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Abstract
The proteasome is a multi-catalytic protein degradation enzyme that is regulated by ethanol-induced
oxidative stress; such suppression is attributed to CYP2E1-generated metabolites. However, under
certain conditions, it appears that in addition to oxidative stress, other mechanisms are also involved
in proteasome regulation. This study investigated whether impaired protein methylation that occurs
during exposure of liver cells to ethanol, may contribute to suppression of proteasome activity. We
measured the chymotrypsin-like proteasome activity in Huh7CYP cells, hepatocytes, liver cytosols
and nuclear extracts or purified 20S proteasome under conditions that maintain or prevent protein
methylation. Reduction of proteasome activity of hepatoma cell and hepatocytes by ethanol or
tubercidin was prevented by simultaneous treatment with S-adenosylmethionine (SAM). Moreover,
the tubercidin-induced decline in proteasome activity occurred in both nuclear and cytosolic
fractions. In vitro exposure of cell cytosolic fractions or highly purified 20S proteasome to low
SAM:S-adenosylhomocysteine (SAH) ratios in the buffer also suppressed proteasome function,
indicating that one or more methyltransferase(s) may be associated with proteasomal subunits.
Immunoblotting a purified 20S rabbit red cell proteasome preparation using methyl lysine-specific
antibodies revealed a 25kDa proteasome subunit that showed positive reactivity with anti-methyl
lysine. This reactivity was modified when 20S proteasome was exposed to differential SAM:SAH
ratios. We conclude that impaired methylation of proteasome subunits suppressed proteasome
activity in liver cells indicating an additional, yet novel mechanism of proteasome activity regulation
by ethanol.
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Introduction
The proteasome is a multi-catalytic enzyme that degrades aged and oxidatively modified
proteins, signal transduction factors and peptides. Proteasomal proteolysis contributes to
recycling amino acids for de novo protein synthesis and to regulating inter- and intracellular
signal communications. The proteasome also generates peptides for MHC class I-restricted
antigen presentation. Inhibition of proteasome causes the accumulation of altered proteins in
cells and aberrant signal transduction, thereby increasing cell toxicity and apoptotic cell death
[1–3].

In the liver, ethanol consumption suppresses proteasome function [4,5]. Both 26S proteasome
and the 20S proteasome are suppressed by ethanol metabolism. These in vivo findings have
been confirmed in cultured cells and are related induction of CYP2E1-dependent oxidative
stress [6–8]. The proposed mechanism for this suppression appears to be via oxidative
modification of proteasomal subunits with consequent reduction in 20S proteasome catalytic
core activity [1,2,9,10]. Previously, we demonstrated that hepatoma cells that express the
ethanol-metabolizing enzymes, cytochrome P450 2 E1 (CYP2E1) and alcohol dehydrogenase
(ADH), exhibit decreased chymotrypsin-like and trypsin-like proteasome activities after
ethanol exposure. We further showed that simultaneous treatment with 4-methyl pyrazole
(4MP), an inhibitor of ethanol metabolism, prevented the ethanol-elicited decrease in
proteasome activity, indicating that ethanol metabolism is required for proteasome inhibition
[4,11]. However, despite oxidative stress being a significant component of ethanol-induced
proteasome suppression, treatment with antioxidants does not fully restore proteasome activity
suggesting that additional mechanisms are involved in the regulation of proteasome function
[12].

We have performed studies with mouse hepatocytes and found that betaine, a methyl group
donor that generates SAM and removes SAH to promote methylation reactions, can also
alleviate ethanol-elicited proteasome suppression (unpublished observation). Further, ethanol-
induced Mallory body formation (the morphological hallmark of alcoholic liver disease, which
is induced in liver cells by proteasome inhibition) is also prevented by treatment of hepatocytes
with SAM, a universal methylating agent [13,14]. These observations led us to hypothesize
that impaired protein methylation reaction(s) contribute to the suppression of proteasome
function.

