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Expression of the Ubiquitin-Conjugating DNA
Repair Enzymes HHRG6A and B Suggests a Role in
Spermatogenesis and Chromatin Modification
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RADG6, a member of the expanding family of ubiquitin-conjugating (E2) enzymes, functions in the so-called “‘N-rule’’
protein breakdown pathway of Saccharomyces cerevisiae. In vitro, the protein can attach one or multiple ubiquitin
(Ub) moieties to histones H2A and B and trigger their E3-dependent degradation. Rad6é mutants display a remarkably
pleiotropic phenotype, implicating the protein in DNA damage-induced mutagenesis, postreplication repair, repres-
sion of retrotransposition, and sporulation. RADG6 transcription is strongly induced upon UV exposure and in meiosis,
suggesting that it is part of a damage-induced response pathway and that it is involved in meiotic recombination.
It is postulated that the protein exerts its functions by modulating chromatin structure. Previously, we have cloned
two human homologs of this gene (designated HHR6A and HHR6B) and demonstrated that they partially complement
the yeast defect. Here we present a detailed characterisation of their expression at the transcript and protein levels.
Both HHR6 proteins, resolved by 2-dimensional immunoblot analysis, are expressed in all mammalian tissues and
cell types examined, indicating that both genes are functional and constitutively expressed. Although the proteins
are highly conserved, the UV induction present in yeast is not preserved, pointing to important differences in damage
response between yeast and mammals. Absence of alterations in HHR6 transcripts or protein upon heat shock and
during the cell cycle suggests that the proteins are not involved in stress response or cell cycle regulation. Elevated
levels of HHR6 transcripts and proteins were found in testis. Enhanced HHR6 expression did not coincide with
meiotic recombination but with the replacement of histones by transition proteins. Immunohistochemistry demon-
strated that the HHRG6 proteins are located in the nucleus, consistent with a functional link with chromatin. Electron
microscopy combined with immunogold labeling revealed a preferential localisation of HHR6 in euchromatin areas,
suggesting that the protein is associated with transcriptionally active regions. Our findings support the idea that
both HHR6 genes have overlapping, constitutive functions related to chromatin conformation and that they have a
specific role in spermatogenesis, involving Ub-mediated histone degradation. © 1996 Academic Press, Inc.

INTRODUCTION pression of retrotransposition and sporulation (for a recent
review see Lawrence, 1994). The RAD6(UBC?2) gene en-
codes a 172-amino-acid protein (M, 19.7 kDa) (Reynolds et

al., 1985) which was shown to be a ubiquitin-conjugating

Saccharomyces cerevisiae radé mutants display an ex-
tremely pleiotropic phenotype: hypersensitivity to a re-

markably wide spectrum of genotoxic agents, defects in
damage-induced mutagenesis, postreplication repair, re-
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(E2) enzyme (Jentsch et al., 1987). Ubiquitin (Ub), a highly
conserved 76-amino-acid polypeptide, can be attached to
many cellular proteins, after which it functions as a signal
for selective degradation, (re)folding, or stabilisation. This
implicates the protein in a variety of processes, ranging from
cellular stress response, mitochondrial protein import, and
peroxisomal biogenesis to apoptosis (for reviews see: Cie-
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chanover, 1994; Finley and Chau, 1991; Hershko and Cie-
chanover, 1992; Jentsch, 1992; Jentsch et al., 1990; Re-
chsteiner, 1988). Ubiquitination occurs by a cascade of
reactions: ATP-dependent activation of Ub by binding to a
Ub-activating enzyme (E1), transfer of the Ub moiety to a
member of a family of Ub-conjugating enzymes (UBC, or
E2 enzymes), which in turn covalently attaches its activated
Ub to the target protein, with or without the assistance of
a ubiquitin—protein ligase (E3). Experiments have shown
that yeast RADSG is able to link in vitro one (Jentsch et al.,
1987) or multiple (Sung et al., 1988) ubiquitin molecules to
aspecific lysine residue in the carboxyl terminus of histones
H2A and H2B (Thorne et al., 1987). In vitro, the presence
of an E3 molecule causes tagged artificial substrates to be
quickly broken down (Dohmen et al., 1991; Sung et al.,
1991). RADG is one of the E2s involved in breakdown of
proteins via the so-called ““N-rule” (Bachmair et al., 1986;
Dohmen et al., 1991; Varshavsky, 1992; Watkins et al.,
1993). The N-rule, which is conserved throughout evolution
from bacteria to mammals, is derived from the observation
that the N-terminal amino acid of a protein is one of the
determinants for its in vivo half-life (Bachmair et al., 1986).
When histones are also one of the targets of RADG6 in vivo,
it is likely that this E2 enzyme mediates the chromatin
changes required for postreplication repair and sporulation.

Via evolutionary walking using nucleotide homology we
have isolated homologous RAD6 genes from Schizosaccha-
romyces pombe (named rhp6™) (Reynolds et al., 1990), Dro-
sophila melanogaster (Dhr6) (Koken et al., 1991a), and a
duplicated locus in man, HHR6A and HHR6B (Koken et al.,
1991b). HHR6A is located on the X chromosome at position
g24-25, and HHR6B on 5g23-31 (Koken et al., 1992). The
RAD6 homologs of these species share >68% sequence
identity. A unique feature of yeast RAD6, not found in the
other homologs, is the presence of a 20-amino-acid acidic
C-terminus, which is essential for sporulation and the poly-
ubiquitination of histones in vitro, but not for monoubiqui-
tination (Sung et al., 1988). Due to their high structural
conservation, all RAD6 homologues are able to functionally
correct yeast rad6A mutants with respect to UV survival
and UV-induced mutagenesis, but not with respect to the
defect in sporulation, which requires the acidic tail (Koken
et al., 1991a,b; Reynolds et al., 1990). RAD6 in yeast is
UV-inducible consistent with the idea that RADG6 plays an
important role in an inducible cellular response to geno-
toxic insult. In addition, the gene is induced in meiosis
coinciding with meiotic recombination. In mammals dam-
age-induced cellular responses have received considerable
attention in recent years. Links observed with cell cycle
progression, DNA repair processes and genome stability,
replication and transcription, as well as apoptosis have been
the topic of intensive research. Therefore, it was of consider-
able interest to investigate whether the strong structural
and functional conservation of RADG also includes its gene-
regulatory properties. In view of the presumed role of RAD6
in chromatin transactions and sporulation we examined in
detail the involvement of HHR6 in spermatogenesis, in
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which meiotic recombination and extensive chromatin re-
modeling take place. Finally, this study intended to provide
clues as to whether the two highly homologous human
genes have acquired distinct functions detectable in the way
they are expressed, thus giving an evolutionary rationale
for the gene duplication that has occurred at the beginning
of the origin of mammals.

