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Abstract

The Fanconi anaemia (FA) FANCG protein is an integral component of the FA nuclear core
complex that is required for monoubiquitylation of FANCD2. FANCG is also part of another
protein complex termed D1-D2-G-X3 that contains FANCD2 and the homologous recombination
repair proteins BRCA2 (FANCD1) and XRCC3. Formation of the D1-D2-G-X3 complex is
mediated by serine-7 phosphorylation of FANCG and occurs independently of the FA core
complex and FANCD2 monoubiquitylation. FANCG contains seven tetratricopeptide repeat
(TPR) motifs that mediate protein-protein interactions and here we show that mutation of several
of the TPR motifs at a conserved consensus residue ablates the in vivo binding activity of FANCG.
Expression of mutated TPR1, TPR2, TPR5 and TPR6 in Chinese hamster fancg mutant NM3 fails
to functionally complement its hypersensitivities to mitomycin C (MMC) and phleomycin and
fails to restore FANCD2 monoubiquitylation. Using co-immunoprecipitation analysis, we
demonstrate that these TPR-mutated FANCG proteins fail to interact with BRCA2, XRCC3,
FANCA or FANCF. The interactions of other proteins in the D1-D2-G-X3 complex are also
absent, including the interaction of BRCA2 with both the monoubiquitylated (FANCD2-L) and
non-ubiquitylated (FANCD2-S) isoforms of FANCD?2. Interestingly, a mutation of TPR7
(R563E), that complements the MMC and phleomycin hypersensitivity of human FA-G EUFA316
cells, fails to complement NM3, despite the mutated FANCG protein co-precipitating with
FANCA, BRCA2 and XRCC3. Whilst interaction of TPR7-mutated FANCG with FANCF does
appear to be reduced in NM3, FANCD2 is monoubiquitylated suggesting that sub-optimal
interactions of FANCG in the core complex and the D1-D2-G-X3 complex are responsible for the
observed MMC- and phleomycin-hypersensitivity, rather than a defect in FANCD2-
monoubiquitylation. Our data demonstrates that FANCG functions as a mediator of protein-
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protein interactions and is vital for the assembly of multi-protein complexes including the FA core
complex and the D1-D2-G-X3 complex.

Keywords
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1. Introduction

The FANCG gene was first cloned as a human cDNA that complemented the mitomycin C
(MMC) hypersensitivity of the Chinese hamster mutant cell line UV40 and was therefore
originally termed XRCC9 [1-3]. FANCG is one of twelve genes (FANCA, B, C, D1, D2, E,
F, G, I, J, L and N), defects in which result in Fanconi anaemia (FA), a syndrome
characterised by haematological and developmental defects, an increased incidence of
cancer (particularly acute myeloid leukaemia in childhood), and cellular hypersensitivity to
interstrand cross-linking agents [4-6]. A further three genes encoding FANCM/FAAP250,
FAAP100 and FAAP24 (FAAP for Fanconi anaemia associated protein) related to FA have
also been described [7-9].

FANCG is a component of a protein sub-complex comprising six other FA proteins
(FANCA, B, C, E, F, and L) and FAAP100, which is recruited to chromatin by the
FANCM-FAAP24 heterodimer to form the active FA nuclear core complex [10,11].
FANCG interacts directly with FANCA and FANCF [12,13], mediates the interaction of
FANCA-FANCEF [14] and is required for in vivo interactions between several of the core
complex proteins [15,16]. An intact FA core complex is required for the interdependent
monoubiquitylation of the FANCD2 and FANCI proteins and cells lacking FANCG (or
other FA core sub-complex proteins) fail to express the monoubiquitylated form of
FANCD2 [17-19].

The remaining three FA proteins, encoded by the breast cancer susceptibility genes
FANCD1/BRCA2, FANCN/PALB2 and FANCJ/BRIPL1, are not required for the
monoubiquitylation of FANCD2 [20-22]. BRCA2 and PALB2 (partner and localiser of
BRCAZ?) act together in homologous recombination repair (HRR) and function either
downstream of, or in parallel with, FANCD2 monoubiquitylation [23]. Altogether,
FANCM-FAAP24, the FA nuclear core complex, FANCD2-FANCI, BRCA2-PALB2 and
FANCJ form the spine of a multifaceted response to DNA damage that has become known
as the FANC/BRCA pathway or network [6,24-27].

In addition to being a vital component of the FA core complex, FANCG has a direct link
with proteins that operate in HRR. It co-localises with RAD51 and BRCAZ2 in nuclear foci
in response to DNA damage [28] and has been shown to directly interact with BRCA2 and
the RAD51 paralog XRCC3 [28,29]. We recently demonstrated [30] that phosphorylation of
FANCG at its serine-7 residue [31] is required, not only for its own in vivo interactions with
BRCA2 and XRCC3, but also for the interaction of BRCA2-FANCD?2 and the assembly of a
protein complex comprising BRCA2/FANCD1, FANCD2, FANCG and XRCC3 (D1-D2-G-
X3). Formation of D1-D2-G-X3 does not require core complex proteins other than FANCG
and is independent of the monoubiquitylation of FANCD2.

