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early occurrence of malignancies (1). Cells from FA
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Fanconi anemia is a chromosomal breakage disor-
er with eight complementation groups (A–H), and
hree genes (FANCA, FANCC, and FANCG) have been
dentified. Initial investigations of the interaction
etween FANCA and FANCC, principally by co-
mmunoprecipitation, have proved controversial. We
sed the yeast two-hybrid assay to test for interactions
f the FANCA, FANCC, and FANCG proteins. No acti-
ation of the reporter gene was observed in yeast co-
xpressing FANCA and FANCC as hybrid proteins,
uggesting that FANCA does not directly interact with
ANCC. However, a high level of activation was found
hen FANCA was co-expressed with FANCG, indicat-

ng strong, direct interaction between these proteins.
oth FANCA and FANCG show weak but consistent

nteraction with themselves, suggesting that their
unction may involve dimerisation. The site of inter-
ction of FANCG with FANCA was investigated by
nalysis of 12 mutant fragments of FANCG. Although
oth N- and C-terminal fragments did interact, bind-
ng to FANCA was drastically reduced, suggesting that

ore than one region of the FANCG protein is re-
uired for proper interaction with FANCA. © 2000

cademic Press

Key Words: Fanconi anemia; bone marrow failure;
ancer susceptibility; yeast two-hybrid; chromosomal
reakage.

Fanconi anemia (FA) is a rare genetic, autosomal
ecessive disorder associated with progressive bone-
arrow failure, various congenital abnormalities and

Abbreviations used: FA, Fanconi anemia; PMSF, phenylmethyl-
ulfonyl fluoride; GAL4 AD, activation domain of a yeast transcrip-
ion factor; GAL4 BD, DNA binding domain of a yeast transcription
actor; FANCA, Fanconi anemia complementation group A protein
gene); FANCC, Fanconi anemia complementation group C protein
gene); FANCG, Fanconi anemia complementation group G protein
gene); SV40 large T A, SV40 large T antigen.

1 To whom correspondence should be addressed. Fax: 144 (0) 207
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atients show cell cycle disturbances and are hyper-
ensitive to the clastogenic effect of DNA cross-linking
gents. The detection of at least eight complementation
roups suggests that mutations or deletions in eight or
ore genes are responsible for the disease (2, 3). Mu-

ations in the three genes cloned so far, FANCA,
ANCC, and FANCG, account for approximately 85%
f FA patients (2, 4–6). The proteins show no sequence
imilarity to each other or to any other protein in
enBank, and their cellular function is as yet un-
nown. Two basic properties of the gene products have
een targeted for investigation to illuminate their mo-
ecular function: cellular localisation and determina-
ion of interactive partners.

Studies of the localisation of the FA proteins FANCA
nd FANCC using immunofluorescence, cellular frac-
ionation combined with immunoblotting, and overex-
ression of GFP fusion proteins have produced conflict-
ng results. The first localisations for FANCC identified
he protein mainly in the cytoplasm, (7–11). However,
urther studies have suggested at least a partial local-
sation in the nucleus (12), and that translocation of
ANCC to the nucleus may require formation of a
omplex with FANCA (13). The localisation of FANCA
osed similar problems, although a bipartite nuclear
ocalisation signal had been identified within its se-
uence (6). Early reports again found FANCA to be
ocated in the cytoplasm (11), but it is apparent that
ANCA also localises to the nucleus (13–15), and two
ecent detailed immunofluorescence studies observed
ANCA mainly in the nucleus (16, 17). Initial studies
f FANCG also indicate a predominantly nuclear local-
sation (18, 19).

Studies of the interaction of the FANCC and FANCA
roteins, mainly by co-immunoprecipitation analysis,
ave again produced conflicting results, with one group
eporting interaction between these two proteins (13,
4), and another finding no interaction (10, 15). The
easons for these differences have not yet been resolved
0006-291X/00 $35.00
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ight be difficult to detect. Alternatively, it could be
rgued that the interaction occurs only in vitro, under
pecific experimental conditions, or that it requires
ost-translational modification of one or both proteins.
here is evidence that phosphorylation of the FANCA
rotein is required for this interaction (21). Two groups
ave recently reported interaction between FANCA
nd FANCG (18, 19).
The question of which FA proteins interact is central

o our understanding of the cellular pathway that leads
o chromosomal fragility in FA. The analysis of these
nteractions has thus far been based primarily on co-
mmunoprecipitation experiments. One possible means
f addressing some inconsistencies observed is to use a
ifferent experimental approach to test for interaction.
he yeast two-hybrid assay allows testing of suspected

nteractions between known proteins as well as screen-
ng of libraries for interactive partners with a protein
f interest (22). In this system, the DNA binding do-
ain (BD) and the transcription activation domain

AD) of a yeast transcription factor are fused sepa-
ately to different proteins. If these proteins interact
ith each other, the two domains are brought into close
roximity to trigger transcription (23). One of the ad-
antages of the yeast two-hybrid approach is that it
an detect relatively weak and transient interactions.
e have employed this system to test for interaction

etween FANCA, FANCC, and FANCG, for possible
imerisation of the FA proteins, and for the determi-
ation of domains involved in binding.