MATERIALS AND METHODS

RNA and DNA Manipulations

Standard DNA manipulations were done as described
(Sambrook et al., 1989). Total RNA was isolated by means
of the LiCl/urea precipitation procedure (Sambrook et al.,
1989). RNA samples were fractionated on 1% agarose form-
aldehyde gels (Fourney et al., 1988) and transferred onto
nylon membranes (Zetaprobe, Hybond). RNA hybridisa-
tion’s took place overnight at 56°C in 3 SSC and washings
until 0.3 SSC were performed as detailed elsewhere (Sam-
brook et al., 1989). Although HHR6A and B are very homol-
ogous at the protein level the genes do not show any cross-
hybridisation at the nucleotide level under the conditions
specified above (as shown by Figs. 1A and 2A).

UV-Light and Heat Shock Treatment

Hela cells, primary human fibroblasts, or primary human
keratinocytes (Gibbs et al., 1990) were grown in a 1:1 mix-
ture of Dulbecco-Vogt medium (DMEM) and Ham’s F10
medium supplemented with 10% foetal calf serum, 0.75
mg/ml penicillin, 1.25 mg/ml streptomycin, and 2.92 mg/
ml glutamine. When reaching near confluency cells were
washed twice in phosphate-buffered saline (PBS) and irradi-
ated with 1, 5, or 10 J/m?. Keratinocytes were cultured as
described (Gibbs et al., 1990) (40 J/m?). After UV exposure
and two additional washings with PBS, the conditioned me-
dium was added to the cells. For the heat-shock treatment,
cells were placed at 41°C for 2 hr, after which they were
returned to 37°C. The time point of irradiation or transfer
to the 41°C incubator was considered t = 0. At different
time points cells were isolated by scraping, washed in PBS,
and quickly frozen in liquid nitrogen.

Cell Cycle Synchronisation by Double Thymidine
Block

The synchronisation of HeLa cells was done with a double
thymidine (TdR) block (Galavazi et al., 1966). The syn-
chronisation was checked on a fluorescence activated cell
sorter; a cell sample was stained with propidium iodide and
the DNA content was determined (Vindelov et al., 1983).
The S phase peak appeared 1 hr after the second TdR block
had been released. After 8 hr the peak of G2 cells appeared
(74% pure), after 9 hr that of mitotic cells (58% pure) ap-
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peared, and finally after 14.5 hr the G1 cells (84% pure)
could be collected.

Isolation of Different Cell Types from Rat Testis

Spermatocytes, round and elongating spermatids. Sper-
matogenic cells were isolated from 40- to 50-day-old rats
using collagenase and trypsin treatment, and purified using
sedimentation at unit gravity (StaPut procedure) followed
by density gradient centrifugation (Percoll gradients)
(Grootegoed et al., 1986). The purity of the cell preparations
was analysed using DNA-flow cytometry as described (Toe-
bosch et al., 1989); the preparations enriched in spermato-
cytes and spermatids contained more than 90% of cells with
a 4 or 1 C amount of DNA per cell, respectively.

Sertoli cells from young (21-day-old) and adult rats.
Highly purified Sertoli cells were isolated from immature
rats as described (Themmen et al., 1991). Essentially the
same method was used to obtain a preparation of adult Ser-
toli cells which was contaminated with 50% germinal cells.

The mouse Sertoli cell line TM4, which was used in some
of the experiments, is described elsewhere (Mather, 1980).

Peptide Synthesis and Coupling to Affi-gel 10

Because the original antiserum against yeast RAD6 (Mor-
rison et al., 1988) shows some cross-reactivity with higher
molecular weight proteins next to the 17-kDa HHR6 pro-
teins, this serum (designated total RAD6 antiserum) was
affinity purified with an N-terminal HHR6 oligopeptide
coupled to Affi-gel. This serum (designated AP-RAD6 anti-
serum) reacts almost exclusively with a major band of 17
kDa, and a faint band of 25 kDa, which may represent a
ubiquitinated form of HHR6 (Fig. 3D). The N-terminal
HHRG6 peptide MSTPARRRLMRDFKC, conserved in all the
RADG6 homologous proteins, was prepared by the 9-fluore-
nylmethoxycarbonyl (Fmoc) method using solid-phase syn-
thesis according to Merrifield (1963) on an automated pep-
tide synthesiser (NovaSyn-Crystal, Novabiochem). After
completion of the synthesis, the peptide was cleaved from
its support and amino acid side-chain protecting groups
were removed. Peptides were purified by high-performance
liquid chromatography on a reverse-phase Cis column
(Merck, LiChroCart) using a gradient of 0-60% acetonitril/
H.O in 0.1% trifluoracetic acid. Amino acid analysis was
performed (473A protein sequencer, Applied Biosystems) to
ensure correct residue composition. Coupling to Affi-gel 10
(Bio-Rad) was according to the manufacturer’s description
ina 0.1 M Mops buffer, pH 7.5, for 2 hr at 4°C. To block
any remaining active esters the slurry was incubated with
0.1 vol of 1 M ethanolamine-HCI for 1 hr at 4°C. After
extensive washing with water the column was equilibrated
with PBS. The sample was loaded onto the column in PBS.
After extensive washing with PBS, column elution was done
with 0.1 M glycine, 0.5 M NaCl, pH 2.5, and the fractions
were immediately neutralised in 0.5 M phosphate buffer,
pH 7.2.
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Immunohistochemistry

