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During spermatogenesis, a large fraction of cellular proteins is degraded as the spermatids evolve to their
elongated mature forms. In particular, histones must be degraded in early elongating spermatids to permit
chromatin condensation. Our laboratory previously demonstrated the activation of ubiquitin conjugation
during spermatogenesis. This activation is dependent on the ubiquitin-conjugating enzyme (E2) UBC4, and a
testis-particular isoform, UBC4-testis, is induced when histones are degraded. Therefore, we tested whether
there are UBC4-dependent ubiquitin protein ligases (E3s) that can ubiquitinate histones. Indeed, a novel
enzyme, E3"*°"¢ which could conjugate ubiquitin to histones H1, H2A, H2B, H3, and H4 in vitro, was found.
Only the UBC4/UBCS5 family of E2s supported E3"***"*.dependent ubiquitination of histone H2A, and of this
family, UBC4-1 and UBC4-testis are the preferred E2s. We purified this ligase activity 3,600-fold to near
homogeneity. Mass spectrometry of the final material revealed the presence of a 482-kDa HECT domain-
containing protein, which was previously named LASU1. Anti-LASU1 antibodies immunodepleted E3™stone
activity. Mass spectrometry and size analysis by gel filtration and glycerol gradient centrifugation suggested
that E3"'°"¢ js a monomer of LASUL. Our assays also show that this enzyme is the major UBC4-1-dependent
histone-ubiquitinating E3. E3™s*°" jg therefore a HECT domain E3 that likely plays an important role in the

chromatin condensation that occurs during spermatid maturation.

Spermatogenesis is a complex developmental process during
which stem cell spermatogonia are transformed into highly
differentiated spermatids (12). This transformation can be di-
vided into three phases. The first phase is the proliferative
phase, in which spermatogonia undergo successive mitotic di-
visions. Subsequently, in the meiotic phase, spermatogonia are
transformed into spermatocytes in which the genetic material
undergoes homologous recombination and two sequential cell
divisions, resulting in haploid spermatids. In the final (sper-
miogenic) phase, the spermatids are transformed into cells that
are structurally equipped to reach and fertilize the eggs. Dur-
ing spermiogenesis, each immature spermatid develops an ac-
rosome and a tail, reorganizes its mitochondria, and loses most
of its cytoplasm.

Proteolysis plays an important role in these developmental
phases. In the first two phases, proteolysis is essential in reg-
ulating the cell cycle. Proteolysis also appears to be important
for the third (spermiogenic) phase. During this cellular remod-
eling of haploid spermatids, many proteins are degraded. His-
tones are among the key proteins that undergo proteolysis
(29). Upon degradation in early and late elongated spermatids,
histones are replaced by transition proteins, which in turn are
replaced by protamines (29). The substitution of histones by
protamines is essential to permit the condensation of chroma-
tin into the narrow head of the compact and elongated mature
spermatid. The mechanisms underlying the degradation of his-
tones remain unclear. Previous work suggests that many pro-
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teins are removed in a cytoplasmic droplet that is phagocytosed
by the adjacent Sertoli cells (30, 42). However, the ubiquitin
system appears to be involved in this loss of cellular proteins.
Indeed, ubiquitinated histones have been detected in the testes
of different species (1, 3, 8, 32). During rooster (1) and mouse
(3) spermatogenesis, ubiquitinated histone H2As are at the
highest levels before the replacement of histones by prota-
mines in late spermatids. During trout germ cell maturation,
the levels of monoubiquitinated histone H2B decreased, while
those of doubly ubiquitinated histone H2B increased (32).
Ubiquitinated H3 was first identified in a study of rat spermat-
ogenesis, with the highest level in elongated spermatids (8).
The results from these studies suggest that ubiquitination plays
an important role in histone replacement.

The conjugation of ubiquitin to proteins requires the se-
quential cooperation of three enzymes (reviewed in references
21 and 38). The ubiquitin-activating enzyme (E1) hydrolyzes
ATP to convert ubiquitin into an activated form, which is
covalently linked at its carboxyl terminus to a cysteine residue
of the El enzyme via a high-energy thioester linkage. The
activated ubiquitin molecule is then transferred to the second
enzyme of this pathway, a ubiquitin-conjugating enzyme (E2),
and the activated form is maintained through the formation of
a thioester linkage with a cysteine residue of the E2 enzyme.
The third enzyme in the process, the ubiquitin protein ligase
(E3), supports the transfer of ubiquitin to substrates.

E3 is the key to the specificity of ubiquitin conjugation, as it
recognizes substrates (reviewed in references 21 and 38).
There are two major classes of E3 enzymes. One class is the
RING finger-containing E3s. This type of E3 functions as a
scaffold protein that binds both the E2 and the substrate,
permitting ubiquitin to be transferred from the E2 to the
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substrate. The RING finger domain chelates two Zn** ions
and is essential for interaction with the E2. The other class of
E3 enzymes is the HECT domain-containing E3s. These E3s
support ubiquitination in a process that requires two steps.
First, ubiquitin is transferred from E2 to the E3 via a thioester
linkage with a cysteine residue in the HECT domain, and then
ubiquitin is transferred from the E3 to the substrate. This
family of E3s therefore requires a free thiol group for its
function.

The E3 covalently links the ubiquitin moiety by its C-termi-
nal residue to the e-amino group of an internal lysine residue
of the target protein (21, 38) or in some cases to the a-amino
group at the N terminus of the protein (10). Monoubiquitina-
tion has important functions as a signal (reviewed in reference
23). Monoubiquitination of membrane proteins signals their
internalization to endosomes that traffic to lysosomes for deg-
radation (23, 41). Histone monoubiquitination regulates gene
transcription. Monoubiquitination of histone H2B in yeast re-
sults in telomeric gene silencing by stimulating the methylation
of histone H3 on lysine 4 and lysine 79 (47), while monoubig-
uitination of histone H3 in yeast results in the activation of
transcription (6). For most ubiquitination, though, a polyubig-
uitin chain is usually formed after the linkage of ubiquitin to
the substrate protein (21). When linked via the lysine 48 resi-
due of each ubiquitin, these chains usually target the attached
protein to the 26S proteasome for degradation (7). Chains
consisting of non-lysine 48 linkages appear to have nonproteo-
lytic functions. For example, lysine 63-linked ubiquitin chains
can mediate DNA repair and signaling via the NF-kB pathway
(13, 24, 45, 46).

Previous work in our laboratory supports a role for ubiquiti-
nation during spermatogenesis. The rate of ubiquitin conjuga-
tion increases during the first wave of spermatogenesis that
occurs in early postnatal life (39). This increase in conjugation
appears to be dependent on the UBC4 family of E2s. UBC4 is
induced during spermatogenesis (39). This activation is at least
partly due to the induction of UBC4 isoforms. UBC4 is highly
expressed in the testis, and it is widely expressed in many
different tissues. A particular testis-specific UBC4 isoform,
UBC4-testis, is induced in round spermatids and early elon-
gated spermatids (52).

