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Abstract

 

The goal of these studies was to define the rate-limiting
steps in the inactivation of type 2 iodothyronine deiodinase
(D2). We examined the effects of ATP depletion, a lysoso-
mal protease inhibitor, and an inhibitor of actin polymeriza-
tion on D2 activity in the presence or absence of cyclohex-
imide or 3,3

 

9

 

,5

 

9

 

-triiodothyronine (reverse T3, rT3) in rat
pituitary tumor cells (GH4C1). We also analyzed the effects
of the proteasomal proteolysis inhibitor carbobenzoxy-

 

L

 

-leucyl-

 

L

 

-leucyl-

 

L

 

-leucinal (MG132). The half-life of D2 ac-
tivity in hypothyroid cells was 47 min after cycloheximide
and 60 min with rT3 (3 nM). rT3 and cycloheximide were
additive, reducing D2 half-life to 20 min. D2 degradation
was partially inhibited by ATP depletion, but not by cyto-
chalasin B or chloroquine. Incubation with MG132 alone
increased D2 activity by 30–40% for several hours, and
completely blocked the cycloheximide- or rT3–induced de-
crease in D2 activity. These results suggest that D2 is inacti-
vated by proteasomal uptake and that substrate reduces D2
activity by accelerating degradation through this pathway.
This is the first demonstration of a critical role for protea-
somes in the post-translational regulation of D2 activity. (
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Introduction

 

Thyroid hormone metabolism plays an essential role in deter-
mining the intracellular levels of bioactive 3,5,3

 

9

 

-triiodothyro-
nine (T3)

 

1

 

 in the brain and pituitary. More than 80% of the nu-
clear T3 in the brain and 

 

z

 

 50% of that in rat pituitary is

derived from intracellular thyroxine (T4) to T3 conversion,
rather than from circulating T3 (1). The critical enzyme in this
pathway is type 2 iodothyronine (D2) deiodinase (2, 3). In rats,
D2 activity shows an inverse correlation with serum T4 con-
centration (4). Cycloheximide and actinomycin D fail to pre-
vent the reduction of D2 in cerebral cortex and pituitary in-
duced by supraphysiological doses of T3 (5). Furthermore, the
most potent iodothyronines in decreasing D2 activity are the
D2 substrates, T4 and the metabolically inactive 3,3

 

9

 

,5

 

9

 

-tri-
iodothyronine (reverse T3 or rT3), indicating that this effect
does not require thyroid hormone receptors (6–8). There
is also a marked increase in D2 mRNA (9–12) in hypothy-
roidism, indicating that iodothyronines regulate D2 activity
through both pre- and posttranslational mechanisms.

The mechanism for inactivation of D2 has been studied in
both rat pituitary tumor cells and primary cultures of rat glial
cells. In hypothyroid GH3 cells, the half-life of D2 activity is 50
min in the presence of cycloheximide and the addition of rT3
further decreases the D2 half-life to 26 min (8). Other D2 sub-
strates (T4 and iopanoic acid) have similar effects. Primary
cultures of rat glial cells grown in the absence of thyroid hor-
mone have two- to fivefold higher levels of D2 activity than
cells grown in the presence of normal serum (13). The addition
of cycloheximide or rT3 results in a rapid decrease in D2 activ-
ity in cAMP-stimulated glial cells (14, 15). ATP depletion with
carbonylcyanide m-chlorophenylhydrazone (CCCP) blocked
the rate of decrease in D2 activity with cycloheximide (15).

