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ABSTRACT
Although the differential expression of heat shcok proteins, Hsp90a and Hsp90b was extensively studied in many kinds of cells, the post-

transcriptional regulation of Hsp90 isoforms remains unclear. In control and GA-treated rat gliosarcoma cells, it has been reported that

the translational efficiency of hsp90a is higher than hsp90b. In this study, we present evidences identifying the roles for leaky scanning and

50-UTR sequence in translational regulation of Hsp90b. The result of in vitro transcription and translation (IVTT) experiment showed that

hsp90a exhibited higher translation efficiency than hsp90b. Sequence analysis revealed that there is an out-of-frame downstream AUG

codon in hsp90b gene. However, elimination of the downstream AUG by site-directly mutagenesis or introducing Kozak context sequence

around the initiator AUG of hsp90b open reading frame increased its translational efficiency, which indicated that leaky scanning might be a

possible mechanism regulating hsp90b. Furthermore, we also constructed a firefly luciferase reporter system to verify the effect of subsequent

translation at the downstream out-of-frame AUG codon in 9L and A549 cells. Furthermore, it is believed that 50-untranslated region (50-UTR)

also plays a significant role in translational control. We showed hsp90b 50-UTR gives rise to the reduction of the translation efficiency in IVTT

experiment. Additionally, the reductive effect of hsp90b 50-UTR was further confirmed by luciferase reporter assay using truncated deletion

analyses of 50-UTR of hsp90b. Our results support the hypothesis that ribosome leaky scanning mechanism and 50-UTR sequence acts as

negative regulators in hsp90b mRNA. J. Cell. Biochem. 107: 418–427, 2009. � 2009 Wiley-Liss, Inc.
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H eat shock proteins (Hsps) belong to the stress protein

superfamily, serve as molecular chaperones and play critical

roles in protein folding, signal transduction, and proteasome

mediated protein degradation [Neckers and Ivy, 2003; Wegele et al.,

2004; Liu et al., 2007]. Hsp90, the 90 kDa molecular chaperone

comprising 1–2% of cellular proteins under non-stress conditions is

one of the most abundant proteins in eukaryotic cells and the major

core of a so-called cytosolic molecular chaperone complex [Pearl

and Prodromou, 2001; Picard, 2002]. Exposure of Hsp90 inhibitors

such as geldanamycin (GA), radicicol, or their analogs generally

leads to rapid release of bound client proteins and disrupts the

chaperone complex [Pratt and Toft, 2003].
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Hsp90 is highly conserved from prokaryotes to eukaryotes. In

mammalian cells, two functionally similar Hsp90 isoforms, known

as Hsp90a and Hsp90b in human (Hsp86 and Hsp84 in mouse), have

been identified [Csermely et al., 1998; Picard, 2002]. These two

isoforms are generally around 85% identical in amino acid

sequences but encoded by separate genes [Moore et al., 1989;

Chen et al., 2005]. However, the nucleotide sequences of hsp90a and

hsp90b have much less similarity as compared to their translated

amino acid sequences, particularly in their 50- and 30-untranslated

regions (50-UTR and 30-UTR), the introns, and the 50-flanking

sequences [Hickey et al., 1989; Gupta, 1995]. Unlike most eukaryotic

genes encoding Hsps, hsp90a and hsp90b are composed of several
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sor: NSC; Grant number: 97-3112-B-007-

niversity, Changhua 51591, Taiwan, ROC.

.22138 � 2009 Wiley-Liss, Inc.

.wiley.com).



introns and exons [Sreedhar et al., 2004]. In human hsp90 genes,

introns containing several heat shock elements (HSEs) have been

reported to be associated with the inducible hsp90a gene expression

and highly constitutive expression of hsp90b [Shen et al., 1997;

Zhang et al., 1999]. Several studies also evaluated the regulation of

hsp90 genes at both transcriptional and translational levels [Hansen

et al., 1991; Jacquier-Sarlin et al., 1995; Ahmed and Duncan, 2004;

Chao et al., 2008]. But the features of the molecular mechanisms

remained to be unraveled.

In general, Hsp90b is expressed constitutively to a higher level

than Hsp90a in most mammalian cells, and is involved in long-term

cellular adaptation. In some cases, Hsp90b was highly expressed in

chronic tumors [Ogata et al., 2000], the development of multi-

drug resistance [Bertram et al., 1996] and maintenance of the

cytoarchitecture [Sreedhar et al., 2003]. In contrast, hsp90a is

highly inducible under stress and may therefore be important for

cytoprotection, such as its selective induction in nicotine-induced

apoptosis [Wu et al., 2002]. Hsp90a is also expressed to high-level

in acute cancers, such as breast cancer [Jameel et al., 1992] and

pancreatic carcinoma [Gress et al., 1994]. In addition, the high

expression of hsp90a was considered to be correlated to tumor

progression [Yufu et al., 1992] and enhanced cell cycle regulation

[Jerome et al., 1993]. Thus, a differential induction/expression

manner between Hsp90 isoforms exists in response to various

extracellular signals and stress. In our previous study, it was found

that rat hsp90a and hsp90b translated at different rates [Chang

et al., 2006]. The crucial role of such differential translation

efficiency and the underlying molecular mechanism remained

unclear.

