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9  Abstract

10  The Fanconi Anaemia pathway operates for the repair of interstrand crosslinks and the maintenance
11 of genomic stability upon replication stalling. Di-monoubiquitination of the FANCI-FANCD2 (ID2)
12 complex is a central and crucial step in this pathway. Evidence suggests that FANCD2 ubiquitination
13 precedes FANCI ubiquitination, and that both the FANCD2-ubiquitinated (ID2y,) and the di-
14 monoubiquitinated (ly,D2yp) complex clamp on DNA. However, FANCD2 is deubiquitinated at a
15  faster rate than FANCI, which can result in a FANCI-ubiquitinated ID2 complex (Iy,D2). Here, we
16 present a 4.1 A cryo-EM structure of Iy,D2 complex bound to double-stranded DNA. We show that
17 this complex, like ID2y, and Iy,D2yy, is also in the closed ID2 conformation and clamps on DNA.
18  While the target lysine of FANCD2 (K561) is partially buried in the non-ubiquitinated ID2-DNA
19  complex, it becomes fully exposed in the Iy,D2-DNA structure, and thus can be ubiquitinated at a
20  faster rate. The Iy,D2-DNA complex cannot easily revert to the non-ubiquitinated ID2 state, due to
21 USP1-UAF1-resistance, conferred by the presence of DNA and FANCD2. ID2,,-DNA, on the other
22 hand, can be efficiently deubiquitinated by USP1-UAF1, unless further ubiquitination on FANCI
23 occurs. FANCI ubiquitination also progresses at a faster rate in 1D2,,-DNA over ID2-DNA complex,
24 and results in partial DNA-dependent protection from FANCD2 deubiquitination. Taken together, our
25 results suggest that, while FANCD2 ubiquitination promotes FANCI ubiquitination, FANCI
26 ubiquitination in turn maintains FANCD2 ubiquitination by two mechanisms: it prevents excessive
27 FANCD2 deubiquitination within an 1y,D2,-DNA complex, and it enables re-ubiquitination of
28 FANCD2 within a transient, closed-on-DNA, 1y,D2 complex.

29
30 Introduction

31 The Fanconi anaemia (FA) pathway is responsible for repairing interstrand crosslinks (ICLs)
32  and ensuring that genome stability is maintained when replication is stalled (Nalepa & Clapp, 2018).
33 A crucial and central step in this pathway is the mono-ubiquitination of FANCD2 and FANCI on
34  specific lysines (K561 and K523 respectively for human proteins) catalysed by a multi-component
35 ubiquitin ligase (FA-core complex) and the UBE2T ubiquitin-conjugating enzyme (Lemonidis et al,
36 2021). The two ubiquitination events are interdependent, since mutation on either of the two
37 lysines results in greatly impaired in-cell ubiquitination on the other lysine (Smogorzewska et al,
38 2007; Sims et al, 2007). Removal of the two ubiquitins, through isopeptide cleavage by the USP1-
39 UAF1 complex, is also required for ICL repair and maintenance of genomic stability (Oestergaard et
40 al, 2007; Kim et al, 2009; Murai et al, 2011).
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41 Several biochemical data (Sato et al, 2012; Longerich et al, 2014; Rajendra et al, 2014;
42 Chaugule et al, 2019a; Rennie et al, 2020) and recent structural evidence (Wang et al, 2021) indicate
43  that FANCD2 is the preferred substrate for ubiquitination and that FANCI ubiquitination likely occurs
44  once FANCD2 has been ubiquitinated. Upon binding to the FA-core-UBE2T, the FANCI-FANCD2 (ID2)
45  complex closes on DNA, and this ID2 remodelling exposes and brings K561 of FANCD2 in proximity to
46 UBE2T’s catalytic cysteine for ubiquitination (Wang et al, 2021). The ID2 closure on DNA is
47 maintained upon FANCD2 ubiquitination (Alcdn et al, 2020; Wang et al, 2020; Rennie et al, 2020).
48  The resulting ID2y,-DNA complex can be susceptible to USP1-UAF1l-mediated deubiquitination.
49 However, further ID2 ubiquitination on FANCI results in enhanced protection of FANCD2's ubiquitin
50 from USP1-UAF1 action (Rennie et al, 2020). Moreover, FANCI appears to be even more resistant to
51 de-ubiquitination than FANCD2, in this DNA-bound di-monoubiquitinated (ly,D2y,-DNA) state
52 (Rennie et al, 2020; van Twest et al, 2017; Wang et al, 2020). Hence, the preferential targeting of
53 FANCD?2 for deubiquitination, is likely to result in an ID2 complex that is ubiquitinated on FANCI-only
54  (ly,D2). Currently, we have no information on: i) what conformation such a complex adopts, ii) how
55  does it bind to DNA, iii) how well it supports FANCD2-ubiquitination and iv) how efficiently I,D2 is
56 protected from deubiquitination.

57 Providing an answer to such questions would greatly enhance our understanding on how the
58 interdependency in FANCI-FANCD2 in vivo ubiquitination (Smogorzewska et al, 2007) is encoded at
59  the molecular level, and elucidate the mechanism by which FANCI and FANCD2 ubiquitination (and
60  deubiquitination) are linked. This is clinically relevant too, since FA-pathway modulation is
61 associated with both cancer progression and response to cancer treatment agents. Mutations or
62  overexpression of FA genes and/or USP1, are commonly found in cancers (Niraj et al, 2019; Liu et al,
63 2020; Garcia-Santisteban et al, 2013; Xu et al, 2019). However, and most importantly, FA-gene
64  and/or USP1 deregulation is also frequently associated with chemo-resistance which can be
65  overcome once the expression of the corresponding gene is restored to normal levels (Liu et al,
66 2020; Garcia-Santisteban et al, 2013; Xu et al, 2019; Lim et al, 2018). This suggests that FA- and/or
67 USP1- targeting inhibitors may be beneficial for cancer therapy. USP1, in particular, has been
68 identified as a promising target for cancer-therapy, for a variety of tumours, including: breast (Ma et
69 al, 2018; Lim et al, 2018; Niu et al, 2020; Mussell et al, 2020), ovarian (Sonego et al, 2019; Lim et al,
70  2018), colorectal (Xu et al, 2019), Non-small Cell Lung (Chen et al, 2011), bone (Williams et al, 2011)
71  and glioma (Ma et al, 2019) cancers. Accordingly, there has been growing interest for the
72  development of USP1-UAF1-specific inhibitors (Liang et al, 2014; Chen et al, 2011). One such USP1-
73 UAF1 inhibitor is currently in Phase | clinical trials, for treatment of advanced solid tumours (KSQ
74  Therapeutics Inc, 2021).

75 In this work, we show that a transient Iy,D2-DNA complex is most likely formed due to
76  significantly faster rate of FANCD2 over FANCI deubiquitination. We further demonstrate that FANCI
77 ubiquitination maintains the closed-on-DNA ID2 conformation when FANCD2 ubiquitination is lost.
78 We lastly show that, in this conformation, FANCD2 ubiquitination is favoured, while FANCI
79  deubiquitination is restricted. Similar to Iy,D2-DNA complex having a propensity to transform into an
80 lubD2yp-DNA complex, the ID2y,-DNA complex also has the propensity to give rise to a di-mono-
81 ubiquitinated complex: this is achieved due to ID2 displaying significantly faster kinetics of FANCI
82 ubiquitination upon FANCD2 ubiquitination. Hence, our results indicate that ubiquitination of either
83 ID2 subunit results in an ID2-DNA clamp that promotes ubiquitination of the other subunit.

