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ABSTRACT The RADG6 gene of Saccharomyces cerevisiae
encodes a ubiquitin-conjugating enzyme (E2) that is required
for DNA repair, damage-induced mutagenesis, and sporula-
tion. We have cloned the two human RAD6 homologs, desig-
nated HHR6A and HHR6B. The two 152-amino acid human
proteins share 95% sequence identity with each other and
~70% and =85% overall identity with the homologs from
yeasts (S. cerevisiae and Schizosaccharomyces pombe) and
Drosophila melanogaster, respectively. Neither of the human
RAD6 homologs possesses the acidic C-terminal sequence
present in the S. cerevisiae RAD6 protein. Genetic complemen-
tation experiments reveal that HHR6A as well as HHR6B can
carry out the DNA repair and mutagenesis functions of RAD6

in S. cerevisiae rad6A mutants.:{”\

The Saccharomyces cerevisiae RAD6 gene plays a Key role
in DNA repair and DNA damage-induced mutagenesis. rad6
mutants are extremely sensitive to a plethora of DNA-
damaging agents, including UV irradiation, x-rays, and alky-
lating agents; they are defective in postreplication repair of
UV-damaged DNA, in mutagenesis induced by DNA dam-
aging agents, and in sporulation (for a review, see ref. 1).
Transposition of Ty elements is enhanced in rad6 mutants (2).
RADG6 encodes a protein of 172 amino acids (3) with a globular
domain consisting of approximately the first 149 amino acids
and an extended, predominantly acidic C terminus (4). RAD6
is a ubiquitin-conjugating enzyme (5, 6). Ubiquitin, a highly
conserved, 76-amino acid polypeptide is covalently attached
to many cellular proteins and targets them for selective
degradation, (re)folding, or stabilization (for recent reviews,
see refs. 7-9). Ubiquitination is carried out by a family of
proteins in a multistep reaction involving a ubiquitin-
activating enzyme (E1) that binds and subsequently transfers
a ubiquitin moiety to one of a set of ubiquitin-conjugating
enzymes (E2). The E2 enzyme ligates ubiquitin directly to a
target protein, with or without the help of a ubiquitin protein
ligase (E3). RAD6 polyubiquitinates histones H2A and H2B
in vitro without the involvement of E3, and the acidic domain
of RADS is required for multiple ubiquitination of histones
(6). It is possible that the protein is implicated in modifying
chromatin structure as part of the processes that are dis-
turbed in a rad6 mutant, including repair and mutagenesis.
RADSG is highly conserved among eukaryotes. Previously,
we cloned the rip6 " gene of the fission yeast Schizosaccha-
romyces pombe and showed that it 1s a structural and
functional homology of RAD6 (10). We have also isolated a
RADG6 homolog, Dhr6, from Drosophila melanogaster (11).
In this paper, we present the cloning, sequence analysis, and
functional studies with the RAD6 homologs from human.Y In
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contrast to yeast and Drosophila, where RADG6 is a single
copy gene, interestingly, in human, the RAD6 homologous
gene is duplicated, and the proteins encoded by the two genes
HHR6A (human homolog of RAD6) and HHR6B share 95%
identical amino acid residues. We also show that the HHR6A
and HHR6B genes complement the DNA repair and UV
mutagenesis defects of the §. cerevisiae rad6 mutant.

MATERIALS AND METHODS

Restriction Enzyme Digests and Southern Blot Library Hy-
bridizations. Restriction enzyme digestions were performed
according to the manufacturer’s descriptions. Blots were
prepared on Zeta-Probe (Bio-Rad) using the alkaline-blotting
procedure as recommended by the manufacturer. DNA
probes were labeled by the random-priming method as de-
scribed (12). Unless stated otherwise, hybridization of Sc.
pombe and Drosophila probes to human DNA occurred
overnight at 55°C and hybridization of human probes to
human DNA was at 65°C in a hybridization mixture contain-
ing 10X Denhardt’s solution (2% Ficoll/2% bovine serum
albumin/2% polyvinylpyrrolidone)/10% dextran sulfate/
0.1% SDS/3x standard saline citrate (SSC)/50 mg of soni-
cated salmon sperm DNA per liter. Washings for hybridiza-
tions involving different species were performed for 5 min in
3x SSC twice and for 5 min in 1X SSC once at 55°C. For
hybridizations within a species, washings were done twice for
70 min each in 3% SSC, twice for 20 min each in 1x SSC, and
twice for 20 min each in 0.3x SSC at 65°C.