Translational control is a final step in a complex network of

regulatory processes involved in the control of gene expression

[Kozak, 2007]. In most eukaryotes, translation initiates predomi-

nantly by a ribosome scanning mechanism [Kozak, 1999, 2002a,b],

and that a scanning ribosome chooses an AUG codon to serve as a

translation initiation site is modulated by some parameters. The

context of nucleotides flanking an AUG codon contributes largely to

the efficiency of translation initiation. The reputed Kozak consensus

sequence, having the optimal context of GCCRCCAUGG, offers the

greatest enhancement on translation initiation [Kozak, 1999]. The

most important positions for efficient translation are a purine at

position �3 and a G nucleotide followed by AUG at position þ4

[Kozak, 1986]. Suboptimal recognition of an initiator codon results

in a portion of ribosome complex continuing to scan and initiating

at a downstream site, in a process known as leaky scanning [Kozak,

1989], for example, in the tricistronic S1 mRNA of avian reovirus

[Racine et al., 2007]. In addition to leaky scanning, three additional

mechanisms of less commonly used alternative translation initiation

including ribosome re-initiation, shunting, and internal ribosome

binding have been described [Jackson, 2005].

Sequence and structural elements encircled within the 50-UTR of

mRNAs are also believed to play a significant role in translational

control. These elements regulate translation efficiency and stability

of mRNAs by acting as binding sites for trans-acting factors

[McCarthy and Kollmus, 1995]. Most hsp 50-UTRs are long (150–

250 nucleotides) and rich in A residues (�50%), which reduces

secondary structure [Lindquist and Petersen, 1990]. Nevertheless,
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the investigation of the 50-UTR sequences of hsp90 isoform mRNAs

revealed several elements with the potential to form a stable

secondary structure, which in turn might mediate translational

control of mRNAs of hsp90 isoforms. The 50-UTR sequences of rat

hsp90a and hsp90b mRNA are 57 and 85 nucleotides in length,

respectively. The GC content is higher in hsp90b (64.7%) than that

of hsp90a (57.1%). GC-rich regions are known to have a high

potential to form stable secondary structures [Kozak, 1991b], which

results in inability of the ribosomal complex to unwind the

secondary structure and reach the AUG codon [Kozak, 1991a,b], and

finally confers the regulation of translation.

In this study, we employed in vitro transcription and translation

(IVTT) systems and luciferase reporter system to investigate the

mechanisms involved in differential translation efficiency of

rat Hsp90 isoforms. We also identified and characterized the

leaky scanning mechanism for translation regulation of hsp90b

mRNA. Furthermore, we also discovered that the secondary

structure at 50-UTR indeed involved in the regulation of transla-

tional efficiency of hsp90b mRNA. These results suggest that the

leaky scanning and the 50-UTR sequences serve as negative

regulatory elements for translation efficiency of Hsp90b.

MATERIALS AND METHODS

MATERIALS

Geldanamycin (GA) was purchased from Sigma Chemicals and

dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of

1 mM and stored in dark at �208C. Pfu DNA polymerase (Promega)

was used to amplify all the PCR products. Synthetic oligonucleotides

were ordered from MISSION BIOTECH. [35S]methionine (specific

activity >800 Ci/mmol) was purchased from Amersham Bio-

sciences. Restriction enzymes used for cloning and modifying DNA

were purchased from New England Biolabs.

CELL CULTURE AND DRUG TREATMENTS

Rat gliosarcoma 9L cell line [Weizsaecker et al., 1981] was cultured

in Eagle’s minimum essential medium with Earle’s salts (MEM,

Invitrogen); human lung cancer cell line A549 was maintained in

Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen). All of the

culture media were supplemented with 10% fetal bovine serum

(HyClone), 100 U/ml penicillin G, and 100 mg/ml streptomycin

(Sigma), at 378C under a 5% CO2 atmosphere. Exponentially

growing cells at 70–80% confluence were used, maintained, prior

to each experiment, and stock cells were plated in 25 cm2 flasks or

6-well plates at a density of 4–6� 104 cells/cm2. The cells were

treated with 0.5 mM GA for 6 h for protein analysis or 5 h for

preparation of RNA.

DE NOVO SYNTHESIS

At the end of GA treatment, cells were metabolically labeled with

[35S]methionine at a concentration of 20 mCi/ml for 1 h before

harvested. The cells were briefly rinsed in phosphate-buffered saline

(PBS) and lysed with sample buffer [Laemmli, 1970] as previously

described [Lee et al., 1993]. The cell lysates were then resolved by

7.5% SDS–PAGE (pH 8.0) and processed for autoradiography.
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Protein bands of interest in the autoradiograms were quantified by

densitometric scanning (Molecular Dynamics).

