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INTRODUCTION

Recent studies have revealed a group of proteins
lacking secondary- and tertiary-structure elements
[1]. Many proteins of this group regulate important
processes such as translation, transcription, cell divi-
sion, and apoptosis. Yet the molecular mechanisms
sustaining the function of disordered proteins have, as
of yet, not been studied in detail.

Prothymosin 

 

α

 

 (ProT

 

α

 

)

 

 is a typical unfolded pro-
tein. 

 

ProT

 

α

 

 is a small (12 kDa) conserved protein and
is found in almost all vertebrate tissues [2, 3]. Human

 

ProT

 

α

 

 consists of 109 amino acid residues, of which
only seven are hydrophobic and almost a half are Asp
and Glu. Owing to this amino acid composition,

 

ProT

 

α

 

 is highly hydrophilic and has a low pI (3.5).

 

ProT

 

α

 

 is virtually devoid of secondary-structure ele-
ments and occurs as a random coil under physiologi-
cal conditions [4]. Another important feature of 

 

ProT

 

α

 

is its high cell content: actively dividing cells, each
contain about 17 million 

 

ProT

 

α

 

 molecules [5].

 

ProT

 

α

 

 has been described as a protein stimulating
cell division [3, 6], a negative regulator of apoptosis
[7–9], a transcriptional regulator of many genes [10,
11], and a molecular partner of several proteins such

as the transcriptional coactivator CBP [12], oncopro-
tein SET [13], and apoptosis-regulating p8 [8].

We have recently identified KELCH-like ECH-
associated protein 1 (Keap1) as a new molecular part-
ner of 

 

ProT

 

α

 

 [14]. Keap1 plays an important role in
the adaptive cell response to oxidative stress. Under
normal physiological conditions, when the cell is not
exposed to oxidants, Keap1 represses Nrf2. Repres-
sion is abolished upon cell exposure to oxidants [15].
In turn, Nrf2 activates transcription of the genes cod-
ing for enzymes involved in xenobiotic detoxification
and antioxidant biosynthesis [16]. Keap1 consists of
two domains, the N-terminal BTB domain and the C-
terminal KELCH domain [15]. The BTB domain is
responsible for Keap1 dimerization and interaction
with cullin 3 (Cul3), a subunit of the ubiquitin ligase
complex [17, 18]. The KELCH domain is responsible
for Keap1 interaction with 

 

ProT

 

α

 

 [14] and Nrf2 [15].
Under the normal conditions, Keap1 exports Nrf2
from the nucleus into the cytoplasm and interacts with
Cul3, acting as an adaptor to bring Cul3 ubiquitin
ligase close to its target Nrf2. As a result, Nrf2 is ubiq-
uitinated and targeted for degradation by the 26S pro-
teasome, its level in the cell decreases, and, eventu-
ally, the expression of its target genes becomes less
efficient.
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Abstract

 

—Prothymosin 

 

α

 

 (ProT

 

α

 

) is highly conserved among vertebrates and has many biological functions,
including an enforcement of cell antioxidant defense. This function is due to ProT

 

α

 

 interaction with Keap1, a
repressor of the Nrf2 transcription factor, activating the expression of several antioxidant protein genes. Keap1
exports Nrf2 from the cell nucleus into the cytoplasm and, acting as an adaptor protein for ubiquitin ligase, facil-
itates ubiquitination of Nrf2 and its subsequent degradation by the 26S proteasome. ProT

 

α

 

 and Nrf2 compete
for Keap1 binding. ProT

 

α

 

 is capable of displacing Nrf2 from its complex with Keap1, thereby increasing the
expression of the Nrf2 target genes. It was found that ProT

 

α

 

 remained stable upon its interaction with Keap1.
In contrast to Nrf2, ProT

 

α

 

 escaped Keap1-dependent ubiquitination, proteasomal degradation, and export from
the nucleus. Moreover, ProT

 

α

 

 ubiquitination was not detected even when Keap1 and ubiquitin were overpro-
duced. Hence, activation of Nrf2-dependent transcription by ProT