Northern Blotting and Nucleotide Sequence Analysis. 1so-
lation of total RNA by the LiCl/urea method, preparation of
poly(A)* RNA by two consecutive passages over oligo(dT)
cellulose columns, and Northern blotting protocols were all
according to Sambrook et al. (13). Sequence analysis on
double-stranded DNA was done by the T7 polymerase mod-
ification (Pharmacia) of the dideoxynucleotide chain-
termination method (14) using sequence-derived oligonucle-
otides and exonuclease III prepared deletion clones for
sequencing both strands. For separation of the fragments we
used Hydrolink (AT Biochem, Malvern, PA) sequencing
gels.

Yeast Strains, Media, and Genetic Analyses. The §. cere-
visiae haploid strains used in this study were the rad6A
strains EMY1 (MATa leu2-3 leu2-112 trpl ura3-52
radé6::LEU2%) and EMY8 (MATa ade5 his7 leu2-3 lysl metl4
petl5 ura3 trpl::URA3" rad6::LEU2"). The rad6A/rad6A
diploid EMY28 was constructed by mating EMY1 and
EMYS. UV irradiation conditions and media for determining
survival and mutagenesis after UV exposure and sporulation
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media were as described (4). Standard genetic techniques for
S. cerevisiae (15) were used.

Plasmids. The following yeast plasmids were used in this
study: pR67 contains the RAD6 gene within a 2-kilobase (kb)
HindIIl/BamHI DNA fragment inserted into the yeast CEN4
plasmid YCp50 as described (4). pR611 is derived from pR67
by deleting the 0.6-kb RAD6 EcoRI fragment containing the
entire RAD6 open reading frame (ORF). Plasmids pR67 and
pR611 are maintained in yeast as low copy plasmids. For
expression of the human RAD6 homologs HHR6A and
HHR6B in §. cerevisiae, the human genes were cloned
downstream of the highly expressed S. cerevisiae ADCI
promoter in the yeast expression vector described previously
(16), yielding plasmids pRR510 and pRR518, respectively.

RESULTS

Cloning of Human cDNAs Cross-Hybridizing to RAD6 De-
rivatives. Southern and Western blot analyses indicated that
the RAD6 gene and protein are conserved in eukaryotes. For
cloning the human RAD6 homolog, a human A cDNA library
prepared from human testis RNA was screened. One set of
filters was hybridized with the Drosophila Dhr6 probe and a
duplicate filter set was hybridized with the Sc. pombe rhp6*
gene probe. Of the many clones cross-hybridizing, those
reacting to some extent with both probes (=30 in 10° plaques)
were picked and examined by restriction enzyme analysis.
Unexpectedly, restriction maps indicated the presence of two
classes, corresponding to the HHR6A and HHR6B genes as
described below.

Northern Blot Analysis. Representative cDNA inserts of
each class were hybridized to Northern blots containing total
or poly(A)” RNA from various cell lines. As shown in Fig. 1
(lane 2) the HHR6A probe detects transcripts of 1.7 and 0.8
kb in HeLa'RNA; the HHR6B probe (lane 1) mainly hybrid-
1zes to a mRNA species of 4.4 kb. Similar results were
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FiG. 1. Northern blot analysis of human HHR6A and HHR6B
transcripts. Poly(A)™ RNA was size fractionated on a 1% agarose gel
containing formaldehyde. Lanes: MW, RNA molecular size mark-
ers; 1, hybridization with a Pvu 11/HindIIl fragment containing the
coding region of HHR6B, recognizing a 4.4-kb mRNA: 2. hybrid-
1zation with a probe (1.2-kb EcoRI fragment) of human HHR6A
cDNA, which hybridizes to both a 0.8- and a 1.7-kb mRNA: 3 and
4, hybridization with the 293-bp Sma 1/Hindlll and the 392-bp Sac

I HHR6A cDNA probe, respectively (see Fig. 2 A and B for location
on the HHR6A cDNA maps).

Proc. Natl. Acad. Sci. USA 88 (1991)

obtained with RNA from the myelocytic cell line K562, a
primary human fibroblast line and mouse and rat tissues (data
not shown). Clones of each class with insert sizes expected
for full-length cDNAs (two for the two transcripts of HHR6A,
one for the 4.4-kb RNA of HHR6B) were selected for further
analysis.