Eukaryotic cells contain multiple proteolytic systems, in-
cluding the ATP-ubiquitin-proteasome–dependent pathway,
lysosomal proteases, and calpains (reviewed in 16). The fact
that ATP depletion blocked the decrease in D2 activity in-
duced by cycloheximide in earlier studies suggested to us that
an ATP-dependent step, such as conjugation with ubiquitin and
proteasome uptake, might be rate-limiting in D2 degradation.
The goal of the present study was to determine if the recently
developed proteasome uptake inhibitor carbo-benzoxy-

 

L

 

-leu-
cyl-

 

L

 

-leucyl-

 

L

 

-leucinal (MG132) would inhibit D2 inactivation
in GH4C1 cells (16, 17). We found that MG132 indeed com-
pletely blocks the acute cycloheximide or rT3-induced de-
crease in D2. This is the first evidence that D2 degradation
occurs in the proteasome and that a D2 substrate accelerates
proteasomal D2 uptake.

 

Methods

 

Reagents.

 

MG132 was obtained from the Peptide Institute, Inc.
(Osaka, Japan) and dissolved in DMSO. CCCP, chloroquine, and cyto-
chalasin B were from Sigma Chemical Co. (St. Louis, MO). Cyclo-
heximide and rT3 were from Calbiochem (La Jolla, CA). CCCP was
dissolved in 100% ethanol and cytochalasin B and cycloheximide in
DMSO. rT3 was dissolved in 70% ethanol. Outer ring–labeled [

 

125

 

I]-
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T4 (specific activity: 4400 Ci/mmol) was from New England Nuclear
Corp. (Boston, MA). All other reagents were of analytical grade.

 

Culture conditions.

 

Rat pituitary tumor cells (GH4C1) were
grown in Ham’s F10 supplemented with 10% FBS for 2–4 wk until
50% confluence. They were switched to Ham’s F10 supplemented
with 10% FBS, which had been depleted of thyroid hormones with
charcoal 24 h before each experiment to deplete thyroid hormone
from the cells. After 6 h, the medium was replaced with DME supple-
mented with 0.1% BSA. We determined that exposure of GH4C1
cells to charcoal-stripped medium for 6 h (vs. longer periods of time)
as well as to BSA for 18 h results in stable D2 activity over the time of
the subsequent experiments. Each experiment was performed with
triplicate dishes for each control group and each experimental condi-
tion. At each time point, cells were harvested and D2 activity mea-
sured. The final concentrations of DMSO and ethanol used for the
various reagents were 0.2% and 0.1%, respectively. These were in-
cluded in control incubations as appropriate.

 

Type 2 deiodinase assays.

 

Cells were harvested, washed, soni-
cated briefly in 0.1 M potassium phosphate-1 mM EDTA, pH 6.9 (PE
buffer) containing 10 mM DTT and 0.25 M sucrose. Cell homoge-
nates were then assayed for deiodination of 2 nM [

 

125

 

I]-T4 (DuPont-
NEN, Boston, MA) under varying conditions as described previously
but without 6n-propylthiouracil (PTU), since GH4C1 cells do not ex-
press type 1 iodothyronine deiodinase (D1) (18, 19). The freshly puri-
fied [

 

125

 

I]-T4 contained 

 

,

 

 0.5% iodide. Deiodination was linear with
both the time and protein concentrations under the conditions of the
assay, and the quantities of protein assayed consumed 

 

,

 

 30% of the
substrate. Protein determinations were by Bradford using BSA as
standard (20). D2 activity is reported as femtomoles of T4 deio-
dinated per milligram of protein per minute and is corrected for ran-
dom deiodination.

 

Expression of 

 

75

 

Se-labeled D2.

 

75

 

Se-labeled human D2 was tran-
siently expressed in HEK-293 cells as previously described (21). In
brief, paired plates incubated in 10% charcoal-stripped FBS were
transfected with a D10 eukaryotic expression vector containing KD2-
SELP (K indicates a Kozak consensus sequence that was engineered
5

 

9

 

 to the initiator ATG of the human D2 coding region and SELP a
selenocysteine insertion sequence from the SELP gene, 21) and then
incubated with Na

 

2

 

[

 

75

 

Se]O

 

3

 

 in 1% FBS for 18 h (21). Plates were then
washed and exposed to vehicle (DMSO, 0.5%), cycloheximide (100

 

m

 

M), or rT3 (100 nM) with or without MG132 (50 

 

m

 

M) for 4 h in 0.1%
BSA in DME. Cells were harvested, sonicated, and 200 

 

m

 

g of protein
electrophoresed and the SDS gel autoradiographed. The densities of
the 31-kD D2 protein band (21) were compared by densitometry.

