuclease that can act on a wide range of DNA
substrates. We have recently shown that FAN1 nuclease activity is
triggered by small extrahelical extrusions (structures that arise from
DNA strand slippage within repetitive sequences during helix
opening)6. FAN1 nuclease activity is stimulated by the DNA-loaded
sliding clamp PCNA to cleave DNA substrates harboring triplet repeat
extrahelical extrusions at physiological ionic strength6 (Fig. 1a-c, Sup-
plementary Fig. 1a–c). Fine mapping of PCNA-activated FAN1 nuclease
cleavage of a linear DNA substrate harboring a (CAG)2 extrahelical
extrusion indicates that the predominant endonucleolytic cleavage
occurs on the strand harboring the DNA extrusion two nucleotides 3′
to the extrusion (resulting in an 18 nucleotides cleavage product,
although aminor product consistent with incision one nucleotide 3′ to
the extrusion is also observed), followed by nucleolytic cuts giving rise
to products of 15, 13, 10, 9, and 8 nucleotides becoming evident as a
function of time (Fig. 1a–c, Supplementary Fig. 1b, c). This periodicity is
reminiscent of previous observations of +3 patterns of FAN1 cleavage
of flap-containing DNAs7. To further understand the function of PCNA
in this reaction, we used cryogenic-electron microscopy (cryo-EM) to
examine the assembled FAN1–PCNA–DNA ternary complex, which
contains recombinant full-length human FAN1 and PCNA and a linear
DNA substrate harboring a (CAG)2 extrahelical extrusion (Supple-
mentary Data 1). The ternary complex was assembled in the presence
of Ca2+ ions to allow DNA binding by FAN1 but prevent DNA cleavage,
since FAN1 requires Mg2+ for catalysis and Ca2+ does not support
nuclease activity7 (also Supplementary Fig. 1d). The complex was iso-
lated by size exclusion chromatography and vitrified on grids for cryo-
EM data collection (Supplementary Fig. 2). Three major classes of the
FAN1–PCNA–DNA complex were identified using single particle ana-
lysis (SPA) (Supplementary Figs. 3–5). Themost complete of these was
class 1, which yielded a 3D map at 3.8Å resolution at a 0.143 cut-off
Fourier Shell Correlation (FSC) (Supplementary Fig. 5a, d). The map

was further sharpened using DeepEMhancer25 (Fig. 1d). We used
AlphaFold 326 predicted models of FAN1, PCNA and DNA as the initial
templates for model building according to the sharpened maps. After
real-space refinement, the models achieved a final correlation coeffi-
cient (CC) of approximately 0.82, indicating an excellent fit between
themodel and the density map (Table 1). The other two 3D class maps
are resolved at 3.4 Å and 5.9 Å for class 2 and 3, respectively (Supple-
mentary Fig. 5b, c). The local resolution estimation of these three
classes was also performed (Supplementary Fig. 5d–f).

The FAN1–PCNA–DNA complex (3D class 1) has approximate
dimensions of 120Å × 100Å × 100Å and reveals a FAN1 monomer
bound to a PCNA trimeric ring that encircles the double-stranded DNA
substrate harboring a (CAG)2 extrusion. TheDNA substrate is threaded
through the PCNA ring at a tilted angle relative to the vertical axis of
trimeric ring surface (Fig. 1d, f). FAN1 alsomakes contact with the DNA
substrate using its catalytic pocket (including TPR and VRR-nuclease
domains), and the DNA is bent at the extrahelical extrusion (Fig. 1d, e).
FAN1 interacts with one of the three PCNA protomers and extends
perpendicularly fromthep21-binding face of the PCNA ring27 (Fig. 1f). It
is noteworthy in this regard that the N-terminal region of FAN1 (1-373)
is not visible in our cryo-EM maps even though the full length human
FAN1 was used, suggesting that the N-terminal region is flexible, in
agreement with previous reports7. The cryo-EMmap of class 2 is highly
similar to the class 1map, showing the same spatial arrangement of the
three components, but some regions are more anisotropic. This class
exhibits a less resolved catalytic pocket of FAN1, suggesting reduced
stability of the interaction between the catalytic domain and the DNA
extrusion (Supplementary Fig. 5e). The class 3mapshows ahelicalDNA
protruding from the bottom of the PCNA ring such that the protein is
positioned closer to the vertical midpoint of the DNA helical axis. The
other end of the DNA is enveloped by density that can accommodate
two α-helices of the FAN1 SAP domain, suggestive of DNA binding by
FAN1 (Supplementary Fig. 5f). The three classes observed here may
represent intermediate states of the FAN1–PCNA–DNA complex dur-
ing substrate recognition and cleavage (see “Discussion”).

FAN1 clips onto two back-to-back hydrophobic pockets
on PCNA
The interaction interface between FAN1 and PCNA as evident in both
class 1 and 2 maps is defined by “pincers” in FAN1 serving as the pri-
mary binding site with one PCNA protomer (Fig. 1e, f). This pincer
architecture is comprised of two flexible “mandibles”: an inner
mandible loop corresponding to amino acids 482-492 within the SAP
domain, and an outer mandible loop comprising of amino acids
505–519, which partially overlaps with the SAP domain (Fig.1e and
Fig. 2a, b). Coulombic surface potential analyses revealed a positively
charged area (pI: 10.53) on the pincers of FAN1 and a highly negatively
charged area (pI: 3.89) on the outer side of the PCNA ring, which
mediates electrostatic attraction and thus enables the interaction
between FAN1 and PCNA (Supplementary Fig. 6). The two mandible
loops of FAN1 interact with two distinct back-to-back hydrophobic
pockets of PCNA (Fig. 2c–e), with the interface area measuring
approximately 775:816 Å². The inner hydrophobic pocket of PCNA,
which is formed by amino acids L22, Y211, and F214, establishes
hydrophobic contacts with the FAN1 inner mandible loop (Fig. 2c, d).
Likewise, the outer hydrophobic pocket of PCNA, consisting of amino
acids M40, V45, L47, I126, I128, V233, L251, A252, I255, Y133, and Y250,
engages with the FAN1 outer mandible loop residues (Fig. 2c, e).

Further analysis of the FAN1–PCNA interaction interface using the
PDBsum28 program identifiedmultiple interactions contributing to the
stability of this complex, including four hydrogen bonds, one salt
bridge, and 74 van der Waals interactions (Supplementary Data 2).
Notably, Arg507 on FAN1 forms a salt bridge and a hydrogenbondwith
residue Asp232, aswell as an additional hydrogen bondwith Pro253 on
PCNA (Fig. 2f). Furthermore, the His485 and Thr483 on FAN1 establish
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hydrogen bondswith Tyr211 and Ser42 on PCNA, respectively (Fig. 2g).
These intricate interactions underscore the critical role of the pincers
in mediating the stable association between FAN1 and PCNA, which is
essential for the activation of FAN1 extrusion cleavage activity
by PCNA.

