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The relationship between viruses and molecular chaperones  

1.1. Overview of the use of molecular chaperones by viruses  

Molecular chaperones were originally defined as proteins that mediate the non-

covalent assembly and disassembly of macromolecules, sometimes into oligomeric 

structures, without being part of the final assembly [1,2]. They are universally conserved in 

all organisms, and are constitutively expressed. The expression of distinct sub-classes of 

molecular chaperones is up-regulated when the cell experiences stress, such as an increase 

in temperature, an increase in osmotic conditions, or infection by a pathogenic organism. 

These molecular chaperones are also known as heat shock proteins (Hsp), and were first 

identified in Drosophila melanogaster grown at elevated temperature [3,4]. Heat shock 

proteins are classified on the basis of their molecular weight (i.e. Hsp40 has a Mw of 

~40 kDa, Hsp70 has a Mw of ~70 kDa, etc…) and the members of a particular class share 

structural features and have similar functions across species in all kingdoms of life. Heat 

shock proteins are involved in a wide variety of cellular processes including the stabilization 

of cytoskeletal proteins (Hsp20), the transfer of substrate proteins to other molecular 

chaperones (Hsp40), protein folding (Hsp60, Hsp70, Hsp90), and disassembly of protein 

aggregates (Hsp100) [5]. Whereas bacteria and protozoa often encode their own molecular 

chaperones, viruses rely mostly on their host’s chaperone machinery for proliferation.  

The expression of certain bacterial chaperones is induced upon viral infection. It is 

not always clear however whether the expression of these molecular chaperones is due to 

the stress of the infection or whether it is a requirement for viral morphogenesis. The 

utilization of the host’s molecular chaperones by viruses is distributed over a number of 

cellular processes including viral DNA replication, regulation of gene expression, protein 

folding and virion assembly (Table 1.1). For example, it has been shown with in vitro 

replication assays that the Hsp70/Hsp40 molecular chaperones are required for the 

assembly/disassembly of the pre-initiation DNA replication complex for many viruses, among 

which the bacteriophage  [6] and the eukaryotic Papillomavirus [7] and simian virus 40 

(SV40) [8]. Another example of a virus using its host’s molecular chaperones in viral DNA 

replication is hepatitis B, which requires Hsp90 [9]. In addition, the cellular Hsp70/Hsp40 

chaperone system is involved in translational regulation, at least in the case of the influenza 

virus. During influenza infection, the expression of a cellular protein, P58IPK, is induced. 

P58IPK, a DnaJ-like co-chaperone of Hsp70, derepresses the translation of viral proteins by 

inhibiting PKR (protein kinase RNA activated), which represses translation of the influenza 

double-stranded RNA genome [10]. Although it is frequent that viruses use their host’s 

molecular chaperones, it has been reported that some viruses encode their own homologue 

molecular chaperones. One example is the case of closteroviruses, single-stranded RNA 

viruses that infect crops, and are the only known viral organisms (so far) encoding an Hsp70  
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homologue, Hsp70h (or p65). Hsp70h has about 30% amino acid sequence similarity to the 

ATPase domain of Hsp70 [12]. It has been shown that the viral Hsp70h has chaperone-like 

activity and is implicated in the assembly of virion coat proteins in several members of the 

closteroviruses family [13,14]. Finally, in Escherichia coli (E. coli), a number of 

bacteriophages, such as , T5, Mu, T4, HK97 or RB49 (reviewed in [11]) require the bacterial 

Hsp60, GroEL, for the folding and assembly of their virion proteins. Most phages that require 

GroEL usually necessitate the involvement of the Hsp10 co-chaperonin, GroES, in 

conjunction with GroEL to proliferate properly. Bacteriophages T4 and RB49 are exceptions 

and encode their own Hsp10 proteins. Gp31 and CocO, the GroES homologues of 

bacteriophage T4 and RB49 respectively, share little amino acid identity with the bacterial 

GroES (only 14% identity between GroES and gp31 for example), but have been shown to be 

bona fide GroEL co-chaperones [11,15,16]. In conjunction with GroEL, both gp31 and CocO 

are required for the correct folding of the major capsid proteins and the subsequent 

assembly of the T4 and RB49 virion particles.  

As the title of thesis indicates, the folding of the bacteriophage T4 major capsid 

protein, gp23, is a peculiar case of chaperonin-assisted protein folding. An extensive 

introduction on the E. coli GroEL-GroES chaperonin system, including structural and 

mechanistic information is given in part 1.2. of this chapter. The particular case of the gp31 

co-chaperonin and how it is involved in bacteriophage T4 head morphogenesis is further 

developed in part 1.3. of this chapter.   