The requirement of FANCG for mediating protein interactions in both the FA core complex
and the D1-D2-G-X3 complex is consistent with the presence of at least seven
tetratricopeptide repeat (TPR) motifs located throughout its length [32]. TPRs comprise
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degenerate 34 amino acid motifs, usually present in tandem arrays of 3-14 motifs that fold
into a superhelical structure, forming a scaffold for protein-protein interactions [33,34]. TPR
motifs contain 8 consensus residues (-W-LG-Y-A-F-A-P-) with amino acids at 4,7,8 and 11
(W-LG-Y) representing a pouched domain into which a second domain fits (formed by A-F-
A at residues 20, 24 and 27). There is considerable sequence diversity within TPR motifs,
and it is speculated that there may be specialisation within the motifs of individual proteins
that allow binding to different substrates [33,35,36]. FANCG's TPR motifs were identified
by comparison of human and fish orthologs [32], and the mammalian (human, hamster and
mouse) proteins [2,37,38] show a high degree of conservation (Fig. 1). Human FANCG
cDNA with mutations at the conserved 8t position of TPR1, TPR2, TPR5 or TPR6 (glycine
to glutamine) fail to complement the MMC-hypersensitivity of lymphoblastoid cell line
EUFA316 (FA-G), and the TPR-disrupted proteins do not co-immunoprecipitate with
FANCA [32]. Analysis of the same mutants for direct interactions using a yeast two hybrid
system showed that FANCG-FANCA interaction was severely reduced by TPR5 and TPR6
mutants; FANCG-FANCF by TPR1, TPR2, TPR5 and TPR6; FANCG-XRCC3 by TPR5
and TPR6; FANCG-BRCA2 N-terminus by TPR5 and TPR6 and FANCG-BRCAZ2 C-
terminus by TPR1 and TPR2 [29]. This differential requirement for the TPR motifs by its
binding partners may provide a mechanism by which FANCG could mediate the assembly
of multi-protein complexes. For example, as TPR5 and TPR6 are required for the interaction
of XRCC3 with FANCG, the remaining motifs could potentially be used to bind the C-
terminus of BRCAZ2, thus bringing together XRCC3 and BRCAZ2 in the D1-D2-G-X3
complex [29].

To test this idea and to further define the requirement of the TPR motifs for the in vivo
interactions of FANCG, we transfected the Chinese hamster fancg mutant NM3 with
constructs containing human FANCG cDNA and established cell lines expressing mutant
forms of TPR1, TPR2, TPR4, TPR5, TPR6 and TPR7. The capacity of the mutated FANCG
proteins to mediate interactions in the D1-D2-G-X3 complex were then determined using
co-immunoprecipitation analysis. Complementation of the MMC and phleomycin
hypersensitivities of NM3, and the ability to restore monoubiquitylation of FANCD2 were
used to test the functionality of the TPR mutants.

2. Materials and Methods

2.1. Cell lines and culture conditions

The Chinese hamster ovary (CHO) wild type cell line AA8 and its derived mutant NM3
(which has a frameshift mutation in exon 3 of FancG) have been described previously
[17,38]. Derivatives of the human FA-G lymphoblastoid cell line EUFA316 transfected with
TPR-mutated human FANCG cDNA in the mammalian expression vector pMEP4 were
those previously constructed by Blom et al. [32] and used with the kind permission of Hans
Joenje. BD180 is a wild type lymphoblastoid cell line [30]. The FA-D2 cell line PD20, and
its human cDNA complemented derivative, were described previously [39]. Fibroblast cell
lines (CHO and PD20) were routinely maintained in Dulbecco's modified Eagle's media (D-
MEM, Cambrex, Belgium) with ultraglutamine, supplemented with 10% foetal calf serum
(Harlan Sera Laboratories), 1% non-essential amino acids, and either 100 units/ml penicillin
and 100 mg/ml streptomycin sulphate or 50 pg/ml gentamicin [40]. Trypsinization was
performed with 0.12% trypsin and 0.008% EDTA. BD180 and EUFA316 cell lines were
grown in RPMI11640 medium supplemented as for D-MEM except 15% FCS was used. All
cell lines were grown at 37°C under 5% CO,.
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2.2 Transfection of NM3 cells with mutant-TPR FANCG cDNA

Mutant human FANCG cDNAs (TPR1, G216Q; TPR2, G253Q; TPR4, A401Q; TPR5,
G460Q; TPR6, G521Q; TPR7, R563E) in the mammalian expression vector pCEP4
(Invitrogen) were generated using standard PCR mutagenesis methods as described
previously and sequenced in full-length to confirm the presence of the intended mutation
and the absence of other mutations [32]. For transfection, a 75 cm? flask was seeded with 2
x 108 cells and incubated overnight. Transfection was with 1 pg of vector DNA and 50 pl of
lipofectamine (Invitrogen, UK) according to the manufacturers specifications and as
previously described [17]. Following overnight incubation, cells were harvested, replated
and grown in medium containing 500 pug/ml hygromycin (Sigma-Aldrich, UK) for 10 days
to allow the selection of stably transfected cells. Single colonies were isolated and grown to
bulk culture in the presence of hygromycin.