Interaction interface of PCNA with DNA
Prior structural, single-molecule, andmolecular dynamics studies have
suggested that movement of the sliding clamp on DNA is facilitated by
a continuous tilt and rotate mechanism, with the tilt angles of DNA
ranging from 15° to 40°29–32. Both of our cryo-EM structures (class 1 and
2) reveal a DNA molecule tilted at ~15° from the Y axis in the Y-Z plane
(Supplementary Fig. 7a, c). PCNA makes several contacts with DNA,
although the 3 subunits do not contribute equally to the PCNA–DNA
interaction interface (Fig. 3). Additionally, based on the comparison of
the class 1 and 2 complexes, weobserve an angulardisplacement of the
DNA by ~4° in the X-Y plane when the complex is in its most stable
conformation (class 1) (Supplementary Fig. 7b). These states may be
reflective ofmovement of the PCNA clamp on the DNA via a cog-wheel
mechanism as has been previously proposed29 (see “Discussion”).

Role of FAN1 major domains in interaction with extrahelical
extrusion-containing DNA
The electrostatic surface potential of FAN1 reveals a positively charged
surface that extends from the SAP domain to the catalytic pocket,
facilitating DNA binding (Supplementary Fig. 6). In our cryo-EM ana-
lysis, the class 1 map reveals density corresponding to the entirety of
the DNA substrate, with the DNA bent at the catalytic pocket of FAN1
by an inner angle of 78° (Fig. 1f). The bent conformation of the DNA is
consistent with previous studies of extrusion-containing DNAs33–36,
and is reminiscent of the bent double flap DNA substrate described
previously in a co-crystal structure with a truncated FAN1 variant (PDB:
4RI8)7. It should be noted here that DNAs harboring extrahelical
extrusions are naturally bent33–35, a conformational feature that may
facilitate recognition by FAN1. The FAN1 SAP domain contacts the pre-
extrusion DNA duplex via amino acids S473, K493, and K482, stabi-
lizing the DNA in the vicinity of the PCNA ring (Fig. 4a, c). The region
between the SAP and TPR domains within the catalytic pocket of FAN1
accommodates the (CAG)₂ extrusion, and involves amino acids Y374,
R420, Y436, R424, and K425, providing an extensive recognition
interface for extrusion sensing (Fig. 4a, b). The overall resolution of the
FAN1 catalytic pocket is relatively low due to the flexibility of the cat-
alytic pocket itself as well as the DNA extrahelical extrusion. However,
the structure suggests that the catalytic residue D960 is positioned for
catalysis 3′ to the extrusion. This is consistent with our biochemical
data showing that FAN1 makes an endonucleolytic incision 1-2
nucleotides 3′ to the extrusion (Fig. 1a–c). The helical repeats of the
TPR domain collaborate with the insertion loop of the VRR_nuc
domain to grip the DNA, using amino acids R679, H681, H716, H718,
R752, and R982, securing the DNA at a fixed angle beyond the extru-
sion site (Fig. 4d–f).

We have shown previously that the PCNA-activated FAN1 nuclease
displays exquisite specificity for extrusion-containing DNAs, with little
to no activity observed on homoduplex DNA6. To establish the

structural basis, if any, of this feature of FAN1 behavior, we determined
the cryo-EM structure of FAN1–PCNA complex bound to a homo-
duplex DNA (Supplementary Fig. 8). We observe two distinct proper-
ties of the homoduplex-containing ternary complex: (i) The DNA
homoduplex is linear and displays no bends, and (ii) FAN1 is bound to
theDNAend, effectively capping it.Wepostulate that the lack of aDNA
bend does not allow FAN1 to capture the DNA substrate in a con-
formation conducive to catalysis.

R507 in FAN1 is critical for PCNA-stimulated FAN1 nuclease
activity
Genome-wide association studies of HD patients have identified single
nucleotide polymorphisms in the FAN1 gene as modifiers of disease
onset, with the R507H variant associated with hastening HD onset by
5.2 years9. Attempts to understand the functional consequence of the
R507H mutation using cellular approaches have been inconclusive10,11.
As noted above, our cryo-EMdata revealed a key roleplayedbyArg507
on FAN1 in mediating the FAN1–PCNA interaction. This residue inter-
acts with Asp232 on PCNA via a salt bridge and a hydrogen bond, and
also with Pro253 on PCNA through a hydrogen bond (Fig. 2f, g).
Therefore, we hypothesized that mutation of FAN1 Arg507 might
impact the PCNA–FAN1 interaction, and thereby affect the ability of
PCNA to activate FAN1. Hence, we mutated and purified recombinant
FAN1 harboring an Arg507 to His substitution; likewise, we also pre-
pared recombinant FAN1 with an Arg507 to Ala substitution to com-
pletely eliminate the positive charge at this residue. We first asked
whether the R507H mutant was able to assemble into a ternary com-
plex with PCNA on a CAG extrusion-containing DNA. As judged by
pulldown assay (Fig. 5a), at nanomolar protein and DNA concentra-
tions, FAN1_R507H is substantially compromised in complex forma-
tion in comparison with the wild-type protein. This result suggests a
significant weakening of the PCNA–FAN1 binding interface potentially
due to loss of H-bond and salt bridge interactionmade by Arg507 with
Asp232 and Pro253 on PCNA. However, other interactions also likely
play a role in stabilizing the FAN1–PCNA complex since it is possible to
isolate a FAN1_R507H–PCNA–DNA complex at micromolar con-
centrations (>75-fold higher concentrations than in the pulldown
assay) (see below and Supplementary Fig. 2).

We then evaluated the effect of the R507H substitution on PCNA-
dependent FAN1 nuclease activity. At an ionic strength of 125mM
monovalent cation, FAN1_WT as well as the R507H and R507A variants
display low levels of nuclease activity by themselves (Fig. 5b). Sup-
plementation of the reaction with 133 nM PCNA significantly restored
FAN1_WT nuclease activity, in agreement with our previous
observations6. By contrast, both FAN1_R507H and R507A were refrac-
tory to activation by PCNA. Even at much higher PCNA concentrations
(up to 1μM), only a modest ~2-fold stimulation in R507H and R507A
nuclease activity was observed (Supplementary Fig. 9a). At low ionic
strength (70mM KCl), the FAN1_WT and FAN1_R507H mutant were
indistinguishable in their cleavage efficiency (Supplementary Fig. 9b),
suggesting that the R507H substitution does not significantly affect
the intrinsic nuclease activity of FAN1. Since Arg507 is located within a
conserved region of the protein that harbors a non-canonical PCNA-
interacting protein (PIP) box (Supplementary Fig. 9c), we mutated