To further explore the role of this UBC4-dependent ubig-
uitination during male germ cell development, we have been
identifying UBC4-dependent E3s that are expressed in the
testis. Since histones are known to be ubiquitinated and de-
graded in early elongated spermatids when UBC4-testis is in-
duced, we hypothesized that histones may be substrates of a
UBC4-dependent E3. Therefore, we used '**I-labeled histone
H2A as a substrate to biochemically screen for UBC4-depen-
dent E3 activity in testis extracts. Interestingly, a HECT do-
main E3 was identified to be able to conjugate ubiquitin to
different core histones. We now describe the characterization
of this new E3.

MATERIALS AND METHODS

Iodination of proteins. The chloramine-T method was used to label bovine
ubiquitin with Na'?I to a specific radioactivity of 3,000 cpm/pmol and histones
H1, H2A, H3, and H4 (Boehringer Mannheim) to a specific radioactivity of
375,000 cpm/pg. Unincorporated '2°I was removed by passing the reaction prod-
ucts over a Sephadex G25 column.
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Preparation and quantification of enzymes. E1 was isolated from rabbit liver
by ubiquitin affinity chromatography as previously described (19). Bacterially
expressed recombinant UBC4-1, UBC4-testis, E2,,x, UBC7, UBCH6, UBCH7,
and UBCHI10 proteins were prepared as described previously (4, 27, 33, 48,
52-54). UBC4-1, UBC4-testis, and E2,,x enzymatic activities were quantified by
measuring the initial release of radioactive pyrophosphate following incubation
in the presence of [y->>P]ATP, ubiquitin, and E1 (20). The remaining E2s were
quantified by using a thioester assay (36) (see below). Recombinant glutathione
S-transferase (GST) fused to the RING domain of the E3 ARNIP (GST-AR-
NIP) was expressed in Escherichia coli cells and purified by glutathione-Sepha-
rose beads (5).

Conjugation assay. To measure the conjugation of ubiquitin to histone sub-
strates, the reaction mixture contained the following in a final volume of 20 ul:
10 pl of the fractions from each protein purification step, 50 mM Tris-HCI (pH
7.5), 1 mM dithiothreitol (DTT), 2 mM MgCl,, 2 mM ATP, 0.5 U of pyrophos-
phatase, 12.5 mM phosphocreatine, 2.5 U of creatine kinase, 50 nM E1, 30 pM
125I-]abeled histone H2A, and 250 nM UBC4-1 or UBC4-testis. All ubiquitin
conjugation reactions used to screen fractions for E3Histone activity were initiated
with 25 pM reductively methylated ubiquitin (RMUDb), prepared and quantified
as described previously (22), and incubated for 1 h at 37°C. Reaction products
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the results were detected by autoradiography.

For quantification of E3H%°"¢ activity, the peak fractions from each purifica-
tion step were tested in the conjugation assay at 30°C for only 10 min. Under
these conditions of shorter time and lower temperature, the assay was linear with
respect to the amount of enzyme. E311°n¢ activity was quantified by adding up
the intensity of each band multiplied by the number of ubiquitin moieties linked
to histone H2A in that band.

Conjugation assays which tested the ability of different E2s to support E3-
mediated ubiquitination of histone H2A contained E2 enzymatic concentrations
between 150 and 300 nM. The conjugation assay comparing different E2s or
125Tlabeled histone types were carried out under quantification conditions (i.e.,
30°C for 10 min).

In the assays of testing the substrate specificity (Fig. 1C) and E2 specificity
(Fig. 1D) of E3Histone and testing the different results of E3His©nc.mediated
ubiquitination of histone H2A with wild-type ubiquitin (Ub) or methylated
ubiquitin (MeUb) (Fig. 1B), the E3Hison¢ ysed was purified with two anion
exchange columns, Q-Sepharose and Mono Q columns, and a Superdex 200 gel
filtration column.

For the conjugation assay with ARNIP, a RING finger E3, the components
and their concentrations were the same as in the assays with E3istone except that
the E3 ARNIP was used at a concentration of 1 pM, 2 pl of 50 pM '*I-labeled
ubiquitin was used to start the reaction, and there was no histone H2A. Since
there was no exogenous substrate, autoubiquitinating activity was measured. The
reaction was incubated at 37°C for 1 h. Reaction products were resolved by
SDS-PAGE and detected by autoradiography.

Thioester assay. The components for a 10-pl reaction were as follows: 1 pl of
10X thioester buffer (0.5 M Tris-HCI [pH 7.5], 0.1 M MgCl,, 20 mM ATP, 5 mM
DTT), 1 ul of inorganic pyrophosphatase (0.5 U/pl) (Sigma), and 1 ul of E1 (1
uM). One microliter of 50 uM '*I-labeled ubiquitin was used to start the
reaction. The reaction was incubated at 37°C for 1 min. Laemmli sample buffer
without 2-mercaptoethanol was used to stop the reaction, and the products were
separated by SDS-PAGE at 4°C. The gel was dried, and results were detected by
autoradiography.

Preparation of testis extracts. Testes from Sprague-Dawley rats (200 g;
Charles River Laboratories) were sliced and homogenized at 4°C with a Potter-
Elvehjem tissue grinder (Fisher) in 5 volumes of ice-cold homogenization buffer
(50 mM Tris [pH 7.5], 1 mM DTT). Bovine testes were homogenized in 3
volumes of homogenization buffer with a Waring blender. The homogenate was
centrifuged at 10,000 X g for 15 min, and the supernatant was centrifuged at
100,000 X g for 1 h.

Bovine E3"ist°"¢ pyrification. The supernatant that was centrifuged at 100,000
X g was subjected to purification by the following steps. After each step, the
fractions were assayed as described above to detect the ability to support UBC4-
dependent conjugation of ubiquitin to histone H2A. The peak fractions were
pooled for the next step.

The supernatant that was centrifuged at 100,000 X g was loaded onto a 50-mm
by 35-cm DEAE-cellulose (Whatman DE-52) column that had been equilibrated
with the homogenization buffer. Bound proteins were stepwise eluted with 0.1,
0.2, and 0.3 M NaCl in 50 mM Tris (pH 7.5, 4°C)-1 mM DTT. Most of the
E3Histene elyted with buffer containing 0.2 M salt.