Ethanol administration causes many defects in the methionine metabolic pathway that result
in accumulation of intracellular S-adenosylhomocysteine (SAH) [15]. In turn, this induces a
decrease in hepatocellular SAM:SAH ratios that negatively affect the activities of many SAM-
specific liver methyltransferases critical to cellular functions [16–18]. However, in addition to
compromising methionine metabolism, ethanol generates oxidative stress, which is difficult
to dissect from methylation-related events. For this reason, we assessed whether the specific
methylation reactions inhibitor, tubercidin, regulates proteasome activity. Tubercidin causes
accumulation of S-adenosylhomocysteine (SAH) by blocking S-adenosylhomocysteine
hydrolase (SAHH) activity, thereby mimicking ethanol-induced alterations in many crucial
methylation reactions. Here, we report that tubercidin suppressed 20S proteasome activity and
that this suppression was related to decreased intracellular SAM:SAH ratios. This is a novel
mechanism of regulation of 20S proteasome activity that occurs independent of ethanol-
induced oxidative stress [1,2,9,10] and decreased methylation of DNA/histones as reported
previously [19,20].
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Materials and Methods
High glucose Dulbecco’s minimal essential medium (DMEM), Ham’s F12 Medium, fetal
bovine serum (FBS) and blasticidin were purchased from Invitrogen (Carlsbad, CA). Suc-
LLVY-AMC fluorogenic substrate and all other analytical grade quality reagents were from
Sigma (St. Louis, MO).

Cells and treatments
Huh7 cells were stably transfected with CYP2E1 plasmid as described [21] and were incubated
in DMEM supplemented with 10% fetal bovine serum (FBS), 5 μg blasticidin/ml, 100 U
penicillin/ml and 100 μg streptomycin/ml in the presence or absence of 10 μM tubercidin for
18h.

Hepatocytes were isolated from livers of C57Bl/6 mice and plated onto collagen-coated 6-well
plates. These cells were incubated in William’s E-medium containing 5% FBS in the presence
or absence of 2.5 μM tubercidin for 18 hrs. Because hepatocytes are more sensitive than Huh7
cells to tubercidin exposure, they were exposed to the lower dose of this compound. Mouse
hepatocytes or prepared cytosols were also exposed to SAM and SAH at ratios of 5 or 2.5,
which correspond to the ratios observed in hepatocytes or livers of animals fed control and
ethanol diet, respectively [15,16]. The varying SAM:SAH ratios were achieved by adding
increasing amounts of SAH to a fixed amount of SAM (1 mM) in the incubation medium.

Cell viability/death
Cells were stained with propidium iodide (PI) and viability determined by flow cytometry
according to kit instructions (BD Biosciences, San Jose, CA).

Reactive oxygen species (ROS)
ROS were measured by 2′7′dichlorodihydrofluorescein diacetate (DCDFA) [22]. Data are
expressed as DCFDA units (fluorescence detected at an excitation of 485 nm and an emission
of 530 nm).

Cytochrome P450 2E1 (CYP2E1) activity
This activity was measured in whole cell lysates by the formation of 4-nitrocatechol (4NC) as
described [11]. CYP2E1 specific activity is expressed as units (nmoles 4NC/hr) per mg protein.

Protein carbonyl levels
These were measured by Western blot as specified in the instructions to an Oxyblot kit
(Millipore) after modification of proteins with 2,4, dinitrophenylhydrazine.

Lipid peroxides
These were determined as Thiobarbituric Acid Reactive Substances (TBARS) and measured
according to manufacturer’s instructions (Cayman Chemical Company, Ann Arbor, MI).

20S proteasome activity
Proteasome chymotrypsin-like (Cht-L) activity was detected in vitro using the fluorogenic
substrate Suc-LLVY-AMC [12].

Subcellular fractions
Cell lysates or liver homogenates were subjected to differential centrifugations to prepare the
nuclear and cytosolic extracts [23].

Osna et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 January 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Western Blotting
Purified 20S proteasome (Boston Biochem) was immunoblotted and assessed for methyl
arginine and methyl lysine content using appropriate antibodies (Abcam). In addition, the 20
S proteasome was incubated for 15 min in buffers with SAM:SAH ratios of 5 or 2.5 and then
immunoblotted and probed with antibody to methyl lysine.

Statistical Analyses
Data are expressed as mean values ± standard deviation from at least 3 experiments/replicates.
Multiple comparisons for significance were determined by one-way ANOVA, using a Tukey
post-hoc test. Comparison between two groups used Student’s t-test. A probability value of
0.05 or less was considered significant.