Light microscopy. Small tissue samples (¢0.5cm) were
extracted from mouse or rat and fixed in 4% paraformalde-
hyde-PBS for 4 hr at 4°C, dehydrated, and embedded in
paraffin (Fluka, Switzerland) according to standard proce-
dures (Zeller et al., 1987, 1991). (For optimal detection of
RADG protein in tissue sections we determined that the
fixation time should not exceed 4 hr). Seven-micrometer
tissue sections were made, collected on gelatin\CrK-
(SO,), - 12H,0-coated microscopic slides, and dried over-
night. After deparaffination in a xylol-ethanol-PBS se-
quence, endogenous peroxidase was blocked by incubation
in 100% methanol/1% H,O, for 30 min. Slides were rinsed
in PBS/0.5% Tween 20, 3X 5 min, and incubated with pri-
mary antibody (total anti-RAD6 serum 1:600, affinity-puri-
fied serum 1:40) in a moist incubation chamber at room
temperature (RT) for 1 hr. After extensive washing (3X 5
min) with PBS/Tween, the slides were incubated with
horseradish peroxidase-labeled swine anti-rabbit conjugate
(DAKO, Denmark) (1:100 diluted) as second step antibody
for 45 min at RT. After washing (3X 5 min PBS/Tween)
peroxidase was visualised with 0.1% 3,3’-diaminobenzi-
dine - HCI (Serva, FRG), 0.01% H,O,. Counterstaining was
done with haematoxilin for half a minute, after which the
slides were passed through a PBS—ethanol-xylol sequence
and embedded in Entellan (Merck, FRG).

Immunoelectron microscopy. Mouse testis were fixed
in 0.1 M phosphate buffer, pH 7.3, containing 2% paraform-
aldehyde. After fixation for 1 hr at 4°C, samples were em-
bedded in Lowicryl K4M (Roth et al., 1981). For antigen
localisation on thin sections the immunogold technique
was used (Willemsen et al., 1988). Subcellular quantitation
of the gold particles was done in Leydig cells, according to
Willemsen et al. (1991).

For light as well as electron microscopy two immunocy-
tochemical controls were always included: (a) omission of
the primary antibody incubation step and (b) incubation
with normal rabbit serum as substitution for the primary
antibody. Background was negligible.

SDS-PAGE Gel Electrophoresis and 2-Dimensional
Gel Electrophoresis

Mouse or rat tissues were fragmented under liquid nitro-
gen in a mortar. The fragments or cultured cells were col-
lected in PBS at 4°C and subjected to 10 cycles of 10-sec
sonification at full amplitude at 4°C. These crude extracts
were used in all experiments. The preparation of nuclear
and cytoplasmic extracts was performed following three dif-
ferent methods: the methods of Dignam (Dignam et al.,
1983) and Lee (Lee et al., 1988) and a combination of meth-
ods described by Lue (Lue and Kornberg, 1987) and Radke
(Radke et al., 1983). Protein concentration was determined
with the BCA assay (Pierce) as described by the manufac-
turer. Two-dimensional gel electrophoresis was principally
done according to the Bio-Rad mini-protean 2-D cell in-
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struction manual and as described by Luider et al. (1992).
Gels with a length of 6.5 cm were prepared in glass tubes
2-mm diameter. Next, 0.25 ml Bio-lyte 3/5 and 0.25 ml Bio-
lyte 4/6 ampholytes (Bio-Rad), 2 ml 10% Triton X-100, 5.5
g urea (Merck), 1.33 ml acrylamide solution (28.3% acryl-
amide and 1.62% piperazinediacrylamide (Bio-Rad)), 1.97
ml distilled water, 10 ul 10% ammonium persulfate (Bio-
Rad), and 10 gl N,N,N’,N’-tetramethylethylenediamine
(Bio-Rad) were mixed and allowed to polymerise in the glass
tubes at 37°C for about an hour. The gels were covered with
overlay buffer (9 M urea, 0.8% Bio-lyte 3/5, 0.2% Bio-lyte
5/7, bromophenol blue) and preelectrophoresis was per-
formed at 200, 300, 400 V for 10, 20, and 20 min, respec-
tively. As upper chamber buffer a 20 mM NaOH solution
was used, whereas 100 mM HzPO, served as lower chamber
buffer.

Subsequently, samples were diluted with an equal vol-
ume of sample buffer (2% SDS, 10% glycerol, 62.5 mM Tris/
HCI, pH 6.8, bromophenol blue, 0.1% dithiotreitol (DTT)),
boiled for 3 min, and chilled on ice. Samples were diluted
with an equal volume of lysis buffer (0.5 M urea, 2% Triton
X-100, 0.1% DTT, 1.6% Bio-lyte 3/5, 0.4% Bio-lyte 5/7 in
distilled water). One hundred microliters containing 50 pg
protein was loaded under 40 ul of 1:1 diluted overlay buffer
and electrophoresis was performed for 3.5 hr at 600 V.

The gels were gently removed from the glass tubes and
equilibrated against sample buffer for about 90 min until
the pH indicator in the acid part of the tube gel became
blue. The tubes were directly loaded on a 2.25-mm-thick
15% SDS-polyacrylamide minigel (Bio-Rad) and electro-
phoresis was performed with 0.1 M sodium acetate in the
anode buffer (Christy et al., 1989) at 100 V (stacking) and
subsequently 150 V until the bromophenol blue reached the
bottom of the gel. Blotting was done onto 0.45-um polyvi-
nylidenedifluoride (PVDF) membranes (Millipore), ac-
cording to the manufacturer’s description, using electro-
transfer. Blots were blocked in nonfat milk for 1 hr and
incubated with the primary antibody diluted in nonfat milk
(anti-yeast RADG6, 1:2000 or AP-RADG6 antiserum, 1:100)
at 4°C, overnight. After extensive washing with PBS/0.5%
Tween 20, the second antibody (goat anti-rabbit antibodies,
alkaline phosphatase labeled (TAGO, Inc.)) was incubated
for 1 hr at 4°C, in a 1:1000 dilution in PBS/Tween. After
several additional washings with PBS/Tween the antigen-
antibody complexes were visualised with the staining
method described by Blake (Blake et al., 1984). Carbamylate
carbonic anhydrase (CA) (Pharmacia lab.) and 2-D SDS-
PAGE standards (Bio-Rad) were used as standards for iso-
electrofocusing. Prestained protein molecular weight mark-
ers (Gibco\BRL) were used in the second dimension.