84

85 Results
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86 To assess the difference between FANCD2 and FANCI deubiquitination, we assayed ly,D2yp
87  complex deubiquitination by USP1-UAF1 in a time-course. We found that indeed the rate of FANCI
88  deubiquitination progresses at a much slower rate than FANCD2 deubiquitination (Fig. 1). This
89  suggests that an ID2 complex which is ubiquitinated only on FANCI (Iy,D2), may derive from USP1-
90 UAF1-mediated Iy,D2y, deubiquitination. Previous Protein Induced Fluorescence Enhancement
91 (PIFE) assays in our lab showed that fully-ubiquitinated or FANCD2-only-ubiquitinated ID2 complexes
92  display a 10-fold increase in affinity for double-stranded DNA (dsDNA), relative to non-ubiquitinated
93 ID2; however, FANCI-only-ubiquitination results in only a 3-fold enhancement in ID2-DNA affinity
94  (Rennie et al, 2020). A possible interpretation for this would be that an 1y,D2 complex has a different
95 conformation from ID2 and ID2y,/IysD2ys, Which would allow a different mode of binding to dsDNA.
96  We thus sought to determine the structure of such complex bound to dsDNA, to elucidate how this
97 may differ from ID2y, and Iy,D2yp, and understand how Iy,D2 exactly interacts with dsDNA.

98 To address these questions, we used our in vitro reconstitution approach (Arkinson et al,

99 2018; Rennie et al, 2020, 2021) to assemble a 1:1:1 Iy,D2-DNA complex, from purified ly,, D2 and
100  dsDNA (61 bp long), and subsequently determined its structure by cryo-EM. Such reconstitution
101  approach has been successfully applied to produce ID2yy/lusD2u,-DNA structures (Rennie et al, 2020)
102  and USP1-UAF1-bound ID2y,-DNA structures (Rennie et al, 2021). These complexes have been
103  shown to adopt the same closed ID2 conformation as the one observed in ubiquitinated ID2-DNA
104  complexes produced following FA-core-catalysed ID2 ubiquitination (Alcdn et al, 2020; Wang et al,
105 2020). This suggests that, despite the requirement of FA-core for opening up the ID2 complex for
106  subsequent ubiquitination (Wang et al, 2021), ID2 ubiquitination is actually required for both
107 producing and maintaining the final closed ID2 conformation. Hence, we reasoned that our in vitro
108  assembled complex would also be structurally indistinguishable from a complex produced through
109 removal of FANCD2’s ubiquitin from 1y,D2yp. Our final Iyj,D2-DNA map, made of 139,601 image
110 particles, was at 4.14A global resolution and had a local resolution ranging from 2.8A to 13.9A (Fig.
111 EV1A-E; Table 1). By 2D classification we also obtained few smaller-sized-particle 2D class averages
112 (4 classes; 62,961 particle images in total), likely corresponding to dissociated monomeric proteins
113 (Fig. EV2). Using the structure of 1y,D2,,-DNA (Wang et al, 2020)(PDB: 6VAE) as initial model (but
114  with the ubiquitin conjugated to FANCD2 removed) for refinement, we obtained an atomic model of
115  the ly,D2-DNA structure at 4.1A resolution (Table 1; Fig. 2A and EV1E). Our maps had several well-
116 resolved regions for modelling, like the one surrounding and including FANCI’s K523 isopeptide
117 linkage with G76 of ubiquitin (Fig. EV1F) and the region of FANCI-FANCD2 C-termini interaction (Fig.
118 EV1G). Many FANCI and FANCD2 loops, as well as the FANCI N-terminus (region corresponding to
119  the first 170 aa) had very poor density and were thus unmodelled (Fig 2A). Modelled regions of
120 relatively poor density included the dsDNA (Fig. EV1H), the central region of FANCD2 and an N-
121  terminal part of FANCI (Fig. EV1E). Interestingly, we found that I ,D2 has the same closed-on-DNA
122  conformation as ly,D2y, and ID2, (Fig. 2A). We hypothesized that the apparent lower than expected
123 enhancement of ID2-DNA affinity upon FANCI ubiquitination measured before, may had been due to
124 lyp dissociating from D2 at low concentrations. Indeed, previous PIFE assays showed that at lower
125  concentrations of Iy,D2 (<100 nM) there had been negligible protein-binding induced fluorescence
126  enhancement of labelled DNA, while at higher protein concentrations (>500 nM), the Iy,D2 -binding
127 induced fluorescence enhancement of labelled DNA, had been comparable to that achieved with
128 lu,D2yp and ID2y, complexes (Rennie et al, 2020). Hence, to ensure complex formation at low FANCI
129 concentrations, we performed dsDNA-binding PIFE assays for ID2 and ly,D2 as before (Rennie et al,
130  2020), but this time we titrated only FANCI (ubiquitinated or not), while having a constant high
131  concentration of FANCD2 - equal to the maximum concentration of FANCI used. With such set-up,
132  our PIFE assays revealed a 20-fold increase in ID2 affinity for dsDNA when FANCI was ubiquitinated,
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133  whereas FANCD2 on its own had negligible binding to dsDNA (Fig. 2B). The above indicate that
134 FANCI-ubiquitination is responsible for maintaining the clamping of the ID2 complex on DNA, when
135 FANCD?2 ubiquitination is lost.

136 The overall conformation of the I,,D2 complex is very similar to that of Iy,D2yp (Fig. EV2A).
137  The most noticeable differences are: i) slight movements of FANCD2 and FANCI helices in the region
138  where FANCD2’s ubiquitin interacts with FANCI; and ii) the high level of disorder in the FANCI N-
139  terminus proximal to that region (residues 1-170), upon loss of FANCD2 ubiquitination (Fig. EV2B-C).

140 While both I,,D2y,-DNA (EMD-21138) and ID2y,-DNA (EMD-21139) maps display relatively
141 poor density for FANCI N-terminus (Wang et al, 2020), there is virtually no density for that part in
142 both our locally-filtered and Phenix-auto-sharpened map (Fig EV1E and Fig. 3A, respectively). Lack of
143  density in the N-terminus of FANCI has been also observed before, upon extraction of FANCD2's
144 ubiquitin by USP1 (Rennie et al, 2021). We thus propose that the high level of disorder in the FANCI
145 N-terminus is a direct consequence of the loss of binding between the ubiquitin of FANCD2 and the
146 N-terminus of FANCI. Similarly, reduced density for the N-terminus of FANCD2 has been previously
147  observed in closed state ID2 conformations in which there is no ubiquitin conjugated to FANCI, like
148 in the ID2,-DNA (EMD-21139) map (Wang et al, 2020) (Fig. 3A; right) and USP1-UAF1-1D2,-DNA
149 (EMD-11934) map (Rennie et al, 2021).

150 We reasoned that the relative disorder in the N-terminal regions of FANCI or FANCD2, in
151 lu,D2-DNA or ID2,-DNA complexes respectively, might be crucial for ubiquitination of FANCD2 or
152 FANCI, correspondingly. Despite the slight movements of 1y,D2’s FANCI and FANCD2 towards the
153  region where FANCD2-conjugated ubiquitin would be (Fig. EV2B-C), FANCD2's K561 is fully accessible
154  for ubiquitination, when compared to its position in the ID2-DNA complex (79 A buried) (Fig. 3B; Fig.
155  EV3). Similarly, several FANCD2 residues in proximity to FANCI’s K523 (in ID2-DNA complex) are
156 positioned further away upon FANCD2 ubiquitination, and hence FANCI’s K523 becomes more
157  accessible for ubiquitination in the ID2y,-DNA complex than in the ID2-DNA complex (Fig. 3B; Fig.
158 EV3). These observations led us to the hypothesis that ubiquitination of either of the two subunits of
159  ID2 (FANCI or FANCD2) actually favours ubiquitination of the other subunit. Indeed, time-course
160 ubiquitination assays revealed that: FANCD2 ubiquitination is stimulated when FANCI is already
161 ubiquitinated; and similarly, FANCI ubiquitination is stimulated when FANCD2 is already
162 ubiquitinated (Fig. 3C). These results may partially explain the in vivo interdependency in FANCI and
163 FANCD?2 ubiquitination observed before (Smogorzewska et al, 2007; Sims et al, 2007).