 

Statistical analysis.

 

Results are expressed as mean

 

6

 

SE of the
triplicate plates assayed at each time point for each condition. Be-
cause there were variations in basal D2 activities among various
groups of cells (from 2.8

 

6

 

0.2 to 11.8

 

6

 

0.8 fmol of T4 deiodinated/mg/
min) used for these experiments, we normalized results of a given
perturbation to the mean control values for that day’s experiment
cells (see Table I). We could then determine the variance of the tripli-
cate controls and experimental values and pool the normalized values
to assess the statistical significance of a given treatment using differ-
ent groups of cells. Student’s

 

 t 

 

test was used for single comparisons of
values between different treatments and Dunnett’s test for multiple
comparisons against a single control group. 

 

P

 

 

 

,

 

 0.05 was considered
significant.

 

Results

 

Cycloheximide or rT3 cause rapid decreases in D2 activity.

 

Cy-
cloheximide (100 

 

m

 

M) was added to examine the half-life of
D2 activity which decreased rapidly but plateaued at 

 

z

 

 25% of
basal activity after 2–3 h (Fig. 1). Taking this residual activity
into account, the 

 

t

 

1/2

 

 was 47 min. Higher concentrations of cy-
cloheximide (500 

 

m

 

M) had no greater effect. Preliminary ex-
periments with rT3 at concentrations of 0.03–30 nM showed a

concentration and time-dependent decrease in D2 activity
which was maximal at 3 nM in 0.1% BSA. This concentration
of rT3 also caused a rapid decrease in D2 activity which again
plateaued between 2 and 3 h at 

 

z

 

 26% of control (Fig. 1). Tak-
ing this residual activity into account, the apparent half-life of
D2 activity during rT3 treatment was 

 

z

 

 60 min.

Figure 1. Effects of MG132 on cycloheximide (CX) or reverse T3 
(rT3)-induced changes on D2 activity in GH4C1 cells. MG132 (10 
mM) was added 10 min before cycloheximide (100 mM). rT3 (3 nM) 
was introduced simultaneously with cycloheximide. Values are the 
mean6SE of two different experiments, each performed in triplicate. 
SE was too small to depict where SE bars are not shown. *P , 0.05 
vs. MG132 1 cycloheximide (top panel) or MG132 1 rT3 (bottom 
panel), at each time point (t test).
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Effects of CCCP, chloroquine, or cytochalasin B on cyclo-
heximide- or rT3-induced reductions in D2 activity.

 

We used
1-h time periods to examine the effects of several agents which
could affect the loss of D2 during these treatments. ATP de-
pletion by CCCP alone caused modest decreases in D2 activity
(Table I; CCCP, 4.2/5.2 

 

5

 

 79% of control, or 3.1/4.6 

 

5

 

 67% of
control, 

 

P

 

 

 

,

 

 0.05). Chloroquine alone also decreased D2 activ-
ity, but cytochalasin B alone had no effect (Table I). The ratios
of D2 activities between CCCP, chloroquine, or cytochalasin B
alone and the test compound plus cycloheximide or rT3 were
determined, expressed as a percentage, and compared with the
effects of cycloheximide or rT3 alone (Table I). Cycloheximide
causes a 60% decrease in D2 activity over 1 h, and this is par-
tially blocked by coincubation with CCCP, but is not affected
by chloroquine or cytochalasin B. However, neither CCCP nor
chloroquine significantly affected the 58% decrease in D2 ac-
tivity observed with rT3 (Table I).

 

MG132 blocks the loss of D2 activity induced by cyclohex-
imide or rT3.