For normal SDS-polyacrylamide gel electrophoresis 1.5-
mm-thick 11 or 15% gels were used with a 4% stacking
gel. About 20 ug protein extract was loaded, and electropho-
resis was performed with 0.1 M sodium acetate in the anode
buffer (Christy et al., 1989) at 50 V (stacking) and 150 V
(running). Blotting, antibody incubations, and staining were
done as described above.
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In Vitro Transcription and in Vitro Translation

The construct H28°¢, containing a 1.7-kb cDNA of hu-
man HHR6A (Koken et al., 1991b), was linearised with
Xbal. The H28°° construct differs from the previously re-
ported HHR6A sequence in that at nucleotide position 146
(Koken et al., 1991b), amutation derived from cDNA ampli-
fication in Escherichia coli or as PCR artefact (resulting in
the reported guanine) has been changed into the geno-
mically encoded adenine, resulting in a change of the pre-
viously reported glycine into aspartic acid (amino acid posi-
tion 49). pPHB2 containing an 0.8-kb EcoRI fragment, har-
bouring the complete open reading frame of HHR6B (Koken
etal., 1991b), was linearised with BamHlI. In vitro transcrip-
tion as well as in vitro translation were done exactly as
described (Promega, 1991).

RESULTS

UV-Induced Expression

In yeast, RADG transcription is induced upon UV irradia-
tion (=sixfold) within 30 min after exposure (Madura et
al., 1990). To investigate whether this feature of RADG6 is
evolutionarily conserved, Northern blot analysis for
HHR6A and HHR6B was performed on RNA from exponen-
tially growing cells, UV irradiated with 1, 5, or 10 J/m?, and
harvested after different incubation periods. The blot was
subsequently probed with the cDNA probes for HHR6A
(1.7-kb Sall fragment) and HHR6B (0.8-kb EcoRI fragment)
(Koken et al., 1991b), the UV-inducible collagenase or meth-
allotheionin lla genes (Angel et al., 1986) (positive control
for UV induction), and GAPDH (Benham et al., 1984) (in-
cluded as an internal standard for quantitation). HelLa cells,
primary human fibroblasts, and primary foreskin-derived
keratinocytes were investigated. The latter cell types are
also subjected to UV irradiation in the body and are there-
fore the most relevant targets to study UV induction. Figure
1A shows the result of a “physiological” dose of 1 J/m? UV
irradiation on primary fibroblasts. When corrected for the
slight variation in RNA amounts per lane (see GAPDH hy-
bridisation) it appears that irradiation did not result in a
significant increase of human HHR6A (0.8 and 1.7 kb) and
HHR6B (1.2 and 4.4 kb) mRNAs, under conditions where
collagenase (Fig. 1A) and metallotheionin (not shown) dis-
played clear induction. Also experiments using other UV
doses, time courses, and cells did not result in detectable
induction (data not shown). To examine the possibility that
HHR6A and 6B may be induced at the protein (translational)
level instead of the mMRNA level like in yeast, protein ex-
pression was studied using affinity-purified anti-yeast
RADG antiserum. Western analysis after 10 J/m? UV irradia-
tion of HelLa cells (Fig. 1B) failed to reveal a significant
increase in the amount of the 17-kDa HHR6 proteins (for
details on the antiserum see below, and under Materials
and Methods). We conclude that in contrast to S. cerevisiae
neither of the human genes is inducible by UV.
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FIG.1. (A) Northern blot analysis of HHR6A and HHR6B after UV irradiation. Primary fibroblasts were irradiated with 1 J/m? and total

RNA was used for Northern blot analysis. The time scale is given in hours and the probes used are indicated at the right. Transcript
length is given in kilobases to the left. A probe for GAPDH was used as control for the amount of RNA loaded (Benham et al., 1984),
whereas a collagenase probe was used to check the UV induction (Angel et al., 1986). The probes for HHR6A and HHR6B do not show
any crosshybridization as apparent from the different patterns of hybridisation. (B) Western blot analysis of HHRG6 proteins in UV-irradiated
Hela cells. Subconfluent HeLa cells were UV irradiated with 10 J/m? and incubated at 37°C during the indicated chase time (given in
minutes (') and hours). The blot (left) was incubated with affinity-purified anti-RAD6 (AP-RADS6) antiserum, whereas the Coomassie
brilliant blue (CBB)-stained gel (right) serves as quantity control. Molecular weight markers are indicated to the left.

Heat Shock Treatment

The ubiquitin system has an important function in selec-
tive degradation or refolding of misfolded proteins due to,
for instance, heat shock. Several members of the UBC fam-
ily are implicated in general stress responses and two of the
three human ubiquitin genes are induced after heat shock
(Fornace et al., 1989). Therefore it may be that also HHR6A
or B, as they are probably part of the protein degradation
machinery, are inducible by such a treatment. mRNA and
protein expression were analysed in HelLa cells cultured for
2 hr at 41°C. No significant increase in HHR6 transcripts
could be detected by Northern blot analysis under condi-
tions that clearly induced ubiquitin mRNA. Similarly, no
obvious enhancement of HHR6 proteins was observed by
Western blot analysis (data not shown).