1.2. The GroEL-GroES chaperonin system of Escherichia coli 

1.2.1. Discovery 

The Escherichia coli Hsp60/Hsp10 system is better known as the GroEL/GroES 

chaperonin complex, and is one of the most studied and well-characterized molecular 

chaperones. In the early 1970s, Georgopoulos et al. observed that the morphogenesis of 

bacteriophages , T4 and T5 was impaired when the phages were grown on temperature 

sensitive mutant strains of E. coli [17,18]. The genotyping of the E. coli thermo-sensitive 

strains uncovered mutations in the gene groE, thus named for the inability of the 

bacteriophages to grow in these bacterial strains. In 1979, Hohn et al. reported in more 

detail how the morphogenesis of some bacteriophages was affected in groE mutant E. coli 

strains [19]. They observed that the capsid protein of bacteriophage T4 aggregated in lumps 

at the cellular membrane instead of forming normal capsids, that the head protein of 

bacteriophage  also aggregated and was unable to form prohead particles, and finally that 

the phage T5 tail assembly was defective. They postulated at the time that the groE gene 

product might aid the assembly of the phages. In an attempt to identify suppressor 

mutations by running a screen in a bank of groE mutant E. coli strains, Friedman et al. 

discovered that groE is an operon that consists of two genes, which products GroEL and 
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GroES interact with each other in vivo [20]. The GroEL and GroES gene products were first 

linked to the heat shock response in 1986 by Fayet et al. who observed that the over-

production of the two proteins could suppress the thermo-sensitivity of bacterial strains 

[21]. By the end of the 1980s, the suppressing effect of over-expressed GroEL and GroES was 

observed in a wide variety of thermo-sensitive strains carrying mutations in unrelated 

proteins [22], confirming that the chaperonins are prominent actors in the heat shock 

response. The essential nature of GroEL and GroES for the growth of E. coli was determined, 

as the deletion of either one of the two genes resulted in a lethal phenotype under all 

conditions [23]. 

A possible participation of GroEL in protein folding became apparent when 

Hemmingsen et al. showed that GroEL was homologous to the Rubisco subunit binding 

protein (RsuBP), a protein involved in the folding and assembly of the chloroplastic enzyme 

Ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) in Triticum aestivum [24-26]. A 

few years earlier, Gatenby et al. had reported the successful assembly of cyanobacterial 

Rubisco in E. coli [27]. These two observations lead Goloubinoff et al. to postulate that if 

RsuBP is involved in Rubisco assembly in the chloroplasts, then assembly of recombinant 

Rubisco in E.coli should in turn involve the bacterial homologue of RsuBP, GroEL. They 

observed that when Rubisco was expressed in E.coli with endogenous amounts of GroEL and 

GroES, most of the cyanobacterial enzyme was found in inclusion bodies. Conversely, when 

GroEL and GroES were over-expressed simultaneously with Rubisco, nearly all of the enzyme 

was biologically active, indicating that the GroEL-GroES chaperonins are involved in the 

assembly of Rubisco in vivo [28]. Having established the requirement of GroEL-GroES to 

produce active recombinant Rubisco in vivo, they showed that the GroEL and GroES proteins 

(and ATP) are required for the refolding of purified Rubisco in vitro. This report described the 

first chaperonin-assisted folding assay, which became the standard for testing the 

chaperonin requirement for protein folding in vitro [29]. It was clear that GroEL could never 

have evolved to serve the folding purposes of Rubisco alone, this enzyme being exogenous 

to E. coli. Instead, the hypothesis was made that the interaction of GroEL with its substrate 

must be inferred by structural elements intrinsic to the partly folded substrate protein. In 

the past thirty years, a tremendous amount of research on the chaperonin folding machinery 

using a wide variety of genetic, biochemical and biophysical approaches has revealed that 

indeed structural features of the substrate protein determine the potential to interact with 

GroEL. Furthermore, it is now known that GroEL is involved in the folding of a wide variety of 

proteins in the bacterial cytoplasm.  
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Figure 1.1: Structure of the GroEL chaperonin of Escherichia coli.  

(A) Molecular structure of unliganded GroEL represented in a space-filling model (adapted from [30,31]). 
(B) The three domains of a GroEL monomer in the unliganded structure, represented in a ribbon drawing 
(adapted from [32]). 

 

1.2.2. Structure of the GroEL-GroES chaperonin complex 

The GroEL chaperonin is composed of 14 identical subunits of 57 kDa each, arranged 

in a double-ring structure with a 7-fold symmetry [19,33]. The two rings are stacked back to 

back and form two distinct cavities within the GroEL tetradecamer (Figure 1.1 A). Each GroEL 

subunit is composed of three domains: the equatorial domain, the apical domain and the 

intermediate domain (Figure 1.1 B). The equatorial domain, situated at the interface 

between the two heptameric rings, is where ATP binding and hydrolysis occur during the 

chaperonin folding cycle. The apical domain is located at the distal end of the GroEL cylinder 

and binds folding intermediates with exposed hydrophobic residues on the cavity-side of the 

ring. The region of the apical domain involved in the binding of substrate proteins is also 

implicated in the binding of the GroES co-chaperonin. The intermediate domain acts as a  
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Figure 1.2: Conformational changes of the GroEL monomer upon binding of GroES.  

(Upper panel) Ribbon drawings of a subunit of unliganded GroEL (left) and a subunit of the cis-ring of 
GroEL in complex with GroES (right). (Lower panel) Schematic representation of the rigid-body 
movements of the apical domain in the GroEL monomer upon co-chaperonin binding (adapted from 
[32]).  

hinge structure between the two other domains and allows rigid-body movements of the 

apical domain during the folding cycle (Figure 1.2).  