 

The effect of CCCP to block the degradation of
D2 suggested the possible involvement of the ATP-dependent
ubiquitinylation/proteasome pathway in D2 degradation in
GH4C1 cells. Therefore, we examined the effect of the protea-
somal pathway inhibitor MG132 on D2 activity. MG132 (10

 

m

 

M) increased D2 activity 40, 36, and 29%, respectively, dur-
ing 1, 2, or 3 h of treatment, suggesting that it caused at least
partial inhibition of D2 degradation (Table II). MG132 had
striking effects when combined with cycloheximide and rT3
(Fig. 1). It completely blocked the decrease in D2 activity after
inhibition of protein synthesis and/or that during rT3 expo-
sure. The effects of MG132 were reversible; when it was re-
moved from the medium after blocking the rT3-induced de-

crease in D2 activity for 2 h, reintroduction of rT3 again
decreased D2 activity (data not shown).

We also assessed the effects of MG132 on the combination
of cycloheximide and rT3. D2 activity was reduced to 8% of
control over 1 h in the presence of both inhibitors, which is the
predicted level if these two agents act independently (Fig. 2).
MG132 completely blocked the 92% decrease in D2 activity
observed in the presence of both inhibitors, indicating again

 

Table I. Effects of CCCP, Chloroquine, or Cytochalasin B on 
D2 Activity in GH4C1 Cells Treated with Cycloheximide
or rT3

 

Inhibitor

Cycloheximide rT3

D2 activity % control D2 activity % control

 

Control 5.2

 

6

 

0.30 100

 

6

 

5.7 4.6

 

6

 

0.12 100

 

6

 

2.6
Inhibitor 2.1

 

6

 

0.23 40

 

6

 

2.9 1.9

 

6

 

0.13 42

 

6

 

2.2
CCCP 4.2

 

6

 

0.29* 100

 

6

 

6.9 3.1

 

6

 

0.35* 100

 

6

 

11.3
CCCP 

 

1

 

 inhibitor 2.5

 

6

 

0.17 60

 

6

 

5.7

 

§

 

1.4

 

6

 

0.12 47

 

6

 

3.2

 

¶

 

Chloroquine 3.6

 

6

 

0.4* 100

 

6

 

11.1 3.6

 

6

 

0.40

 

‡

 

100

 

6

 

11.1
Chloroquine 

 

1

 

inhibitor 1.6

 

6

 

0.29 43

 

6

 

3.4

 

i

 

1.7

 

6

 

0.23 49

 

6

 

1.8

 

¶

 

Cytochalasin B 5.0

 

6

 

0.10

 

‡

 

100

 

6

 

1.2 ND
Cytochalasin B 

 

1

 

inhibitor 2.0

 

6

 

0.20 42

 

6

 

2.9

 

i

 

ND

Cells were exposed for 1 h to CCCP (10 

 

m

 

M), chloroquine (100 

 

m

 

M), cy-
tochalasin B (15 

 

m

 

M), or vehicle (controls, 0.1% ethanol) with or with-
out cycloheximide (100 

 

m

 

M) or rT3 (3 nM). Values are mean

 

6

 

SE of

 

n

 

 

 

5

 

 3–7 different experiments, each in triplicate. Percentage values in
each group are expressed relative to the respective control. D2 activity is
expressed in femtomoles of T4 deiodinated per milligrams of protein per
minute. *

 

P

 

 

 

,

 

 0.05, for individual inhibitors vs. the respective control (

 

t

 

test). 

 

‡

 

NS, vs. the respective control (

 

t

 

 test). 

 

§

 

P

 

 

 

,

 

 0.05, for inhibitor 

 

1

 

CCCP/CCCP or inhibitor 

 

1 chloroquine/chloroquine vs. inhibitor/con-
trol (Dunnett’s). iNS, vs. inhibitor alone (Dunnett’s). ¶NS, for inhibitor 1
CCCP/CCCP or inhibitor 1 chloroquine/chloroquine vs. inhibitor/
control (Dunnett’s).