ATERIALS AND METHODS

Bacterial and yeast strains. Escherichia coli strain DH5a was
sed for amplification and cloning into vector constructs. The yeast
Saccharomyces cerevisiae) strains Y190 and Y187 were used for the
wo-hybrid assays. Both strains have the reporter gene LacZ, while
190 additionally has the HIS3 reporter gene for growth on
istidine-minus media.

Plasmids. The vectors used for the two-hybrid assay were pur-
hased from Clontech. The pAS2-1 (bait) vector encodes the DNA
inding domain of GAL4 upstream of the polylinker site and includes
he selection gene for growth on tryptophan-minus media. The
ACT2 and pGADT7 (prey) vectors encode the GAL4 activation
omain upstream of the polylinker and include the selection gene for
rowth on leucine-minus media. The full length FANCA cDNA (6)
as excised from the pREP4 construct (gift of Hans Joenje) at the

estriction sites NarI and DraI. The fragment, which contains the
ntire coding region, was then ligated into the DNA binding domain
ector pAS2.1 at the compatible sites NdeI and SmaI. The ligation
ites were verified by DNA sequencing. The FANCC cDNA (2) was
mplified by PCR from a pREP4 construct (gift of Manuel Buchwald),
ith primers that included suitable restriction sites for subcloning

nto the pAS2-1 and the pACT2 vectors. The full length FANCG
DNA was subcloned into the bait and prey vectors using RT-PCR for
nitial amplification from total RNA and subsequent PCR with prim-
rs containing suitable restriciton sites for vector ligation. The entire
ANCC and FANCG sequences and the linker sites were verified by
equencing on an ABI fluorescent sequencer. FANCG fragments
amino acids 1–101, 99–197, 195–313, 305–413, 393–510, 511–622,
74
he Expand TM High Fidelity PCR System (Boehringer Mannheim)
ith primers containing restriction sites suitable for ligation into
GADT7. The FANCG fragment inserts of the final constructs were
erified by sequencing as described above. The FANCG 1–367 mu-
ant fragment construct was produced in the same way as the
ANCG wild type construct. Sequence analysis determined it to be a
utant consisting of residues 1–367 of FANCG and 48 random

esidues at its C-terminus, as a result of a frameshift deletion of 173
p. For the production of the FANCA-GAL4-AD construct, the full
ength sequence of FANCA, was PCR amplified and subcloned into
GADT7 followed by sequence verification as described above for the
ANCG fragments. The FANCA insert contains one mutation,
1416 3 G(S458G, conserved in mouse; H. van de Vrugt, personal

ommunication). The following control plasmids were provided by
lontech: (1) pVA3.1, expressing murine p53-GAL4 BD; (2) pTD1.1,
xpressing SV40 large T antigen-GAL4 AD; (3) pCL1, expressing the
ull length wild type GAL4 protein.

Two-hybrid assay. Simultaneous cotransformation as well as se-
uential transformation of the yeast strain Y190 was performed with
ait and prey vectors according to the Clontech standard protocol. In
ddition, transformation of Y187 with the bait vector and Y190 with
he prey vector followed by yeast mating was used as alternative
ethod of introducing two different plasmids into the same host cell.
he yeast mating was executed by combining one colony from the
ait-vector transformed yeast (Y187) with one colony of the prey-
ector transformed yeast (Y190) in 1.5 ml YPD medium and the cell
uspension incubated for 18 h at 30°C with shaking at 250 rpm. 150
l of the suspension was then plated onto agar with selection for cells
ransformed by both plasmids. The assay for reporter gene activation
as performed using the Filter Lift technique. Filter paper (What-
an) was overlaid onto yeast cells. The cells picked up by the filter