 The co-chaperonin GroES is a heptameric dome-shaped ring composed of identical 

10 kDa subunits with 7-fold symmetry. Each subunit is composed of a -barrel fold and a 

hydrophobic loop, also called the mobile loop (Figure 1.3). The 16 residues mobile loop of 

GroES is the part of the co-chaperonin that interacts with the apical domain of GroEL in the 

presence of nucleotides. Upon complex formation, GroES acts as a lid on top of the GroEL 

double-barrel, thereby creating an enclosed cavity in which the folding of substrate proteins 

can occur (Figure 1.4) (see 1.2.3.).   

1.2.3. Folding cycle of the GroEL-GroES chaperonin complex 

The folding cycle starts with the binding of a substrate protein (folding intermediate) with 

exposed hydrophobic surfaces to the open ring of an asymmetric GroEL-GroES complex  
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Figure 1.3: Structure of the GroES co-chaperonin of Escherichia coli.  

Ribbon drawing of the structure of a GroES monomer in the GroEL-GroES complex, showing the β-barrel 
fold and the disorganized mobile loop (adapted from [32]). 

(trans-ring), the wall of which is lined with hydrophobic amino acids (step 1, Figure 1.5) 

[34-36]. The subsequent cooperative binding of 7 molecules of ATP to that same ring induces 

a conformational change in the opposite ring (cis-ring) [32,37,38], resulting in a decreased 

affinity for ADP and GroES and priming the release of the ligands bound to the cis-ring (step 

2, Figure 1.5) [39]. If the substrate protein that is released from the cis-ring has not yet 

reached its native conformation, it can bind again to an open ring of GroEL and undergo 

another cycle of folding (step 2*, Figure 1.5) [34-36,40,41]. Binding of ATP to the substrate-

bound GroEL ring induces moderate rigid-body movements within that same ring: a 20° 

downward rotation of the intermediate domains and accompanying elevation and 25° 

counterclockwise rotation of the apical domains [30,42]. The rotation and elevation of the 

apical domains of GroEL result in the burying of the substrate binding sites and the exposure 

of amino acid residues needed for GroES binding. The binding of GroES provokes even larger 

rigid-body movements of the apical domains which undergo a 60° elevation and 90° 

clockwise rotation. These massive conformational changes also turn the hydrophobic cavity 

surface into a hydrophilic one. The binding of the GroES co-chaperonin to the ring of GroEL 

occupied by the folding intermediate and ATP results in the encapsulation of the substrate 

protein (the trans-ring now becomes the new cis-ring) (step 3, figure 1.5). Also due to the 

conformational rearrangements, the cavity is enlarged to twice its original volume (85 000 Å3 

for the cavity of unliganded GroEL vs. 175 000 Å3 for the cis-cavity of the GroEL-GroES 

complex), thus providing the substrate with an adequate environment to reach its native 

conformation [32,42-44]. At this stage of the cycle, the binding of another folding 

intermediate to the opposite empty ring (trans-ring) is prevented by conformational changes 

of the apical domains of the trans-ring of GroEL that result in narrowing the opening and 

thus lowering the affinity for a second substrate [45,46]. The time that the substrate protein  
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Figure 1.4: Structure of the GroEL-GroES chaperonin complex.  

Molecular structure of GroEL in complex with GroES represented in a space-filling model (adapted from 
[30,31]). 

stays encapsulated in the cis-cavity of the GroEL-GroES complex is determined by the rate of  

ATP hydrolysis, typically 8-10 seconds at 25°C (step 4, Figure 1.5) [39,47]. After ATP 

hydrolysis, the affinity of the cis-ring for GroES is lowered. The cis-complex is now primed for 

dissociation, which occurs upon binding of 7 ATP molecules and a new folding intermediate 

to the trans-ring. The chaperonin folding cycle continues as each ring of GroEL alternates 

between a binding-active and folding-active state, out of phase with each other, like a two-

stroke engine. 

In addition, another mode of action of the GroEL-GroES complex was uncovered 

when it was reported that a protein with a non-permissive size for encapsulation also 

necessitates the assistance of GroEL and GroES in vitro [48]. In this study, it was shown that 

the presence of both components of the GroEL-GroES complex are necessary to prevent in 

vitro aggregation of aconitase, which with a size of 82 kDa cannot fit in the cis-cavity of the 

chaperonin complex. The so-called “trans-folding” mechanism, by which the chaperonin 

system promotes the correct folding of aconitase, takes its name from iterative rounds of 

binding and release of aconitase folding intermediates with the open trans-ring of a cycling 

GroEL-GroES complex [48]. Although the trans-folding mechanism allows large proteins to be 

folded by the chaperonin complex, it is less efficient than the cis-folding mechanism [49,50]. 

The existence of the trans-folding mechanism in vivo was revealed elegantly in 2003 by Farr 

et al. [49]. An “obligate” trans-chaperonin complex was constructed by covalently tethering 

GroES to one of the two GroEL rings, thereby obstructing one of the open rings and forcing 

substrate binding to occur in trans of GroES. The mere fact that this trans-complex alone was 

able to support the growth of E. coli is sufficient proof that trans-folding is  
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Figure 1.5: Model of the GroEL-GroES folding cycle.  

