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Abstract 

Title of Dissertation: Post-transcriptional control of gene expression by the major 

inducible heat shock protein Hsp70 

 

Aparna Kishor, Doctor of Philosophy 2012 

 

Dissertation Directed by: Gerald Wilson, Associate Professor, Biochemistry and 

Molecular Biology 

 

AU-rich elements (AREs) encoded within the 3’-untranslated regions (3’UTRs) 

of many mRNAs are targets for factors that control transcript longevity and translational 

efficiency.  Hsp70, best known as a protein chaperone, also interacts with ARE-like RNA 

substrates in vitro.  The findings here define cellular roles for the interaction between 

Hsp70 and ARE-containing transcripts as well as mechanistic aspects of binding.  

Suppression of Hsp70 in cells destabilizes a reporter mRNA containing a high-affinity 

Hsp70 binding site.  Consistent with these data, Hsp70 interacts with and stabilizes 

endogenous ARE-containing mRNAs encoding VEGF and Cox-2 in HeLa cells.  Hsp70 

recognition and stabilization of VEGF mRNA is mediated by an ARE-like sequence in 

the proximal 3’UTR.  Stabilization of VEGF mRNA coincides with accumulation of 

Hsp70 protein levels in HL60 promyelocytic leukemia cells recovering from acute 

thermal stress.  The minimum length of RNA recognized by Hsp70 is probably on the 

order of 30 nucleotides, which must be single-stranded.  Hsp70 has no canonical RNA-

binding motifs, but both the ATPase and peptide-binding domains, the two major 

structural modules of the protein, recognize and bind AREs with high specificity and 

mid-nanomolar affinity.  The ATPase domain, however, is unable to restore VEGF 

transcript stability in HeLa cells where endogenous Hsp70 has been suppressed.  In 

contrast, the peptide-binding domain is able to partially restore the half-life of this 



 

 

transcript.  The ARE-directed mRNA stabilization and protein chaperone roles of Hsp70 

are likely to be independent functions.  This conclusion is supported by observations that 

the nucleotide cofactor-bound status of the ATPase domain does not impact the binding 

affinity between Hsp70 and an ARE-containing substrate, suggesting that the protein 

conformational changes associated with the chaperone cycle are unrelated to the 

interaction between Hsp70 and RNA.  Additionally, stabilization of an endogenous 

mRNA target involves a mechanism that is unaffected by an inhibitor of Hsp70 

chaperone function.  Since constitutively elevated Hsp70 levels are a negative prognostic 

indicator for several types of cancer, we propose that Hsp70-directed stabilization of 

ARE-containing mRNAs that encode regulators of tumor growth and metastasis may 

provide a novel mechanism linking this protein to the development of aggressive 

neoplastic phenotypes. 
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Chapter 1 

Introduction 

 

1.1 Control of messenger RNA 

The Central Dogma of molecular biology is that information guiding the 

development and function of a cell is stored in a molecular code as stable DNA which is 

then copied to a more labile molecule, RNA, that transmits this information to the cellular 

machinery responsible for the synthesis of proteins.  The passage of information from 

DNA to RNA to protein is, of course, far from completely representative of the spectrum 

of what we now know to be possible.  For instance, some viruses maintain their genome 

as RNA rather than DNA, coopting host cell resources for DNA and protein synthesis.  

Other organisms harnessed the catalytic power of RNA molecules into ribozymes.  

However, mammalian cells for the most part adhere to the central dogma, and each step 

in the process is closely regulated. 

 

1.1.1. Transcription and anatomy of a mature mRNA 

DNA not actively transcribed remains organized around histones, forming 

nucleosomes and successively more compact chromatin structures (9).  Transcriptionally 

active DNA, on the other hand, is locally unwound around RNA Pol II in order for the 

code to be accessible.  To direct this access, however, signals must be transmitted 

through the cell, culminating in the localization of transcription factors to the necessary 

sites on chromatin in order for the transcription machinery to be recruited.  Recent work 

has shown that transcript fidelity is first surveyed by the RNA Pol II complex (10), which 
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has weak proofreading capability.  This is the first of several points at which the 

transcript will be checked for errors, many of which take place once it has been exported 

from the nucleus. 

In mammals and other eukaryotes, a complicated regime of mRNA processing 

must be executed prior to export of the transcript from the nucleus.  These steps allow 

another level of control over which proteins are synthesized, and, ultimately, are how the 

cell responds to various environmental stimuli.  Mature transcripts have a cap on their 5’ 

end.  The cap consists of a methylated guanosine attached to a 5’ to 5’ triphosphate 

linker—mature mRNAs are the only molecules in the cell with this moiety and it 

provides resistance to 5’ to 3’ exonucleases (reviewed in Ref. (11)).  The cap is bound by 

a protein complex (the nuclear Cap Binding Complex, or CBC) that interacts with 

karyopherin α (IMPα), the transporter that allows RNA to be exported from the nucleus 

(12).  Many mRNAs contain intronic segments that must be excised, raising the potential 

for splice variants that can encode slightly or even radically different proteins.  The 

spliceosomal machinery responsible for removing intronic sequences deposits an array of 

protein components on the transcript.  Some of these proteins will remain on the mature 

mRNA even in the cytoplasm, marking the location of nuclear splicing events (13).  The 

poly(A) tail is located after the 3’ untranslated region (UTR), and is added by poly(A) 

polymerase after the polyadenylation signal (reviewed in Ref. (14)).  The poly(A) tail is 

bound by nuclear poly(A)-binding proteins (PABPs) as it is being synthesized.  These are 

exchanged for cytoplasmic PABPs (generally PABPC1) shortly after translocation (14).  

A given transcript may be polyadenylated at more than one site, resulting in differences 



3 

 

in the length of its 3’UTR and thus its interaction with the post-transcriptional regulatory 

machinery (15). 

The anatomy of any mature transcript once it is in the cytoplasm is generally the 

same as any other.  All will have the 7-methyl-guanosine cap at the extreme 5’ end.  The 

next segment will be the 5’UTR.  The 5’UTR ends at the translational start codon 

(typically AUG) which marks the beginning of the coding sequence (CDS) of the 

transcript.  There are many transcripts, for instance that encoding vascular endothelial 

growth factor A (VEGFA), that may use alternative initiation codons (for instance CUG) 

that may be upstream or downstream of the canonical AUG start (16, 17).  As with the 

use of alternative polyadenylation sites, the existence of such variability indicates the 

programmed flexibility and nuance of cellular responses.  In cases where translation 

begins at one of the alternative start sites, the 5’UTR is correspondingly longer or shorter 

depending on start location.  Translational termination is programmed by one of three 

stop codons and the 3’UTR begins immediately after this signal.  The lengths of the three 

major portions of a given transcript, the 5’UTR, CDS, and 3’UTR, vary widely, even 

with respect to each other.  For example, the mature VEGFA mRNA has a 3’UTR that is 

longer than the CDS of even the longest splice variant.  Its 5’UTR is significantly shorter 

than either of the other two segments (GenBank Accession # NM_001171623.1).  In 

contrast, the transcript encoding HSPA1A/B (GenBank Accession #NM_005345.5) has a 

CDS that is copied directly from the genome with no splicing and is longer than the 

UTRs on either side. 
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1.1.2. Translation 

Translation in eukaryotes is initiated by the recruitment of a suite of initiation 

factors to the mRNA once it is in the cytoplasm which culminates in the recruitment of 

the 40S ribosome (reviewed in Ref. (18)).  Ribosomes moving along a transcript will 

displace residual proteins from the splicing process that may still be present at the time of 

translation.  For translation to begin, both the transcript and the ribosome must be 

appropriately primed by association with translation factors.  The 40S ribosome must be 

separate from its 60S subunit and associated with eIF3, eIF1A, and eIF1.  The 43S 

complex is formed when the 40S subunit associates with the eIF2 ternary complex 

composed of Met-tRNA
Met

, eIF2, and GTP.  For the most common type of translation 

initiation, termed cap-dependent initiation, the transcript must associate with the eIF4F 

complex (composed of eIF4E, eIF4G, and eIF4A) in which the cap is coordinated with 

eIF4E (19), and PABPC1 associates with eIF4G, looping the 3’ end of the transcript over 

to the 5’ end (14).  Current thinking is unclear on when or how the CBC bound to mRNA 

within the nucleus, that consists of CPB20 and CPB80 (12), is exchanged for eIF4E (20), 

but the nuclear CBC is likely involved in the pioneer round of translation and is certainly 

necessary for nonsense-mediated mRNA decay (NMD) (discussed below; reviewed in 

Ref. (21)).  The eIF4F complex has an ATP dependent helicase activity which is essential 

for removing secondary structure from the 5’ end of the transcript.  The 43S complex 

associates with the circularized, unfolded transcript and begins to scan through the 

5’UTR for the initiation codon.  Through this process, eIF4E is left behind on the cap as 

the complex progresses.  Once the initiation codon is found, the tRNA
Met

 is placed and 

GTP is hydrolyzed (22).  The 60S ribosome then associates with the 40S subunit to form 
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the mature 80S ribosome and the majority of the initiation factors are displaced.  The 80S 

ribosome then continues the task of translation.  With transcription termination, mediated 

by release factors (eRFs), the 80S complex dissociates and its components are recycled.  

Transcripts that are robustly translated can be simultaneously targeted by multiple 

ribosomes (23). 

 

1.1.3. mRNA Quality Control 

Nonsense mutations introduce a premature termination codon (PTC) within the 

CDS of a transcript.  Aberrantly truncated proteins at best are not functional and at worst 

may be toxic to the cell, so transcripts in which such errors are present are preferentially 

destroyed through a surveillance system called Nonsense Mediated Decay (reviewed in 

Refs. (21) and (24)).  In eukaryotic cells, the existence of a termination codon 50-55 

nucleotides upstream of an exon-exon junction complex (EJC) left behind after a splicing 

event is the signal required to recruit the proteins involved with NMD.  Up-frameshift 1 

(UPF1) interacts with the CBP80 subunit bound to transcripts undergoing their pioneer 

round of translation.  If the ribosome encounters the PTC, UPF1 becomes involved in the 

formation of the SURF complex, which consists of SMG1, UPF1, and release factors 

(eRFs).  Since the transcript has never before been translated, the EJC is available to bind 

the SURF complex via UPF2 and UPF3 when the nuclear CBC is present to enhance this 

interaction.  Once the circuit between UPF1 and UPF2 is complete, SMG1 

phosphorylates UPF1 which in turn recruits the degradation machinery.  In the absence of 

a PTC, the ribosome would displace the EJC in its pioneer round of translation.  NMD 

can also be initiated by an excessively long 3’UTR.  The exact mechanism in this case is 
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not clear, but it may be caused by the inability of PABP to interact with the eRFs of the 

terminating ribosome (24). 

Another type of error that is monitored by the cell is the absence of a termination 

codon in a transcript.  In this case, the ribosome reads all the way to the 3’ end of the 

transcript and stalls.  So called “Nonstop mRNA decay” (NSD) uses a different set of 

proteins than NMD (25) and the transcript is degraded from 3’→ 5’ starting at the 

poly(A) tail (24).  Critically in NSD, the Ski family of proteins, which is a 

multifunctional group involved in 3’→ 5’ mRNA degradation (26), recruits the decay 

machinery to the faulty transcript (24). 

 

1.1.4. Mechanism of RNA Decay  

Either because of signals due to physiological turnover or error-checking, an 

mRNA transcript will ultimately be degraded (reviewed in Ref. (24)).  A general 

schematic for transcript degradation is presented in Figure 1-1.  The majority of 

transcripts are degraded by the deadenylation-dependent pathway, where the rate-limiting 

step is normally 3’→5’ exonucleolytic removal of the poly(A) tail (27).  Deadenylation 

may be carried out by a number of proteins, the activity of which depends on which 

transcript is being degraded.  One deadenylase in humans, poly(A)-specific 

exoribonuclease (PARN), has its exoribonuclease activity stimulated after it is bound to 

the cap (27).  Transcripts that do not interact with PARN will be deadenylated through 

the combined action of Pan2-3 and Ccr4-Not, which associate with the translation 

termination factor eRF3.  The interaction of eRF3 and PABPC1 during translation 
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Figure 1-1: Eukaryotic RNA decay pathways.   

The two major decay pathways for RNA in eukaryotes are shown.  Details are given 

in the text. 

termination results in the exchange of the release factors for the deadenylases and the 

activation of the deadenylases (28). 

After removal of the poly(A) tail, the cap may be removed and the transcript body 

will be degraded.  The exosome degrades the transcript in a 3’ to 5’ direction.  The 

exosome is a complex of proteins with RNases, RNA helicases, and RNA-binding 

proteins (24).  This complex can associate with other proteins involved in degradation 

including a heterotrimeric ring comprised of Ski family members: Ski2p, an RNA 

helicase, Ski3p, a tetratricopeptide-repeat protein, and Ski8p, which contains a WD motif 

important in mediating protein contacts (26).  In 3’ to 5’ decay, the scavenger decapping 

enzyme DcpS removes the cap.  The proteins involved in 5’ to 3’ decay are different.  In 

this process, the decapping enzymes Dcp1-Dcp2, along with other members of this 



8 

 

complex, must first remove the cap and then the exonuclease Xrn1 will rapidly degrade 

the transcript (reviewed in Ref. (29)). 

It is also possible for transcript degradation to occur through the action of 

endonucleases, which target internal sites to initiate decay.  There are a number of such 

proteins, including PMR1 which has largely been studied in Xenopus (30).  PMR1 must 

be localized to the polysome and be appropriately phosphorylated in order to cleave RNA 

(30).  If an internal site is used for degradation, deadenylation is not a necessary step, and 

decay may proceed from either end of the transcript.  Decapping, however, must still 

occur for the 5’ fragment (24).  Examples of transcripts that may be targeted by 

endonucleolytic enzymes include c-myc and IGF-II.  To prevent the inappropriate decay 

of the c-myc transcript, there is a binding protein that occupies the cleavage site (31).  In 

the case of IGF-II, RNA secondary structural elements are critical for positioning the 

cleavage site correctly for enzymatic recognition (32). 

The proteins involved in the mRNA decay process tend to be concentrated within 

specialized regions of the cytoplasm called processing bodies (P bodies) (24).  

Transcripts may also collect at a distinct type of cytoplasmic focus called a stress granule 

(SG), which is another nexus for various molecules involved in mRNA decay.  The key 

difference between P bodies and SGs is the presence of phosphorylated eIF2α (an 

inactive form of this factor) in SGs (24).  The purpose of both of these structures is to 

sequester and triage transcripts during various kinds of cell stress (33).  Transcripts may 

be permitted to leave either of these types of foci (perhaps when PABP again binds the 

polyA tail) for the continuation of translation, or they may be degraded.  It is possible that 

SGs are primarily triage centers while P bodies are primarily used for degradation (24). 
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1.1.5. Mechanisms in post-transcriptional control of mRNA 

Degrading mRNA is essential for proper cellular function (34).  Like any 

biomolecule, steady state levels of a given transcript are dependent on rates of both 

synthesis and decay (35).  Transcription is the result of signal integration from internal 

and external cellular stimuli and can be up- or down-regulated independent of the decay 

rate of the transcript.  Similarly, mRNA degradation rates can vary independently of 

transcription.  The turnover of a given transcript is affected by a number of factors 

(reviewed in Refs. (36), (24), (37)).  For instance, the presence of a PTC will trigger 

NMD.  For normal transcripts, the competition between deadenylases and the PABP play 

a role in the rate of decay (29).  There are, however, a number of other factors important 

in this process.  These include interaction between cis-acting elements encoded in the 

transcript and the trans-acting factors that recognize them.  Controlling the rate of 

degradation of a given transcript is important because it is intimately coupled to the 

amount of gene product translated (38).  Labile mRNAs will have a lower probability of 

being translated repeatedly before degradation, whereas stable mRNAs may produce 

more copies of the encoded protein during their cytoplasmic lifetime.  For proteins that 

must be expressed at low levels or strictly at certain points in a cellular development or 

response program, highly regulated post-transcriptional control of the mRNA is essential 

to prevent inappropriate expression of the encoded product. 

There are a variety of cis-acting RNA regulatory elements.  Among the best-

characterized of these are the AU-rich elements (AREs) and Alu elements.  In both cases, 

the nucleotides comprising the control element are embedded within the transcript and 
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interact with RNA-binding proteins.  It is also possible that RNA secondary structure 

plays a role in selecting which cellular proteins preferentially interact with a transcript 

and which sequences are available for recognition and binding to trans-factors (39). 

 

1.1.5.A. Transcript regulation by Alu elements 

Alu sequences have a number of effects on gene expression, at both the DNA and 

RNA levels (reviewed in Ref. (40)).  They are involved in A→I RNA editing, alteration 

of splice sites, and control of translational efficiency.  Evolutionarily, Alu sequences 

originated with the fusion of the 5’ and 3’ ends of the 7SL RNA gene.  Modern Alu 

sequences in primates are actually a dimeric form of the original sequence, where the left 

and right arms are non-identical and separated by a poly(A) stretch.  Probably due to a 

retrotransposition through some unknown mechanism, Alu elements are extremely 

common: there are more than one million copies of these elements throughout the human 

genome, making up about 10% of its mass (40).  They are about 300 nucleotides long in 

their most common form.  The sequences are typically located within introns of pre-

mRNAs but may also appear in the 5’ or 3’UTRs of fully processed mRNAs (40).  A 

given mRNA transcript may include multiple Alu elements. 

The presence of an Alu element in the 5’ UTR of a transcript typically results in 

decreased translational efficiency (40), possibly because local RNA structure within the 

Alu sequence may interfere with association of translation initiation factors or 43S 

ribosome scanning.  An exciting and newly reported role for Alu sequences in RNA 

degradation is in Staufen mediated decay (SMD) (41).  Staufen binds to dsRNA in the 3’ 

UTR of translationally active transcripts and targets them for degradation, however it was 
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found that transcripts without a such a duplex region in their 3’ UTR were also being 

targeted by SMD.  The resolution of this discrepancy was that the dsRNA segment in the 

targeted transcripts was formed by imperfect duplexes of a long non-coding RNA 

(lncRNA) that was complementary to Alu elements found in the 3’ UTRs of mRNA 

targets.  Interestingly, this pathway is subject to further regulation since not all transcripts 

with Alu elements may be targets of SMD even when the lncRNA is present.  In essence, 

however, this mechanism elegantly combines non-coding RNAs and transposon-derived 

DNA sequences to generate a novel post-transcriptional gene regulatory circuit. 

 

1.1.5.B. Transcript regulation by microRNA 

MicroRNAs (miRNA) are non-coding transcripts that, in their processed form, are 

between 21 and 25 nucleotides long (reviewed in Ref. (42)).  There are other non-coding 

RNAs (ncRNA) transcribed from the genome, but most knowledge to date is centered 

around the mechanism and activity of miRNAs.  They begin as relatively long transcripts 

from non-protein-coding sequences in the genome or as passengers (normally intronic) in 

longer transcripts ultimately fated to be translated.  Within the nucleus, these primary 

(pri-) miRNA transcripts are cleaved by Drosha, the catalytic component of a dsRNA-

binding complex called Microprocessor, into an approximately 70-nt hairpin-shaped 

precursor (pre-) miRNA that has many bulges and mismatches.  Once in the cytoplasm, 

the endoribonuclease Dicer removes an internal loop structure to yield a mature 

intermolecular duplex (43).  The strands of the duplex are known as the guide strand and 

the passenger strand.  Typically, only the guide strand is used for post-transcriptional 

control of mRNA while the passenger strand is degraded (42).  However, in some cases, 
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both strands may be used (24).  A single miRNA strand is loaded into the RNA-induced 

silencing complex (miRISC) (24, 42).  The miRISC may then bind to its target mRNA 

and result in its translational inhibition and/or degradation. 

In mammals, the degradation function, termed “Slicer” activity, is mediated by an 

argonaute protein (Ago2) within the miRISC (44).  The resulting RNA fragments may 

then be further degraded by Xrn1 and the exosome.  Interestingly, components of the 

miRISC include proteins capable of slicer-independent RNA degradation.  Through this 

pathway, GW182, another complex member, can remove the poly(A) tail through 

interaction with the Pan2-Pan3 and Ccr4-Not deadenylases (24).  Deadenylated 

intermediates can then be degraded by 5’-decapping and exonucleolytic activities as 

described in Figure 1-1.  If physically anchored to a given transcript, fully assembled 

miRISC without the miRNA bound will still degrade the mRNA (24), demonstrating that 

miRNA is not required for catalytic function, but is essential for targeting miRISC to 

specific RNA substrates. 

Interestingly, base-pairing between a miRNA and its RNA targets does not have 

to be perfect (24).  The cognate sequence for miRNA is typically found in the 3’UTR of 

the mRNA (45).  The so-called “seed sequence” of a miRNA is nucleotides 2 through 8 

from its 5’ end.  These nucleotides must bind with high complementarity for target 

recruitment.  Other sections of the miRNA are also important; for example, high 

complementarity to nucleotides 13-16 will increase the efficiency of targeting.  Because 

perfect complementarity is rarely achieved between a miRNA and its target, interaction is 

also likely enhanced by other features including location and local RNA structural 

potential of the seed sequence-binding site.  For instance, current data indicate that the 
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most effective miRNA target sites are near other miRNA-binding events, greater than 15 

nt downstream of the termination codon, and away from the center of longer UTRs.  

Proximity to cis-acting control elements can also increase the efficiency of transcript 

recognition and degradation (24). 

Cellular miRNA pathways allow expression of a selected gene to be transiently 

repressed.   This property has been exploited in commercially available silencing RNAs 

(siRNA) which can be transfected into cells in order to knock down the expression of 

genes of interest.  siRNA molecules are long, double-stranded RNAs that are processed 

by Dicer.  They are then loaded into the RISC as with endogenous miRNAs (44).  A 

newer method using short hairpin RNAs (shRNAs) allows for the stable repression of a 

gene since the RNA sequences may be transcribed from a plasmid and then processed 

using the usual pathway (46).  Hence, siRNA technology has reduced the need for cell 

lines and/or animal models with specific mutations in their genome.  Most genes, not just 

those with endogenous miRNA complementary seed-sequences, can be controlled in this 

fashion since siRNAs can be synthesized with perfect complementarity to the gene of 

interest. 

 

1.1.5.C. Transcript regulation by AU-Rich Elements 

1.1.5.C.a. The cis component: AU-Rich Elements 

Another class of cis-acting elements includes the AU-rich elements (AREs).  Like 

Alu sequences, AREs are present throughout the genome and control the fate of many 

transcripts including many that encode inflammatory mediators, oncoproteins, and 

growth factors, among others.  Up to 10% of all transcripts have AREs in their UTRs.  
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Tradionally, AREs fall into three major classes, defined around a pentameric motif with 

the sequence AUUUA (47).  Example ARE sequences are shown in Figure 1-2.  In the 

first class, multiple copies of overlapping pentamers are present.  In the second class, a 

few motifs are present embedded in a U-rich sequence.  In the third class, the motif may 

not be present at all but rather there are U-rich tracts that mediate the ARE function.  It is 

possible for there to be multiple target sites within a given transcript, particularly if the 

UTRs are lengthy (see work with VEGF in Chapter 3).  AREs may also assume 

secondary structure in the presence of divalent cations if the sequence is of the 

appropriate length (39).  The function of an ARE is therefore defined by both its 

sequence and its structure.  Traditionally, AREs are found in the 3’ UTR.  Computational 

approaches have made the search for transcripts controlled by AREs significantly more 

efficient.  It is important to note, however, that each sequence must be experimentally 

validated in cell-based assays to confirm function. 

 

1.1.5.C.b. The trans component: ARE Binding proteins (ARE-BPs) 

AREs are recognized and bound by ARE-binding proteins (ARE-BPs).  To date, 

over 20 proteins have been identified with this function.  ARE-BPs demonstrate varying 

levels of sequence binding specificity, and the fate of an ARE-containing transcript 

depends on the ARE-BP with which it interacts.  It is also possible that different ARE-

BPs will interact with the same transcript, highlighting the complexity of this regulatory 

mechanism (48, 49).  ARE-BPs are generally multifunctional molecules; while they are 

capable of binding RNA, they also interface with a number of other cellular proteins, 

including each other (50) or other trans-acting factors such as miRNA (51).  Depending  
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GM-CSF (Ref. (1)) 

5’- UAAUAUUUAUAUAUUUAUAUUUUUAAAAUAUUUAUUUAUUAUUUAU 

UUAA -3’ 

 

IL-3 (Ref. (3)) 

5’- AUUUAUUUAUGUAUUUAUGUAUUUAUUUAUUUA -3’ 

 

TNFa (Ref. (5)) 

5’- AUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA -3’ 

 

c-fos (Ref. (6)) 

5’- UUUUAUUGUGUUUUUAAUUUAUUUAUUAAGAUGGAUUCUCAGAUAU 

UUAUAUUUUUAUUUUAUUUUUUUU -3’ 

 

c-myc (Ref. (7)) 

5’-AUAAAAGAACUUUUUUAUGCUUACCAUCUUUUUUUUUUCUUUAACAG 

AUUUGUAUUUAAGAAUUGUUUUUAAAAAAUUUUAAGAUUUACACAAUG

UUUCUCUGUAAAUAUUGCCAUUAAAUGUAAAUAACUUUAAU -3’ 

 

c-jun (Ref. (8)) 

5’- UUUCGUUAACUGUGUAUGUACAUAUAUAUAUUUUUUAAUUUGAUUA 

AAGCUGAUUACUGUGAAUAAACAGCUUCAUGCCUUUGUAAGUUAUUUC

UUGUUUGUUUGUUUGGGUAUCCUGCCCAGUGUUGUUUGUAAAUAAGAG

AUUUGGAGCA -3’ 

 

Figure 1-2: AU-rich sequences from the 3’UTRs of selected mRNAs.   

Each element has been functionally defined by its ability to accelerate the turnover of 

a β-globin-chimeric mRNA in cis.  AUUUA motifs are underlined. 
 

 

on the identity of the ARE-BP, its interaction with RNA may result in transcript 

destabilization (for example AUF1, KH domain-splicing regulatory protein (KSRP), 

tristetraprolin (TTP), and butyrate-regulated factor-1 (BRF1)), stabilization (the Hu 

family including HuR and HuD), or translational modification (T-cell intracellular 

antigen 1 (TIA-1), TIA-1 related protein (TIA-R)). 

The mechanisms by which ARE-BPs exert their effects are varied.  The best-

studied ARE-BP is AUF1 (24, 21).  AUF1 levels in the cytoplasm are determined by its 

protein decay rate as well as changes in its shuttling between the nucleus and cytoplasm 
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(24, 52, 53).  Its destabilizing effects take place in the cytoplasm (54), where it 

recognizes its target ARE and forms the AUF1- and Signal Transduction-Regulated 

Complex (ASTRC) along with cap-dependent translation initiation factors and molecular 

chaperones (55).  The specific mechanism by which AUF1/ASTRC mediates mRNA 

decay is not entirely clear, but it promotes deadenylation and recruitment of the decay 

machinery (24).   Hence, when AUF1 is primarily in the nucleus, these interactions are 

not possible, and the transcripts that would otherwise be targeted have a longer half-life. 

The mechanism by which stabilizing factors, such as the Hu family of ARE-BPs 

(HuA/R, HuB, HuC, HuD), increase the longevity of an ARE-containing transcript is not 

entirely understood but may rely on competition with the mRNA-destabilizing factors for 

ARE targets.  In the Hu family, only HuR is ubiquitously expressed while the other 

members are primarily neuronal (HuB is also expressed in reproductive organs).  HuR is 

usually localized in the nucleus.  However, under conditions of cell stress, such as 

oxidative damage and ultraviolet irradiation, HuR is shuttled from the nucleus to the 

cytoplasm where it stabilizes its mRNA targets (56).  HuR and AUF1 can compete for 

some ARE binding sites and hence comprise a complicated regulatory circuit for 

modulation of transcript stability (57). 

As exemplified by the regulation of mRNA decay through lncRNA and Staufen 

(above), several post-transcriptional control mechanisms may interface with one another 

to fine-tune the half-life of a given mRNA in the cell.  Through one interesting 

mechanism, AREs may form stable secondary structures, usually stabilized by 

multivalent metal ions.  Since most ARE-BPs are unable to bind dsRNA, local ARE 

folding can thus effectively prevent interaction between the RNA ligand and a subset of 
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possible protein partners.  For example, the binding affinity of p37
AUF1

 to an RNA probe 

dropped significantly as the experimental concentration of Mg
2+

 rose.  On the other hand, 

the binding affinity of HuR to the probe did not change under the same circumstances 

(39).  Such a difference in affinity may result in the stabilization of strongly folded 

transcripts in the cell due to changes in site accessibility to ARE-BPs.  As a variation on 

this theme, it is possible that the binding of one ARE-BP to an ARE favors an ordered 

structure of the RNA sequence that precludes the binding of a second type of ARE-BP.  

An example of this effect is that selected AUF1 isoforms were demonstrated to alter the 

secondary structure of an RNA probe using fluorescence resonance energy transfer 

(FRET) (58).  In this case, the accessibility of a binding site for a given ARE-BP will be 

affected by the other proteins bound to the RNA target.  Finally, in cases where 

transcripts have multiple, spatially separated AREs, or where there is a single, long ARE, 

it is theoretically possible for many ARE-BPs to bind the transcript simultaneously.  In 

these cases, the outcome on transcript stability would be a complicated function of the 

effects of each protein individually and any synergistic effects that may arise (48, 49, 59). 

 

1.1.5.C.c. Structural features of ARE-BPs 

RNA-binding activity is generally mediated by one of several distinct protein 

structural modules, some of which are summarized in Table 1-1 (reviewed in Ref. (60)).  

The most common is the RNA recognition motif (RRM), which is typically present in 

multiple copies in RNA-binding proteins.  For instance, HuR has three non-identical 

RRMs, with two in tandem at the N-terminus and the third separated by a flexible linker 

region (61).  AUF1 has two non-identical RRMs (58).  These motifs normally  consist of 
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two consensus sequences termed RNP1 (8 amino acids) and RNP2 (6 amino acids) within 

a 90 to 100 amino acid stretch in which other conserved, mostly hydrophobic, amino 

acids are also interspersed.  Structurally, the motif appears as two alpha helices packed 

against four anti-parallel beta strands.  RNP1 and 2 are positioned in the center of the 

beta sheet in adjoining strands when the motif is folded (62).  Interestingly, sequence 

specificity is unlikely to be determined by the conserved amino acids, but rather the 

variable residues of the motif.  This allows proteins with essentially the same structural 

elements and similar function to maintain distinct roles in RNA regulation (60, 62).  