aper were lysed by immersion in liquid nitrogen and thawing. The
lter paper, colony side up, was placed onto a second filter paper that
ad been soaked in a buffer containing the b-galactosidase substrate
-bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-Gal). Cells with
nteracting hybrid proteins and thus activated reporter gene expres-
ion were detected by the development of a blue colour. The weaker
eporter gene activations, which probably indicate weaker interac-
ions in our two-hybrid tests, were assessed by a liquid b-galac-
osidase assay. However, using this assay we were consistently un-
ble to determine values much above background for the weaker
nteractions, whereas the Filter Lift assays showed a clear distinc-
ion between weak and no interaction using a cut-off time of blue
olour development of 8 h. We therefore derived a semi-quantitative
ssessment of the strength of protein interactions by converting our
bservation of the activation of both reporter genes, HIS3 and LacZ,
sing the equation

reporter gene activation 5 N 3 C/t 3 ln T,

here N is the number of blue colonies (1 for ,5 colonies, 2 for 6–50
olonies, 3 for 51–500 colonies, 4 for .500 colonies), C is the intensity
f blue colour (dark 5 2; light 5 1), t is the time of colony growth
efore LacZ expression test (1 week 5 1 or 2 weeks 5 2), and T is the
ime (in minutes) of colour development.

The equation was devised in consideration of the various factors
ontributing to the turnover of substrate by the transcript of the
eporter gene LacZ. We thus assessed the speed and efficiency of
rowth of the yeast cells transformed with both AD and BD GAL4
onstructs. The growth time (t) and the number (N ) of colonies
urviving the His2 selection and giving rise to a positive b-galac-
osidase assay were scored. Since each experiment always included
ests involving strong and weak interactions as well as controls,
ariation of transformation efficiency is excluded from playing a
ignificant role in our analysis. The amount of b-galactosidase ex-
ression was assessed semi-quantitatively (i.e. by visual inspection)
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s the intensity of the blue colour (dark 5 2, light 5 1). Finally the
peed of blue colour development, reflecting the strength of the
ssociation of the protein pair as well as the association-dissociation
ynamics, is given in T (minutes) with a cut-off time of 8 h. Since the
atter number for T varied greatly for the strong versus the weak
eporter gene activation, i.e. interactions, we used ln T in order to be
ble to represent these interactions on one graph (see Fig. 2). The
alues calculated from 2–6 experiments were reproducible through-
ut and thus confirmed the assessment using our equation.
We have consistently tested all our FA fusion proteins for interac-

ion with control fusion proteins, p53, LaminC and SV40 large T
ntigen. FA protein interactions were only classed as positive when
nteraction with control proteins were negative. We found that one of
ur two-hybrid constructs, pACT2-FANCG, produced activation of
he reporter genes when co-transformed with any other BD con-
truct. This “self ”-activation was however not observed when we
sed the mating procedure for fusion protein co-expression. Mating
esults in less sensitive diploid yeast cells. The mating procedure
as thus applied in all our interaction tests involving the construct
ACT2-FANCG.

Immunoblotting. Yeast extracts were prepared from cell cultures
ollected at exponential growth phase by centrifugation. The cell
ellets were frozen at 270°C and re-suspended in cracking buffer (8

urea, 5% SDS, 40 mM Tris–HCl, pH 6.8, EDTA, 0.4 mg/ml bro-
ophenol blue, 100 mM mercaptoethanol with the protease inhibi-

ors 6 mg/ml pepstatin, 3.6 mg/ml chymostatin, 3.6 mg/ml soybean
rypsin inhibitor, 3.6 mg/ml leupeptin, 9 mM benzamidin, 23 mg/ml
protinin, 20 mM PMSF). 100 ml cracking buffer per 7.5 OD600 units
f cells was used. Glass beads were added to break open the cells and
he mixture was vortexed vigorously for 1 min, followed by centrif-
gation at 13,000 rpm for 5 min. The supernatants were saved and
he cell pellets with the glass beads extracted once more with crack-
ng buffer including an additional heating step (100°C for 3–5 min).
he proteins in the combined supernatants (10–50 ml) were sepa-
ated on an 8–18% polyacrylamide gradient gel (20 3 20 cm). The
roteins were then blotted onto nitrocellulose or onto a polyvinyli-
ene difluoride membrane (Amersham) using a semidry or a sub-
erged blotter (Bio-Rad). Membranes were blocked with PBS-T

0.05% Tween 20) with 5% low fat, dried milk (Marvel). Anti-FANCC
nd anti-FANCA polyclonal antibodies (8, 24) and anti-GAL4 AD
activation domain) monoclonal antibodies (Clontech) were used for
robing. Blots were subsequently incubated in horseradish peroxi-
ase labelled secondary antibodies (Amersham). The bands were