RNA ISOLATION AND NORTHERN BLOT ANALYSIS

Total cellular RNA was extracted from approximately 1� 106 cells

using Trizol reagent (Invitrogen) according to the manufacturer’s

specifications. Northern blot analysis and digoxigenin (DIG)-labeled

probes were carried out as described [Chang et al., 2006].

IN VITRO TRANSCRIPTION AND TRANSLATION (IVTT)

Coupled transcription–translation (system programmed with plas-

mid DNA) of the construct plasmid DNA, under the control of the T7

RNA polymerase promoter, was carried out by using the TNT1 Quick

Coupled transcription–translation system according to the manu-

facturer’s instructions (Promega), containing [35S]methionine at a

concentration of 20 mCi/ml. Standard reactions were performed

essentially as recommended by the manufacturer in a total reaction

volume of 25 ml. Incubation was for 90 min at 308C. Equal amounts

(5 ml aliquot) of the reaction products were resolved by 10% SDS–

PAGE gel. After electrophoresis, the gels were fixed, dried and

processed for autoradiography by using FuJi FILM RX X-ray film.

Protein bands of interest in the autoradiograms were quantified by

densitometric scanning.

CONSTRUCTION OF THE IVTT ASSAY PLASMIDS

The full-length of rat hsp90a and hsp90b genes, including 50-UTR,

coding sequence (CDS) and 30-UTR, were constructed into the

pET21(þ) plasmid (Novagen) with T7 promoter. The rat hsp90a and

hsp90b genes were amplified from cDNA product of the rat 9L

cells by using pfu DNA polymerase (Promega). The construct of

full-length hsp90a (pET-hsp90a) was prepared using following

PCR primer combinations: rhsp90a-1, spanning from 1 to 611

nucleotide (rhsp90a1-forward, 50-GTTGCTTCAGTGTCCCGGTG-30

and rhsp90a1-reverse, 50-TTTGTTCCACGACCCATTGG-30); rhsp90a-

2, 521–1922 nucleotide (rhsp90a2-forward, 50-TGATGACGAG-

CAGTACGCC-30 and rhsp90a2-reverse, 50-TTGTCTCTGAGGGCTT-

GAGC-30); rhsp90a-3, 1825–2781 nucleotide (rhsp90a3-forward,

50-ACCGATTGGTGACATCC-30 and rhsp90a3-reverse, 50-TGCGG-

CCGCTTTTTATCTCATCTGTATTTACC-30) (NotI restriction site is

underlined). The three amplified fragments were digested with

BamHI, BamHI/NdeI, and NdeI/NotI, respectively. For construction

of the full-length hsp90b (pET-hsp90b), the followed another

PCR primer combinations were used: rhsp90b-1, spanning from 1 to

1568 nucleotide (rhsp90b1 forward, 50-CCCGCGCAGCCTAGGC-30

and rhsp90b1 reverse, 50-CACCTGCTCTTTGCTCTCACC-30); rhsp90b-

2, 1327–2511 nucleotide (rhsp90b2 forward, 50-GCTCTTCTCTGAG-

TTGGC-30 and rhsp90b2 reverse, 50-TGCGGCCGCTATAAAACTG-

CATCATCTTTATTTTGC-30) (NotI restriction site is underlined). The

two amplified fragments were digested with HindIII and HindIII/

NotI, respectively. The target pET21(þ) vector was generated by

digesting with BamHI, blunting with DNA polymerase (Klenow,

Promega), then digesting with NotI. All PCR-amplified fragments

were purified after gel electrophoresis using a Gel/PCR DNA

Fragments Extraction kit (Geneaid), and then inserted into digested

pET21(þ) vector using their respective restriction sites.
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Plasmid pET-hsp90bm1 and pET-hsp90bm2 were introduced

using pET-hsp90b as a template and the QuickChange1 site-

directed mutagenesis kit (Stratagene) as recommended by the

manufacturer. The following primers were used: rhsp90bm1-

forward, 50-GCACCAAGGAGAGGAAGAGG-30 and rhsp90bm1-

reverse, 50-CCTCTTCCTCTCCTTGGTGC-30 (mutated AUG is under-

lined) for pET-hsp90bm1; rhsp90bm2-forward, 50-CTCGGCTTTCT-

CGCCACCATGGCTGAGGAAGTGCACC-30 and rhsp90bm2-reverse,

50-GGTGCACTTCCTCAGCCATGGTGGCGAGAAAGCCGAG-30 for

pET-hsp90bm2. The introduced mutation was verified by DNA

sequencing.

Plasmid pET-bhsp90a and pET-ahsp90b were obtained by the

replacement of a region to generate the 50-UTR exchange constructs.