 

α

 

 was assumed to result from the increase in
free Nrf2 rather than from an increase in total Nrf2.
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ProT

 

α

 

 competes with Nrf2 for Keap1 binding and
displaces Nrf2 from its complex with Keap1 in vitro.
In vivo, 

 

ProT

 

α

 

 increases the expression of the human
hemoxygenase 1 gene (

 

HO-1

 

), which is a target of
Nrf2. A 

 

ProT

 

α

 

 mutant incapable of Keap1 binding and
Nrf2 displacement from its complex with Keap1 in
vitro fails to increase the 

 

HO-1

 

 expression [14].

The objective of this work was to study the conse-
quences of interactions with Keap1 for 

 

ProT

 

α

 

. It
could be assumed by analogy to the Keap1–Nrf2
interaction that the interaction with Keap1 would
reduce the 

 

ProT

 

α

 

 content and intracellular localiza-
tion. However, we found that the consequences of
interactions with Keap1 strikingly differ between
Nrf2 and 

 

ProT

 

α

 

, notwithstanding the similarity and
competitive character of these interactions.

EXPERIMENTAL

 

Plasmid construction.

 

 To construct

 

pcDNA4/Nrf2

 

∆

 

His

 

6

 

, coding for Nrf2 without a hexa-
histidine tag, the fragment between the 

 

Hin

 

dIII site
and the 

 

Nco

 

I site closest to the initiator triplet of the
Nrf2 cDNA was deleted from pcDNA4/HisMax-Nrf2
[14].

 

Cell lines and transfection.

 

 HeLa and HEK 293
cells were cultured in DMEM supplemented with 10%
fetal bovine serum (HyClone). To overproduce Nrf2,
Keap1, ProT

 

α

 

, and ubiquitin, cells were transfected
with pcDNA4/HisMax-Keap1 [14], pcDNA4/His-
Max-Nrf2 [14], pcDNA4-enh-wt ProT

 

α

 

 [19], and
pHis

 

6

 

-ubi [20] (kindly provided by M. McMahon).
Transfection with a mixture of pcDNA4/HisMax-
Keap1, pcDNA4/HisMax-Nrf2, and pcDNA4-enh-wt
ProT

 

α

 

 (1 : 1 : 6) was performed using Lipofectamine
2000 (Invitrogen). Control cells were transfected with
a mixture including an equivalent amount of
pcDNA4/HisMaxA (Invitrogen) in place of pcDNA4-
enh-wt ProT

 

α

 

.

 

Western blotting, immunoprecipitation, and
protein isolation on Ni-NTA-agarose.

 

 The contents
of Nrf2, Keap1, ubiquitin, and actin were estimated by
Western blotting [19]. The ProT

 

α

 

 level was estimated
by Western blotting with modification, using Hybond
N

 

+

 

 membranes (Amersham) [21]. Keap1 was detected
with anti-Keap1(308–624) rabbit polyclonal antibod-
ies [14], Nrf2 was detected with rabbit polyclonal
antibodies C20 (Santa Cruz Biotechnology), and
ProT

 

α

 

 was detected with monoclonal antibody 2F11
[19]. The primary antibodies were used at a 1 : 1000
dilution. The proteasome inhibitor MG-132 (Sigma)
was added to the culture medium to the final concen-
tration of 10 

 

µ

 

M 3 h before cell examination or 2 

 

µ

 

M
18 h before cell examination. 