Expression during Mitotic Cell Cycle

Several lines of evidence associate RAD6 with chromatin
remodeling. To investigate whether the human homologues
are involved in any of the chromatin transitions which oc-
cur during the mitotic cell cycle, HelLa cells were synchro-
nised by a double thymidine block, and mMRNA and protein
expression were analysed following release of the cells. The
various stages of the cell cycle were monitored by FACS
analysis. No substantial differences during the mitotic cell

cycle could be registered in the quantities of both HHR6
MRNAS nor proteins (data not shown).

Tissue-Specific Expression of HHR6A and HHR6B

To study tissue-specific differences in HHR6A or HHR6B
expression, Northern blots containing total RNA from vari-
ous organs of mouse and rat were hybridised with mouse
HHRG6 probes designated: MHR6A (for mouse homolog of
RADS6) (1.7-kb insert of clone B4) and MHR6B probe (830-
bp EcoRI fragment of clone 44) (the isolation and characteri-
sation of the mouse MHR6A and MHR6B will be described
elsewhere; manuscript in preparation) (Figs. 2A and 2B). The
MHRG6A probe recognises mMRNA species with the same
length as in human (1.7 and 0.8 kb), whereas the MHR6B
probe in mouse and rat visualises 1.7-, 1.2-, and 0.8-kb tran-
scripts. In analogy with the human genes we have indica-
tions that the different mouse transcripts result from differ-
ential polyadenylation (data not shown). Overall, mMRNA
amounts of both genes do not vary much between the organs
tested. Three tissues, however, have significantly higher
levels of transcript: brain, heart, and testis. The 0.8-kb
MHRG6A and 0.8- and 1.2-kb 6B transcripts seem signifi-
cantly elevated in testis and heart (and brain for MHRGEB).
In view of the involvement of yeast RADG6 in sporulation
and the induction of RADG transcription in meiosis it was
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of interest to investigate the HHR6 expression in testis in
more detail.

Testis-Specific Expression of HHR6 mRNAs

The mammalian testis is organised in tubular structures
surrounded by peritubular myoid cells, hormone producing
Leydig cells, and blood vessels (for a general review see
Johnson and Everitt, 1984). In the tubules Sertoli cells sup-
port the developing germ cells. Complicated processes of
differentiation, growth, and mitotic and meiotic divisions
take place when spermatogonia develop into spermatozoa.
After several mitotic divisions the spermatogonia differenti-
ate and give rise to primary spermatocytes. These cells un-
dergo meiotic divisions which convert them first into sec-
ondary spermatocytes and then into round spermatids. Sub-
sequent differentiation results in elongated spermatids and
finally spermatozoa, which have lost most of their cyto-
plasm and possess highly compacted DNA. Dramatic
changes in chromatin composition occur throughout sper-
matogenesis, starting with synthesis of testis-specific his-
tones in spermatocytes and culminating in the total replace-
ment of histones by transition proteins and ultimately by
protamines (Bucci et al., 1982; Smith et al., 1992).

To examine HHR6 expression during this process, germ
cells and Sertoli cells of rat testis were isolated and tested
for HHR6 mRNA and protein expression (Figs. 2B-2D).
RNA from testes of 21-day-old rats, in which spermatogene-
sis is not yet complete and only a small number of round
spermatids is present, did not contain detectable amounts
of the abundant testis-specific 0.8-kb transcripts (Fig. 2B).
To determine when these transcripts appear during sperma-
togenesis, HHR6 expression was followed in testis of young
rats during the first 58 days of postnatal life. Increase of 0.8-
kb transcripts takes place around Days 28-34 after birth of
the rat, at the time when round and elongating spermatids
become abundant (data not shown). Figure 2C shows that
the highly expressed 0.8-kb mRNAs of both HHR6A and
HHRG6B are found mainly in round spermatids with a low
level of expression in elongating spermatids. As a control
the elongating spermatids are shown to contain protamine 1
MRNA. The 1.2-kb HHR6B transcript is elevated in Sertoli
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cells (Fig. 2B), and both the 1.2- and the 1.7-kb mRNA spe-
cies in pachytene spermatocytes (Fig. 2C), whereas they are
absent in the haploid cell types.

For several other genes, the observation has been made
that although significant amounts of mMRNA are present in
the testis no corresponding protein can be detected. It is
speculated that these transcripts result from dysregulated
gene expression due to the extensive chromatin remodeling
taking place in spermatogenesis (reviewed by Ivell, 1992).
To examine whether both HHR6 mRNAs in testis are trans-
lated into protein, Western blot analysis was performed.
Total cell extracts of different tissues and of various cell
types were incubated with affinity-purified anti-yeast
RADG6 antibody (AP-RAD6 antibody). This antiserum de-
tects exclusively a major protein band of 17 kDa, the calcu-
lated molecular weight of HHR6A/B (Koken et al., 1991b),
in addition to a faint band of 25 kDa, which may represent
a ubiquitinated form of HHR®6 (Figs. 2D and 3). HHR6 quan-
tities vary from tissue to tissue; reticulocytes and adult
Sertoli cells contain high amounts, whereas immature Ser-
toli cells and liver harbour relatively small quantities.
(Compare also the amounts of protein loaded in each lane,
Fig. 5D, upper panel.) HHR6 proteins are also clearly de-
tected in round and elongating spermatids.

Identification of HHR6A and HHRG6B in Total
Protein Extracts and Determination of Relative
Amounts

The two highly homologous and similar-sized HHR6 pro-
teins are not separated in one dimension (Fig. 2D). To verify
that both 17-kDa proteins are synthesised and to determine
their relative abundance in total HelLa cell extracts, 2-D
gel electrophoresis followed by immunodetection with the
polyclonal anti-yeast RAD6 serum was applied. Figure 3
(top panel, arrowheads) shows the presence of two 17-kDa
polypeptides visualised by the total anti-yeast RADG6 antise-
rum. (The other dots present on the immunoblot probably
represent other E2 enzymes recognised by the polyclonal
anti-yeast RADG6 antiserum.) To establish which of the 17-
kDa spots represents human HHRG6A (calculated pl 4.91
(Skoog and Wichman, 1986)) or HHR6B (calculated pl 4.76),

FIG. 2. (A) Expression of HHR6A and HHR6B mRNAs in mouse tissues. The tissues used are indicated (abbreviated) above the panels.