Yeast Two-Hybrid Analysis of FANCA, FANCC, and FANCG

pAS2.1
(bait)

pACT2/pGADT7
(prey)

Reporter gene activation
(n)

ANCA FANCC 2 (6)
ANCA FANCG 111 (6)
ANCA FANCA 1 (3)
ANCC FANCC 2 (3)
ANCC FANCG 2 (3)
ANCG FANCC 2 (6)
ANCG FANCG 1 (4)

Note. Each pAS2-1 construct contains the sequence encoding the
NA-binding domain of the yeast transcription factor GAL4 (resi-
ues 1–147) fused in frame to each listed gene. Each pACT2 or
GADT7 construct, respectively, contains the sequence encoding the
AL4 activation domain (residues 768–881) fused in frame to each

isted gene. The plus signs indicate activation of the HIS3 and LacZ
eporter genes in the yeast and are evaluated in Fig. 3. Listed are the
umbers (n) of experiments for each score.
75
acturer’s directions (Amersham).

ESULTS AND DISCUSSION

We have tested for interaction of the known Fanconi
nemia proteins FANCA, FANCC, and FANCG using
he yeast two-hybrid assay. Although this approach
esults in forced translocation of test proteins to the
ucleus, it has some advantages over assays such as
o-immunoprecipitation of in vitro expressed proteins
r cellular protein extracts, since no manipulation of
ntracellular conditions is required, and it is able to
etect weak or transient interactions. We have ex-
ressed fusion proteins consisting of the full length FA
roteins, FANCA, FANCC and FANCG linked to the
NA binding domain (BD) and the activation domain

AD) of the yeast transcription factor GAL4. Interac-
ion of the fusion proteins in yeast cells was measured
y the activation of two reporter genes, HIS3 and LacZ.
o-expression of two test fusion proteins was carried
ut both by co-transformation of the yeast strain Y190
nd by a mating assay (see Materials and Methods).
ur results, each of which is based on 3–6 experi-
ents, are summarised in Table 1. No activation of the

FIG. 1. Immunoblots of yeast protein extracts. Protein extracts
ere prepared from yeast cells transformed with the constructs
amed. The hybrid proteins detected are written in bold letters.
rrowheads point to the bands of FANCA-GAL4 AD in (A), FANCC-
AL4 AD and FANCC-GAL4 BD in (B) and (C), and SV40 large T
ntigen-GAL4 AD in (C). (A) Immunoblot probed with anti-FANCA
ntibody. Lanes: (1) FANCA-GAL4 BD (185 kDa) 1 FANCC-GAL4
D (85 kDa); (2) p53-GAL4 BD (54 kDa) 1 SV40 large T antigen (96
Da); (3) no hybrid protein (nontransformed Y190). (4) FANCA-
AL4 BD (185 kDa). (B) Immunoblot probed with anti-FANCC
ntibody. Lanes: (1) No hybrid protein (nontransformed Y190); (2)
ANCA-GAL4 BD (185 kDa) 1 FANCC-GAL4 AD (85 kDa); (3)
ANCC-GAL4 BD (85 kDa) 1 FANCC-GAL4 AD (85 kDa); (4)
53-GAL4 BD (54 kDa) 1 FANCC-GAL4 AD (85 kDa); (5) FANCG-
AL4 BD 1 FANCC-GAL4 AD (85 kDa); (6) FANCC-GAL4 BD (85
Da). (C) Immunoblot probed with anti-GAL4 AD antibody. Lanes:
1) No hybrid protein (nontransformed Y190); (2) FANCA-GAL4 BD
185 kDa) 1 FANCC-GAL4 AD (85 kDa); (3) FANCC-GAL4 BD (85
Da) 1 FANCC-GAL4 AD (85 kDa); (4) p53-GAL4 BD (54 kDa) 1
ANCC-GAL4 AD (85 kDa); (5) p53-GAL4 BD (54 kDa) 1 SV40

arge T antigen-GAL4 AD (96 kDa).
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eporter genes and thus no interaction was found be-
ween FANCA and FANCC. In order to check whether
his lack of interaction was due to the hybrid proteins
ot being expressed in our experimental system, we
ested protein extracts of the transformed yeast cells
y immunoblotting. Figure 1 shows the immunoblots
robed with anti-FANCA, anti-FANCC and anti-GAL4
D antibodies. Bands of the expected size for expres-
ion of the appropriate hybrid proteins were detected
n each case, confirming that these proteins were ex-
ressed in the yeast cells transformed with our con-
tructs. The interaction of FANCA with FANCC (13) is
hus not confirmed by our test. This suggests that the
nteraction may be indirect and mediated by formation
f a multimeric protein complex, or that post-trans-
ational modification may be required for interaction.