Additionally, RRMs bind RNA on the surface of the beta sheet rather than embedded 

within the domain.  As a result, the RNA could conceivably still be available to interact 

with other cellular factors (60). 

Another common motif that allows for interaction with RNA is the K homology 

motif (KH), so named because of its discovery in the human hnRNP K protein (60).  This 

motif is present in KSRP in four copies (63).  KH motifs consist of 3 beta strands and 4 

alpha helices.  In most eukaryotic proteins, the beta strands are antiparallel and the RNA 

(or ssDNA) is bound in an extended conformation in a cleft formed by two of the alpha 

helices (64).  van der Waal’s and hydrophobic forces are the major contributors to nucleic 

acid binding affinity (65).  Each additional KH motif can confer a greater amount of 

binding affinity and specificity for target sequences (60). 

A final example of a structural element present in ARE-BPs that can interact with 

RNA is the zinc finger motif.  Zinc finger motifs are a diverse group.  Here, the fold of 

the motif is stabilized by a zinc ion that is tetrahedrally coordinated by cysteine and/or 

histidine side chains (60).  TTP is a CCCH tandem zinc finger protein (66), meaning that 
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each zinc ion is coordinated by three cysteine and one histidine residue, and that two such 

motifs are adjacently positioned within the protein.  Zinc fingers are known to interact 

with DNA and RNA, depending on the number and type of motifs present (60). 

Table 1-1: Selected RNA-binding motifs  

The motifs presented here are described in greater detail in the text.  In all cases, “X” 

indicates any amino acid. 

 

Motif 
Consensus 

Sequence 
Protein Fold 

Example 

ARE-BPs 
Reference 

     

RRM
1,4

 

General: RNP2 

residues, X25-50, 

RNP1 residues, 

X25 

RNP2: I/V/L-F/Y-

I/V//L-X-N-L 

RNP1: K/R/G-F/Y-

G/A-F/Y-V/I/L-

X-F/Y 

β1αβ2β3αβ4 

where RNP2 is 

on β1 and 

RNP1 is on 

β3 

AUF1 (67) 

HuR (68) 

TIA-1 (69) 

     

Zinc 

finger 

 

CCCH:
2,6

: Cys-X8-

Cys-X5-Cys-X3-His 

 

 

CCHC (zinc 

knuckle):
1,3

 Cys-X2-

5-Cys-X4-12-His-X2-

4-Cys 

 

CCHH:
1
 Cys-X2-5-

Cys-X4-12-His-X2-4-

His 

 

 

CCCH:
6
 some 

α-helical 

character 

 

CCHC:
1
 ββα 

 

 

CCHH:
1
 ββα 

TTP (CCCH 

type) 
(70) 

KH
5
 VIGXXGXXI βααβ 

hnRNP K (71) 

KSRP (63) 
1
 As discussed in Ref. (60) 

2
 As discussed in Ref. (72) 

3
 As discussed in Ref. (73) 

4
 As discussed in Ref. (62) 

5
 As discussed in Ref. (64) 

6
 As discussed in Ref. (74) 
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The different ARE-BPs display a range of selectivity for the sequences they will 

recognize.  For example, TTP shows a high degree of sequence specificity for AREs in 

which the AUUUA motif appears as overlapping sequence elements (75).  By contrast, 

neither AUF1 nor HuR is as stringent (76).  In fact, HuR requires only enrichment in U’s, 

with some allowance for C’s or A’s in the binding site (77, 78).  Additionally, this protein 

appears to have no real requirement for overlapping motifs.  Aside from sequence 

specificity, there are also differences in the binding site size for each of the proteins 

which will affect the potential targets for a given ARE-BP (79, 58, 61).  Hence, the 

important trans-acting proteins that mediate ARE-dependent effects on mRNA stability 

may fall into many different structural families and exhibit differential sequence 

stringency. 

ARE-BPs can be post-translationally modified to regulate their function.  For 

instance, HuR and AUF1 may be phosphorylated at a number of sites.  For HuR, 

phosphorylation at Ser202 and Ser242 allow it to be shuttled between the nucleus and the 

cytoplasm (56).  However, phosphorylation at other sites, for instance Ser318, is 

associated with aggressive colon cancer and decreased cell survival (80).  A number of 

kinases, including Chk2 and PKCδ, target HuR and tie it to various aspects of the cellular 

stress response.  In the case of AUF1, phosphorylation does not have a significant effect 

on its subcellular localization (81).  However, unphosphorylated p40
AUF1

 dramatically 

condenses an RNA substrate whereas when it is phosphorylated at Ser83 and Ser87 the 

substrate is maintained in an extended conformation.  Interestingly, these phosphorylation 

conditions have a very limited effect on its ARE-binding affinity (82). 
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Due to the success of recombinant synthesis efforts for HuR and the various 

AUF1 isoforms, extensive in vitro work using fluorescence anisotropy and 

electrophoretic mobility shift assays (EMSAs) has shown that these proteins bind RNAs 

as homo-oligomers.  The ability of these proteins to form complexes comes as no surprise 

considering the extensive network of protein-protein interactions that must exist within 

the cell.  AUF1 proteins exist in solution as dimers, which further oligomerize in the 

presence of target RNA (83).  The structure of the AUF1 complex is not fully known, but 

binding to an RNA substrate of less than 50-55 nucleotides is a two-step process, with 

more steps on longer ARE substrates.  In contrast, HuR exists in solution as a monomer 

but forms homodimers cooperatively in the presence of target RNA (61).  Higher order 

structures may also be possible on longer transcripts.  This cooperativity is shown to be 

abrogated when HuR mutant proteins lacking the third RRM are assayed for activity.  

Interestingly, in this case the affinity of binding does not significantly decrease from the 

affinity of the wild type protein for RNA (61).  Whether multimerization of either of 

these proteins is essential for their effects on mRNA stability in a cellular context is not 

yet known.  In the case of AUF1, which has four isoforms, it is also unknown whether a 

combination of isoforms may form dimers of dimers. 

 

1.1.6. Impact of ARE-directed mRNA decay mechanisms in disease 

Considering the complexity of the systems controlling transcript stability, 

derangement may arise from a number of points in the process.  For example, a cis-

element may be altered due to mutation, use of different polyadenylation sites (84), or 

changes in its secondary structure (39), thereby altering its recognition by trans- acting 
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factors.  Alternatively, a mechanism through which there will be a more widespread 

effect is when a given trans-factor is dysregulated or mutated resulting in its over- or 

under-activity.  Whatever the cause, it follows then that the pathological consequence of 

any changes in mRNA stability will be dependent on the identity and quantity of the 

transcripts affected.  This section will focus on ARE-containing transcripts and ARE-BPs 

in disease.  It should be noted that the effects of microRNAs on transcript stability and 

translational efficiency may be dysregulated in a variety of disease processes as well.  In 

fact, the global downregulation of miRNAs has been linked to oncogenesis (reviewed in 

Ref. (85)), while supplementation of miRNAs in murine tumors has shown therapeutic 

benefit (86), but these systems are beyond the scope of work here. 

The wide variety of transcripts that have AREs implicates post-transcriptional 

control mechanisms in a number of disorders.  In the field of infectious disease, a recent 

study suggests that the escape of ARE-containing mRNAs from the otherwise 

generalized suppression of host transcripts during the lytic cycle of Kaposi’s sarcoma-

associated herpesvirus infection may permit greater viral dissemination (87).  In another 

example, like many interleukins, IL-8 (CXCL-8) mRNA contains an ARE in its 3’UTR 

with overlapping AUUUA pentamers and is stabilized in cells with hepatitis C virus 

infection (88).  The investigators were not able to establish the ARE-BP involved in this 

stabilization, but emphasize that the resulting elevation in IL-8 protein production makes 

these cells resistant to therapy. 

The effects of selected ARE-containing transcripts in cancer are well-

documented.  Here, pro-tumorigenic factors like cyclooxygenase-2 (Cox-2), encoded by a 

transcript with interspersed AUUUA motifs, are frequently overexpressed in aggressive 
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neoplasms (89, 90, 91).  For example, both Cox-2 mRNA and protein are upregulated in 

colon cancer, with increased protein levels corresponding to larger tumors (reviewed in 

Ref. (92), and discussed further below).  Another ARE-containing transcript relevant to 

cancer is encoded by the proto-oncogene c-myc (93).   Myc, the protein product of the c-

myc gene, is upregulated in many different cancers and has recently been shown to 

amplify the transcription of genes that are already active in the cell (94).  For example, 

levels of both the c-myc mRNA and Myc protein are increased in prostate cancer, and this 

elevation of protein is considered a negative prognostic indicator ((95), reviewed in Ref. 

(96)).  Regulatory mechanisms directing c-myc mRNA stability have been implicated in 

its role in cancer progression and chemotherapeutic response.  Through one such 

mechanism, it was shown that mTOR inhibitors are less therapeutically active in tumors 

expressing decreased Akt activity since TTP is phosphorylated and subsequently 

sequestered in these cells.  Without TTP activity, the c-myc transcript is stabilized.  In 

contrast, cells with high Akt activity are more responsive to the therapy since TTP 

phosphorylation is repressed, allowing for the destabilization of c-myc RNA (97). 

Similar to ARE-containing transcripts, examples describing the pathological 

consequences of dysregulated ARE-BPs may be drawn from a number of disease 

processes.  For example, the inflammatory response requires the normal activity of ARE-

BPs.  Mice deficient in either TTP or AUF1, both ARE-binding mRNA-destabilizing 

factors, have been made and illustrate this point: TTP knockout mice have unusually high 

levels of both tumor necrosis factor α (TNFα) protein and mRNA and rapidly succumb to 

systemic inflammation and autoimmunity (98).  Similarly, AUF1-deficient mice are 

unable to attenuate their response to endotoxin challenge and overexpress both TNFα and 
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IL-1β (99).  The critical importance of these post-transcriptional regulators in controlling 

production of TNFα, a potent cytokine encoded by an ARE-containing mRNA, highlights 

the central role of individual ARE-BPs in modulating normal, physiological responses. 

Given that many factors regulating cell growth and division, apoptosis, 

angiogenesis, and cell mobility/invasiveness are encoded by ARE-containing transcripts, 

potential roles for ARE-BPs as master regulators of tumorigenic phenotypes have been 

extensively studied.  In most cases the pathological and/or genetic events responsible for 

up- or down-regulation of a given ARE-BP are not known, but overall, it has been found 

in a number of tumor types that stabilization of ARE-containing mRNAs is generally 

linked to aggressive neoplasms (100).  In these cases, the cell is no longer able to 

appropriately limit the levels of transcripts encoding potent pro-tumorigenic factors. 

The role of TTP in cancer is one that has been relatively well-examined in the 

literature (reviewed in Ref. (101)) and exemplifies these concepts.  For example, the level 

of TTP mRNA in breast cancer correlates with disease-free survival: patients with a 

higher level of the transcript have a longer disease-free survival and, in general, a lower 

tumor grade (102).  Additionally, aggressive cancers of various types tended to have 

lower TTP expression than normal tissue.  The genes that mediate the development of 

aggressive neoplasms appear to be those that allow for neovascualarization, resistance to 

pro-apoptotic stimuli, and cell proliferation; these are typically upregulated in tumors 

where TTP levels are low (103).  However, the cellular mechanisms by which TTP levels 

are downregulated in aggressive neoplasms remain largely unknown. 

Another ARE-BP that commonly appears in the cancer literature is HuR.  Unlike 

TTP, HuR stabilizes ARE-containing transcripts (104, 50).  Under normal cellular 
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conditions, HuR remains localized to the nucleus and is only translocated to the 

cytoplasm during times of cell stress, for instance hypoxia, or during specific stages in 

the cell cycle (105).  In cancer, HuR is more often found in the cytoplasm.  Such 

subcellular localization is a negative prognostic indicator for invasive breast cancer (106) 

as well as being associated with high tumor grade (89).  The role of HuR in colon cancer 

has also been extensively examined, and aberrantly high levels of cytoplasmic HuR have 

been documented (reviewed in Ref. (92)).  Transcripts bound and stabilized by HuR in 

the cytoplasm include Cox-2 mRNA in breast cancer (89), malignant melanoma (107), 

and colon cancer (92), as well as VEGF mRNA (107) in malignant melanoma.  As 

before, stabilization of these transcripts increases their steady-state levels in the 

cytoplasm, and hence their translational potential resulting in cellular proliferation and 

neovascularization. 

Ultimately when thinking about cancer and other disease processes, the goal of 

research is to move towards therapy.  The centrality of ARE-BPs to post-transcriptional 

control pathways makes them appealing targets for therapeutic design, while concurrently 

highlighting the dangerous potential for cross-reactivity.  No drugs designed to inhibit the 

activity of AUF1, HuR, TTP, or any other ARE-BP are yet on the market, although these 

have been shown to be druggable targets and discovery attempts are underway (108).  

However, beyond specific drug targeting, new data suggest that ARE-BPs may influence 

the efficacy of other established chemotherapeutic agents.  One recent study showed that 

elevated HuR levels in pancreatic cancer actually increases the efficacy of gemcitabine, 

the drug of choice in this disease (109).  This finding points to the need to consider the 

trans-factors of post-transcriptional regulation pathways as both friend and foe in 



26 

 

therapy: the general approach of restoring ARE-BP activity to normal physiological 

levels may require modification in cases where synergy between multiple drugs is 

required. 

 

1.2. The many roles of Hsp70 

1.2.1. History of the heat shock response and Hsp70 

The heat shock response was first described in 1962 after someone raised the 

temperature of Ferruccio Ritossa’s incubator (110).  Ritossa had been studying “DNA 

puffing” in the polytene chromosomes of Drosophila salivary glands, and found that the 

puffing pattern changed after the thermal treatment.  At the time mRNA had just been 

described and so it was speculated that the transcription pattern after thermal stress was 

different than under normal thermal conditions.  Various other types of stress also shifted 

the transcriptional activation pattern to favor the configuration of puffs that Ritossa had 

first seen with thermal treatment. 

Over the subsequent decades, a number of major discoveries were made that 

defined various aspects of the heat shock response, including the major molecular 

players, the ubiquity of the pathway, and the cellular signals that trigger them.  The heat 

shock protein of 70 kilodaltons (Hsp70) was found in Drosophila shortly after the initial 

discovery of the heat shock response (other heat shock proteins of differing molecular 

weights were also discovered at the same time, but will not be discussed at any length in 

this document).  Extensive work by the group of Elizabeth Craig in the early 1980’s 

showed the high conservation of this protein from E. coli up through Drosophila and 

humans (111, 112).  Higher organisms have larger numbers of family members: E. coli 
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has only one Hsp70 called DnaK while humans have upwards of eleven (113).  Not only 

do all organisms have at least one Hsp70 family member encoded in their genome, but 

the prokaryotic sequence shares close to 50% amino acid identity with eukaryotic 

proteins, making Hsp70 one of the most highly conserved molecules in biology (114).  

This property of Hsp70 has been exploited to validate or establish phylogenetic trees 

(115).  In eukaryotes, hsp70 genes contain no introns although they may have extensive 

non-coding regions which vary between loci. 

The members of the Hsp70 family are energy-dependent molecular chaperones.  

They associate with unfolded or aberrantly folded cellular proteins in order to promote 

refolding and prevent protein aggregation within the cell.  Lawrence Hightower and 

others demonstrated that unfolded polypeptides were a critical factor that induced the 

heat shock response around the same time as Craig’s work (116).  Hence, while heat 

shock proteins are differentially regulated, a number of cellular stresses may result in 

unfolded polypeptides, giving coherence to studies that tried exposing cells to various 

experimental conditions. 

The concept of molecular chaperone function was established around the same 

time, with initial observations published in 1985 by Hugh Pelham (117).  Interestingly, 

the concept of chaperones came rather late to the field of protein folding dynamics due to 

the Nobel-winning work of Christian Anfinsen (reviewed in Ref. (118)).  In experiments 

starting in 1965, Anfinsen showed that a denatured enzyme could spontaneously refold 

with restoration of activity in the absence of any other factors, suggesting that the amino 

acid sequence is sufficient to direct formation of protein tertiary structure (118).  If this 

phenomenon held true for all polypeptides, there would be no need for chaperone activity 
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and thus, from 1962 when Ritossa made his first observations to 1985 a great deal of 

information about Hsp70 was gathered but inconclusively interpreted. 

Now it is clear that the cell is absolutely dependent on heat shock proteins for 

survival, even during normal function.  For instance, nascent polypeptides are bound by 

Hsp70 family members to direct folding and transport between cellular compartments, 

and Hsp70s are involved in the uncoating of clathrin coated vesicles (119), (120).  The 

role of Hsp70 family members in antigen processing is a rich area of current research, 

fueled by the idea that Hsp70 is part of the ubiquitin/proteasome pathway that generates 

peptide antigens for loading to MHC class I and class II molecules (reviewed in Refs. 

(121) and (122)).  Inducible Hsp70 rises from its basal level during G1 and S phase as 

part of normal cell division (123).  Of course, under conditions of stress, Hsp70 

molecules can also assist in the refolding of proteins, or facilitate the degradation of 

damaged proteins.  Overall, when considering the effect of this family on cellular 

function, aspects other than the stress response should be taken into consideration. 

 

1.2.2. Roles of Hsp70 family members 

In organisms that have multiple Hsp70 family members, some molecules are 

considered Hsp70 cognates because they are constitutively expressed in cells rather than 

induced by stress.  These cognates may be found in all major cellular compartments: for 

example, BiP is strictly localized to the endoplasmic reticulum (reviewed in Refs. (114) 

and (113)).  Mitochondria have another form of Hsp70 (termed mtHsp70), although this 

protein is also encoded in the nucleus.  Finally, the heat shock cognate protein of 70 
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kilodaltons (HSC70) is present in both the nucleus and cytoplasm and can move between 

various compartments as needed. 

In humans, the genes for the major stress-inducible family members of Hsp70, 

designated HSPA1A and HSPA1B, are located in a cluster on chromosome 6 within the 

MHC III genes (114).  These two genes encode identical proteins, but, of the two, the 

HSPA1B transcript is less abundant in all tissues particularly the blood (114).  Within this 

same cluster is a gene for a third Hsp70 protein named HSPA1L, expressed solely in the 

testes.  Other important family members are found on chromosomes 9 and 14.  HSC70 

(also known as HSP70-8 or HSPA8), the major cytosolic cognate protein of HSPA1A/B, 

is 84% homologous to HspA1A/B and is found on chromosome 11.  Most family 

members are expressed to some degree in all tissue types.  Further, the profile of Hsp70 

family members expressed during neurological development is different from other 

tissues (114). 

Despite their high degree of similarity, the various Hsp70 family members can 

have different roles depending on cell type, tissue, developmental stage, and cellular 

stress level.  There is also extensive redundancy in the functions of the various Hsp70 

family members since mouse knockout models that eliminate specific Hsp70 genes are 

generally susceptible to some types of stress but otherwise viable and healthy (124).  

Interestingly, knocking out HSPA8 or HSPA5, cognate Hsp70 protein genes, results in 

mice that are not viable (125), underlining the critical housekeeping role for this family.   
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1.2.3. Regulation of Hsp70 expression 

Heat shock factors (HSFs) are the transcription factors that control Hsp70 gene 

expression.  Humans have four HSF genes, although the HSF1 protein is the one that is 

homologous to the bacterial molecule and appears to be of primary importance in the 

stress response (reviewed in Ref. (126)).  The other three are responsive to different 

stimuli (127), but crosstalk between the family members exists (126).  Inactive HSF1 

exists as a monomer in the cytoplasm of most cells and may be loosely associated with 

HSP90 (128).  To be functional, this transcription factor must first trimerize, but the 

trimer itself may be kept inactive by binding to other cellular factors (126).  The trimer 

may also undergo extensive modifications for regulation of its activity including 

phosphorylation, sumoylation, and acetylation.  Acetylation, for instance, appears to 

attenuate the function of trimeric HSF1 (126).   The signals that initiate Hsf1 activation 

are not fully understood, but involve direct effects of thermal stress, alleviation of the 

sequestration of Hsf1 monomers by Hsp90 when the chaperone is displaced by thermal 

stress, and/or signals from thermosensitive RNA (129). 

Once in the nucleus, Hsf1 derepresses an RNA Pol II molecule that is paused in 

the promoter region of the Hsp70 gene.  The impressively fast rate of Hsp70 transcription 

(within about two minutes of the shock) is thus due in part to the presence of RNA Pol II 

preloaded on the gene, as well as the rapid remodeling of the chromatin to facilitate read-

through of the transcriptional machinery (126).  An early study found that the 5’ UTR of 

Hsp70 appears to have an internal ribosome entry site (IRES) that is just as effective as 

the classical ones found in picornaviruses (130).  However, a more recent study suggests 
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that the 5’ UTR does not contain an IRES (131), but that there is some aspect of the 

sequence that does allow for efficient cap-independent translation. 

Another key feature of stress-induced Hsp70 expression is its transient nature.   

Much of this may be due to changes at the mRNA level whereby the poly(A) tail is 

deadenylated, leading to an increase in the rate of mRNA degradation, a phenomenon 

reported in Drosophila (132).  Additionally, accumulated Hsp70 may serve as a negative 

feedback inhibitor by blocking the transcriptional activation function of HSF1, thus 

decreasing new transcription from the Hsp70 genes (133).  Finally, Hsp70 has been 

shown in one report to bind its own mRNA, possibly promoting its destabilization (134).  

This latter example, however, offered no mechanism by which Hsp70 promoted mRNA 

degradation but postulated the autoregulatory model based on other work that linked 

ARE-like sequences with control of mRNA decay rates.  Such a phenomenon has been 

reported for mRNAs encoding other ARE-BPs, including HuR (84).   

 

1.2.4. Hsp70 structure and function 

The crystal structure of the complete human inducible Hsp70 has not been solved.  

Instead our knowledge of this protein has been assembled through study of structures of 

the independent domains from various human family members as well as the domains 

and intact homologues from other species (135, 136).  Representative structures are 

illustrated in Figure 1-3.  Human Hsp70, like the molecules found in all other species, has 

two major domains.  At the N-terminus of the protein is the ATPase domain and towards 

the C-terminus is the peptide-binding domain.  At the extreme C-terminus are a number 

of amino acid residues, including an EEVD motif, that play a role in the interaction of 
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Figure 1-3: Crystal structures for the individual Hsp70 domains.   

(A) The ATPase domain.  The color code is the following: subdomain IA (blue), 

subdomain IB (purple), subdomain IIA (cyan), subdomain IIB (light blue).  An ADP 

molecule with an inorganic phosphate are shown in the binding pocket in green.  The 

ATPase domain is built from the human Hsp70 structure (PDB ID: 3ATU).  (B) The 

peptide-binding domain (PBD) is formed by an α-helical bundle (PBD-α) and a β-

sandwich (PBD-β).  The PBD-α subdomain has two helices, A (red) and B (orange), 

which are in contact with the PBD-β (green), and another set of helices (yellow).  The 

PBD is connected to the ATPase domain by a short peptide referred to as a linker (not 

shown). The extreme C-terminus is unstructured with an EEVD cochaperone motif at 

the end (not shown).  A portion of a heptameric peptide substrate with sequence 

NRLLLTG is shown in the hydrophobic pocket (blue). This structure is of the PBD of 

DnaK (PDB ID: 1DKX) since the complete human domain is not available. This 

figure was prepared with PyMOL [http://www.pymol.org].  Subdomains are color 

coded according to the model in Nicolai et al. (4). 
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Hsp70 with other cellular proteins including co-chaperones and other Hsps (reviewed in 

Refs. (137) and (114)).  Between family members, the greatest extent of dissimilarity is 

in these residues at the C-terminus.  The highly conserved nature of the major domains 

has allowed for inter-species complementation of Hsp70 knockout.  For example, ectopic 

expression of human Hsp70 can confer protection against various cellular stresses in 

rodent models (114).  Conversely, the variability in the C-terminal residues is probably 

linked to the diversity of functions for different family members since each will thereby 
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have a preference for specific subsets of cellular factors.  In humans, Hsp70s that are 

localized to particular organelles have signal residues usually at the N-terminus; for 

example, BiP has a localization signal for the ER and mtHsp70 has a 42 amino acid 

sequence that targets it for the mitochondrial lumen (126).  Additionally, BiP has the 

“KDEL” ER retention signal after the EEVD. 

The ATPase domain consists of two largely symmetrical lobes (4), and is very 

highly conserved between human Hsp70 family members.  It is therefore not considered 

to be the determining factor for defining the specificities of or functional distinctions 

between the various Hsp70 proteins in the cell (138).  The peptide-binding domain has 

two major subdomains.  The first consists of beta sheets that form the cleft in which the 

substrate will nestle.  The peptide-binding domain also has a flexible lid made up of alpha 

helices that will close over the beta sheets when both ADP and peptide client are bound 

(4).  The degree to which the lid closes is not an essential component of refolding 

activity, but smaller polypeptides complexed with Hsp70 will presumably be completely 

enclosed by the chaperone (139).  Recombinant forms of Hsp70 in which one or the other 

major domain has been omitted have been used extensively to study independent domain 

actions and as positive and negative controls for chaperone activity (139).  It is likely that 

the C-terminus of the protein is largely unstructured if not bound to another molecule. 

The traditional Hsp70 chaperone cycle, schematized in Figure 1-4, is dependent 

on the energy from ATP hydrolysis ((140), reviewed in Ref. (137)).  Through this 

mechanism, when ATP is in the ATPase domain, the protein is in an open conformation.  

Intrinsic ATPase activity of Hsp70 is very slow, although most studies on ATPase 

activity of this molecule have been performed using the bacterial homologue DnaK (141, 
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Figure 1-4: Hsp70 chaperone cycle.   

In this schematic, the ATPase domain and the peptide-binding domain (PBD) are 

shown in complex with the other molecules required for energy-dependent refolding.  

While ATP is bound to the ATPase, fast exchange of the complex components, 

including client peptide, occurs.  After ATP hydrolysis, the client peptide is 

sequestered in the PBD pocket.  The dynamic nature of complex formation may result 

in the dissociation of Hsp40 and NEF cochaperones at points in the cycle other than 

those shown here.  Further details are in the text. 
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142).  Cochaperones bring the aberrantly folded peptide partner to the complex and 

stimulate ATPase activity.  Until ATP hydrolysis occurs, the Hsp70 molecule forms a 

loose association with its peptide target.  However, hydrolysis of ATP to ADP results in 

allosteric modifications of the peptide-binding domain through an array of small 

intramolecular conformational changes (143, 4, 144, 145), resulting in the conversion of 
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the Hsp70:client complex to the closed conformation.  At this stage, the client peptide is 

sequestered in the peptide-binding domain.  Mutating residues in the linker region 

between the ATPase domain and the peptide-binding domain prevents ATP-dependent 

protein refolding activity due to disruption of these changes (144).  Once closed, another 

set of cochaperones associates with the complex, including nucleotide-exchange factors 

which allow for the release of the ADP and restoration of the open complex.  Recent 

studies have shown that Hsp70 may have activities in the cell that are not linked to its 

chaperone cycle although the mechanism is not clear (146, 147), and that ATP hydrolysis 

may not be the sole driver of its refolding activity (148), but this model of the duty cycle 

for client protein refolding is generally accepted. 

Understanding of the types of polypeptides preferred by Hsp70 as binding 

partners largely stems from work reported in 1994 using the bacterial homologue DnaK 

(149).  Here, investigators used a phage display library to select hexameric peptides that 

bound Hsp70 with high affinity.  They subsequently extended these sequences into 

heptamers, and many structural investigations of Hsp70 family members across multiple 

species over subsequent years have used this set of binding partners as ligands.  The 

major findings determined by this early work included: (i) that the peptide-binding 

partners had to be completely unfolded in order to fit into the Hsp70 peptide-binding 

cleft, and (ii) that internal hydrophobic residues of the client had higher affinity for the 

binding site than negatively charged residues.  This group later published findings that 

other human Hsp70 family members had slightly different preferences for peptide-

binding sequence, supporting the arguments for slightly differing functions of each 

family member (150).  It is important to note that this group observed that the presence of 
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ATP bound to the ATPase domain of DnaK weakened binding affinity between the 

Hsp70 molecule and the ligand, even below the affinity resolved when no nucleotide was 

present. 

 

1.2.5. Hsp70 binding partners 

The protein binding partners of Hsp70 fall into several categories.  The first is the 

family of cochaperones called Hsp40s, which in humans include three major classes.  

Hsp40s are primarily involved in the recruitment of unfolded protein to Hsp70 (reviewed 

in Refs. (151) and (152)).  They are defined by the presence of a J domain, named after 

the bacterial Hsp40 homologue, DnaJ.  The J domain is a motif of alpha helices that is 

typically found at the N-terminus of the Hsp40s and allow them to interact with Hsp70s 

(151).  Hsp40s are critical for conferring specificity to the various Hsp70 family 

members, since some Hsp40s preferentially associate with one family member over the 

other (152).  Additionally, the formation of a complex with Hsp40 accelerates the 

ATPase activity of Hsp70.  Most of these studies have been done with DnaK, but the 

generally cited number is that ATP turnover occurs up to 12 times faster when there is 

unfolded peptide and DnaJ or another cochaperone present (142, 153).  Hsp40 

interactions occur in the linker region between the ATPase domain and the peptide-

binding domain, but in some cases may also involve alpha helices of the peptide-binding 

domain (154). 

A second class of proteins that interacts with Hsp70 is the nucleotide exchange 

factors (NEFs).  As mentioned above, their primary role is to release ADP from the 

ATPase domain so that the protein chaperone cycle of Hsp70 may resume.  These 
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proteins, however, are more diverse than initially predicted based on the major bacterial 

NEF, GrpE, which has made the search for these factors significantly more complicated 

in mammalian cells (reviewed in Ref. (155)).  Several crystal structures of Hsp70-NEF 

complexes exist, including inter-species hybrids showing yeast NEFs interacting with 

human Hsp70 (155).  Unsurprisingly, the contacts between NEFs and Hsp70 appear to be 

largely in the ATPase domain, although some NEFs bind to the ATPase domain when it 

is open and some when it is closed around the nucleotide.  In general, NEFs appear to 

form stable, long-lived complexes with Hsp70 although this varies between family 

members (156).  Similar to the Hsp70 molecules themselves, NEFs can be localized to 

specific organelles (e.g., BAP in the ER) or reside in the cytoplasm (e.g., HspBP1).  

These molecules, however, may also bind proteins other than Hsp70, making them 

multifunctional members of the chaperone complex.  Issues of specificity between 

particular Hsp70 family members and NEFs still exist, and, just like the Hsp40s, NEFs 

may help to determine whether the chaperone complex is involved in peptide refolding or 

in some other function (155, 157). 