Table II. Concentration and Time Dependence of MG132 
Effects on D2 Activity in GH4C1 Cells

Time
(h) Condition n

D2 activity (fmol of T4 
deiodinated/mg/min) % of control

1 Control 6 7.861.22 100615.6
MG132 (3 mM) 3 7.161.10 132610.0*
MG132 (10 mM) 4 9.561.75 14066.6*

2 Control 11 7.560.69 10069.2
MG132 (3 mM) 5 9.061.65 13564.7*
MG132 (10 mM) 7 10.260.87* 13665.0*

3 Control 4 6.961.50 100621.7
MG132 (3 mM) 2 10, 4.5 151, 162
MG132 (10 mM) 3 8.762.43 12964.3*

Cells were exposed to the indicated concentrations of MG132 or 0.1%
DMSO (control) for 1, 2, or 3 h. Values are expressed as the mean6SE
or as percentage of control for 3–11 different experiments, except
MG132, 3 mM for 3 h for which n 5 2 (n 5 number of different experi-
ments, each performed in triplicate). Control means at each time point
include the pooled controls for both concentrations of MG132 (3 mM
and 10 mM). The percentage values are the means of the activities ex-
pressed relative to the respective control for each individual experi-
ment. *P , 0.05, vs. the respective control (Dunnett’s test).

Figure 2. Effects of rT3 and cycloheximide in the presence or ab-
sence of MG132 on D2 activity in GH4C1 cells. MG132 (10 mM) and/
or rT3 (3 nM) were introduced into the culture medium 10 min be-
fore cycloheximide (100 mM). D2 activity was measured after 1 h of 
treatment with the indicated agents. Bars depict the mean6SE of 
three different experiments, each performed in triplicate. SE was too 
small to depict where bars are not shown. *P , 0.05 vs. rT3 or cyclo-
heximide alone (t test).
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that proteasomal proteolysis is a rate-limiting step in both
basal and induced D2 degradation.

MG132 blocks the degradation of transiently expressed
75Se-labeled D2 in HEK-293 cells. To prove that MG132
blocks the degradation of D2, as opposed to having other ef-
fects to increase D2 activity, we transiently expressed human
(h) D2 in the presence of Na2[75Se]03 in HEK-293 cells (21).
Preliminary studies showed that the half-life of D2 activity in
such cells is 2–3 h with cycloheximide and that 50 mM MG132
blocks its loss. Addition of cycloheximide caused a reduction
of 35% in the z 31 kD 75Se-labeled D2 band over 4 h. When
cells were treated with a combination of MG132 and cyclohex-
imide, the density of 75Se-hD2 was fivefold higher than in cells
exposed to cycloheximide alone. Preliminary experiments
showed that the decrease in labeled D2 caused by 100 nM rT3
is also blocked by MG132.

Discussion

The short half-life of D2 in GH4C1 cells, about 47 min in T4-
deprived cells, is similar to that reported earlier in hypothyroid
GH3 cells (8). The reason(s) for the plateau of activity at z 25%
of control between 2 and 3 h is not clear but could be ex-
plained by cycloheximide inhibition of cellular protein degra-
dation processes. The pathway for the rapid inactivation and/
or degradation of D2 has not been previously defined. Earlier
studies of enzyme activity changes in astroglial cells showed
that ATP depletion reduced the rate of loss of D2 activity in
cycloheximide-treated cells (15). Our results are similar in that
CCCP reduced the rate of D2 activity loss and, as with glial
cells, chloroquine had no effect (Table I). The ATP depen-
dence and lack of effect of chloroquine suggest the possible in-
volvement of the 26S proteasome, as opposed to lysosomal
proteases, in D2 degradation (16, 22, 23).