The E3Mistore activity collected was precipitated by 0 to 50% ammonium
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FIG. 1. Identification and initial characterization of E3™t°¢_ (A) A soluble testis extract was chromatographed on a Mono Q anion exchange
column. The supernatant of the rat testis extract that was centrifuged at 100,000 X g (Load), water as a negative control (Ctl-), and eluted fractions
were tested for the ability to support the conjugation of ubiquitin to '**I-labeled histone H2A in the presence of E1 and UBC4. Lanes 3 to 8 are
the fractions eluting at approximately 0.4 M NaCl that contained the activity. (B) E3"*"" (lanes 1 and 3) or water (lane 2) was used in a ubiquitin
conjugation assay of '*’I-labeled histone H2A with either wild-type Ub or MeUb. (C) Different '*I-labeled histones were tested in the conjugation
assay in the presence (+) or absence (—) of E3Histone (D) E3Histone.mediated ubiquitination was tested in the presence or absence (ctl-) of the
indicated E2s. (A to D) Reaction products were resolved by SDS-PAGE and detected by autoradiography. *, background bands. Arrows show the

single monoubiquitinated form of histone H2A. Note that in panels A,

C, and D, the free histone substrates were run out of the gels because they

created large shadows when the gels were exposed to film with the use of intensifying screens. In panel B, the gel was exposed to a phosphorimager
screen, which does not result in the '**I-labeled histone substrate generating a large shadow. (B to D) The E3"*°"® ysed was partially purified as

described in Materials and Methods.

sulfate precipitation. The pellet was redissolved in and dialyzed against homog-
enization buffer.

The dialyzed sample was then loaded onto a 26-mm by 20-cm quaternary
amine anion exchange column (Q Sepharose; Pharmacia Amersham Biotech)
equilibrated with the homogenization buffer. Bound proteins were eluted with a
0 to 0.5 M NaCl gradient (in 50 mM Tris [pH 7.5]-1 mM DTT).

Peak fractions containing E3'istone activities eluted at ~0.4 M NaCl. They
were pooled and dialyzed against homogenization buffer containing 0.7 M
(NH,),SO, and loaded onto an 8-mm by 7.5-cm Phenyl SPW column. Bound
proteins were eluted with a 0.7 to 0 M (NH,),SO, gradient in 50 mM Tris (pH
7.5-1 mM DTT.

The peak fractions eluting at ~0.24 M (NH,),SO, were pooled, dialyzed
overnight against homogenization buffer, and then loaded onto a 5-mm by 5-cm
quaternary amine anion exchange column (Mono Q; Pharmacia Amersham
Biotech) equilibrated with the homogenization buffer. Retained proteins were
eluted with the same gradient as for the Q Sepharose chromatography noted
above.

The peak fractions eluting at ~0.4 M NaCl were then concentrated by using
Centriplus 10 concentrators (Amicon). The concentrated eluate was further

purified on a 10-mm by 30-cm gel filtration column (Superdex 200; Pharmacia
Amersham Biotech).

The peak fractions were pooled and centrifuged on a 10 to 40% glycerol
gradient in 10 mM Tris-Cl, pH 7.5. The centrifugation was performed at 28,000
rpm in an SW 40Ti rotor (Beckman) for 16 h at 4°C.

Free thiol group requirement test. To test whether E3H1°"¢ might be a HECT
domain E3, we assessed whether a free thiol group was required for activity.
Following the Superdex 200 chromatography step, some of the partially purified
enzyme was treated with 5 mM N-ethylmaleimide (NEM) on ice for 5 min, and
then 2.5 mM DTT was added to quench the remaining NEM. The enzyme was
then assayed for activity. To confirm the effectiveness of the NEM treatment, 1
pmol of E1 was similarly treated and then subjected to a thioester assay for
activity. To confirm that there was sufficient quenching of NEM by DTT, buffer
was treated with the same amount of NEM and DTT prior to use in an assay of
E1 for thioester activity.

Zn** ion requirement test. To test whether the E3H°"¢ might be a RING
domain E3, we assessed whether divalent cations were required for the activity.
Glycerol gradient fraction 4 or 20 pmol of recombinant GST-ARNIP was treated
with 10 mM EDTA at 4°C overnight. MgCl, (10 mM) was added to bind the
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FIG. 2. E3"tore s probably a HECT domain-containing E3. (A) E3"" requires a free thiol group for its E3 activity. (Left panel) In the
conjugation assay, E31°" was first treated with NEM or not treated. Excess NEM was then quenched by DTT, and the other components of the
conjugation assay were added. Products of the assay were resolved by SDS-PAGE and detected by autoradiography. (Right panel) To confirm that
both the NEM treatment and quenching by DTT were adequate, E1 was treated sequentially with NEM and DTT (lane 3) or added subsequently
to buffer that had been similarly treated with NEM and DTT (lane 4) and then assayed for the ability to form a thioester bond with '*I-labeled
ubiquitin. Reaction products were resolved by SDS-PAGE at 4°C under nonreducing conditions and detected by autoradiography. (B) E3*istone
does not require divalent cations for its function. E3"°" was treated with EDTA (lanes 3 and 4) or TPEN (lanes 11 and 12). Remaining chelators
were then quenched with excess Mg>" (lanes 4 and 12) or not quenched (lanes 3 and 11) prior to assays for ubiquitination of histone H2A. To
confirm the efficacy of the treatment, the RING finger E3 ARNIP was similarly treated and then assayed for its autoubiquitination ability by
incubation with E1, UBC4-1, and '*I-labeled ubiquitin (lanes 5 to 8 and 13 to 16). Products were resolved by SDS-PAGE and detected by

autoradiography.

residual EDTA prior to use in a conjugation assay. The treated E3s were then
tested in conjugation assays. In an additional test of the requirement of Zn>*, an
E3Histone_containing fraction or 20 pmol of recombinant GST-ARNIP was
treated with a relatively zinc-specific chelator, N,N,N',N'-tetrakis-(2-pyridylm-
ethyl)-ethylenediamine (TPEN; 3.2 mM). The assays were then performed as for
EDTA-treated enzyme.

Mass spectrometry analysis. Following glycerol gradient centrifugation, the
fractions were analyzed for E3'iston¢ activity and protein composition by both
native gel and SDS-PAGE. Prominent bands comigrating with E3Histon¢ activity
were excised and analyzed at the Harvard Microchemistry Facility. The proteins
in the bands were digested with trypsin, after which the peptides were resolved
and analyzed by microcapillary reverse-phase high-pressure liquid chromatogra-
phy, directly coupled to the nano-electrospray ionization source of an ion trap
mass spectrometer (MS). These MS/MS spectra were then correlated with
known sequences by using the algorithm Sequest developed at the University of
Washington (15) and programs developed at Harvard University (9). MS/MS

peptide sequences were then reviewed for consensus with known proteins, and
the results were manually confirmed for fidelity.

Antibody design, production, and purification. A fragment encoding 185
amino acid residues of the N-terminal part of LASU1 was amplified by reverse
transcription-PCR using testis mRNA as a template. The amplified nucleotide
fragment was cloned into pET15b vector (Novagen) and expressed in E. coli
BL21 cells. The expressed protein contained an N-terminal His tag fusion and
was purified on a Ni** column. Rabbits were injected with the protein in
Freund’s adjuvant, and after two boosts the serum was collected and the antibody
was purified on a column containing GST fused to the protein fragment.

Immunoblotting and immunoprecipitation. Rabbit sera against LASU1 di-
luted 1,000 times or purified LASU1 antibody diluted to 2.7 pg/ml was used for
immunoblotting on polyvinylidene difluoride membranes (Millipore). Immuno-
blots were visualized by chemiluminescence using the ECL detection system
(Amersham). Antibody against the 20S proteasome (Affiniti) was used to detect
the 20S proteasome subunits. To immunoprecipitate LASU1 from E3Histone.