2.3 Clonal survival and growth inhibition assays

Functional complementation of the TPR-mutated FANCG constructs in NM3 was
determined by performing clonal survival experiments with MMC and phleomycin as
previously described [17]. Each survival curve represents the mean of 2-4 experiments and
the data were fitted on a semi-log plot for each cell line. For the EUFA316 cell lines, 5 x 10°
cells in 2ml of medium were seeded into each well of a 6-well culture dish and phleomycin
added at the appropriate doses. Following 96 h incubation, the resulting cell densities in
each well were determined using a haemocytometer and normalized to the cell number
obtained in untreated wells.

2.4 Immunoblotting, immunoprecipitation and antibodies

3. Results

Western blotting was performed essentially as described previously [17]. Co-
immunoprecipitation was performed using Sigma's (Poole, UK) EZview red protein affinity
gel system with the same antibodies for FANCA, FANCF, FANCG, BRCA2 and XRCC3 as
previously used [30]. The FANCD2 antibody (ab2187) used for immunoprecipitation and f3-
actin antibody (ab6276) was from Abcam Limited (Cambridge, UK), whilst anti-FANCD2
(H-300) from Santa Cruz Biotechnology (USA) was used for western blotting [39,41]. Total
cell extracts were prepared from 1 to 2 x 107 exponentially growing cells treated with
mitomycin C for 18h.

3.1 Several mutated TPR motifs fail to complement the mitomycin C hypersensitivity of

NM3

To investigate the role of the TPR motifs of FANCG in mediating in vivo interactions in the
BRCAZ2/D1-D2-G-X3 protein complex, we cloned sequences encoding mutated TPR-motifs
into the pCEP4 vector [32], transfected them into the CHO fancg mutant NM3 and selected
stable transfectants. TPR3 was not tested as it was identified subsequent to the 6 other
motifs, and a mutant of this motif had not been constructed [32]. Individual clones which
expressed similar levels of FANCG were chosen (Fig. 2A) and these NM3-mTPR (mutated
tetratricopeptide motif) cell lines were used in all subsequent experiments. We first
determined whether the mutant motifs behaved similarly in these cell lines as had previously
been reported for human cells [32], in order to establish whether CHO was a suitable model
system for studying the interactions of FANCG. The mutants of TPR1 (G216Q), TPR2
(G253Q), TPR5 (G460Q), TPR6 (G521Q) and TPR7 (R563E) failed to complement the
MMC-sensitivity of NM3, whilst TPR4 (A401Q) and wild-type FANCG did complement
(Fig. 2B). These results are broadly similar to those obtained in the human cell line
EUFAZ316, with the exception that mutant TPR7 failed to complement NM3 cells [32].
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Several of the TPR mutants fail to support the interaction of FANCG with its core complex
partner FANCA in human EUFA316 cells [32], and we wished to confirm this observation
in the NM3 lines. Using anti-FANCA antibody to immunoprecipitate, the mutant TPR1,
TPR2, TPR5 and TPR6 proteins showed no detectable interaction with FANCA in NM3,
whilst they did co-precipitate in AA8, NM3-FANCG, NM3-mTPR4 and NM3-mTPR7 (Fig.
3A). These results were confirmed in several repeat experiments (e.g. Fig. 3B) and in a
reciprocal immunoprecipitation experiment (Fig. 3C). These observations are identical to
those seen in EUFA316 cells [32]. Therefore, TPR7 (R563E) corrects the MMC sensitivity
of EUFA316, buts fails to correct NM3 (Fig. 2B) despite the mutant protein interacting with
FANCA in the hamster cells. Having established that most of the mutated TPRs behaved
similarly in NM3 as they previously had in human EUFA316 cells, we next examined
protein interactions in the D1-D2-G-X3 complex.

3.2 The TPR motifs of FANCG are required for in vivo protein-protein interactions of the
D1-D2-G-X3 complex and the core complex

FANCG directly interacts with both BRCA2 [28] and XRCC3 [29] and is required for in
vivo interactions amongst the components of the D1-D2-G-X3 complex [30], including the
co-precipitation of the directly interacting BRCA2 and FANCD?2 proteins [42]. Here we
show that mutations in TPR1, TPR2, TPR5 and TPR6 of FANCG eradicates its ability to
interact with both BRCA2 and XRCC3 in NM3 cells, whilst mutant TPR4, TPR7 and wild
type FANCG do co-precipitate with the two recombination proteins (Figs.3A+B). Similarly,
co-precipitation of FANCD2-BRCA2 and BRCA2-XRCC3 was retained in TPR4, TPR7
and wild type expressing cells, but interaction in the TPR1, TPR2, TPR5 and TPR6 mutants
was not detected (Figs. 3A+B). The lack of interaction between FANCD2-BRCA2 and
BRCA2-XRCC3 in these cell lines indicates that the motifs (TPR1, 2, 5 and 6) are not only
required for the direct interactions of FANCG, but are also important for mediating the
interaction of other proteins and the formation of the D1-D2-G-X3 complex.