A third large class of molecules that interacts with Hsp70 is the tetratricopeptide 

repeat (TPR)-containing molecules.  TPR-containing molecules have been studied from 

bacteria through higher eukaryotes (reviewed in Ref. (158)).  The TPR motif consists of 

two antiparallel alpha helices and is usually found in clusters of 3-16 repeats.  This class 

interacts with the EEVD motif found at the C-terminal end of all Hsp70 family members.  

Molecules representing diverse functions may contain TPRs, including proteins involved 

in mitosis, RNA biogenesis, transcription factors, and binding adapters (reviewed in Ref. 

(159)).  An example of this last function of TPR-containing binding partners comes from 
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the manner in which Hsp70 is complexed with Hsp90.  Hsp90 is another cellular 

chaperone, which, under some conditions, will form a complex with Hsp70 in order to 

regulate and refold certain cellular proteins.  Much about the interaction between these 

two molecules has yet to be elucidated, including how client is passed between them, but 

the formation of the Hsp70:Hsp90 complex is well-documented and relies on a protein 

called Hop (158).  Hsp70 and Hsp90 are unable to bind each other directly, but both have 

the EEVD motif.  Hop has two such TPR domains, and can bind the EEVDs of the two 

heat shock proteins in order to form a link between them.  The complex of these proteins 

has been crystallized, and has revealed that the peptide motifs bound by Hop must be in 

extended conformations and that residues upstream of the EEVD motif are also critically 

involved in the specificity of the interaction. 

 

1.2.6. Hsp70 in disease 

Hsp70 functions are involved in the prevention or exacerbation of a number of 

disease processes.  These include neurological disorders, immunity and infectious 

disease, and cancer.  For example, several common neurological diseases are coupled to 

the aggregation of misfolded proteins.  These include the tauopathies of which 

Alzheimer’s disease is the most common, and the polyglutamine (polyQ) diseases 

exemplified by Huntington’s disease (reviewed in Ref. (160)).  Studies through the years 

have investigated the relationship between Hsp70 and protein aggregation in these 

diseases, and some interesting patterns have emerged.  The first is that ectopic 

overexpression of Hsp70 can often prevent the formation of protein aggregates.  

Interestingly, however, overexpression of Hsp70 in mouse models of Huntington’s 
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disease does not seem to alleviate symptoms.  This is possibly due to the timing of the 

gene expression since it was shown that the Hsp70-mediated disruption in aggregation 

was most effective before the rapid aggregation occurred (161), suggesting that Hsp70 

might have preventative rather than curative properties in this case.  The second 

observation is that the cochaperones of Hsp70 also appear to play a critical role in the 

control of aggregation (reviewed in Ref. (162)).  This is true in the cases of both 

tauopathies and polyQ diseases, pointing to the network of cellular factors involved in 

maintaining protein homeostasis.  Additionally, it is possible that the chaperone functions 

of Hsp70 on the aggregate may not be the only important ones for ameliorating these 

types of disease.  Rather, Hsp70 and its cellular binding partners may be involved in 

promoting pro-survival signals within a damaged neuron (163). 

Hsp70’s role in immunity and infectious disease may be examined from the 

perspective of the pathogen as well as from the host.  Bacteria with mutated Hsp70 may 

not be protected against the stress response and, as a result, will be more sensitive to 

therapy and might even be less-viable pathogens (164).  It has been proposed that 

bacterial Hsp70 provides a tantalizing drug target, although the high degree of homology 

between human and bacterial molecules may present a significant barrier to drug design.  

Viruses often subvert the normal cellular functions of host Hsp70 family members for 

their own integration and propagation (reviewed in Ref. (165)).  From the host 

perspective, Hsp70 is involved in antigen processing and presentation in cells of the 

immune system (reviewed in Refs. (122) and (121)).  Hence, the effective initiation of an 

immune response may be partially disrupted if Hsp70 levels are low.  The involvement of 

the various family members in the process of immunity is not entirely clear, and the point 
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in the pathway at which Hsp70 plays the most significant roles still requires elucidation 

(166, 167, 168). 

Hsp70 levels are constitutively upregulated in many cancers.  This has been 

observed in a number of different neoplasms including breast, prostate, and colon cancer, 

and high Hsp70 levels are associated with increased disease severity and poor patient 

prognosis (169, 170).  Current models indicate that the tumor cell survival advantage 

conferred by elevated chaperone concentrations arises from a number of sources.  First, 

elevated Hsp70 levels protect against apoptosis by interacting with factors like caspase-3 

and TNFα, preventing damaged cells from being removed from the tissue.  Caspase-

independent apoptosis may also be prevented through similar interactions between Hsp70 

and cathepsins and Hsp70 can prevent lysosomal degradation that would normally result 

from phototoxic or oxidative stress (171).  Second, Hsp70 interacts with machinery 

controlling cellular senescence and the cell cycle, including p53 (172).  Regulation of p53 

is an exceptionally nuanced process.  In general, DNA damage activates p53 and can 

result in cell-cycle arrest or even transition to apoptosis if the damage is too severe.  

Hence, by suppressing p53 activity, either at the protein level or the transcript level (173), 

cancer cells facilitate continued cell proliferation despite DNA damage (172).  p53 exists 

in the cell in a variety of conformations, only one of which is active.  Stabilization of 

inactive folded forms or sequestration of p53 in the cytoplasm, which appears to occur 

with Hsp70 and Hsp90 binding (172), will both prevent cell cycle arrest, promoting 

oncological progression.  A final, and perhaps most alarming, effect of Hsp70 

upregulation in cancer cells is that it seems to attenuate the response of tumors to selected 

chemotherapeutic agents (174, 175, 176).  The mechanism by which this occurs is not 
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fully understood, but may be linked to reduction in the efficacy of these compounds for 

stimulation of cell death pathways. 

In the case of cancer, as well as many other disorders, it is unlikely that the 

underlying etiology of the disease is caused by the dysregulation of Hsp70, but its 

potential to restrict or promote specific disease-related processes make it an important 

molecule to monitor as well as an appealing drug target.  The goal of therapy will depend 

on the disease process in question, however, since some diseases may require 

upregulation (177), while cancer will require repression.  To date, however, most drugs 

are designed to repress Hsp70 activity.  The most popular strategy is to inhibit the 

ATPase activity of the molecule in order to attenuate its chaperone function (142, 141, 

178).  One example of such a drug is myricetin, a flavonoid that was found to bind to the 

ATPase domain of DnaK and interrupt the acceleration of ATP hydrolysis by DnaJ.  

Crucially, myricetin did not bind within the nucleotide-binding cleft (179).  The 

complication with an ATPase-targeted inhibitory approach is that not all Hsp70 

interactions are mediated though the ATPase cycle and thus, even if inhibition is 

complete, the protein may still be able to repress pro-apoptotic signals.  Another targeting 

strategy disrupts the formation of the Hsp70 complexes (reviewed in Ref. (180)).  2-

phenylethynesulfonamide (PES) falls into this category and interacts towards the C-

terminus of the molecule and prevents interaction with some NEFs as well as molecules 

involved in autophagy (180).  An exciting new class of compounds is that of peptide 

aptamers that specifically target Hsp70.  Some have been tested and have met with some 

success in treating tumors in a murine model (181).  Other peptides have shown 

antibacterial properties, but this class has not been extensively explored (182).  It is 
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important to note that Hsp70-targeted therapy might be used synergistically with other 

drugs.  For instance, the use of geldanamycin, an effective anti-cancer drug that targets 

Hsp90 ATPase activity, results in compensatory upregulation of Hsp70 (reviewed in Ref. 

(183)).  Hence, a more effective strategy may require inhibiting both chaperones.  As 

always, and perhaps particularly of concern in the case of Hsp70, off target effects of 

anti-Hsp70 agents will be important to consider and monitor. 

 

1.2.7. Hsp70 interacts with AREs 

As the relationships between thermal stress and protein chaperone function were 

being elucidated, an interesting observation was made: during heat shock ARE-

containing mRNAs are stabilized (184).  Furthermore, when the ARE-binding factor 

AUF1 was immunoprecipitated from heat-shocked cells, Hsp70 was identified as a 

partner in the AUF1 complex.  From this finding, a link between mRNA turnover and 

Hsp70 was hypothesized and exploratory experiments initiated by several groups.  

Surprisingly, in a cell-free system and in the absence of all other factors, purified 

recombinant Hsp70 encoded by the HSPA1A gene bound with low nanomolar affinity to 

a model ARE taken from the 3’UTR of TNFα mRNA.  The protein cooperatively formed 

oligomers on a polyuridylate sequence, but did not bind at all to an RNA sequence taken 

from the rabbit β-globin mRNA that did not contain an ARE (185).  Later, it was found 

that the interaction between Hsp70 and RNA is stable enough for Hsp70 to be used as a 

molecular carrier for RNA into cells in some cases (186). 

Subsequently, other groups examined Hsp70 binding to selected cellular 

transcripts. One group examining genes involved in diabetes, used an electrophoretic 
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mobility shift assay (EMSA) to the entire 3’ UTR of the ENPP1 mRNA to demonstrate 

interaction with Hsp70.  These results suggest that Hsp70 stabilizes the transcript.  

However, the authors did not resolve decay constants, localize the Hsp70 binding 

determinant within that transcript, nor hypothesize whether its activity was ARE-

dependent (187).  In contrast, another study suggested that RNA secondary structure may 

be important for the interaction between Hsp70 target transcripts (188).  This group used 

an MCF7 cell model and biotin-RNA pulldown assays to establish that Hsp70 can 

interact with nucleotides involved in stem-loop formation in the 5’UTR of SMAR1 

mRNA.  Further, in this case, the binding sequence for Hsp70 was explicitly not an ARE.   

One study did suggest a mechanism based on the activity of the yeast Hsp70 homologue 

Ssa1p on an ARE-containing transcript.  Here, the authors proposed that the peptide-

binding domain is involved in RNA binding and that, once bound, Ssa1p accelerated 

transcript turnover by mediating more rapid deadenylation (189).  Although partially 

contradictory, taken together, this body of work indicates that Hsp70 regulates the 

stability of mRNA transcripts with sequence selectivity that may not be restricted to 

solely AREs, and that it interfaces with a variety of other cellular pathways potentially 

including the mRNA degradation machinery. 

The question of a mechanism for RNA binding by Hsp70 remains open.  

Critically, Hsp70 has no recognized RNA-binding motif, and there have been no 

successful co-crystallization efforts for the RNA-bound state.  Shortly after RNA-binding 

activity was reported, Henics’ group performed a study where the binding of individual 

Hsp70 domains to RNA was examined.  Here, they found that each domain could interact 

with RNA independently but the ATPase domain had the higher affinity, although RNA 
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binding was inhibited when there was ATP present in the complex (190).  This finding 

would appear to make sense considering that it is possible that the ATPase domain cleft 

could be occupied by one of the bases of an RNA-binding partner.  However, the 

methods used were not ideal for studying equilibrium binding events since the protein 

components of each binding reaction were immobilized on a surface.  A more complete 

study of the binding surfaces of Hsp70 for RNA was never performed, nor was there 

follow up on the length or sequence of RNA that could be bound. 

How the RNA-binding activities of Hsp70 interface with its chaperone function is 

also unclear.  The model whereby ATP-bound status lowers RNA binding affinity may 

suggest mutually exclusive functions, since when Hsp70 is involved in ATP-dependent 

chaperone activities, it cannot interact with RNA.  If, however, the Hsp70 molecule is 

free of nucleotide, it may interact with mRNA.  What is the result if the opposite occurs:  

if Hsp70 is bound to RNA, can that complex be disrupted by unfolded peptide?  Finally, 

do the RNA-binding activities of Hsp70 have any role in cellular physiology? 

 

1.3. Scope of Work 

Over the decade that has passed since the reports that Hsp70 binds ARE-

containing transcripts, many details of Hsp70 chaperone activity have been accumulated, 

but very few studies focused on the mechanism and cellular implications of its RNA-

binding activity.  Given the relevance of this molecule to normal and aberrant cellular 

physiology, we sought to fill this gap.  We used techniques drawn from both 

biochemistry and molecular biology to answer a diverse array of questions relating to the 

interaction between Hsp70 and RNA. 
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One of the most important techniques used in these studies is fluorescence 

anisotropy.  There are many applications for this method, but in this work we exploit its 

usefulness for quantifying the thermodynamic parameters of RNA-Hsp70 binding in 

solution equilibrium.  In Chapter 2, the general principles of anisotropy and strategies for 

data analysis are presented, along with a review of other applications.  The particular 

substrates and reaction conditions of each anisotropy experiment in Chapters 3 and 4 will 

be reported in the text as appropriate, but the advantages of this technique are most 

clearly detailed in Chapter 2. 

For many of the experiments in this work, recombinant Hsp70 (or various 

mutated forms of the protein) of high purity was required.  Due to the extensive 

homology between the Hsp70 proteins in different species, we were concerned that 

bacterial proteins would co-purify with the human recombinant protein.  To address this 

issue, we developed a purification strategy whereby the recombinant protein was 

denatured using urea and then allowed to refold on-column via a reverse urea gradient.  

The details of this method are given in Chapter 3, but proteins purified in this way are 

indicated throughout the text. 

The first issue we hoped to resolve was the cellular significance of in vitro 

findings that Hsp70 could form high-affinity complexes with AREs and similar RNA 

substrates.  Addressing this question required the development of two cell-based assay 

strategies.  The first was a method to knock down the constitutively elevated endogenous 

levels of Hsp70 in HeLa cells, and the second was to establish a heat shock regime 

through which Hsp70 expression could be transiently induced in the HL60 cell line, 

which does not detectably express this protein at rest.  Through controlling cellular levels 
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of Hsp70 we were able to measure the half-lives of both reporter and endogenous 

mRNAs under a variety of conditions.  The results of these experiments are presented and 

discussed in Chapter 3, and identify Hsp70 as a novel ARE-binding, mRNA-stabilizing 

protein. 

Another major issue relates to the types of transcripts recognized by Hsp70.  

While binding to ARE-containing probes was demonstrated in vitro, very little is known 

about the stringency of RNA recognition by Hsp70.  Here, we used both in vitro and cell-

based techniques to begin to define the characteristics of RNA determinants required for 

Hsp70 binding.  Chapter 3 presents anisotropy-based findings relating to sequences that 

may effectively compete with the high-affinity ARE binding site that interacts with 

Hsp70.  Additionally, we localize the binding determinant for Hsp70 on VEGF mRNA.  

This line of experiments yielded important insight, not just into the location and 

functionality of the binding determinant, but also into the relationship between ARE 

recognition by Hsp70 versus other ARE-BPs.  The minimum sequence length for Hsp70 

recognition and binding is also explored in Chapter 4. 

The contacts between Hsp70 and RNA have been impossible to define since no 

crystal structure exists of the complex.  While this remains a major hurdle in our 

structural understanding of the interaction, we have used deletion mutants to define roles 

for each major Hsp70 domain in binding RNA.  As shown in Chapter 4, both major 

domains form specific complexes with ARE-containing RNA substrates in vitro, but only 

the peptide-binding domain has an effect on the stability of the VEGF transcript in cells.  

As yet, the significance of these findings requires validation from further experiments, 
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but they disagree with the longstanding model describing the role of each domain in RNA 

binding.  We also present some ideas that we believe explain this discrepancy. 

Finally, we considered the relationship between the traditional protein chaperone 

activity of Hsp70 and its novel RNA-binding activity.  In Chapter 4 we show the results 

of a variety of strategies used to examine different aspects of this issue.  The effect of 

nucleotide cofactors on the affinity of Hsp70:ARE complex formation tested the link 

between chaperone cycling and RNA binding in vitro.  In cells, another method used was 

to measure the effect of a chaperone inhibitor on the stability of Hsp70-targeted mRNAs.  

These methods indicated that the RNA-binding and protein chaperone functions of Hsp70 

are distinct, emphasizing the need to explore the factors controlling its RNA-binding role 

in a context larger than that controlling its chaperone activity. 

In this work, we have determined key features of the role of Hsp70 as an ARE-

binding protein.  In the process, however, we have also raised additional questions.  Some 

general conclusions and lines of inquiry for the future are summarized in Chapter 5, 

although many key points are discussed in Chapters 3 and 4 as well. 
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Chapter 2 

A special method: analyses of RNA-ligand interactions by 

fluorescence anisotropy 

 

2.1. Introduction 

The use of fluorescence anisotropy-based techniques for the accurate, quantitative 

determination of biomolecular binding parameters has become increasingly common.  

Applications span a wide range of biological disciplines, from the fields of medical 

diagnostics and drug discovery to basic research.  Some advantages of this technique, 

among others that will be discussed in Section 2.4, are that it does not require radioactive 

probes and that it is a homogenous-phase assay.  Parameters including equilibrium 

binding constants, binding site size, and Gibb’s free energy can be calculated from 

binding isotherms generated under various temperature and probe conditions.  

Additionally, monitoring fluorescence anisotropy under pre-steady-state conditions can 

resolve on- or off-rates of binding.  For equilibrium binding experiments, data collection 

can often be streamlined by using plate readers configured to measure fluorescence 

anisotropy, several of which are commercially available.  Traditional format fluorescence 

spectrophotometers equipped with polarizers, however, are still common; although these 

typically can only read one sample at a time, their sensitivity is generally superior to plate 

readers.  Furthermore, single-cell spectrofluorometers are normally more versatile, 

permitting, for example, measurements under pre-steady-state conditions or across 

gradients of temperature.   
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Figure 2-1: Conceptual schematic for the use of anisotropy to measure RNA 

binding.   

The green sphere is the fluorescent tag.  If the tagged molecule is single-stranded 

RNA, then both segmental and global tumbling motions will contribute to fluorophore 

mobility in solution.  Both of these types of motion will be restricted upon binding to 

protein (red ellipsoid). 

 The basic principle behind the use of anisotropy to measure macromolecular 

binding parameters is that the mobility of a molecule in solution will change when it 

binds another molecule (it should be noted that “anisotropy” as it appears throughout this 

chapter is distinct from the physical chemistry term).  In solutions of a given viscosity, 

smaller molecules will tumble faster than larger ones (191).  The examples described in 

this chapter feature interactions between small RNA substrates and the proteins that bind 

them.  In this context where the RNA ligand is highly mobile owing to its relatively small 

size and large potential for segmental motion, its association with a protein or protein 

complex decreases its molecular motion owing in part to the increased size of the 

ribonucleoprotein complex.  

In order to measure the protein-dependent change in the mobility of an RNA 

ligand, anisotropy-based assays typically use a fluorescently labeled RNA substrate 

(Figure 2-1).  Upon exposure of this fluorophore to plane-polarized light, only molecules 

that have their absorption transition dipole moment oriented appropriately will become 
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excited (192).  In the absence of molecular motion, all emission from these fluorophores 

would be observed in the same plane as excitation.  However, if the excited fluorophores 

are rapidly tumbling in solution during the excited state lifetime, emitted light will be 

depolarized.  By contrast, if mobility of the excited fluorophores is limited (by 

association with a large macromolecular complex, for example), emitted light will be 

more highly polarized, since fewer excited molecules will tumble out of the plane of 

excitation before quantum emission (191, 2).  The degree of emission depolarization is 

quantified by parameters termed polarization or anisotropy, both of which are defined 

below. 

 

2.2. Measuring anisotropy 

2.2.1. Theory 

Passing an incident light beam through a polarizer limits transmission primarily to 

light with an electric vector vibrating in a single plane.  The direction of that vector can 

be manipulated experimentally by rotating the polarizer.  Figure 2-2 shows how these 

principles can be applied experimentally to measure the fluorescence anisotropy of a 

sample.  In this case, a polarizer is inserted in a beam of light directed along the x-axis, 

allowing the isolation of an electric vector oriented parallel to the z-axis.  When this 

polarized light strikes the sample at the center of the coordinate system, the fluorescently- 

tagged molecules in solution that have an appropriately oriented absorption transition 

dipole moment will become excited and fluoresce.  The intensity of fluorescence 

emission is measured 90° to the axis of excitation, along the y-axis, in the planes parallel 
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Figure 2-2. System for measuring anisotropy. 

The z-axis is the vertical laboratory axis.  The sample is placed at the origin, and 

readings are taken along the y-axis.  Reprinted with permission from (2).  Copyright 

2010 American Chemical Society. 

and perpendicular to the z-axis.  The relationship between these intensities gives a 

measure of the mobility of the fluorescently tagged probe.   

 In this system, anisotropy (A) is defined as the ratio of the linearly polarized 

component of emitted light over the total intensity or  
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II
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2
      Eq. 2.1 

Theoretically, when all emission is parallel to the z-axis (I∥ = 1 and I = 0, giving A = 1) 

it means that the probe is immobile since excitation and emission are both in the same 

plane.  Conversely, if the probe rotates at infinite speed, I∥ will be equal to I, yielding A 

= 0.  Thus, A is expected to fall between 1 and 0 for most commonly used fluorophores 
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under solution conditions, indicating complete polarization and depolarization, 

respectively.  Under some circumstances it is possible to observe A < 0, although this 

requires that the population of emission dipoles be heavily biased in the plane 

perpendicular to excitation, limiting where I∥ = 0 and I = 1, giving A = -0.5.  However, 

the high and low extremes of anisotropy are normally only encountered in highly 

structured samples such as crystals, and not normally observed in solution-based 

biochemical assays (2).  

Another value often seen in the literature that is based on the same principle is 

polarization (P).  Polarization represents the fraction of light that is linearly polarized, 

and is derived from 
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      Eq. 2.2 

Anisotropy and polarization convey similar information, but the relationship between 

anisotropy and the fractional concentrations of fluorescent species is more 

mathematically tractable and is thus preferred for data analysis.  The terms can be 

interconverted using the function  

   P

P
A
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      Eq. 2.3 

In practice, the maximum and minimum values of anisotropy (and polarization) 

depend on ensemble measurements across populations of molecules.  When excited with 

polarized light, the probability that a given molecule will be oriented appropriately for 

excitation is cos
2
θ, where θ is the angle between the excitation plane and the transition 

dipole (Figure 2-2).  Furthermore, not all the excited molecules will be exactly parallel to 

the excitation beam; instead the population will be proportional to sinθ where θ is the 
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angle with the vertical axis.  Incorporating these two additional pieces of information, the 

effective upper and lower limits of anisotropy for most common fluorophores are 0.4 and 

0, respectively (for polarization they are 0.5 and 0) (2).  Interestingly, the specific upper 

limit of polarization/anisotropy (called the limiting or intrinsic polarization) of a given 

fluorophore also depends on the excitation wavelength used in the experiment.  This is 

because excitation can effect more than one electronic transition in many fluorophores, 

which in turn may contribute differentially to emission (2, 193).  

 The specific polarization value of a given sample depends on the intrinsic 

polarization (described above) and the extent of its rotation during the excited state 

lifetime.  The Debye rotational relaxation time is a value that is used to compare 

molecular rotations.  It is defined as the time required for molecules of a given orientation 

to rotate through arccos(e
-1

) or 68.4°.   This value is denoted as ρ0 and is equal to  

     RT

V


3
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      Eq. 2.4 

where η is the viscosity of solution, V is the effective molar volume of the rotating unit 

(which is related to the specific volume of the protein and its hydration (194, 2)), R is the 

gas constant, and T is the absolute temperature. When considering the motion of a 

molecule in solution, the relationships between the determinants of the Debye rotational 

relaxation time seem intuitive: with increasing viscosity and increasing molecular 

volume, the motion of a rotating species would be retarded, increasing the relaxation 

time.  By contrast, as temperature rises, solvents tend to become more fluid and thus 

permissive of motion.  Thus, temperature (in Kelvin) is inversely proportional to ρ.  The 

rotational correlation time (θ) is a related value which is also commonly found in the 

literature.  The two values convey the same information as ρ = 3θ. 
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The Perrin equation relates observed anisotropy/polarization to the excited state 

lifetime (the time between excitation and emission) and the rotational diffusion of a 

fluorophore.   
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      Eq. 2.5 

where A is observed anisotropy, A0 is intrinsic anisotropy, and τ is the excited state 

lifetime.  Substituting ρ into the Perrin equation, we get 
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     Eq. 2.6 

The intrinsic anisotropy of a system does not normally vary unless the excitation energy 

is transferred rather than emitted.  This is commonly observed with Förster Resonance 

Energy Transfer (FRET), where large angles between the absorbtion and emission 

dipoles (on the FRET donor and acceptor fluorophores, respectively) can significantly 

decrease measured anisotropy (2).  In addition, FRET decreases the excited state lifetime 

of a fluorophore, but the lifetime can also be impacted by the probe microenvironment 

(pH, hydrophobicity, etc).  However, if the experimental design allows T, η, τ, and A0 to 

be held constant, then A will be determined solely by changes in the effective molar 

volume (V).  The size of the rotating molecule may be altered by aggregation, 

degradation, or, in the cases discussed below, association/dissociation with a specific 

binding partner (2).  However, there are also a few possible sources of error for A related 

to sample composition.  For example, scattered excitation light (caused by particulate 

matter or large aggregates in a sample) is vertically polarized and will increase the 

apparent polarization if not corrected (195, 194).  Additionally, scatter from emission is 
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possible in samples with high optical densities, which will lower observed 

polarization/anisotropy values (195, 2).   

 

2.2.2. Considerations relating to the fluorophore 

 Spectral properties of a fluorophore important for fluorescence applications are 

intrinsic polarization, lifetime, emission wavelength, and quantum yield (196).  There are 

a wide variety of fluorophores that may be conjugated to RNA substrates and are 

compatible with anisotropy assays.  However, selection of a fluorophore with a lifetime 

appropriate for monitoring substrate motion in the given assay conditions is essential (2).  

Many commonly used fluorophores like fluoresceins and rhodamines have fluorescence 

lifetimes in the low nanosecond range, a scale similar to the tumbling motions of small 

macromolecules in solution.  Quantum yield is defined as the ratio between number of 

photons emitted and number of photons absorbed.  As such, assays using fluorescent dyes 

with high quantum yields are more sensitive, permitting accurate quantitation at lower 

probe concentrations.  For monitoring tight binding equilibria where dissociation 

constants (Kd) are in the low nanomolar range or below, measurement of anisotropy at 

sub-nanomolar substrate concentrations simplifies data analysis (described below), and 

are thus best served by fluorescent tags of high quantum yield.  Ideally, the quantum 

yield of the selected fluorophore will not change as a result of interaction between the 

RNA substrate and its cognate binding partners; management of this issue is discussed 

further below.   

Many proteins exhibit intrinsic fluorescence due to the presence of tryptophan, 

tyrosine, or phenylalanine residues.  Anisotropy based on measurements of intrinsic 
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protein fluorescence is possible, and has been used in studies of protein:protein 

interaction or time-resolved anisotropy (197), but is not commonly used when studying 

RNA-protein binding events.  The popular fluorescent proteins (GFP, etc.) are not 

generally useful for measurements of anisotropy in vitro as the fluorescent components 

are largely immobilized within the framework of these proteins and are thus relatively 

unresponsive to changes in molecular dynamics (196).  In quantitative analysis of RNA-

protein interactions, the RNA moiety is generally the smaller and more flexible binding 

partner.  As a result, in fluorescence anisotropy-based analyses of these binding events, 

the RNA substrate is typically labeled with the fluorescent dye since this molecule 

normally experiences the greater net restriction of conformational motion during 

formation of the ribonucleoprotein complex.  Most often, the fluorophore is located at 

one or the other end of the oligonucleotide, but internal sites may also be used (198).  

Several commercial RNA synthesis services offer a variety of options for tagging RNA 

oligonucleotides with these dyes.  Fluorescein is popular for these applications, due to the 

fact that it is relatively inexpensive and that it can be readily conjugated.  Challenges of 

using fluorescein are that it will suffer from photodegradation, particularly in 

environments containing oxygen, and that its spectral properties are pH-sensitive (2).  

The poor photostability of fluorescein is a particular issue in kinetics experiments, where 

the anisotropy of a sample will be read many times as a function of time.  Other dyes that 

are commonly conjugated to RNA substrates include 5′-carboxytetramethylrhodamine 

(TAMRA) and the AlexaFluor and cyanine families of dyes. 
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2.2.3. Considerations relating to instrumentation 

 Fluorescence anisotropy is measured using a fluorescence spectrophotometer 

(also called a spectrofluorometer) that is equipped with polarizers on both the excitation 

and emission channels.  These devices are generally configured in one of two different 

formats.  The most commonly used is called the L-format since it has a single emission 

channel oriented at a right angle to the excitation path (Figure 2-3).  The wavelength 

limits for excitation and emission are set using monochromators, or in some cases, optical 

bandpass filters.  Eliminating overlap between excitation and emission wavelengths 

minimizes scatter from reflected excitation light.  Total fluorescence of a sample can be 

read directly from this configuration.  However, to measure anisotropy, light from the 

excitation plane is first passed through a vertically oriented polarizer prior to hitting the 

sample cell.  The anisotropy parameter is then calculated from paired measurements of 

emission passed through: (i) a vertical polarizer (IVV; intensity from vertically polarized 

excitation measured through a vertical emission polarizer), and (ii) a horizontal polarizer 

(IVH).  These intensity measurements are proportional to the parallel (I∥) and 

perpendicular (I) components of anisotropy, respectively (2).  T-format 

spectrofluorometers are also available, so termed because they are configured with a 

second emission detector in the same observational plane but reading from the opposite 

side of the sample cuvette.  These instruments thus permit both parallel and perpendicular 

emission to be read simultaneously, each through its own dedicated detection system.  In 

the past, T-format instruments were favored since the readings were considered less 

susceptible to fluctuations in signal intensity, but that bias has been largely minimized as 

L-format instruments have become more sophisticated (194).  However, for rapid kinetics 
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Figure 2-3: Schematic of the L-format spectrofluorometer.   

This most commonly used type of fluorometer has only one emission channel.  To 

measure anisotropy, the parallel and perpendicular components of the emission 

are both measured through this channel, with the emission polarizer rotating 90° 

between the readings. 

experiments where cycling of emission polarizers is not practical (time points in low 

seconds range or faster), the T-format remains essential. 

 In L-format instruments, the emission monochromator normally has a sensitivity 

bias between vertically and horizontally polarized light (2).  For this reason, it is 

important to introduce a correction factor into the calculation of the anisotropy value.  