164 Previous work has shown that DNA is required for efficient protection of both FANCI and
165 FANCD?2 against USP1-UAF1 mediated deubiquitination (van Twest et al, 2017; Arkinson et al, 2018).
166 Focusing on FANCD2 deubiquitination, we have previously found that FANCI ubiquitination (but not
167 FANCI itself) is additionally required for restricting FANCD2 deubiquitination, but has no effect in
168 protecting from FANCD2 deubiquitination, in the absence of dsDNA (Arkinson et al, 2018). We
169  wondered whether a similar mechanism exists for protection of FANCI ubiquitination: i.e. the very
170  slow FANCI deubiquitination in the Iy,D2y,-DNA complex (Fig. 1) may be due ly, being protected
171 from USP1-UAF1l-mediated deubiquitination, when associating with both D2y, and DNA.
172 Alternatively, the presence of simply dsDNA, or FANCD2 (irrespective of ubiquitination status) and
173  dsDNA, may hinder USP1-UAF1 from targeting FANCI’s ubiquitin. To test those possibilities we
174 performed USP1-UAF1 deubiquitination assays with either isolated FANCI/FANCD2 proteins (ly, or
175 D2.,), or differentially ubiquitinated ID2 complexes (ly,D2, 1ysD2yp or ID2yy), in the presence or
176  absence of dsDNA (Fig. 4A). We observed that dsDNA significantly protects against FANCI
177 deubiquitination, whether |y, is in isolation, or in complex with D2/D2,. Moreover, the protective
178 role of DNA against FANCI deubiquitination, is further enhanced when Iy, is in complex with
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179 FANCD2, and this enhancement was irrespective of FANCD2 ubiquitination status (Fig. 4A-B). This
180  suggests that both DNA and FANCD?2 are required for maximal protection of Iy, against USP1-UAF1
181  deubiquitination. In agreement with what we observed before (Arkinson et al, 2018; Rennie et al,
182 2020), the presence of FANCI did not affect FANCD2 deubiquitination, which was nearly complete in
183 our reaction conditions, whether FANCI was present or not (Fig. 4A). However, the inclusion of
184 ubiquitinated FANCI in our reactions, restricted to some extent FANCD2 deubiquitination, when DNA
185  was also present (Fig. 4A-B).

186 Relative to FANCI, FANCD?2 is efficiently deubiquitinated. This is achieved thanks to a USP1
187  N-terminal region (proximal to its USP domain) specifically targeting FANCD2 (Arkinson et al, 2018).
188 Indeed, when deubiquitination occurred under same conditions, but with a USP1 having this N-
189  terminal region (first 54 amino-acids) deleted (USP1AN), FANCD2 deubiquitination was nearly
190 abolished, whether D2y, was in isolation or in complex with I/lIy,. The USP1 substitution with the
191 USP1AN mutant in our assays, however, did not greatly affect FANCI deubiquitination (Fig. 4C).
192 Moreover, the presence of either D2 or D2y, provided Iy-deubiquitination protection from
193  USP1AN-UAF1 (Fig. 4C), similarly to what observed with wild-type USP1-UAF1 complex (Fig. 4A-C).
194  The above suggest that the interaction of FANCD2's ubiquitin with FANCI (in the Iy,D2y,-DNA
195 complex) does not protect against FANCD2 deubiquitination, as the latter can be efficiently achieved
196 by a mechanism that involves USP1’s N-terminus binding to FANCD2. Crucial for such binding are
197 residues R22 and L23 of USP1, as predicted by AlphaFold modelling of FANCD2 interaction with
198 USP1’s N-terminus (Rennie et al, 2022), and further supported by deubiquitination assays of
199 respective USP1 alanine mutants towards FANCD2, FANCI and PCNA (Arkinson et al, 2018).

200 Whereas the FANCI interaction with the ubiquitin conjugated to FANCD2 has no protective
201 role against USP1-UAF1 mediated FANCD2 deubiquitination, the interaction of FANCI’s ubiquitin
202  with FANCD2 (in I1y,D2-DNA and Iy,D2y,-DNA complexes) efficiently protects against FANCI
203  deubiquitination. In each case, ubiquitin’s hydrophobic 144 patch is involved in interaction with the
204  other ID2 subunit; however, the ubiquitin conjugated to FANCI forms a more extended interface
205  with FANCD2 (Wang et al, 2020)(Fig. 5A). This extended interface is formed predominantly via
206 hydrophobic interactions of residues H209 (a10 helix), V243, P244 and D247 (a13 helix) of FANCD2
207  with residues T9 and K11 of ubiquitin, and is further stabilized by hydrogen bonding between
208 ubiquitin’s T9 and R74 with FANCD2’s H209 and S251 (or E217), respectively (Fig. 5A). The residues
209  of FANCD2 predicted to be involved in this extended interface show a high level of conservation
210 among vertebrate species (Fig. 5B). Hence, the above interactions may be crucial for the
211 maintenance of ID2 ubiquitination (and therefore of ID2 clamping on DNA) in vertebrates.

212

213  Discussion

214 ICLs and/or replication stress result in FA-core catalysed ID2 ubiquitination, which enables
215  the ID2 complex to clamp on DNA (Lemonidis et al, 2021). Since ubiquitinated ID2 is able to slide on
216 DNA in vitro, it has been proposed that ID2 ubiquitination effectively functions in sliding the 1D2
217  complex away from ICLs/replication forks. This would allow nucleases or other factors to act for the
218 repair of ICLs and/or restoration of replication, while the ID2 clamp may protect the DNA or have a
219 processivity function (Wang et al, 2020). Loss of FANCD2 ubiquitination has been found to be equally
220 bad for cell survival as loss of FANCD2, in response to the ICL-inducing agent, mitomycin C (Garcia-
221  Higuera et al, 2001). In contrast, loss of FANCI ubiquitination has been shown to be less severe than
222 loss of FANCI in similar cell-survival assays (Smogorzewska et al, 2007). Moreover, in vivo data show
223  that blocking FANCD2 ubiquitination (K561R mutant) completely abolishes FANCI ubiquitination,
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224  whereas blocking FANCI ubiquitination (K523R mutant) greatly impairs, but does not completely
225  abolish FANCD2 ubiquitination (Smogorzewska et al, 2007). Lastly, recent structural and biochemical
226  evidence reveal that the FA-core complex and UBE2T preferentially target for ubiquitination the
227 FANCD2 subunit of the ID2 complex, while FANCI ubiquitination lags (Wang et al, 2021).

228 The above indicate that in cells, FANCD2 ubiquitination most likely precedes FANCI
229 ubiquitination, and because the two ubiquitination events are linked, FANCI ubiquitination is
230  absolutely dependant on FANCD2 ubiquitination. Upon FANCD2 ubiquitination, the C-termini of
231 FANCI and FANCD2 close around DNA, and this movement is associated with exposure of FANCI’s
232 target lysine (K523) (Wang et al, 2020; Lemonidis et al, 2021). As a result, FANCI ubiquitination is
233 greatly enhanced (Fig. 3). Indeed, and in agreement with what has been observed before with FA-
234  core catalysed reactions (Wang et al, 2021), we found that the rate of FANCI ubiquitination is
235  significantly higher in ID2y,-DNA complex than in ID2-DNA complex (Fig. 3C). In the presence of DNA,
236 FANCI ubiquitination is required for protecting FANCD2’s ubiquitin from excessive deubiquitination
237 (Fig. 4A) (Arkinson et al, 2018; Rennie et al, 2020). Albeit slower in ly,D2y,-DNA complex, FANCD2
238  deubiquitination can still progress at significantly faster rate than FANCI deubiquitination (Fig. 1).
239 Removal of FANCD2’s ubiquitin from the Iy,D2y,-DNA complex does not impact on either the closed-
240  on-DNA ID2 conformation (Fig. 2), or the high level protection of FANCI’s ubiquitin from USP1-UAF1-
241 mediated deubiquitination. In fact, our deubiquitination assays indicate that Iy, sensitivity to USP1-
242  UAF1 action is conferred only by the absence of DNA, while enhanced protection is achieved when
243 both FANCD2 and DNA are present (Fig. 4A). FANCD2’s target lysine (K561) is exposed for re-
244 ubiquitination in the 1y,D2-DNA complex (Fig. 3A-B), and indeed the rate of FANCD2 ubiquitination in
245  that complex is significantly greater than in the ID2-DNA complex (Fig. 3C). Hence, we propose a
246 model whereby the balance between FANCD2 ubiquitination/deubiquitination determines whether
247 FANCI gets ubiquitinated. Once FANCI ubiquitination is established, it plays a two-fold role: it
248 prevents excessive FANCD2 deubiquitination (in 1y,D2y,-DNA complex), and it ensures FANCD2 re-
249 ubiquitination (in IypD2-DNA complex), once ubiquitin has been removed from FANCD2 (Fig. 6). The
250 clamping on DNA of 1y,D2 and Iy,D2y, complexes ensures that maximum protection against USP1-
251 UAF1 activity is achieved for both conjugated ubiquitins, and therefore ubiquitinated ID2 cannot
252  easily revert to a non-ubiquitinated state. In essence, FANCI ubiquitination, via maintaining FANCD2
253 ubiquitination, commits the 1D2, complex for FA repair, since without FANCI ubiquitination such
254  complex would be rapidly transformed to a non-ubiquitinated ID2 complex, through the action of
255  USP1-UAF1.