The open ring of an asymmetric GroEL-GroES-ADP complex binds an unfolded substrate protein (U) via 
hydrophobic interactions. The subsequent cooperative binding of 7 ATP molecules primes the ejection of 
the ligands on the opposite ring. The substrate ejected from the complex at this stage is either in the 
native state (N), or not fully folded (folding intermediate, I) and in that case, can bind again to the open 
ring of an ADP-bullet. Conformational changes of the apical domains induced by ATP binding allow 
binding of GroES to the same ring as the substrate, forming a folding-active cavity. Folding is triggered 
upon co-chaperonin binding as the substrate is ejected in the now hydrophilic central cavity. Folding 
continues until ATP hydrolysis is completed (~ 8-10 sec). Once ATP hydrolysis has occurred, the affinity of 
the cis-complex is weakened, and the binding of a new substrate (U or I) and 7 ATP molecules to the 
opposite ring effectively dissociate the cis-complex and end the folding cycle.  

operational in vivo. However, it should be noted that the growth rate of the “trans” E. coli  

cells was slower than the wild-type bacteria, indicating that the trans-folding mechanism 

may not offer as favorable folding conditions as the cis-folding mechanism.  

1.2.4. Substrate binding and specificity 

The GroEL-GroES chaperonin system is capable of recognizing a remarkably wide 

variety of proteins [51,52]. A number of studies have been performed in order to understand 

how GroEL binds substrates that vary greatly in size, shape and function [51,53,54]. As many 
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as 250 different proteins are now known to interact with GroEL in the cytoplasm, including 

essential components of the transcription/translation machinery and metabolic enzymes 

[51,54]. Of these substrate proteins identified in vivo, three classes can be distinguished. 

Class I and class II substrates are partially chaperonin-dependent. They differ from each 

other in that, when diluted from denaturant in the absence of chaperonin complex in vitro, 

class I substrates present a low propensity to aggregate and are able to reach a native fold to 

a certain extent, whereas class II substrates are not [53,54]. Although class II substrates 

cannot fold spontaneously, they do not require the presence of the GroES co-chaperonin, in 

conjunction with GroEL, in certain conditions. Those class II substrates are however 

supported in their folding by the DnaK system, which consists of the DnaK (Hsp70), DnaJ 

(Hsp40) and GrpE (nucleotide exchange factor for DnaK) proteins. Class III substrates are also 

called “obligate” substrates of GroEL, as they present an absolute GroEL-dependence to fold 

correctly in vitro. In vivo, the obligate substrates have been shown to occupy the vast 

majority of the GroEL molecules (>75% of the GroEL capacity). They are mostly kinetically 

trapped folding intermediates, which are prevented from aggregating by the trigger 

factor/DnaK chaperones and acquire their native conformation upon transfer to the GroEL-

GroES chaperonin [54]. 

The residues of GroEL involved in substrate binding were identified in 1994 by Fenton 

et al. [55]. Using the crystal structure of GroEL as a guide [56], a site-directed mutagenesis 

study was designed, in which residues within regions of interest (generally conserved in all 

chaperonins) were substituted by other amino acids. Polypeptide binding was abolished by 

nine different mutations mapping to the apical domain. Out of those nine residues involved 

in substrate binding, eight are of hydrophobic nature and form a circular hydrophobic 

surface on the inner rim of the apical domains of the GroEL ring [55]. The replacement of 

each of these residues by hydrophilic residues using site-directed mutagenesis (A152E, Y199- 

203E, F204E, L234-237E, L259S and V263-264S) resulted in diminished binding of substrates 

to the apical domain of GroEL. This observation led to the conclusion that the interplay 

between substrate proteins and the GroEL chaperonin is mediated by hydrophobic 

interactions [44,55,57,58]. Furthermore, the use of a chimerical GroEL mutant containing 

both wild-type and binding-deficient apical domains has revealed that the stringency of a 

given substrate protein determines, to some extent, the multivalence of the binding to 

GroEL [59]. Gel filtration analysis of various mutant GroEL-substrate complexes has shown 

that both stringent substrates MDH and Rubisco require a minimum of three consecutive 

binding-proficient apical domains for binding, whereas rhodanese, a less stringent substrate, 

only requires two non-contiguous wild-type domains [59]. Recently, using cryo-electron 

microscopy, Clare et al., actually have shown that the bacteriophage T4 major capsid protein 

gp23, an obligate substrate of GroEL, binds to at least five of the seven sites whereas MDH 

binds to three sites [60,61].  
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The binding of a substrate protein to the apical domain of GroEL is known to induce 

conformational changes both in the cis and trans-rings, in a manner that is dependent on the 

size and nature of the substrate. The comparative analysis of empty and substrate-bound 

GroEL using X-ray crystallography has shown that binding of a 12-residue polypeptide to the 

chaperonin induces rotational motions of the apical domains of GroEL [62]. The subunits on 

which the polypeptide is bound undergo an inwards, clockwise rotation, whereas the 

unbound subunits move away from the central axis of the GroEL ring. The unoccupied 

subunits of the cis-ring actually move in the same direction that is induced by ATP binding, 

and acquire higher affinity for ATP than the subunits of the opposite trans-ring. This 

mechanism therefore facilitates encapsulation of small substrates by GroES. It was proposed 

that larger substrates, which bind on multiple subunits, may hinder the outwards 

movements of the apical domains of unbound subunits in the cis-ring [62] and induce 

preferential ATP binding on the trans-ring, thereby favoring a trans-folding mechanism. 