Results
To determine whether ethanol treatment affects proteasome activity in a methylation-
dependent manner, we exposed mouse hepatocytes to 50 mM ethanol in the presence or absence
of 0.1 mM SAM. Proteasome activity was inhibited by ethanol exposure, and this loss was
prevented by the inclusion of SAM (Fig. 1A). Ethanol-elicited suppression of proteasome
activity was mimicked by exposure of hepatocytes to medium containing SAM and SAH at
ratios of 2.5 which correspond to the ratios observed in hepatocytes or livers of ethanol-fed
animal [15,16].

Exposure of mouse hepatocytes to tubercidin, a protein methylation reactions inhibitor,
suppressed proteasome activity, and this effect was more prominent in IFNγ-pretreated than
in untreated cells (53% vs 75% inhibition, respectively, p< 0.05; Fig. 1B). Tubercidin exposure
to Huh7CYP cells caused similar inhibition of proteasome activity (Fig. 1C). The doses of
tubercidin used for these two cell types produced no toxic effects as revealed from PI staining
(not shown).

To determine whether tubercidin affects proteasome activity secondary to induction of
oxidative stress, we measured the levels of reactive oxygen species (ROS) production, lipid
peroxides, protein carbonyls and total glutathione levels in control and tubercidin-treated
HuhCYP cells. Remarkably, while tubercidin treatment elevated CYP2E1 activity two-fold
(Fig. 2A), it did not enhance ROS production (Fig. 2B), elevate lipid peroxidation (Fig. 2C),
increase protein carbonyls (not shown) or cause a decrease in total glutathione levels (Fig. 2D).
Instead, tubercidin exposure suppressed ROS formation (Fig. 2B).

Both nuclear and cytosolic proteasome activities were lower in 24h tubercidin-treated
Huh7CYP cells with a larger reduction in nuclear proteasome (3-fold vs 40%) compared with
cytosolic proteasome (Fig. 3A). Furthermore, to exclude the involvement of altered histone or
DNA methylation in proteasome suppression by tubercidin, cytosols prepared from livers of
chow-fed mice were incubated for 4h in vitro in the presence of varying SAM:SAH ratios
(achieved by altering the relative concentration of these two metabolites in the incubation
medium). We observed a direct relationship between the SAM:SAH ratios and proteasome
activity; i.e. a decrease in the ratio resulted in a corresponding decrease in enzyme activity
(Fig. 3B). These results indicated that impaired protein methylation may directly regulate the
function of the cytosolic proteasome without the involvement of impaired DNA or histone
methylation.

To determine the interaction of the proteasome with numerous methylation-sensitive cytosolic
proteins that, in turn, may regulate proteasome activity, highly purified 20S proteasome
(Boston Biochem) was similarly exposed to varying SAM:SAH ratios. Consistent with our
findings with the cytosolic proteasome, the purified 20S proteasome also showed a
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corresponding decrease in activity after exposure to decreasing ratios of SAM:SAH (Fig. 4A).
Similarly, a purified immunoproteasome preparation, IPr (Boston Biochem) treated in the same
way as the constitutive 20S proteasome, also revealed enzyme inhibition at a SAM:SAH ratio
of 2.5 that were even more inhibitory than that observed with 20S proteasome (Fig. 4B).
Because in liver cells, the expression of immunoproteasome subunits is high even in the
absence of IFNγ stimulation [2], liver proteasome is more sensitive to impaired methylation
reactions.

Exposure of purified 20S proteasome to tubercidin alone did not affect chymotrypsin-like
activity of the 20S proteasome (data not shown). This finding is important as it indicated that
it is the change in SAM:SAH ratios by tubercidin treatment of hepatic cells that affects
proteasome function.

To examine whether the purified 20S proteasome is methylated, the commercially-prepared
20S enzyme preparation was subjected to SDS-PAGE, immunoblotted and probed with
antibodies to methyl arginine and methyl lysine. A 25kDa proteasome subunit showed positive
reactivity with anti-methyl lysine (but not with anti-methyl agrinine). The anti-methyl lysine
reactivity was increased when proteasome was incubated at a SAM;SAH ratio of 5; a reduction
in reactivity was observed when the ratio was 2.5 (Fig. 4C).

