






nism of iodothyronine deiodination.
Several bacterial proteins have
been identified in which the UGA
codon is used in this way.22,23 In­
spection of the sequence showed a
second stop codon, UAG, at nucle­
otides 778 to 780. The predicted
size of a protein terminating at this
position would be approximately 29
kDa, the estimated size of the 5'DI
monomer.

Taken together, these results
strongly suggested that UGA coded
for selenocysteine in this mRNA.
To confirm the significance of this
with respect to the catalytic proper­
ties of the enzyme, we employed
molecular biologic techniques to in­
troduce specific mutations into the
protein by changing the eDNA se­
quence. In the first set of mutants,
we changed the putative selenocys­
teine UGA codon to a universal
stop codon, VAA, and found that
injection of mRNA transcribed from
this mutant did not produce deiodi­
nase activity. This result confirms
that the TGA codon is not used as a
stop codon by the Xenopus oocyte
and, thus, presumably inserts
selenocysteine. The next mutation
was to change the UGA codon to
that for leucine. The protein syn­
thesized from this mRNA was also
inactive, indicating that the seleno­
cysteine residue was required for
enzYme activity. The last change
we made gave perhaps the most in-

teresting result. This was to change
the UGA codon to the codon for cys­
teine, UGU. In essence, we re­
placed selenium with sulfur. Some­
what to our surprise, this mRNA
produced an active deiodinase, al­
though the kinetic characteristics
of the cysteine mutant turned out
to be signficantly different and
quite revealing (see below).

We also evaluated the capacity of
cells to synthesize protein from the
wild-type and mutant RNAs using
the rabbit reticulocyte lysate sys­
tem. As it happens, reticulocyte ly­
sates do not incorporate selenocys­
teine efficiently, and we found that
most of the 35S-methionine-labeled
protein synthesized in vitro had a
low molecular weight of about 14
kDa compatible with termination of
translation at the UGA codon.
However, when we compared the
proteins synthesized by the wild­
type mRNA with those coded for by
the mRNA containing the universal
VAA stop codon, it was apparent
that there was a small amount of
29 kDa protein derived from the
wild-type mRNA, but not from the
UAAmutant.

More interesting was the fact
that when either the leucine or the
cysteine mutant mRNAs were
translated, a 29 kDa protein
corresponding to the use of the
second stop codon was produced.
These results indicated that 5'DI

contains selenocysteine, and that
this amino acid is essential for the
catalytic activity of this enzyme.

Independent Evidence
that Seleniu.m Is Essential

for T4 to T3 Conversion

As often seems to be the case, while
these studies were in progress, an­
other group of investigators per­
forming an entirely independent
set of experiments was concluding
that selenium had an important
role in deiodination. Beckett and
co-workers had been investigating
selenium deficiency because of its
well-described role in the GPX en­
zyme.24 This enzyme is thought to
have a role in protecting cell mem­
branes against peroxides generated
as a consequence of various meta­
bolic processes. In the course of
studies of rats with experimental
selenium deficiency, these investi­
gators noted an increase in serum
T4concentration together with a
modest decrease in serum T3. 24,25
This finding was due to impaired
hepatic conversion of T4to T3 that
could not be corrected by addition
of either selenium or thiol co-factor
to the assay media. They speculat­
ed that selenium was either a com­
ponent of the enzyme itself or of a
necessary co-factor. In subsequent
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Figure 2. Expression of Type I 5' deiodinase from wild-type and mutant constructs. Deletions were constructed by standard techniques. Two nucleotides were
added in making construct 5'DI-427 fs enzyme. All mutations were confirmed by DNA sequencing. (See text for interpretation of results.)
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experiments, they found an impair­
ment of Type n deiodination activi­
ty in selenium-deficient animals
and suggested that selenium might
also be present in the Type II deio­
dinase. However, this change could
also be explained by the increase in
serum T

4
that occurs in selenium­

deficient animals due to the com­
pensatory reduction in feedback in­
hibition at the pituitary level,
caused by reduction in serum T3
(see Silva JE, Larsen PR: Thyroid
Today, Vol. VI, No.4, 1983). In
fact, later studies in our laboratory,
and by others, indicate that the
Type II enzyme does not contain
selenocysteine.7,8

Behne et a126 and Arthur et a127
subsequently demonstrated that in
rats given 75Se, this isotope could
be identified in the same protein
that labeled with bromacetyl re­
verse T3• In fact, even earlier stud­
ies of Behne and co-workers had
shown that among the 13 seleno-
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Figure 3. Structures of cysteine and selenocysteine.

proteins in homogenates of rat kid­
ney, there was one with a molecu­
lar weight of about 28 kDa. 28 A
similar-sized protein was present
in the liver and thyroid gland.
These results have also been sup­
plemented by studies of combined
selenium and iodine deficiency in
Zaire by Contempre and colleagues
(reviewed below).36 All of these
point to a critical, but previously
unrecognized, role of selenium in
normal thyroid function, which is
explained by the presence of seleno­
cysteine in this protein.

