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biquitination, the addition of ubiquitin moieties to proteins,
is a multistep process that regulates the intracellular stability,
localization, and function of numerous proteins (1, 2). Ubiquitin
is activated by an E1 enzyme and then transferred to a substrate by
an E2 ubiquitin-conjugating enzyme under the direction of multisubunit cullin-RING E3 ubiquitin ligases (CRLs) (3, 4). Cullins
form the scaffold of CRLs by bridging substrate adaptor proteins
that interact with their N termini and catalytic proteins that interact with their C termini (4).
Cullin-4 (CUL4) complexes control cell cycle progression,
DNA repair, and signal transduction (5, 6). The Neurospora crassa
DCDC (DIM-5/-7/-9/CUL4/DDB1 complex) is essential for
methylation of lysine 9 of histone H3 (H3K9) and DNA methylation (6). The DCDC resembles established CRLs, in which the
substrate specificity adaptor protein DDB1/DIM-8 (DNA-damage-binding protein 1) serves as a bridge between CUL4 and the
DCAF (DDB1 and CUL4-associated factor) DIM-9. These members of the DCDC, in turn, associate with the histone methyltransferase DIM-5 and its partner, DIM-7 (6). In addition, as in validated CRLs, CUL4 is modified by attachment of the ubiquitin-like
protein NEDD8 in DCDC (6). Similarly, the Schizosaccharomyces
pombe fission yeast CUL4 complex CLRC directs H3K9 methylation, although the potentially ubiquitinated substrate for this
complex remains elusive (7–9), as with DCDC.
Fruitless efforts to find putative substrates for ubiquitination
by DCDC led us to explore the possibility that this complex has an
ubiquitination-independent function. The C terminus of cullins,
which is essential for the catalytic activity of CRLs, directly interacts with the E2 ligase and RBX1/ROC1, a small RING domain
catalytic protein that facilitates the attachment of ubiquitin moieties onto substrates (10). The flexible backbone of cullins undergoes conformational changes to bring RBX1 and the E2 ligase in
close proximity to the substrates, which are recruited by the adaptor protein bound to the N terminus (11). Covalent attachment of
NEDD8 to an invariant lysine in the C terminus regulates the
stability and activity of cullins (12–15). To explore the contribution of neddylation in the regulation of N. crassa CUL4 functions,
we mutated the CUL4 NEDD8 attachment site and found, surprisingly, that the neddylation-site mutants have normal histone
H3K9 methylation and DNA methylation, although CUL4-mediated DNA repair is compromised. We also report that a deletion of
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the C terminus of CUL4, including the neddylation site and a
region mediating the interaction with the E2 ligase and RBX1,
does not affect DNA methylation or heterochromatin formation;
again, only DNA repair is compromised. Furthermore, a deletion
of the gene coding for RBX1 does not affect DNA methylation,
although DNA repair is disrupted. Taken together, our findings
imply that N. crassa DCDC directs H3K9 and DNA methylation
through an ubiquitination-independent mechanism.
MATERIALS AND METHODS
N. crassa strains were maintained, grown, and crossed using previously
described procedures (16). Construction of various plasmids and strains
with cul4 neddylation-site substitutions, hH2A substitutions, and an rbx1
deletion is described in the supplemental material. All strains and primers
used in this study are listed in Tables S2 and S3 in the supplemental
material, respectively. N. crassa transformation (17), DNA isolation (18),
Southern blotting (19), and protein isolation and Western blotting (20)
were performed as previously described. For drug sensitivity assays, serial
dilutions of conidia were spot tested on medium with or without methyl
methanesulfonate (MMS; 0.015%), camptothecin (CPT; 0.3 g/ml), or
thiabendazole (TBZ; 0.5 g/ml), obtained from Sigma-Aldrich (6).

RESULTS AND DISCUSSION

To test the possible role of CUL4 neddylation in DNA methylation
and DNA repair, we replaced the predicted neddylated lysine
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The cullin-4 (CUL4) complex DCDC (DIM-5/-7/-9/CUL4/DDB1 complex) is essential for DNA methylation and heterochromatin formation in Neurospora crassa. Cullins form the scaffold of cullin-RING E3 ubiquitin ligases (CRLs) and are modified by the
covalent attachment of NEDD8, a ubiquitin-like protein that regulates the stability and activity of CRLs. We report that neddylation is not required for CUL4-dependent DNA methylation or heterochromatin formation but is required for the DNA repair
functions. Moreover, the RING domain protein RBX1 and a segment of the CUL4 C terminus that normally interacts with RBX1,
the E2 ligase, CAND1, and CSN are dispensable for DNA methylation and heterochromatin formation by DCDC. Our study provides evidence for the noncanonical functions of core CRL components.
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(K863), cullin and cullin homology (CH) domains, and C-terminal region thought to interact with NEDD8 attachment machinery, E2 ligase, RBX1,
CAND1, and CSN. (B) Western blots of extracts from an untransformed cul4RIP1 strain and cul4RIP1 strains expressing the indicated FLAG-CUL4
constructs. The strains are listed in Table S2 in the supplemental material. (C) DNA methylation analysis of wild-type (WT) and cul4RIP1 strains and
cul4RIP1 strains expressing the indicated FLAG-tagged CUL4 constructs at the his-3 locus. DNA was digested with 5-methylcytosine-sensitive BfuCI (lanes
B) or its 5-methylcytidine-insensitive isoschizomer, DpnII (lanes D), and the Southern blot was probed for methylated region 8:G3 (36); size standards
(in kb) are indicated on the (left). Equivalent results were obtained for methylated regions 8:A6 and 5:B8 (36) (see Fig. S2 in the supplemental material).
(D) Sensitivity of neddylation site mutants to DNA-damaging agents. Serial dilutions of conidia (indicated at the bottom) were tested on medium with
or without MMS (0.015%), CPT (0.3 g/ml), or TBZ (0.5 g/ml).