These results have shown that the size of a given substrate is a determinant factor in the 

chaperonin-assisted folding mechanism (i.e. cis vs. trans mechanism). The binding of 

substrate proteins to GroEL is also known to have allosteric effects that affect the binding of 

a second substrate molecule to the trans-ring. In 2005, Falke et al. compared the structures 

of unliganded and substrate-bound GroEL with cryo-electron microscopy [63]. They 

observed that the binding of glutamine synthetase (GSm) to one ring of GroEL provokes large 

rigid-body movements in both the cis- and the trans-rings of GroEL. The extensive inwards 

rotation of the trans-ring subunits effectively narrows the opening of the trans-ring (from 

40 Å to 30 Å), which in turn inhibits the binding of a second GSm molecule. In that study, 

Falke et al. observed that the movements of the trans-ring provoked by the binding of GSm 

were in a different direction than what had previously been observed for the 12-residues 

polypeptide mentioned above [62], suggesting that the substrate-induced conformational 

changes within GroEL vary with the nature of each substrate. Using native mass 

spectrometry, van Duijn et al. showed that some obligate substrates such as MDH, the 

bacteriophage T4 major capsid protein gp23, and the bacteriophage P22 major capsid 

protein gp5, can occupy both GroEL rings simultaneously [64]. The double occupancy of 

GroEL was shown to occur at different ratios of substrate to chaperonin for each substrate 

protein. Furthermore, the stringent substrate Rubisco did not bind to both ends of the GroEL 

molecule, even at very high ratios of substrate to chaperonin, indicating that Rubisco 

induces a strong negative cooperative effect on the binding of a second substrate in trans. 

Although these results indicate that the nature of the substrate affects conformational 

changes within the GroEL chaperonin molecule, very little is known about the molecular 

details of the interactions between the substrate and GroEL. Structural studies of the apical 

domains of GroEL have revealed that substrates bound to GroEL vary in size and 

conformations [52,65,66]. In vitro, GroEL seems to bind to virtually any denatured protein in 
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an unfolded, partially folded or molten globule state [52,67,68]. In vivo, however, the 

situation is quite different. A recent proteomic study has shown that of the ~2400 different 

proteins present in the E. coli cytosol, only 84 proteins (~3.5% of total cytosolic proteins), 

among which 13 are essential for the growth of E. coli, depend on both GroEL and its co-

chaperonin GroES to attain a native conformation in vivo (class III substrates) [54]. Although 

no consensus amino acid sequence or function could be identified, the structural 

comparison of the native forms of the substrates revealed that most contain one or more 

αβ-folds [51]. The αβ-fold is composed of hydrophobic α-helices, around which hydrophobic 

β-sheets are packed. Because a β-sheet fold requires a large number of correctly oriented 

long-range interactions, it is likely that the formation of a mixed fold such as the αβ-domain 

occurs on a longer time-scale than pure α-helices for example. Taking this into account, it is 

not difficult to imagine that hydrophobic domains in unfolded polypeptides, which are 

exposed for long periods of time before they are incorporated in a β-sheet, would be prone 

to aggregation and hence necessitate assistance from the GroEL-GroES chaperonin system 

for folding. With regards to the size of the client substrates however, no real unifying 

parameter could be identified. In 1999, Houry et al., performed pulse-chase S35 labeling 

experiments on live E. coli cells and showed that in vivo, GroEL interacts with a variety of 

proteins with a molecular mass ranging from ~10 kDa to more than 110 kDa [51]. As most 

proteins thus isolated have a molecular weight superior to ~20 kDa, it was suggested that 

the substrates recognized by GroEL have multiple domains. Moreover, this study showed 

that a majority of the identified substrates (79%) have a size inferior to ~60 kDa, which 

correlates well with the estimated maximum size of substrates that can be accommodated in 

the ~175 000 Å3 cavity of the GroEL-GroES complex [32].  

1.3. Bacteriophage T4 and the E. coli chaperonins  

1.3.1. Introduction to bacteriophage T4 

Over the years, the extensive study of bacteriophage T4 has contributed to the 

discovery of several fundamental scientific concepts including: (i) the relationships between 

genes and proteins; (ii) the existence of mRNA; (iii) acquisition of metabolic function of virus-

infected cells; (iv) morphogenesis of complex protein structures; and (v) the role of 

molecular chaperones in protein folding [17,69]. Bacteriophage T4 is a double-stranded DNA 

virus of the Myriovidae family that infects the bacterium E. coli. The T4 genome encodes for 

50 gene products and is one of the largest known bacteriophage chromosomes with a size of 

approximately 170 kbp [69]. The linear DNA duplex is packed in a protective head (the 

capsid), and is injected into the host through the tail, which serves as an adsorption organ to 

anchor the bacteriophage onto the bacterial surface (Figure 1.6). 
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Figure 1.6: Morphology of bacteriophage T4.  

(A) Electron micrograph of bacteriophage T4. (B) Drawing of the structure of bacteriophage T4, based on 
chemical cross-linking and electron microscopy experiments (adapted from [69]). 

 Immediately following the injection of the phage DNA, the synthesis of nucleic acids 

and proteins in the host is inhibited and the transcription and translation machinery of E. coli 

are utilized for propagation of the phage. Three classes of T4 proteins have been identified, 

according to the moment of synthesis in the infective cycle. The “early” proteins are 

synthesized within 2 minutes after infection, and mostly comprise functional counterparts of 

the E. coli replication machinery which ensure the replication of the T4 genomic material. 