Ubiquitinated Nrf2 was detected by protein frac-
tionation on Ni-NTA-agarose and immunoprecipita-
tion. In the former case, HeLa cells were transfected
with pHis

 

6

 

-ubi, pcDNA4/HisMax-Nrf2

 

∆

 

His

 

6

 

, and
pcDNA4/HisMax-Keap1. Cell lysates were resolved
on Ni-NTA-agarose as recommended by QIAGEN for
protein isolation under nondenaturing conditions.
Proteins were eluted with 20 mM EDTA. In the case
of immunoprecipitation, HeLa cells were transfected
with a mixture of pcDNA4/HisMax-Nrf2, pLA-CMV-
Keap1 (kindly provided by A. Khutorenko, Moscow
State University, Moscow), pHis

 

6

 

-ubi, and pcDNA4-
enh-wt ProT

 

α

 

 (1 : 1 : 1 : 3). Control cells were trans-
fected with a mixture containing the empty vector in
place of the ProT

 

α

 

-coding plasmid. Immunoprecipi-
tation with anti-ubiquitin monoclonal antibody 4PD1
(Santa Cruz Biotechnology), which was used at a 1 :
100 dilution, was performed as in [22], adding
N-enthylmaleimide to the lysis buffer to the final con-
centration of 10 

 

µ

 

M.

 

Sandwich ELISA

 

 was carried out using ProT

 

α

 

-
specific monoclonal antibody 2F11 and biotin-conju-
gated monoclonal antibody 4F4 [19]. Antibody 2F11
was diluted with PBS to the final concentration of
3 

 

µ

 

g/ml and applied at 50 

 

µ

 

l per well onto a 96-well
EIA/RIA high-binding plate (Costar). The plate was
incubated at 4

 

°

 

C overnight. The antibody solution was
removed and PBS containing 3% skimmed milk was
added at 100 

 

µ

 

l per well. The plate was incubated at
37

 

°

 

C with continuous agitation for 30 min and washed
with PBS containing 0.05% Tween-20 (PBS-T). Test
lysates were added in twofold serial dilutions, so that
the uppermost row of the plate contained undiluted
lysates and the lysate concentration was halved in
each subsequent row. To estimate the background
absorption, lysates were not added to the two lower-
most rows. The plate was incubated at 37

 

°

 

C for 1 h
and washed with PBS-T. Biotinylated antibody 4F4
(6 

 

µ

 

g/ml) was applied at 50 

 

µ

 

l per well, and the plate
was incubated at 37

 

°

 

C for 1 h and washed with PBS-
T. Horseradish peroxidase-conjugated streptavidin
(2 

 

µ

 

g/ml) was added at 50 

 

µ

 

l per well, and the plate
was incubated at 37

 

°

 

C for 30 min and washed with
PBS-T and water. Then, 5 ml of 0.4 mg/ml o-phe-
nylenediamine, 0.1 M citrate (pH 5.0) was combined
with 30 

 

µ

 

l of H

 

2

 

O

 

2

 

 and 50 

 

µ

 

l of the mixture was added
to each well. The plate was incubated in the dark for
5–10 min until an orange color developed. The reac-
tion was terminated by adding 1 M H

 

2

 

SO

 

4

 

 at 50 

 

µ

 

l per
well, and 

 

A

 

492 was measured using a Stat Fax 2100
96-well plate reader (Awareness Technology).
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Immunofluorescent cell staining.

 

 Cells were
stained 8–24 h after transfection as described previ-
ously [14]. To avoid ProT

 

α

 

 epitope masking with
ubiquitin, ProT

 

α

 

 was detected with two monoclonal
antibodies, 2F11 and 4F4 [19]. For Keap1, we used
anti-Keap1(308–624) rabbit polyclonal antibodies
when Keap1 was detected simultaneously with ProT

 

α

 

and monoclonal antibody 2H5 when Keap1 was
detected simultaneously with Nrf2 [14]. Nrf2 was
detected using rabbit polyclonal antibodies C20
(Santa Cruz Biotechnology). The primary antibodies
were used at a 1 : 300 dilution. As secondary antibod-
ies, FITC- or rhodamine-conjugated anti-rabbit Ig and
anti-mouse Ig goat polyclonal antibodies (Santa Cruz
Biotechnology) were used at a 1 : 400 dilution. Images
were obtained with an AxioVert 200M fluorescence
microscope equipped with an LSM 510 analyzer (Carl
Zeiss).