Fig. 1 | PCNA-dependent FAN1 nuclease activity and the cryo-EM structure of
FAN1–PCNA–DNA complex. a A time course of PCNA-dependent FAN1 nuclease
activity on a 3′-radiolabeled linear DNA substrate harboring a (CAG)2 extrahelical
extrusion. FAN1 endonucleolytic cleavage is marked by the pink arrow, and clea-
vage products are indicated by the pink bracket. The 5′ radiolabeled DNA marker
has the same nucleotide composition as the DNA strand harboring the extrusion.
This is a representative image of n = 3 independent experiments (see Supplemen-
tary Fig. 1b, c). b Densitometric scans of the gel above at the indicated time points
show the sequential appearance of cleavage products (pink arrows). c Schematic of
the DNA substrate used in this experiment, with the major FAN1 cleavage sites

depicted by pink arrows. The red asterisk indicates the 3’-radiolabeled DNA end.
The numbers represent the length of the products post FAN1 cleavage.
d FAN1–PCNA–DNA ternary complex cryo-EM maps showing the complete com-
plex from a front view (left), FAN1 catalytic pocket from a back view (upper right),
and PCNA trimeric ring from a bottom view (bottom right). FAN1, PCNA and DNA
are shown in pink, yellow and green, respectively. e Schematic representation of
the human FAN1 protein (as shown previously19) with domains demarcated in dif-
ferent colors. f Atomic model of the FAN1–PCNA–DNA ternary complex, with FAN1
domains colored as per the schematic in (e). See also Supplementary Figs. 1–5 and
Table 1.
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Glu506, Arg507, Ser508, and Val509 residues to Ala. The mutant pro-
tein, referred to as FAN1_4A, was refractory to activation by PCNA
(Fig. 5b), suggesting compromised ability to form a functional
FAN1–PCNA–DNA ternary complex (as observed for the R507H
mutant, Fig. 5a).

PCNA can thread onto linear DNA substrates via double-stranded
DNA ends (Fig. 1) in agreement with previous studies37. However, in
cells since such DNA ends are not readily available, PCNA loading
requires the catalytic action of the five protein replication factor C
complex (RFC)38,39. To mimic this physiological situation, we used
circularDNA substrates ontowhichPCNAcanbe loadedbyRFCusing a
strand discontinuity located 3′ to a (CAG)2 extrusion. On these DNA
substrates, we observed that, in the absence of DNA-loaded PCNA,
FAN1_WT, R507H, R507A, and 4A were all inactive (Fig. 5d lanes 3–5,
11–13, and Fig. 5e). Increasing concentrations of DNA-loaded PCNA
stimulated FAN1 nuclease activity (Fig. 5d, lanes 6–10) for the WT
enzyme. By contrast, the PCNA stimulatory effect is strongly reduced
for the R507H, R507A, and 4A variants (Fig. 5d lanes 14–18 and Fig. 5e

lanes 6–10, 14–18). The observed FAN1 nuclease activity is restricted to
the extrusion-harboring strand (Supplementary Fig. 9d, e). These data
suggest that the intact R507 residue plays a critical role in PCNA-
dependent FAN1 nuclease activation under physiological conditions,
and the R507H variant is severely compromised in its ability to be
activated by PCNA on DNAs harboring CAG extrusions. Our findings
are consistent with the view that the activation of FAN1 by PCNA, and
the efficient removal of CAG extrahelical extrusion by the FAN1–PCNA
complex is critical to the ability of FAN1 to stabilize CAG repeat
expansion, as has been found in cellular and animal models of HD10,14.
Our results also predict that HD patients harboring the FAN1_R507H
variant are susceptible to higher rates ofCAGexpansion in themedium
spiny neurons of the striatum.

Structural comparison of FAN1–PCNA–DNA and
FAN1_R507H–PCNA–DNA complexes
FAN1_R507H is compromised in its ability to form a ternary complex
with PCNA and DNA at molecular concentrations relevant to the

Table 1 | Cryo-EM data collection, refinement and validation statistics

FAN1–PCNA–DNA
intermediate state
(EMDB-45568)
(PDB 9CG4)

FAN1–PCNA–DNA final
state (EMDB-45664)
(PDB 9CL7)

FAN1_R507H–PCNA–DNA inter-
mediate state (EMDB-45590)
(PDB 9CHM)

FAN1_R507H–PCNA–DNA final
state (EMDB-45745) (PDB 9CMA)

Data collection and processing

Magnification 81,000× 105,000×

Voltage (kV) 300

Electron exposure (e–/Å2) 50

Defocus range (μm) −0.75 to –2.5 (step 0.25) −0.75 to –1.75 (step 0.2)

Pixel size (Å) 0.537 0.835

Symmetry imposed C1

Initial particle ima-
ges (no.)

17.2M 17.2M 7.8M 7.8M

Final particle images (no.) 330,492 351,520 317,798 220,764

Map resolution (Å) FSC
threshold

3.4 (0.143) 3.8 (0.143) 3.5 (0.143) 4.0 (0.143)

Map resolution range (Å) 3.0~5.5 3.0~7.5 3.0~6.0 3.0~9.0

Refinement

Initial model used
(PDB code)

AlphaFold prediction

Model resolution (Å) FSC
threshold

0.85 0.82 0.84 0.74

Model resolution
range (Å)

N/A

Map sharpening B fac-
tor (Å2)

142.7 171.7 165.5 182.5

Model composition

Non-hydrogen atoms 8375 12,714 7498 12,740

Protein residues 966 1395 967 1399

Nucleotide 43 86 0 86

B factors (Å2)

Protein 21.58/
160.35/63.28

88.23/568.86/243.57 80.38/337.79/164.82 108.84/743.90/294.75

Nucleotide 198.82/
281.97/225.29

213.73/1040.05/480.62 N/A 143.29/927.80/369.23

R.m.s. deviations

Bond lengths (Å) 0.003 (0) 0.003 (0) 0.004 (0) 0.003 (0)

Bond angles (°) 0.605 (4) 0.702 (9) 0.819 (3) 0.714 (11)

Validation

MolProbity score 1.81 2.20 2.12 2.25

Clashscore 9.02 21.05 16.62 21.42

Poor rotamers (%) 0.35 0.08 0.35 0.00
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nuclease assays discussed above. Therefore, to isolate the
FAN1_R507H–PCNA–DNA complex, reactions containing micromolar
concentrations of proteins and DNA were assembled as described
above for the wild-type protein (Supplementary Fig. 2). The cryo-EM
data for this complex also revealed three major 3D classes. The con-
formations of the mutant ternary complex class 1 and class 2,

resembling the two classes of wild-type FAN1 complex, were refined to
resolutions of 3.5 Å and 4.0Å, respectively (Supplementary Figs. 10,
11). After model fitting and refinement, we observed significant
alterations in the FAN1_R507H–PCNA interface relative to thewild-type
ternary complex. The backbone distance between FAN1 His507 and
PCNAAsp232 is 16.5 Å in themutant complex, while that between FAN1

Fig. 2 | The interaction between FAN1 and PCNA. a Cryo-EMmap showing a side
viewof FAN1 and PCNA interaction sites.bAtomicmodel (front viewoverlaidwith a
densitymap) of FAN1 inner andoutermandible loops that clip one PCNAmonomer.
c PCNA protomer surface (in beige, top view), showing two back-to-back hydro-
phobic (HP) pockets (in light blue and yellow, respectively).d Interaction of FAN1aa
482-486 within the inner mandible loop with the inner hydrophobic pocket of
PCNA composed of residues: (1) Aliphatic: L22. (2) Aromatic: Y211 and F214.