Gp31, the GroES homologue of T4 is synthesized at this stage as well. The translation of the 

“middle” proteins requires the pre-existence of “early” proteins. Finally, the “late” proteins, 

which include primarily structural components of the virion particle, such as the major 

capsid protein, gp23, and assembly factors [70]. A chronological overview of the main events 

of the T4 infective cycle is depicted in figure 1.7.  

The three major “building blocks” of T4, the head, the tail and the tail fibers, are 

formed more or less simultaneously, and are subsequently assembled into a pro-phage 

particle. Once the structural shell of the bacteriophage T4 is formed, the newly replicated 

viral DNA is packaged into the virion through a portal structure, situated at the vertex of the 

prohead (Figure 1.6). The final step of the cycle is the lysis of the E. coli cell. Twenty-five 

minutes after infection, metabolic death ensues from the cessation of ATP production in the 

infected cells. As a result of the subsequent rupture of the inner membrane, T4-encoded 

lysozyme leaks into the periplasmic space and degrades the carbohydrates in the outer 

membrane. The weakened membrane then ruptures and allows the release of the progeny 

phages. The cycle starts again when the released phage particle infects a new bacterial cell. 

In one infection cycle, an E. coli cell produces about 200 infectious T4 phage particles.  
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Figure 1.7: Chronological overview of the main events in the T4 life cycle.  

The exact times at which individual genes are transcribed varies within each temporal class (early, middle 
or late class) (adapted from [69]). 

 

1.3.2. Bacteriophage T4 head morphogenesis 

The morphogenesis of the icosahedral head of bacteriophage T4 is a very complex 

process, which occurs in discrete steps, unlike that of simple spherical viruses, the genomic 

material and capsid protein subunits of which assemble concomitantly [69]. The first step is 

the assembly of a dodecameric ring of gp20 on the cytoplasmic side of the inner membrane 

of the E. coli cell. This structure is also called the initiator complex, and ultimately serves as a 

connector to the tail as well as a portal through which DNA is packaged during phage 

maturation. The attachment of the initiator complex to the bacterial membrane is mediated 

by the assembly factor gp40. Subsequently, a number of proteins attach to the gp20 

dodecameric ring to form the core of the prohead, including the major core protein, gp22, as 

well as a set of minor proteins (gp21, gp67, gp68, gpalt, IPI, IPII and IPIII). Once assembled 

onto the initiator complex, the core proteins form a scaffold which allows the formation of 

the icosahedral capsid. The protein assembly composed of the initiator complex and the 

core proteins constitutes the proximal vertex of the capsid, and the other 11 vertices are 

occupied by pentamers of gp24, the minor capsid protein (Figure 1.8). The remainder of the 

capsid shell is composed of 155 hexamers of the major capsid protein, gp23, except at the 12 

icosahedral vertices. When the scaffold is fully coated with both gp23 and gp24, the T4-

encoded protease gp21 is activated by auto-proteolysis, subsequently degrades the 

remaining scaffold proteins and cleaves gp23 and gp24. The truncation of gp23 into gp23* 

stabilizes the capsid (which adopts an expanded conformation) and provokes the 

detachment of the matured prohead from the membrane. At this stage, the DNA is packaged 

into the capsid by an ATP driven process involving two phage proteins, gp16 and gp17.  
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Figure 1.8: Detailed structure of the capsid of bacteriophage T4.  

(A) Reconstruction at 22.5 Å resolution of the bacteriophage T4 head, from cryo-electron microscopy 
images. The pentamers of gp24 at the vertices of the icosahedrons are shaded in dark gray (adapted from 
[71]). (B) Schematic representation of the organization of the various components of the bacteriophage 
T4 capsid (adapted from [72]). 

The proteolytic truncation of gp23 and the DNA packaging induce large 

conformational changes of the capsid, resulting in the exposure of binding sites for the 

capsid stabilizing factors Hoc (Highly antigenic outer capsid protein) and Soc (Small outer 

capsid protein). Soc binds as a trimer in the center of three contiguous hexamers of gp23, 

whereas Hoc binds as a monomer in the center of the gp23 hexamer (Figure 1.8).  

1.3.3. Gp31 and the folding of the major capsid protein 

Contrary to some bacteriophages which utilize the GroEL-GroES chaperonin system 

to proliferate (see part 1.1.), the morphogenesis of bacteriophage T4 is unaffected by any of 

the known missense mutations in the groES gene, suggesting that the GroES protein is non-

essential for the propagation of T4 [73]. In the early 1970s, two independent genetic studies 

showed that bacteriophage T4 contains a gene, 31, which when mutated abolishes the 

growth of T4 [17,74]. Further studies revealed that with these mutant phages, the major 

capsid protein, gp23, does not assemble correctly and forms aggregates at the bacterium 

inner membrane [17,74]. The observation that certain missense mutations in gene 31 

compensated for mutations in the groEL gene was genetic evidence that the two proteins 

physically interact in vivo [17,75,76]. The genetic interaction of the 31 and GroEL genes 

suggested that gene 31 might be related to the groES gene. Initially, no significant amino 

acid sequence similarity was found between the gp31 and GroES proteins. Only when a 

functional analysis was performed did it become clear that gp31 could substitute for GroES 

in general cell growth, as well as during morphogenesis of phages  and T5 [15,77]. The 

homology of function between the two co-chaperonins was also demonstrated when the 
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Rubisco enzyme from Rhodospirillum rubrum was expressed in an E. coli groES mutant cell, 

in which the enzyme does not fold correctly. The deficiency of this mutant strain was 

relieved by the expression of gp31, indicating that the T4-encoded co-chaperonin can 

substitute for GroES in the GroEL-dependent folding of Rubisco [77]. A subsequent more 

elaborate amino acid sequence comparison revealed 14% identity between the two proteins 