For L-format instruments, the correction factor (G) is given as 

      HH
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      Eq. 2.7 
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It should be noted that the horizontal excitation direction is not used for the actual 

measurement of the anisotropy value.  However, when excitation is parallel to the 

direction of observation, both the vertical and horizontal measured intensities should be 

equal to each other and are proportional to I because both will be perpendicular to the 

direction of excitation (194).  Hence, any differences between the two values will be due 

to instrument bias.  The G-factor should be measured for each instrument/fluorophore 

combination, and will vary significantly with emission wavelength.  For T-format 

polarimeters, the correction factor is a ratio of the sensitivities of the parallel and 

perpendicular detectors.  With the G-factor, the equations to resolve anisotropy and 

polarization values become, respectively 
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     Eq. 2.8 

and 
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     Eq. 2.9 

 A final point about accurate measurement of fluorescence anisotropy or 

polarization is the importance of background subtraction.  The anisotropy of a blank 

sample (i.e., one lacking the fluorescent ligand) cannot simply be subtracted from the 

anisotropy of an experimental sample.  Rather, the fluorescence intensity of the blank 

sample taken in the parallel (IVV) and perpendicular (IVH) polarizer orientations must be 

subtracted from those of the sample containing the fluorescent ligand.  From these blank-

corrected intensity values, the anisotropy of the sample can then be calculated (2).  For 

most instruments that measure fluorescence anisotropy, the operating software will 
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prompt the background reading prior to addition of the fluorescent substrate and then 

automatically subtract those values before reporting sample anisotropy values. 

 

2.3. Data analysis 

2.3.1. Additivity of anisotropy 

The most common applications of fluorescence anisotropy to the study of RNA-

protein binding events are to quantitatively measure the affinity of these interactions.  A 

frequent approach is to measure the anisotropy of limiting concentrations of fluorescent 

substrate (in this case, RNA) across a titration of its putative binding partner.  To extract 

equilibrium binding constants from these binding isotherms, the use of anisotropy rather 

than the polarization parameter presents a significant advantage.  Under conditions of 

constant fluorescence quantum yield, the total measured anisotropy of a sample (At) is an 

additive function of the intrinsic anisotropy (Ai) and fractional concentration (fi) of each 

fluorescing species. 


i

i
f

i
A

t
A

      Eq. 2.10 

This conceptual framework is the basis for analytical models of RNA-protein binding 

equilibria discussed below.  Considerations and options for cases where quantum yield is 

not constant throughout the binding isotherm are also described. 

 

2.3.2. Derivation and analysis of binding models 

 Consider a sequential association reaction model by which proteins successively 

bind an RNA substrate conforming to the general scheme 
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where R is the fluorescently tagged RNA molecule, P is the protein partner, and values of 

Kx represent the equilibrium association constants describing each binding event (K = 

1/Kd) (198).  For this reaction, 

[PR] = [R][P] K1 

[P2R] = [R][P]
2 

K1 K2 
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1      Eq. 2.11 

By conservation of mass, 

     [R]tot = [R] + [PR] + ∙∙∙ + [PxR]    Eq. 2.12 

where [R]tot is the total concentration of the fluorescent RNA substrate in the binding 

reaction.  Employing the additivity of anisotropy, we get 
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 Eq. 2.13 

where AR, APR, etc. represent the intrinsic anisotropy values of the free RNA or specific 

RNA:protein complexes designated by the subscripts.  The general expression relating 

observed anisotropy to protein concentration then becomes 
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 Eq. 2.14 

which incorporates the expressions describing each equilibrium association constant and 

sample protein concentration into the total measured anisotropy At.  In order for this 

relationship to be useful, [R]tot must be limiting and should be at least 5-fold less than any 
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Kd  (= 1/K) so that the free protein concentration in solution ([P]) approximates the total 

protein concentration in each reaction ([P]tot).  Explicit values of K may then be 

calculated by nonlinear regression of At versus [P], although this sequential binding 

function becomes increasingly complicated as the number of binding events increases 

and for most purposes is impractical beyond the first two discrete binding events.  In 

some cases, however, conditions can be imposed on the system to prevent x from 

becoming larger than 2.  One example is to limit the length of RNA so that only one or 

two binding events can take place (more on site-size determination below).  It may also 

be possible to generate mutant proteins that cannot form oligomeric complexes on RNA 

substrates (198).   

The simplest RNA-protein binding relationships can be described by reversible 

one-step binding as shown in Figure 2-4.  An example of this model is given by the major 

inducible heat shock protein, Hsp70, which interacts with members of a discrete family 

of mRNA-destabilizing sequences termed AU-rich elements (AREs) (138) found in many 

cytokine and proto-oncogene transcripts.  Here, 
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     Eq . 2.15 

In Figure 2-4, the upper asymptote of the isotherm represents APR and the lower 

asymptote resolves AR.  The concentration of probe used to generate this isotherm was 

0.15 nM, appropriate for a reaction with a Kd of 25 nM but still high enough to present a 

favorable signal-to-noise ratio.  Although the anisotropy isotherm describing Hsp70 

binding to this RNA substrate is consistent with a 1:1 binding model, a similar result 

would also be observed if multiple thermodynamically equivalent binding events were 

occurring.  To discriminate between these possibilities, we have found it useful to 
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Figure 2-4. Representative binding isotherm. 

Binding curve of His6-tagged Hsp70 to a fluorescein-conjugated RNA substrate 

encoding the ARE from tumor necrosis factor α (TNFα) mRNA (solid circles).  The 

best-fit function is consistent with a 1:1 binding interaction with K = 4.0 x 10
7
 M

-1
 (Kd 

= 25 nM).  A residual runs test (bottom) shows that this binding model is consistent 

with the observed anisotropy data across the entire protein titration.  A separate 

protein titration experiment shows no significant Hsp70 binding to a similarly sized 

fragment of β-globin mRNA (open circles).  The discrepancy between the binding 

constant reported here and elsewhere in this text will be resolved in Chapter 3.   

perform electrophoretic mobility shift assays (EMSAs) in parallel with any binding 

experiments resolved by fluorescence anisotropy.  In the case of Hsp70 binding the TNFα 

ARE substrate, EMSAs spanning a range of protein concentrations resolved a single 

RNA-protein binding event, supporting a 1:1 binding equilibrium (185).  As a general 

rule, EMSAs are unreliable as a quantitative tool for measuring binding affinities owing 

to ribonucleoprotein complex dissociation during loading and fractionation through the 

gel; this is particularly troublesome for highly dynamic binding equilibria.  However, we 

find that EMSAs remain useful for identifying the minimum number of RNA-containing 
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complexes formed during protein binding reactions, which in turn yields a valuable 

starting point for defining binding models that will then be quantitatively characterized 

by anisotropy-based assays. 

In Figure 2-4 and all other binding curves presented in this chapter, the protein 

concentration has been plotted on a logarithmic scale instead of a linear scale.  When 

anisotropy isotherms are presented in the literature, however, some investigators will opt 

to present the x-axis on a linear scale.  This method of presentation is completely 

accurate, but complicates facile assessments of binding mode and makes assessment of 

deviations between data and the model across the range of tested protein concentrations 

more difficult.   

 For reactions best described by two rounds of protein binding to a common RNA 

substrate, the equation becomes  
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  Eq. 2.16 

Binding of the human p37
AUF1

 protein to an RNA substrate follows this two-step binding 

model as shown in Figure 2-5.  AUF1 is a family of four dimeric proteins generated by 

alternative splicing of a common pre-mRNA (199) that have diverse functions in control 

of mRNA decay, translation, and telomere maintenance (99, 49, 200, 201).  When 

p37
AUF1

 dimers are incubated with a fluorescein-tagged TNFα ARE substrate, a high 

affinity complex is formed at low protein concentrations (Kd1 = 1/K1 = 1.7 ± 0.3 nM).  

However, as protein concentration increases further, a second p37
AUF1

 dimer binds with 

lower affinity (Kd2 = 1/K2 = 74 ± 16 nM) to generate a tetrameric protein complex on this 

RNA ligand (58). 
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Figure 2-5. Binding of His6-tagged p37
AUF1

 to a fluorescein-conjugated TNFα 

ARE substrate.   

In this experiment the RNA substrate concentration was 0.2 nM.  The solid line shows 

the non-linear regression solution to a two-step binding model (Kd values reported in 

the text).  The dotted line represents the best fit to a single-site binding model, which 

significantly diverges from the experimentally observed anisotropy values at both low 

and high protein concentrations. 

Using this two-step model, equilibrium binding parameters can readily be 

calculated as long as saturation of the second binding event can be attained and the 

affinity of the second binding event is at least 5-fold weaker than the first.  The latter 

condition allows regression software packages to explicitly calculate the intrinsic 

anisotropy of the intermediate species (APR), which can be graphically estimated from the 

plateau linking the high and low affinity phases of the binding curve.  In cases where this 

criterion is not met (i.e., in reactions where K2 approaches or exceeds K1), it becomes 

very difficult to confidently resolve each binding constant using the two-step function 

alone.  However, in some cases it may be possible to determine APR or K2 using some 

other strategy.  With these values in hand, the remaining constants can be determined.  

For example, we recently used macromolecular binding density analysis (MBDA) to 
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resolve the intrinsic anisotropy of an intermediate RNA:protein complex, which in turn 

permitted resolution of explicit values for K1 and K2 in the cooperative assembly of an 

oligomeric ribonucleoprotein (58).  This approach is discussed further below. 

 For multi-step RNA-protein binding events where individual binding constants 

are not resolvable or perhaps not explicitly required, an alternative analysis strategy is to 

employ a variation on the Hill model, which, when converted to a form which relates 

total measured anisotropy (At) to protein concentration becomes 
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  Eq. 2.17 

where AR and APxR are the intrinsic anisotropy values of free RNA and the saturated 

RNA:protein complex, respectively, [P]1/2 is the concentration of protein at which the 

reaction achieves half-maximal binding, and h is the Hill coefficient (198).  For this 

scheme, the standard assay requirements of limiting RNA concentration and constant 

quantum yield still apply.  However, for regression solutions resolving h = 1, this 

function simplifies to a single-site binding algorithm, with [P]1/2 = Kd.  The association of 

the mRNA-stabilizing protein HuR with the TNFα ARE substrate, shown in Figure 2-6, 

illustrates an application of this modified Hill function.  The solution of h > 1 indicates 

that HuR proteins assemble cooperatively into oligomeric complexes on this RNA 

substrate.  As indicated on the plot, the one-step binding model does not resolve these 

data well, an assertion validated by nonrandom distributions of residuals for the single-

site solution and by pairwise statistical comparisons of cooperative and single-site fits 

using the F test (61). 
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Figure 2-6: Binding of HuR to the fluorescein-conjugated TNFα ARE  

Here, 0.2 nM RNA substrate was used.  In this experiment [P]1/2 was calculated to be 

2.2 nM and the Hill coefficient was 1.49.  The solid line indicates the cooperative fit, 

and the dotted line indicates the best fit possible using a single-site binding model. 

 When the affinity of an RNA-protein binding event is very high (i.e., Kd < 1 nM), 

it may not be possible to accurately measure the anisotropy of RNA substrates at 

concentrations low enough for the free protein concentration [P] to approximate the total 

protein added to each binding reaction.  In these situations, binding algorithms that 

incorporate ligand depletion must be employed, which are normally expressed in terms of 

total protein ([P]tot) and RNA substrate ([R]tot) concentrations.  Shown below is the ligand 

depletion model for reversible one-step binding (198). 
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          Eq. 2.18 

All data analysis strategies discussed to this point rely on constant fluorescence 

quantum yield across the anisotropy isotherm, ensuring that both bound and unbound 

fractions of the fluorescent RNA substrate make equivalent contributions to total 

measured anisotropy.  While this simplifies data analysis, situations do arise where the 
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quantum yield of the fluorescent RNA substrate changes as a function of protein 

concentration; this is detected as a protein-dependent change in total (i.e., non-polarized) 

fluorescence intensity.  Protein binding can influence the quantum yield of labeled RNA 

substrates in several different ways, including direct contact between the protein and the 

fluorophore, disruption of its solvent accessibility, alteration of microenvironmental pH 

or ionic strength, or changes in local RNA structure (198).  Whatever the cause, the most 

straightforward solution is to modify the identity or location of the fluorescent probe on 

the RNA substrate.  For instance, using TAMRA instead of fluorescein may abrogate 

variations in probe quantum yield.  Alternatively, conjugating the fluorophore to the 5’-

end of the RNA rather than the 3’-end or vice versa, is an option.  Another possibility is 

to increase the distance between the fluorophore and the protein binding site on the RNA 

substrate by adding a few irrelevant nucleotides.  However, in the event that protein-

dependent changes in probe quantum yield cannot be avoided, it is often possible to 

extract binding parameters by calculating the contributions of fluorescence emission from 

bound and unbound RNA to the overall measured anisotropy of the sample.  One 

example of this approach is given by the following equation 
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   Eq. 2.19 

where x is the fraction of bound ligand, APR is anisotropy of the protein-bound RNA 

species, AR is the anisotropy of the free RNA, and f is the relative change in quantum 

yield resulting from protein binding, calculated as the ratio of total fluorescence emission 

from the bound RNA ligand (measured under saturating protein concentrations) relative 

to the free RNA (measured in the absence of binding proteins) (2).  Using this 
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relationship, x can be calculated for every point on a titration curve.  Any determination 

of binding constants will be calculated from the resulting function.   

It is important to provide justification when applying specific analytical models to 

RNA-protein binding events.  It is often difficult to predict a priori how a protein will 

interact with an RNA substrate in vitro.  As described above, an EMSA approach can 

often provide some insight into appropriate binding model selection by defining a lower 

limit on the number of RNA:protein complexes formed (202).  Other tests for the 

suitability of specific binding models can usually be performed using data analysis 

software packages.  We have found PRISM (GraphPad) a particularly versatile and user-

friendly platform for analysis of fluorescence anisotropy-based binding isotherms.  A 

high coefficient of determination (R
2
 approaching 1) is one metric that suggests that a 

binding function fits experimental data well.  However, another validation approach that 

we always include is a residual runs test, which returns a P value reflecting the likelihood 

that deviations of data from the regression solution are non-random.  If P < 0.05, then the 

model is likely biased for subsets of the plotted data, and thus does not reflect the protein 

binding mechanism across the entire range of concentrations tested.  When comparing 

two different binding models, the F test can determine whether the improvement in sum-

of-squares deviation obtained by fitting to a more complex binding function justifies the 

decrease in degrees of freedom associated with that model.  This comparison is reported 

by a P value that reflects the probability that the improved fit to the more complex model 

is the result of random data scatter.  This is particularly useful for comparing variants of a 

binding scheme, such as one- versus two-site binding, or cooperative versus non-

cooperative interactions.  In the example shown in Figure 2-6, cooperative formation of 
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HuR oligomers on the TNFα ARE substrate was favored over the single-site binding 

model with P < 0.0001 (61).  Finally, it is important to remember that the behavior of 

biomolecules in vitro does not necessarily predict their behavior in the cellular milieu.  

As such, cell-based assay systems should be used to define the biological relevance of 

binding analyses wherever possible. 

 

2.4. Advantages and disadvantages of anisotropy-based assay systems 

 Compared to other methods for detecting and quantifying RNA-protein 

interactions, fluorescence anisotropy offers several distinct advantages.  First, 

fluorescence-based approaches do not require the radioactive compounds commonly used 

for EMSAs or filter binding assays, which simplifies the logistics of conducting these 

experiments (2).  Second, fluorescence anisotropy measurements can be taken under both 

equilibrium and pre-steady-state conditions, permitting separate analysis of 

thermodynamic and kinetic binding parameters.  Third, many anisotropy-based assays 

can be easily automated, making this an ideal platform for high throughput screening in 

drug discovery applications. 

A fourth and perhaps most important advantage of fluorescence anisotropy-based 

binding strategies is that they are homogenous phase assays, meaning that measurements 

are taken while all binding partners and resultant complexes are present together in 

solution (203, 198).  Neither filter-binding assays, in which the RNA:protein complex is 

retained on the filter and unbound species are washed away, nor EMSAs, where the 

various reaction products are separated by passage through a native acrylamide gel, 

provide an environment where dynamic equilibria can be maintained or monitored in real 
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time.  EMSAs are particularly impacted by this complication, since dynamic 

ribonucleoprotein complexes can dissociate during electrophoresis resulting in an 

underestimation of binding affinity.  Surface plasmon resonance (SPR) is another method 

by which RNA-protein binding events have been monitored, but require tethering one 

partner to the assay tube which limits its rotational and translational motion.  

Heterogeneity in ligand binding to this surface can result in the appearance of distinct 

subpopulations of binding activities (204).  Furthermore, SPR approaches customarily 

resolve binding constants from the ratio between binding on- and off-rates.  For the 

induced fit binding mechanisms normally associated with biomolecular interactions, 

extraction of multiple on- and off-rates (which include both intramolecular as well as 

intermolecular events) from SPR data provides a significant challenge.  By contrast, the 

mathematical relationships relating fluorescence anisotropy to the fractional 

concentrations of fluorophore-tagged reactants and products are well established and lend 

themselves to quantitative characterization using several different models of complex 

formation (198). 

Several potential drawbacks to the application of anisotropy-based assays to 

RNA-protein binding studies also exist.  First, the RNA substrate must be fluorescent, 

which requires covalent modification to incorporate the fluorescent dye.  This introduces 

the risk that the dye itself may contribute to or inhibit protein binding.  This possibility 

can be tested by comparing the Kd value resolved using the fluorescent RNA substrate 

with the Ki value calculated from a competition experiment with the unlabeled RNA 

ligand (202).  Second, for relatively weak binding events (i.e., Kd > 1 μM), generation of 

binding isotherms requires large amounts of protein to approach saturation.  Besides the 
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logistical issues of producing and purifying large quantities of some RNA-binding 

proteins, at high protein concentrations sample viscosity is no longer constant, and must 

be accounted for during data analysis.  One approach that can remedy this complication is 

to run a parallel binding isotherm but using the dye alone as the substrate; provided the 

dye does not bind the protein itself, protein-dependent changes in sample viscosity will 

be detected by increases in probe anisotropy.  Finally, synthetic RNA substrates 

containing fluorescent labels remain fairly expensive (205).  This cost can be 

compounded in cases where several rounds of optimization are required, such as 

situations where several probes and/or linkage positions must be screened to circumvent 

adverse interactions between dyes and binding proteins, or protein-dependent changes in 

fluorescence quantum yield. 

 

2.5. Applications of fluorescence anisotropy 

In recent years many groups have used fluorescence anisotropy to investigate 

various biological pathways in which RNA and protein must interact.  Below are a few 

examples, along with some useful extensions of the technique. 

 

2.5.1. Examples of RNA:protein complexes analyzed by fluorescence anisotropy 

Targeted modification of an RNA substrate is a common strategy to identify 

sequence and/or structural preferences of specific binding proteins, and can also provide 

insights into binding mechanisms.  One study shows that Pumilio (Pum), an RNA-

binding protein that recognizes Nanos-Response Elements (NREs) in the 3'-untranslated 

region (UTR) of hunchback mRNA and suppresses its translation in early Drosophila 



73 

 

embryos, binds to this RNA target sequence with 2:1 protein:RNA stoichiometry (206).  

This determination was made by measuring binding between recombinant Pum protein 

and the wild-type NRE substrate, then comparing these data to binding isotherms 

involving NRE substrates where specific subdomains defined as Box A (GUUGU) and 

Box B (AUUGUA) were selectively mutated.  Protein-RNA binding events were 

monitored using both fluorescence anisotropy and EMSA approaches, and interestingly, 

this study demonstrates discrepancies that may arise between data collected using these 

two techniques.  Anisotropy isotherms showed that Pum can bind NRE sequences 

containing either Box A or Box B, although with a marked preference for substrates 

containing only the Box B sequence.  The EMSAs, however, showed no convincing Pum 

binding to RNA substrates lacking the Box B sequence, although they did demonstrate 

the formation of two distinct protein:RNA complexes on the WT sequence.  It is likely 

that the lower affinity complex containing Pum and the Box A substrate could not be 

retained during gel loading and electrophoretic separation. 

A distinct family of RNA-binding proteins studied using fluorescence anisotropy 

are the ARE-binding proteins (ARE-BPs), which target the ARE sequences responsible 

for regulating the cytoplasmic decay of many labile transcripts in mammalian cells 

(described above).  In Figure 2-4, Hsp70 was shown to bind the ARE from TNFα mRNA 

in a 1:1 complex.  However, removing the adenosine residues from this substrate to 

generate a uridylate homopolymer allowed multiple copies of Hsp70 to bind in a highly 

cooperative fashion, with a Hill coefficient approaching 1.7 (185).  The functional 

significance of this change in binding mechanism is currently unknown, but highlights 
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the utility of fluorescence anisotropy in detecting even subtle distinctions in the 

mechanics of protein association with RNA substrates. 

Another common approach that exploits the rigorous discrimination of RNA-

protein binding affinities offered by anisotropy-based assays involves screening protein 

mutants to identify subdomains contributing to the stability of ribonucleoprotein 

complexes.  For example, the mRNA-stabilizing protein HuR binds cooperatively to 

ARE-like sequences of 18 nucleotides or longer (Figure 2-6).  The HuR protein consists 

of three RNA Recognition Motifs (RRMs); two positioned in tandem at the N-terminus 

and the third at the C-terminus, linked to the other two by a flexible hinge region.  HuR 

mutants lacking the C-terminal RRM retain high affinity RNA-binding activity, but lose 

the ability of cooperatively form oligomeric complexes on RNA substrates.  By contrast, 

HuR proteins lacking both the C-terminal RRM and hinge domain exhibit very poor 

RNA-binding activity (61).  These experiments have helped assign specific functions to 

HuR subdomains in RNA recognition and higher-order ribonucleoprotein complex 

assembly.  However, beyond screening mutants of RNA-binding proteins, fluorescence 

anisotropy-based approaches have also identified alterations in RNA-protein interactions 

resulting from covalent protein modifications like phosphorylation (207) or non-covalent 

events like co-factor binding (208).  

A different study used truncation and site-directed mutants of RNA Helicase A 

(RHA) to localize subdomains responsible for recognition of structured RNA domains 

called Post-transcriptional Control Elements (PCEs).  PCEs are located in the 5’UTRs of 

some retroviral and cellular mRNAs.  Association of RHA with these transcripts is 

required for ribosome loading during translational initiation.  Fluorescence anisotropy-
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based binding assays using extended (96- and 98-nt) RNA substrates containing PCE 

sequences showed that the protein domain responsible for specific recognition of these 

structured RNA substrates was localized to the N-terminus of RHA (209).  Interestingly, 

an RG-rich domain at the RHA C-terminus also exhibited RNA-binding activity, but was 

not specific for the PCE substrates, indicating that it may contribute non-specific binding 

energy in the formation of RHA:PCE complexes. 

Some final examples highlight cases where binding reactions may contain 

multiple components, not solely the RNA substrate and cognate protein.  These 

applications are important because the functional relevance of some binding interactions 

may require or be regulated by the presence of ancillary factors.  However, even in these 

cases RNA-binding events can sometimes be analyzed using one-step reversible models, 

such as situations where ancillary factors are in vast excess or if the protein components 

form stable complexes in the absence of the RNA probe.  An example of the latter case is 

the association of the 43S translation preinitiation complex with RNA substrates.  

Previous anisotropy studies tracking protein-protein interactions involved in 43S 

assembly showed that its substituent components assemble into stable complexes (210).  

As such, if complex members are preincubated prior to addition of fluorescent RNA 

substrates, changes in anisotropy readings will reflect RNA targeting by the preassembled 

complex.  Using this approach, the role of the mRNA 7-methylguanosine 5’ cap structure 

in 43S recruitment was quantitatively characterized by measuring the association kinetics 

of fluorescent RNA substrates.  Although eIF4E is the canonical cytoplasmic mRNA cap-

binding protein (211), optimal recognition of capped RNA substrates only occurred for 

43S particles containing eIF3, eIF4A, eIF4B, and the eIF4EeIF4G complex (19).  By 
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contrast, withdrawing any of these ancillary factors dramatically decreased the rate of 

43S binding to capped RNA substrates.  Curiously, uncapped RNA ligands were 

recruited to 43S substrates lacking various eIF partners, prompting a model whereby the 

5’ cap structure specifically selects 43S complexes with their full complement of co-

factors, which are thus optimally primed for initiation of translation.  Conversely, 

uncapped mRNAs may be sequestered by a variety of incomplete 43S complexes, which 

may prevent them from assembling into translationally active polysomes.  These 

experiments provide an elegant example where quantitative, anisotropy-based in vitro 

studies, starting with binary equilibria but then developing through addition of ancillary 

factors, ultimately defined a global model of translational preinitiation complex assembly 

and targeted mRNA recruitment. 

 

2.5.2. Using fluorescence anisotropy to determine binding site size and 

thermodynamic constants 

Resolving the length of RNA required to bind a specific protein partner is very 

useful when defining features of the association mechanism and provides a biochemical 

basis for discriminating novel binding sites.  For simple binary binding events (i.e., one 

protein binding to one RNA substrate), the site size can often be estimated by measuring 

complex affinity across a series of RNA substrate truncation mutants.  However, for 

RNA-binding proteins that form multiple complexes on RNA substrates, particularly if 

any allosteric events are involved, it is very difficult to determine the size of individual 

protein binding sites by this approach alone.  
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When using fluorescence anisotropy-based assays, one useful strategy for 

estimating the binding site size of specific RNA-binding proteins is the macromolecular 

binding density analysis (MBDA) approach first described by Wlodek Bujalowski (212), 

(213).  Calculation of the binding site size using the MBDA approach begins by 

generating anisotropy binding isotherms across titrations of protein and a given RNA 

substrate.  Several independent isotherms are required, each using a different 

concentration of RNA selected so that they span values below and above the Kd 

describing formation of that specific RNA:protein complex (or at least one Kd value for 

multi-step binding mechanisms).  An example of such a dataset is shown in Figure 2-7A.  

MBDA holds that each possible RNA:protein complex confers a distinct change in the 

intrinsic anisotropy of the fluorescent RNA ligand (ΔAi = Ai – AR where AR is the intrinsic 

anisotropy of the RNA ligand in the absence of protein) that contributes to the population 

weighted average (ΔAobs).  A common value of ΔAobs in multiple samples containing 

different total RNA concentrations ([R]T1, [R]T2, ..., [R]Tx) indicates that each system 

possesses similar distributions of complexes, yielding the same average binding density 

(Σν, defined as the average number of protein molecules bound per RNA molecule) and 

free protein concentration [P]F at the corresponding total protein concentrations ([P]T1, 

[P]T2, ..., [P]Tx).  If paired ([P]T, [R]T) concentrations obtained at common values of Aobs 

across all isotherms are then plotted, the slope of the linear regression solution yields Σν.  

Applying this approach to many values of Aobs distributed across the dynamic range of 

the isotherms thus reveals the relationship between Aobs and Σν, such as that displayed 

in Figure 2-7B.  In practice, it is often difficult to reliably resolve values of Σν at Aobs 

values greater than 70 - 80% of the asymptotic maximum (Asat) for each anisotropy 
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Figure 2-7: Binding site size determination for HuR to the TNFα ARE using 

MBDA.   

(A) HuR binding isotherms using reactions containing 0.2 nM (solid black circles), 

1 nM (open green circles), or 5 nM (red triangles) fluorescein-conjugated RNA 

substrate. (B) The relationship of Σν to Aobs resolved from the dataset shown in 

(A).  The red dashed line shows a linear extrapolation to the Asat value of 0.12 

permitting solution of the HuR binding site size at saturation. 

isotherm owing to the contributions of non-specific binding events at very high protein 

concentrations.  As such, determination of the protein binding density at saturation (Σνsat) 

generally requires extrapolation of the resulting plot to the anisotropy value observed at 

saturation (ΔAsat), which is defined by the upper asymptote of the original binding 

isotherms.  The binding site size (n) is then calculated from the ratio of RNA nucleotide 

length (N) to saturation binding density as n = N/ Σνsat.  In the case of HuR binding to the 
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ARE substrate in Figure 2-7, linear extrapolation of Σν to the maximal ΔAobs yielded Σνsat 

of 4.2 ± 0.3 HuR molecules bound per fluorescent ARE substrate (61).  Given that this 

RNA substrate was 38 nucleotides in length, the HuR site size was thus resolved to 9.1 ± 

0.3 nucleotides at binding saturation.  These findings were supported by subsequent 

observations that two HuR molecules cooperatively associate with an 18-nt ARE 

substrate, but that only a single HuR binding event is possible on substrates shorter than 

18-nt (61).  

Plots of anisotropy versus Σν that do not approximate linearity across the 

complete range of Σν (as in Figure 2-7B) indicate the likelihood of multiple, non-

equivalent binding modes.  A benefit of this phenomenon is that the amplitude of Aobs 

associated with individual binding modes may be estimated.  In the 2-step protein binding 

model described above, a significant handicap was that explicit values for K1 and K2 

could not be resolved if K2 approaches or exceeds K1, owing to redundancy in the impact 

of APR and K2 on the regression solution.  However, using MBDA the average change in 

anisotropy contributed by the first binding step (ΔF1) can be estimated by the slope of the 

low density binding regime (F1 = Aobs/ = APR – AR in the 2-step binding model).  

The APR value resolved by this approach can then be set constant in the 2-step binding 

algorithm, and permits confident solutions of K1 and K2.  Using this strategy, the 

affinities of both steps of p42
AUF1

 binding to an ARE substrate were resolved, which 

quantitatively defined a cooperative relationship between these RNA binding events (58).   

Beyond resolving RNA site size, equilibrium binding constants resolved by 

fluorescence anisotropy-based assays can also be used to determine the enthalpic (ΔH) 

and entropic (ΔS) contributions to RNA-protein binding events using van’t Hoff analysis.  
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These parameters are often useful for discriminating molecular events that drive 

ribonucleoprotein assembly.  For example, enthalpically-driven binding events normally 

feature extensive ionic or hydrogen bond formation, while favorable entropic changes 

may result from liberation of ions or water molecules driven by hydrophobic surface 

burial in the RNA:protein complex (214, 215).  The van’t Hoff approach requires that 

protein binding isotherms to be generated across a range of reaction temperatures.  From 

these data sets, association equilibrium constants (K) for the RNA:protein complex are 

calculated at each temperature, and then plotted as lnK versus 1/T, where T is the absolute 

temperature (in Kelvin).  Given that 

   ΔG = -RTlnK =  ΔH – TΔS    Eq. 2.20 

where R is the gas constant, a linear plot of lnK versus 1/T will yield a slope equal to 

⎻ΔH/R, and a vertical intercept equal to ΔS/R.  Linear solutions of the van’t Hoff plot 

indicate that ΔH is essentially constant across the temperature range tested.  Numerous 

examples in the literature are well described by this model, including the binding of 

translation initiation factor complexes to a pseudoknot structure from an internal 

ribosome entry site within the tobacco etch virus mRNA (216) and the association of the 

trp RNA-binding attenuation protein from B. subtilis to its cognate binding site (217). 