Nucleotide and Predicted Amino Acid Sequences of HHR6A
and HHR6B. Restriction maps for the three cDNA inserts
representing the HHR6A and HHR6B genes are shown in
Fig. 2A. The nucleotide and deduced amino acid sequences
of the regions of interest in HHR6A and HHR6B are shown
In Fig. 2 B and C, respectively.

Sequence analysis of the HHR6A cDN As indicates that the
minor 0.8-kb mRNA is identical to the major 1.7-kb mRNA
species for the 5’ untranslated region (UTR), ORF, and the
first part [~100 base pairs (bp)] of the 3’ UTR. The 3’ UTR
of the larger transcript extends for an additional =1 kb. This
mRNA species harbors an AATAAA polyadenylylation sig-
nal (directly followed by a suboptimal one: AATAAC) 13 bp
before the presumed polyadenylylation site (18, 19). The
short 0.8-kb transcript also has two potential but suboptimal
polyadenylylation signals close to the 3’ terminus. Hence, the
difference between the two HHRG6A transcripts can be ex-
plained as a result of alternative polyadenylylation site se-
lection. This is confirmed by the Northern blot hybridization
shown in Fig. 1 (lanes 3 and 4) using 3’ UTR probes derived
from the region common to both cDNAs (293-bp Sma 1/Hin-
dIII probe; lane 3) and from the area unique to the 1.7-kb
species (392-bp Sac I probe; lane 4). The HHR6A sequence
contains a single long ORF that encodes a protein of 152
amino acids with a calculated M, of 17,243. The HHR6B ORF
specifies a protein of 152 amino acids with a calculated M. of
17,312. The expected sizes of both proteins are consistent
with the results of the Western blot analysis (data not shown).
The HHR6B-encoded protein shares a high degree of identity
(95%) with the HHR6A amino acid sequence with only eight
amino acid substitutions, two of which are conservative
changes (Fig. 3, top two lines). At the nucleotide level, the
coding sequence is much less conserved (80%) and the 5’ and
3" UTR sequences are very different. The HHR6B protein
sequence 1s 1dentical to the predicted gene product [termed
E2 (M, 17,000)] of a partial cDNA clone recently described by
Schneider and coworkers (17). As shown by the alignment in
Fig. 3 (Upper) and the quantitative data summarized in Fig.
4, both the HHR6A and HHR6B polypeptides share exten-
sive amino acid sequence similarity with RAD6 homologs of
other species. However, both human proteins resemble those
of Drosophila and Sc. pombe in lacking the acidic C terminus
characteristic of §. cerevisiae RAD6. In addition, there is
significant similarity to the other ubiquitin-conjugating en-
zymes (Fig. 3 Lower).

Functional Complementation of the rad6 Mutation of S.
cerevisiae by the HHR6A and HHR6B Genes. The high degree
of amino acid identity between the HHR6- and RAD6-
encoded proteins suggests that the human genes function
similarly to RAD6. To examine this possibility, we deter-
mined whether the HHR6A and HHR6B genes complement
the DNA repair, UV mutagenesis, and sporulation defects of
the rad6A mutation of S. cerevisiae. Plasmids pRR510 and
PRR518, containing the human HHR6A and HHR6B genes
fused to the yeast ADC/ promoter, respectively, were intro-
duced into the S. cerevisiae rad6A strain EMY8 by transfor-
mation and the level of HHR6 protein was examined by
Western analysis using affinity-purified anti-rad6-149 anti-
bodies. The level of HHR6A and HHR6B proteins in rad6A
cells was somewhat higher than the level of RAD6 protein
present in the wild-type S. cerevisiae cells (data not shown).
Both the HHR6A and HHR6B genes substantially increase
the UV resistance of the rad6A strain. At 10 J/m?, the
survival of the rad6A strain is enhanced >500-fold and
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FiG. 2. Physical map and nucleotide/amino acid sequence of HHR6A and HHROB. (A) Physical map of the two types of HHR6A cDNA
and a partial map of the HHR6B cDNA. E. EcoRI; H, Hindlll; S, Sac I; Sm, Sma [. Position of the 293-bp Sma 1/Hindlll and the 392;%3]3 Sac
[ HHR6A cDNA probes used in Fig. 1 is indicated. (B) Nucleotide sequence of the humaq HHRO6A cDN{ﬂ\. .Start codon ATG at position +1
(and —28) as well as the stop codon TGA at position +456 (and —16) are doubly un_derllped. The restriction enzyme sites used for 'probe
preparation (see A) are indicated (the Sac 1# site is artificial). Presumed polyadenylylatﬁ:on mgpals are doubly underlined. Arrowhead points to
the position where the cDNA for the 0.8-kb MmRNA terminated. Amino acids are given in the single-letter code. (C) Nucleqtlde sequence of t'he
human HHR6B cDNA (not the entire 5 and 3" UTR sequence is shown). Start codon and stop f:odon are doubly underlined. A trinucleotide