[78]. The ability of the GroEL-gp31 complex to assist the (re)folding of purified proteins in 

vitro has also been determined for Rubisco and citrate synthase and shows virtually identical 

yields to the GroEL-GroES-assisted refolding [77,79]. Although GroES and gp31 seem to be 

functionally very similar, there is one major difference between the two co-chaperonins. 

GroES, in conjunction with GroEL, does not support productive folding of gp23, the major 

capsid protein of bacteriophage T4, whereas gp31, again in conjunction with GroEL, does 

[75,77,80]. It appears that the GroEL-gp31 chaperonin system is able to fold all substrates  

that are normally folded by the GroEL-GroES complex in vivo, since E. coli cells in which the 

essential groES gene has been replaced by gene 31 grow perfectly well [15].    

Despite the overall low amino acid sequence identity between the two co-

chaperonins, the analysis of the sequences alignment revealed three conserved blocks, one 

of which including residues 17-32 of GroES known to be involved in GroEL binding [78], 

suggesting that gp31 may share structural characteristics with GroES. In 1997, the crystal 

structure of gp31 was obtained at a resolution of 2.3 Å by using X-ray diffraction [81]. Gp31 

is a dome-shaped ring structure, in which the seven identical monomers of 111 residues 

each have a very similar β-barrel fold to that of the GroES subunits (Figure 1.9) [81].  

One of the major structural differences between the two co-chaperonins is the 

apparent lack of a β-hairpin on the roof of gp31, which is present in the crystal structure of 

GroES [82]. The absence of the roof β-hairpin in gp31 results in the apparition of an 

aperture, with a 16 Å diameter, in the center of the gp31 ring (Figure 1.9). In addition, the 

mobile loop of gp31 is composed of 22 residues and is dynamically disordered when free in 

solution [83]. Nuclear magnetic resonance (NMR) analysis of the 22 amino acid peptide 

representing the mobile loop bound to GroEL revealed a β-hairpin conformation similar to 

what had been reported for the GroEL-bound mobile loop of GroES [81-83]. Moreover, the 

mobile loop of gp31 is longer than that of GroES by 6 residues, which confers to the GroEL-

gp31 complex an elevated lid on the Anfinsen cage [81,84]. Finally, and contrary to GroES 

and other cpn10 homologues, gp31 does not contain the universally conserved tyrosine 

residue at position 71, which normally protrudes into the complex cavity, effectively 

narrowing the base of the co-chaperonin [78,82]. In the crystal structure of gp31, the 

position of tyrosine 71 in GroES is occupied by a hydrophilic glutamine residue, which with a 

less bulky side chain widens the orifice at the base of the gp31 dome (Figure 1.9) [81]. Taken  



1. General introduction  

26 

 

 

Figure 1.9: Comparison of the crystal structures of GroES and gp31.  

(A) Side view, showing the mobile loops of GroES (left) and gp31 (right). The residues which normally 
interact with the apical domains of GroEL are illustrated with black dots. Note: the structure of GroES 
was obtained from crystals of GroEL-GroES complex, whereas that of gp31 was obtained from crystals of 
purified gp31 (B) Bottom view, showing the “cavity-side” of GroES (left) and gp31 (right) (adapted from 
[32,81]). The ribbons representations were generated using MOLMOL and the PDB IDs: 1G31 (for gp31) 
and 1AON (for GroES), courtesy of Johnny Hendriks. 

together, these structural differences suggest a larger folding cavity of the GroEL-gp31 

complex, compared to that of the GroEL-GroES complex. A recent study using cryo-electron  

microscopy revealed that in the absence of a substrate, the volume of the folding cavity in 

GroEL-gp31 is 8% larger than that in GroEL-GroES [84] and might be the reason why gp23 

(which has a relatively large size of 56 kDa) can only be encapsulated with gp31, and not by 

GroES [80]. 
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Figure 1.10: Comparison of the amino acid sequences of the major capsid proteins gp23 and gp23
byp31

.  

The amino acid sequences of monomeric gp23 (top) and gp23
byp31

 (bottom) are represented 
schematically. Both proteins contain 4 intrinsic tryptophan residues, depicted with asterisks (*). The 
proteolytic activation cleavage site is indicated with an inverted black triangle (▼). The G292S, V306I, 
V307I and A455V mutations in gp23

byp31
 are represented by vertical black lines.  