The rhsp90b1-forward primer and rhsp90aex-reverse primer, 50-

CTGCCTGAAAGGCAAAGG-30 were used to amplify the following

synthetic nucleotides encoding partial hsp90a gene with hsp90b 50-

UTR sequence: CCCGCGCAGCCTAGGCTTGCCGTGCGAGTCGGAC-

GTGGTCCGGGCCCACCCTGCTCTGTACTACTACTCGGCTTTCTCGT-

CAAGATGCCTGAGGAAACCCAGACCCAAGACCAACCAATGGAG-

GAAGAGGAGGTCGAAACCTTTGCCTTTCAGGCAG (the start codon

of hsp90a was underlined). In addition, the rhsp90a1-forward

primer and rhsp90bex-reverse primer, 50-GTGTTGATGATGAGG-

GACATCA-30 were used for the following synthetic nucleotides

encoding partial hsp90b gene with hsp90a 50-UTR sequence:

GTTGC TTCAGTGTCCCGGTGCGGTTAGTCACGTTTCGTGCGTGCT-

CATTCTGCCAAGATGCCTGAGGAAGTGCACCATGGAGAGGAAG-

AGGTGGAGACCTTCGCCTTTCAGGCAGAAATTGCCCAGCTGATG-

TCCCTCATCATCAACAC (the start codon of hsp90bwas underlined).

The rhsp90aex-forward primer, 50-AAATTGCCCAGTTAATGTCC-30

and rhsp90bex-forward primer, 50-TTTCTACTCAAACAAAGA-

GATTTTCC-30 were paired with the rhsp90ex-reverse primer, 50-

TCCTAGAGGGGAATTGTTATCCGC-30 to produce the rest of pET-

hsp90a and pET-hsp90b, respectively. Then, they were blunt-end

ligated to generate the pET-bhsp90a and pET-ahsp90b constructs.

PLASMID TRANSFECTION AND LUCIFERASE REPORTER ASSAY

For transient transfection, 9L cells were seeded at 5� 105 in a 12-

well plate for 1 day prior to transfection (90–95% cell confluence).

Cells were transfected with equal amount of the individual reporter

plasmids using LipofectAMINETM 2000 reagent (Invitrogen) follow-

ing the manufacturers’ instruction. The pRL-CMV vector (Promega),

containing the CMV enhancer and early promoter elements to

provide high-level expression of Renilla luciferase, were co-

transfected as an internal control. After 48 h transfection, the cells

were washed twice with PBS and lysed by passive lysis buffer

(Promega). The lysates were centrifuged at 11,000g for 1 min at 48C,

and the supernatant was collected. The firefly and Renilla luciferase

activities were measured by TD-20/20 luminometer (Victor), and the

luciferase results were reported as relative light units of firefly

luciferase activity normalized with respect to the Renilla luciferase

activity. Error bars represent the standard errors for at least three

independent experiments.

CONSTRUCTION OF THE LUCIFERASE REPORTER PLASMIDS

The 50-UTR and 30-UTR sequence of hsp90a and hsp90b were

obtained by PCR synthesis from the rat 9L cDNA. They were inserted
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Effects of GA on protein synthesis and mRNA abundance of Hsp90.

Cells were treated with 0.5 mM GA for the indicated time duration. A: For de

novo protein synthesis, cells were labeled with [35S]methionine for 1 h before

harvested. Equal amount of labeled cell lysates was resolved by 9% SDS–PAGE

(pH 8.0) and processed for autoradiography. Bands of Hsp90a and Hsp90b in

autoradiograph were showed. The bands of actin divided in the same lane were

used as loading control. B: Northern blot analysis of total RNA (5mg) from cells

treated with DMSO or 0.5 mM GA for 5 h was carried out with the DIG-labeled

hsp90a- and hsp90b-specific probe, respectively. The amount of 18S rRNA

was used as a reference control.
into the pGL3 promoter vector (pGL3p, Promega), which contained

the simian virus (SV40) promoter and firefly luciferase gene and

from which the SV40 late poly(A) signal had been excised. The pGL3

basic vector (pGL3b, Promega), has no SV40 promoter and enhancer,

was used for the promoterless assay. The 50-UTRs were inserted

between the HindIII and NcoI sites. And the 30-UTRs were cloned into

the XbaI site then the orientation of insertion sequences were

determined by DNA sequencing.

The primer sequence of the 50-UTRs for hsp90a 50-UTR: HindIII-

a50 forward primer, 50-ATTAAGCTTGTTGCTTCAGTGTCCCGGTGC-

30 and NcoI-a50 reverse primer, 50-AACCATGGCTTGGCAGAAT-

GAGCACGCACG-30. The primers used for hsp90b 50-UTR: HindIII-

b50 forward primer, 50-ATTAAGCTTCCCGCGCAGCCTAGGCTTGC-

30 and NcoI-b50 reverse primer, 50-AACCATGGCTTGACGAGAA-

AGCCGAGTAG-30. The primer sequence of the 30-UTRs for hsp90a

30-UTR: XbaI-a30 forward primer, 50-TTCTAGAGCTTCACCAGAAC-

TATGTGTTTGATGC-30 and XbaI-a30 reverse primer, 50-TTCTA-

GATTTTTATCTCATCTGTATTTACC-30. The primers used for hsp90b

30-UTR: XbaI-b30 forward primer, 50-TTCTAGAAGGCTCCTGG-

GAAGCCCCCGCC-30 and XbaI-b30 reverse primer, 50-TTCTAGA-

TATAAAACTGCATCATCTTTATTTTGC-30. The PCR products of

hsp90 isoforms 50-UTRs and 30-UTRs were digested and purified

after gel electrophoresis, and then ligated into pGL3p and pGL3b

vectors, which had been digested with respective restriction sites.