tandem repeat (CGG)y; is indicated by interrupted underlining. Dotted underlining points to a region with very strong secondary_/ structure. T_he
3’ UTR contains an Alu repeat (singly underlined). ATTTA boxes are in boldface. The segment from nucleotides —39 to +875 is identical with

the sequence of a partial cDNA clone published by Schneider et al. (17) except for the presence of an extra G resi_du; at —% in our sequence,
which changes the —3 position important for translation initiation from a G into a more optimal A. Amino acids are indicated in the single-letter

code.

>1000-fold by HHR6A and HHR6B, respectively (Fig. 5A). (85-87% identity). The Dhr6 and HHR6 proteins share
The HHR6A and HHR6B genes also restore UV mutagenesis almost the same degree of sequenc+e homology (63—69%
in the rad6A strain to wild-type levels (Fig. 5B). In contrast, identity) to RAD6, whereas the rhp6 gene 'product 1s only
the two human homologs confer only a low level of sporu- somewhat more homologous to the S. cerevisiae prote€in (77%

lation ability (=5%) to the rad6A/rad6A strain. identity). Based on the degree of divergence betwe_en Fhe
various RAD6 homologs, we calculate that the duplication

DISCUSSION found in humans (and also in mouse and kangaroo; unpup-
In this paper, we have identified two closely related ho- lished resqlts) must have occurred =200 X 10° years ago, In
mologs of the S. cerevisiae RADG gene in human, one of them the :Iurassw era. :
being identical to the E2 (M, 17,000) protein recently de- Fig. 3 (top five ll.nes) shows that among the‘RAI_)ﬁ 0-
scribed by Schneider et al. (17), who isolated an incomplete mologs, the N-termm-al part and the central region, in par-
cDNA on the basis of a partial amino acid sequence. Our ticular, have_ beep highly cons;rved. Tr}e_mlddle portion
extensive analysis of a large number of independent genomic contair}s the invariant C}{s.-SS residue Fhat 1S !nvolved in thiol
DNA clones points to the existence of only a single RADG6 ester linkage :wnth ublgmt_m and tha}t 1S crucm.l for all RADG6
gene in S. cerevisiae, Sc. pombe, and D. melanogaster. The functions, as its substitution by valm_e or alanine producesda
very high degree of amino acid sequence conservation radb6 pull phenotype (24). The C terminus, On the other ha}n 1,
throughout eukaryotic evolution points to extremely strong ha§ dwe_rged muck_l more. Th_e S . cerevisiae RAD®6 protein 151
sequence constraints imposed on the RAD6 protein. AS unique 1n harboring an a(L:l(Z!IC tail sequence. Muta}tlo?a
shown in Fig. 4, the human and yeast RAD6 homologs share ana]ysm‘hag shown tl}e: acidic doma_m to be esgentlal rn:l:sr
~70% sequence identity and the Drosophila homolog 1s the sporulationin S. cerevisiae (4). A possible explanation for the

one most closely related to the human HHR6 proteins absence of an acidic C-terminal extension iIn other RADG6
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F1G. 3. Comparison of amino acid sequences of HHR6A and HHR6B proteins with various RAD6 homologs and with
conjugating enzymes. (Upper) Comparison of various RAD6 homologs: §. cerevisiae RAD6 (3), Sc. pombe rhp6* (10), D. melanogaster Dhr6
(11), and human HHR6A and HHR6B (human E2: M; 17,000) (this paper; ref. 17). (Lower) Comparison of the other published ubiquitin-
conjugating (E2) proteins; S. cerevisiae UBC1 (20): UBC4 and UBCS (21), involved in protein degradation; S. cerevisiae CDC34. involved in
cell cycle regulation (22); and wheat E2 (M, 23,000) (23). Dots indicate identity, whereas lowercase letters indicate strongly conserved residues
compared with the yeast RAD6 protein. Conserved amino acids: R and K: E and D;I,V,and L; Tand S. (1), Horizontal bars, amino acid residues
exclusively conserved in all members of the RAD6 family: (2), consensus sequence present in all 10 E2 enzymes. Boldface letters, amino acid
residues occurring at this position in all 10 ubiquitin-conjugating enzymes; lightface letters. the most likely possibility at this position (occurring