Alternatively, these two proteins may function in
eparate cellular compartments (15). In contrast, the
east two hybrid system detected strong interaction of
ANCA with FANCG. This confirms the recent reports
f interaction of FANCA with FANCG by co-immuno-
recipitation (18, 19). We also found that while FANCC
eems to exist in monomeric form, as reported previ-
usly (9), FANCG as well as FANCA showed weak but
onsistent interaction with themselves, which suggests
hat they may be able to form dimers. Dimer formation
ay be involved in FANCA/FANCG interaction, but

his cannot be tested by the yeast two-hybrid assay.
Nevertheless, such a possibility is suggested by our

ata and will have to be further investigated. We then
onstructed a series of deletion mutants of the FANCG
DNA in the activation domain vector and tested them
or interaction with FANCA in order to map the bind-
ng site(s) in FANCG. The fragments generated, and
he results of the assays are indicated in Fig. 2. The
inding assays are only scored as positive if the inter-
ction was detected consistently over several experi-
ents, and the fragment did not interact with any of

he controls (see Materials and Methods). Fragments
hich contained the N-terminal half or the C-terminal
alf of FANCG did bind (FANCG1–367 and FANCG305–622),

FIG. 2. Peptides of FANCG (full length sequence 5 amino acids
lack bars 5 fragments interacting with full length FANCA; grey

ragments with no interaction observed. The fragment G 1–367 has w
cids at its C-terminus, indicated by —— (see Materials and Metho
76
s did a small C-terminal fragment (FANCG511–622). The
entral region alone does not bind, as shown by the lack
f activation with FANCG195–413. The interactions be-
ween the FANCG fragments and FANCA were very
uch weaker than with the full length protein. This is

llustrated in Fig. 3, which shows a semi-quantitative
ssessment of binding strength of those fragments
hich did interact. The drastic reduction in binding

trength indicates that at least two different regions of
ANCG are required for proper binding. This may
eflect co-operative interaction of distinct binding sites,
r disruption of the full length protein may result in
mproper folding, and thus a reduction in binding. Dur-

22) involved in its interaction with FANCA and or in dimerisation.
s 5 fragments interacting with full length FANCG; empty bars 5
type FANCG residues from 1–367 with additional 48 random amino

FIG. 3. Intensity of reporter gene activation. The growth of
ransformed yeast colonies on histidine-lacking media selecting for
he activation of the reporter gene, HIS, and the Filter Lift assay
esults, testing for activation of the second reporter gene, i.e.,
-galactosidase expression, were evaluated using the formula de-
cribed under Materials and Methods. Average values are shown,
alculated from 2 to 6 experiments.
1–6
bar
ild
ds).
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ublished in vitro co-immunoprecipitation studies
howing that two non-contiguous regions in FANCG
etween amino acids 400–475 and 585–622 contribute
o binding to FANCA. Our data are consistent with
he involvement of the C-terminal half of FANCG in
ANCA binding, and in particular the 111 most
-terminal amino acids. The greatly reduced binding of
ny of our fragments as well as the fragments tested by
ruyt et al. indicates that co-operative behaviour of
arious regions of FANCG is involved in binding to
ANCA. Our two-hybrid assay detected specific bind-

ng additionally in the N-terminal half of FANCG. In-
ications of co-operative binding of the FANCG mole-
ule contrasts with a defined interaction site on
ANCA which was shown to reside in the N-terminal
egion of residues 1–300 (18), and involves the bipar-
ite NLS in that region (19, 25). However, the
-terminal region of FANCA does appear to be in-
olved in nuclear localisation (16, 17).
In conclusion, our study found no evidence for direct

nteraction of FANCA and FANCC, suggests that the
ANCA and FANCG proteins may form dimers, and
rovides independent confirmation of direct interac-
ion of FANCA with FANCG. Binding of FANCG to
ANCA appears to involve both the amino and carboxy
erminal regions of the FANCG molecule. Thus at least
ome part of the cellular pathway which is disrupted in
A requires co-operative or sequential binding of the
roducts of different FA genes. The yeast two hybrid
pproach should provide a useful means of investigat-
ng interactions between other FA proteins as the
enes are cloned, and for detecting novel protein inter-
ctions which may illuminate the molecular processes
hich are disrupted in this disorder.
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