 In other cases, however, the relationship between lnK and 1/T is clearly non-

linear.  Figure 2-8 shows the van’t Hoff plot describing Hsp70 binding to the TNFα ARE 

substrate.  The substantial downward curvature of the plot indicates that ΔH is not 

constant across the range of temperatures tested.  However, these data may be resolved 

by considering a change in the specific heat capacity of this system associated with RNA-

protein binding using  
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Figure 2-8: A van’t Hoff plot for Hsp70 binding to the fluorescein-conjugated 

TNFα ARE substrate.   

The non-linear relationship indicates that the enthalpic contributions to binding energy 

are not constant over this temperature range.  The fit permits calculation of the change 

in the specific heat capacity associated with Hsp70:ARE ribonucleoprotein formation 

and separate temperatures at which ΔH and ΔS are zero, from which the enthalpic and 

entropic contributions to binding can be calculated for any given temperature. 

   
]1)/ln()/)[(/(ln ,  TTTTRCK SHobsP   Eq. 2.21 

where TH and TS are the temperatures at which enthalpy and entropy contribute no energy 

to the system, respectively, and ΔCP,obs is the change in molar heat capacity.  In this 

example, ΔCP,obs resolves to -2.3 ± 0.9 kcalmol
-1
K

-1
, while TH = 293 ± 2 K and TS = 297 

± 2 K (all values are quoted ± 95% confidence interval) (185).  The large negative change 

in heat capacity is not uncommon with protein-nucleic acid interactions, and is thought to 

indicate conformational transitions associated with induced-fit binding mechanisms 

(218).  With these values in hand, the contributions of enthalpy and entropy to RNA-

protein binding at any given temperature can be calculated using  

ΔH = ΔCP,obs(T- TH)       Eq. 2.22 
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and 

TΔS = T∙ΔCP,obs∙ln(T/TS)      Eq. 2.23 

 

2.6. Conclusions 

The quantitative characterization of protein-RNA interactions in vitro can provide 

critical validation for the functional significance of putative RNA-binding trans-

regulatory proteins identified using cellular or genetic assays.  Reciprocally, resolving 

binding mechanisms and RNA substrate requirements using in vitro approaches can help 

direct downstream cellular studies, including screens for novel RNA targets, drug design, 

and the interface between RNA recognition mechanisms and cellular signaling pathways.  

Fluorescence anisotropy-based binding assays have proven to be a sensitive and flexible 

platform for rigorous quantitative biochemical analyses of ribonucleoprotein complex 

formation, and are revealing features of RNA-protein interactions that are not resolvable 

by conventional biochemical approaches. 

 

2.7. Acknowledgements 

This work was supported by NIH grants CA052443 (to Gary Brewer) and CA102428 (to 

Gerald M. Wilson). 

  



83 

 

Chapter 3 

Hsp70 is a novel posttranscriptional regulator of gene expression 

that binds and stabilizes selected mRNAs containing AU-rich 

elements 

 

3.1. Introduction 

Cells use a variety of mechanisms to regulate gene expression.  The production of 

mature mRNAs is controlled at the levels of transcription and pre-mRNA processing 

prior to their export to the cytoplasm.  However, the cytoplasmic steady-state level of an 

mRNA, and hence its potential to program protein synthesis, is also regulated by its 

turnover kinetics.  Modulation of mRNA decay rates allows cells to control the 

production of specific proteins independent of transcriptional events, but also regulates 

the speed with which new mRNA steady-states are approached following changes in the 

transcription rate (197, 35, 24).   

The turnover rates of individual mRNAs are regulated through cis-acting 

sequence determinants resident within each transcript.  The best characterized examples 

of these are the AU-rich elements (AREs) frequently contained within the 3’-untranslated 

regions (3’UTRs) of mRNAs encoding cytokines, oncoproteins, and inflammatory 

mediators (219).  Although originally defined by overlapping repeats of AUUUA, AREs 

from different mRNAs are now known to exhibit a wide range of sequence 

characteristics, although universally enriched in uridylate residues (47).  Computational 

predictions estimate that as many as 10% of all cellular transcripts contain AREs (220), 
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although only a small fraction of these have been experimentally validated.  The 

regulatory consequences of AREs are mediated by association with ARE-binding 

proteins (ARE-BPs), a diverse collection of cellular factors that vary in RNA substrate 

selectivity and functional consequence.  For example, binding of tristetraprolin 

accelerates turnover of ARE-containing transcripts, while HuR functions antagonistically 

as an mRNA-stabilizing factor (79, 104, 50).  Other ARE-BPs including TIA-1 and TIAR 

function as translational suppressors (221).  An emerging theme is that ARE-BPs may 

exert differential effects on mRNA metabolism in an RNA context-dependent manner.  

For example, AUF1 accelerates decay of many mRNA targets (222, 54), but can compete 

with TIAR to regulate the translational efficiency of the MYC transcript (49).  ARE-BPs 

play a significant role in some disease processes, particularly cancers and inflammatory 

conditions, by controlling the expression of many mRNAs that encode critical regulatory 

proteins including p53 and TNFα (101, 173). 

Another protein that can directly bind AREs in vitro is the stress-inducible 70 kDa 

heat shock protein, Hsp70 (also known as HSP72, HSPA1A) (223, 185).  A link between 

Hsp70 and ARE-mediated mRNA decay was suggested following observations that heat 

shock can stabilize ARE-containing transcripts and that Hsp70 co-purifies with AUF1 

(184).  However, Hsp70 does not possess any known RNA-binding motif, and the 

functional significance of its association with ARE substrates has not been determined.  

By contrast, the role of Hsp70 as a protein chaperone has been very well documented, 

where it binds hydrophobic peptide domains to prevent aggregation and facilitate protein 

folding (224, 225).  Peptide binding and release are directed allosterically by the ATPase 

cycle of Hsp70 and can be regulated by ancillary co-chaperone factors.   
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In thermally stressed cells, Hsp70 enhances survival by preventing protein 

misfolding and aggregation (174, 137, 226).  However, while Hsp70 is transiently present 

in cells following heat shock or other stresses, it is constitutively increased in many 

tumors and its expression correlates with chemoresistance and poor prognosis (227, 228, 

169).  While precise mechanisms linking Hsp70 expression to tumor development are 

largely unknown, recent work indicates that elevated Hsp70 levels can obstruct signaling 

that drives apoptosis (176, 229) and senescence (176, 230, 229, 175).  Consistent with 

these findings, suppression or inhibition of Hsp70 restricts tumor cell growth in a variety 

of cultured cell and murine tumor models (171, 180, 231). 

In this study, we demonstrate that the nucleic acid binding specificity of Hsp70 is 

highly selective for U-rich RNA sequences, including AREs, and that cellular Hsp70 

functions to stabilize ARE-containing transcripts.  Since many mRNAs that encode 

factors regulating cell growth and division, apoptosis, angiogenesis, and metastasis 

contain AREs, this mRNA-stabilizing role may thus represent a novel mechanism for the 

pro-tumorigenic properties of constitutive Hsp70 overexpression.  Supporting this 

hypothesis, we tested the ability of Hsp70 to bind and regulate the decay kinetics of two 

ARE-containing mRNAs that encode potent tumor-promoting proteins, vascular 

endothelial growth factor (VEGF) and cyclooxygenase-2 (Cox-2), tested whether these 

activities required the protein chaperone function of Hsp70, and localized the binding and 

mRNA-stabilizing activities of Hsp70 to a discrete AU-rich domain within the VEGF 

3’UTR.  
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3.2. Materials and Methods 

3.2.1. Synthetic RNA and DNA substrates.   

RNA and DNA oligonucleotides were purchased from Dharmacon Research or 

Integrated DNA Technologies.  The RNA substrate ARE[38] (5’-

GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG-3’) is based on the 

core ARE sequence from tumor necrosis factor α (TNFα) mRNA.  A DNA version 

(ARE[38] DNA) substitutes thymidine in place of uracil in addition to 2’-deoxyribose at 

each position (5’-GTGATTATTTATTATTTATTTATTATTTATTTATTTAG-3’).  The 

RNA substrate U[32] incorporates a string of 32 contiguous uridylate residues (5’-

GAUCU32A-3’), while Rβ encodes a fragment of the coding sequence from rabbit β-

globin (βG) mRNA (5’-UGGCCAAUGCCCUGGCUCACAAAUACCACUG-3’).  RNA 

and DNA substrates containing a 5’-fluorescein (Fl) tag are prefixed accordingly.  

Extended polynucleotides poly(C), poly(A), and poly(I):poly(C) were from GE 

Healthcare. 

 

3.2.2. Antibodies.   

Mouse monoclonal anti-Hsp70 antibody clones C92F3A-5 and N15F2-5, which 

do not cross-react with Hsc70, were purchased from Abcam and Enzo Life Sciences, 

respectively.  Rabbit polyclonal anti-Hsc70, which does not cross-react with Hsp70, was 

from Cayman Chemical Company.  Rabbit polyclonal anti-AUF1 was from Millipore, 

while anti-GAPDH and anti-FLAG antibodies coupled to horseradish peroxidase were 

from Sigma, as were all peroxidase-conjugated secondary antibodies.   

 



87 

 

3.2.3. Generation of recombinant Hsp70 protein.   

Plasmid pBAD/HisC-Hsp70, which contains the complete coding sequence of 

human Hsp70 encoded by the HSPA1A gene downstream of a His6-tag motif, was 

described previously (185) and used to transform Escherichia coli Rosetta 2 cells 

(Novagen).  Cultures were grown in a 37 °C shaking incubator in SOB medium 

containing MgCl2 (10 mM), chloramphenicol (34 μg/ml), and ampicillin (50 μg/ml) to an 

OD600 of 0.6.  Production of His6-Hsp70 was then induced by the addition of arabinose 

(0.02%) and cultures were transferred to a 30°C shaker for 4 hours.  His6-Hsp70 was then 

purified under denaturing conditions using a modification of a protocol by Jindal et al. 

(232).  Briefly, cells were pelleted, then resuspended in column wash buffer (50 mM 

sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 8.0) containing 8 M urea and 

disrupted by sonication.  Urea stocks were made fresh daily from ultra-pure grade 

crystals (American Bioanalytical) and deionized by gently mixing with Amberlite MB-

150 mixed bed exchanger (Sigma; 1% w/v) at room temperature for one hour to remove 

any cyanate breakdown products that may carbamylate proteins (233).  After pelleting 

cellular debris (20,000 × g, 30 min), His6-Hsp70 was purified by Ni
2+

-affinity 

chromatography over a HiTrap chelating affinity column (GE Healthcare) equilibrated in 

column wash buffer containing 8 M urea.  The column was washed in the same buffer to 

remove unbound material, then bound His6-Hsp70 was refolded on the column by 

applying a reverse urea gradient (8 M to 0.2 M) in column wash buffer over three hours.  

Purified His6-Hsp70 was then eluted in imidazole elution buffer (20 mM sodium 

phosphate, 500 mM NaCl, 580 mM imidazole, pH 6.3) containing 0.2 M urea, 

concentrated in an Amicon Ultra concentrator (30 kDa molecular weight cutoff), and 
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quantified using Coomassie Blue-stained SDS-PAGE against a titration of bovine serum 

albumin.  Protein was stored at -80°C in the elution buffer.  The purity of full length His6-

Hsp70 was judged to be >90% by Coomassie Blue-stained SDS-PAGE (Figure 3-1A).  

Dynamic light scattering analyses (Zetasizer Nano series) verified that recombinant His6-

Hsp70 samples did not contain high molecular mass complexes or aggregates.  Typical 

protein preparations displayed particles 8-10 nm diameter, which constituted >98% of the 

total sample volume (Figure 3-1B).  For RNA-binding assays, His6-Hsp70 stocks were 

diluted in 10 mM Tris·HCl [pH 8] containing acetylated bovine serum albumin (0.1 

mg/ml) immediately before use. 

 

3.2.4. Protein-nucleic acid binding assays.   

Qualitative assessments of His6-Hsp70 binding to nucleic acid substrates were 

performed using electrophoretic mobility shift assays (EMSAs) essentially as described 

previously (185).  RNA substrates ARE[38] and Rβ were 5’-
32

P-radiolabeled using [γ-

32
P]ATP (PerkinElmer Life Sciences) and T4 polynucleotide kinase (Promega) to specific 

activities of 3 – 5 × 10
3
 cpm/fmol.  To generate substrates derived from VEGF mRNA, 

cDNA fragments tagged with 5’-T7 promoter sequences were first amplified from 

IMAGE clone 6006890 (American Type Culture Collection), which contains nucleotides 

574-3422 of the VEGFA variant 6 transcript (NM_001171628.1), by PCR using primers 

listed in Table 3-1.  
32

P-labeled RNA substrates were generated from these cDNA 

fragments by in vitro transcription using the Ambion MAXIscript kit and [α-
32

P]UTP to 

specific activities of 1 – 1.5 × 10
4
 cpm/fmol.  VEGF mRNA fragment substrates were 
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heated to 70 °C for 5 minutes and then immediately placed on ice prior to use in EMSA 

reactions in order to limit RNA secondary structure. 

Binding of His6-Hsp70 to fluorescein-labeled nucleic acid substrates was 

quantitatively measured using a fluorescence anisotropy-based assay.  Briefly, RNA or 

DNA oligonucleotides containing 5’-Fl groups (0.5 nM) were incubated with various 

concentrations of His6-Hsp70 in 10 mM Tris·HCl [pH 8] containing 50 mM KCl, 0.1 

μg/μl acetylated BSA, 2 mM DTT, and 0.5 mM EDTA for 30 minutes at 25 °C.  Heparin 

(1 μg/μl) was added to all reactions as a non-specific polyanionic competitor.  

Fluorescence anisotropy and total fluorescence intensity of the binding reactions were 

measured using a Beacon 2000 fluorescence polarization system (Panvera) equipped with 

fluorescein excitation (490 nm) and emission (535 nm) filters.  Total fluorescence 

emission did not significantly vary as a function of protein concentration in any of the 

experiments described in this study (data not shown), permitting the affinity of single-site 

protein:nucleic acid binding events to be calculated using Equation 3.1 (198).  

    
          

      
    Eq. 3.1 

Here, At is total measured anisotropy of the reaction, AR is intrinsic anisotropy of the free 

nucleic acid substrate, APR is the anisotropy of the protein:nucleic acid complex, [P] is 

protein concentration, and K is the equilibrium association constant (Kd = 1/K).  

Nonlinear regression of At versus [P] data sets was performed using PRISM v3.03 

software (GraphPad). 
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3.2.5. Construction of βG reporter and Hsp70 expression vectors.   

Plasmid pTRERβ-wt, containing the rabbit βG gene downstream of a tetracycline-

responsive promoter, and pTRERβ-ARE[38], in which the ARE[38] sequence (described 

above) was subcloned downstream of the βG stop codon, were described previously (39).  

Additional βG reporter plasmids used in this study were constructed by amplifying 

specific regions of the VEGF 3’UTR by PCR from IMAGE clone 6006890 (described 

above) using primers listed under Table 3-1, then subcloning these fragments into the 

unique BglII restriction site in the proximal βG 3’UTR.   

Table 3-1: PCR primers used to amplify VEGF cDNA fragments 

 

VEGF 

fragment 

Forward primer (5’→3’)
a
 Reverse primer (5’→3’)

b
 Nucleotide 

range
c
 

VEGF 3’UTR 
tgagccgggcaggaggaagg gaatatctcgaaaaactgcactagaga

caaagacg 

1480-3309 

3’UTR Δ4 
ggagatgagagactctggcatgatc gaatatctcgaaaaactgcactagaga

caaagacg 

2025-3309 

1 gtcgggcctccgaaaccatgaac gtgggcacacactccaggccct 1022-1328 

2 cttcaagccatcctgtgtgcccc ctggtgagagatctggttcccg 1254-1538 

3 ggaggaaggagcctccctcag ctctctaatcttccgggctcggtg 1491-1792 

4 ggtccctcttggaattggattcgc cttccctgtcaggatctgagtggga 1720-2020 

5 ctgtggacttgagttgggaggg caaagcacagcaatgtcctgaagct 1968-2281 

6 acagggatgaggacaccggctc ccttttaggctgcaccccagga 2218-2522 

7 ttcctgggactcgccctcatcc gcctccacaatgggcacgtgga 2464-2680 

8 tcccttcccttcccgaggcac gctagtgactgtcaccgatcaggg 2621-2920 

9 tcatgtttccaatctctctctccctg ggagagagatttagtatgtagaattc 2876-3188 

10 ctggctccccagcacacattcc ctacggaatatctcgaaaaactgcac 2977-3313 

4A gggattcctgtagacacacccacc gtgaagacaccaataacattagcactg 1803-1951 
a
forward primer sequences were prefixed with a 4-nt clamp and BamHI site (5’-

nnnngaattc-3’) for subcloning into β-globin reporter vector pTRE-Rβ, or with the T7 

promoter sequence (5’- taatacgactcactatagggaga-3’) for preparation of DNA templates for 

in vitro transcription. 
b
reverse primers were prefixed with a 4-nt clamp and BglII site (5’-nnnnagatct-3’) for 

subcloning into β-globin reporter vector pTRE-Rβ. 
c
nucleotide positions of VEGF mRNA listed from the 5’-end of VEGFA variant 6 mRNA 

(NM_001171628; major translational start codon [AUG] begins at position 1039). 
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To generate Hsp70 expression vectors for mammalian cells, the complete open 

reading frame of human Hsp70 was amplified from pBAD/HisC-Hsp70 (described 

above) by PCR and subcloned downstream of three copies of the FLAG epitope in 

p3xFLAG-CMV10 (Sigma) to generate pCMV-FLAG-Hsp70wt.  To construct plasmid 

pCMV-FLAG-Hsp70sm, expressing an siRNA-resistant Hsp70 mRNA, a DNA duplex 

was synthesized that spanned a unique 925 bp BglII fragment of Hsp70 cDNA but 

contained codon-neutral mutations in the region targeted by the Hsp70 siRNA 

(Genscript).  This fragment was then substituted for the corresponding BglII fragment in 

the wild-type Hsp70 vector.  The fidelity of all plasmid constructs was verified by 

restriction mapping and automated DNA sequencing. 

 

3.2.6. Cell culture and transfection.   

HeLa cells (American Type Culture Collection) were maintained at 37°C and 5% 

CO2 in DMEM supplemented with 10% fetal bovine serum.  The HeLa/Tet-Off cell line 

(Clontech) was grown under the same conditions but in medium containing 100 μg/ml 

G418.  HL60 cells (generous gift from Dr. Fey Rassool) were grown in RPMI 1640 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml 

streptomycin.  Plasmids and siRNA duplexes were transfected into cells using the 

DharmaFECT Duo reagent (Dharmacon), which is optimized for simultaneous 

transfection of plasmid and silencing RNA sequences.  The targeting (antisense) strand of 

the Hsp70 siRNA was 5’-UUUCUCUUGAACUCCUCCAUU-3’ (Dharmacon).  The 

negative control duplex had targeting sequence 5’-

ACGAAAUUGGUGGCGUAGGdTdT-3’ (Bioneer).  Final concentration of siRNA in 
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transfections was 50 nM.  Cells were exposed to transfection mix for 48 hours prior to 

sample harvest or initiation of time courses.   

 

 

3.2.7. mRNA decay assays.   

The decay kinetics of βG reporter mRNAs were analyzed using doxycycline 

(Dox) time course assays essentially as described (234).  Plasmids expressing βG reporter 

transcripts and enhanced green fluorescence protein (EGFP) were co-transfected into 

HeLa/Tet-Off cells.  After 48 hours, transcription of the βG cassette was selectively 

inhibited by adding fresh growth medium containing Dox (2 μg/ml).  DNA-free total 

RNA was purified at various time points thereafter using the NucleoSpin RNA II kit 

(Macherey-Nagel).  From each sample, βG reporter and EGFP mRNAs were quantified 

by multiplex qRT-PCR using the qScript One-Step qRT-PCR kit (Quanta Biosciences) 

with primers and probes listed in Table 3-2.  βG reporter mRNA levels were normalized 

to EGFP mRNA in each amplification reaction, then plotted as the percentage of βG 

reporter mRNA remaining at each time point based on the mean ± SD of four 

independent qRT-PCR reactions from each RNA sample.  First order decay constants (k) 

were solved by nonlinear regression to a single exponential decay function using PRISM 

v3.03 software, yielding mRNA half-lives (t1/2) = ln2/k. 

Decay of endogenously expressed mRNAs was evaluated using actinomycin D 

(actD; Calbiochem) time course assays, where global cellular transcription was repressed 

by adding actD (5 μg/ml) directly to the growth media.  Total RNA was purified using 

TRIzol reagent (Invitrogen) according to manufacturer’s instructions at various time 
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points thereafter.  Time courses were limited to 4 hours to avoid complicating mRNA 

decay kinetics by the initiation of an actD-based apoptosis program (235).  RNA samples  

 

Table 3-2: qRT-PCR primer sets used in this study 

 

DNA oligo sequence (5’→3’) 

Human VEGFA Taqman and SYBR primer set
b
 

forward GCACCCATGGCAGAAGG 

reverse 

probe 

CTCGATTGGATGGCAGTAGCT 

Fl-CTGATAGACATCCATGAACTTCACCACTTCGT-

BHQ1
a
 

  

Human Cox-2 Taqman and SYBR primer set 

forward 

reverse 

GTGTTGACATCCAGATCACATTTG 

GTATAATAGGAGAGGTTAGAGAAGGC 

probe Fl-TCCACCAACTTACAATGCTGACTATGGCT-BHQ1
a
 

  

Human rpl13a SYBR primer set 

forward 

reverse 

TAAACAGGTACTGCTGGGCCG 

CTCGGGAAGGGTTGGTGTTC 

  

Human GAPDH Taqman and SYBR primer set 

forward GAGAGTCAGCCGCATCTTC 

reverse ACTCCGACCTTCACCTTCC 

probe TxR-CGCCAGCCGAGCCACATCGC-BHQ2
a
 

 

β-globin Taqman primer set 

forward GTGAACTGCACTGTGACAAGC 

reverse ATGAGTAGACAGCACAATAACCAG 

probe Fl-CGTTGCCCAGGAGCCTGAAGTTCTCA-BHQ1
a
 

  

EGFP Taqman primer set 

forward GCGACACCCTGGTGAACC 

reverse GATGTTGTGGCGGATCTTGAAG 

Probe TxR-CACCTTGATGCCGTTCTTCTGCTTGTCG-BHQ2
a 

 
 

a
Abbreviations are: BHQ1, Black Hole Quencher 1; BHQ2, Black Hole Quencher 2; Fl, 

fluorescein; TxR, Texas Red. 
 

b
This primer/probe set targets all known splice variants of VEGFA mRNA. 
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were analyzed for VEGF and Cox-2 mRNAs by multiplex qRT-PCR using the qScript 

One-Step qRT-PCR kit with primers and probes listed in Table 3-2, with each data point 

taken as the mean ± SD of four qRT-PCR reactions.  Transcript levels were normalized to 

GAPDH.  First order decay constants (k) and associated mRNA half-lives were 

calculated by nonlinear regression as described above.  Where indicated, steady-state 

mRNA levels were compared using total RNA harvested from cultures lacking actD. 

 

3.2.8. Ribonucleoprotein immunoprecipitation (RNP-IP).   

Ribonucleoprotein complexes containing specified protein components were 

purified from crude HeLa cell lysates by immunoprecipitation essentially as described 

(102) with the following modifications.  Antibodies used included control mouse IgG 

(BD Pharmingen) as well as anti-Hsp70 and anti-AUF1 (described above).  Relative 

levels of specific mRNAs co-purifying with immunoprecipitated RNPs were quantified 

by RT-qPCR using the iScript One-step RT-PCR SYBR Green kit (Bio-Rad) with primer 

sets listed in Table 3-2.  Relative levels of VEGF and Cox-2 mRNAs were calculated 

from threshold cycle numbers (Ct) after normalization to endogenous GAPDH mRNA 

abundance using the 2
ΔΔCt

 method.  Each data point was taken as the mean ± SD from 

quadruplicate qRT-PCR reactions for each RNA sample. 

 

3.2.9. Biotin-RNA pulldown assays.   

Cytoplasmic extracts containing FLAG-Hsp70 were generated by first 

transfecting HeLa cells with plasmid pCMV-FLAG-Hsp70wt using the Attractene 

reagent (Qiagen).  Forty-eight hours after transfection, cells were washed twice in PBS 
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before scraping in buffer L (10 mM Tris (pH 7.5) containing 100 mM KCl, 2.5 mM 

MgCl2, 2 mM DTT, 1% IGEPAL-CA630, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, and 

0.1 mM phenylmethylsulfonyl fluoride), then disrupted using a Dounce homogenizer and 

centrifuged at 1000 x g for 10 minutes to pellet nuclei.  The protein concentration of the 

supernatant was quantified using the Bio-Rad Protein Assay kit.  Selected fragments of 

VEGF cDNA were amplified downstream of T7 promoter sequences by PCR from 

IMAGE clone 6006890 using primers listed in Table 3-1.  These cDNA fragments were 

used to program in vitro transcription reactions using the Ambion MAXIScript kit 

incorporating UTP and biotin-16-UTP (Roche) at a 9:1 ratio.  RNA products were 

quantified by OD260. 

 Biotin-RNA pull-down reactions were performed using a modification of the 

procedure by Wang et al. (105).  200 μg protein extract and 20 pmol biotin-RNA were 

mixed in 1.5 ml buffer L containing 80 U RNasin (Promega) and 0.2 mg/ml yeast tRNA 

(Sigma) and incubated for 30 minutes at room temperature.  Streptavidin-agarose beads 

(Sigma) were then added and the samples incubated for a further 30 minutes at room 

temperature on a tumbling mixer.  Following incubation, beads were pelleted by 

centrifugation and washed four times with 1× PBS, then suspended in 2× SDS sample 

buffer and boiled for 5 minutes to dissociate protein:RNA complexes.  FLAG-Hsp70 co-

purifying with biotin-RNA substrates were detected by Western blot. 

 

3.2.10. Bioinformatics analyses.   

Nucleotide sequences for mRNAs encoding human Hsp70 family members were 

retrieved from the National Center for Biotechnology Information website 
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(www.ncbi.nlm.nih.gov) using the Entrez utility.  Applications at the San Diego 

Supercomputer Center Biology Workbench (http://workbench.sdsc.edu) were used to 

translate each sequence (Sixframe) as well as for pairwise (Align) and global (Clustal W) 

sequence alignments. 

 

3.2.11. Statistics.   

Comparisons of mRNA levels and decay kinetics were done using the unpaired t 

test.  Differences yielding p < 0.05 were considered significant. 

 

3.3. Results 

3.3.1. Hsp70 binds specifically and with high affinity to U-rich RNA substrates.   

Quantitative studies of Hsp70 binding in vitro are complicated by many factors, 

including its extreme conservation among nearly all extant species.  As such, preparations 

of the recombinant human protein from any host cell model can include associated 

nucleotide cofactors (ATP or ADP), as well as host co-chaperone proteins and peptide or 

nucleic acid ligands.  Since previously published measurements of equilibrium binding 

between human Hsp70 and RNA probes were performed using native preparations of the 

protein from E. coli, they may have been influenced by the presence of such co-purifying 

factors (185).  To address this problem, we adapted a strategy to purify His6-tagged 

Hsp70 under denaturing conditions, then re-folded the protein on-column prior to elution.  

Using this method, soluble monodisperse recombinant human His6-Hsp70 was isolated 

from E. coli at high purity (Figure 3-1A, B), permitting its RNA-binding properties to be 

assessed under conditions where minimal copurifying elements were present. 
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Figure 3-1: Validation of recombinant His6-Hsp70 purity and activity. 

(A) Coomassie Blue-stained SDS-PAGE of recombinant His6-Hsp70 generated via 

Ni
2+

-affinity chromatography under denaturing conditions followed by on-column 

refolding.  The positions of molecular weight markers (in kDa) are indicated at left.  

(B) A dynamic light scattering volume trace of purified His6-Hsp70 showing that the 

proteins exists in solution as a monodisperse species with an average diameter of 9.7 

nm.  (C) EMSAs performed using the 5’-
32

P-labeled ARE[38] (left) or non-ARE-

containing Rβ (right) RNA substrates with titrations of recombinant His6-Hsp70.  

Lanes marked “NP” contain no recombinant protein.  Arrowheads indicate bands 

corresponding to complexes formed between RNA substrates and His6-Hsp70.  (D) 

Assessment of His6-Hsp70 binding to Fl-ARE[38] RNA (closed circles) and Fl-

ARE[38] DNA (open circles) substrates by fluorescence anisotropy.  Binding to the 

RNA substrate was resolved using a single-site binding model (solid line) to 

determine dissociation constants given in text. 

Electrophoretic mobility shift assays (EMSAs) identified two closely migrating 

complexes formed between His6-Hsp70 and a canonical ARE sequence derived from 

tumor necrosis factor α mRNA (ARE[38]).  Stable RNA:protein complexes were 

detected at protein concentrations as low as 2 nM (Figure 3-1C, left panel), with free 

RNA largely depleted at 200 nM protein.  By contrast, no binding was detected between 

His6-Hsp70 and a non-ARE-containing substrate of similar length derived from the 

coding sequence of rabbit β-globin mRNA (Rβ; Figure 3-1C, right panel), confirming 

that Hsp70 can selectively form stable complexes with an ARE-containing RNA target.  

Findings from EMSA experiments were complemented by fluorescence anisotropy-based 

assays, permitting quantitative assessment of solution binding parameters under true 

equilibrium conditions.  Using this technique, His6-Hsp70 binding to the Fl-ARE[38] 



98 

 

RNA substrate resolved a Kd of 12 ± 2 nM (Figure 3-1D, closed circles), significantly 

lower than the Kd previously reported for His6-Hsp70 purified under native conditions 

(185), and approaching the low-nM range observed for other ARE-BPs including 

tristetraprolin and AUF1 (75), (58).  Robust association of His6-Hsp70 purified under 

denaturing conditions with this ARE substrate also demonstrates that nucleotide or 

protein co-factors are not required for the ARE-binding activity of Hsp70.  Although 

EMSAs detected two closely migrating complexes between His6-Hsp70 and the ARE[38] 

substrate, resolution of the anisotropy isotherm to a single-site regression solution 

suggests that Hsp70 may bind this RNA target through multiple conformationally 

distinct, yet thermodynamically equivalent binding modes. 