256 It is worth noting that our ubiquitination reactions were performed using a minimal E1-E2-E3
257  system, consisting of a FANCL truncation mutant as a source of E3 ubiquitin ligase (FANCL'%3",
258 instead of FA-core complex), and an engineered UBE2T (UBE2Tv4, displaying enhanced activity over
259  wild type UBE2T), as source of E2 (Chaugule et al, 2019b, 2020). Nevertheless, we expect that, also
260 under physiological conditions (ubiquitination with wild-type UBE2T and FA-core complex), FANCD2
261 would be ubiquitinated much faster within 1y,,D2-DNA than within ID2-DNA complex, for the
262  following reasons. Structural insights into ID2 ubiquitination by the FA-core complex, indicate that
263  the FA-core is able to remodel the DNA-bound ID2 complex into a closed state conformation,
264  whereby FANCD2's target lysine and neighbouring residues are optimally positioned for ubiquitin-
265  conjugation by the FANCL-bound UBE2T enzyme (Wang et al, 2021). Since |,,D2-DNA is already in
266  the closed state conformation, there is no need for the ID2 remodelling step to achieve FANCD2
267 ubiquitination. Such step is likely rate-limiting in FA-core catalysed ID2-DNA ubiquitination, since,
268 both open-state and intermediated state ID2 conformations were additionally identified (and were
269  equally distributed) in FA-core bound ID2 complexes, produced from such reactions (Wang et al,
270  2021). Hence, the reaction is expected to progress at a faster rate in the closed state ly,D2-DNA than
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271 in the open-state ID2-DNA. Similarly, the rate of FANCI ubiquitination is significantly faster in the
272  closed state ID2y,-DNA complex than in the open state ID2-DNA complex, whether ubiquitination
273 occurs utilizing the UBE2Tv4/FANCL'®>"® pair (Fig 3C), or under more physiological (UBE2T/FA-core
274 pair) conditions (Wang et al, 2021). Lastly, FANCD2 deubiquitination, which also involves a
275  conformational transition step, whereby ID2y,-DNA complex opens-up a bit upon USP1-UAF1
276  binding (Rennie et al, 2021), also progresses much faster when the initial closed ID2,-DNA state is
277  compromised into a more open-state via the FANCI R1285A mutation (Wang et al, 2020).

278 Our results indicate that dsDNA, along with FANCI ubiquitination are required for
279 maintaining FANCD2 ubiquitination, while dsDNA also protects from FANCI deubiquitination. This is
280 in agreement with previous reports highlighting the protective role of DNA against FANCI/FANCD2
281  deubiquitination (van Twest et al, 2017; Arkinson et al, 2018). Interestingly, the opposite effect (DNA
282 promoting USP1-UAF1-mediated FANCD2 deubiquitination) has been reported in a study utilizing a
283  ~60% FANCD2-ubiquitinated ID2 complex produced with the aid of a 64-mer single-stranded DNA
284  (Liang et al, 2019). While the reasons for such discrepancy need to be further investigated, it is likely
285  that the source of DNA (singe- versus double- stranded) used for ID2 ubiquitination, determines
286  whether FANCD2 deubiquitination will be promoted or inhibited. UAF1 has been shown to bind both
287  double-stranded (dsDNA), single-stranded (ssDNA), or more complex D-loop structures of DNA, in
288  vitro (Liang et al, 2016, 2019). Although we cannot exclude the possibility of a UAF1-ssDNA binding
289  event promoting ID2 deubiquitination, there is no evidence in support of dsDNA-UAF1 binding
290 influencing ID2 deubiquitination: cryo-EM analysis of in vitro assembled USP1-UAF1-ID2,-DNA
291  complexes, suggests that formation of a ternary complex is favoured, with both dsDNA and USP1-
292 UAF1 preferentially binding ubiquitinated ID2, rather than each other (Rennie et al, 2021). Since
293 dsDNA has been shown to protect against both FANCI and FANCD2 deubiquitination, ubiquitinated
294 ID2 complexes may need to be disengaged from DNA to be more effectively deubiquitinated. This
295  could be achieved through the action of the DVC1-p97 ubiquitin segregase, which has been shown to
296 be responsible for removal of ID2 from sites of DNA damage, once ID2 has been SUMOylated and
297  subsequently polyubiquitinated on SUMO (Gibbs-Seymour et al, 2015). Another possibility would be
298  that ubiquitinated ID2 and/or USP1/UAF1 are modulated (by factors and in ways that are yet
299 unknown) for effective cleavage of the conjugated ubiquitins, in the presence of DNA.

300 The exact mechanism by which dsDNA is protecting both FANCD2 and FANCI from
301  deubiquitination is yet unclear. For the protection seen on Iy, in the absence of D2, there is a
302 possibility that dsDNA blocks access of USP1-UAF1 to FANCI’s ubiquitin, either directly or indirectly
303  through altering the conformation of ly,. Further structural work will be required to elucidate how
304 USP1-UAF1 targets the ubiquitin on FANCI and how dsDNA may interfere with such targeting. The
305 deubiquitination protection of 1y,D2 and Iy,D2y, complexes by dsDNA, however, is likely mediated
306  through stabilisation of the ubiquitinated ID2 complexes in the closed conformation in which FANCI’s
307 ubiquitin, and therefore FANCD2’s ubiquitin too, are maximally protected. In support for this, the
308 R1285Q mutant of FANCI, which is predicted to disrupt the closed-on-DNA conformation of
309 ubiquitinated ID2 complexes (Wang et al, 2020; Rennie et al, 2020)(Fig. EV1), impairs both the
310 dsDNA binding (Rennie et al, 2020) and the Ily,/D2y, protection from USP1-UAF1-mediated
311  deubiquitination (Wang et al, 2020). While closed-conformation ubiquitinated ID2 complexes can
312 exist in the absence of DNA, as previously shown for ID2,, (Rennie et al, 2020), such DNA-free
313 complexes may be less stable, or conformationally more flexible, without the avidity conferred by
314  the interacting DNA. Therefore, they may be more amenable to deubiquitination. Our biochemical
315  assays indicate that FANCI ubiquitination further secures this closed ID2 conformation. This is likely
316  achieved through FANCI-ubiquitination effectively restricting the conformational inclination of the
317 USP1-UAF1-bound ID2 complex towards the open-state conformation. Indeed, the structure of
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318 USP1-UAF1 complex bound to ID2y,-DNA revealed ID2 movements towards the open-state
319  conformation, affecting not only FANCI helices in the region where ubiquitin-conjugation occurs, but
320  also, and most profoundly, the FANCD2 N-terminus involved in interaction with FANCI’s ubiquitin
321 (Rennie et al, 2021).