Discussion
Our current understanding of how ethanol regulates proteasome activity is based on studies
conducted in ethanol-metabolizing liver cells, which revealed that the ethanol-induced
decrease in proteasome activity is due to inhibition by ethanol metabolites, some of which
directly forms adducts with proteasomal subunits [5,24,25]. In addition, some studies have
indicated a link between ethanol-elicited impaired methylation of histones and nuclear
proteasome function [26]. However, it was not clear from these studies whether
hypomethylation of DNA and/or aberrant histone methylation induces the suppression of
proteasome activity or altered methionine metabolism directly regulates proteasome function.

McClain et al postulated a correlation between a decrease in proteasome activity and lower
SAM levels in alcoholic liver disease (ALD) [27], but the exact link between these events was
not established. Here, we provide evidence that ethanol-induced alteration in methionine
metabolism that results in decreased intracellular SAM:SAH ratios directly suppressed 20S
proteasome in liver cells. To our knowledge, this is the first indication for a role of impaired
methylation reactions as an important factor in the regulation of liver proteasome activity. Here,
we report that cultured mouse hepatocytes exposed to a SAM:SAH ratio of 2.5 (as previously
seen in hepatocytes and livers of ethanol-fed animals) exhibited decreased proteasome activity
compared with cells exposed to a SAM:SAH ratio of 5 (as seen in controls). Further, ethanol-
elicited inhibition of proteasome activity was blocked by overnight exposure of hepatocytes
to ethanol and 0.1 mM SAM, indicating that ethanol-elicited suppression of proteasome activity
can be prevented by this methyl donor. Furthermore, in hepatocyte-like Huh7CYP cells,
proteasome was suppressed by exposure to the specific methylation reaction inhibitor,
tubercidin, and this effect was also blocked by co-incubation with SAM. Interestingly,
proteasome inhibition under hypomethylation conditions seems to be a liver-specific as other
investigators reported lower proteasome activity in vascular smooth muscle cells exposed to
SAM [28].

The importance of a “normal” SAM:SAH ratio for proteasome function was further validated
by experiments, in which we observed an inhibitory effect of tubercidin on proteasome activity
in Huh7CYP cells. In addition, it is important to note that because CYP2E1 is a proteasome
substrate [29,30], the tubercidin-mediated increase in CYP2E1 activity, possibly due to
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CYP2E1 stabilization, could potentially induce oxidative stress. Nevertheless, despite the
increase in CYP2E1 activity, tubercidin treatment evidently suppressed oxidative stress indices
examined in this study.

Further, we found that tubercidin treatment suppressed proteasome activity in both nuclear and
cytosolic fractions of Huh7CYP cells. However, we cannot exclude a possibility that cytosolic
proteasome activity was reduced due to lower expression of proteasome components because
of impaired gene methylation. To ascertain this, crude cytosolic proteasome from mouse
hepatocytes was exposed to varying SAM:SAH ratios. Consistent with the effects observed on
proteasome activity in cells exposed to tubercidin, we found that proteasome activity in cytosol
was also suppressed when the SAM:SAH ratio was less than 2.5. The latter data suggests that
some cytosolic proteins possess SAM-dependent methyltransferase activity, are regulated by
altered SAM:SAH ratios and may directly modulate proteasome activity.

The observation that purified 20S proteasome when exposed to SAM:SAH of 2.5 or less
possesses significant reduced activity is also noteworthy. In addition, we found that a 25 kDa
subunit of purified 20S proteasome preparation exhibited immunoreactivity to antibody against
methyl lysine. This is consistent with a recent proteome study that revealed the hepatic 20S
proteasome subunits are arginine and lysine methylated [31]. Further, we observed that
differential SAM:SAH ratios regulated methylation of lysine residues on the 25 kDa
proteasome subunit. This suggests that either the 20S proteasomal subunit(s) and/or other
proteins that form a tight complex and are co-purified with commercially obtained 20S
proteasome have (i) a SAM-dependent methyltransferase-like activity and; (ii) are sensitive to
SAH inhibition.

Although SAM:SAH ratio-induced changes in proteasome activity were modest, this level of
proteasome inhibition does result in significant alterations of downstream cell functions
including peptide hydrolysis for antigen presentation [32]. Further, the modest decreases in
proteasome activity ensure that the viability of treated cells is maintained and that the results
are not due to cell death since a profound inhibition of proteasome would likely cause apoptosis/
necrosis. Thus, our data indicate that in addition to previously reported methylation-mediated
regulation of proteasome activity in cells at the epigenetic level [19,20], proteasome function
is also regulated at the level of SAM:SAH-dependent methylation reactions.