 In addition to measuring binding affinity directly, the fluorescence anisotropy-

based assay system also provides a solution equilibrium-based method to evaluate the 

nucleic acid binding specificity of His6-Hsp70.  First, His6-Hsp70 showed minimal 

binding to the Fl-ARE[38] DNA substrate (Figure 3-1D, open circles), indicating that the 

nucleic acid binding activity of this protein is likely limited to RNA targets.  Second, the 

protein showed no binding to the Fl-Rβ substrate at concentrations up to 500 nM (data 

not shown), consistent with the results of EMSAs (Figure 3-1C).  Finally, competition 

assays were used to assess the ability of several unlabeled RNA substrates to displace 

His6-Hsp70 from the Fl-ARE[38] RNA target.  In addition to the Rβ RNA substrate, 

homopolymeric single-stranded poly(C) and poly(A) RNAs were unable to compete for 

His6-Hsp70 binding to Fl-ARE[38], as was poly(I:C) duplex RNA (Figure 3-2).  By 

contrast, unlabeled ARE[38] RNA efficiently completed for Fl-ARE[38] RNA binding to 

His6-Hsp70, as did the polyuridylate-containing substrate U[32], suggesting that Hsp70 
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Figure 3-2: Competition of selected RNA probes for His6-Hsp70 binding to the 

Fl-ARE[38] RNA substrate.   

His6-Hsp70 (30 nM) was incubated with limiting Fl-ARE[38] substrate (0.5 nM) for 

30 minutes at 25 °C prior to addition of varying concentrations of unlabeled 

competitor RNAs.  Incubation continued for a further 30 minutes prior to measuring 

reaction anisotropy.  Unlabeled ARE[38], U[32], and Rβ probes were added at the 

indicated molar ratios to the Fl-ARE[38] substrate.  For the extended repetitive 

sequences poly(A), poly(C), and poly(I:C), -fold excess calculations were based on 

molar excess of 38-nt binding sites.  Points represent the mean ± SD of three separate 

trials. 

may also effectively interact with non-canonical ARE sequences, which lack AUUUA 

motifs but remain rich in uridylate residues.  These relaxed sequence requirements for 

RNA binding are similar to those recognized by well-known ARE-BPs like AUF1 and 

HuR (77, 83), and suggest that the number of potential Hsp70-binding targets among the 

cellular mRNA population may be very large. 

 

3.3.2. Hsp70 stabilizes an ARE-containing reporter mRNA in cells.   

Given that a major function of AREs is to control mRNA turnover rates, we 

assessed the effect of Hsp70 on the decay kinetics of a reporter transcript containing the 

high affinity ARE[38] binding site in HeLa/Tet-Off cells (Figure 3-3A).  Hsp70 is 

robustly expressed in these cells, consistent with the constitutive overexpression of 

Hsp70 observed in many clinical tumor samples and cultured cancer cell lines (227), 



100 

 

(231, 175).  An siRNA targeting the coding sequence of HSPA1A mRNA potently 

suppressed Hsp70 protein expression in HeLa/Tet-Off cells without silencing the 

expression of the closely related family member Hsc70 (Figure 3-3B, C left).  In Dox 

time course assays, βG mRNA lacking an ARE was extremely stable (Figure 3-3D, left), 

decaying with t1/2 > 10 hours (n = 3) in cells transfected with either siHsp70 or a control 

siRNA (siControl).  Insertion of the ARE[38] sequence into the 3’UTR of βG mRNA 

(βG-ARE[38]) accelerated mRNA decay by approximately 10-fold in siControl-

transfected cells (Figure 3-3D, right).  The resolved t1/2 = 1.10 ± 0.14 hours (n = 4) for the 

βG-ARE[38] transcript was consistent with previous measurements of its turnover in 

cells lacking siRNA (39).  However, in cells co-transfected with siHsp70, the βG-

ARE[38] mRNA decay rate was enhanced by a further 2-fold, yielding t1/2 = 0.54 ± 0.09 

h (n = 5, p = 0.0001 versus siControl). 

The observation that suppression of Hsp70 expression accelerates decay of βG-

ARE[38] mRNA suggests that Hsp70 represents a novel ARE-binding, mRNA-

stabilizing activity.  However, since Hsp70 encompasses a family of closely related 

proteins, it is likely that mRNAs encoding multiple homologues may be targeted by this 

siRNA.  For example, HSPA1B mRNA contains a perfectly conserved binding site for 

siHsp70 (Figure 3-3B), but also encodes an identical protein to HSPA1A.  The proteins 

encoded by the HSPA1L and HSPA2 genes share 89% and 84% identity with HSPA1A, 

respectively, and these mRNAs also contain sequences with significant complementarity 

to the siHsp70-targeted site.  Conversely, HSPA6 and Hsc70 mRNAs, which encode 

proteins sharing 82% and 86% identity with HSPA1A, respectively, do not include a 

likely siHsp70 target site.  Consistent with divergence in this region, Hsc70 levels were  
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Figure 3-3: Hsp70 stabilizes an ARE-containing reporter mRNA.   
(A) At top is a schematic of the rabbit βG reporter mRNA expressed from a tetracycline-responsive 

promoter permitting selective repression in the presence of Dox.  Introns are indicated by thin lines 

and exons with thick boxes.  Below is the ARE[38] sequence positioned immediately downstream 

of the translational termination codon in the βG-ARE[38] transcript.  (B) Complementarity between 

the targeting (antisense) sequence of siHsp70 and HSPA1A mRNA is shown at the top.  Below is 

the sequence conservation between HSPA1A mRNA and other transcripts encoding members of the 

Hsp70 protein family.  Identical residues are indicated by dots.  At the bottom is the corresponding 

mRNA sequence expressed by the HSPA1A rescue vector, containing distinct but translationally 

synonymous codons throughout this region that abrogate recognition and suppression by siHsp70.  

(C) The left panels show Western blots of Hsp70 and Hsc70 expression in whole cell lysates from 

untransfected HeLa/Tet off cells (ut) or cells transfected with siHsp70 or a control siRNA 

(siControl).  At right are Western blots showing the rescue of Hsp70 expression in siHsp70-

transfected cells by co-transfection of plasmid pCMV-FLAG-Hsp70sm (200 ng per dish of a 6-well 

plate), with ectopically-expressed FLAG-Hsp70 detected using both anti-FLAG and anti-Hsp70 

antibodies.  GAPDH protein levels were used as loading controls in all cases.  (D) Representative 

plots of βG-wt (left) and βG-ARE[38] mRNA decay resolved from Dox time course assays, 

performed as described under “Materials and Methods”.  HeLa/Tet-Off cell populations were 

simultaneously co-transfected with reporter mRNAs and siControl (solid circles) or siHsp70 (open 

circles).  For Hsp70 rescue experiments (triangles), cells were co-transfected with siHsp70 and 

plasmid pCMV-FLAG-Hsp70sm as described in (C).  Points indicate the mean ± SD of four 

separate qRT-PCR reactions for each RNA sample.  Nonlinear regression to single exponential 

decay functions (lines) yielded first order mRNA decay constants and associated half-lives.  

Average decay constants measured across replicate independent experiments are given in the text.   
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not suppressed in siHsp70-transfected HeLa/Tet-Off cells (Figure 3-3C, left).  To confirm 

that ARE-directed mRNA stabilization could be mediated by a specific Hsp70 variant, 

we expressed an siRNA-resistant HSPA1A cDNA (Fig. 3-3B) downstream of the FLAG 

epitope, which restored Hsp70 expression when co-transfected with siHsp70 in 

HeLa/Tet-Off cells (Figure 3-3C, right).  In this Hsp70-rescued cell background, βG-

ARE[38] decayed with t1/2 = 1.14 ± 0.13 h (n = 3; Fig. 3D, right), a value similar to its 

half-life in siControl-transfected cells but significantly stabilized relative to cells 

transfected with siHsp70 alone (p = 0.0002).  These data demonstrate that a reporter 

mRNA containing a high affinity Hsp70 binding site is destabilized in cells lacking 

Hsp70, but can be re-stabilized by expression of the HSPA1A-encoded member of the 

Hsp70 protein family. 

 

3.3.3. Hsp70 binds and stabilizes endogenous ARE-containing transcripts in cells.   

For Hsp70 to be a physiologically relevant mRNA-stabilizing factor, it must 

interact with and inhibit decay of endogenous substrate transcripts.  To this end, we tested 

the ability of Hsp70 to bind and regulate the expression of VEGF and Cox-2 mRNAs in 

HeLa cells.  Both transcripts encode proteins that are frequently overexpressed in 

aggressive neoplasms, but also exhibit divergent sequence features in their 3’UTRs.  

Cox-2 mRNA (GenBank accession # NM_000963) includes a canonical ARE 

immediately downstream of the translation termination codon, while the VEGF 3’UTR  

(GenBank accession # NM_001025370) does not contain overlapping AUUUA-like ARE 

motifs, but instead has three heterogeneous AU-rich domains dispersed along its length.  

Both VEGF and Cox-2 mRNAs were significantly enriched in RNP-IP reactions 
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Figure 3-4: Binding and stabilization of endogenous ARE-containing mRNAs by 

Hsp70.   

(A) RNP-IP reactions from HeLa cell lysates were programmed with non-specific 

IgG, anti-Hsp70, or anti-AUF1 antibodies.  Recovered VEGF, Cox-2, and rpl13a 

mRNA levels were quantified by qRT-PCR and normalized to GAPDH mRNA (mean 

± SD of four reactions; *p < 0.01 versus control IgG).  Independent replicate 

experiments yielded similar results.  (B) Western blots of Hsp70 in whole cell lysates 

from HeLa cells transfected with siHsp70 versus a control siRNA.  (C) Steady state 

VEGF and Cox-2 mRNA levels measured by qRT-PCR in HeLa cells transfected with 

either siControl or siHsp70.  Bars show the mean ± SD of three independent samples 

normalized to GAPDH mRNA (*p < 0.01 versus cells transfected with siControl).  

(D) ActD time course assays measuring VEGF and Cox-2 mRNA decay in HeLa cells 

transfected with siControl or siHsp70.  Sample errors and regression analyses are as 

described in Figure 3-3.  Average mRNA half-lives from replicate independent 

experiments are given in the text. 

programmed with anti-Hsp70 antibodies versus non-specific IgG controls (Figure 3-4A), 

demonstrating that endogenous Hsp70 can associate with these transcripts.   

 Both mRNAs were also enriched in RNP-IPs using anti-AUF1 antibodies, a 

positive control result consistent with previous findings that these transcripts are each 
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targeted by AUF1 (236, 91).  By contrast, the non-ARE-containing mRNA encoding 

ribosomal protein l13a (rpl13a) was not enriched in RNP-IP reactions containing either 

anti-Hsp70 or anti-AUF1 antibodies. 

 To determine whether Hsp70 binding to VEGF and Cox-2 mRNAs influences 

their expression, steady-state levels of each transcript were measured in HeLa cells 

transfected with control or Hsp70-targeted siRNA.  qRT-PCR analyses showed that 

VEGF mRNA levels were decreased by 52% and Cox-2 mRNA levels were 33% lower 

when Hsp70 was suppressed using siRNA (Figure 3-4B and C).  Next, actD time course 

assays were performed to assess whether diminution of VEGF and Cox-2 mRNAs in 

Hsp70-depleted cells was a result of accelerated mRNA turnover kinetics (Figure 3-4D).  

In siControl-transfected cells, VEGF mRNA decayed with t1/2 = 4.01 ± 0.35 h (n = 4).  By 

contrast, the decay rate of this transcript was 2-fold faster in cells where Hsp70 

expression was suppressed (t1/2 = 2.05 ± 0.32 h, n = 5; p < 0.0001 vs. siControl).  

Similarly, the rate of Cox-2 mRNA turnover was significantly faster in cells transfected 

with siHsp70 (t1/2 = 2.83 ± 0.29 h, n = 4) versus control siRNA (t1/2 = 4.42 ± 0.42 h, n = 

4, p = 0.0008 vs. siHsp70).  Together, these data show that Hsp70 can bind VEGF and 

Cox-2 mRNAs in HeLa cells, and that this interaction increases their steady-state levels 

by stabilizing each transcript. 

 

3.3.4. Hsp70 stabilizes VEGF mRNA by binding to a proximal AU-rich 3’UTR 

domain.   

Given the limited information available on the RNA substrate selectivity of 

Hsp70, it is conceivable that this protein may interact with any U-rich domains within the 
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Figure 3-5:  Identification of the Hsp70 binding determinant in the VEGF 

transcript. 

(A) Schematic of the VEGFA variant 6 mRNA.  The positions of 3’-untranslated AU-

rich domains common to all known VEGFA mRNA variants are indicated above 

(open boxes).  Sequences encoded by biotin-tagged RNA substrates are shown below 

(solid boxes).  (B) FLAG-tagged Hsp70 proteins recovered from HeLa cytoplasmic 

lysates by biotin-RNA pulldown assays were detected by Western blot.  (C) Sequence 

of VEGF mRNA fragment 4 showing positions of AU-rich sequences (underlined).  

Arrowheads show the upstream and downstream limits of fragment 4A, spanning the 

central AU-rich domain.  (D) EMSAs performed using indicated 
32

P-labeled VEGF 

RNA substrates and titrations of recombinant His6-Hsp70.  Open arrowheads 

demarcate the position of unbound probes, while solid arrowheads indicate bands 

corresponding to His6-Hsp70 RNP complexes. 

cellular mRNA population.  To evaluate whether Hsp70 can discriminate between subsets 

of U-rich RNA targets, we surveyed an extended RNA substrate for Hsp70-binding sites 

using the VEGF mRNA 3’UTR as a model.  The VEGF transcript does not contain a 

canonical ARE with overlapping AUUUA motifs, but does encode several AU-rich tracts 

that could potentially be targeted by Hsp70 (Figure 3-5A).  One such AU-rich tract near 

the 3’-end of VEGF mRNA has already been established as a target for the mRNA-

stabilizing factor HuR (237, 238).  We constructed 10 biotin-tagged RNA probes of 
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approximately 300 nucleotides each that cumulatively spanned the coding and 3’UTR 

sequences of VEGFA variant 6 mRNA in an overlapping fashion (Figure 3-5A).  Four of 

these probes (fragments 4, 8, 9, and 10) included significant AU-rich subdomains, and as 

such were considered likely Hsp70 targets.  However, in biotin-RNA pulldown assays 

with cytoplasmic extracts from HeLa cells expressing FLAG-Hsp70, only fragment 4 

consistently displayed robust binding to this protein (Figure 3-5B).  Although weak 

Hsp70 binding was also observed to some other RNA probes, these data demonstrate that 

Hsp70 will not bind indiscriminately to all U- or AU-rich sequences, but rather must have 

a more stringent set of RNA substrate requirements. 

 To determine whether Hsp70 associates directly to the VEGF mRNA fragment 4 

substrate, binding reactions containing radiolabeled RNA probes and purified 

recombinant His6-Hsp70 were analyzed by EMSA.  Fragment 1, which appeared to retain 

a small amount of FLAG-Hsp70 in biotin-RNA pulldown reactions (Figure 3-5B), 

displayed no binding to recombinant Hsp70.  In contrast, EMSAs of reactions containing 

His6-Hsp70 and VEGF mRNA fragment 4 resolved two distinct RNP complexes (Figure 

3-5D).  The first Hsp70-shifted complex dominates in reactions containing as little as 5 

nM His6-Hsp70, while a second RNP complex appeared at higher protein concentrations.  

Consistent with the findings from the biotin-RNA pulldown experiments, no RNP 

complexes were observed in reactions containing His6-Hsp70 and VEGF mRNA 

fragment 9, despite the AU-rich domain present in this RNA substrate.  The fragment 9 

probe migrates as two bands even in the absence of added protein, likely as a result of 

distinct conformational subpopulations.   
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Hsp70-induced changes in mobility of the VEGF mRNA fragment 4 substrate 

were very modest, likely owing to the large size of this RNA ligand (300-nt) relative to 

the protein.  To determine whether the embedded AU-rich domain of fragment 4 was 

responsible for binding Hsp70 as well as improving resolution of these RNP complexes 

by EMSA, a 148-nt RNA substrate spanning this AU-rich subdomain termed fragment 

4A was constructed (Figure 3-5C).  Similar to fragment 4, His6-Hsp70 binding to 

fragment 4A yielded two distinct RNP complexes in a concentration-dependent manner 

(Figure 3-5D), indicating that Hsp70 can interact with VEGF mRNA by directly 

associating with this proximal AU-rich sequence. 

The functional significance of selective Hsp70 binding to this specific AU-rich 

domain within VEGF mRNA was evaluated by measuring the decay kinetics of βG 

reporter transcripts containing various segments of the VEGF 3’ UTR in HeLa/Tet-Off 

cells (Figure 3-6).  In cells transfected with control siRNA, the complete VEGF 3’UTR 

dramatically accelerated turnover of the βG reporter mRNA, indicating that binding sites 

for mRNA-destabilizing factors reside within this sequence (Table 3-3).  However, co-

transfection of siHsp70 decreased the half-life of the βG-VEGF 3’UTR transcript by an 

additional factor of two, consistent with the effect of suppressing Hsp70 expression on 

the decay kinetics of endogenous VEGF mRNA (Figure 3-4).  A reporter transcript 

containing only the Hsp70-binding domain of VEGF mRNA within the βG 3’UTR (βG-

fgt 4) was similarly destabilized in cells lacking Hsp70.  Conversely, degradation of 

reporter mRNAs containing only VEGF 3’UTR sequences downstream of the Hsp70 

binding site (βG-3’UTR Δ4) or the distal AU-rich domain (βG-fgt 9) were not 

significantly affected by Hsp70, although their short half-lives also indicate susceptibility 
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Figure 3-6:  Hsp70-dependent stabilization of βG-VEGF reporter mRNAs.   

(A) Schematic of VEGF 3’UTR segments cloned into the βG reporter vector.  

Fragments 4 and 9 are identical to those described in Fig. 5.  (B) Western blots of 

Hsp70 in lysates from HeLa/Tet-Off cells transfected with siHsp70 versus a control 

siRNA.  (C) Dox time course assays resolving the decay kinetics of βG reporter 

mRNAs in HeLa/Tet-Off cells co-transfected with siControl or siHsp70.  Error bars 

and regression solutions are as described in Figure 3-3.  Average mRNA half-lives 

from replicate independent experiments are listed in Table 3-3. 

to mRNA-destabilizing activities.  Together, these data demonstrate that Hsp70 directly 

and specifically binds to the proximal AU-rich sequence within the VEGF 3’UTR, and 

that this association is responsible for stabilizing mRNAs containing this sequence.    

 

 

 

 

 



109 

 

 

 

Table 3-3: Regulated decay of reporter mRNAs by Hsp70 

 

mRNA siRNA t1/2 (h)
a
 n p vs. siControl

b
 

     

βG-wt siControl > 10 3  

 siHsp70 > 10 3 n.s. 

     

βG-VEGF 

3’UTR 

siControl 1.41 ± 0.14 4  

 siHsp70 0.74 ± 0.11 4 0.0003 

     

βG-3’UTR Δ4 siControl 1.13 ± 0.27 4  

 siHsp70 0.93 ± 0.27 4 n.s. 

     

βG-fgt 4 siControl 2.83 ± 0.14 4  

 siHsp70 1.42 ± 0.37 3 0.0008 

     

βG-fgt 9 siControl 2.20 ± 0.34 4  

 siHsp70 2.24 ± 0.41 4 n.s. 

     
a
turnover kinetics of βG reporter mRNAs were measured in HeLa/Tet-Off cells using 

Dox time course assays as described under Materials and Methods and Figure 3-3.  Listed 

mRNA half-life values represent the mean ± standard deviation from n independent time 

course experiments. 
b
n.s., no significant difference between samples (p > 0.05) 

 

3.3.5. VEGF mRNA is stabilized concomitant with Hsp70 accumulation in HL60 

cells recovering from heat shock.   

Experiments described above show that Hsp70 can bind and stabilize selected 

mRNA substrates containing AU-rich sequence motifs, and that this mechanism may 

contribute to the enhanced levels of some mRNAs that encode pro-tumorigenic factors 

when Hsp70 is constitutively expressed.  However, this model would also predict that 

stabilization of substrate mRNAs should accompany the normal transient increases in 

cellular Hsp70 observed following thermal stress.  To test this prediction, we first 

examined the temporal control of Hsp70 protein accumulation following heat shock in 
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Figure 3-7: Cellular effects of Hsp70 in HL60 cells.   

(A) Western blot analysis of Hsp70 expression in HL60 cells prior to and at various 

times following application of thermal stress (42 °C, 1 h) with or without recovery at 

37 °C.  Whole cell extracts were prepared by lysis in SDS-PAGE sample buffer and 

boiling for 5 minutes prior to loading.  GAPDH protein levels were used as loading 

controls.  (B) Representative actD time courses measuring VEGF mRNA turnover 

kinetics in untreated HL60 cells (solid circles), heat-shocked cells following recovery 

at 37 °C for 1 h (open circles) or 8 h (triangles).  Sample errors and regression 

analyses are as described in Figure 3-3.  Decay parameters averaged from replicate 

independent experiments are given in the text. 

the promyelocytic leukemia cell line HL60.  Unlike HeLa cells (Figure 3-3C), Hsp70 

protein levels were very low in untreated HL60 cells, and were not significantly affected 

by incubation at 42°C for one hour (Figure 3-7A).  If heat-shocked cultures were allowed 

to recover at 37°C, Hsp70 protein levels remained minimal for several hours, but were 

then dramatically increased starting 8 h after cessation of thermal stress.  A similar 

temporal pattern of Hsp70 protein accumulation was reported following heat shock in 

lymphoblastoid cell models (239).  Next, actD time course assays were used to measure 

the decay kinetics of VEGF mRNA at selected time points throughout this heat shock and 

recovery regimen (Figure 3-7B).  In untreated HL60 cells, VEGF mRNA decayed with a 
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half-life of 1.62 ± 0.38 h (n = 4), remarkably similar to the rapid turnover rate of this 

transcript in HeLa cells following suppression of endogenous Hsp70 (above).  Following 

heat shock, VEGF mRNA decay was not significantly altered after one hour of recovery 

at 37 °C (t1/2 = 1.68 ± 0.48 h, n = 3), consistent with the absence of appreciable Hsp70 

protein.  However, following 8 hours of recovery, VEGF mRNA was stabilized 

approximately 2-fold (t1/2 = 3.65 ± 0.18 h, n = 4; p < 0.0001 vs. untreated cells and p = 

0.0006 vs. heat shock followed by 1 h recovery).  These data show that VEGF mRNA is 

stabilized concurrent with accumulation of Hsp70 in HL60 recovering from heat shock, 

and may reflect a more general role for this protein in post-transcriptional gene regulation 

following cell stress. 

 

3.4. Discussion 

 Although binding between mammalian Hsp70 and ARE-like RNA ligands was 

first reported over a decade ago (223, 185), neither the functional significance of these 

interactions nor a demonstration of their occurrence in a cellular environment had been 

described.  Furthermore, little was known regarding the nucleic acid substrate specificity 

of Hsp70 in solution.  In this work, binding experiments performed using highly purified 

recombinant Hsp70 prepared using a denaturation/renaturation strategy have shown that 

Hsp70 binds with high affinity to a model ARE sequence in the absence of ancillary 

nucleotide co-factors (ADP/ATP) or protein co-chaperones.  Binding is specific for RNA 

versus DNA ligands (Figure 3-1D) and directed by interactions with U-rich sequences 

(Figure 3-2).  Furthermore, RNP-IP experiments indicate that Hsp70 can associate with 

endogenous ARE-containing mRNAs encoding VEGF and Cox-2 (Figure 3-4A).  Biotin-
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RNA pulldown experiments identified the binding site within VEGF mRNA to a distinct 

AU-rich sequence in the proximal 3’UTR (Figure 3-5B), while EMSAs using 

recombinant protein indicated that Hsp70 interacted directly with this RNA substrate.   

A general preference for U-rich RNA ligands is a common theme among many 

ARE-BPs.  Like Hsp70, the proteins AUF1, HuR, and TIAR show little discrimination 

between bona fide ARE and generic polyuridylate sequences (48, 240, 83).  By contrast, 

stable association of TTP-related proteins requires direct contact with the interspersed 

adenylate residues typical of many AREs (75, 241).  Although all ARE-BPs show 

preferences for U-rich sequences to some extent, recent surveys of cellular ARE-BP 

binding sites using RNP-IP or cross-linking and immunoprecipitation-based approaches 

reveal distinct but frequently overlapping mRNA subpopulations associating with these 

factors (57, 78, 242).  Complicating this theme further is the frequently modular nature of 

mRNA 3’UTRs, which may contain multiple but distinct ARE-like sequences.  The 

VEGF mRNA 3’UTR has three extended AU-rich tracts distributed along its length, but 

interestingly only interacted with Hsp70 through the most upstream of these domains 

(Figure 3-5), while the 3’-most AU-rich sequence is a functional target of HuR (237).  

These observations indicate that although similar in overall nucleotide composition, the 

VEGF mRNA ARE-like domains can efficiently discriminate between these binding 

proteins, likely involving embedded sequence motifs or local RNA structural 

determinants.   

This work demonstrates that Hsp70 binds directly to U-rich RNA substrates in 

vitro and can associate with VEGF and Cox-2 mRNAs in cells, and, to our knowledge, is 

also the first to show that Hsp70 can stabilize ARE-containing mRNA targets in 
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mammalian cells.  A reporter mRNA containing a model ARE sequence in its 3’UTR 

was destabilized in HeLa cells when Hsp70 expression was suppressed, but was re-

stabilized when Hsp70 levels were ectopically restored (Figure 3-3D).  Similarly, 

transfection with Hsp70-targeted siRNA destabilized reporter transcripts containing an 

Hsp70-binding fragment of VEGF mRNA (Figure 3-6, VEGF 3’UTR and fgt 4), but had 

no effect on βG-VEGF chimeric reporters that lacked the Hsp70-targeted 3’UTR 

sequence (3’UTR Δ4, fgt 9).  Finally, suppression of Hsp70 levels destabilized 

endogenous VEGF and Cox-2 mRNAs, resulting in significant decreases in the steady-

state levels of these transcripts in HeLa cells (Figure 3-4).  Recent findings from other 

groups also suggest an mRNA-stabilizing role for Hsp70 in the regulation of ENPP1 and 

SMAR1 mRNAs (187, 188).  Although mRNA decay kinetics were not explicitly 

resolved in either case, Hsp70 binding to SMAR1 mRNA involved binding to a 5’UTR 

sequence, raising the possibility that mRNA stabilization may be mediated by Hsp70 

association with a range of mRNA sequence or positional contexts. 

The role of Hsp70 in post-transcriptional gene regulation can be considered 

analogous to that of HuR in several ways.  First, both target AREs or similar sequences.  

Second, both function to stabilize mRNA substrates.  Third, both Hsp70 and HuR are 

inducible activities in most healthy cells.  For Hsp70, induction is normally based on 

increased expression during or following cell stress.  By contrast, HuR is generally 

constitutively expressed but principally localized to the nucleus, but in response to a 

variety of cellular stresses may translocate to the cytoplasm where it can bind and 

stabilize target mRNAs (reviewed in Ref. (56)).  Data presented in this study, however, 

suggest that there are also some differences between the mRNA-stabilizing functions of 
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Hsp70 and HuR.  The observation that each protein recognizes a different AU-rich 

subdomain in VEGF mRNA (described above) indicates that they target similar but 

distinct molecular determinants on RNA ligands.  This divergence in RNA recognition 

suggests that acute stresses which induce Hsp70 expression or re-localize HuR protein 

likely regulate distinct but overlapping mRNA subpopulations through each factor.  

However, Hsp70 and HuR binding to VEGF mRNA at two such disparate sites also 

raises the intriguing possibility that mRNA stabilization by these trans-factors could be 

additive for some mRNA substrates. 

 Transient accumulation of Hsp70 and other inducible heat shock proteins is a 

hallmark of the thermal stress response in many cell types, and confers survival 

advantages by preventing unfolding and aggregation of cellular proteins (137).  However, 

data presented in this study indicates that another role of Hsp70 in the stress response 

may be to stabilize a subset of cellular mRNA targets.  Decay of VEGF mRNA in heat-

shocked HL60 cells is consistent with this model, where mRNA turnover was rapid in 

both untreated cells as well as those recovering at 37 °C for one hour after heat shock 

(Figure 3-8).  Stabilization of VEGF mRNA was only observed after prolonged (8 h) 

recovery at 37 °C, concomitant with accumulation of Hsp70 protein.  Since many factors 

that control cell proliferation, survival, angiogenesis, and metastasis are encoded by 

ARE-containing mRNAs (100), the constitutive overexpression of Hsp70 observed in 

many advanced cancers may thus subvert this otherwise transient stress-induced mRNA-

stabilizing mechanism.  If true, then Hsp70 would join a growing number of ARE-BPs 

whose regulated expression is essential for preventing exacerbation of tumorigenic 

phenotypes by aberrant stabilization of ARE-containing mRNAs.  For example, elevated 
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levels of the mRNA-stabilizing protein HuR are associated with higher tumor grade and 

poor patient outcomes in breast cancer (89, 106).  Conversely, expression of the mRNA-

destabilizing protein tristetraprolin is suppressed in many tumor types (102), leading to 

increased production of a variety of angiogenic and metastatic factors including VEGF, 

urokinase plasminogen activator, and matrix metalloproteinase-1 (243, 103).  

Comprehensive identification of the cellular mRNA subpopulation targeted by Hsp70 

will determine how constitutive enrichment of Hsp70 protein levels may also promote 

tumor progression or survival by stabilization of selected mRNA substrates.  

Beyond highlighting the need to define the range and diversity of mRNA targets 

for Hsp70, the findings reported in this study prompt several other intriguing questions.  

First, what is the mechanism by which Hsp70 binding stabilizes mRNA substrates?  The 

trivial model may be by dynamic competition with mRNA-destabilizing factors for 

selected ARE target sites.  However, following heat shock it is also possible that this 

could require a more complex series of interactions involving cellular components 

directing mRNA triage and release from stress granules (reviewed in Ref. (33)).  Second, 

how does Hsp70 recognize RNA targets, since no canonical RNA-binding domain exists 

in this protein?  Experiments using northwestern and UV cross-linking assays suggested 

that contacts involving both the ATPase and peptide substrate-binding domains of Hsp70 

may be involved, although contributions from each domain were not quantitatively 

resolved (190).  Newer data treating on this issue is presented in Chapter 4.  Third, could 

the RNA-binding or mRNA-stabilizing activities of Hsp70 be regulated by nucleotide co-

factors or protein co-chaperones?  Although these ancillary factors are not required for 

RNA-binding activity (Figure 3-1 and Figure 3-5D), they could conceivably modify 
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binding affinity, specificity, or protein-directed stabilization of mRNA substrates.  