Left panel: Total RNA gel to serve as control for the amount of RNA loaded. The two right panels: autoradiograms obtained after
hybridisation with the probes indicated. (B) Expression of HHR6A and HHR6B mRNAs in testicular cells and tissues of the rat. The
probes used are indicated to the right. The stained total RNA gel and hybridisation with a human elongation factor 1 « (hEFa) probe
(Brands et al., 1986) serve as quantity controls. The length of the different transcripts is indicated to the left. (Isolated and cultured) Sertoli
cells and testis were isolated from 21-day-old rats and spermatids from 40- to 50-day-old rats; all other tissues from adult animals. (C)
Northern blot analysis of HHR6A and HHR6B during the later stages of rat spermatogenesis. A blot containing total RNA isolated from
different germ-line cells was hybridised with the indicated probes. The ethidium bromide-stained gel serves as quantity control, whereas
hybridisation with a mouse protamine 1 gene probe (mouse P1) was used to check the purity of the cell fractions used (Hecht, 1986). The
transcript length (kb) is indicated to the right. (D) Expression of HHR6 proteins in different human, rabbit, and rat tissues. A Western
blot containing total protein extracts of rat, human (placenta/HelLa), and rabbit (reticulocyte lysate) cells or tissues was incubated with
AP-RADG6 antiserum. Top: the CBB-stained gel; bottom: Western blot. Tissues are indicated above the CBB-stained gel. The molecular
weight marker (MW) is indicated to the left.
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the HeLa cell extract was mixed with [®*S]methionine-la-
beled HHR6A or HHR6B obtained through in vitro transla-
tion (Fig. 3, bottom four panels). The left spot comigrates
with the in vitro-translated *S-labeled HHR6A, whereas
the protein at the right coincides with the position of **S-
labeled HHR6B. In support of this identification is our ob-
servation that the right dot (HHR6B) migrates at a slightly
higher molecular weight than the left dot (HHR6A). This
is consistent with the calculated molecular weight for both
proteins (HHRG6A 17.243, HHR6B 17.312). The two proteins
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FIG. 3. Identification of HHR6A and HHRG6B in total cell extracts
by 2-dimensional gel electrophoresis. Top: Total HeLa extract was
fractionated by 2-dimensional gel electrophoresis. From left to right
the first dimension: isoelectrofocusing over a gradient from pH 6
to 4, and from top to bottom: size-fractionation by SDS-PAGE.
The boxed “2nd” indicates the molecular weight marker for the
second dimension given in kDa. C.A. marks the position of the
carbamylated marker (Carbonic anhydrase, Bio-Rad), used as stan-
dard in IEF. The small 17-kDa band to the left of HHR6A and
HHREB (arrows) is a gel artefact which is sometimes encountered.
Bottom 4 panels: Mixing experiment to prove the HHR6A and
HHR6B identity. Total HelLa extract was mixed with [**S]-
methionine-labeled in vitro translated HHR6A (left) or HHR6B
RNA (right) and separated in 2-dimensions. The gels were blotted
onto PVDF membranes, and HHR6A and HHR6B were visualised
with anti-yeast RADG6 antibodies (not affinity purified) (Western
blot). The blots were subsequently exposed to Kodak XAR5 film,
and the resulting autoradiogram is shown in the lower panels. The
arrows indicate HHR6A (left two panels) and HHR6B (right two
panels). The arrowhead indicates a form of HHR6A or HHR6B pro-
tein which was formed in the reticulocyte lysate, and which may
represent a ubiquitinated form of HHRG6: calculated pl 5.26
(HHR6A+ubiquitin) and pl 5.10 (HHR6B+ubiquitin) (Arnold and
Gevers, 1990). The lower molecular weight spots on the autoradio-
gram probably represent breakdown products or are derived from
incomplete synthesis of the HHR6 proteins.
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FIG. 4. HHRG6A and HHREB protein expression in different tis-
sues. 2-Dimensional gel electrophoresis was performed to separate
the two human HHRG6 proteins in different human (HeLa/placenta),
rabbit (reticulocyte lysate), and rat cells or tissues (young Sertoli
cells, adult liver, testis, round spermatids, elongating spermatids,
and spermatozoa). (A minor contamination with some elongating
spermatids (or cytoplasmic fragments thereof) cannot be com-
pletely excluded in the spermatozoa fraction.) The cell or tissue
source is indicated to the right and left. The direction of the pH
gradient is given above the figure.

seem to behave on gel according to their calculated isoelec-
tric points as judged by comparison with 2-D SDS-PAGE
standards (Bio-Rad) and carbamylated carbonic anhydrase
(Pharmacia). Minor modifications, such as phosphorylation
or acetylation, which shift proteins in a pH gradient, are
not entirely excluded. Preliminary in vivo phosphorylation
experiments, however, do not provide indications that a
significant fraction of one of the HHR6 proteins is phos-
phorylated.

Two-dimensional gels were also used to examine the tis-
sue-specific expression of both HHR6 proteins. Figure 4
shows that the ratios between HHR6A and HHR6B proteins
may vary significantly between different cells and tissues.
HelLa cells have more HHR6A than HHRG6B, total testis
harbours equal amounts, whereas placenta contains more
of the B protein. Both HHR6 proteins are present in round
and elongating spermatids, and trace amounts of protein
may be detected even in rat epididymal spermatozoa.

(Subcellular) Localisation of HHR6A and HHR6B

The affinity-purified antibodies were also used for tissue
sections of different mouse organs. Cells with a clear,
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mainly nuclear, staining reaction could be detected with
this antiserum in all tissues examined (data not shown). In
view of the RNA expression (Fig. 2) and the induction of
yeast RADG6 during meiotic recombination, mouse testis
was studied in more detail. In testis sections from 21-day-
old mice only a weak reaction with the antibody was visible
(data not shown). However, specifically in adult testis (Fig.
5D) strong positive cells were observed. Round spermatids
which contain high amounts of HHR6A and HHR6B tran-
scripts (Fig. 2) display a positive antibody staining (arrow-
heads), whereas elongating spermatids do not show a visible
reaction.Some staining may also be present in the primary
spermatocytes. Somewhat to our surprise, the strongest sig-
nal was detected in adult Sertoli cells (Fig. 5D). In addition,
the Leydig cells in the interstitial tissue showed staining
(Fig. 5D).