To verify these results, we performed reciprocal experiments for the key interactions
between FANCG and BRCA2 and between BRCA2 and FANCD2 (Fig. 3C). In these
experiments we also probed for the protein that was used for the immunoprecipitation as a
control for loading and expression. The reciprocal immunoprecipitations confirmed that
FANCG-BRCAZ2 and BRCA2-FANCD?2 co-precipitate in NM3-FANCG, NM3-mTPR4 and
NM3-mTPRY7, but fail to interact in NM3-mTPR1, NM3-mTPR2, NM3-mTPR5 and NM3-
mTPR6 (Fig. 3C). The pull down with anti-BRCAZ2 antibody also confirmed our previous
observation [30] that BRCA2 interacts with both the monoubiquitylated and non-
ubiquitylated isoforms of FANCD?2 (Fig. 3C), and demonstrates that FANCG, and several of
its TPR motifs, are required for interaction of both BRCA2-FANCD2-L and BRCA2-
FANCD?2-S.

In addition to directly interacting with FANCA in the core complex, a direct interaction
between FANCG and FANCF has been demonstrated [13]. Here we show that, as for
FANCA-FANCG, no co-immunoprecipitation was seen between FANCG and FANCF in
NM3+mTPR1, NM3+mTPR2, NM3+mTPR5 and NM3+mTPR6 (Fig. 3B), indicating that
these TPR motifs are required for the interactions of FANCG in the core complex. However,
whilst the interaction was clearly observed in NM3+FANCG and NM3+mTPR4, it appeared
to be reduced in NM3+mTPR7 (Fig. 3B). We found the co-precipitation of FANCG-FANCF
to be variable in NM3+mTPRY7. In some instances the interaction appeared to be almost
completely absent (data not shown) or reduced (Fig. 3B), whilst in other
immunoprecipitations no reduction in the interaction was apparent (Fig. 3C).

In order to further validate our interaction data, we examined co-precipitation of several
pairs of proteins in representative mTPR-expressing EUFA316 cells. TPR4/7 and TPR1/6
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were selected as mutants, respectively complementing or failing to complement the MMC-
hypersensitivity of EUFA316 [32]. Essentially, the interactions in the human cells were the
same as observed in the NM3 cell lines (Fig. 3C). FANCA-FANCG, FANCG-FANCEF,
BRCAZ2-FANCG and FANCD2-BRCAZ? did not co-precipitate in EUFA316+vector,
EUFA316+mTPR1 and EUFA316+mTPR6 but did interact in BD180 (wild type),
EUFA316+FANCG, EUFA316+mTPR4 and EUFA316+mTPR7 (Fig. 3D). No reduction in
the interaction between FANCG-FANCF was evident in EUFA316+mTPR7 (Fig. 3D and
data not shown).

3.3 Phleomycin hypersensitivity of NM3, EUFA316 and the TPR mutants

We previously demonstrated that NM3 shows sensitivity to DNA damaging agents other
than interstrand cross-linking agents [17]. Indeed, Chinese hamster FancG mutants exhibit
hypersensitivity to a broad spectrum of genotoxins including the radiomimetic compound
bleomycin [1,17,43]. Given that FANCG interacts directly with the homologous
recombination repair proteins XRCC3 and BRCA2, and hamster mutants of Xrcc3 and
Brca?2 are also sensitive to radiomimetic agents [44,45], we investigated whether the TPR
motifs were required for resistance to a compound related to bleomycin. Phleomycin is a
glycopeptide antibiotic of the bleomycin family; it binds and intercalates DNA, induces
strand breaks and is a potent inhibitor of DNA replication [46]. As with MMC,
NM3+mTPRL1, 2, 5 and 6 exhibited sensitivity to phleomycin similar to that observed in
NM3, whilst NM3+mTPR4 was as resistant as NM3+FANCG (Fig. 4A). Perplexingly,
NM3+mTPR7 was significantly hypersensitive to phleomycin (Fig. 4A), even though co-
precipitation of BRCA2-FANCG, XRCC3-FANCG, BRCA2-FANCD2 and BRCA2-
XRCC3 was observed in this cell line (Fig. 3).

The failure of mTPRY7 to correct the MMC and phleomycin hypersensitivities of NM3 is
also contradictory to its previously reported complementation of EUFA316 [32]. Using a
growth inhibition assay (Fig. 4B), we show that mTPR4 and mTPR?7 significantly
complement the MMC sensitivity of EUFA316, whilst mTPR1 and mTPR6 only slightly
increased resistance to MMC, confirming the observations of Blom et al. [32]. EUFA316
cells, like NM3, were hypersensitive to phleomycin. On the basis of the dose required to
reduce cell division by 50%, EUFA316+vector was 2.3-fold sensitive compared to
EUFA316+FANCG (Fig. 4B). Correction of this phleomycin-hypersensitivity by the mutant
TPRs was the same as for MMC, in that significant complementation was seen with mTPR4
and mTPRY7, but not with mTPR1 and mTPR6. Thus mTPR7 corrected the hypersensitivities
of human EUFA316 cells but not NM3 hamster cells.