322 In ubiquitinated ID2 complexes, the ubiquitin conjugated to FANCI is substantially more
323 protected from deubiquitination than the ubiquitin conjugated on FANCD2. To some extent, this
324 may be due to USP1-UAF1 preferentially targeting FANCD2, via USP1’s N-terminal extension
325 (Arkinson et al, 2018) and through UAF1-FANCI interactions acting as a USP1-FANCD2 enzyme-
326  substrate recruitment module (Rennie et al, 2021). Nevertheless, the preferential targeting of
327 FANCD2’s ubiquitin over FANCI’s ubiquitin may also be due to the latter ubiquitin participating in
328 more extensive interactions (than the former ubiquitin) with the other ID2 subunit (Fig. 5A)(Wang et
329  al, 2020; Rennie et al, 2021). Further biochemical work, including extensive mutagenesis of key
330 ubiquitin-1D2 interfaces, is likely to uncover the reasons contributing to D2, being preferentially
331  targeted over Iy, in ubiquitinated ID2 complexes.

332 In this work we provide a structural and biochemical basis for the in vivo interdependency in
333 FANCI and FANCD2 ubiquitination observed before (Smogorzewska et al, 2007; Sims et al, 2007).
334  This is crucial for understanding how FANCI and FANCD2 ubiquitination/deubiquitination are linked
335 at the molecular level. However, while the mechanism of FANCD2 ubiquitination and
336  deubiquitination has been sufficiently elucidated (Chaugule et al, 2020; Wang et al, 2021; Rennie et
337  al, 2021), we are still lacking information on how UBE2T and FA-core engage the mono-ubiquitinated
338 ID2 complex for FANCI ubiquitination, and how the ubiquitin from FANCI is removed by USP1-UAF1.
339 Deciphering how FANCI ubiquitination and deubiquitination are encoded as well, coupled with
340 generation of mutants affecting FANCl-only and/or FANCD2-only ubiquitination/deubiquitination,
341  would allow us to study in more detail how these processes are dynamically regulated in vivo.

342
343 Methods

344  Protein expression and purification

345 Protein constructs for protein expression were as before (Arkinson et al, 2018; Rennie et al,
346  2020). All proteins and ubiquitinated versions of FANCI and FANCD2 were produced as previously
347  described, in the absence of DNA, and ID2 complexes (with or without DNA) were subsequently
348 assembled in vitro (Arkinson et al, 2018; Rennie et al, 2020). Briefly, FANCI, FANCD2, USP1 and
349 USP1AN proteins, corresponding to canonical human protein sequences, were expressed with N-
350 terminal six-histidine tag fusions in Sf21 insect cells and were subsequently purified using NiNTA
351  chromatography, anion exchange and gel filtration. Untagged human UAF1 was co-expressed and
352  co-purified with USP1, whereas his-tagged UAF1 was expressed and purified in isolation, to be later
353 used for in vitro assembly of USP1AN-UAF1 complex. For production of ubiquitinated FANCI and
354  FANCD2 proteins, reactions occurred using FANCI/FANCD2, UBA1, UBE2T (UBE2Tv4), FANCL'®37,
355  ATP-Mg" and, either Spy-tagged ubiquitin, or GST-tagged ubiquitin (both tags were N-terminal). In
356 the case of Spy-tagged ubiquitin reactions, incubation with GST-tagged SpyCatcher occurred
357  afterwards to covalently link GST to ubiquitin. Ubiquitinated proteins were then purified by capture
358  of GST-linked ubiquitin on Glutathione resin, and subsequent gel filtration of ubiquitinated products.
359  After final gel filtration step, in buffer containing 20 mM Tris pH8, 100 mM NaCl (or 400 mM for
360 ubiquitinated/non-ubiquitinated FANCI/FANCD?2), 5% glycerol and reducing agent (0.5-1 mM TCEP or
361 2-5 mM DTT), proteins were flash frozen in liquid nitrogen and stored at -80° C. Ubiquitinated (ID2ys,
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362 D2 and ly,D2y,) or non-ubiquitinated ID2 complexes were assembled on ice from individually
363 purified proteins equilibrated in gel-filtration buffer having 150 mM NaCl concentration.

364
365 DNA oligos

366 All DNA oligos were purchased from IDT and consisted of perfectly complementary pairs for
367  formation of double stranded DNA (dsDNA) molecules. Unlabelled DNA oligos (for 32 bp, 51 bp and
368 61 bp dsDNA formation) were PAGE-purified, whereas 5’-labelled with IRDye700 oligos (for infrared-
369 labelled 32 bp dsDNA formation) were HPLC purified. Their 5’ to 3’ sequence is as following: 32 bp

370  (labelled/unlabelled): CGATCGGTAACGTATGCTGAATCTGGTGCTGG and corresponding
371  complementary sequence; 51 bp:
372 CGTCGACTCTACATGAAGCTCGAAGCCATGAATTCAAATGACCTCTGATCA and corresponding
373 complementary sequence; and 61 bp:
374 TGATCAGAGGTCATTTGAATTCATGGCTTCGAGCTTCATGTAGAGTCGACGGTGCTGGGAT and

375 corresponding complementary sequence.
376
377  Cryo-EM sample preparation, data collection and processing

378 Purified ubiquitinated Hisg-V5-FANCI was mixed with purified FANCD2 at 1:1 molar ratio and
379  exchanged into cryo-EM buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 2 mM DTT) using a Bio-Spin P-30
380  column (Bio-Rad). The concentration of the recovered protein complex was estimated based on its
381  absorbance at 280 nM. A PAGE-purified 61 base-pair dsDNA was then added to the protein complex
382  ata 1:1 molar ratio. After a short equilibration at room temperature, 3.5 ul of the protein-DNA mix
383 (7.6 uM) was loaded on Quantifoil 1.2/1.3 300 mesh grids, which had been previously glow
384  discharged for 30 sec at 30 mA. Grids were blotted for 3 sec and vitrified in liquid ethane using a
385  Vitrobot operating at 95% humidity at 18 °C. The frozen grids were subsequently imaged over two
386  sessions on CRYO ARM 300 (JEOL) microscope (Scottish Centre for Macromolecular Imaging) using a
387 DE64 detector. For the second session, the in-column omega filter was used, with a slit width of 30
388 eV. 45-frame movies (11,229 in total), with a calibrated pixel size of 1.023 A, were collected in
389  counting mode, using serialEM software (Mastronarde, 2005). Total electron dose was either 45.2
390 e/A” or 46.8 e/A”? over 15.32 seconds. Movies were subsequently processed in cryoSPARC (v3.2)
391 (Punjani et al, 2017) for particle-image extraction, 2D classification and construction/refinement of
392  cryo-EM density maps, as detailed below. Each set of movies (from the two sessions) was processed
393  separately for obtaining good particles. Following Patch motion correction, Patch CTF estimation and
394  curation of resulting exposures, we obtained 10,178 dose-weighted motion-corrected images in
395  total. Particles were first picked automatically using elliptical blobs having minimum and maximum
396  diameters of 120 and 200 A, respectively. All picked particles were extracted within a 320-pixel box.
397 Following few rounds of 2D classification, particles forming good 2D classes were used for ab-initio
398 3D reconstruction (2-3 models) followed by heterogeneous refinement. To clear junk particles, the
399 initial 3D classes were subjected to further rounds of heterogeneous refinement, using each time as
400 an input particle-set the good 3D class output-particles of the previous hetero-refinement job. We
401  then subjected the particles of the good 3D class to 2D classification to generate 2D templates for
402 particle picking. The particle maximum diameter was set to 200 A, in template-based particle
403 picking. Template picking occurred twice with a different set of templates each time for both
404 micrograph datasets. Removal of junk particles occurred with heterogeneous refinement, as before:
405  all template-based extracted particle picks were subjected to multiple rounds of heterogeneous
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406 refinement, using one previously generated good, and 1-2 previously generated junk 3D classes.
407 Multiple rounds of heterogeneous refinement was also applied to all particles extracted by blob-
408 picking to enrich the good particle set. To further enrich the good particles of some 3D classes, ab-
409 initio reconstruction (2-3 models) followed by heterogeneous refinement also occurred for these
410  classes. After removal of any duplicate particles among the eight generated 3D classes (4 for each
411  dataset) and another round of heterogeneous refinement, the 259,775 particles falling to the good
412 3D class were motion-corrected locally and re-extracted from the micrographs. Following another
413 round of heterogeneous refinement, the resulting good 3D class (made of 206,669 particles) was
414 low-pass filtered at 12, 18 and 30 A. A final round of heterogeneous refinement then occurred using
415  the three low passed filtered volumes and a starting refinement resolution set at 12 A. The resulting
416 highest resolution class (made of 139,601 particles) resulting from the 12 A filtered map, was both
417 homogeneous and non-uniform refined. We then applied a local non-uniform refinement (Punjani et
418  al, 2020), using as inputs, the output volume of the non-uniform refinement job, and the mask
419  generated by the homogeneous refinement job. The generated map had an overall resolution of
420 4.14 A, determined by gold-standard FSC. A local resolution filtered map was then obtained, by
421  calculating the local resolution at 0.143 FSC threshold with an adaptive window factor of eight. This
422 map was used for model building, while a sharpened map produced with Phenix (v1.19.2) auto-
423 sharpen tool (Terwilliger et al, 2018) was also used to aide interpretation of higher resolution
424  features.