The immunohistochemical analysis of tissue sections
examined by light microscopy strongly suggests that the
HHRG6 proteins are localised in the nucleus. To indepen-
dently confirm and further extend this intracellular locali-
sation, immunoelectron microscopy was used, applying
different fixation and embedding conditions. Thin sections
of mouse testis tissue were incubated with antiserum, and
the reaction was visualised by immunogold labeling. As
shown by Fig. 5A most HHR6 can be found in the Sertoli
cell nucleus, whereas cytoplasm and the characteristic nu-
cleolus (Fig. 5B) are almost devoid of gold particles. Leydig
cells and to a somewhat lesser extent round spermatids
(Fig. 5C) present a similar picture, although, like in light
microscopy, the amount of protein detected is lower. Table
1 shows that the proteins are strongly enriched in the eu-
chromatin regions of the nucleus. Heterochromatin and
nucleolus are markedly devoid of gold particles. Similar
observations were made in other cell types. The Sertoli
cell in Fig. 5A may even provide evidence for clustering of
gold particles in certain restricted areas of the nucleus.
The Lowicryl-embedding procedure allows only the direct
surface to react and therefore avoids penetration and acces-
sibility problems. Therefore a quantitative analysis of gold
particles is permitted. The subnuclear localisation of the
protein in Leydig cells was determined by counting the
grains in the different compartments. In these cells the
distinction between eu- and heterochromatin can be made
easily in these cells which display relatively high levels of
RADG proteins (Fig. 5D).

DISCUSSION

The present report concerns a systematic analysis of the
expression of two closely related HHR6 genes at the RNA
and protein level. Our findings are relevant in two direc-
tions: the involvement of repair genes in the UV response
in higher organisms and the relationship of HHR6 with
modification of chromatin structure in the process of sper-
matogenesis.

In recent years, cellular responses to environmental geno-
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toxic stresses have gained increasing interest. Exposure of
cells to DNA injury triggers a cascade of reactions, includ-
ing intricate signal transduction pathways resulting in al-
tered expression of numerous genes. A universal response
to inflicted gene damage in normal cells is arrest of cell
cycle progression. This gives DNA repair mechanisms time
to remove the DNA lesions before they can give rise to
permanent mutations. In lower organisms several repair
systems have been shown to be inducible by genotoxic
agents. The SOS response, controlled by the LexA/RecA
regulon, mediates a rapid activation of the main compo-
nents of the nucleotide excision repair in E. coli. In yeast a
specific subset of repair genes including RAD6 is damage-
induced (for a review see Hoeijmakers, 1993a,b). Among the
numerous mammalian damage-inducible genes analysed to
date, however, no known repair genes have been recognised
except for the O6G-methyl transferase. On the other hand,
several members of the ubiquitin pathway including ubiqui-
tin itself appeared to be induced upon various stress treat-
ments (for a review see Fornace, 1992). The availability of
a human repair gene, whose UV inducibility in yeast is well-
documented, permitted for the first time investigations re-
garding to what extent the involvement of repair in this
response is conserved in eukaryotic evolution. Careful anal-
ysis in a variety of human cells and utilizing different UV
doses failed to provide indications for any significant UV
inducibility of HHR6A nor HHR6B. This suggests that the
DNA repair component of the UV responses in yeast and
man are different. Our recent findings with another repair
gene, RAD23, whose transcription is enhanced after UV
irradiation in yeast, but not in man, confirm this idea (Ma-
dura and Prakash, 1990, and manuscript in preparation).

These findings support the notion that a fundamental
difference exist in this regard between the unicellular organ-
isms E. coli and yeast, and mammals. The relatively con-
stant environment in which mammalian cells live may
have obviated the need for a UV repair response.

Like with UV, we failed to find an induction of HHR6
RNA or protein upon heat shock and during the mitotic
cell cycle. Instead Northern and immunoblot analysis dem-
onstrate that both genes are constitutively expressed. These
results are consistent with a function of HHR6 that does
not involve the general stress response (which seems to
require the ubiquitin-conjugating enzymes, UBC1, 4, and 5)
nor cell cycle-related processes (in which UBC3 and 9 are
thought to be implicated) (Ciechanover, 1994).

The two very similar 17-kDa HHR6 proteins were sepa-
rated by 2-dimensional gel electrophoresis and visualised
by Western blot analysis. Mixing with in vitro-labeled
HHR6A or B protein permitted identification of each of
the gene products. The results suggest that—except for a
possible ubiquitination—no extensive posttranslational
modifications detectable by 2-D gel electrophoresis occur
in a significant fraction of the HHR6 molecules. Overall,
the expression patterns of HHR6A and B ressemble each
other, and on this basis we cannot assign a specific distinct
function to each of the genes.
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FIG. 5. Immunohistochemical detection of the HHRG6 proteins by electron and light microscopy. Abbreviations used: N, nucleus; CYT,
cytoplasma; Nu, nucleolus; M, mitochondrion; and Ac, acrosome. (A) Sertoli cell incubated with anti-RAD6 serum. The arrows indicate
the nuclear membrane. (B) Higher magnification of A: Sertoli cell nucleolus. (C) Round spermatid incubated with anti-RAD6 antiserum.
The arrows point to the gold particles found in the nucleus. (D) Light microscopic picture of a mouse testis cross section, incubated with
anti-yeast RADG6 serum. Arrows point to the strongly positive Sertoli cell nuclei at the basement membrane of the tubule. Arrowheads
indicate the round spermatids exhibiting a more weak, but clearly detectable, staining.
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TABLE 1
Quantitation of HHR6 Protein in Leydig Cells