(K863) with nonneddylatable residues and introduced the constructs, with or without a FLAG tag, at the his-3 locus of a cul4RIP1
null mutant (Fig. 1A; see also Fig. S1 in the supplemental material). The control strain, bearing FLAG-tagged wild-type cul4⫹,
exhibited a protein doublet (Fig. 1B), presumably reflecting the
neddylated and unneddylated forms of CUL4 (6, 21). Mutation of
the predicted neddylation site eliminated the slower-migrating
band (Fig. 1B). We tested DNA methylation in strains expressing
mutant or wild-type forms of cul4. Strikingly, the DNA methylation defect of the cul4RIP1 null mutant was fully rescued by all of
the constructs bearing mutations of K863 (Fig. 1C; see also Fig. S2
in the supplemental material). Neddylation-deficient mutants
were also able to rescue the DNA methylation defect of a cul4
deletion mutant (see Fig. S3 in the supplemental material). Complementation of the DNA methylation defect implies that H3K9
trimethylation (H3K9me3) was also restored, as H3K9 methylation is required for DNA methylation in N. crassa (22, 23). After
we obtained some of the findings reported here, Zhao and colleagues reported a neddylation site mutation of N. crassa CUL4
and claimed that it interfered with H3K9 trimethylation (24). We
do not consider the reported chromatin immunoprecipitation assay results to be robust, however, and it appears that neither DNA
methylation nor global H3K9 methylation was examined.
CUL4 and DDB1, each of which is encoded by a single gene in
N. crassa (25), interact with multiple substrate adaptors known as
DCAFs (DDB1 and CUL4-associated factors) to carry out various
functions (26). DIM-9/DCAF26 is required for the establishment
of H3K9me3 by the DCDC (6, 21). To address the possibility that
neddylation of N. crassa CUL4 might be required for another
function, such as DNA repair, we tested the sensitivity of wild-type
and K863 mutants to the alkylating agent methyl methanesulfonate (MMS) and the topoisomerase inhibitor camptothecin (CPT).
The neddylation mutants, like the cul4RIP1 null mutant, were
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highly sensitive to both drugs (Fig. 1D), suggesting that neddylation of CUL4 is required for resistance to these drugs, presumably
through DNA repair pathways. Interestingly, the neddylation-defective mutants showed less sensitivity to the microtubule inhibitor thiabendazole (TBZ) (6), consistent with heterochromatin
formation being independent of CUL4 neddylation. To test if the
absence of neddylation affects the integrity of DCDC, we performed a proteomic analysis of proteins immunoprecipitated
with DIM-8 –FLAG from the neddylation-site mutant (a cul4 mutant with K-to-A mutation at residue 863 [cul4K863A]; see Table S1
in the supplemental material). The recovery of all DCDC components implies that the neddylation of CUL4 is not required for
DCDC formation.
The C termini of cullins are critical for their ubiquitin ligase
activities (4, 13) and mediate interactions with the E2 ligases, a
RING domain protein (ROC1/RBX1), CAND1, and the signalosome (4, 13) (Fig. 1A). Biochemical studies suggest that neddylation of cullins promotes polyubiquitination by increasing the affinity of cullins for the E2 ligase and RBX1 (14). The COP9
signalosome complex (CSN) removes NEDD8 from cullins to
permit interaction of the cullin C terminus with CAND1 (13, 14,
27, 28), limiting ubiquitination and promoting the exchange of
substrate receptors (28, 29). The absence of the COP9 signalosome causes the degradation of cullins by uncontrolled autoubiquitination (30). Interestingly, we found that DNA methylation is
unaffected by the absence of an active signalosome (see the information and Fig. S4 in the supplemental material).
Recently, it was speculated that ubiquitination of histone H2A
lysine 122 (H2AK122ub) by CRL4B may direct DNA methylation
(31). We failed to detect ubiquitination of the corresponding
lysine on N. crassa H2A (H2AK119) (see the supplemental material), consistent with observations in Saccharomyces cerevisiae
(32), suggesting that H2A ubiquitination is absent, and we found
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FIG 1 Neddylation of CUL4 is dispensable for DNA methylation but not for DNA repair. (A) Schematic of CUL4 showing the NEDD8 attachment site