425
426 Model building and visualization.

427 Initially, the ubiquitin conjugated to FANCD2 in the Iy,D2y,-DNA structure (PDB code:
428 6VAE)(Wang et al, 2020) was removed, and the remaining structure was fitted to the Iy,D2-DNA map
429 using Chimera software. Model editing and building subsequently occurred in WinCoot (v0.9.4.1)
430 (Emsley et al, 2010), incorporating torsion, planar peptide, trans peptide and Ramachandran
431 restraints. More specifically: i) we corrected for peptide twists and mismatches to FANCI and
432 FANCD2 human protein sequences (UniProt entries: QINVI1 and Q9BXW9, respectively); ii) we
433 removed regions corresponding to poor density - such as a large section of FANCI N-terminus
434  (residues 1-171), few FANCI/FANCD2 loops and a short stretch in one end (2 bp) of the 29bp dsDNA
435 (closer to FANCD2 C-terminus); and iii) we filled some gaps in the structural model for which the
436  cryo-EM density was sufficiently good for modelling building. Then, we performed several rounds of,
437  (global and local) automated real-space refinement in Phenix (v1.19.2) (Afonine et al, 2018),
438  followed by manual refinement of problematic regions/residues in WinCoot. For automated
439 refinement, protein/dsDNA secondary structure, rotamer, Ramachadran, geometry and FANCI-Ub
440 K523-G76 bond restrains were enforced. Additionally, we applied a non-bonded weight of 2500 to
441 restrict steric clashes. Cryo-EM data and model refinement statistics are reported in Table 1. Maps
442 and models were visualized in PyMOL (The PyMOL Molecular Graphics System, Version 1.7.6.6
443 Schrodinger, LLC.), Chimera (Pettersen et al, 2004), or ChimeraX (Goddard et al, 2018). Surface
444  accessibility of non-conjugated FANCI (K523) and FANCD2 (K561) target lysines in our ly,D2-DNA
445  structure, and in ID2-DNA (PDB:6VAA) and ID2,, (PDB:6VAF) structures (Wang et al, 2020), was
446  measured using the PDBePISA tool (Krissinel & Henrick, 2007) at https://www.ebi.ac.uk/pdbe/pisa/.

447

448 In vitro reactions
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449 FANCI-FANCD?2 reactions occurred in 10 pl volume, using FLAG-tagged FANCD2 and/or His-
450  V5-tagged FANCI (Both N-terminally tagged). In vitro ubiquitination reactions were conducted at 30°
451  C with UBA1 (50 nM), UBE2Tv4 (2 uM), FANCL'3"® (2 uM), ubiquitin (10 pM), ID2 (2 pM) and a 32
452 bp dsDNA (3.6 uM), in 42 mM Tris-HCI pH 8, 140 mM NaCl, 5% Glycerol, 5 mM ATP, 5 mM MgCl, and
453 1mM DTT. In vitro deubiquitination reactions occurred at room temperature, with USP1-UAF1 (50
454  nM) and ubiquitinated FANCI/ID2 (0.5 uM), in 50 mM Tris pH8, 100 mM NaCl, 5% Glycerol, 2 mM
455 DTT. Unless otherwise stated, deubiquitination reactions were performed in the presence of 2 uM
456  dsDNA (51 bp). Ubiquitination/deubiquitination reactions were terminated by addition of reducing
457 LDS sample buffer (to 1x final). After boiling for 3 min at 100° C, a fraction of these (amount
458  corresponding to approximately 0.5 pmoles of total ID2) were loaded on 4-12% Wedge-Well Tris-
459  Glycine gels (Thermo Fisher). Following SDS-PAGE, proteins were transferred to nitrocellulose
460 membranes, using an iBlot gel transfer device (Thermo Fisher). FLAG-FANCD2 and Hisg-V5-FANCI
461  were visualized, on Odyssey CLx (LI-COR) infrared scanner, following western blotting with FANCD2
462 (sc-28194; Santa Cruz Biotechnology) and V5 (66007.1-lg; ProteinTech) primary antibodies, and
463 corresponding infrared-dye-conjugated secondary antibodies, as described before (Rennie et al,
464 2020).

465
466 Protein Induced Fluorescence Enhancement assays

467 These were performed using ubiquitinated or non-ubiquitinated Hisg-V5-FANCI, non-
468 ubiquitinated His¢-FANCD2 and infrared (IRDye-700) labelled (on both strands) 32 bp DNA in
469  Fluorescence Buffer (20 mM Tris pH 8.0, 150 mM NaCl, 5% glycerol, 0.47 mg/ml BSA, 1 mM DTT).
470 PIFE assays were conducted as before (Rennie et al, 2020), but with the following modifications:
471 Ubiquitinated/non-ubiquitinated Hisg-V5-FANCI was first diluted to 5 uM and then subjected to
472 several two-fold serial dilutions, whereas Hisg-FANCD2 was mixed with labelled DNA to achieve a
473 working concentration of 5 UM FANCD2 and 250 nM DNA. Then 5 ul of this FANCD2-DNA mix was
474 mixed with 5 pl of each of the FANCI series of dilutions for final concentrations of: 125 nM DNA, 2.5
475  uM FANCD2 and 1.2 nM -2.5 uM of FANCI in Fluorescence Buffer. For assessing FANCD2's affinity to
476 dsDNA, Hisg-FANCD2 was subjected to several two-fold serial dilutions and then each of this was
477 mixed with a constant concentration of labelled DNA to achieve final concentration of 125 nM DNA
478  and 40 nM - 5 uM of FANCD?2 in Fluorescence Buffer. Samples to be measured were transferred into
479  premium capillaries (NanoTemper Technologies). Measurements were performed at 22°C on a
480  Monolith NT.115 instrument (NanoTemper Technologies) using the red channel, with laser power
481 set to 20%.

482
483  Quantification and statistical analysis

484 For ubiquitination/deubiquitination experiments, the percentage FANCI/FANCD2
485 ubiquitination (induced-by-ubiquitination or residual-from-deubiquitination) at indicative time-
486 points, was calculated following quantification of ubiquitinated and non-ubiquitinated
487 FANCI/FANCD2 bands from western blots, using LI-COR Image Studio Lite software (v5.2). All the
488 percentage ubiquitination values calculated for each complex/protein from multiple experiments
489  were used in fitting to either a one phase decay (deubiquitination experiments) or a one-phase
490  association (ubiquitination experiments) model, assuming same plateau for all proteins analysed.
491  Assessment of statistically significant changes was done using one-way ANOVA with Bonferroni
492 correction. Dissociation constants with associated uncertainties from Protein-Induced Fluorescence
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493 Enhancement (PIFE) assays were determined by fitting baseline subtracted PIFE values to a one-site
494 binding model, as described before (Rennie et al, 2020). All data deriving from quantification of blots
495  and PIFE experiments were visualized and statistically analysed using GraphPad Prism software.