VoL. 25, 2005

A LIGASE THAT UBIQUITINATES HISTONES 2823

Homogenate after centrifugation

v
DEAE NaCl
r”""””ﬂ
0.1 M 02M 3M
v
Ammonium sulfate precipitation (0-50%)
Q-Sepharose NaCl
S5M
0.4 M Of M0.5
Phenyl 5PW
07 M (NH,),SO,
. 0.24M oM
v
Mono Q
_ronos
odm  0A4AMOSM NaCl
v
Superdex 200
v
B Glycerol gradient
Homogenate | Ammonium Q- Phenyl Mono Q Superdex | Glycerol
sulfate Sepharose | 5PW 200 gradient
precipitation
Protein 5.96 6.56 0.33 0.19 0.30 0.74 0.13
concentration
(g
Enzyme activity | 62.9 156 227 1415 3553 8361 4680
(102 cpm/l)
Volume (ml) 1125 225 135 195 4 05 0.27
Total protein 6705 1475 44 .55 3.71 1.20 0.37 0.035
(mg)
Total enzyme 70.8 351 30.6 276 14.2 42 1.3
activity (10°
cpm)
Specific 1.06 2.38 68.8 744 1184 1130 3611
enzyme activity
(101° cpm/g)

FIG. 3. Purification of E3"*°" from bovine testis extract. (A) E3"'°"® purification scheme. The salts used to elute proteins in each step are shown
on the right of the purification tree. Arrows indicate the salt concentration at which the enzyme eluted. The buffers used are described in the text.
(B) Protein purification table. Aliquots of the pooled fractions from each protein purification step were assayed under quantification conditions (see the
text) to measure E375°" activity. The results were detected by phosphorimager and quantified as described in Materials and Methods.

containing fractions, an equal volume of LASU1 antiserum or preimmune serum
and protein A-Sepharose beads was incubated at 4°C for 2 h as described
elsewhere (26). Beads were washed three times in immunoprecipitation buffer
(20 mM Tris-HCI [pH 7.5] at 4°C, 1% NP-40, 50 mM NaCl, protease inhibitor
cocktail [Roche]) and then incubated with an equal volume of E3tstne_contain-
ing fraction at 4°C for 2 h. Beads were washed as before. The pellet and the
supernatant were assayed for E3!stone activity as described above.

Nucleotide sequence accession numbers. The human and mouse LASU1 se-
quences described here have been deposited in GenBank under accession no.
AY929611 and AY929612, respectively.

RESULTS

Identification and characterization of E3™*"°", Since a spe-
cific E2, UBC4, is induced in elongating spermatids when his-

tones are removed from spermatids (39), we used '*I-labeled
histone H2A as a substrate and UBC4 as the E2 to screen
biochemically for a ubiquitin protein ligase that can ubiquiti-
nate histones (see Materials and Methods). When this assay
was applied to a rat testis extract (Fig. 1A), multiple high-
molecular-weight forms of histone H2A were generated (Fig.
1A, lane 2), compared to the negative control (Fig. 1A, lane 1),
which was an assay done in the absence of the testis extract.
These results indicated the presence of an E3 in the testis that
can ubiquitinate the histone. We carried out the assay with
RMUDb, as it resulted in easily visible and quantifiable monou-
biquitinated forms of H2A. In contrast, the use of wild-type
ubiquitin resulted in a high-molecular-weight smear at the top
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FIG. 4. Analysis of the fractions from the last purification step.
(A) Fractions from the glycerol gradient centrifugation were assayed
for E3Histone activity. As described in Materials and Methods, MeUb
was used to start the reaction. The results were detected by autora-
diography. (B) Protein fractions were resolved on a 5% native acryl-
amide gel and detected by colloidal blue staining. (C) Protein fractions
were resolved by 7 to 15% gradient SDS-PAGE and detected by
colloidal blue staining. Arrows in panels B and C show the bands cut
for tandem mass spectrometric analysis. The presence of proteins in
the A-, B-, and C-labeled bands in panel C that were also found in the
band from the native gel in panel B is noted in Table 1.

of the gel (Fig. 1B, compare lanes 1 and 3). The presence of
multiple bands when RMUb was used must represent monou-
biquitination of histone H2A on multiple lysine residues. This
result suggests that at least in vitro this ubiquitination is not
site specific on histone H2A. Since the substrate of the reac-
tion, '**I-labeled histone H2A, showed a strong signal whose
shadow rendered difficult the observation of the 8-kDa-higher
monoubiquitinated histone H2A band on film, we typically ran
the substrate off the gel. Our more recent assays used a phos-
phorimager which does not generate a large shadow because of
a shorter path (no intensifying screen) to the detection plate
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(Fig. 1B). To characterize further this E3, the testis extract was
fractionated on a Mono Q anion exchange column. The E3
activity eluted at ~0.4 M salt (Fig. 1A, lanes 5 and 6). This E3
activity was designated E3*istone,

Since all of the different types of histones are degraded
during spermatogenesis, we tested whether this E3 can ubiqui-
tinate other histones besides histone H2A (Fig. 1C). Histones
H1, H2B, H3, and H4 were radiolabeled and incubated in the
presence of E1, UBC4, or RMUb with or without E3istone,
High-molecular-weight forms of the histones were observed
for all of the histone types tested, but only in the presence of
E3tistone jndicating that E3™'°" could ubiquitinate all core
histones tested here in vitro.

Since E3s generally interact with specific E2s, we tested the
ability of different E2s to support ubiquitination of histone
H2A (Fig. 1D). Of the E2s tested, only UBC4-1, UBC4-testis,
and UBCH7 supported E3'sn°_dependent ubiquitination.
These three E2s belong to the UBC4/UBCS family of E2s.

E3™istore js a HECT domain E3. There are two major fam-
ilies of E3s, RING finger E3s and HECT domain E3s. To
assess whether B3 might be a HECT domain E3, we
tested whether E3"'°"¢ activity requires the presence of a free
thiol group (Fig. 2A, left panel). E3™5°" was treated with
NEM to inactivate thiol groups. Following addition of DTT to
quench the excess NEM, the treated E3™*'"¢ was reassayed
for E3 activity (Fig. 2A, left panel, lane 3). After the treatment,
E3Mistone |ogt its activity, as did E1 when it was similarly treated
and tested in a thioester assay as a positive control (Fig. 2A,
left and right panels, lane 3). The loss of activity was not due
to inactivation of E1 or E2 in the assay from incomplete
quenching of NEM by DTT, as identical treatment of a mock
sample with NEM and DTT did not affect the activity of sub-
sequently supplemented E1 in a thioester assay (Fig. 2A, right
panel, lane 4). Thus, this E3 could require a free thiol group
for its function and may therefore be a HECT domain E3.
However, at this point we cannot rule out the possibility that
under the conditions employed, the NEM may have reacted
with other nucleophiles besides thiol groups. Since RING fin-
ger motifs chelate Zn>" ions, we tested E31n¢ for the re-
quirement of divalent cations by incubating it with the chelator
EDTA or the relatively zinc-specific chelator TPEN (Fig. 2B).
Following incubation, the remaining EDTA or TPEN was
bound by adding excess Mg>* to avoid interference by the
chelators of the El-mediated activation of ubiquitin, which
requires Mg?*. The treated enzyme was reassayed in the con-
jugation assay. E3™St"¢ activity was unaffected by EDTA
treatment (Fig. 2B, lane 4) and TPEN treatment (Fig. 2B, lane
12). The enzymatic activity of the E3"" was lower in the
TPEN study due to the use of a different fraction. To confirm
that this treatment was effective at chelation, we applied the
identical protocol to a sample of ARNIP, a known RING
finger E3 (5). Indeed, ARNIP autoubiquitination activity was
lost upon treatment (Fig. 2B, lanes 8 and 16), indicating that
the negative result with E3™°"¢ wag valid. These data to-
gether suggest that E3'*"° js probably a HECT domain E3.