e Interaction of FAN1 aa 505-514 within outer mandible loop with the outer
hydrophobic pocket of PCNA consisting of residues: (1) Aliphatic: M40, V45, L47,
I126, I128, V233, L251, A252 and I255. (2) Aromatic Y133 and Y250. fHydrogenbonds
(indicated as dark blue dotted lines) between PCNA and the FAN1 outer mandible
loop. g Hydrogen bonds (indicated as dark blue dotted lines) between the FAN1
inner mandible loop and PCNA. See also Supplementary Fig. 7 and Supplemen-
tary Data 2.
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Arg507 and PCNA Asp232 is 10 Å in the wild-type complex (Fig. 6a,b).
Moreover, with His at residue 507, the outer mandible loop of FAN1
undergoes a significant conformational change, resulting in a global
shift of FAN1 in respect to PCNA (Fig. 6c, d). The consequence of this
displacement is the loss of the stabilizing hydrogen bond and salt
bridge with Asp232 and a hydrogen bond with Pro253 on PCNA.
Overall, the interface area of PCNA: FAN1_R507Hmeasures 650:748Å²,
which is decreased compared to PCNA: FAN1_WT interface
(775:816 Å²). In the case of the mutant protein, the interaction is sup-
ported by 3 hydrogen bonds contributed by FAN1 T483: PCNA S42,
FAN1 H485: PCNA L22, and FAN1 Y514: PCNA E124, as well as 53 van der
Waals contacts. These findings suggest that the FAN1_R507Hmutation
significantly weakens the interaction with PCNA. Additionally, we also
observed an allosteric effect of the mutation that results in reconfi-
guration of the FAN1–DNA interaction (Fig. 6e, f). The DNA complexed
with the mutant protein is rotated away from the FAN1 TPR domain
towards the VRR_nuc domain (Fig. 6e, f). This movement likely affects
the ability of FAN1_R507H to productively associate with the CAG
extrusion. Thus, the weakening of the FAN1–PCNA interaction com-
bined with the changes in the FAN1–DNA interface likely contribute to
the reduced nuclease activity of FAN1_R507H in the presence of PCNA.

Discussion
One of the goals of human biology research is to understand how
mutations cause disease. Here, we have used structure-function stu-
dies to establish the biological function of a disease-modifying muta-
tion. The importance of the Arg507 residue to FAN1 function is
exemplified by the observation that the R507H mutation is one of the
strongest modifiers of HD onset9–11. This mutation has been also
associated with karyomegalic interstitial nephritis, an autosomal
recessive disease caused by loss of FAN1 function40. Given that the
Arg507 residue is not located in the catalytic domain of FAN1, the

mechanistic basis of these observations has remained obscure. The
cryo-EM structure of the FAN1–PCNA–DNA complex, and the bio-
chemical analyses of FAN1 variants presented here have revealed that
Arg507 plays an important role in stabilizing the interaction of FAN1
with PCNA on DNA. Mutation of this residue to His results not only in
reconfiguration of the interface between the two proteins, but also
alters the position of the DNA in the catalytic pocket (Fig. 6). As a
consequence, FAN1_R507H is compromised in its ability to form a
FAN1–PCNA–DNA complex under physiological nuclease assay con-
ditions. These effects synergize to render the mutant FAN1 nuclease
refractory to activation by PCNA (Fig. 5). Since PCNA-dependent FAN1
nuclease activation results in removal of extrahelical extrusions
formed within triplet repeat tracts, attenuation of this activity would
be predicted to exacerbate triplet repeat expansion in striatal neurons
over the lifetime of the patient, and thereby hasten the disease onset.

The cryo-EM structure of the FAN1–PCNA–DNA ternary complex
reveals a unique pincer architecture on FAN1 that is used to latch on to
PCNA via an inner mandible and an outer mandible that contains the
Arg507 residue. The mandible residues engage with two back-to-back
hydrophobic pockets on PCNA, with the Arg507 considerably stabi-
lizing the interaction via a salt bridge and a hydrogen bond with
Asp232 and a hydrogen bond with Pro253. Mutation of Arg507 to His
results in reconfiguration of the peptide backbone such that the resi-
due 507 is displaced fromAsp232 of PCNA by 6.5 Å. The non-canonical
nature of the FAN1–PCNA interaction described here poses the ques-
tion as to whether the PCNA-binding pincer architecture is unique to
FAN1. We therefore evaluated other multi-protein complexes con-
taining PCNA in the Protein Data Bank41. Our analysis found that
PCNA–Lig1 complex42 (PDB:8B8T) is mediated by two loops that
resemble the outer and inner mandibles of FAN1 (Supplementary
Fig. 12). Interestingly, in both cases a non-canonical PIP box is
embedded within the outer mandible loop. These observations open

Fig. 3 | The PCNA–DNA interface. aDensity map showing four interaction clusters
between the PCNA trimeric ring and dsDNA. These clusters are asymmetric with
respect to the DNA axis and are biased to one side of the PCNA ring. The PCNA
subunits shown in pink and white contact DNA via Cluster 1 and Cluster 2 residues,
respectively, whereas the PCNAsubunit indicated inyellowmakes contacts viaboth

Cluster 1 and Cluster 2 residues. PCNA subunits 1-3 are shown in pink, yellow and
white, respectively. DNA is shown in green. b Cluster 1 residues: Arg146 + Arg149 +
His153; Cluster 2 residues: Asn84 + Lys80 + Lys77. Atomic residues are colored by
heteroatoms. See also Supplementary Fig. 7.
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Fig. 4 | Interaction between FAN1 and DNA. a Density map of the FAN1–DNA
interface overlaid with atomic model. SAP domain, (CAG)2 and D960 are high-
lighted by black dotted circles. b Residues S473, K493, and K482 from the region
connecting the SAP and TPR domains function as extrusion sensing sites. The
catalytic residue D960 is also shown. c FAN1 SAP domain stabilizes the DNA via

residues Y374, R420, R424, K425, and Y436.dDNAhelical axial view of densitymap
of the FAN1–DNA interface overlaid with atomic model. VRR_nuc domain and TPR
domain are highlighted by black dotted circles. e, fDNA securing contactsmade by
residues in the TPR domain (R679, H681, H718, K720, and R752), and the VRR_nuc
domain (R982). Potential hydrogen bonds are indicated as blue dotted lines.
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Fig. 5 | PCNA-dependentFAN1nuclease activity requiresan intactR507 residue.
a Top, schematic of the pulldown assay. Middle, representative image of SDS-PAGE
analysis of protein complexes bound to magnetic bead-linked DNA substrate har-
boring a (CAG)2 extrusion. Reactions contained PCNA (133 nM as trimer), DNA
(50 nM), and indicated concentrations of FAN1_WT or FAN1_R507H. Bottom, Graph
represents the ratio of pulled down PCNA relative to FAN1. Data are presented as
mean values ± SD of n = 3 independent experiments and are normalized to the
amount of PCNA pulled down with 200nM FAN1_WT. b Fifty nM FAN1_WT,
FAN1_R507H, FAN1_R507A, or FAN1_4A were incubated with 50nM of Cy3-labeled
DNA substrate harboring a (CAG)2 extrusion in the presence or absence of 133 nM
PCNA at 125mMKCl. After 10minof incubation at 37 °C, reactions were terminated
by the addition of formamide to a final concentration of 70 percent. Data are
presented as mean values ± SD of n independent experiments (n = 9 for FAN1_WT,