What Is the Role of
Selenium in Iodothyronine

Deiodination?

As mentioned above, the availabili­
ty of molecular biologic techniques
allows one to make selective muta­
tions in an enzyme to study the
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functional role of a particular ami­
no acid. We developed a system for
expressing 5'DI by incorporating
the normal or mutant cDNAs into a
plasmid that contained a potent eu­
karyotic promoter. The plasmid
containing the cDNA was then in­
troduced into cells in culture by
transient chemical permeabiliza­
tion of the membrane (transfec­
tion), which is a much less tedious
process than injection of mRNA
into single oocytes. Two cell lines, a
human choriocarcinoma (JEG-3)
and a transformed monkey kidney
cell line (COS-7), are capable of
expressing this protein following
transfection. These systems al­
lowed us to examine the biochemi­
cal properties of the wild-type and
mutant enzymes. We first evaluat­
ed the role of selenocysteine in the
deiodination reaction by comparing
the selenocysteine wild-type en­
zyme with the one containing
leucine. There was no activity as­
sociated with the leucine mutant,
indicating that this caused impor­
tant changes in the properties of
the enzyme.

We next examined the role of the
selenium atom per se in selenocys­
teine by comparing the kinetic
properties of the wild-type enzyme
with those of an enzyme containing
cysteine at position 126. As shown
in Figure 3, cysteine and seleno­
cysteine are structurally quite simi­
lar. Selenium is found directly be­
low sulfur in the periodic table, and
it has the same valence and similar
chemical properties. However, se­
lenium is more readily ionized and,
therefore, more reactive. The bio­
chemical properties of the wild-type
and cysteine mutant enzymes are
summarized in Table 1. Substitu­
tion of sulfur for selenium resulted
in a 10-fold increase in the Km for
reverse T3 and a la-fold decrease
in the Ki for T

4
, thus reducing the

preference for reverse T3 character­
istic of the Type I enzyme. The cys­
teine mutant also exhibits an
approximately laO-fold decrease in
sensitivity to inhibition by PTU
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and about a lOO-fold decrease in
sensitivity to inhibition by gold.
Previous studies by Chaudiere et
aP9 with GPX, which (like the deio­
dinase) is an oxidoreductase,
showed that this enzyme is much
more sensitive to competitive inhi­
bition by gold than are sulfhydryl
active-site enzymes. This is
thought to be due to direct inter­
action of gold with the selenolate
anion.

We concluded from these analy­
ses that selenium is essential to
normal thyroid hormone activation
and that its role in that process is
due to the requirement for this ex­
tremely reactive atom in the active
site of the enzyme. The results also
suggested that sensitivity to gold
and to PTU might well be used as
criteria for determining whether or
not a deiodinase would contain se­
lenium in its active site. We there­
fore evaluated the reactivity of the
5'DI and 5'DII deiodinases to gold
to develop additional evidence that
these are two different enzymes.

Inhibition by Gold Helps
Determine the Presence of

Selenium in the Active
Center of Types I and II

Deiodinases

As illustrated in Table 1, some of
the properties of the 5'DI cysteine­
mutant are similar to those of the
Type II deiodinase. We therefore
performed formal kinetic studies of
the effects of gold on 5'DI and 5'DII
deiodinases from rat tissues. In the
first set of experiments, we injected
various amounts of gold thioglucose
(GTG) into rats and measured 5'DI
and 5'DII deiodinases.7 A single
dose of 5 mg/IOO g GTG caused 50%
inhibition of 5'DI but no significant
change in the 5'DII. Two days'
treatment with the same dose of
GTG caused 80% to 90% inhibition
of Type I activity in both liver and
kidney. Thioglucose had no effect in
either system. To determine

whether gold could also inhibit
Type II activity, we administered it
to hypothyroid rats. Mter 2 days of
treatment, there was marked sup­
pression of 5'DH in pituitary and
brain, suggesting that both en­
zymes were inhibited by gold but
that the Type I enzyme was more
sensitive than the Type n. By ma­
nipulating the assay conditions,30

we could assay the same tissue ho­
mogenate for the gold sensitivity of
both Types I and n pathways. In
the pituitary of euthyroid and hy­
pothyroid rats, the concentration
of GTG that caused 50% inhibition
of Type I activity had no effect on
the Type n enzyme. Thus, gold
inhibits both deiodinases but with
a major difference in effective
concentrations.

We also performed kinetic stud­
ies using liver and brown adipose
microsomes and demonstrated that
gold was a competitive inhibitor
(with substrate) of both 5'DI and
5'DII. The 5'DI was about 100-fold
more sensitive. Kinetic analyses

Table 1 Iodothyronine 5' Deiodinases in the Rat

Type I Type I TypeH

Wild-Type CYS-Mutant BAT

Substrate Preference rT
3
»T

4
>T

3 rT3=T4 T4>rT3

Km forT4
1 x 10-6 M ? 1 X 10-9M

Deiodination Site Outer & inner ring Outer, inner? Outer ring

Ki for PTU (5 mM DTT) 2 x 10-7 M 6 X 10-5 M 4 X 10-3 M

Ki for Gold 6 x 10-9 M 6 X 10-7 M 3 X 10-7 M

Monomer Size 29.7 kDa 29.7 kDa ?