LASUL1 is a component of E3"**"¢ To identify this new E3,
we purified it to near homogeneity by the sequential application
of different protein purification methods (details are in Materials
and Methods). To obtain an adequate amount of purified en-
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TABLE 1. MS/MS analysis of the band isolated from the native acrylamide gel in Fig. 4B

Present in SDS

Reference no. Protein name Species NO'. of bands from
peptides Fig. 4C°

gi 22090626 HECT domain protein LASU1 Homo sapiens 68 AB,C

gi 26340188 Unnamed protein product Mus musculus 20 B,C

gi 10436857 Unnamed protein product Homo sapiens 3 A

gi 25140230 Similar to tripeptidyl peptidase 11 Homo sapiens 7 B

gi 1061310 Valyl-tRNA synthetase 7 B

gi 2493459 Protein kinase C substrate, 60.1-kDa protein, heavy chain (PKCSH) Bostauras 3 A
(80K-H protein)

gi 28478776 Similar to elongation factor 1-gamma (EF-1-gamma) (eEF-1B gamma) Mus musculus 7

gi 28189194 Similar to pancreatic tumor-related protein Bos taurus 3

gi 417844 Valyl-tRNA synthetase (valinetRNA Ligase) (VALRS) 2

gi 27807311 Vesicle docking protein p115 Bos taurus 5

gi 232037 Elongation factor 1-gamma (EF-1-gamma) (eEF-1B gamma) Oryctolagus cuniculus 3

gi 12804891 Similar to tubulin; beta 5 Homo sapiens 4

gi 6015101 Endoplasmin (94-kDa glucose-regulated protein) (GRP94) Oryctolagus cuniculus 5

gi 25021127 Similar to transitional endoplasmic reticulum ATPase (EC 3.6.1.) Mus musculus 2
(validated), rat

gi 4204880 Heat shock protein Homo sapiens 3

gi 11265337 Hypothetical protein DKFZp434K0126.1, human (fragment) Homo sapiens 3

gi 1174593 Tubulin alpha-2/alpha-4 chain Patella vulgata 2

gi 12847562 Unnamed protein product Musmusculus 2

“ Proteins also detected in the tandem mass spectrometry analysis reports of bands A, B, or C from the denaturing gel (Fig. 4C) are indicated.

zyme, we started with an extract prepared from bovine testes.
After the multistep purification (Fig. 3A), the specific enzyme
activity was 3,600-fold that of the crude extract (Fig. 3B). The
precipitation of the activity by relatively low concentrations of
ammonium sulfate suggested that the enzyme was probably large
in size. This was indeed confirmed by the gel filtration chroma-
tography step, which suggested a molecular mass of ~600 kDa for
this enzyme (data not shown) (see Fig. 7A). Therefore, we sub-
jected it to a final step of purification by centrifugation on a
glycerol gradient. The fractions from this last purification step
were assayed for E3™°¢ activity (Fig. 4A), and the protein
components were analyzed by denaturing and native gel electro-
phoresis (Fig. 4B and C). Native gel electrophoresis revealed a
single major band (Fig. 4B). This band was cut and analyzed by
tandem MS. SDS-PAGE revealed a number of bands ranging
from ~30 kDa to >180 kDa (Fig. 4C). Several bands on this
denaturing gel appeared to comigrate closely with E3Histore a¢.
tivity (Fig. 4A) and so were also cut and analyzed by tandem MS.
Interestingly, analysis of the band from native gel electrophoresis
(Table 1) identified 68 peptides corresponding to a human 370-
kDa HECT domain-containing protein previously named LASU1
(17, 18). This appeared to be the dominant protein in the band
and indicated that LASU1 was likely to be E3Hs°n¢ or 3 part of
E3Histone.

Interestingly, the second-largest number of peptides in the
native band corresponded to an unnamed protein (gi
26340188) whose C-terminal 356 amino acids are the same as
amino acid residues 41 to 397 in the N-terminal part of LASU1
(Fig. 5A). A search of the expressed sequence tag (EST) da-
tabase identified other independent sequences of LASU1 in
this region and revealed that the first 40 amino acids of LASU1
were miscoded because of a frame shift caused by an extra G
at base 266 of the previous DNA sequence of LASUI. There-
fore, the C-terminal 396 amino acids of the unnamed protein
are exactly the same as the N-terminal 396 amino acids of
LASUI. Furthermore, using the LASU1 and unnamed protein

sequences to probe the mouse genome database indicated that
the sections of DNA encoding these two putative proteins are
adjacent to and overlapping each other on the X chromosome.
Northern blot analysis of testis mRNA with a probe against the
overlapping region detected only a single band that was >10 kb
in size (unpublished data). Finally, the cDNA clone 4017134
(Invitrogen) contains the overlapping region of these two pro-
teins and nonoverlapping sequences of the unnamed protein
and LASUI on the N terminus and C terminus, respectively.
All of these independent pieces of evidence suggested very
strongly that the unnamed protein and LASU1 are parts of the
same protein. The complete human LASU1 has 4,374 amino
acids, a predicted molecular mass of 481.9 kDa, and a pI of
4.87. Mouse LASU1 has 4,377 amino acids, a predicted mo-
lecular mass of 482.7 kDa, and a plI of 4.86.

Mass spectrometric analysis of the bands from the SDS-
PAGE gel (Fig. 4C) revealed that all three bands contained
LASU1 and that the two larger ones also contained the un-
named protein. Those bands likely contain degradation frag-
ments of LASUI.