3.4 The TPR motifs are required for efficient monoubiquitylation of FANCD2

Given that TPR1, TPR2, TPR5 and TPR6 are required for interaction of FANCG with
FANCA and FANCF, and NM3+mTPR?7 shows variable interaction of FANCG-FANCF,
we assayed the ability of the NM3 cell lines to monoubiquitylate FANCD2 (Fig. 5A). As
might be expected, monoubiquitylation was very severely reduced in NM3+mTPR1,
+mTPR2, +mTPR5 and +mTPR6 (close inspection of the film does suggest a very low level
of FANCD?2-L expression in these cell lines). However, the relative amount of FANCD2-L
expression was not reduced in comparison to FANCD2-S in NM3+mTPR?7, although the
total amount of FANCD2 does appear to be slightly reduced. In human cells,
EUFA316+vector, +mTPR1 and +mTPR6 did not support the monoubiquitylation of
FANCD?2, whilst normal monoubiquitylation was observed in EUFA316+FANCG, +mTPR4
and +mTPRY7 (Fig. 5B), consistent with the interactions of FANCA-FANCG and FANCG-
FANCEF in these cells (Fig. 3D).
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4. Discussion

We previously demonstrated that phosphorylation of FANCG at serine-7 was required for its
in vivo interaction with the homologous recombination repair proteins BRCA2 (FANCD1)
and XRCC3 [30]. Furthermore, FANCG Ser7-phosphorylation is required for the critical
interaction between FANCD2 and BRCAZ2 and for co-precipitation of the component parts
of the D1-D2-G-X3 complex. Here we show that several of the TPR repeat motifs are also
required for these interactions in NM3 cells (Fig. 3). When the conserved 8t residue glycine
was substituted with glutamine in TPR1, TPR2, TPR5 and TPR6, the resulting mutated
FANCG proteins did not co-precipitate with either BRCA2 or XRCC3. The in vivo
interactions between BRCA2-FANCD2-L, BRCA2-FANCD2-S and BRCA2-XRCC3 were
also removed by these mutations, indicating that the TPR motifs of FANCG are required to
mediate the interactions between these pairs of proteins. Similarly, interactions of proteins in
the FA core complex were disrupted by the mutation of TPR1, TPR2, TPR5 and TPR6, with
no co-precipitation detected between FANCG-FANCA, FANCG-FANCF (Fig. 3) and
FANCA-FANCEF (data not shown). This requirement for the TPR motifs, not only for the
direct interactions of FANCG (BRCA2, XRCC3, FANCA and FANCF), but also for
mediating and stabilising other protein-protein interactions in both the D1-D2-G-X3 and the
FA core complexes (BRCA2-FANCD2, BRCA2-XRCC3 and FANCA-FANCF), is
consistent with the role of other TPR-containing proteins in the assembly of multiprotein
complexes [47-49]. For example, the molecular chaperone HSP90 is bound by several
different TPR-containing proteins, such as protein phosphatase 5, Hop, FKBP52, and
Cyp40, which then facilitate the formation of distinct TPR-containing HSP90 complexes
[50-53].

The lack of interaction of TPR1 and TPR2 mutants with FANCA and XRCC3 is in apparent
contradiction with the yeast-2-hybrid data which showed that TPR1 and TPR2 were not
important for FANCA-FANCG or FANCG-XRCC3 interactions [29]. Nevertheless,
mutations of these two motifs results in hypersensitivity to MMC and phleomycin in human
[32] and hamster cells (Figs. 2 and 4). This discrepancy suggests that the interactions in
yeast may not fully reflect the situation in mammalian cells, where other proteins or post-
translational modifications may affect the strength and stability of the interactions. A patient
derived missense mutation in FANCG, located at one end of TPR6 (amino acid 546, glycine
to arginine) was found to interact with both FANCA and FANCEF in the yeast 2-hybrid
system [14], even though the G546R protein failed to correct the MMC-hypersensitivity of
an FA-G indicator (fibroblast FAG326SV) cell line [54]. This pathogenic mutation at a
residue conserved in human, hamster, mouse (Fig. 1) and zebrafish [32] further
demonstrates the vital role of the TPR motifs in the activity of the FANCG protein and in
FA pathway function.