in 80% or more of the cases); circles, hydrophilic residue at this position in all the proteins; crosses, hydrophobic residues in all 10 positions.
Cys-88 residue, used for ubiquitin attachment, is boxed in all E? family members.

other ubiquitin-

homologs is that in the other species this domain may have
evolved into a protein of its own or it may have become
iIncorporated into a different protein.

The comparison of RAD6 with the other ubiquitin-
conjugating enzymes presented in Fig. 3 (bottom six lines)

O =% O 35 EE

®) © C C C

s £ 8§ £ %
S. cerevisiae RAD6 = A *68~ 168169
S. pombe rhp6* 84 = 70 71°7
D. melanogaster DHR6 74 77 - 87 85 % |dentity
Man HHR6A 74 76 90 - 95
Man HHR6B 74 76 89 96 -~

% Similarity

F1G. 4. Identical and similar amino acid residues shared among
RAD6 homologs. Percentage identity is given above the diagonal,

and percentage similarity is given below the diagonal. See Fig. 3
legend for classification of conserved residues.

reveals marked similarity, especially in the central part
around the Cys-88 residue (see overall consensus sequence 2
in Fig. 3). This segment is likely involved in binding of
ubiquitin and/or interaction with the ubiquitin-activating
enzyme E1 that donates a ubiquitin moiety from an internal
cysteine residue to the cysteine in E2 enzymes. The amino
acid sequence around Cys-88 in E2 enzymes bears resem-
blance to the sequence context of Cys-908 and -866 of the
recently cloned ubiquitin-activating enzymes (E1) of wheat
and human, respectively (25, 26), and may define a ubiquitin
binding domain in E1 enzymes as well.

The strict conservation of the N terminus among RAD6
homologs does not extend to the other E2 enzymes. This part
may therefore be implicated in important RAD6-specific
functions such as interaction with protein components of the
DNA repair and mutagenesis machinery. Finally, it is re-
markable that all E2 proteins begin with the sequence MS(S/
T). Proteins starting with serine are frequently subject to
N-terminal acetylation (27). It is not known whether RAD6 or
any other E2 enzyme is acetylated at the N terminus.

The high degree of amino acid sequence conservation of
RADSG is also reflected at the functional level. Both human
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homologs restore normal levels of UV mutagenesis and eftect
1 substantial increase in UV resistance in S. cerevisiae rad6
mutants. On the other hand, human homologs confer only a
very low level of sporulation ability to rad6/rad6 mutants.
This result is expected in view of the absence of the acidic tail
sequence in the human proteins and previous observations
that this domain is essential for sporulation but not for DNA
repair or UV mutagenesis (4).

The availability of HHR6 genes should make it possible to
examine their role in various cellular processes in mammals
such as mutagenesis, postreplication repair, and recombina-
tion. Because of the involvement of RAD6 in sporulation, it
will be of special interest to examine whether the HHRG6
genes are implicated in meiosis and gametogenesis. At the
final stages of spermatogenesis, histones are replaced by
protamines. One can envisage that the capability of RAD6 to
polyubiquitinate histones is utilized at this stage to mark
histones for degradation by the ATP-dependent ubiquitin-
specific protease complex. For these studies, it will be
necessary to obtain HHR6 mutants. One way toward 1den-
tifying such mutants will be to screen mutant cell lines from
human DNA repair disorders or from the existing collection
of in vitro generated repair-deficient rodent cell lines. Alter-
natively, HHR6 mutants could be generated by gene disrup-
tion utilizing recently developed methods of gene replace-
ment (28). It is possible to perform this in totipotent mouse
embryonic stem cells and in that way to create an HHRO6
defective mouse model. An obvious complication, however,
is the presence of two genes, whose function is likely to
overlap considerably, necessitating the simultaneous inacti-
vation of both genes.
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