Domain analysis of this protein showed that it has a classical
HECT domain at the C-terminal end (Fig. 5A). In addition, a
UBA domain and a UIM domain, both known to function in
ubiquitin binding, are found in the overlapping region between
the unnamed protein and LASU1. A WWE domain was also
identified, and this domain has been associated with proteins
involved in the regulation of ubiquitin-dependent proteolysis
(2). Finally, two domains with unknown function, DUF908 and
DUF913, were identified in the N-terminal region located in
the unnamed protein (Fig. SA). Interestingly, most of the other
proteins that contain these two domains appear to be related
to the 374-kDa Saccharomyces cerevisiae HECT domain ligase
TOML1 (14) (Fig. 5B and C). TOM1 and the complete LASU1
share high degrees of similarity in these domains and in the
HECT domain but are relatively poorly conserved elsewhere,
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FIG. 5. Structure of LASUI. (A) Domain analysis of LASU1 and the unnamed protein. The region (amino acids 353 to 538) used to generate
an anti-LASU1 antibody is shown. (B) Alignment of DUF908. (C) Alignment of DUF913. In panels B and C, the conserved residues in the domain
are shown. gi 16944653, related to TOM1 protein; gi 22832284, CG8184-PB; gi 26327257, unnamed protein product; gi 22532851, hypothetical
protein Y67DS8C.5; gi 3176689, contains similarity to ubiquitin carboxyl-terminal hydrolase 14; gi 2440180, SPAC19D5.04; gi 927738, Tomlp; gi
23499033, ubiquitin-protein ligase 1; and gi 8778329, F14J16.10.
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consensus 1 ERITFVTRAVRILDLFTd-yNIAFALFRENGGLDMLINRVVHEVDECLK---DYSISYQRAALLKSLLKFIKKLIQDPGSFD~---D-SSLPESLCHILRNAEYYGPS 99
LASUl 424 DQITFVTRAVRVVDLIT---NLDMAAFQSHSGLSIFIYRLEHEVDLCRK---GVQCIPQRAALLKSMLNFLKKAIQDPAFSD---D-GSLPTSLKHIISNAEYYGPS 553
gi 22832284 422 EHITFVTRAVRVIDLIT---NIDIARFHONNGLNVFIDRLEKEIKSCCK---KPSCVTQRAALLKSMLNFLKKSIQDHAHFS---E-TSLTQSLRHIIANAEYYGPS 672
gi 26327257 350 DQITFVTRAVRVVDLIT---NLDMAAFQSHSGLSIFIYRLEHEVDLCRK---GVQCIPQRAALLKSMLNFLKKAIQDPAFSD---D-GSLPTSLKHIISNAEYYGPS 479
gi 22532851 432 ECITFGTRCARIIDLFT---TIDVTSFKANNGMEICVNRVVHEINECRK---GATCHQORSGLIKGLLTFIKRAIGDVQFQD---E-GDLPEALMHILSNAEYYSPS 624
gi 16944653 578 SRH--YSMVLAFLDSLTyayQTAFSQLNSAGGLDAITNLIVHTVGESKT---DYSIPFYHQOTLKWLLKFIHHVMANTYSFD---DnSSLLGSLCTIARQNRFFGTV 705
gi 2440180 426 TYV--VARSIVMLDHLIdgySMAFPDFSESKGLDMLVDRVQYELEAGLQ---DYAISYDRYFLLKNLLKFVLHLIQSGGSVV---D-SSLISSLAFLLEHHEVYGSN 544
gi 8778329 709 QHLHLVSAAVHILEAFMdysNPAAALFRDLGGLDDTIFRLKLEVSRTED---EALISYHRRLLLKALLRAISLGTYAPGNTN---E-SLLPECLCIIFRRAKDFGGG 835
gi 3176689 410 QHLHLVSTAVHILEVFMdysNPAAALFRDLGGLDDTIFRLKQEVSRTED---EALISYHRRLLLKALLRAISLGTYAPGNTN---E-SLLPECLCIIFRRAKDFGGG 538
gi 927738 442 KRT--LASATHLLETFId-nSETTTEFIENDGFTMLITSVANEIDFTLA---YYSISFRELAYIRSLLKLVLKLLSTDSGDR---D-SPILVSLKKILENKLVFGLT 556
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consensus 100 LFSLATTVVSDFIHNEPTCLSSLOEAGLTSAFLDALLRK---IPPSAEVITSLPNVFSAICLNNRGLKQFKSKNPINQLFKIFLSPDHLVALRG---DTATNLGSAL 200
LASUl 554 LFLLATEVVTIVFVFQEPSLLSSLODNGLTDVMLHALLIK---VPATREVLGSLPNVFSALCLNARGLOSFVQCQPFERLFKVLLSPDYLPAMRR---DTASNLGSAV 663
gi 22832284 673 LFLLATDVVTVYVFNEPSLLSSLODLGITSVMLKALLQK---VPATREVLGSLPNVFSALCLNERGLFEFLSYDPFDKVLKVLLSPDYLVAMRR---DTATNLGNAM 782
gi 26327257 480 LFLLATEVVTVFVFQEPSLLSSLODNGLTDVMLHALLIK---VPATREVLGSLPNVFSALCLNARGLOSFVQCQPFERLFKVLLSPDYLPAMRR-~--DTASNLGSAV 589
gi 22532851 625 LFHQSAHLITNFVYQFPEELSSIQRRHVPYVIFQSLLRK---LPNSKDVITTLGNVFTAMCLNERGLROQFKSYDPFNQIFRIVLSVKFLVTLRK---ESAQAIGGAL 733
gi 16944653 706 VWSNATTLLSDFINNDPTSFAAISESGWIQAFLESVTNR---ILPSSESMNIIPTVLNSISLNNRGMKMVLSSGAIQSYMEIFESATHVQCMAH---ELASTIGSSL 879
gi 2440180 545 LFASTTNIMSTFIHNEPTCYGIIHEKKLSHAFLDAVNRK---ILNSSDAITSIPLAFGAICLNSQGFDLFLEKNPIPQLFSIFTSLNHCKSLIS---DNAAILGTYI 646
gi 8778329 836 VFSLAATVMSDLIHKDPTCFNALDSAGLTSTFLDAISDE---VICSAEAITCIPQCLDALCLNNSGLQAVKDRNALRCFVKIFTSPSYLRALTG---DTPGSLSSGL 936
gi 3176689 539 VFSLAATVMSDLIHKDPTCFNALDSAGLTSAFLDAISDE---VICSAEAITCIPQCLDALCLNNSGLOAVKDRNALRCFVKIFSSPSYLKALTS---DTPGSLSSGL 639
gi 927738 557 LITYTLDVVQKVINSEPTIYPVLVEAGLIPYVIDNFPKL---IGPSAELLSLLPDVVSAICLNPEGLKQVKEKGLINNLFDFLLDADHARILTG---DRSTEYGTDI 658
460 470 480 490 492 623 630 640 651 678 690
e o ot LR l===1.*. ...:.... i ¥t |===1.:.... e *
consensus 201 DELMRHQPSLKTDIVKAIIKILNEVLILGRNPEATCSKSAK---PLIDYILNVARFLETILSNSPPYEHCREF---VSKGGLEPLLDLLSLPNLPLDF 292
query 664 DELMRHQPTLKTDATTAIIKLLEEICNLGRDPKYICQKPSI---PLMDYILNVMKFVESILSNNTTDDHCQEF---VNQKGLLPLVTILGLPNLPIDF 815
gi 22832284 783 DDLIKHHPYLRADATEAIVRLLNELVRLGSDPSFICWRANK---PLIDYILNVMKFIEAIFSNSPNGDHCREF---VLHGGLKPILQLLSLPNLPVDS 931
gi 26327257 590 DELMRHQPTLKTDATTAIIKLLEEICNLGRDPKYICQKPSI---PLMDYILNVMKFVESILSNNTTDDHCQEF---VNQKGLLPLVTILGLPNLPIDF 741
gi 22532851 734 DDLMRHYPDLKHDMLKSIIVILDLLDEIGRNPPAGVELVPT---PIGDYMLLIARVVETMMTQSPSQKITEEF---IDECVMOKIMKLCHLPCITNEA 938
gi 16944653 880 DELSRHHPALRPAIANAIIDMIARVTHLVKTMDATKACGAR---PSIPYIQVLSTFLOPIISNS---HLKGAL---ISAGVIEILLDLAESPSLPHDF 1020
gi 2440180 647 DELMRHQPSLKDPIVKMIFKACDQVSALLDNFNPFQYINAK---PYLLYLETFSSFLENIITNE---GHARYL---ISKGIVSHVLNLIQHPVLAFGF 737
gi 8778329 937 DELLRHQSSLRTYGVDMFIEILNSMLI IGSGMEATTSKSAD---FLPDCVCNVARLFETVLONA---EVCSLF---VEKKGIDAVLOLFSLPIMPLST 1063
gi 3176689 640 DELLRHQSSLRTYGVDMFIEILNSILIIGSGMEATTSKSAD---FLPDCVCNVARLFETVLONA---EVCSLF---VEKKGIDTVLOQLFSLPLMPLST 766
gi 927738 659 DELARHYPDLKANIVEALCNVIRKMPS TFRNEREFLFTSPK---SQVPQHLEARDFLAIIFMENPPYEYFTSV---VLNDQLENLNDFLNSPNDRSFF 827