Mutations of TPR4 at A401Q and TPR7 at R563E appeared not to disrupt the interactions of
FANCG in human cells (Fig. 3D) and their expression in EUFA316 complemented both
MMC and phleomycin hypersensitivity and restored FANCD2 monoubiquitylation (Figs. 4B
and 5B). In contrast, mutated TPR7 failed to correct the sensitivities of NM3 (Figs. 2 and
4A) and whilst interactions between FANCG and BRCA2, XRCC3 and FANCA were
detected by co-precipitation, the interaction between FANCG and FANCF appeared to be
reduced in some experiments (Fig. 3B). It is not immediately evident why mutations at these
residues/motifs should differ from mutations in the four other TPR motifs. The mutation of
TPR4 is also at the 8t residue of the motif (although in this case alanine is conserved not
glycine), and whilst the TPR7 mutation is located elsewhere, both substituted amino acids
are highly conserved and present in the FANCG proteins of mammals (Fig. 1), fish, Xenopus
laevis and chickens [32,37,55,56]. It may be that TPR4 and TPR7 are less critical for
binding to FANCA, FANCF, BRCA2 and XRCC3 than TPRs 1, 2, 5 and 6, or that they are
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required for interactions with other proteins. The mutated residue in TPR7 (at position 16) is
not one of the eight TPR consensus residues, although amino acids other than these eight
may determine the specificity of a TPR domain for its target protein [33,36]. The lack of
complementation by mTPR7 in NM3 cells does suggest that this motif is functionally
important. It is possible that the R563E mutation is insufficient to completely disrupt the
protein interactions of FANCG in human and hamster cells, as detected here by co-
immunoprecipitation. However, mutation of this motif, which is the least conserved of the
seven TPRs (Fig. 1), may be enough to impair the function of the human FANCG protein in
CHO cells., Thus, whilst human FANCG and the hamster proteins bind and the interactions
are detectable by immunoprecipitation, they may not be in a normal configuration so that the
resulting protein complexes perform sub-optimally. The variable interaction of the human
MTPR7-FANCG protein with hamster FANCF suggests the core complex is unstable in
NM3+mTPR7. Nevertheless, these cells do express monoubiquitylated FANCD?2 (Fig. 5A),
suggesting that the observed MMC sensitivity is a result of an impairment of a core complex
function other than FANCD2 monoubiquitylation.

We previously demonstrated that 3 independent CHO fancg mutants (NM3, UV40 and
K040) were hypersensitive to the anti-cancer glycopeptide bleomycin [17,43]. In addition,
Carreau et al. [57] showed that EUFA316 and another FA-G lymphoblastoid cell line
EUFA143 were also significantly hypersensitive to this drug. Here we show that NM3 and
EUFA3L16 are also sensitive to the related chemical phleomycin and that several TPR
mutants fail to complement this phenotype (Fig. 4A). We suggest that hypersensitivity to
bleomycin and phleomycin in FA-G cell mutants is related to FANCG's role in mediating
the formation of the D1-D2-G-X3 protein complex. Certainly, hamster brca2 and xrcc3 cell
mutants [44,45] are hypersensitive to bleomycin and phleomycin (data not shown), and the
extreme bleomycin sensitivity seen in the FA-D2 cell line EUFA202 also supports this
hypothesis [57]. Bleomycin and phleomycin are regarded as X-ray mimetic compounds and
human FA cell lines from most core complex complementation groups, including FA-G, are
not generally perceived as exhibiting cellular hypersensitivity to ionising radiation [58].
However, the precise nature of the DNA damage that ionising radiations and these so-called
mimetic drugs induce does significantly differ, including the types of DNA strand breaks
they generate [46]. NM3 and another isogenic CHO fancg mutant KO40 exhibit little or no
sensitivity to y-rays despite their marked hypersensitivity to bleomycin and phleomycin
[38,43]. We are currently examining the response of human cell lines from other FA
complementation groups to further define the role of FA proteins in the repair of
phleomycin/bleomycin-induced DNA damage.

Defective homologous recombination repair of I-Scel induced DNA double strand breaks
(DSBs) of an artificial direct-repeat substrate has been reported for both a chicken DT40
fancg mutant and a human FA-G fibroblast cell line [55,59]. Whilst these defects are
relatively modest (9-fold in the DT40 fancg mutant and 2-fold in human EUFA326 cells) it
should be remembered that the assay measures the repair of a single artificial frank DSB that
is quite different to the DNA strand breaks induced by bleomycin and phleomycin. Given
the hypersensitivity observed in hamster and human FA-G mutants, and the requirement of
the protein for the assembly of the D1-D2-G-X3 complex, we propose that FANCG is
required for the efficient repair of phleomycin-induced DNA damage by homologous
recombination, and this is currently under investigation.

TPR repeats are found in archaeal, bacterial and eukaryotic proteins and comprise 34 amino
acids organised in two anti-parallel a-helices that pack together in a knobs in holes
arrangement [33,35]. Multiple TPRs fold into a right-handed superhelical structure
containing a ligand-binding grove that forms a scaffold for protein-protein interactions
[35,60]. Secondary structure predications suggest that several FA proteins (including A, C,
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E, F, and G) are largely a-helical, and FANCE and FANCF have been shown to possess o-
helical repeat domains [26,61,62]. These non-canonical helical repeats are related to TPR,
ARM and HEAT repeats, structures that mediate protein-protein interactions [61,62].
Mutations of these “FANC” repeats (including patient-derived mutations) disrupt the
interaction of FANCE with FANCD?2 [61] and compromise the interaction of FANCF with
other core complex proteins [62]. Here we have demonstrated that several of the TPR motifs
of FANCG are required for its functionality and for mediating protein-protein interactions in
both the FA core complex and the recently described D1-D2-G-X3 complex. In contrast to
the phosphorylation of FANCG at Ser7, that is only required for formation of the latter
complex, the motifs TPR1, TPR2, TPR5 and TPR5 do not differentiate for the interaction of
FANCG with either complex. Mutation of the conserved 8t residue of TPR4 did not appear
to disrupt the interactions of FANCG with either complex, and we cannot rule out the
possibility that this particular motif may be required for interactions with other proteins and
complexes. FANCG has been reported to functionally interact with several non-FA proteins
including cytochrome p450 CYP2EL1 [63], PKR kinase [64] and nonerythroid a spectrin
(alISp) [65]. It would be of interest to determine whether TPR4 and the other TPR motifs of
FANCG are required for interaction with these proteins, particularly allSp, a structural
protein hypothesised to play a role in DNA repair, chromatin remodelling, transcription and
RNA processing [66].