496

497  Data availability

498  The two half maps of the final cryo-EM I ,D2-DNA complex reconstruction, along with the locally
499 filtered and Phenix Autosharpen maps deriving from these, have been deposited to the Electron
500 Microscopy Data Bank with accession code EMD-14694. The atomic coordinates of the refined
501 model have been deposited to the Protein Data Bank with accession code 7ZF1.
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641 Tables and Figures
642

643  Table 1. Cryo-EM data collection and processing, and subsequent model building and refinement.

Data Collection and Processing

Magnification 120,000x
Voltage (kV) 300
Electron exposure (e/A2) 45.2 or 46.8
Pixel size (A) 1.023
Defocus range (um) 0.5-3.8
Symmetry imposed Cc1
Initial number of images (automated picking) 7,376,277
Final particle images 139,601
Map resolution (A) at FSC=0.143 4.1
Map resolution range (A) at FSC=0.143 2.8-13.9

15


https://doi.org/10.1101/2022.04.07.487446
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.07.487446; this version posted June 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Refinement and Validation

Initial model used (PDB code) 6VAE

Model resolution (A) Resolution at FSC=0.143 4.1
Resolution at FSC=0.5 4.4

Model composition Non-hydrogen atoms 19,458
Protein residues 2,297
DNA residues 54

All-Atom contacts Clash score 3.24

Bonds RMSD Bond Lengths (A) 0.005
Bond Angles (°) 0.81

Ramachandran plot Favoured (%) 97.34
Allowed (%) 2.66
Outliers (%) 0
Rama-Z score (RMSD) 0.76

Protein Geometry MolProbity score 1.24
Rotamer outliers (%) 0
CR outliers (%) 0
Twisted peptides (%) 0
CaBLAM outliers (%) 0.63

B-factors (A?) Protein 127.49
Nucleotide 306.24

Map-model correlation CChiask 0.74

coefficients CCaox 0.78
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668  Fig. 2. FANCIly,-FANCD2 complex is a DNA clamp.

669  A. FANCIy,-FANCD?2 (ly,D2) structure bound to double-stranded DNA. The structure was determined
670 by cryo-EM, using a 4.1A global resolution map. Two different views of the structure are shown.
671  Unmodelled regions due to poor density that extend 20 amino-acid stretches are indicated at the
672 bottom.

673  B. FANCI-ubiquitinated ID2 complex displays increased affinity to double-stranded DNA (dsDNA)
674  compared to non-ubiquitinated ID2 complex. Left: Fluorescent changes of IRDye700-labeled 32 bp
675 DNA (125 nM) when incubated with FANCD2 (D2; 2.5 uM) and increasing concentrations (ranging
676  from 1.2 nM to 2.5 uM) of FANCI (I) or ubiquitinated FANCI (ly,). As a control, fluorescent changes of
677 IRDye700-labelled DNA (125 nM) when incubated with increasing concentrations of FANCD2
678  (ranging from 40 nM to 5 uM) were monitored as well. For each protein/complex, the experiment
679  was conducted twice and all data points from the two experiments were used for fitting of a one-site
680 binding model. Right: Apparent ID2, 1,,D2 and D2 Kd values (and associated uncertainties, all in nM)
681  for dsDNA measured from model fitting.
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685  Fig. 3. Ubiquitination of either of the two ID2 subunits enhances ubiquitination of the other.

686  A. Comparison of cryo-EM density distribution among 1,,D2-DNA (Phenix-auto-sharpened map),
687 lupD2yp-DNA (EMD: 21138) and ID2y,-DNA (EMD: 21138) maps. ly,D2-DNA and 1D2,-DNA maps, as
688 well as IypD2y,-DNA model (PDB: 6VAE) were aligned to ly,D2y,-DNA in ChimeraX. A different colour
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689 was applied for each of the protein chains of Iy,D2y,-DNA model (FANCI: slate blue, Ubiquitin-on-
690 FANCI: green, FANCD2: cyan, Ubiquitin-on-FANCD2: magenta), while DNA was coloured red. Then
691  each map was coloured according to nearby (within 6A) residue colours. Contour levels were
692 adjusted (lypD2-DNA: 6.21, Iy,D2y,-DNA: 0.0194 and ID2,-DNA: 0.0162) to achieve comparable
693  volumes among all displayed maps (ranging from 8.6 to 9.4 x 10* A®). Arrows indicate regions of
694 poorer density (in ly,D2-DNA and ID2,-DNA maps) relative to other regions of the map, as well as to
695 equivalent positions in ID2,,-DNA map.

696  B. Both K561 of FANCD2 and K523 of FANCI become more accessible upon ubiquitination of the
697  other ID2 subunit. Structural comparison of relative accessibility of FANCD2-K561, upon FANCI
698 ubiquitination (left panel), and of FANCI-K523, upon FANCD2 ubiquitination (right panel). The
699 relative positions of these lysines upon conjugation with ubiquitin, are also shown for comparison.
700 Residues of the other ID2 subunit within 8 A distance from the epsilon-amino-group of the
701  corresponding lysine are indicated as sticks. The distance to the nearest residue is shown prior and
702 upon ubiquitination of the other ID2 subunit. In either case this increases, upon ubiquitination of the
703 other subunit, further than 10 A.

704  C-D. ID2 ubiquitination on FANCI results in increased rate of FANCD2 ubiquitination (B), whereas ID2
705 ubiquitination on FANCD?2 results in increased rate of FANCI ubiquitination (C). Protein complexes
706  were assembled in vitro on ice in the presence of dsDNA (32 bp) and their in vitro ubiquitination at
707 30° C was subsequently monitored in a time-course: at indicative time-points aliquots of the reaction
708  were removed and analysed by western blotting using FANCD2 and V5 antibodies (Top). For each
709 protein complex, data-points from three replicate experiments were used in fitting to a one-phase
710  association model (Bottom).

711
712

713
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716 Fig. 4. DNA and FANCD2 protect against FANCI deubiquitination.

717  A. USP1-UAF1-mediated deubiquitination of V5-FANCI and FANCD2 was assessed in the absence or
718 presence of DNA (51 bp), when ubiquitinated versions of these proteins were in isolation (Iy, and
719 D2y,) or within singly/doubly ubiquitinated ID2 complexes (ly,D2, ly,D2yp and ID2y,). At indicated
720  time-points aliquots of each reaction were removed and analysed by western blotting using FANCD2
721 and V5 antibodies.

722 B. Residual FANCI and FANCD2 ubiquitination following USP1-UAF1 treatment for 30 min at room
723  temperature. Experiments shown in A were performed in triplicate, apart from ID2y, and D2y,
724  deubiquitination in the absence of DNA, which were performed twice (and were thus excluded from
725  statistical analysis). Replicate residual ubiquitination values and statistically significant changes (one-
726 way ANOVA test with Bonferroni correction) are shown. ***p<0.001.

727  C. Deletion of N-terminus (AN) of USP1 (residues 1-54) results in greatly reduced FANCD2
728  deubiquitination. Assays were performed in triplicate as in A, but all reactions contained DNA. Left:
729  Western blotting of reaction products at zero and 30 minutes using FANCD2 and V5 antibodies.
730  Right: Residual FANCI and FANCD2 ubiquitination following USP1-UAF1 treatment for 30 min.
731 Replicate residual ubiquitination values and statistically significant changes (one-way ANOVA test
732  with Bonferroni correction) are shown. ***p<0.001.

733
734
735

736
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737
738  Fig. 5. Interactions of FANCI/FANCD2 with the ubiquitin conjugated to the other ID2 subunit.