The ATP and ubiquitin-dependent pathway is important in
intracellular proteolysis (reviewed in (16, 22)). A characteristic
of proteolysis by this mechanism is its inhibition by one of sev-
eral peptide aldehydes, such as MG132, which are substrate
analogs (17, 24, 25). This, or other proteasome inhibitors, such
as lactacystin, inhibit the degradation or processing of a num-
ber of proteins including the cystic fibrosis transmembrane
conductance regulator, the MHC class 1 antigens, and NF-kB
(reviewed in (16)). MG132 has reversible effects, as we ob-
served, and has minimal toxicity. The stable levels of D2 in the
presence of cycloheximide and MG132 indicates a complete
inhibition of D2 degradation by this agent. The similar effects
on 75Se-labeled D2 in HEK-293 cells confirms that MG132
preserves the D2 protein per se. While incubation of GH4C1
cells with MG132 causes an increase of 25–30% in D2 activity
(Figs. 1 and 2 and Table II), this increase is not progressive as
would be predicted from its total blockade of D2 degradation.
Possible explanations for this include the presence of other
pathways for D2 degradation, which are activated when pro-
teasomes are blocked or a modest inhibition of D2 synthesis
by MG132, which we have observed in preliminary studies
during an 18-h exposure.

Hypothyroxinemic conditions were used to allow detection
of the effect of rT3 on D2 inactivation. Its posttranslational ef-
fects to decrease D2 activity have been demonstrated in many
systems (6–8, 26, 27). The fact that it is more potent than T3 in
accelerating D2 degradation indicates that its effects are not
mediated through thyroid hormone receptors. Nevertheless,

supraphysiologic quantities of T3 can also act by the same
mechanism in addition to suppressing D2 mRNA synthesis (5,
6, 11, 26, 28). rT3 causes the expected rapid decrease in D2 ac-
tivity in GH4C1 cells with an apparent D2 half-life about the
same as that during cycloheximide treatment (Table I, Fig. 1).
However, the effects of rT3 and cycloheximide are additive
(Fig. 2), which is in agreement with results in GH3 cells (8).
Thus, the effect of rT3 is to accelerate the degradation of D2,
not to block its synthesis. The effect of rT3 is inhibited by 10
mM MG132 (Fig. 1), alone or in combination with cyclohexi-
mide (Fig. 2). Thus, both normal D2 proteolysis and the acceler-
ated degradation induced by D2 substrate occur through pro-
teasomal uptake. The results indicate that persistence of a
covalently linked substrate–D2 complex does not explain the
loss of D2 activity induced by rT3. Rather, interaction with
substrate appears to target the enzyme for more rapid pro-
teolytic destruction. The degradation of D2 in GH3 cells is ac-
celerated by diamide, which depletes reduced glutathione and
is slowed by incubation of cells with DTT (8). Thus, oxidation
of the putative selenoyl residue by interaction with substrate
could be the signal for accelerated degradation of this enzyme.

These results have important implications for the physio-
logical regulation of T4 activation. The short half-life of D2 in
euthyroid states points to a requirement for its continued syn-
thesis to maintain normal activity. In rats, D2 activity is in-
creased threefold in the cerebral cortex within 1 d of thy-
roidectomy and is maximally elevated (2.5-fold) in GH4C1
cells within 3 h of thyroid hormone withdrawal (10, 29). Such
rapid changes in D2 activity could well occur due to a decrease
in the rate of D2 degradation. This would provide a rapidly re-
sponsive homeostatic mechanism to enhance the efficiency of
T4 to T3 conversion when T4 production is reduced, such as in
iodine deficiency. A pathophysiological stimulus that either
impairs D2 gene transcription or inhibits D2 synthesis would
be followed by a rapid fall in D2 activity due to its short half-
life. If D2 is a significant source of circulating T3 in euthyroid
humans, as seems likely, given its wide expression and the in-
sensitivity of peripheral T4 to T3 conversion to PTU, then in-
hibition of D2 synthesis by stress could easily lead to the rapid
decrease in serum T3 concentration associated with acute ill-
ness (11, 21, 30).

Acknowledgments

This work was supported by National Institutes of Health grant
DK36256 and a grant from the Endocrine Fellows Foundation.