R507H, R507A, and n = 4 for FAN1_4A). Data were analyzedby one-wayANOVAwith
post hoc Tukey’s test. Adjusted P values are shown in the graph. nt- nucleotides.
c Schematic of PCNA-dependent FAN1 nuclease reaction on circular DNA substrate.
d Circular nicked DNA substrate harboring a (CAG)2 extrusion (2.5 nM) was incu-
bated in the presence of 10.5 nMRFC, 2.5 nMFAN1 (WTormutant forms) and PCNA
as indicated (see “Methods”). Reaction products were digested with ScaI, resolved
on 1% alkaline agarose gels, followed by hybridization with 32P-labeled oligonu-
cleotide probe (Fwd1947). Red arrow indicates the location of the extrusion;
asterisk indicates a full-length substrate. M-size marker. e Quantification of per-
centage of FAN1 nuclease cleavage from experiments as in d. Data are presented as
mean values ± SD of n = 5 independent experiments (except for FAN1_4A, where
data is based on n = 4 independent experiments). See also Supplementary Fig. 9.
Source data are provided as a Source Data file.
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Fig. 6 | Structural comparison between FAN1–PCNA–DNA and
FAN1_R507H–PCNA–DNA. a Density map overlaid with atomic model of the
FAN1–PCNA interface indicating backbone distance (indicated as black dotted line)
of 10.0 Å between FAN1_R507 and PCNA_D232. b Density map overlaid with atomic
model of the FAN1_R507H–PCNA interface showing displacement of the polypep-
tide backbone and the resulting distance (indicated as black dotted line) of 16.5 Å

between FAN1_H507 and PCNA_D232. c Superposition of outer mandible loops of
FAN1_WT and R507H indicating conformational changes. d Displacement of FAN1
relative to PCNA upon mutation of Arg507 to His. e, f DNA helical axial view
showing the DNA tilted away from the TPR domain in the R507H complex relative
to WT. FAN1_R507H is colored in blue, and FAN1_WT is in pink. See also Supple-
mentary Figs. 10, 11.
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up the possibility that the PCNA-binding pincer architecture may be
more widespread, especially among proteins that do not have an
obvious canonical PIP box.

The collection of conformations identified in our cryo-EM studies
suggest intermediate states of the FAN1–PCNA–DNA complex (Fig. 7)
wherein the FAN1 protein conformationally samples theDNA substrate
(conformational sampling), and upon recognition of the (CAG)2
extrusion (lesion scanning), the catalytic pocket becomes well defined
and primed for catalysis (lesion capture). In our structure, the CAG
extrusion confers a 78° kink to theDNAduplex, similar to the 76° angle
observed previously in a structure of FAN1 in complexwith double flap
DNA7. Since extrahelical extrusions produce kinks in the B-form DNA
helix33–35, we postulate that natural bends in extrusion-harboring DNAs
are key conformational features recognized by FAN1. In this model,
FAN1 preferentially associates with the kinked DNA conformer and
catalyzes its cleavage. Indeed, our cryo-EM studies of the
PCNA–FAN1–homoduplex DNA complex display a marked absence of
kinked duplex conformation (Fig. 7b and Supplementary Fig. 8); in this
case, the linear nature of the homoduplex leaves FAN1 with no other
choice than to cap the DNA end. That this state is not conducive to
nuclease cleavage is supported by the inability of FAN1 to cleave
homoduplex DNA, as we have previously shown6. Our findings also
imply that the degree of the DNA bend at the site of the extrusion
dictates the efficiency of FAN1 catalysis, a possibility that we are cur-
rently pursuing. It should be noted that end-binding of FAN1 can also
be observed on extrusion containing DNAs (Supplementary Fig. 13),
although these species are not well resolved due to their innate
flexibility.

The recognition of such bent DNAs harboring extrahelical extru-
sions by FAN1 also results in reorganization of the FAN1 structure,
particularly in the catalytic domain. In the initial substrate-binding
mode, the proximal end of the DNA up to the extrusion site is stabi-
lized by the SAPdomainof FAN1, whereas the distal portion of theDNA
remains flexible as it engages with a highly plastic catalytic domain
(lesion scanning). The flexibility of the catalytic pocket can also be
influenced by the extrusion itself as the location and/or the sequence
of the extrusion can vary depending on the pairing with the com-
plementary strand (Supplementary Fig. 14). This “wobbling” of the
DNA relative to the FAN1 protein facilitates further tightening of the
catalytic pocket so as to properly position the DNA substrate at a fixed
inner angle (lesion capture), thus primed for catalysis.

The FAN1-DNA interaction in our ternary complex structure
resembles the structure of monomeric FAN1 bound to a double flap
DNA substrate (PDB: 4RI8)7 in several ways: (i) we observe only one
monomer bound to the DNA substrate, (ii) the NTD harboring the SAP
domain binds to the pre-extrusion portion of DNA, (iii) DNA is kinked
at the angle of ~70°, and the post-extrusion portion of the DNA sub-
strate is bound by TPR and VRC_nuc domains. The extrahelical extru-
sion resembles the double DNA flap as it provides two ssDNA-dsDNA
junctions and is naturally bent so as to be accommodated within the
active site of FAN1. However, our DNA lesion (the extrahelical extru-
sion) does not have the 5′ flap terminal phosphate which is critical for
stabilizing the DNA within the catalytic pocket. Probably for this rea-
son, and because the extrusion itself is flexible, the catalytic pocket in
our structure is not well resolved (Fig. 4a,b). Nevertheless, our bio-
chemical data further supports the “+3 nucleotide exonuclease”
model, since we observe considerable spatio-temporal periodicity of
FAN1 cleavage (Fig. 1a-c).

Previous studies have suggested that PCNA slides along DNA
using a cogwheel diffusion mechanism29,43. Our structures show the
DNA threaded through the PCNA ring with a pronounced tilt and with
the DNA-protein physical contacts asymmetric with respect to the
three PCNA protomers. It is tempting to speculate that PCNA may
guide FAN1 along theDNAduplex using a similarmechanism, although
this could be substrate and or context dependent. This mode would

enable PCNA to interact with the DNA (via sequential hand-off of DNA-
protein contacts) while continuously rotating and tilting, thereby
resulting in a net forward movement. Taken together with our pre-
vious findings that PCNA-activated FAN1 nuclease cleavage is restric-
ted to the DNA strand containing the extrusion6, our structures
suggest that the cogwheel mode of PCNA translocation along DNA is
maintained even with FAN1 nuclease loaded. This enables PCNA-
associated FAN1 to track along the helical contour to restrict nuclease
cleavage to one DNA strand.