showing only 17.3% and 34.7% overall amino acid identity and

FIG. 5—Continued.

interaction with E3istone

is transient, which is consistent with

similarity, respectively.

To confirm that E3"°"¢ indeed contains LASU1, an antibody
was raised against a His-tagged fragment of LASU1 containing
residues 353 to 538 of the LASUI sequence (residues 1367 to
1552 of the complete protein). The antibody was affinity purified
on a column bearing the fragment fused to GST. This antibody
was tested for its ability to immunoprecipitate E3" (Fig. 6A).
The antibody, but not the preimmune serum, bound E3istone
activity, confirming that LASU1 is a part of E3™°"  Since
UBCH4 appears to be the cognate E2 for E3™**" we tested for
the presence of UBC4 in the immunoprecipitated LASU1 (Fig.
6B). UBC4 was not detectable in the pellet, suggesting that its

UBC4-Ub thioester acting as a substrate in the reaction.

E3™istore appears to be a monomeric protein. To determine
whether E3'5°1¢ js 3 monomeric protein or a multisubunit com-
plex, we estimated the molecular mass of this E3. Since purifying
the protein resulted in significant degradation, we chromato-
graphed a crude testis extract on a Superdex 200 gel filtration
column (Fig. 7A). The peak of E3"st°" eluted at fraction 19.
‘When compared to the elution positions of protein standards, this
corresponded to a molecular mass of ~600 kDa. Immunoblotting
revealed that LASU1 protein comigrated as expected with
E3Hstone activity.
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FIG. 6. E3"re  contains  HECT domain protein LASUI.

(A) E3Mstone was immunoprecipitated (IP) with preimmune serum
(PIS) or anti-LASU1 antiserum (Ab). (Left panel) Western blot of the
indicated sample with anti-LASU1 antibody. (Right panel) Samples
were assayed for E3Histone activity. (B) UBC4 was not coimmunopre-
cipitated with E3H'°n¢_ Crude testis extract was immunoprecipitated
with the LASUT1 antibody, and then the supernatants and pellets were
subjected to immunoblotting with anti-LASU1 antibody or anti-UBC4
antibody. Multiple bands in the LASU1 blot likely represent degrada-
tion products of LASU1 during the procedure. CTL, the same amount
of sample before IP; S, supernatant; P, pellet.

Since gel filtration chromatography is not a precise method
of sizing such large proteins, density gradient centrifugation
was also used to estimate the molecular mass of E3Histone,
Glycerol gradient centrifugation was performed on E
and also on thyroglobulin (667 kDa) and the 20S proteasome
(700 kDa), which were used as standards (Fig. 7B). The peak
of thyroglobulin was in fraction 13 and the peak of the 20S
proteasome was in fractions 13 and 14, while that of E3Histone
was detected in fraction 11. Thus, E3™°¢ js smaller than the
20S proteasome (700 kDa) and thyroglobulin (667 kDa) but
larger than the ferritin standard used on gel filtration, suggest-
ing a size between 440 and 667 kDa.

To determine whether E3"°" contains other subunits be-
sides LASU1, the anti-LASU1 antibody was covalently linked
to protein A beads by DMP, and the covalently linked antibody
was used to immunoprecipitate E35°"¢ from a crude rat
testis extract. The proteins that were immunoprecipitated by
the antibody were resolved by SDS-PAGE. Several protein
bands that were in the pellet that was immunoprecipitated by
the antibody but not by the rabbit immunoglobulin G control
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were cut and analyzed by MS (data not shown). There was only
one protein, heat shock protein 70 (HSP70), which was present
in the proteins identified in the E3'™**"¢ band on native gel
electrophoresis (Fig. 4B). However, in both cases, the numbers
of peptides ascribed to HSP70 were small, and to date we have
not been able to confirm this finding by Western blot analysis
using anti-HSP70 antibody of the E3"'°"® that was immuno-
precipitated by use of anti-LASU1 antibody (data not shown).
On the other hand, all of LASU1 immunoreactivity comigrated
with E3"1sto¢ activity (Fig. 7A and B). Taken together, these
data suggest that E3"B°" probably consists simply of the
482-kDa protein LASU1.

E3™istore j5 the major UBC4-1-dependent E3 that ubiquiti-
nates histone H2A in the testis. So far, two different RING
domain E3s, Np95 (11) and BRCA1/BARDI1 (28), have been
found to ubiquitinate histone H2A in vitro by cooperation with
UBCHS5B, the human homolog of UBC4-1. Therefore, we
tested whether other UBC4-dependent E3s besides E3istone
are present in the testis. We fractionated a testis extract on the
Superdex 200 gel filtration column (Fig. 7A) and glycerol gra-
dient (Fig. 7B) and screened fractions for their ability to ubi-
quitinate histone H2A in the presence of UBC4-1. In both
cases, we did not find any significant activity in fractions other
than the ones containing E3"5°" Therefore, E3Hston¢ ap-
pears to be the major UBC4-1-dependent E3 in the testis that
ubiquitinates histone H2A.