REVERSE-TRANSCRIPTASE POLYMERASE CHAIN

REACTION (RT-PCR)

Reverse transcription was performed on each RNA sample (0.5 mg)

using oligo-dT and M-MLV reverse transcriptase (Promega). Primers

specific for firefly luciferase, spanning in 148 bps (rFFL-forward, 50-

GCCCGCGAACGACATTTA-30 and rFFL-reverse, 50-TTTGCAACCC-

CTTTTTGGAA-30), and Renilla luciferase, spanning in 148 bps (rRL-

forward, 50-GCAGCATATCTTGAACCATTCAAA-30 and rRL-reverse,

50-CATCACTTGCACGTAGATAAGCATTATA-30), were designed to

determine the mRNA amounts of the transient transfection plasmids.

The endogenous actin gene (ractin-forward, 50-AGGCCAACCGT-

GAAAAGATG-30 and ractin-reverse, 50-CAGTGGTACGACCAGA-

GGCATA-30) was used as an internal standard to normalize the

amount of total RNA present in each reaction. The above three

respective pairs of primers were also used in real-time qPCR

experiments. Each PCR product was electrophoresed on 2% agarose

gels.

REAL-TIME QUANTITATIVE PCR (REAL-TIME QPCR)

The mRNA levels of firefly and Renilla luciferase were measured by

SYBR GREEN PCR Master Mix and quantified using an ABI PRISM

7500 sequence detector system (Applied Biosystems). Real-time

qPCR was performed in triplicate reactions with 4 ng cDNA in a final

volume of 10 ml containing 1� SYBR Green PCR Master Mix

(Applied Biosystems) and 0.1 ml of the above three respective pairs

of primers. Samples were pre-heated at 958C for 10 min and

performed for 40 cycles (948C for 15 s and 608C for 1 min) of

amplification. The endogenous actin gene were used to normalize

the amount of total RNA present in each reaction and the

comparative DCt (threshold cycle number) (DDCt) method
JOURNAL OF CELLULAR BIOCHEMISTRY
were calculated to compare the expression levels among different

samples [Livak and Schmittgen, 2001].

RESULTS

DIFFERENTIAL TRANSLATION EFFICIENCY OF hsp90

ISOFORM MRNAS

Hsp90-specific inhibitor, GA, has been used as an effective inducer

of many stress proteins in previous reports [Lai et al., 2003; Shu

et al., 2005; Chang et al., 2006; Chao et al., 2008]. In this study, the

nascent proteins and mRNAs of Hsp90 isoforms (Hsp90a and

Hsp90b) in the absence and presence of 0.5 mM GA treatment were

respectively determined using de novo protein synthesis and

Northern blot analysis as previously described [Chang et al., 2006].

The results of metabolic labeling showed that maximal

expression levels of nascent Hsp90a and Hsp90b were induced

by GA for 6 h when comparing with control levels (Fig. 1A). In

addition, Northern blot analysis revealed that the transcripts of

both genes were significantly increased upon treatment with GA

for 5 h (Fig. 1B), and the absolute mRNA amount of hsp90b was

significantly higher than that of hsp90a at both basal and inductive

levels.
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Fig. 3. Effect of leaky scanning mechanism on the translation efficiency of

hsp90b. A: Schematic diagram of constructs for in vitro transcription and

translation (IVTT) assay. The complete cDNA sequence of rat hsp90a and
It was particularly noteworthy that although slightly more

nascent proteins of Hsp90a was induced by GA treatment, the

mRNA level of hsp90bwas significantly higher than that of hsp90a.

In our previous study, the disproportion was correlated with

differential translation efficiency (i.e., protein synthesis per mRNA),

for the translation of hsp90amRNA was significantly more effective

than that of hsp90b under normal and GA-treated conditions

[Chang et al., 2006]. Herein, a series of experiments were designed to

clarify the mechanisms involved in the regulation of translation

efficiency.

EFFECT OF LEAKY SCANNING ON THE TRANSLATION

EFFICIENCY OF hsp90b

Sequence analysis of both hsp90 isoforms revealed the existence

of one out-of-frame downstream AUG codon at position þ20 in

hsp90b, which might be translated into a short polypeptide

(17 amino acids). In addition, the nucleotide contexts (�7 to þ4)

of the downstream AUG contains two C at position �2 and a G at

position þ4, which would ordinarily confer an optimal context for

translation than the initiator AUG codon (þ1) (Fig. 2). The context of

nucleotides flanking an AUG codon is known to be crucial for

translation regulation [Kozak, 1986]. Accordingly, the better

context an alternative downstream AUG is recognized, the greater

inhibition of the normal open reading frame (ORF) may occur

[Kozak, 1999]. Therefore, in our case scanning ribosomes might

bypass the initiator AUG codon of hsp90b, and initiated translation

at the second AUG codon with a better ribosome-binding context,

just like the example of mouse RX/rax homeobox gene [Tucker et al.,

2001]. To clarify the hypothesis in vitro, full-length hsp90a and

hsp90b containing 50- and 30-UTR were cloned into pET21(þ)