In summary, the structure-function studies described here pro-
vide a molecular explanation for (i) the observation that DNA-loaded
PCNA is required for activation of the FAN1 nuclease, and (ii) the HD
onset hastening effect of theR507Hmutation in FAN1. The structureof
the FAN1–PCNA complex also lends itself to a model wherein PCNA
plays a critical role in activating FAN1-mediated removal of interstrand
crosslinks at stalled replication forks. These findings add to the
growing view that PCNA functions as an orchestrator of awide rangeof
DNA repair events in the cell.

Methods
DNA substrate preparation and protein purification
Oligonucleotide-based DNA substrates were prepared by annealing of
HPLC-purified ssDNA complementary oligonucleotides (Integrated
DNA Technologies) (Supplementary Data 1) in buffer consisting of
30mMHEPES, pH 7.5; 100mMpotassium acetate. 10 µl reactionmixes
were heated at 95 °C for 10min followed by gradual cooling down to
room temperature at the rate of 0.5 °C/min. The annealing efficiency
was confirmed on 10% TBE gels. Mixes were aliquoted and stored at
−80 °C until use.

Circular DNA substrates were prepared as follows. Circular single-
stranded pGB1-mr78 4xLacO DNAs (ssDNA) were isolated from E. coli
SS320 cells (Lucigen, cat # 60512-1) carrying m13cp plasmid, while
replicative form DNAs of pGB1-mr77 4xLacO were isolated from E. coli
XL1-blue cells44. TheDNA substrateswereprepared by hybridization of
ScaI linearized replicative form and 4-6 fold excess of the circular
ssDNA, followed by DNA ligation and isolation of relaxed closed cir-
cular (RCC) DNA by CsCl/ethidium bromide centrifugation as descri-
bed previously45. 3′ (CAG)2 DNA substrates were generated from RCC
DNAs using Nb.BbvCI (New England Biolabs, cat # R0631S).

Recombinant human proliferating cell nuclear antigen (PCNA)
was purified from E. coli harboring plasmid pET11a-PCNA through
Sepharose Q column chromatography. Eluted protein was dialyzed
against 20mM Na acetate pH 7.5, 0.5mM EDTA, 10% glycerol, 2mM
DTT buffer and loaded onto HiTrap Heparin HP. Flow through was
collected and the pH was adjusted from 7.5 to 5.5 with 20mM acetic
acid and loaded onto HiTrap Heparin HP, followed byMonoQ column
chromatography6.

Human replication factorC (RFC)46 was purified frombaculovirus-
infected Sf9 cells using anti- FLAGM2 agarose, followed byHeparin HP
and size exclusion chromatography on Superdex200.

Mutants of FAN1 were generated by site directed mutagenesis
using the pET28a-His-MBP-FAN1 plasmid as a template. Plasmids for
FAN1_R507H (nucleotide change G1520A) and FAN1-Q506A/R507A/
S508A/V509A (nucleotide changes C1516G/A1517C/C1519G/G1520C/
A1522G/G1523C/T1526C), henceforth referred to as FAN1_4A were
synthesized at Genscript. Plasmid for FAN1_R507Amutagenesis on the
FAN1_WT plasmid template was carried out with the following oligo-
nucleotide primer pair; FAN1_R507A Fwd: 5′-CAGGTGCAAACGC-
TAGCTTGCTTCGCCAGTTTCAGAAA-3′, FAN1_R507A Rev: 5′-
TTTCTGAAACTGGCGAAGCAAGCTAGCGTTTGCACCTG-3′ with the
Agilent QuikChange II Kit according to manufacturer’s instructions.
The mutagenesis results in the substitution of C1519 to a G, and G1520
to a C, coding for alanine at amino acid position 507.

FAN1 wild-type (WT), FAN1_R507H, FAN1_R507A and FAN1_4A
were expressed and purified from E. coli Single step (KRX) cells
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Fig. 7 | Designation of conformational states of the FAN1–PCNA–DNA complex
to steps of FAN1 catalytic cycle. a Top, comparison of density maps of three
classes of the FAN1–PCNA complex bound to DNA substrate harboring a (CAG)2
extrusion shown superimposed on atomic models. Conformational sampling: In
this state, PCNA is well defined and the proximal portion of the DNA is visibly
threaded through the PCNA ring. FAN1 and the distal portion of the DNA are poorly
defined due to their flexibility. Lesion scanning: In this conformation, the proximal
end of the DNA is flush with the PCNA ring and is bound by FAN1 (aa 374–609),
whereas the distal segment of theDNA from the extrusion site to the 3′ end remains
flexible. Lesion capture: This state displays PCNA and FAN1 in well-defined form
associatedwith the DNAbent at the extrusion site by an inner angle of 78°. Bottom,
proposed schematic of the FAN1 reaction cycle. FAN1 first samples the DNA

substrate for a pre-existingbend suchas those found in extrusion-containingDNAs.
Upon binding, the FAN1 catalytic pocket undergoes tightening to enable FAN1 to
recognize the extrusion site. This primes theDNA extrusion site for catalysis.b Left,
superimposed density map and atomic model of the FAN1–PCNA complex bound
to a homoduplex DNA. This conformational state shows a linear DNA, the proximal
portion of which is substantially threaded out through the well-defined PCNA ring.
The FAN1 protein (in complex with PCNA) caps the distal end of the DNA. Right,
proposed reaction sequence of FAN1 on homoduplex DNA. We postulate that the
association of the FAN1–PCNA complex with linear homoduplex DNA is con-
formationally distinct from extrusion containing bent DNA. End-capping by FAN1 is
non-productive and does not result in catalysis. FAN1, PCNA and DNA are shown in
pink, yellow and green, respectively. See also Supplementary Fig. 8.
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(Promega Cat# L3002) harboring plasmid pET28a-His-MBP-FAN1 or
plasmids expressing the mutant forms of FAN1 as described
previously6. Briefly, FAN1 was purified through His-Trap HP column
chromatography, followed by Heparin HP column chromatography,
His-MBP tag removal, a second passing through His-Trap HP column,
and size exclusion chromatography on Superdex 200. The removal of
His-MBP tag resulted in FAN1 protein that has two additional amino
acids SG in the N-terminal end of the protein and lacks the first
Methionine.

FAN1–PCNA–DNA ternary complex formation
Sixty μL of 15μM FAN1 wild type–PCNA–DNA combined sample at a
ratio of 1:1:1 was incubated at 4 °C for 30min. The combined sample
was then subjected to a Superdex 200 Increase 3.2/300 column (GE
Healthcare) pre-equilibrated with buffer (25mM Tris pH 8, 100 mM K-
Ac, 0.5mM TCEP, 10mM CaCl2, 0.2% glycerol) at a flow rate of 60 μL/
min. The fractions eluted at 1.1~1.2mL were collected for further cryo-
EM vitrification (also see Supplementary Fig. 2). The complex of
FAN1_R507H–PCNA–DNA and FAN1–PCNA–DNA homoduplex were
purified in the same manner as FAN1–PCNA–DNA.