Our data indicate that FANCG, like many other TPR-containing proteins, functions as a
mediator of protein-protein interactions and is important for the assembly of multi-protein
complexes. Consistent with such a role for FANCG is the recent identification of two motifs
either side of TPR4 in FANCG (amino acids 380-388 PRFSPPPSP and 443-449 KELPYCP)
that bind to Src-homology 3 (SH3) domains such as that found in allSp [67]. SH3-domains
are protein modules that act as sites for protein complex formation via binding to these
proline-rich consensus motifs [68]. TPR motifs are often found in combination with other
protein binding sites such as SH2, SH3 and J domains [36] and it is tempting to speculate
that TPR4 acts in conjunction with the two adjacent SH3-interacting domains to bind other
proteins such as allSp.
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indicates the position of the conserved 8t residue (glycine or alanine) that was changed to
glutamine to create the following mutant FANCG proteins: TPR1 (G216Q), TPR2 (G253Q),

TPR4 (A401Q), TPR5 (G460Q) and TPR6 (G521Q). As the 8th residue of TPRY is neither
Gly nor Ala, this motif was mutated at another residue that is highly conserved. The lower
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Fig. 1.

The tetratricopeptide (TPR) repeat motifs of FANCG/XRCC9. Sequences are shown for
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arrow indicates the position of the arginine (R) residue that is mutated to glutamic acid (E)

in TPR7 (R563E).
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Fig. 2.

Validation of NM3 cell lines used to study FANCG and FANCG-mediated protein
interactions. (A) Expression of mutated human FANCG protein in NM3 cell lines. Western
blotting was used to determine expression of FANCG protein in NM3 cell lines transfected
with human cDNA mutated at the indicated TPR motif. Clones that expressed FANCG at
similar levels to each other and at a similar level to the endogenous expression of wild type
hamster protein (AA8) were selected for further study. B-actin was used as a loading control.
(B) MMC survival responses of NM3 cell lines expressing human FANCG with mutated
TPR motifs. Clonogenic survival assays were performed with curves shown representing the
means of 2-4 experiments and error bars showing the standard error of the mean (SEM). The
responses of NM3 cell lines with mutated TPR1, TPR2, TPR5, TPR6 and TPR7 (respective
D37 values = 22, 25, 29, 29 and 32 nM MMC) were similar to NM3 (D37 = 26 nM MMC),
whilst the response of NM3+mTPR4 (D37 = 101 nM MMC) was similar to the wild type cell
line AA8 (D37 =99 nM MMC) and NM3 complemented with wild type human FANCG
cDNA (D37 = 100 nM MMC).
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Fig. 3.

Interactions of TPR-mutated FANCG proteins in hamster NM3 cells (A, B and C) and
human EUFA316 cells (D) as determined by co-immunoprecipitation analysis. Whole cell
lysates from cultures treated with 50 nM MMC for 18 h were immunoprecipitated with the
indicated anti-body and samples were loaded onto a SDS-PAGE gel. Following
electrophoresis and membrane transfer, the blot was probed for the indicated protein. (A)
The upper panel shows that mutations at TPR1, TPR2, TPR5 and TPR6 fail to support the
interaction of FANCG with FANCA in NM3 cells. FANCG proteins with the same
mutations were previously shown not to interact with FANCA in human FA-G EUFA316
cells (Blom et al. 2004), thereby confirming the suitability of the NM3 cell lines to analyse
protein interactions in the D1-D2-G-X3 complex. The lower panel of (A) shows that
FANCG mutated at TPR1, TPR2, TPR5 and TPRG6 fails to co-precipitate with its direct
binding partners BRCA2 and XRCC3 in the D1-D2-G-X3 complex and these same
mutations fail to support the indirect protein interactions between BRCA2-FANCD2 and
BRCAZ2-XRCC3. (B) Immunoprecipitation between FANCG-FANCF in NM3 cells and
repeats for FANCA-FANCF, BRCA2-FANCG and BRCA2-FANCD?2. Mutated TPR1, 2, 5
and 6 fail to support the interaction between FANCG-FANCF and appears to be reduced in
NM3+mTPRY7. The lane labelled input was loaded with1/50 of the protein extract used for
immunoprecipitation in NM3+FANCG. (C) Reciprocal immunoprecipitations for FANCG-
FANCA, FANCG-BRCA2, BRCA2-FANCD2 and FANCF-FANCG in NM3 cells. The lane
labelled input was loaded with1/50 of the protein extract used for immunoprecipitation in
NM3+FANCG. When immunoprecipitated with anti-FANCG, no interaction is detected
between FANCG-FANCA and FANCG-BRCAZ2 in NM3, NM3+mTPR1, +mTPR2,
+mTPR5 or +mTPR6, whilst blotting for FANCG acts as a control for the
immunoprecipitation and indicates the expression of FANCG in these cell lines.
Immunoprecipitation with anti-BRCA2 shows the interaction of BRCA2 with both isoforms
of FANCD2 in NM3+FANCG, NM3+mTPR4 and +TPR7, with no interaction detected with
either isoform of FANCD2 in NM3, NM3+mTPR1, +TPR2, +TPR5 or +TPR®.
Immunoprecipitation with anti-FANCF confirms the lack of interaction between FANCF-
FANCG in NM3, NM3+TPR1, +TPR2, +TPR5 and +TPRG6 and interaction in
NM3+FANCG and NM3+TPR4. No reduction in the interaction between FANCF-FANCG
in NM3+TPR7 was evident in this experiment. (D) Protein interactions in selected human
EUFA316 cells. Immunoprecipitations were the same as those shown for NM3 in Fig. 3B.