vector, and two mutant constructs were also generated for IVTT

assays (Fig. 3A). The protein expression of pET-hsp90a was 4.3-fold

higher than that of pET-hsp90b. While the downstream AUG codon

of hsp90b was mutated to AAG, pET-hsp90bm1, resulted in

approximately 3.3-fold recovery of translation efficiency as
Fig. 2. The nucleotide sequence of the 50-flanking region of the hsp90b from

the transcription initiation site to the start codon. The AUG codon was

underlined. The filled and open arrowheads indicate the positions of a

translation initiation site in its own suboptimal Kozak context or in a perfect

Kozak context, respectively. The arrows below the sequence was marked to

present the translation in the initiator start site (þ1) of natural Hsp90b

protein or in the downstream AUG codon (þ20) of a short peptide (17 amino

acids). The deduced amino acid sequence of the downstream ORF is shown in

the one-letter code.

hsp90b with 50- and 30-UTR were cloned into pET21(þ) vector to generate

pET-hsp90a and pET-hsp90b, respectively. Sequence of hsp90b mRNA

revealed the existence of one out-of-frame AUG codon (þ20). The pET-

hsp90bm1 was obtained by site-directed mutagenesis to generate point

mutation (the second ATG!AAG), which abolished the translation ability

of second start codon. The pET-hsp90bm2 was obtained by replacement of the

initiator AUG context to Kozak context. The replacement sequence was

indicated as gray region. The filled and open arrowheads indicate the positions

of a translation initiation site in its own suboptimal Kozak context or in a

perfect Kozak context, respectively. The start codon was underlined. B: Analysis

of the translation efficiency by IVTT assay. SDS–PAGE analysis of [35S]methio-

nine-labeled proteins synthesized in a reticulocyte lysate programmed with

equal amounts (1mg) of each plasmids. The data represent means� SD of three

independent experiments; 		P< 0.01.
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compared to pET-hsp90b (Fig. 3B), suggesting that the downstream

AUG of hsp90b may have a suppressive effect in translation

efficiency.

Furthermore, when the mutant pET-hsp90bm2 construct con-

taining the sequence CGCCACCATGG, known as the Kozak context,

was tested, the protein expression level of hsp90bm2 was

significantly increased up to 3.5-fold when compared to that of
JOURNAL OF CELLULAR BIOCHEMISTRY



hsp90b, indicating that a stronger initiator AUG context could

recruit ribosome complex more efficiently to initiate translation at

the þ1 position (Fig. 3B). Taken together, these in vitro translation

results suggest that the original weak context of rat hsp90b initiator

AUG has a lower potential for ribosome binding and consequently

initiates translation on the downstream AUG codon by leaky

scanning mechanism, which results in the reduction of the Hsp90b

translation efficiency as showed in Figure 1.
Fig. 4. Translation initiation on the downstream AUG codon of hsp90b. A:

Schematic diagram of the pGL3b vector and different hsp90b 50-UTR con-

structs in pGL3p vector. The pGL3p/hsp90b construct were generated by

insertion of hsp90b 50- and 30-UTR sequence upstream and downstream of

the firefly luciferase, respectively. The pGL3p/hsp90b
	
was inserted the derived

hsp90b 50-UTR element (50-UTR	) from 50 end to the þ19 position upstream

the firefly luciferase. The filled arrowhead indicates the position of the

translation initiation site of hsp90b. The start codon was underlined. The
TRANSLATION INITIATION ON THE DOWNSTREAM AUG

CODON OF hsp90b

While translation initiation took place on the downstream AUG,

the translational product of 17 amino-acid polypeptide should

be expressed. However, it was too short to be detected. Therefore, the

initiation of peptide synthesis employing firefly luciferase reporter

assay was carried out. In the following reporter assay experiments,

the 30-UTR sequences downstream of the reporter coding sequence

allowing high-level expression of firefly luciferase, SV40 late poly(A)

signal and SV40 enhancer, were excised to exclude possible

influence.

In the pGL3p/hsp90b, the hsp90b 50- and 30-UTR sequences were

inserted upstream and downstream of the firefly luciferase,

respectively (Fig. 4A). In addition, a pGL3p/hsp90b	 vector

containing an insertion of hsp90b 50-UTR element (50-UTR	) from

50 end to the þ19 position upstream to the firefly luciferase was

generated to mimic the upstream region of hsp90b. Instead of short

polypeptide product, firefly luciferase should be expressed if

ribosome initiated translation at the downstream AUG codon of

hsp90b. The negative control, pGL3b showed no firefly luciferase

activity, as expected (Fig. 4B, upper panel). The luciferase activity

was observed in 9L cells transfected with the pGL3p/hsp90b	

construct, indicating successful initiation and translation of the

downstream ORF. To confirm that the effect observed was not tissue

specific, another human lung cancer cell line A549 was transfected

with the same construct sets, and similar results were obtained

(Fig. 4B, lower panel). These results suggest that ribosome scanning

may bypass the first AUG and initiate at the next downstream AUG

of hsp90b, thus resulting in premature translation termination and

suppressive regulation.
translation of firefly luciferase was indicated as black region of sequence.