Finally, since Hsp70 is a member of a closely conserved family of proteins, could 

different members exhibit similar or divergent functions in post-transcriptional control of 

gene expression?  Evidence for the former hypothesis was given by findings that Hsc70 

binding to an ARE sequence in Bim mRNA was responsible for stabilizing that transcript 

in Baf-3 pro-B cells deprived of interleukin-3 (244).  Interestingly, Hsp70 was unable to 

bind this mRNA target, suggesting that these proteins might recognize different transcript 

subpopulations.  Hsp70 family members were also observed to induce different pro-

tumorigenic cellular phenotypes.  While both HSPA1A (Hsp70) and HSPA2 (also known 

as Hsp70-2) enhanced proliferation of both HeLa and MCF-7 breast cancer cells, 

HSPA1A contributed to cell cycle transit through the G2/M checkpoint, while HSPA2 

prevented arrest in G1 (175).  Also, substantially different changes in gene expression 

patterns were noted when cells were transfected with siRNAs targeting HSPA1A versus 

HSPA2.  A final example is given by the yeast Hsp70 homologue Ssa1p, which targets an 

ARE-like sequence in MFA2 mRNA but accelerates decay rather than stabilizing the 

transcript (189). 

In conclusion, we have demonstrated that Hsp70 can form direct, high-affinity 

RNP complexes with ARE substrates in vitro and associates with ARE-containing 

mRNAs in cells.  The functional consequence of Hsp70 recruitment to these sequences is 

to stabilize the mRNA substrate.  Given that: (i) constitutive expression of Hsp70 is 

associated with increased tumor aggressiveness, and (ii) the stability of many mRNAs 

that encode factors directing pro-tumorigenic phenotypes are regulated by AREs, we 

propose that sustained elevation of Hsp70 may contribute to tumor progression by post-
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transcriptionally enhancing the expression of a subset of ARE-containing transcripts.  

Conceivably, this gene regulatory function could complement the well-characterized pro-

survival effects of Hsp70 protein chaperone activities. 
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Chapter 4 

Identification of Hsp70 domains required for RNA-binding and 

mRNA stabilization and evidence that these activities are 

independent of its protein chaperone function 

 

4.1. Introduction 

 Following our observations that inducible human Hsp70 exhibits sequence-

specific RNA binding and stabilizes cellular ARE-containing mRNAs, two new questions 

arose.  First, which surfaces or domains of the protein contribute to its RNA-binding 

activity?  Second, is there a relationship between the RNA-binding and mRNA-

stabilizing functions of Hsp70 and its more traditional role as a cellular chaperone?  

These lines of inquiry are complicated by the fact that no complete crystal structure of the 

human Hsp70 exists, which significantly hampers the use of current structural data to 

predict likely RNA-Hsp70 interfaces. 

The traditional motifs commonly associated with interactions between a protein 

and its nucleic acid binding partner were described in Chapter 1.  Based on amino acid 

sequence and available structural information, however, Hsp70 has no such determinants 

for nucleic acid binding.  After initial reports that Hsp70 could bind ARE-containing 

sequences (184, 185, 245), preliminary efforts to localize the binding site(s) began.  One 

group created truncation mutants of Hsp70 wild type protein that included the ATPase 

domain, the peptide-binding domain with the C-terminal amino acids, and the wild type 

protein without the C-terminal domain.  UV crosslinking experiments suggested that the 
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ATPase domain of Hsp70 could selectively bind an RNA substrate containing over 250 

nucleotides of the IL-10 3’UTR that included its ARE sequence, but that the stability of 

this interaction was greater for the full-length protein.  By itself, the peptide-binding 

domain did not bind RNA, leading the investigators to hypothesize that the importance of 

this domain is to increase the specificity and affinity of the chaperone for RNA overall 

(190).  A central role for the ATPase domain in RNA recognition was also proposed 

based on observations that ATP could inhibit RNA retention by Hsp70 in UV 

crosslinking assays (223).  Together, these results formed the basis for a model of 

Hsp70:RNA interactions through the ATPase domain that was intuitively logical, but due 

to the nature of the assays used, not quantitative.  Furthermore, although these studies 

suggested that the nucleotide cycling component of the Hsp70 chaperone cycle may 

impact RNA-binding activity, interactions between chaperone functions and mRNA 

stabilization in cells have not been reported to date. 

In the current work, we have used quantitative approaches to measure the 

contributions of individual Hsp70 domains to RNA-binding affinity and sequence 

specificity.  We then determined the contributions of major Hsp70 protein domains to its 

mRNA-stabilization function using a cell-based ectopic rescue system.  Hence, while 

fine-resolution mapping of the Hsp70:RNA binding interface remains elusive, we have 

been able to compare biochemical and functional roles of individual Hsp70 domains in 

post-transcriptional gene regulation.  To test the interplay between the RNA-binding and 

protein chaperone function of Hsp70, we again used both in vitro and cell-based systems.  

First, we examined the role of nucleotide-bound status on RNA binding at 

physiologically relevant nucleotide concentration.  Next, we used a small molecule 
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inhibitor to disrupt Hsp70 chaperone function and tested whether this affected the 

stability of Hsp70-targeted mRNAs in cells.  Taken together, these findings suggest that 

RNA binding and mRNA stabilization by Hsp70 are functionally distinct from the 

chaperone activity of this protein and are mediated by contributions from both major 

protein domains. 

 

4.2. Materials and methods 

4.2.1. Synthetic RNA substrates.   

As in the previous chapter, all synthetic RNA oligonucleotides were purchased 

from Dharmacon Research or Integrated DNA Technologies.  Nucleic acid sequences 

used for the competition plots were purchased from GE Healthcare.  The sequences of all 

probes used in this study are listed in Table 4-1.  Probes prefixed “Fl-” include a 5’-

fluorescein (Fl) tag. 

Table 4-1: RNA substrates used in this study 

Name Sequence (5’→3’)
a
 

ARE[44] CUUGUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUU

ACAGA 

ARE[38] GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG 

ARE[34] AUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

ARE[30] UUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

ARE[24] AUUUAUUUAUUAUUUAUUUAUUUA 

ARE[20] UUUAUUAUUUAUUUAUUUAG 

Rβ UGGCCAAUGCCCUGGCUCACAAAUACCACUG 
a
RNA substrate variants containing 5’-linked fluorescein (Fl) groups are indicated by 

relevant prefixes where applicable. 
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4.2.2. Antibodies.   

Antibodies targeting Hsp70, GAPDH, and FLAG, as well as all horseradish 

peroxidase-conjugated secondary antibodies used in this study are the same as discussed 

in 3.2.2.  The polyclonal rabbit p53 antibody was purchased from Abcam. 

 

4.2.3. Generation of recombinant Hsp70 protein.   

Expression vectors for N-terminal His6-tagged proteins were generated essentially 

as described in Chapter 3 except that to generate His6-Hsp70 deletion mutants, relevant 

cDNA fragments were amplified from pBAD/HisC-Hsp70 by PCR and subcloned into 

pBAD/HisC to generate in-frame His6-fusion cassettes.  The fidelity of all recombinant 

DNA products were verified by sequencing.  Production and characterization of 

recombinant His6-Hsp70 deletion mutant proteins was performed as described for the full 

length protein in 3.2.3. 

 

4.2.4. Protein-nucleic acid binding assays.  

Electrophoretic mobility shift assays (EMSAs) were performed as described in 

3.2.4 with 5’-
32

P labeled probes. 

Quantitative assessment of binding between fluorescently labeled RNA substrates 

and recombinant proteins was conducted using fluorescence anisotropy-based assays and 

analyzed essentially as described in 3.2.4.  In cases where RNA-protein binding was 

assayed in the presence of nucleotide, EDTA was removed from the reaction cocktail and 

replaced with MgCl2 (2 mM final concentration) and the desired nucleotide (2 mM final).  

ATP, ADP, and AMP-PNP were purchased from Sigma.  To measure Hsp70 binding 



122 

 

affinity for the Fl-ARE[38] substrate in the presence of the chaperone inhibitor 2-

phenylethynesulfonamide (PES, Sigma), the EDTA cocktail was augmented with either 

PES (20 μM final) or DMSO as a vehicle control.  Prior to addition of the RNA substrate, 

the protein was pre-incubated with the PES-cocktail for 30 minutes at 25°C.   

 

4.2.5. Analyses of protein folded stability by chemical denaturation.   

The stability of protein folding was assessed for selected recombinant proteins by 

equilibrium denaturation in guanidine hydrochloride (GdnHCl), essentially as we have 

previously described (61).  Briefly, protein samples (1-5 µM) were incubated for one 

hour at room temperature in 10 mM TrisHCl (pH 8) containing 50 mM KCl, 2 mM DTT, 

and 0.5 mM EDTA in the presence of varying concentrations of GdnHCl.  The extent of 

protein unfolding was then assessed measuring protein fluorescence (λex = 270 nm; λem = 

290 - 400 nm; 10 nm bandwidth) using a Cary Eclipse spectrofluorometer.  Although 

His6-Hsp70 contains three Trp residues, preliminary experiments using λex = 295 nm 

demonstrated that Trp emission was not significantly altered during protein unfolding 

(data not shown).  As such, the excitation wavelength was shifted to 270 nm to include 

excitation of tyrosine residues, 16 of which are dispersed throughout the protein. 

Protein denaturation was modeled as a two-state, GdnHCl-dependent transition 

between native and unfolded conformations which exhibited fluorescence emission 

intensities Fnative and Funfolded, respectively.  Thermodynamic parameters describing the 

unfolding transition were then estimated from the change in protein fluorescence 

measured at 325 nm (F325) as a function of GdnHCl concentration using Equations 4.1 
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and 4.2 adapted from the linear extrapolation method (246), as modified by Manyusa and 

Whitford(247).  
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ΔGu is the free energy of protein denaturation at each GdnHCl concentration, ΔGuw is the 

extrapolated free energy of unfolding in the absence of denaturant, and meq represents the 

sensitivity of ΔGu to GdnHCl concentration.  All parameters were resolved from F325 

versus [GdnHCl] plots by nonlinear regression using PRISM version 3.03 software 

(GraphPad).  

 

4.2.6. Construction of Hsp70 expression vectors.  

All expression vectors for the truncation mutants of Hsp70 were subcloned 

downstream of three copies of the FLAG epitope and sequenced as described in 3.2.5.  

The FLAG-tagged sequences and His6-tagged sequences are identical.  All mutants 

except for Hsp70(386-613) were constructed to be resistant to the Hsp70 targeted 

silencing RNA (the sequence of which may be found in 3.2.6).  

 

4.2.7. Cell culture and transfection.  

For this study, all experiments were performed in HeLa cells cultured and 

transfected using procedures described in 3.2.6. 
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4.2.8. Protein co-immunoprecipitation assays.   

Complex formation between FLAG-Hsp70 and p53 was assessed by co-

immunoprecipitation.  HeLa cells expressing FLAG-Hsp70 were washed 3 times with 1× 

PBS, then scraped into ice-cold lysis buffer (50 mM TrisHCl pH 7.5 containing 100 mM 

KCl, 2 mM EDTA, 1% IGEPAL-CA630, 1 mM phenylmethylsulfonyl fluoride and 10 

μg/ml leupeptin).  Cells were lysed by passing through a 23-gauge needle 3-5 times, 

incubated at 4 °C for 30 min on a tumbling mixer, and then centrifuged at 11,000 x g for 

10 min at 4 °C.  The supernatant was recovered and protein concentration measured using 

the RC DC protein assay kit (Bio-Rad) according to manufacturer’s protocol.  Complexes 

containing p53 were recovered by incubating this lysate (1 mg) with anti-p53 antibodies 

(3 μg; Abcam) on a tumbling mixer overnight at 4 °C before adding to 50 μl packed 

protein A/G resin (Pierce) equilibrated in lysis buffer.  After incubation on a tumbling 

mixer for 2 h at room temperature, beads were washed twice with lysis buffer.  Co-

purifying FLAG-Hsp70 was detected by Western blot. 

 

4.2.9. mRNA decay assays.   

In this study, the decay of endogenous transcripts was measured using 

actinomycin D time course assays as described in 3.2.7.  The same qRT-PCR primers and 

probes listed in Chapter 3 were used, and the statistical analysis was also the same as 

previously described.  Steady state transcript levels were compared by qRT-PCR as 

before. 
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4.2.10. Bioinformatics analyses.   

All publicly available analytical tools were used as described in 3.2.10.  For this 

study mFold version 2.3 was used to determine the free energy of folding for some ARE-

containing RNA probes at 25°C and 1 M monovalent salt (248). 

 

4.2.11. Statistics.   

Statistical analyses were performed as described in 3.2.11. 

 

4.3. Results 

4.3.1. Hsp70 binds with highest affinity to ARE-containing RNA substrates longer 

than 30 nucleotides.   

Hsp70 forms a single, high-affinity complex with the ARE[38] RNA substrate 

that can be visualized by EMSA (Figure 3-1) and yields a dissociation constant of ~12 

nM in fluorescence anisotropy-based binding assays (Figure 4-1, left panel and Table 4-

2).  However, given that very little is known about the particular size and sequence 

characteristics of the ARE-containing mRNA targets of Hsp70, we measured binding 

affinity to ARE-containing probes of different lengths.  Using a variety of substrates 

corresponding to fragments of the TNFα ARE, we observed that the affinity of His6-

Hsp70wt for ARE ligands shorter than 30 nucleotides is significantly weaker than for the 

longer probes (Figure 4-1, right panel, and Table 4-2; cf. Fl-ARE[24] vs. Fl-ARE[30]). 
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Figure 4-1: RNA-binding activity of wild type Hsp70.   

Examples of fluorescence anisotropy assays measuring the affinity of wild type  

His6-Hsp70 for the Fl-ARE[38] (left) or Fl-ARE[24] (right) RNA substrates.  All data 

sets were resolved by single-site binding models yielding dissociation constants listed 

in Table 4-2.  

 Among the RNA substrates surveyed, Hsp70 bound strongest to Fl-ARE[34] with 

an apparent Kd of 3.8 ± 0.7 nM.  Stronger binding of Hsp70 to the Fl-ARE[34] versus Fl-

ARE[30] ligands is consistent with productive protein contacts to the additional residues 

in the longer oligonucleotide.  However, Hsp70 binding to Fl-ARE[38] was noticeably 

weaker than to the shorter Fl-ARE[34] substrate.  One possibility is that the longer RNA 

substrates might form more stable secondary structures, which could impede Hsp70 

binding by occluding single-stranded target regions of these RNAs.  Using mFold to 

calculate the free energy of folding for selected RNA substrates, the ARE[34] and 

ARE[30] sequences predicted ΔG ≈ 0 kcal/mol at 25°C and 1 M monovalent salt.  This 

means that the probes are expected to be approximately 50% folded under the 

experimental conditions used for anisotropy.  In contrast, the ARE[38] and ARE[44] 

probes return predicted ΔG values of -2.44 kcal/mol and -5.79 kcal/mol respectively, 

indicating that these RNA ligands are likely to be more extensively folded in solution.  
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These data raise the possibility that the accessibility of single-stranded binding sites on 

the RNA ligands may contribute to differences in Hsp70 binding affinity for longer RNA 

substrates.  As such, the potential benefit from having a longer probe with more sequence 

determinants and/or conformational flexibility to accommodate Hsp70 binding could thus 

be offset by the effective occlusion of binding sites by secondary structure formation.    

 

Table 4-2: Affinities of Hsp70 and selected deletion mutants for RNA substrates 

protein 
RNA 

substrate 
Kd-app (nM)

a
 ΔG (kcal·mol

-1
)
b
 n 

     

His6-Hsp70wt Fl-ARE[44] 7.8 ± 0.7 -11.0 4 

 Fl-ARE[38] 13 ± 2 -10.7 5 

 Fl-ARE[34] 3.8 ± 0.7 -11.5 3 

 Fl-ARE[30] 12.6 ± 0.6 -10.8 3 

 Fl-ARE[24] 380 ± 40 -8.7 3 

 Fl-ARE[20] >500 > -8.6 2 

     

His6-Hsp70(1-637) Fl-ARE[38] 18 ± 1 -10.6 3 

     

His6-Hsp70(1-613) Fl-ARE[38] 16 ± 5 -10.6 3 

     

His6-Hsp70(1-385) Fl-ARE[38] 96 ± 12 -9.6 3 

     

His6-Hsp70(386-613) Fl-ARE[38] 76 ± 8 -9.7 3 
a
apparent equilibrium dissociation constants were resolved using fluorescence 

anisotropy-based assays as described in Figure 3-1 and are given as the mean ± standard 

deviation of n independent experiments.   
b
free energy of protein binding to the Fl-ARE[38] substrate was calculated using  

ΔG = -RTlnK. 

 

4.3.2. RNA-binding by Hsp70 is mediated by sequence-specific contacts to multiple 

protein domains.   

Hsp70 proteins do not contain canonical RNA-binding modules such as RNA 

recognition motifs, K-homology domains, or zinc fingers.  Rather, they consist of an N-
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Figure 4-2:  RNA-binding activity of Hsp70 domain mutants.   

(A) The organization of wild type Hsp70 protein is shown at top.  Domains included 

in Hsp70 protein mutants used in this study are indicated below.  (B) Coomassie Blue-

stained SDS-PAGE of purified His6-Hsp70 and mutants, with molecular weight 

markers (in kDa) shown at left.  (C) EMSAs of Hsp70 ATPase (left) or peptide-

binding (right) domains with 
32

P-labeled ARE[38] or Rβ RNA substrates.  (D) 

Fluorescence anisotropy assays measuring the affinity of His6-Hsp70 mutant proteins 

for the Fl-ARE[38] RNA substrate.  All isotherms were resolved by single-site 

binding models yielding dissociation constants listed in Table 4-2.   

terminal ATPase domain followed by a peptide-binding domain and a short C-terminal 

extension ending with an EEVD sequence that is targeted by selected co-chaperone 

proteins (225).  To identify Hsp70 domains responsible for its RNA-binding activity, we 

generated and purified a series of His6-Hsp70 deletion mutant proteins (Figure 4-2A, B).  

By EMSA, both the ATPase (1-385) and peptide-binding (386-613) domains of Hsp70 
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formed single complexes with the ARE[38] RNA (Fig. 2C).  However, RNPs formed 

between the ARE[38] RNA and these domains appeared weaker than those formed with 

full length Hsp70 (Figure 3-1C), since significant depletion of free RNA was not 

observed even at 500 nM protein.  Dissociation constants derived from fluorescence 

anisotropy experiments indicated that the Fl-ARE[38] substrate bound the ATPase and 

peptide-binding domains of Hsp70 individually 5- to 6-fold weaker than to the full length 

protein (Figure 4-2D and Table 4-2).  By contrast, the ARE-binding activity of His6-

Hsp70 was not significantly affected by deletion of the EEVD sequence either with (1-

637) or without the C-terminal domain (1-613).  These data indicated that both the 

ATPase and peptide-binding domains of Hsp70 are required for optimal ARE-binding 

activity, but that sequences C-terminal to these modules do not contribute to RNP 

complex stability.  

 Localization of ARE-binding activity to two distinct domains of Hsp70 prompted 

two additional questions.  First, is the RNA-binding activity contributed by each domain 

sequence specific?  The non-ARE Rβ substrate showed no detectable binding to either 

the ATPase or peptide-binding domains of Hsp70 in EMSA (Figure 4-2C) or anisotropy-

based binding assays (data not shown).  Furthermore, only the U[32] and ARE[38] 

substrates effectively displaced binding of either Hsp70 domain to the Fl-ARE[38] RNA 

in competition assays (Figure 4-3).  Second, does the weakened ARE-binding activity 

observed for individual Hsp70 domains result from impaired protein folding?  This was 

tested by measuring changes in protein fluorescence as selected His6-Hsp70 proteins 

were unfolded across titrations of GdnHCl (Figure 4-4), permitting calculation of 

thermodynamic parameters describing the folding stability of each protein (Table 4-3).  
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Figure 4-3: RNA competition assays 

Competition for Fl-ARE[38] binding to (A) His6-Hsp70(1-385) and (B) His6-

Hsp70(386-613) performed as described in Figure 3-2 except that higher protein 

concentrations were used (1-385, 100nM; 386-613, 60 nM) owing to the weaker 

affinity of these proteins for the ARE substrate.  Points represent the mean ± SD of 

three separate trials. 

While the free energy of denaturation for the ATPase domain (1-385) was slightly less 

sensitive to GdnHCl (meq) than for either the peptide-binding domain (386-613) or full 

length His6-Hsp70 protein, no significant differences were observed among the 

extrapolated free energies of protein unfolding in the absence of denaturant (ΔGuw) for 

any protein tested.  Together, these data demonstrate that both the ATPase and peptide-

binding domains are stably folded structures that individually contribute relatively weak 

RNA-binding activity with preferences for U-rich RNA substrates. 

 

Table 4-3: Thermodynamic parameters describing GdnHCl-induced unfolding of 

His6-Hsp70 and selected deletion mutant proteins 

Protein ΔGuw (kcal·mol
-1

)
a
 meq (kcal·mol

-1
·M

-1
)
a
 

   
His6-Hsp70wt 2.86 ± 0.33 1.85 ± 0.29 

His6-Hsp70(1-385) 2.58 ± 0.19 1.48 ± 0.17 

His6-Hsp70(386-613) 2.52 ± 0.15 1.90 ± 0.13 
a
the free energy of protein unfolding in the absence of denaturant (ΔGuw) and the 

sensitivity of protein folding free energy to GdnHCl (meq) were resolved from F325 versus 

[GdnHCl] data sets (Figure 4-4) using Equations 4.1 and 4.2 and are expressed as the 

means ± standard deviations of three independent experiments. 
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Figure 4-4:  Chemical denaturation of His6-Hsp70 and selected deletion mutant 

proteins.   

Blank-corrected fluorescence emission spectra (λex = 270 nm) of His6-Hsp70wt in the 

absence or presence of 1 M, 2 M, or 3 M GdnHCl.  The arrow highlights the decrease 

in emission near 325 nm associated with increasing denaturant concentration.  

Relative changes in fluorescence emission at 325 nm from (B) His6-Hsp70wt, (C) 

His6-Hsp70(1-385), and (D) His6-Hsp70(386-613) as a function of GdnHCl 

concentration.  Thermodynamic parameters describing the folded stability of each 

protein were resolved by nonlinear regression using Equations 4.1 and 4.2 as 

described under “Materials and Methods” and are listed in Table 4-3. 

 

4.3.4. Ectopic expression of the Hsp70 peptide-binding domain partially restores 

VEGF mRNA stability in HeLa cells lacking endogenous Hsp70.   

The stability of the endogenous VEGF transcript decreases by 50% when Hsp70 

levels are suppressed in HeLa cells using siRNA (Figure 4-5, Table 4-4).  However, by 

ectopically expressing FLAG-tagged, siRNA-resistant wild type Hsp70 (FLAG-

Hsp70wt) at levels comparable to the endogenous protein, the half-life of VEGF mRNA 

is restored to a value indistinguishable from siControl-transfected cells (Figure 4-5, Table 



132 

 

4-4).  Based on these findings, and the observation from Figure 4-2 that both major 

domains of Hsp70 can form sequence-specific, high-affinity contacts with ARE-

containing RNA substrates, we next tested whether the individual domains of Hsp70 

could stabilize VEGF mRNA in cells where endogenous Hsp70 was suppressed.   

Table 4-4: Effect of specific Hsp70 protein domains on VEGFA mRNA turnover in 

HeLa cells 

siRNA ectopic Hsp70 protein t1/2 (h)
a
 n p vs. siHsp70 

alone
b
 

     

siControl None 3.78 ± 0.35 5 < 0.0001 

     

siHsp70 None 1.84 ± 0.32 5  

siHsp70 FLAG-Hsp70wt 3.86 ± 0.55 3 0.0005 

siHsp70 FLAG-Hsp70(1-385) 1.87 ± 0.14 4 n.s. 

siHsp70 FLAG-Hsp70(386-613) 3.00 ± 0.23 3 0.0016 
a
turnover kinetics of VEGFA mRNA were measured in HeLa cells transfected with 

indicated siRNAs and FLAG-Hsp70 expression vectors using actD time course assays as 

described under Materials and Methods and Figure 4-5.  Listed mRNA half-life values 

represent the mean ± standard deviation from n independent time course experiments. 
b
n.s., no significant difference between samples (p > 0.05) 

 

Ectopic FLAG-Hsp70wt expression was optimized to approximate the level of 

endogenous Hsp70 in HeLa cells (Figure 4-5A, left).  Since some Hsp70 deletion mutant 

proteins were not recognized by our anti-Hsp70 antibodies, expression of the domain 

mutants was normalized to FLAG-Hsp70wt levels in the established wild type rescue 

experiment based on reactivity with anti-FLAG antibodies (Figure 4-5A, right).  When 

endogenous Hsp70 is suppressed in HeLa cells, the half-life of the VEGF mRNA is ~1.8 

hours (Figure 4-5B, Table 4-4).  The decay rate of this mRNA was not significantly  
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Figure 4-5: Effect of Hsp70 deletion mutants on the stability of endogenous 

VEGF mRNA.   
(A) Western blots of Hsp70 in whole cell lysates from HeLa cells transfected with siHsp70 

versus a control siRNA and rescue by cotransfection of pCMV-FLAG-Hsp70sm, which 

encodes FLAG-Hsp70wt protein.  The blot was probed with an anti-Hsp70 antibody and 

normalized to GAPDH expression (left).  The size difference between endogenous protein 

and FLAG-Hsp70wt is due to the presence of the FLAG-tag.  Extracts from cells co-

transfected with siHsp70 and indicated FLAG-tagged Hsp70 deletion mutants with 

expression levels normalized to FLAG-Hsp70wt.  This blot was probed with an anti-FLAG 

antibody with GAPDH used as a loading control (right).  (B) Representative plots of actD 

time course assays measuring VEGF mRNA decay in HeLa cells transfected with 

siControl or siHsp70 (top left panel) or HeLa cells cotransfected with siHsp70 and FLAG-

Hsp70wt or deletion mutants as indicated.  Points indicate the mean ± SD of four separate 

qRT-PCR reactions for each RNA sample.  Nonlinear regression to single exponential 

decay functions (lines) yielded first order mRNA decay constants and associated half-lives.  

Average mRNA half-lives from replicate independent experiments are given in Table 4-4. 
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altered when the Hsp70 ATPase domain was ectopically expressed alone (Table 4-4).  In 

contrast, expression of the Hsp70 peptide-binding domain alone was sufficient to 

stabilize the VEGF transcript.  The mRNA half-life of 3 hours in this cell model was 

significantly higher than in cells lacking Hsp70, although still somewhat lower than in 

cells where endogenous Hsp70 is present or cells co-transfected with siHsp70 and FLAG-

Hsp70wt.  These data indicate that although the Hsp70 peptide-binding can 

independently slow decay of a cellular mRNA substrate, additional contributions from 

other protein domains are required to reconstitute the full mRNA-stabilizing potential of 

Hsp70.  

 

4.3.5. The occupancy of the ATPase domain of Hsp70 has no effect on its RNA-

binding affinity.   

Based on the chaperone cycle of Hsp70, the nucleotide occupancy of the ATPase 

domain specifies critical functional conformations for the molecule.  When ATP is 

bound, the Hsp70 molecule is in loose association with client peptide.  Upon ATP 

hydrolysis, the molecule closes around the peptide substrate and fast exchange is 

prevented (reviewed in Ref. (137)).  If the interaction between Hsp70 and RNA 

substrates is regulated by the chaperone cycle, it would be expected that the affinity of 

this interaction will depend on the nucleotide-bound status of the Hsp70.  To test this 

possibility, we incubated His6-Hsp70wt protein with different nucleotides (ATP, ADP, 

and the non-hydrolyzable ATP analogue, AMP-PNP) and then measured the binding 

affinity of this complex to the Fl-ARE[34] probe by fluorescence anisotropy.  The Fl-

ARE[34] probe is less sensitive to the stabilization of its secondary structure by Mg
2+
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Figure 4-6: RNA-binding activity of His6-Hsp70 in the presence of nucleotide co-

factors.   

Fluorescence anisotropy assays measuring the affinity of wild type His6-Hsp70 for the 

Fl-ARE[34] RNA substrate in the presence of 2 mM MgCl2 and 2 mM of each 

indicated nucleotide.  All isotherms were resolved by single-site binding models 

yielding dissociation constants listed in Table 4-5.   

than the Fl-ARE[38] substrate used in the binding studies above, making the 34-nt ligand 

a better choice for these assays since the divalent cation is necessary for nucleotide 

coordination and ATPase function. 

 Using this assay system, we observed no significant difference in RNA-binding 

affinity resulting from the presence or absence of any adenosine nucleotide tested (Figure 

4-6, Table 4-5).  These findings suggest that the protein contacts involved in RNA 

recognition and binding are not significantly altered as Hsp70 moves through the 

conformational transitions associated with its peptide refolding activity.  One possible 

interpretation is that RNA binding by Hsp70 is distinct from its chaperone activity, 

possibly occurring independently of or even concurrently with peptide refolding.  
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   Table 4-5: Effect of nucleotides on the ARE-binding affinity of Hsp70
a 

nucleotide
b
 Kd-app (nM) n 

   
None 2.6 ± 0.6 3 

ATP 2.3 ± 0.2 3 
ADP 2.8 ± 0.5 3 

AMP-PNP 3.2 ± 0.3 3 
     a

apparent equilibrium dissociation constants for His6-Hsp70wt binding to the 

    Fl-ARE[34] RNA substrate were resolved using fluorescence anisotropy-based  

    assays and are given as the mean ± standard deviation of n independent  

    experiments. 
    b

nucleotides were added to 2 mM where indicated.  All reactions contained  

   2 mM MgCl2 to permit formation of Mg
2+

:nucleotide complexes. 

 

 

4.3.6. Control of mRNA decay by Hsp70 is independent of its protein chaperone 

function.  

 To determine whether posttranscriptional gene regulation by Hsp70 was coupled 

to its protein chaperone cycle in cells, we measured the effect of the Hsp70 chaperone 

inhibitor 2-phenylethynesulfonamide (PES) on its RNA-binding and mRNA-stabilizing 

activities.  PES selectively binds Hsp70 and disrupts interactions with co-chaperones and 

peptide substrates (249).  Using co-immunoprecipitation experiments, we observed that 

PES strongly suppressed FLAG-Hsp70 binding to p53 in cisplatin-treated HeLa cells 

(Figure 4-7A), similar to the effect of this compound in other cell models (249).  