Mutat Res. Author manuscript; available in PMC 2011 July 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wilson et al.

Page 17

The lane labelled input was loaded with1/50 of the protein extract used for
immunoprecipitation in EUFA316+FANCG. Co-precipitation of FANCA-FANCG,
FANCG-FANCF, BRCA2-FANCG and FANCD2-BRCAZ2 was observed in BD180 (wild
type), EUFA316+FANCG, +mTPR4 and +mTPR7, whilst it was absent in
EUFA316+vector, +TPR1 and +TPR6.
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Fig. 4.

Phleomycin survival responses of NM3 and EUFA316 cell lines expressing FANCG with
mutated TPR motifs. (A) Clonogenic survival assays were performed for hamster cell lines
with curves shown representing the means of 2-4 experiments and error bars showing the
standard error of the mean (SEM). The responses of NM3 cell lines with mutated TPR1,
TPR2, TPR5, TPR6 and TPR7 (respective D37 values = 3.4, 3.4, 3.4, 3.7 and 4.3 ug/ml
phleomycin) were similar to NM3 (D37 = 3.1 ug/ml phleomycin), whilst the response of
NM3+mTPR4 (D37 = 8.9 ug/ml phleomycin) was similar to NM3 corrected with wild type
FANCG cDNA (D37 = 8.0 pg/ml phleomycin). (B) Growth inhibition by MMC and
phleomycin in human EUFA316 (FA-G) cell lines expressing the TPR-mutated forms of
FANCG. Exponentially growing cells (10%) were plated into 75 cm? flasks, grown until
near-confluence was reached in control cultures, trypsinised and cell numbers determined by
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haemocytometer. Data shown represents the minimum of 3 independent experiments. The
dose of MMC required to inhibit growth by 50% was 23 nM for EUFA316+vector, 40 nM
for EUFA316+mTPR1 & EUFA316+mTPR6, 69 nM for EUFA316+mTPR7, 81 nm for
EUFA316+mTPR4 and 85 nM for EUFA316+FANCG. Doses of phleomycin reducing
growth by 50% were 0.28 pg/ml for EUFA316+vector, 0.31 pg/ml for EUFA316+mTPRS,
0.33 pg/ml for EUFA316+mTPR1, 0.56 ug/ml for EUFA316+mTPR7, 0.61 pg/ml for
EUFA316+mTPR4 and 0.63 pg/ml for EUFA316+FANCG.
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Fig. 5.

Expression of FANCD2 in NM3 and EUFA316 cell lines with mutated TPR motifs. Whole
cell extracts were prepared from NM3 or EUFA316 cells treated with 50 nM MMC for 18 h.
(A) NM3+mTPR1, +TPR2, +TPR5, and +TPR®6 lack significant expression of the
monoubiquitylated isoform (FANCD2-L), whilst NM3+TPR4 and +TPR7 and
NM3+FANCG express both monoubiquitylated and non-ubiquitylated (FANCD2-S)
isoforms. Human PD20 (FA-D2) cells and a cDNA-corrected counterpart (PD20+FANCD?2)
were used as negative and positive controls for FANCD2 detection by the antibody (lanes 8
& 9 respectively). B-actin was used as a loading control. (B) EUFA316+vector, +mTPR1,
and +TPR® lack significant expression of FANCD2-L, whilst EUFA316+mTPR4, +TPR7
and EUFA316+FANCG express both isoforms. Expression of FANCG in the same cell
extracts are shown in the lower panel. As negative and positive controls for the detection of
FANCD?2 by the antibody, PD20 and PD20+FANCG were used (lanes 7 & 8 upper panel),
whilst NM3 and NM3+FANCG were used as controls for FANCG (lanes 7 & 8 lower
panel).
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