B: Constructs were co-transfected with pRL-CMV into 9L and A549 cells. The

cells were harvested at 48 h after transfection. Firefly luciferase activities were

normalized to Renilla luciferase activities. The relative luciferase activity values

of pGL3b and pGL3p/hsp90b	 constructs were normalized to that of pGL3p/

hsp90b construct. The data represent means� SD of three independent

experiments.
REGULATION OF hsp90 ISOFORMS TRANSLATION BY

5(-UTR SEQUENCE

To clarify the hypothesis whether the 50-UTR sequence composition

might have effects in translation efficiency, the 50-UTR of hsp90a

and hsp90b were swapped to generate pET-bhsp90a and pET-

ahsp90b for IVTT assays (Fig. 5A). As compared with wild-type

hsp90a, the chimera bhsp90a showed a slightly diminished

translation efficiency (Fig. 5B). In contrast, the translation

efficiency was elevated approximately twofold when ahsp90b

was tested, suggesting that the 50-UTR of hsp90bwould lead to more

reductive effect in translation efficiency. Moreover, the secondary

structure, prediction carried out by RNA folding MFOLD software

[Mathews et al., 1999] revealed that hsp90b 50-UTR could form

extensive and stable structure through approximately 90% base-

pairing (Fig. 6A). To determine whether the stable structure of rat
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hsp90b 50-UTR affected the translational efficiency, luciferase

reporter constructs with truncated hsp90b 50-UTR (pGL3p/

hsp90bd1 and pGL3p/hsp90bd2) were designed (Fig. 6B,C) and

their effects on translation were evaluated. As expected, truncated

hsp90b 50-UTR constructs showed a higher luciferase activity than

that of pGL3p/hsp90b, strongly indicating that elimination of the

secondary structure region in the 50-UTR facilitated translation of

hsp90b mRNA.
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Fig. 5. Effect of 50-UTR sequence on the translation efficiency of Hsp90

isoforms. A: Schematic diagram of constructs for IVTT assay. The pET-bhsp90a

and pET-ahsp90b were generated by swapping 50-UTR with each other. The

filled and open arrowheads indicate the positions of a translation initiation site

in its own suboptimal or optimal Kozak context, respectively. B: Analysis of the

translation efficiency by IVTT assay. 10 percent SDS–PAGE analysis of

[35S]methionine-labeled proteins synthesized in a reticulocyte lysate pro-

grammed with equal amounts (1 mg) of each plasmids. The data represent

means� SD of three independent experiments; 	P< 0.05.

Fig. 6. Effects of hsp90b 50-UTR sequence on the expression of firefly

luciferase. A: The predicted structures of 50-UTR sequence containing initiator

AUG of hsp90b (87 bp) mRNA were fold by MFOLD program. The initiator AUG

were indicated as the square region. The circled nucleotides represent the sites

where 50-UTR elements truncated to. B: Schematic diagram of constructs for

luciferase reporter assay. The constructs were generated by insertion of hsp90b

50-UTR and its truncated region into upstream the firefly luciferase of the

pGL3p vector. C: Constructs were co-transfected with pRL-CMV into 9L cells.

The cells were harvested at 48 h after transfection. Firefly luciferase activities

were normalized to Renilla luciferase activities. The relative luciferase activities

were calculated by the values of firefly luciferase of truncated hsp90b 50-UTR

constructs normalized and compared to that of hsp90b 50-UTR constructs. The

data represent means� SD of at least three independent experiments;
	P< 0.05, 		P< 0.01. D: Total RNA of cells co-transfected with constructs

and pRL-CMV were isolated from parallel transfected cells and subjected to RT-

PCR and real-time qPCR as described in Materials and Methods Section. The

relative mRNA amount of firefly luciferase was normalized by that of Renilla

luciferase. Relative fold induction was calculated using the DDCt method. The

data represent means� SD of at least three independent experiments.
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To ensure that the increase in firefly luciferase activity was

correlated with the increase of translation, total RNA was

isolated from transfected cells in parallel and subjected to RT-

PCR and real-time qPCR analyses using specific firefly and Renilla
JOURNAL OF CELLULAR BIOCHEMISTRY



luciferase primer sets (Fig. 6D). The results showed that the increase

in firefly luciferase activity in truncated 50-UTR of hsp90 mRNAs

was not owing to changes in mRNA stability or transfection

efficiency. Therefore, these findings suggest that hsp90b 50-UTR

forms stable RNA stem–loop structures and acts as a suppressive

regulator for Hsp90b synthesis.
DISCUSSION

Our current studies have shown that differential expression of rat

Hsp90 isoforms involves not only transcriptional control generally

mediated by transcription factors [Chao et al., 2008], but also post-

transcriptional control by differences in translation efficiency

instead of the consequence of distinct mRNA or protein stability

[Chang et al., 2006]. Herein, we have demonstrated that leaky

scanning mechanism and the hsp90b 50-UTR play important roles in

negative regulation for hsp90b mRNA synthesis, which in turn

result in a lower translational efficiency than that of hsp90a mRNA.