RESULTS AND DISCUSSION

 

ProT

 

a

 

 Is a Stable Protein
That Is Not Degraded by the 26S Proteasome

 

The effect of proteasome inactivation on the intra-
cellular ProT

 

α

 

 pool was studied to check whether
ProT

 

α

 

 interaction with Keap1 leads to ProT

 

α

 

 degra-
dation by the 26S proteasome. HeLa and HEK 293
cells were treated with MG-132 or clasto-lactacystin

 

β-lactone. It is known that a decrease in the pro-
teolytic activity of the proteasome leads to an accumu-
lation of polyubiquitinated proteins in the cell. As
Western blotting of cell lysates revealed, cell treat-
ment with MG-132 led to a substantial accumulation
of ubiquitinated proteins (Fig. 1a), suggesting a dra-
matic decrease in proteasome activity. The ProTα
level was estimated by two independent methods,
ELISA and immunofluorescence microscopy. Analy-
sis of the ProTα concentration in HeLa cell lysates by
ELISA showed that MG-132 (Fig. 1b) and clasto-lac-
tacystin β-lactone (data not shown) did not affect the
intracellular pool of ProTα. The same conclusion was
made on the basis of immunofluorescent staining of
HeLa cells. The signal intensity from ProTα was
much the same in cells treated with MG-132 and in
control cells (Fig. 1c). Similar results were obtained
with HEK 293 cells (data not shown).

The above results indicate that ProTα is not subject
to degradation by the 26S proteasome. However,
ProTα is far more abundant than Keap1 in the cell and
it is possible to assume that only a minor fraction of
ProTα is degraded and its stabilization by the protea-
some inhibitor is undetectable in the total ProTα pool.
To check this assumption, we overproduced Keap1 in
HeLa cells and studied the effect of overproduction on
the intracellular level of ProTα. The Keap1 content
significantly increased in cells transfected with a

Keap1-coding plasmid (Fig. 2a), but the ProTα con-
tent estimated by ELISA did not change (Fig. 2b). Nor
did Keap1 change the exclusively nuclear localization
of ProTα (Fig. 2c). At the same time, Keap1 overpro-
duction decreased the Nrf2 level (Fig. 2d) and caused
a redistribution of Nrf2 from the nucleus into the cyto-
plasm in parallel experiments (Fig. 2e), which agreed
with the published data [15, 23].

Taken together, our findings demonstrate that
ProTα is a stable protein, resistant to degradation by
the 26S proteasome. This conclusion agrees with the
fact that the half-life of ProTα is about 1 day [5],
while the half-life of unstable proteins does not
exceed a few minutes.

ProTa Is Not Subject to Ubiquitination

The fact that Keap1 exerts no effect on ProTα sta-
bility does not necessarily mean that ProTα is not
ubiquitinated. Polyubiquitination, targeting the pro-
tein to degradation, is not the only possibility: revers-
ible modification with a single ubiquitin molecule
does not affect the stability of a protein, but changes
its interactions with natural ligands [24].

Further experiments were designed to check
whether ProTα is ubiquitinated. HeLa cells were
transfected with a plasmid coding for ubiquitin N-
tagged with hexahistidine. Cell lysates were fraction-
ated on Ni-NTA-agarose. The bound (i.e., ubiquiti-
nated) protein was analyzed by Western blotting with
ProTα-specific antibodies. However, we did not
detect a signal differing from the baseline (data not
shown). This result suggests that either ProTα is not
conjugated with ubiquitin or its conjugates are not
abundant enough to be detected by our method. We
additionally overproduced Keap1 and ProTα, but a
signal distinguishable from the baseline was not
detected again (Fig. 3a). Likewise, ubiquitinated
ProTα was not observed in cells transfected with
Keap1-, ProTα-, and ubiquitin-coding plasmids and
treated with MG-132 (Fig. 3a). At the same time,
accumulation of ubiquitinated Nrf2 was readily
detectable in HeLa cells overproducing Keap1, Nrf2,
and ubiquitin upon MG-132 treatment (Fig. 3b).
These results indicate that the interaction of ProTα
with the ubiquitin ligase adaptor is not accompanied
by its ubiquitination.