Total no.
of gold  Surface No. of gold
particles counted particles Factor of
counted um? per um®  enrichment
Euchromatin 1820 87.1 20.9 21
Heterochromatin 43 14.0 31 3
Nucleolus 8 7.86 1.0 1

However, clear quantitative differences exist for the
mammalian RADG6 proteins and mRNAs between the cells
and tissues examined. Brain, heart, and testis show elevated
levels of specific MRNAs when compared to the other tis-
sues tested. Yeast RADG6 has been shown to be meiotically
induced, coinciding with the time when meiotic recombi-
nation takes place (Madura et al., 1990). However, we find
high amounts of shorter mammalian RADG6 transcripts spe-
cifically in postmeiotic cells, i.e., round and elongating sper-
matids, whereas pachytene spermatocytes have levels be-
low our detection. This renders a specific involvement in
meiotic recombination less likely. The analysis presented
here shows that the increase in mMRNA and protein quanti-
ties of both RAD6 homologues during spermatogenesis co-
incides with the developmental stage when somatic and
testis-specific histones are removed from the chromatin and
replaced by transition proteins and subsequently prot-
amines (Kistler et al., 1987). The induction of the two HHR6
genes as representatives of the ubiquitin pathway at this
time of spermatogenesis is not without precedent. The
chicken ubiquitin Il gene is induced at approximately the
same stage of spermatogenesis (Mezquita and Mezquita,
1991; Rocamora and Agell, 1990) and increased ubiquitina-
tion of histone H2A is observed (Oliva and Dixon, 1991). A
ubiquitin-activating enzyme E1 encoded by the Y-chromo-
somal Sby gene exhibits testis-specific expression (Mitchell
et al., 1991). This gene and the X-chromosomal homolog
Sbx show postmeiotic transcription in the mouse (Hendrik-
sen et al., 1995). Interestingly, recently another E2 enzyme
(E217vp) Was also found to be highly expressed in rat testis
(Wing and Jain, 1995). These observations together with the
in vitro demonstration that RADG is able to ubiquitinate
histones (Jentsch et al., 1987; Sung et al., 1988), provide
indirect evidence for involvement of ubiquitin and HHR6
in the chromatin remodeling processes during spermatogen-
esis. The idea that HHR6 plays arole in restructuring chro-
matin may also further pertain to the present finding of
very high amounts of HHRG6 in reticulocyte lysates (see Fig.
4), since these cells have undergone extensive chromatin
modification prior to nuclear elimination. Finally, a con-
served role of RADSG in gross structural alterations of chro-
matin is consistent with the observation that RADG6 as well
as rhp6+ are essential for sporulation (Morrison et al., 1988;
Reynolds et al., 1990) again a process known to involve
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drastic chromosomal changes. In this respect spermatogene-
sis may represent an advanced phenocopy of the process of
sporulation.

The intracellular location of the HHR6 proteins in the
euchromatic part of the nucleus as indicated in this study
by immunoelectron microscopy is consistent with a func-
tion in chromatin transactions. In the immunogold labeling
experiments we have used the Lowicryl method which
allows only the direct surface to react. This eliminates pos-
sible artefacts inherent to some immunohistochemical pro-
cedures that are caused by unequal accessibility of antigenic
determinants in different locations (Posthuma et al., 1987).
Biochemical cell fractionation studies (see Materials and
Methods for details on the procedure) suggest that a sub-
stantial fraction of the HHRG6 proteins is only weakly associ-
ated with the euchromatin.

High transcript levels of both HHR6 genes are found in
round spermatids at a stage more than 2 weeks after the
formation of the heterochromatic sex vesicle which be-
comes visible in early pachytene spermatocytes (Stefanini
et al., 1974). Since the human and the mouse HHR6A gene
are located on the X chromosome (Koken et al., 1992), it is
remarkable that the total amount of HHR6A transcripts
seems to even increase during the transition of pachytene
spermatocytes into round spermatids. This finding has been
described elsewhere in more detail (Hendriksen et al., 1995)
and is explained by postmeiotic transcription. Hence,
HHRG6A is likely to represent one of the few recently discov-
ered examples of X/Y-chromosomal genes whose gene prod-
ucts may play an important role in postmeiotic stages of
spermatogenesis (reviewed in Hendriksen et al., 1995).
Western blot analysis confirmed that both HHR6 proteins
are indeed present in the germ cells. This was important to
verify, since it has been found for other genes that signifi-
cant quantities of testis-specific, shorter transcripts accu-
mulate in spermatids, but that no corresponding proteins
can be detected (Capel et al., 1993; Ivell, 1992). It has been
speculated that these transcripts could result from dysregu-
lated gene expression due to the extensive chromatin re-
modeling events that take place in this stage of spermato-
genesis (lvell, 1992). It cannot entirely be ruled out that the
presence of HHR6A protein in spermatids results from an
extremely long protein half-life following synthesis in ear-
lier stages of spermatogenesis. The HHR6B mRNA is trans-
lated more efficiently or the protein is more stable than
HHR6A as may be concluded from the larger amount of
HHRG6B in elongating spermatids (Fig. 4). The transcription
of the HHR6A gene in spermatids, together with the notion
that different ratios of the A and B proteins are present in
different cells and tissues, suggests that both proteins have
a specific task which cannot be completely taken over by
the very homologous counterpart. Selective inactivation of
either one or both of these genes, e.g., by gene targeting in
totipotent mouse ES cells from which mutant mice strains
can be obtained, should reveal what is the specific role of
each of the proteins and to which extent their functions
overlap. Very recently, we have succeeded in generating
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HHR6B knockout mouse mutants (H.P.R., unpublished re-
sults). The phenotype of these mice comprises specific de-
fects in spermatogenesis that are completely consistent
with the above ideas. This finding underlines the signifi-
cance of the observations described here. Thus the role of
this ubiquitin-conjugating enzyme in spermatogenesis in
mammals may be an advanced phenocopy of the involve-
ment of yeast RADG6 in sporulation.
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