CUL4-RING Ligase-Independent DNA Methylation by DCDC

FIG 2 The CUL4 C terminus is not required for DCDC function. (A) Normal
DNA methylation in a CUL4 C terminus deletion mutant. DNA methylation
was tested for the wild-type (WT) strain, a cul4RIP1 strain, and cul4RIP1 strains
bearing either the wild-type cul4⫹ allele or the C terminus truncation allele
(the strain contained cul4 residues 1 to 823 [cul41-823] and a deletion of residues 824 to 923; Fig. 1A), as described in the legend to Fig. 1C. (B) H3K9me3
is unaffected by deletion of the C terminus of CUL4. Nuclear extracts from the
indicated strains were probed by Western blotting to detect global trimethylated H3K9 or histone H3 levels. (C) The CUL4 C-terminal deletion abrogates
DNA repair. Strains of the indicated genotypes were tested as described in the
legend to Fig. 1D.

that replacement of K119 with alanine, a nonmodifiable residue,
does not affect DNA methylation (see Fig. S5 in the supplemental
material). Clearly, DCDC does not operate by ubiquitination of
H2AK119.
Our observation that neddlylation of CUL4 is not required for
DNA methylation raised the possibility that N. crassa DCDC is not
acting as a ubiquitin ligase for heterochromatin formation. To
further explore this possibility, we generated and tested a deletion
mutant that lacks the CUL4 C terminus (residues 824 to 923; Fig.
1A), including both the neddylation site and regions of interaction
with CAND1 and RBX1. The deletion did not affect DNA methylation or H3K9me3 (Fig. 2A and B), suggesting that CUL4 is not
involved in catalyzing ubiquitination in this context. In contrast,
like the neddylation site mutant, the deletion mutant was sensitive
to chemicals that cause DNA damage (Fig. 2C), consistent with a
requirement for the ubiquitin ligase activity of a CUL4 complex
for DNA repair.
An expectation based on our findings is that the N. crassa RBX1
homolog is required for DNA repair but not DNA methylation.
We found that the N. crassa rbx1 homologue is essential for the
viability of the organism, but we were able to build a heterokaryotic strain in which the major nuclear component has a deletion of
the gene, resulting in a strong reduction of the protein (see the
information and Fig. S7 in the supplemental material). DNA re-

January 2015 Volume 14 Number 1

pair was compromised in the heterokaryon, but DNA methylation
was normal (Fig. 3A and B). Altogether, our findings render it
highly unlikely that CUL4 is operating as a ubiquitin ligase for
heterochromatin formation and DNA methylation. Perhaps
CUL4 simply serves as a scaffold for assembly of the H3K9 methylation machinery.
It is interesting to consider the possible generality of our findings. CUL4 is essential in Schizosaccharomyces pombe, complicating studies of its role in heterochromatin formation. Mutation of
the S. pombe CUL4 neddylation site perturbs heterochromatic silencing (7, 8), consistent with the possibility that CLRC, the
fission yeast counterpart of DCDC, is operating as a true E3
ubiquitin ligase, despite fruitless efforts to find a likely ubiquitination substrate for this apparent CRL (7–9). It is noteworthy, however, that S. pombe, unlike N. crassa, requires two CUL4dependent complexes for heterochromatin formation: CLRC,
which sports a DDB1-related protein (Rik1) in place of DDB1,
methylates H3K9, whereas CUL4/DDB1CDT2 directs polyubiquitination and the subsequent degradation of the antisilencing
protein Epe1. Defects in CUL4/DDB1CDT2 lead to the loss of gene
silencing (33). Thus, it is possible that neddylation is required for
the degradation of Epe1 by the CUL4/DDB1CDT2 complex but not
for H3K9me3 by CLRC. There are other indications that cullin
complexes do not always conform to accepted models. Inhibition
of the NEDD8-activating enzyme (NAE) by MLN4924 causes
rapid deneddylation of cullins without perturbing the global CRL
network, and mutation of the neddylation site on CUL1
(CUL1K780R) does not prevent the assembly of CUL1 with SKP1
and the substrate adaptor F-box proteins (34). Knockdown experiments in HeLa cells have implicated CUL4 and DDB1 in histone
methylation (35), raising the possibility that E3-like complexes
similar to DCDC carry out ubiquitination-independent functions
in a variety of organisms. Our finding that DCDC is not a true CRL
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FIG 3 RBX1, the putative RING protein for CUL4 complexes, is not required
for control of DNA methylation by DCDC. (A) Normal DNA methylation in
an rbx1 deletion strain. DNA methylation was tested for the wild type (WT), a
cul4RIP1 strain, and the rbx1 deletion mutant, as described in the legend to Fig.
1C. (B) Compromised DNA repair in the rbx1 mutant. Serial dilutions of
conidia from strains of the indicated genotype were tested on medium with or
without MMS (0.015%). The strains are listed in Table S2 in the supplemental
material.
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raises the question of why and how H3K9 methylation requires
such intricate multicomponent protein complexes.
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