In terms of post-transcriptional level, previous studies have

clearly indicated that the 50-UTR of eukaryotic mRNA is a key factor

for regulating gene expression. It is believed that most eukaryotic

translation proceeds the ribosome-scanning model [Kozak, 1991a;

Pestova and Kolupaeva, 2002], and undergoes predominantly a cap-

binding mechanism [Kozak, 1999]. However, close proximity of the

AUG codon to the 50-end, presence of at least one AUG codon

(upstream AUG) of the upstream ORF (uORF), binding of regulatory

factors to mRNA, or extensive secondary structure preceding the

initiator AUG would reduce the efficiency of translation at an AUG

codon [McCarthy, 1998; Morris and Geballe, 2000]. Additionally,

while a ribosome bypassing the first AUG codon, a short ORF

translated in the downstream AUG codon may function like the

conventional uORFs to affect RNA stability [Welch and Jacobson,

1999] or to produce a peptide [Bullock and Eisenlohr, 1996]. At the

same time, the translation initiation in downstream AUG codon may

retard the precise translation efficiency. Here, we have adopted two

strategies to search for the potential regulatory mechanisms of rat

hsp90b via this kind of conventional uORF effect.

First, in IVTT assay, we used point mutation at downstream AUG

(ATG!AAG) to terminate the ribosome scanthrough effect in

hsp90b and observed the increase in the translation efficiency

(Fig. 3B). Furthermore, the introduction of Kozak context to the

initiator AUG of hsp90b also increased the translation efficiency

(Fig. 3B), suggesting that the negative effect might arise from

context-dependent leaky scanning. Second, the insertion of

sequence proceeding from the 50 end to the downstream AUG of

hsp90b in luciferase reporter assay allowed us to further

demonstrate the leaky scanning effect (Fig. 4B). It should be noted

that ribosome re-initiation is not responsible for the expression of

hsp90b. Re-initiation mechanism should satisfy the condition when

the first AUG codon initiates a small ORF that terminates before the

start of the main ORF, and the main ORF can be then translated

[Kozak, 2002a].

While the first and second AUG codons share the same reading

frame, leaky scanning generates two proteins different in lengths,

which sometimes have distinguishable functions. However, when
JOURNAL OF CELLULAR BIOCHEMISTRY
the first and second AUG codons are in different reading frames, two

completely unrelated proteins would be translated from one mRNA.

The resulting uAUG-encoded products have been investigated in

many viral and cellular mRNAs [Kozak, 1991a] that have widespread

functions in biology. Most eukaryotic uORFs may either repress

translation of the downstream ORF [Spotts et al., 1997; Mize et al.,

1998], or affect on RNA stability [Ruiz-Echevarria and Peltz,

1996]. In this study, the downstream AUG of rat hsp90b may encode

a 17 amino-acid polypeptide and then encounter the stop codon.

The function of this short polypeptide, however, remains to be

determined whether it is important for translational control or for

other functions.

The 50-UTR sequence of mRNA is also a well-studied factor for

regulation of translation. For example, deletion of the Drosophila

hsp70 or hsp22 50-UTR blocks translation during heat shock,

whereas the cap-proximal 30 nucleotides partially preserve it

[Lindquist and Petersen, 1990]. In this study, 50-UTR swapping

experiment performed in IVTT systems has shown that hsp90b

50-UTR significantly exhibits the translation efficiency (Fig. 5B).

Furthermore, the truncated 50-UTR sequence results in an increase of

firefly luciferase activity (Fig. 6B), indicating the presence of

secondary structure may cause more reductive effect on translation

efficiency of hsp90b. However, the highly folded 50-UTR secondary

structure might behave as cap-independent internal ribosome entry

site (IRES). The translation efficiency via IRES-mediated mecha-

nisms found in some viruses [Jackson, 1988; Lourenco et al., 2008]

and eukaryotic mRNAs [Hellen and Sarnow, 2001; Vazquez-Padron

et al., 2008] has been known, as the 50-UTR sequences contain GC-

rich and complex secondary structures. Except for the likely heat-

activated IRES of that of Drosophila Hsp90 [Ahmed and Duncan,

2004], no IRES structure has so far been described in the 50-UTR

sequences of rat Hsp90 isoforms. Our recent results indicated that

neither hsp90a not hsp90b 50-UTR acts as an IRES (data not shown).

In conclusion, our data have demonstrated that rat Hsp90b

expression is inhibited at the translational level via a leaky scanning

mechanism. The 50-UTR sequence is also involved in the inhibition

of hsp90b translation, and the leaky scanning mechanism may

be the dominantly repressive effect of translation efficiency. We

provide several lines of evidence to reveal the major impact on the

differential translation efficiency and regulation between hsp90

isoforms.
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