However, in fluorescence anisotropy-based binding assays (Figure 4-7B), His6-Hsp70wt 

bound the Fl-ARE[38] substrate with a Kd of 10.2 ± 1.8 nM (n = 3) in the presence of 

PES, an affinity indistinguishable from reactions performed in the presence of vehicle 

(DMSO) alone (Kd = 9.5 ± 2.6 nM, n = 3, data not shown).  Furthermore, addition of PES 

did not impact the mRNA-stabilizing activity of endogenous Hsp70 in HeLa cells.  The 

decay kinetics of VEGF (t1/2 = 3.77 ± 0.21 h, n = 4) and Cox-2 (t1/2 = 4.37 ± 0.35 h, n = 
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Figure 4-7.  Effect of the Hsp70 chaperone inhibitor PES on RNA-binding and 

mRNA-stabilizing activities.   

(A) HeLa cells transfected with siHsp70 and plasmid pCMV-FLAG-Hsp70sm were 

treated with or without PES (20 μM) for 1 h prior to addition of cisplatin (50 μM), 

then incubated at 37 °C for an additional 8 h.  Top panels show expression of FLAG-

Hsp70 and p53 with GAPDH as a loading control.  The bottom panel shows FLAG-

Hsp70 recovered in immunoprecipitation reactions programmed with anti-p53 

antibodies.  (B) Fl-ARE[38] RNA substrate binding to  His6-Hsp70 measured by 

fluorescence anisotropy after pre-incubating the protein in PES (20 μM) for 30 min.  

Data are fit to a single-site binding model.  (C) ActD time course assays measuring 

VEGF and Cox-2 mRNA decay in HeLa cells following treatment with PES (20 μM, 

2 h).  Average mRNA half-lives from replicate independent experiments are given in 

the text.  (D) Steady state levels of VEGF and Cox-2 mRNAs in HeLa cells treated 

with or without PES (20 μM, 2 h) measured by qRT-PCR.  Bars represent the mean ± 

SD of four independent samples normalized to GAPDH mRNA. 

4) mRNAs (Figure 4-7C) in PES-treated cells were indistinguishable from mRNA 

turnover rates measured in cells containing functional Hsp70 (Figure 4-5B).  Consistent 

with this observation, PES treatment did not significantly alter the steady-state levels of 

either VEGF or Cox-2 mRNAs (Figure 4-7D).  These data suggest that the RNA-binding 
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and mRNA-stabilizing activities of Hsp70 are independent of its protein chaperone 

function, since neither was impacted by treatment with the chaperone inhibitor. 

 

4.4. Discussion 

Two features of the RNA substrate determinants required for Hsp70 recruitment 

were revealed by these studies.  First, the minimum length for high-affinity ARE binding 

is approximately 30 nucleotides for the full-length protein.  The affinity of binding to 

sequences shorter than 30 bases drops precipitously, probably due to insufficient potential 

for formation of binding contacts.  This optimal ARE substrate length for Hsp70 binding 

is similar to that of AUF1 (58) but longer than those reported for either HuR or TTP (61, 

75).  Second, we observed that Hsp70 binding could be attenuated in longer ARE 

substrates, likely owing to local intramolecular structure that may limit the availability of 

unpaired nucleotides accessible to the protein.  These data are consistent with a previous 

report that Mg
2+

-induced folding of the TNFα ARE inhibited Hsp70 binding in vitro (39), 

and support a model whereby Hsp70 does not bind duplexed RNA.  A preference of 

ARE-BPs for single-stranded RNA substrates also suggests that local RNA structure may 

be a critical mechanism regulating gene-specific selectivity and positioning of these 

factors on mRNA targets.  

Another key finding from these studies is that both the ATPase and peptide-

binding domains of Hsp70 are capable of making direct, sequence-specific contacts with 

U-rich RNA targets including AREs (Figure 4-3).  Interestingly, contributions to RNP 

stability from the isolated domains are not additive.  While each individually binds the 

Fl-ARE[38] ligand with ΔG ≈ -9.6 kcal/mol, adding the second RNA-binding 
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determinant only contributes ΔΔG ≈ -1 kcal/mol to binding energy (Table 4-2, cf. domain 

mutants (1-385) and (386-613) vs. (1-613)), suggesting that protein and/or RNA 

conformational restrictions may preclude optimal RNA contacts with both domains when 

tandemly arranged.  Sequences at the extreme C-terminus of Hsp70 do not make 

significant contributions to the stability of Hsp70:ARE RNP complexes.  

Our findings that the two major domains of Hsp70 each contain sequence-specific 

determinants of RNA binding are in sharp contrast to a previous report that concluded the 

peptide-binding domain of Hsp70 could not interact with RNA independently, but rather 

seemed to function as a stabilizing moiety in the context of the whole protein (190).  

However, we believe that this discrepancy results from reliance on the UV crosslinking 

assays used in the previous study.  RNA-protein crosslinking efficiency depends on the 

chemical nature protein groups juxtaposed with photoactivatable nucleobases, normally 

pyrimidines, when irradiating at 260 nm (250).  This chemistry thus makes crosslinking 

efficiency sensitive to the identity of the bound nucleotide, the identity of nearby 

chemical groups on bound proteins, and the relative proximity of these molecular 

components.  As such, UV crosslinking efficiency is extremely unreliable as a basis for 

comparing complex formation between a single RNA and different proteins (owing to 

variations in reactive protein groups and proximities), or different RNAs to a single 

protein (owing to variations in photoactivatable nucleobase composition and location).  

By contrast, our fluorescence anisotropy-based binding assay requires no reactive 

chemistries between binding partners, and instead reflects non-covalent binding 

occupancy under true equilibrium conditions in solution. 
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The second major insight resulting from this work is that both the RNA-binding 

and mRNA-stabilizing activities of Hsp70 appear to be independent of the protein’s well-

characterized chaperone functions.  The chaperone cycle of Hsp70 requires that 

information about domain occupancy be transmitted through the molecule via small scale 

allosteric changes (251, 148).  In the classical model, the hydrolysis of ATP to ADP 

converts the molecule into a closed conformation where the peptide substrate is bound to 

the peptide-binding domain (4).  Additionally, the hydrolysis of ATP is very slow when 

there are no peptide ligands or cochaperones present to stimulate the activity of the 

ATPase domain (148, 252).  Further, ADP is retained in the binding pocket and 

nucleotide exchange factors (NEFs) are required to accelerate its removal.   

Based on this model, if RNA binding were coupled to the Hsp70 chaperone cycle, 

we would expect that nucleotide occupancy of the ATPase domain would alter the 

affinity of Hsp70 for RNA substrates.  Our data, however, show no significant difference 

in the affinity of Hsp70 binding to the Fl-ARE[34] ligand regardless of nucleotide 

cofactors (Table 4-2), suggesting that ARE binding is not sensitive to the allosteric 

molecular changes associated with the chaperone cycle.  These data directly contradict a 

previous study by Henics et al., who reported that Hsp70 binding to an ARE target 

sequence was inhibited in reactions supplemented with ATP (223).  However, we suggest 

that a technical detail might be responsible for the ATP-dependent decrease in UV 

crosslinking efficiency that formed the basis for their conclusion.  At 260 nm, ATP has 

an extinction coefficient (ε260) of 1.54 x 10
4
 M

-1
·cm

-1
.  Henics et al. detected significant 

inhibition of UV crosslinks between Hsp70 and a model ARE at ATP concentrations as 

low as 1 mM (223).  Assuming that a 10 - 20 µl crosslinking reaction in a 1.5 ml sample 
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tube presents a fluid depth of ≈ 1 mm, by Beer’s law this sample would yield an 

absorbance value of 1.54 at 260 nm, which converted to transmittance (A = log(1/T)) 

indicates that only 2.9% of the applied UV radiation actually penetrates to the bottom of 

the reaction tube.  We submit therefore that the ATP-dependent inhibition of Hsp70:ARE 

crosslinking reported in the previously published work was the result of an inner filter 

effect that prevented the vast majority of incident photons from reaching, and 

subsequently covalently coupling, target RNP complexes.  By contrast, our fluorescence 

anisotropy measurements are taken from excitation and emission in the 490 - 530 nm 

range, where ATP exhibits no significant absorbance. 

 Two observations from our study also support the idea that mRNA stabilization 

by Hsp70 does not require chaperone activities.  First, the Hsp70 chaperone inhibitor PES 

was completely unable to alter the decay kinetics or steady-state levels of VEGF and 

Cox-2 mRNAs in the presence of endogenous Hsp70, despite significantly impairing 

Hsp70:p53 complex formation (Figure 4-7).  Second, the Hsp70 peptide-binding domain 

stabilized VEGF mRNA in HeLa cells (Table 4-4), even though this domain alone has 

little ability to refold proteins without the ATP hydrolysis functions of Hsp70 (253, 139).  

Interestingly, the ATPase domain was unable to stabilize VEGF mRNA in cells (Table 4-

4), despite binding ARE targets in vitro at affinities similar to the peptide-binding domain 

(Table 4-5).  One possibility that will require further investigation is whether the ATPase 

domain is inappropriately localized in the cell when expressed independently.  Another 

possibility is that the ARE-binding potential of the ATPase domain is influenced by 

nucleotides as cofactors or competitors, as these would be abundant in the cellular 

environment.  Given the complexity of Hsp70 domain interactions involved in peptide-
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binding affinity (4), it is likely that a simple model of RNA recognition involving 

contacts with the two major domains of Hsp70 may not suffice to explain its function.   

Future work will focus on elucidating the relationship between peptide-binding 

and RNA-binding functions of the Hsp70 molecule by competition experiments, the rate 

of ATP hydrolysis under varying conditions of peptide and RNA occupancy, and the 

study of the trafficking patterns of the domain isolation mutants in the cell.  Overall, our 

findings establish that both major domains of the inducible, human Hsp70 are involved in 

the recognition and high-affinity binding of ARE-containing transcripts, but that it is the 

peptide-binding domain that is necessary (but not sufficient) to stabilize endogenous 

VEGF mRNA in cells.  Finally, observations from several experiments indicate that the 

RNA-binding and mRNA-stabilizing roles of Hsp70 do not require activation of its 

chaperone cycle.  We suggest that a likely mechanism for its mRNA-stabilizing function 

is by competing with ARE-targeted mRNA-destabilizing factors, an approach whose 

efficacy would be aided by the protein’s relatively large RNA binding site size.   

 

 

  



143 

 

Chapter 5 

Summary and Perspectives 

 

5.1 Recognition and binding of RNA substrates by Hsp70 

 In this work, we have described several critical and novel aspects of the 

interaction been the major inducible human Hsp70 and ARE-containing RNA substrates.  

This direct interaction is a relatively new function for a protein with a canonical role in 

the cell that has been well-defined for decades.  The primary role for the family of 

Hsp70s, both inducible and constitutively expressed members, is its extensive interaction 

with peptide targets for the purposes of protein homeostasis and antigen presentation.  

The molecular selectivity for those targets depends on the subcellular localization of a 

given Hsp70, its particular identity, and the cochaperones involved in target recruitment.  

Hence, the peptide binding and refolding activity of a given Hsp70 is extensively tuned 

based on cellular requirements.  It is conceivable that interactions with RNA targets may 

be just as tightly regulated. 

  The interaction between Hsp70 and RNA is both high affinity and sequence-

specific.  Hsp70 appears to preferentially recognize transcript segments enriched in 

uridines.  This includes canonical ARE-containing sequences such as that within the 

3’UTR of the TNFα transcript as well as more general polyuridylate tracts (Figure 3-1).  

A poly(A) sequence cannot effectively compete with an ARE for binding to Hsp70, 

corroborating that Hsp70 is not involved in the general recognition or binding of mature 

mRNAs.  The binding constant for the formation of the Hsp70:RNA complex is ~12 nM 

(Figure 3-1), similar to other ARE-binding proteins such as AUF1.  Unexpectedly, the 
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affinity of Hsp70 binding to ARE-containing RNA substrates is much stronger than that 

measured with peptide substrates in vitro.  Binding constants for peptide are reported to 

be between 1 and 15 μM, depending on reaction conditions and peptide sequence (148, 

254).  The significance that this enormous disparity in ligand binding affinity has for cell 

function remains unclear. 

In the experiments analyzed in this study, the complexes between Hsp70 and 

ARE probes appear to be binary (i.e., 1:1), or in some cases may represent multiple, 

thermodynamically equivalent binding interactions (Figure 3-1).  For future work, 

however, it is important to note that the RNA sequence may alter the oligomerization 

state of Hsp70.  For instance, Hsp70 has been reported to bind cooperatively to poly(U) 

substrates (185), and we have recapitulated those results (data not shown).  As such, it 

will be important to determine whether certain RNA sequences direct different Hsp70 

oligomerization states, and whether nucleotide cofactors or peptide ligands may impact 

these equilibria.  Candidate Hsp70 domains that mediate oligomerization are also not 

obvious, considering the variety of contact surfaces Hsp70 utilizes for intermolecular 

interactions.  Finally, the functional significance of higher-order Hsp70 complexes bound 

to RNA substrates warrants investigation.   

Both major domains of Hsp70 can individually bind RNA, and show similar 

selectivity for ARE-containing substrates as was observed for the full-length protein.  

However, the affinity of RNP complex formation with ATP-binding or peptide-binding 

domains alone is about five-fold weaker than when both domains are combined (Figure 

4-2).  Since neither of these domains nor the intact wild type molecule contains RNA-

binding motifs recognizable from primary amino acid sequence, it will be of great interest 
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to identify specific protein residues and surfaces that contact RNA.  An algorithm such as 

Dali, which compares three-dimensional features of a folded protein to other known 

proteins in the Protein Data Bank (PDB), might reveal surfaces or folds of Hsp70 similar 

to other proteins that interact with RNA (255).  Such information is useful as a starting 

point for developing mutants that may have altered RNA-binding properties.  NMR 

spectroscopy is a powerful experimental method for identifying specific residues 

involved in the formation of complexes between protein and RNA (reviewed in Ref. 

(256)).  Changes in the NMR spectra between bound and unbound protein indicate 

residues involved in direct interactions with an RNA probe or altered due to changes in 

protein conformation.  Additionally, the dynamics of the interaction between Hsp70 and 

its RNA targets may also be elucidated using this technique.  Studies using these tools 

will be essential to resolve the open question of how Hsp70 directs RNA-binding 

specificity, as well as the variety and length of RNA targets that may be recognized and 

bound by Hsp70. 

 

5.2 Hsp70 binds and stabilizes ARE-containing mRNAs in cells 

While the direct binding of Hsp70 to ARE substrates was defined using in vitro 

biochemical approaches, elucidating the functional consequences of these binding events 

required cultured cell models.  In HeLa cells, we found that Hsp70 can bind ARE-

containing transcripts and that this interaction slowed their turnover kinetics.  This was 

observed with mRNA reporter constructs, but more importantly, for endogenous 

transcripts encoding VEGF and Cox-2 (Figures 3-3 and 3-4).  Hsp70 binding to cellular 

mRNA targets was observed using RNP-IPs in the absence of crosslinking, suggesting 
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that cellular RNP complexes containing Hsp70 must have relatively slow off-rate kinetics 

(Figure 3-4).  Using actinomycin D time course assays, we found that binding to Hsp70 

increased the half-life of a target transcript up to 200%.  In HL60 cells, where the resting 

Hsp70 level is low, the half-life of VEGF mRNA was also doubled concomitant with 

acute induction of Hsp70 following heat shock (Figure 3-7).  It should be noted that in 

the experiments with HL60 cells, it was not possible to precisely determine which of the 

inducible Hsp70 family members mediated VEGF mRNA stabilization since the 

antibody-based detection system is not necessarily specific for HSPA1A/B (although it 

does not detect Hsc70 (HSPA8)).  Future work in this cell line to validate this 

physiological model will require measuring the half-life of an Hsp70-binding mRNA: (i) 

under conditions where HSPA1A/B is ectopically expressed and (ii) following heat shock 

in cells were Hsp70 expression is suppressed using siRNA.  Concomitantly, other Hsp70 

family members may also be assayed for their ability to stabilize ARE-containing 

transcripts.  

We also localized the RNA binding determinant responsible for Hsp70 

recognition of the VEGF transcript in cells.  It is a 3’UTR sequence enriched in uridylate 

residues, and in a reporter system can control mRNA half-life in the absence of additional 

VEGF 3’UTR sequence elements (Figures 3-5 and 3-6).  These experiments identified 

one RNA sequence that Hsp70 may recognize in the cell, and given its divergence from a 

canonical ARE, corroborates the findings from our in vitro competition assays that 

indicate low sequence stringency for ARE recognition by Hsp70.  Unlike TTP which 

only recognizes targets containing the canonical ARE motifs (the pentameric AUUUA 

sequence) (75), Hsp70 seems likely to bind and stabilize a more diverse set of mRNA 
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targets as long as they contain one or more U-rich tracts.  As noted in Chapter 3, it is 

clear that VEGF 3’UTR encodes sequences that are recognized by other cellular factors.  

These other interactions promote destabilization of the reporter transcript, decreasing 

mRNA half-lives from over 10 h down to 1 or 2 h depending on the VEGF 3’UTR 

sequence tested, but are completely insensitive to Hsp70 (Fig 3-6 and Table 3-3).   

For a transcript like VEGF to which many ARE-BPs have been shown to interact 

(HuR (237), AUF1 (236), and now Hsp70), we predict that dynamic interplay between 

proteins will ultimately determine overall transcript stability.  This model of ARE-BP 

interplay could take several forms.  First, competition would be expected in cases where 

disparate ARE-BPs target a common RNA sequence within the 3’UTR.  Second, 

combinatorial control of mRNA decay could occur when ARE-BPs target different sites 

on the mRNA, as the catabolic outcome would likely be related to the sum or average of 

their activities.  A final intriguing possibility is that ARE-BP binding at one site may 

allosterically modify local RNA structure to occlude or enhance access to proximal 

binding sites; by this mechanism different ARE-BPs could conceivably operate 

competitively or cooperatively with respect to each other.    Likely contributions of 

Hsp70 to these models of multi-factorial regulation of mRNA decay are discussed further 

in Section 5.4 (below).  However, the additional complication of local RNA secondary 

structure involving AREs also adds a new question requiring resolution, since the 

potential for Hsp70 to bind duplexed RNA remains controversial (190, 188). 

Despite localizing the binding determinant for Hsp70 to a proximal AU-rich 

domain in the VEGF mRNA 3’UTR, our strategy of probing overlapping mRNA 

segments only delimited the Hsp70 binding motif to within a region of ~150 bases.  
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While designing successively smaller RNA substrates would localize the Hsp70 binding 

site more precisely, this approach is expensive and cannot identify specific Hsp70-

interacting nucleotides without screening an extensive array of mutated RNA ligands.  

However, a recently described technique termed Photoactivatable-Ribonucleoside-

Enhanced Crosslinking and Immunoprecipitation (PAR-CLIP) can address both of these 

issues (257, 258).  Briefly, PAR-CLIP involves metabolically labeling cultured cells with 

4-thio-uridine, which is readily converted into 4-thio-UTP and incorporated into nascent 

RNA.  Subsequently, cells are irradiated at 365 nm, a wavelength that efficiently induces 

crosslinks between 4-thio-U and associated proteins, but not sufficiently energetic to 

activate more general crosslinking chemistries in cells.  After cell lysis, RNAs are 

fragmented, permitting specific protein-bound domains to be purified by 

immunoprecipitation.  Degradation of protein substituents then allows recovered RNA 

sequence tags to be identified by reverse transcription and deep sequencing.  While 

bioinformatics screens can localize all RNA tags to the ribonome, a unique feature of 

PCR-CLIP is that RNA sequences retained because of covalent links to protein baits will 

contain adducts (normally a single amino acid after proteinase treatment) at crosslinked 

4-thio-U residues.  Reverse transcriptase normally incorporates a guanosine nucleotide 

opposite these modified uridines rather than the canonical adenosine.  As such, in deep 

sequencing datasets, specific sites of protein-RNA crosslinking are identified as T→C 

transitions in the sense strand.  In the future, such a study will be essential to 

comprehensively identify the cellular RNA binding partners of Hsp70, the cell functions 

that it may be regulate through its RNA-binding and -stabilizing activities, and the range 

of RNA sequences that Hsp70 can recognize.  However, since PAR-CLIP does not reveal 
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information about the conformation of the RNA surrounding the binding site, these data 

will also serve as a springboard for functional assays that will validate and contextualize 

findings.  As more knowledge is accrued about Hsp70 target sequences, an interesting 

ancillary experiment would be to place any given target sequence into a novel RNA 

structural context and determine whether it can still recognize Hsp70 and control 

transcript stability.   

 

5.3 Evidence that ARE binding and mRNA stabilization are independent of Hsp70 

chaperone activity 

In this work we have provided in vitro and cell-based evidence that RNA-binding 

and mRNA stabilization are discrete functions of Hsp70.  Hsp70 stably binds nucleotide 

cofactors, and its nucleotide-bound status is a central driver of Hsp70 conformational 

cycling through rounds of protein substrate refolding.  In contrast to a previous report 

(190), we show that the nucleotide-bound status of Hsp70 has no impact on its ability to 

bind RNA (Figure 4-6 and Table 4.5).  This suggests that the intermolecular contacts for 

RNA binding are not disrupted by the changes in molecular conformation involved in 

peptide refolding.  Future experiments will interrogate potential functional relationships 

between RNA binding and other aspects of the Hsp70 chaperone cycle.  One question is 

whether RNA binding has any impact on Hsp70 ATPase kinetics.  Since binding of a 

peptide substrate to wild type DnaK accelerates the rate of the ATPase activity (148), 

(252), it will be important to determine whether RNA binding can do the same.  Our 

preliminary results suggest that ATP hydrolysis is not sensitive to RNA binding (data not 

shown).  Another open question is whether RNA binding disrupts peptide binding to 
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Hsp70.  Its resolution may provide important evidence into the possibility that mRNA 

stabilization by Hsp70 may proceed concurrently with peptide refolding.  

The single domain truncation mutants of Hsp70, which were shown to bind with 

relatively modest affinity to ARE-containing mRNA probes in anisotropy and EMSA 

assays behaved in an unexpected manner when used to rescue cells from Hsp70 

knockdown.  The ATPase domain alone could not stabilize VEGF mRNA, while the 

peptide-binding domain was able to restore target transcript stability to a large extent 

(Figure 4-5, Table 4-4).  If subcellular localization studies determine no trafficking 

defects among these Hsp70 mutants, these findings will prompt a number of related 

questions.  For instance, do RNA ligands rapidly exchange on the ATPase domain in the 

cell?  If so, the ATPase domain may not be functional in cells, despite having modest 

binding affinity in vitro, because of the transient nature of its interactions with mRNA 

targets.  Alternatively, it is possible that complex formation between Hsp70 and RNA in 

the cell is enhanced by chaperone cofactors or other macromolecular contacts that can 

only be made on the peptide-binding domain.  Finally, this finding may add to the cell-

based evidence that mRNA stabilization and chaperone functions are two separate 

activities of Hsp70 since the peptide-binding domain is functional for mRNA 

stabilization without the energy of phosphate bond hydrolysis generated by the ATPase 

domain.  To complement our existing data from domain truncations, site-specific mutants 

will be useful to confirm or refute these models.  For example, mutation of Thr199 to an 

alanine abrogates the ATPase activity of the E.coli DnaK, while the V436F mutant 

potently inhibits peptide binding by this protein (252, 148).  Both of these residues are 

conserved in human Hsp70, making them attractive starting points for these analyses. 
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Our final evidence that mRNA stabilization is not due to some aspect of the 

protein chaperone activity of Hsp70 comes from experiments using the small molecule 

PES (Figure 4-7), previously identified as an inhibitor of Hsp70 chaperone activity (180).  

In the work presented here, we verify that exposure to PES disrupts the interaction of 

cellular proteins with Hsp70 by determining whether Hsp70 is still able to bind its client, 

p53.  By co-immunoprecipitation (co-IP), we observed that PES treatment largely 

abrogated this interaction.  Co-IPs do not provide any information beyond the fact that 

stable binding between two proteins has or has not occurred.  As a result, the precise 

mechanism of PES inhibition in this case remains unknown.  However, the critical fact is 

that the presence of PES does not inhibit RNA binding to recombinant protein in vitro, 

nor does it alter the steady-state levels of selected ARE-containing mRNA substrates or 

their stabilization by Hsp70 in cells.  Hence, with some aspects of chaperone activity 

functionally disrupted in the cell, the mRNA stabilization activity of Hsp70 remained 

undisturbed. 

 

5.4 A potential mechanism for mRNA stabilization by Hsp70 and possible 

supplementary functional consequences  

It is possible that the stabilization of ARE-containing transcripts by Hsp70 is 

effected in a similar manner as stabilization of transcript by HuR.  Through this 

mechanism, Hsp70 would not interact with components of the mRNA decay machinery 

directly.  Rather, by binding its mRNA targets Hsp70 would prevent AUF1 and other 

decay-promoting ARE-binding factors from recognizing the transcript.  However, ARE-

BPs do not need to necessarily complete for identical binding determinants.  Instead, 
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another possibility may be that the binding of one molecule may alter RNA secondary 

structure near the binding site such that proximal RNA sequence determinants are 

occluded, thus achieving the same effect as direct binding site competition.  However, in 

many cases binding sites for ARE-BPs may be dispersed throughout an mRNA 3’UTR.  

VEGF mRNA presents an example of this arrangement, as our data in Chapter 3 

demonstrated that the Hsp70 binding site was over 1000 nucleotides upstream of the well 

characterized binding site for HuR.  Given the large spacing between these RNA 

sequence determinants, it is unlikely (although not impossible) that Hsp70 impacts 

binding by HuR or vice versa.  However, since cellular stresses can enhance the 

cytoplasmic concentrations of both proteins, they likely facilitate stabilization of VEGF 

mRNA by two separate regulatory nodes, which conceivably could be activated 

independently in some circumstances or additively in others.  As a general model, we 

expect that independently modulating mRNA stability through distinct cis-acting sites 

would provide a more versatile degree of post-transcriptional regulatory control, since 

each could be triggered by a unique range of stimuli.  Beyond thermal or environmental 

stresses normally associated with Hsp70 induction, many other factors including cell 

cycle stage, mitogenic stress, nutritional status, differentiation stage, and extensive arrays 

of intercellular signals could thus cumulatively fine-tune the decay kinetics of specific 

transcripts. 

A model of inducible Hsp70 activity that integrates the disparate elements of its 

function (RNA-binding, protein-binding, chaperone activities) could take many different 

forms.  First, Hsp70 could be considered an RNA chaperone (190), giving labile 

transcripts protection from the mRNA decay machinery and thus a greater opportunity for 
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translation.  If protein and RNA chaperone activity can occur simultaneously, then this 

could be a very valuable component of recovery from acute cellular stresses, whereby 

critical transcripts are protected and translated while protein homeostasis is also being 

maintained.  Given that binding of Hsp70 to RNA is of higher affinity than its binding to 

peptide substrates, it is possible that Hsp70 typically exists in complex with ARE-

containing mRNAs in cells and that chaperone function may be superimposed over its 

constant role in RNA stabilization.   

Another possible role for Hsp70 binding to selected mRNA 3’UTRs is to facilitate 

folding of the growing polypeptide chain while simultaneously or alternatively stabilizing 

the transcript.  This concept is predicated on a model where Hsp70 binding to mRNA 

3’UTRs locally enhances the concentration of this protein chaperone in cellular 

microenvironments that contain unfolded polypeptides, namely those exiting from 

elongating ribosomes (Figure 5-1).  Co-localization of Hsp70 with actively-translated 

mRNAs could provide some support for this model, as would parallel measurements of 

protein folding efficiency from model mRNAs containing or lacking Hsp70 binding sites 

in their 3’UTRs.  However, if other Hsp70 family members are able to form specific 

contacts with RNA as well, this model will have to be expanded to include the 

relationships between specific family members that might contribute to a protein sorting 

process. 
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5.5 Potential therapeutic opportunities presented by post-transcriptional gene 

regulation through Hsp70   

In cancers, where inducible Hsp70 often becomes aberrantly and constitutively 

upregulated, stabilization of many ARE-containing mRNAs has also been noted (259, 95, 

107).  Current models suggest that this arises from the disregulation of ARE-BPs.  In 

addition to upregulation of Hsp70, HuR expression is also frequently elevated in cancers 

(106), while expression of the mRNA-destabilizing factor TTP is frequently 

downregulated (102).  Pharmacologically targeting these proteins to restore 

physiologically appropriate levels of ARE-mRNA stability is very appealing but to date 

has been pursued only for the more traditional ARE-BPs rather than for Hsp70.  As 

discussed in previous chapters, several components of the Hsp70 chaperone cycle have 

been explored as therapeutic targets and have yielded a number of promising compounds 

 

Figure 5-1: A model of the co-localization of Hsp70 with the elongating ribosome. 

The binding of Hsp70 to the ARE of an actively-translated mRNA may position it for 

interaction with the amino acid chain exiting from the ribosome.  Thus, Hsp70 would 

be poised to stabilize mRNA, chaperone the growing polypeptide, or perform both 

functions simultaneously.    
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that can modulate protein chaperone function.  Targeting Hsp70 as an ARE-BP may 

ultimately provide an even broader spectrum of valuable drugs.  However, drug 

development with this goal may prove more difficult than targeting chaperone function 

given the current paucity of structural and mechanistic information about the Hsp70:RNA 

interface.  Additionally complicating matters, while downregulation of Hsp70 activity 

would appear to be useful as a cancer therapeutic, it is possible that other diseases would 

benefit by increasing the stability of Hsp70-targeted mRNAs.  Whatever the required 

outcome, either increased or decreased stability of cellular mRNA targets, maintaining 

appropriate mRNA turnover rates across the transcriptome seems essential for normal 

cell function.  Hsp70 clearly has the potential to be a key player in this process and, 

despite the challenges, should be exploited for therapeutic benefit. 

This exploration of a novel function for a protein that already has so many roles in 

the cell has pointed to the dynamic nature of post-transcriptional control of gene 

expression.  With Hsp70 as an important member of the group of ARE-BPs, regulation of 

mRNA stability may be intricately linked to the cellular stress response and protein 

homeostasis.  Building upon the foundation of Hsp70 as a stabilizer of ARE-containing 

transcripts in the cell, future work will capture more target transcripts and provide 

structural insights to the mechanism of RNA binding and stabilization as well as 

interactions with other cellular proteins.  Such details may ultimately result in drugs with 

great therapeutic potential, but will certainly bolster the knowledge of post-transcriptional 

regulation as both a stimulus and consequence of cellular function. 
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