739  A. Interactions of FANCI and FANCD2 with the ubiquitin conjugated to the other ID2 subunit, in DNA-
740 bound 1y,D2, 1y,D2y, (PDB: 6VAE), ID2y, (PDB: 6VAF) and I,,D2y, (PDB: 6VAE) structures (Wang et al,
741  2020). Dotted straight lines indicate hydrogen bonding. Both FANCD2 and FANCI interact with
742 ubiquitin’s hydrophobic 144 patch (residues L8, 144, H68 and V70; all labelled in highlighted-yellow
743  font) and additionally with residues F45 to G47 of ubiquitin. However, the ubiquitin conjugated to
744  FANCI has a more extensive interface with FANCD2. This extended interface is formed by
745 interactions of FANCD2 al0 - al3 helices (predominant interacting residues highlighted in boxes)
746  with residues R74 and T9 to K11 of ubiquitin (shown in black font). The ubiquitin-FANCD2 interface
747 may be further extended via interactions between residues K33 and E34 of ubiquitin with K165 and
748 R174 of FANCD2, as shown in Iy,D2y,-DNA structure. For direct comparison of corresponding
749  interactions, the same orientation for all ubiquitins (both FANCI-conjugated and FANCD2-
750  conjugated) was achieved by aligning: ID2y,-DNA and Iy,D2y,-DNA structures to the ubiquitin of
751 lubD2-DNA structure, and subsequently, the 1y,D2y,-DNA structure to the ubiquitin of 1D2y,-DNA
752  structure as well.
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753 B. Clustal O multiple sequence alignment of human, mouse, rat, chicken, frog and zebrafish FANCD2
754  amino-acid sequences, focused on a region encompassing a11-13 helices of FANCD2 in human ly,D2-
755 DNA structure (helical regions shown on top). Identical residues among various species are
756 highlighted red, whereas residues in positions displaying 83% similarity/identity are shown in red
757 font. Residues of FANCD2 interacting with FANCI’s ubiquitin in both Iy,D2-DNA and Iy,D2y,-DNA
758  structures are indicated with blue circles.

759
760
‘ - FA core ‘
Ub
l,,D2-DNA
761

762 Fig. 6. FANCI ubiquitination supports and maintains a di-mono-ubiquitinated ID2 state.

763 Model explaining how the di-monoubiquitinated ID2 complex is generated and maintained. The
764 UBE2T ubiquitin conjugating enzyme partners with the FA core ubiquitin ligase for ubiquitination of
765  the DNA-bound FANCI-FANCD2 (ID2) complex. Of the two proteins subunits of the ID2 complex,
766 FANCD2 is preferentially targeted for ubiquitination. While the resulting complex (ID2y,-DNA) is
767  sensitive to USP1-UAF1 deubiquitination activity, it has a conformation that now favours FANCI
768 ubiquitination. Upon FANCI ubiquitination, the ubiquitin conjugated to FANCD2 gains some degree
769 of resistance towards USP1-UAF1-mediated deubiquitination (IysD2y,-DNA complex). Nevertheless,
770 FANCD2's ubiquitin is preferentially targeted for deubiquitination in the 1y,D2y,-DNA complex. Its
771 removal, though, is counteracted by very fast rates of FANCD2 ubiquitination (in the l,,D2-DNA
772  complex), which can (re-)establish the di-mono-ubiquitinated state (ly,D2y,-DNA). Since the
773 ubiquitin-on-FANCI is highly protected against deubiquitination in both I,,D2-DNA and Iy,D2y,-DNA
774  complexes, reverting to a non-ubiquitinated ID2 state is highly disfavoured, once FANCI
775 ubiquitination is established. Arrow lengths are proportional to ubiquitination rates estimated in Fig
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776 3C. ID2-DNA, ID2y,-DNA and lyp,D2,-DNA structures shown correspond to PDB entries 6VAA, 6VAF
777  and 6VAE, respectively (Wang et al, 2020).
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778
779  Fig. EV1. Cryo-EM analysis and structure modelling of I,,D2-DNA complex.

780  A. Example micrograph with scale bar.
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781 B. Example 2D classes. Circular mask is 170A in diameter. 2D classes surrounded by a green box
782  correspond to ly,D2-DNA complex particles, while smaller-sized 2D classes surrounded by a red box
783 likely correspond to monomeric ly,/D2 proteins.

784  C. Fourier Shell Correlation (FSC) curves: between the two half maps produced in the final local non-
785 uniform refinement (shown in blue) and between the refined model and final map (shown in
786  orange).

787 D. Particle orientation (viewing direction distribution) in the final map. Total number of particles:
788  139,601.

789 E. Top: Locally filtered map coloured by local resolution, at three different angles. Bottom:
790 Corresponding structural model viewed under same orientations.

791 F. 1ysD2-DNA structure with corresponding map density (locally filtered map), centred on the
792  isopeptide bond between K523 of FANCI and G76 of ubiquitin. Some well-resolved side-chains are
793 illustrated as sticks and indicated.

794  G. Interaction between FANCI and FANCD2 C-termini with corresponding map density (locally
795  filtered map). A beta-sheet consisting of a FANCI and a FANCD2 strand is formed (residues 1285-
796 1289 of FANCI and residues 1384-88 of FANCD2). This is held in place through hydrophobic and
797  electrostatic interactions with a FANCD2 helix (1351-1377 aa). Residues predicted to participate in
798  such interactions are shown as sticks and indicated. Selected side chains, for which there is good
799  density are also shown as sticks. For clarity, adjacent to that region elements of the Iy,D2-DNA
800 structure and map are removed.

801 H. 1ysD2-DNA structure centred on DNA. Density corresponding to the 27 bp modelled DNA is shown
802  asorange mesh. Colouring of structure is as in E-G.
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805 Fig. EV2. ly,D2-DNA and I,,D2,,-DNA structure comparison.

804

806  A. The lack of the FANCD2-conjugated ubiquitin in l,,D2-DNA structure is associated with a disorder
807 in the 170 aa N-terminus of FANCI, when compared with I,D2,-DNA structure. The two structures
808  were aligned in Pymol and visualized from the same angle, either on their own (left and centre), or
809  together (right).

810  B. Helices and corresponding residues of FANCI involved in interaction with FANCD2’s ubiquitin
811 (lubD2yp,-DNA structure), are positioned differently when the ubiquitin is removed (I ,D2-DNA
812  structure). Structures shown in A, were centred on FANCI N-terminus. Residues predominantly
813 involved in ubiquitin-FANCI interactions are indicated and shown as sticks. The corresponding FANCI
814  residues in ly,D2-DNA structure are also shown as sticks.

815 C. Removal of ubiquitin (magenta) from FANCD2 results in slight movements affecting several
816 FANCD?2 helices, from a31 (helix where ubiquitin is conjugated) up to a18. FANCD2 helices of Iy,D2-
817 DNA and ly,D2y,-DNA are better aligned towards the N-terminus of FANCD2, where interaction with
818  the ubiquitin (green) conjugated to FANCI occurs (N-terminally to, and including al8 helix of
819 FANCD2). The structures shown in A, were centred on the central part of FANCD2.
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Fig. EV3. FANCI and FANCD?2 target lysine positioning and accessibility in DNA-bound 1,,D2, ID2,
ID2y, and ly,D2y, structures

A. The overall accessibility of FANCI’s K523 and FANCD2’s K561 is shown within ly,D2-DNA, ID2-DNA
(PDB: 6VAA), ID2y,-DNA (PDB: 6VAF) and ly,D2y,-DNA (PDB:6VAE) structures. For clarity DNA was
removed from the structures. The corresponding lysines are illustrated as orange spheres. ly,D2,
ID2y, and ly,D2y, structures were aligned to FANCI of ID2 structure, to allow visualization of all
structures under same orientation.

B. FANCI’s K523 and FANCD2’s K561 accessible surface areas and buried surface area (both in A?) are
shown for each of the structures illustrated in A. These values were determined from associated PDB
files using the PDBePISA tool (Krissinel & Henrick, 2007) at https://www.ebi.ac.uk/pdbe/pisa/.
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