DISCUSSION

During spermatid maturation, several chromatin rearrange-
ments occur. Initially, the histones are replaced by transition
proteins which in turn are finally replaced by protamines (34).
Histones are still degraded when genes encoding transition
proteins are inactivated in the mouse, indicating that the loss
of histones is not simply due to displacement by the transition
proteins (56). Ubiquitination of several histones is increased
just prior to their degradation (29), suggesting that ubiquitin-
dependent proteolysis plays an important role in histone re-
placement. In this paper, we identify and characterize a new
testis ubiquitin protein ligase, E3''°"° which is an excellent
candidate ligase for mediating the ubiquitination of histones. It
ubiquitinates all core histones in vitro (Fig. 1A and C). With
wild-type ubiquitin, E3"'°"¢ produced much-higher-molecu-
lar-weight forms of histone than when MeUb was used (Fig.
1B), indicating that E3*°"¢ can form polyubiquitin chains on
histones, thus conferring the potential for recognition and deg-
radation by the proteasome. Its preferred interaction with
UBC4 would also be consistent with such a role, as UBC4
isoforms are induced in early elongating spermatids (39) when
histones begin to be replaced. Indeed, the induction of UBC4
may be a mechanism by which histone ubiquitination and deg-
radation are initiated and regulated.

Mass spectrometric analysis identified E3't°n¢ a5 a HECT
domain-containing ligase, previously named LASUI. This was
consistent with our observations that E3"°"¢ activity was
abolished by the thiol reactive compound N-ethylmaleimide
but not by the divalent cation chelators EDTA or TPEN (Fig.
2). In addition, our EST sequence analysis corrected a frame-
shift-inducing sequencing error present in the previous se-
quence of LASU1, thus resulting in a much longer N terminus
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FIG. 7. E3"tm appears to be a monomeric protein. (A) Separation of a crude testis extract using a Superdex 200 gel filtration column. (Top
panel) Fractions were assayed for E3™'°" activity as described in the legend to Fig. 1. Elution positions and molecular weights of the protein
standards are shown. (Bottom panel) Western blot of the fractions with the anti-LASU1 antibody. The arrow shows the LASU1 band.
(B) Separation of a crude testis extract by glycerol gradient centrifugation. The sample, purified 20S proteasome, or thyroglobulin was applied to
a 4 to 40% glycerol gradient and subjected to the centrifugation at 30,000 rpm in an SW 40Ti rotor for 20 h at 4°C. (Top panel) Fractions from
4 to 40% glycerol gradient centrifugation were assayed for E3"'°" activity. (Bottom panel) Detection of protein standards and LASU1. 20S
proteasome and LASU1 were detected by Western blotting. Thyroglobulin was detected by Coomassie blue staining. (In both panels A and B, the
unmodified '*I-labeled E3M°" gubstrate was run off the bottom of the gels.)

that includes what was hitherto a protein of unknown function.
Remarkably, mass spectrometric coupled to bioinformatics
analyses of this bovine enzyme was able to identify 88 peptides
matching the human LASUI or mouse unnamed protein se-
quence. This result suggests a significant degree of conserva-
tion of sequence among these species, which was confirmed by
the observation of 97.7% identity and 98.5% similarity be-
tween mouse and human sequences present in the EST data-
bases. All other proteins identified in the analyses had fewer
than seven matching peptides, suggesting that LASU1 was the
dominant protein in this enzyme and that these other proteins
were likely contaminants. Indeed, they were not detected in
MS analyses of protein bands in immunoprecipitates of
E3'store Also, none of the other identified proteins appeared
to be a potential ligase. The predicted molecular mass of 482
kDa was reasonably close to the estimated molecular mass of

E3tistone of ~600 kDa, considering the limited precision of
mass estimation by chromatography for such a large protein
and the assumption of globular enzymes in these estimations.
The enzyme bound to anion exchange columns, as would be
expected for the predicted pI of 4.87. All of these observations
together argue strongly that LASU1 is E3"™*" The latter
findings also suggest that E3™'°" functions as a monomeric
protein, but the mass determinations are not precise enough to
rule out the presence of an additional small subunit(s), partic-
ularly nonstoichiometrically in subsets of the enzyme mole-
cules.

Interestingly, LASU1 was found to be expressed in many
different tissues at both mRNA and protein levels and more
highly expressed in the testis, brain, lung, and kidney (unpub-
lished data). E3"s°" could therefore have other important
roles in different tissues besides its function on chromatin
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condensation in elongated spermatids. It is possible that it may
play a role in the ubiquitination of histones in other cells.
However, in most cells, ubiquitination of histones appears to
modify function rather than target for degradation. In eukary-
otic cells, 10 to 15% of total histone H2A is ubiquitinated (51),
while 10% of histone H2B is ubiquitinated in yeast (40) and
1.5% of cellular histone H2B is monoubiquitinated in higher
eukaryotes (51). The function of this ubiquitination remains
largely unknown except for a few examples. Monoubiquitina-
tion of histone H2B in S. cerevisiae leads to methylation of
histone H3 on its lysine 4 and lysine 79 residues, which in turn
causes telomeric gene silencing (6, 47). This ubiquitination is
mediated by the RING domain-containing E3, Brel, which
relies on Radop as its cognate E2 (25, 40, 55). Inactivation of
a mouse homolog of Rad6p leads to defective spermatogenesis
but does not appear to prevent histone degradation. Further-
more, monoubiquitination of histone H1 in drosophila by
TAF,,250, another RING finger-containing protein, results in
transcriptional activation (37). These results taken together
support a link between histone ubiquitination and gene tran-
scription. In addition, two other ubiquitin protein ligases be-
longing to the RING domain E3 family, BRCA1/BARDI (28)
and Np95 (11), have been recently shown to promote ubiquiti-
nation of histone in vitro.

In this paper, we identify for the first time a HECT domain-
containing E3 that ubiquitinates histones. Besides a role in
mediating histone degradation, this ubiquitination could also
be involved in transcriptional regulation. Indeed, previous
studies with the rat homolog of LASUI1 suggested that it may
function as a DNA-binding transcriptional regulator (17, 18).
The most similar other known E3s are S. cerevisiae Tom1 and
E3s closely related to Tom1. Tom1 mutants are pleiotropic and
include defects in transcription that appear to be mediated
through ADA coactivator proteins (43) as well as defects in the
export of mRNA (14, 44, 49). Suppressors of toml mutants
include STO1/G4p2/STM1, a basic protein partially homolo-
gous to histone H1 that can bind to G4 nucleic acids (16, 31,
50). Thus, Tom1 appears to interact with basic nucleic acid
binding proteins and in that way is similar to the demonstrated
ability of LASU1 to interact with and ubiquitinate histones.

LASUI is here demonstrated to be one of the largest E3s to
be characterized to date. Like other large E3s, such as the
374-kDa Toml (50) and 300-kDa EDD (35), the large size
likely permits it to interact with a variety of substrates and to
exert a large number of functions which remain to be defined.
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