References

1. Larsen, P.R., J.E. Silva, and M.M. Kaplan. 1981. Relationships between
circulating and intracellular thyroid hormones: physiological and clinical impli-
cations. Endocr. Rev. 2:87–102.

2. Silva, J.E., and P.R. Larsen. 1977. Pituitary nuclear 3,5,39-triiodothyro-
nine and thyrotropin secretion: an explanation for the effect of thyroxine. Sci-
ence. 198:617–620.

3. Silva, J.E., J.L. Leonard, F.R. Crantz, and P.R. Larsen. 1982. Evidence
for two tissue specific pathways for in vivo thyroxine 59 deiodination in the rat.
J. Clin. Invest. 69:1176–1184.

4. Silva, J.E., and P.R. Larsen. 1982. Comparison of iodothyronine 59-deio-
dinase and other thyroid-hormone-dependent enzyme activities in the cerebral
cortex of hypothyroid neonatal rat: evidence for adaptation to hypothyroidism.
J. Clin. Invest. 70:1110–1123.

5. Leonard, J.L., J.E. Silva, M.M. Kaplan, S.A. Mellen, T.J. Visser, and P.R.
Larsen. 1984. Acute post-transcriptional regulation of cerebrocortical and pitu-
itary iodothyroinine 59-deiodinase by thyroid hormone. Endocrinology. 114:
998–1004.



Proteasomes and Type 2 Deiodinase 1899

6. Silva, J.E., and J.L. Leonard. 1985. Regulation of rat cerebrocortical and
adenohypophyseal type II 59-deiodinase by thyroxine, triiodothyronine, and re-
verse triiodothyronine. Endocrinology. 116:1627–1635.

7. Obregon, M.J., P.R. Larsen, and J.E. Silva. 1986. The role of 3,3959-tri-
iodothyronine in the regulation of Type II iodothyronine 59-deiodinase in the
rat cerebral cortex. Endocrinology. 119:2186–2192.

8. St. Germain, D.L. 1988. The effects and interactions of substrates, inhibi-
tors, and the cellular thiol-disulfide balance on the regulation of type II iodo-
thyronine 59-deiodinase. Endocrinology. 122:1860–1868.

9. Visser, T.J., M.M. Kaplan, J.L. Leonard, and P.R. Larsen. 1983. Evidence
for two pathways of iodothyronine 59-deiodination in rat pituitary that differ in
kinetics, propylthiouracil sensitivity, and response to hypothyroidism. J. Clin.
Invest. 71:992–1002.

10. Koenig, R.J. 1986. Regulation of thyroxine 59-deiodinase by thyroid
hormones and activators of protein kinase C in GH4C1 cells. Endocrinology.
118:1491–1497.

11. Croteau, W., J.C. Davey, V.A. Galton, and D.L. St. Germain. 1996.
Cloning of the mammalian Type II iodothyronine deiodinase: a selenoprotein
differentially expressed and regulated in human and rat brain and other tissues.
J. Clin. Invest. 98:405–417.

12. Tu, H.M., S.W. Kim, D. Salvatore, T. Bartha, G. Legradi, P.R. Larsen,
and R.M. Lechan. 1997. Regional distribution of type 2 thyroxine deiodinase
messenger ribonucleic acid in rat hypothalamus and pituitary and its regulation
by thyroid hormone. Endocrinology. 138:3359–3368.

13. Leonard, J.L., and P.R. Larsen. 1985. Thyroid hormone metabolism in
primary cultures of fetal rat brain cells. Brain. Res. 327:1–13.

14. Farwell, A.P., and J.L. Leonard. 1989. Identification of a 27-kDa protein
with the properties of type II iodothyronine 59-deiodinase in dibutyryl cyclic
AMP-stimulated glial cells. J. Biol. Chem. 264:20561–20567.