ProTa Does Not Affect the Intracellular Content 
and Polyubiquitination of Nrf2

We have previously observed that an increase in
ProTα intensifies Nrf2-dependent transcription in
human cells [14]. The effect is specific, since it is
detectable with the wild-type ProTα, binding with
Keap1 but not with a ProTα point mutant incapable of
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the interaction with Keap1. Two alternative mecha-
nisms can be assumed for the ProTα-induced increase
in Nrf2-dependent transcription of target genes. On
the one hand, ProTα may increase the total Nrf2 con-
tent, which, in turn, allows more efficient expression
of the Nrf2 target genes. On the other hand, it is pos-
sible that the Nrf2 total pool is unchanged, while the
content of free (nonbound with Keap1) Nrf2
increases, as Keap1 interacts with degradation-resis-
tant ProTα.

To decide between these alternatives, we studied
the effect of ProTα overproduction on the intracellu-
lar level of Nrf2 and the extent of its ubiquitination.

HeLa cells were transfected with the Nrf2-, Keap1-,
and ProTα-coding plasmids or the empty vector. The
protein contents in cell lysates were estimated by
Western blotting (Fig. 4a). An increase in ProTα did
not affect the Nrf2 pool. In addition, proteins were
immunoprecipitated from cell lysates with ubiquitin-
specific antibodies and analyzed by Western blotting
with Nrf2-specific antibodies. Overproduction of
ProTα did not significantly change the extent of Nrf2
ubiquitination (Fig. 4b).

We have previously demonstrated that the Keap1–
Nrf2 complex continuously shuttles between the
nucleus and cytoplasm and that its visible cytoplasmic
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Fig. 1. Proteasome inhibitors do not affect the intracellular ProTα pool. (a) Western blot analysis of polyubiquitinated proteins in
HeLa cell lysates. Cells were incubated in the presence of 2 µM MG-132 or an equivalent amount of DMSO for 18 h. An analysis
was performed with antibodies against ubiquitin (Ub) and β-actin. (b) Estimation of the ProTα content in cell lysates by sandwich
ELISA. (c) Immunofluorescent staining of HeLa cells with monoclonal antibody 2F11, specific for ProTα.
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location shows that its export from the nucleus pre-
vails over its import into the nucleus [14]. Our results
give grounds to assume that, to increase Nrf2-depen-
dent transcription of the genes protecting the cell from
oxidative stress, ProTα does not increase the total
Nrf2 pool but rather displaces Nrf2 from its complex
with Keap1 in the cell nucleus, where Keap1 binds
with ProTα. Although Nrf2 and ProTα interact with
the same domain of Keap1, the consequences of this
interaction differ between the two Keap1 partners. In
complex with Keap1, Nrf2 is exported from the
nucleus, ubiquitinated, and degraded by the protea-

some. None of these processes is characteristic of
ProTα. The stability of ProTα can be determined by
its nuclear location, since Keap1-dependent degrada-
tion occurs in the cytoplasm [25]. It is unclear, how-
ever, what the factors are that prevent ProTα from
being exported from the nucleus by Keap1. Possibly,
a structural difference is responsible for the difference
in behavior between the Keap1–ProTα and Keap1–
Nrf2 complexes.

As of yet, ProTα is the only natively unfolded pro-
tein acting as a partner of the ubiquitin ligase adaptor.
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Fig. 2. Overproduction of Keap1 does not affect the content and intracellular localization of ProTα. (a) Western blotting of HeLa
cell lysates with antibodies against Keap1 and β-actin. Cells were transfected with a Keap1-coding plasmid or the empty vector
(control). (b) ProTα concentration as a function of the Keap1 level in HeLa cells (sandwich ELISA). (c) Immunofluorescent staining
of HeLa cells varying in Keap1 content with monoclonal antibody 2F11 against ProTα. (d) Western blotting of lysates of HeLa cells
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cent staining of the same cells with antibodies specific for Keap1 and Nrf2.
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Our further studies focus on the ProTα resistance to
nuclear export and the ubiquitin-transferring system.
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