Cryo-EM sample vitrification and data collection
Two μl of each FAN1–PCNA–DNA complex sample was applied to a
300-mesh copper Quantifoil R 1.2/1.3 + 2 nm holey carbon grid (EMS),
whichwas previously glow-discharged for 90 seconds at 15mA current
using an easiGlow (PELCO). The grids were blotted for 7.5 s at a blot
force of 2 and immediately vitrified in liquid ethane using a Vitrobot
Mark IV (FEI). The clipped grids were screened on a 200 kV Glacios
microscope equipped with a Falcon4 detector at Thomas Jefferson
University. For high-resolution data collection, grids with
FAN1–PCNA–DNA particles were imaged on a Titan Krios microscope
operated at 300 kV and equipped with a K3 direct electron detector
camera (Gatan) at the National Cryo-Electron Microscopy Facility
(NCEF) at the Frederick National Laboratory, MD. A total of 13,068
micrographs of FAN1–PCNA–DNA were collected in super-resolution
mode with an energy filter, an image pixel size of 0.537 Å, a nominal
magnification of 81,000x, a total dose of 50 e/Å², 40 frames, and a
defocus range of −0.75 to −2.5 μm. Additional data collection para-
meters are provided in Table 1.

The FAN1_R507H–PCNA–DNA complex was vitrified on 300-mesh
gold UltrAuFoil R 1.2/1.3 grids, previously glow-discharged for 5min at
20mA current. These grids were also screened in-house, but data
collection was performed at NCEF, using the same K3 detector as for
the FAN1–PCNA–DNA dataset. 11,997 movies were collected in count-
ing mode with a pixel size of 0.835 Å, a magnification of 105,000x, a
total dose of 50 e/Å², 40 frames, and a defocus range of −0.75 to −1.75
μm. Additional data collection parameters are provided in Table 1.

The FAN1–PCNA–DNAhomoduplex complexwas vitrifiedon 300-
mesh gold UltrAuFoil R 1.2/1.3 grids, previously glow-discharged for
5minutes at 20mA current. These grids were screened, and 7809
movies were collected in-house at a magnification of 150,000× with
pixel size of 0.95 Å, a total dose of 50 e/Å², 40 frames, and a defocus
range of −0.8 to −2.4 μm.

Cryo-EM single particle analysis of FAN1–PCNA–DNA ternary
complex (see Supplementary Fig. 3)
13,068 multi-framed movies of the FAN1–PCNA–DNA complex were
imported into CryoSPARC v4.3.147. The output F-crop factor was set to
½ for patch motion correction of the movies, followed by patch CTF
(Contrast Transfer Function) estimation with an amplitude contrast of
0.1. Ideal 2D classifications, generated from approximately 1000
manually picked particles, were used as templates to select particles
with a diameter of 150 Å from the entire dataset. After inspection, 13.5
million particles (1040 particles per micrograph) were accepted into
particle pool 1. Fortymicrographs, displayingwell-distributed particles

and good contrast, were selected for particle picking and to train the
Topaz pickingmodel. After three rounds of training, the Topazmodel,
with an average precision of 0.57, was applied for subsequent Topaz
particle extraction from the entire dataset. The 3.7 million particles
picked by Topaz were combined with particle pool 1. After removing
duplicates, 11.9 million particles were extracted with a box size of 256
pixels, Fourier-cropped to 64 pixels. These extracted particles under-
went 2D classification, from which 2.6 million particles were selected
for generating initial 3D models and further heterogeneous refine-
ment. Four major 3D classes were reconstructed without applying any
symmetry. The classwith themost complete structurewas selected for
non-uniform refinement without mask. To continue passing out the
‘garbage particles’, refined particles were expanded by C10, later
subjected to ab-initial reconstruction work without symmetry applied
to classify 12 classes. Four classes, constituting 40.2% of the total, were
selected and around 786 thousand particles remained after removing
the duplicates. The remaining particles were re-extracted to 256 pixels
without binning and then non-uniform refined with a solvent mask,
yielding a resolution of 3.4 Å with ‘wobbling density’ around the FAN1
catalytic pocket part. To continue analyze the variability, 10 Å resolu-
tion was filtered to assess, while simultaneously subjecting the parti-
cles to global CTF refinement with Anisotropic Magnification
Correction. Then a focusedmaskwasgenerated to cover the ‘wobbling
density’ in order to perform 3D classification with the CTF refined
particles under force hard classification. One of the three classes with
the most complete structure, containing 262 thousand particles, was
selected as the FAN1–PCNA–DNA final state map. The final resolution
of 3.8 Å was obtained after a final round of non-uniform refinement
with a solventmask. The cryo-EMmapgenerationof FAN1–PCNA–DNA
for the other two classes was similar to the methods above. The local
Resolution Estimation with half maps were also performed (see Sup-
plementary Fig. 5). Distribution of particle orientations for each
deposited cryo-EMmap were performed using Orientation Diagnostic
in cryoSPARC v4.6.1 (Supplementary Fig. 15).

Cryo-EM single particle analysis of FAN1_R507H–PCNA–DNA
ternary complex (see Supplementary Fig. 10)
11,997 multi-framed movies of the FAN1_R507H–PCNA–DNA complex
were imported into CryoSPARC v4.3.1. Patch motion correction was
applied for correcting movies without cropping, followed by patch
CTF estimation with an amplitude contrast of 0.1. After curating
exposures, 10,847 micrographs remained. The 2D templates were
generated by importing the volume of the FAN1–PCNA–DNA complex
and used as a reference for picking around 6.4 million particles. Topaz
picking was also used with the training model (trained after three
rounds) to pick about 1.4 million particles from the full dataset.
Duplicates were removed after combining the particles picked by
templates and Topaz, leaving the remaining particles to be extracted
to 256 pixels but binned to 64 pixels. After the first round of 2D clas-
sification, 0.77 million particles were selected to reconstruct 3Dmaps.
Four classes were set for ab initio reconstruction, and three classes
with a ternary complex appearance were chosen for the next hetero-
geneous refinement. One of these classes, with the most complete
appearance and similar to the FAN1–PCNA–DNA complex, was selec-
ted to be extracted to 256 pixels without binning. Non-uniform
refinement was carried out to continue refining with the un-binned
particles, achieving a resolution of 4.2 Å with blob density in the FAN1
catalytic pocket region. Then, the PCNA ring region was subtracted by
creating a localized mask. The subtracted particles then underwent
local refinement with another mask localized on the FAN1 catalytic
pocket region. The refined model, presenting more continuous den-
sity for FAN1, was used as the volume model and input together with
the particles before subtraction for non-uniform refinement with a full
mask and without particle tilting. The refined particles were further
refined by global CTF with Anisotropic Magnification Correction.

Article https://doi.org/10.1038/s41467-025-59323-y

Nature Communications |         (2025) 16:4411 13

www.nature.com/naturecommunications


Finally, the 3D map of the FAN1_R507H–PCNA–DNA final state, with a
resolution of 4.0Å, was generated after a final round of non-uniform
refinement with a tight mask. The SPA process to generate the inter-
mediate state followed a similar method to the one described above.
Distribution of particle orientations for each deposited cryo-EM map
were performed using Orientation Diagnostic in cryoSPARC v4.6.1
(Supplementary Fig. 15).