Isoelectric Point 9.4 9.4 ?

Active Site Se (Selenocys.) S (Cysteine) S (Cysteine) ?

Effect ofT
4

Increase Decrease
Administration

Physiologic Role Extracellular T
3

Intracellular T
3

production production
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Figure 4. Physiologic and pharmacologic inhibitors of Type I iodothyionine 5' deiodination.

responsible for the translation of
the UGA codon.

Clinical and Physiologic
Implications

Selenium is an essential trace
element. Endemic deficiencies of
selenium have been identified in
China and in Finland, and in
China, an unusual and often irre­
versible cardiomyopathy called
Keshan's disease has been identi­
fied in individuals with severe sele­
nium deficiency.35 Such findings
have led to selenium supplementa­
tion in these areas of deficiency.
Individuals with endemic selenium
deficiency have not been reported
to show significant changes in
serum thyroid hormones. However,
it is not clear how rigorously such
changes have been searched for.
GPX activity is reduced in the
erythrocytes of such individuals.

In an investigation of the rela­
tionship between reduction in GPX
activity and selenium in an iodine­
deficient area of northern Zaire,
Contempre and colleagues gave se­
lenium to a group of individuals
with hypothyroidism and iodine de­
ficiency.36 The initial hypothesis of
their study was that the reduced
thyroidal GPX activity due to sele-

nium deficiency could result in per­
oxidative damage to the thyroid
cell, thereby complicating the ef­
fects of iodine deficiency, and that
supplementation with selenium
might ameliorate the situation.
Unexpectedly, selenium supple­
mentation caused a further de­
crease in serum T

4
concentration

and a significant increase in serum
TSH.36 The most likely explanation
for the worsening of thyroid status
is an acceleration of T4 metabolism
due to selenium repletion and a
consequent increase in 5'DI activi­
ty. The chronically iodine-deficient
thyroids of these subjects could not
compensate for this acceleration of
T4 metabolism.

This is the first example of an
effect of selenium deficiency on
thyroid function in man. As these
authors concluded, selenium
supplementation alone, without
concomitant iodine supplementa­
tion, is deleterious in patients with
combined selenium/iodine deficien­
cy, since it reduces serum T

4
con­

centrations. Since serum T
4

is the
source ofT3in the central nervous
system,6 the issue of combined sele­
nium/iodine deficiency is especially
critical in developing infants and
children. Whether there are other
situations in which more subtle
forms of selenium deficiency occur
and affect thyroid function remains
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Selenium deficiency

Identification of selenocysteine in
the active site of Type I deiodinase
introduces an interesting physio­
logic paradox: How does the cell
recognize when to insert selenocys­
teine at a UGA codon, and when to
terminate translation? tRNAs that
recognize UGA and insert seleno­
cysteine have been identified in
bacteria and animals.32,33 However,
a mechanism must be present to
provide specificity to this process.
Recent studies in our laboratory
have shown that specificity is con­
ferred by sequences in the 3' un­
translated region of the mRNA lo­
cated more than 1000 nucleotides
downstream of the UGA codon.34

Thus, a SElenoCysteine-Insertion
Sequence (SECIS) appears to be

New Insights into Protein
Synthesis in Eukaryotes

show that gold competes with the
substrate (T4 or reverse T3) for
binding to the active catalytic site
(presumably selenium or sulfur).
Thus, 5'DII deiodinase does not
demonstrate the exquisite sensitivi­
ty to gold characteristic of the Type
I protein and is therefore unlikely
to contain selenium.7 Recent re­
sults of Safran and co-workers are
also in agreement in that these in­
vestigators could not identify 75Se
in proteins of the size correspond­
ing to the glial Type II iodothyro­
nine deiodinase.8 Furthermore, the
presence or absence of selenium in
the medium had no effect on the
level of Type II enzYme activity in
these cells.8

These findings confirm that the
reason for the suppression of 5'DII
in selenium-deficient rats is more
likely due to the hyperthyroxin­
emia induced by impaired conver­
sion of T4 to T3than to a specific ef­
fect of selenium deficiency per se.31

However, until this elusive protein
has been cloned and sequenced, it
will not be possible to be absolutely
certain that this is the case.
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to be determined. Now that the im­
portance of selenium in thyroid
physiology is recognized, there will
no doubt be more investigations on
this subject.

The Future

Figure 4 summarizes a number of
the well-recognized pathophysio­
logic conditions and pharmacologic
agents associated with impaired
T

4
-to-Ta conversion. We have re­

viewed the unexpected intricacies
of the successful synthesis of the
5'DI, including the requirements
for unique cell components to inter­
act with the SEeIS motif. These
factors could inhibit any of these
translational steps, in addition to
impairing the synthesis of the
mRNA itself. The availability of
cDNA for 5'DI will make it possible
to examine both pre- and post­
translational regulation of this thy­
roid-hormone-activating protein.
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