15. Leonard, J.L., C.A. Siegrist-Kaiser, and C.J. Zuckerman. 1990. Regula-
tion of type II iodothyronine 59-deiodinase by thyroid hormone. Inhibition of
actin polymerization blocks enzyme inactivation in cAMP-stimulated glial cells.
J. Biol. Chem. 265:940–946.

16. Coux, O., K. Tanaka, and A.L. Goldberg. 1996. Structure and functions
of the 20S and 26S proteasomes. Annu. Rev. Biochem. 65:801–847.

17. Rock, K.L., C. Gramm, L. Rothstein, K. Clark, R. Stein, L. Dick, D.
Hwang, and A.L. Goldberg. 1994. Inhibitors of the proteasome block the deg-
radation of most cell proteins and the generation of peptides presented on
MHC class I molecules. Cell. 78:761–771.

18. Koenig, R.J., J.L. Leonard, D. Senator, N. Rappaport, A.Y. Watson,

and P.R. Larsen. 1984. Regulation of thyroxine 59-deiodinase activity by T3 in
cultured rat anterior pituitary cells. Endocrinology. 115:324–329.

19. Berry, M.J., A.L. Kates, and P.R. Larsen. 1990. Thyroid hormone regu-
lates type I deiodinase messenger RNA in rat liver. Mol. Endocrinol. 4:743–748.

20. Bradford, M.M. 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248–254.

21. Salvatore, D., T. Bartha, J.W. Harney, and P.R. Larsen. 1996. Molecular
biological and biochemical characterization of the human Type 2 selenodeio-
dinase. Endocrinology. 137:3308–3315.

22. Tawa, N.E., Jr., R. Odessey, and A.L. Goldberg. 1997. Inhibitors of the
proteasome reduce the accelerated proteolysis in atrophying rat skeletal mus-
cles. J. Clin. Invest. 100:197–203.

23. Tawa, N.E., Jr., I.C. Kettelhut, and A.L. Goldberg. 1992. Dietary pro-
tein deficiency reduces lysosomal and nonlysosomal ATP-dependent proteoly-
sis in muscle. Am. J. Physiol. 263:E326–E334.

24. Jensen, T.J., M.A. Loo, S. Pind, D.B. Williams, A.L. Goldberg, and J.R.
Riordan. 1995. Multiple proteolytic systems, including the proteasome, contrib-
ute to CFTR processing. Cell. 83:129–135.

25. Lee, D.H., and A.L. Goldberg. 1996. Selective inhibitors of the protea-
some-dependent and vacuolar pathways of protein degradation in Saccharomy-
ces cerevisiae. J. Biol. Chem. 271:27280–27284.

26. St. Germain, D.L. 1986. Hormonal control of a low Km (type II) iodo-
thyronine 59-deiodinase in cultured NB41A3 mouse neuroblastoma cells. En-
docrinology. 119:840–846.

27. Halperin, Y., L.E. Shapiro, and M.I. Surks. 1994. Down-regulation of
type II L-thyroxine, 59-monodeiodinase in cultured GC cells: different path-
ways of regulation by L-triiodothyronine and 3,39,59-triiodo-L-thyronine. En-
docrinology. 135:1464–1469.

28. Burmeister, L.A., J. Pachucki, and D.L. St. Germain. 1997. Thyroid hor-
mones inhibit type 2 iodothyronine deiodinase in the rat cerebral cortex by
both pre- and posttranslational mechanisms. Endocrinology. 138:5231–5237.

29. Leonard, J.L., M.M. Kaplan, T.J. Visser, J.E. Silva, and P.R. Larsen.
1981. Cerebral cortex responds rapidly to thyroid hormones. Science. 214:571–
573.

30. LoPresti, J.S., A. Eigen, E. Kaptein, K.P. Anderson, C.A. Spencer, and
J.T. Nicoloff. 1989. Alterations in 3,39,59-triiodothyronine metabolism in re-
sponse to propylthiouracil, dexamethasone, and thyroxine administration in
man. J. Clin. Invest. 84:1650–1656.