Cryo-EM single particle analysis of FAN1–PCNA–DNA homo-
duplex complex (see Supplementary Fig. 8)
7809 multi-framed movies were imported into CryoSPARC v4.3.1.
Patch motion correction was applied to correct movies without
cropping, followed by patch CTF estimation with an amplitude con-
trast of 0.1. After curating exposures, 4733 micrographs remained. 2D
templates were generated by importing the volume of the
FAN1–PCNA–DNA complex and used as a reference for picking around
1.8 million particles. Topaz picking was also utilized with a trained
model (trained after three rounds) to pick approximately 604 thou-
sand particles from the full dataset. Duplicates were removed after
combining the particles picked by templates and Topaz, leaving the
remaining particles to be extracted to 256 pixels but binned to 64
pixels. After the first round of 2D classification, 1.1 million particles
were selected to reconstruct 3D maps. Four classes were set for ab
initio reconstruction, and they were subjected to heterogeneous
refinement. One of these classes, with a population ratio of 33.4%, was
selected for homogeneous refinement without applying a mask. The
refined particles were then extracted to 256 pixels but binned to 208
pixels. 2D classification was carried out to further clean the particle
pool, after which 292 thousand particles were selected for another
round of ab initio reconstruction, setting two classes. One of these
classes, with a relatively complete structure, was chosen for two
rounds of non-uniform refinements, first without applying a mask and
then with applying a tight mask. Finally, the 3D map of the
FAN1–PCNA–DNA homoduplex was generated, with a resolution of
6.2 Å, containing 153 thousand particles.

Model building and refinement
All atomic models presented in this paper were built using Chimera48

and Coot49. The model refinement was conducted through several
rounds of rigid-body, real-space, and B-factor refinement using phe-
nix.real_space_refinement in Phenix V1.20.150. All final models were
validated using PDB Validation online server.

Structure analysis
All ribbon and surface representations were created using ChimeraX51.
To analyze binding interfaces, PDBsum28 was utilized to identify
bonding interactions and interatomic distances. A detailed list of
interactions at all interfaces can be found in Supplementary Data 2.
RMSD values between superimposed PDB structures were calculated
using both SuperPose Version 1.052 (superpose.wishartlab.com) and
Matchmaker in ChimeraX. Additionally, the Electrostatic Surface
Potential was computed and visualized with surface coloring using
ChimeraX.

Nuclease assay
FAN1 activity on circular DNA substrates. Assessment of the nuclease
activity of FAN1 and its mutants on circular dsDNA substrates was
carried out in accordance with protocols established earlier6. Briefly,
twenty microliter reaction mixes contained 2.5 nM of 3′ (CAG)2 along
with 10.5 nM RFC, 2.5 nM FAN1 or FAN1 mutants as indicated in 20mM
Tris pH 7.6, 0.05mg/mL BSA, 1.5mM ATP, 1mM glutathione (Millipore
Sigma, cat # G4251), 5mM MgCl2,125mM KCl and 2.5% glycerol. PCNA
concentrations were titrated from 2.3 nM, 4.6 nM, 9.2 nM, 18 nM and
36nM as indicated. Reactions were incubated for 30min at 37 °C after
which they were terminated by the addition of 2μL of 1mg/mL

Proteinase K (Sigma Aldrich, cat # 3115887001), 140mM EDTA, 1% SDS,
1mg/mL glycogen (Sigma Aldrich cat # 10901393001). Recovered DNA
samples were linearized with ScaI and resolved by alkaline gel electro-
phoresis. The gels were dried at 56 °C for 2 hours in a BioRadModel 583
gel dryer (BioRad Cat # 165-1745), rehydrated and subjected to south-
ern blotting using 5′-32P labeled oligonucleotide probes targeting either
the extrusion containing strand (Fwd 1947) or the complementary
strand (Rev 1975). The gels were exposed to phosphorimager screens
and quantified using a Molecular Dynamics PhosphorImager.

FAN1 activity on linear DNA substrates. Reactions (20 µL) con-
tained 50nMof the 3′-Cy3-labeled (CAG)2 or homoduplex (or 10 nM3′-
radiolabeled + 40 nM 3′-Cy3-labeled (CAG)2) substrate along with
50 nM FAN1 or FAN1 mutants and 133nM PCNA (trimer) or as indi-
cated, in 25mMHEPESKOHpH7.5, 0.05mg/mLBSA, 2.5% glycerol and
5mMMgCl2 (or 10mMCaCl2), and 70mMKCl or 125mMKCl. Samples
were preincubated with PCNA on ice for five minutes, followed by
addition of FAN1 and further incubation at 37 °C for 10minutes.
Reactions were stopped by addition of formamide to a final con-
centration of 70% and resolved on 15% urea PAGE gels.

DNA pulldown assay
Biotinylated DNA substrate harboring a (CAG)2 extrahelical extrusion
was immobilized on streptavidin beads (Invitrogen, cat # 11205D).
Such immobilized DNA was used for the DNA pulldown assays. Briefly,
reactions (90 μL) contained 50nM DNA substrate, 133 nM PCNA (tri-
mer), FAN1_WT or FAN1_R507H as indicated, 20mM Tris-HCl pH 7.5,
125mM KCl, 10mM CaCl2, 0.01% NP40, and 50 μg/mL BSA. First, the
DNAwas incubatedwith PCNAon ice for 5min, followedby addition of
FAN1 and further incubation at room temperature for 10min. Samples
were placed onmagnet, and the beads werewashed 3 times in a buffer
composed of 20mM Tris-HCl pH 7.5, 125mM KCl, 10mM CaCl2, and
0.01% NP40. Proteins were eluted from the beads by boiling for 5min
at 95 °C in Laemmli buffer and analyzed byWesternblotting using anti-
FAN1 antibodies (Proteintech: MTMR15, 17600-1-AP, Lot# 00142784);
1:300 dilution), and anti- PCNA antibodies (Santa Cruz Biotechnology:
(PC10), sc-56, Lot# D2921; 1:500 dilution).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic models of FAN1–PCNA–DNA complex in intermediate,
final state, FAN1_R507H–PCNA in intermediate state and FAN1
R507H–PCNA–DNA in final state generated in the study have been
deposited in the Protein Data Bank (wwPDB) under accession codes
9CG4, 9CL7, 9CHM, and 9CMA, respectively. Their corresponding
cryo-EM density maps have been deposited in the Electron Micro-
scopy Data Bank (EMDB) with accession codes EMD-45568, EMD-
45664, EMD-45590, and EMD-45745. The minimum cryo-EM datasets
used in this study are available in the Figshare database under
accession codes Digital Object Identifier (https://doi.org/10.6084/
m9.figshare.28378268 and https://doi.org/10.6084/m9.figshare.283
78694 (https://figshare.com/articles/dataset/FAN1-PCNA-DNA_39mic
s_GainRef-included/28378268, https://figshare.com/articles/dataset/
FAN1_R507H-PCNA-DNA_minimum-dataset/28378694?file=52230
008). Previously published protein structure data used for analysis in
this study are available in the Protein Data Bank under accession
codes 4RI8 (human FAN1-DNA complex) and 8B8T (human PCNA-
Lig1 complex). Source data are provided with this paper.
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