Further, we observed greater inhibition of activity of IPr-enriched proteasome preparation with
decreased SAM:SAH compared with 20S constitutive proteasome. This observation is
consistent with higher sensitivity of IFNγ-treated hepatocytes to tubercidin compared with
untreated cells (Fig. 1B). These findings suggest that there may be an increased association of
a lysine methyltransferase (and probably some others) with immunoproteasome subunits.
However, establishment of the identity of such methyltransferases that regulate proteasome
function is currently under investigation.

Thus, ethanol exposure to liver cells dually regulates proteasome activity: by ethanol-induced
oxidative stress [1,2,12] and by ethanol-induced defects in protein methylation reactions. The
reduction in proteasome activity has serious implications in many important physiologically
liver cell functions, such as protein aggregation (Mallory body formation) and antigen
presentation. The fact that methylation defects can be corrected by treatment with regulators
of methylation, like SAM or betaine, provides another therapeutic target of maintaining
proteasome function and protecting against the development of liver injury from alcohol abuse.

We conclude that in liver cells, impaired methylation reactions directly suppress proteasome
function, providing a novel mechanism for regulation of 20S proteasome activity.
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Fig. 1. Effects of impaired methylation/methylation inhibitor on proteasome activity in hepatocytes
and Huh7CYP cells
A. Proteasome activity in lysates of hepatocytes following an 18h exposure to 0.1 mM SAM,
SAM:SAH ratios 5, 2.5, 50 mM ethanol or 50 mM ethanol+0.1 mM SAM. * is p<0.05
difference in proteasome activity of control vs treated cells; # between ethanol and ethanol
+SAM– treated hepatocytes. B. Proteasome activity in lysates of hepatocytes following an 18h
exposure to tubercidin (2.5 μM), in the presence or absence of IFNγ (5 nM). * is p<0.05 between
proteasome activity in control and tubercidin-treated cells; # is p<0.05 between proteasome
activity in IFNγ-treated cells and IFNγ+tubercidin or control cells. C. Proteasome activity in
lysates of Huh7CYP cells following exposure to 10 μM tubercidin in the presence or absence
of 0.1 mM SAM for 24 hr. * is p<0.05 is difference in proteasome activity between tubercidin-
treated cells and other conditions.
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Fig. 2. Effect of tubercidin treatment on indices of oxidative stress
Huh7CYP cells were exposed to tubercidin (10 μM, 24 hr) and then the indices of oxidative
stress were measured as indicated in Materials and Methods. * is p<0.05 difference between
control and tubercidin treatments.
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Fig. 3. Effects of tubercidin and SAM:SAH ratios on proteasome activity in cytosol and nuclear
fractions
A. Huh7CYP cells were exposed for 24h to 10 μM tubercidin and then proteasome activity
was measured in the prepared cytosolic and nuclear fractions. * is p<0.05 in proteasome activity
in nuclear extracts, controls vs tubercidin; # is p<0.05 in proteasome activity in cytosols, control
vs tubercidin. B. proteasome activity in liver cytosols exposed to low SAM:SAH ratio (2) for
4 hr. * is p<0.05 in proteasome activity between control and treatments.
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Fig. 4. Effects of various SAM:SAH ratios on proteasome activity in purified preparations of A
20S proteasome (representative experiment) and B. 20S proteasome vs IPr
(immunoproteasome). 20S proteasome or IPr was incubated for 2h in buffers with varying
SAM:SAH ratios and then proteasome activity was measured as detailed. * is p<0.05 difference
in the activity between 20S proteasome and IPr and # is p<0.05 between control and other
treatments (shown as % control, where the activity of both 20S proteasome and IPr in control
was considered as 100%). C. Expression of methyl lysine in 20S proteasome under various
SAM:SAH ratios. Purified 20S proteasome was incubated for 15 min in buffers with
SAM:SAH ratio 5 or 2.5 and then immunoblotted and probed with antibody to methyl lysine.
A 25kDa proteasome subunit showed positive reactivity with anti-methyl lysine. 1-no
treatment; 2- treated with SAM:SAH ratio 5; 3-treated with SAM:SAH ratio 2.5.
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