 

1.3.4. Gp23byp31: a variant of the major capsid protein  

The requirement of gp31 for the correct folding of gp23 has been established both in 

vivo and in vitro [17,74,77,80]. However, bacteriophage T4 mutants which specifically 

suppress amber mutations in the gene 31 have been isolated and characterized [85]. These 

so-called T4bypass31 mutants are able to grow in E. coli strains carrying mutations in the 

groEL gene that block the assembly of the wild-type T4 capsid [85], indicating that these  

bypass31 phages: (i) propagate without (or with reduced) help of the GroEL chaperonin or 

(ii) might be assembled with the mutant GroEL protein in conjunction with the host co-

chaperonin, GroES. The genetic mapping of the bypass31 mutants has identified mutations 

in the gene encoding the major capsid protein gp23 (Figure 1.10).  

Three distinct classes of T4bypass31 phages carrying different mutations in gene 23 

have been isolated: (i) the bypass31-1 mutation A455V, (ii) the bypass31-2 mutations G292S, 

V306I and V307I and (iii) the combined bypass mutations A455V, G292S, V306I and V307I 

[76]. The bypass31-2 mutations V306I and V307I in tandem are both necessary and sufficient 

to confer gp31-independent folding to the capsid protein. The co-chaperonin-independent 

phenotype is further enhanced in the additional presence of the G292S substitution, which 

by itself is unable to confer gp31-independent folding to the capsid protein. The number of 

phages produced by one infected E. coli cell, the so-called burst-size, of the T4 bypass31 

mutant phages is significantly lower than for wild-type phages [86], hinting that the GroEL-

gp31 assisted folding of gp23wt may be more efficient than the folding of gp23byp31 in the 

absence of gp31. This hypothesis has been confirmed by Andreadis and Black, who have 

shown that although the gp23byp31 mutant capsid protein, produced from an expression 

vector in E. coli in the absence of co-expressed gp31, is capable of forming polyheads (tube-

like structures exclusively composed of correctly folded gp23), the presence of the complete 
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GroEL-gp31 chaperonin system greatly improved the formation of correctly folded gp23byp31 

both in vivo and in vitro [86]. In a recent comparative study of the in vitro refolding 

requirements of purified gp23 and gp23byp31, it was shown that in the absence of GroEL and 

gp31, chemically denatured gp23byp31 refolds spontaneously and forms hexameric structures, 

whereas gp23 does not [87]. In the presence of the complete GroEL-gp31 chaperonin 

machinery and ATP, however, the refolding of gp23 and that of gp23byp31 have virtually 

identical yields of hexameric form at the end of the refolding reaction [87]. In addition, the 

refolding of gp23byp31 by GroEL-GroES in the presence of ATP is inefficient, due to the 

incapability of the E. coli chaperonin complex to encapsulate the mutant capsid protein, as 

has been shown for the wild-type gp23 [80,87]. This observation excludes the possibility that 

the bypass mutant capsid protein is folded in vivo by the assembly-deficient mutant GroEL in 

conjunction with GroES as was hypothesized previously [85]. 

1.4. Scope of this thesis: characterizing the molecular basis of the gp31 

requirement for the chaperonin-assisted folding of gp23 

Although certain aspects of the GroEL-gp31 dependent folding of the T4 capsid 

protein are now known, the underlying molecular mechanism is still not fully understood. 

Does this specificity arise from intrinsic properties of the gp23 protein? Or does it come from 

fundamental characteristics of the co-chaperonin gp31? Obvious “structural” differences 

between the GroEL-GroES and GroEL-gp31 chaperonin systems have been uncovered in the 

past decade. This includes the larger folding cavity of the GroEL-gp31 complex compared to 

that of GroEL-GroES, as well as the encapsulation of gp23 by the T4-encoded gp31 co-

chaperonin, but not by GroES from E. coli. It is still unclear however whether there are 

differences in the kinetics of the two complexes that could account for the necessity for 

gp31. Does the GroEL-gp31 system cycle intrinsically faster (or slower) than the GroEL-GroES 

system? Or, does gp23 fold differently (faster or more efficiently) than other substrates 

when it is encapsulated in the folding cavity of the GroEL-gp31 complex? 

The work presented in this thesis aims at answering those questions by studying the 

kinetics of the interactions of the different proteins involved in chaperonin-assisted folding 

(chaperonin, co-chaperonin, substrate protein), with fluorescence spectroscopy. The 

following part of this introduction provides an overview of how various biophysical 

techniques, including fluorescence spectroscopy, can be used to obtain molecular 

information on protein-protein interactions.  
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Biophysics as a tool to study protein-protein interactions  

1.5.  Overview of biophysical techniques to study protein-protein interactions 

Molecular biological and biochemical approaches have been very successful in 

identifying interaction domains within proteins. Biophysical techniques have been used 

extensively to obtain structural, kinetic and thermodynamic information on protein-protein 

interactions. Below, a brief overview is given of some of these techniques.  

Determination of the three-dimensional structure of proteins, with X-ray 

crystallography or NMR has provided insight into the molecular basis of protein-protein 

interactions, identifying specific individual amino acid residues within the proteins as actors 

in the physical interaction. Cryo-electron microscopy (cryo-EM) is more suitable to obtain 

structural insight in large protein complexes and is often used in conjunction with X-ray 

crystallography. A key limitation of cryo-EM and X-ray crystallography in particular is that 

they are not very suitable to study dynamics, since the protein samples are not in a liquid 

water solution. Light scattering is a very useful tool to study the stoichiometry of protein 

complexes in solution, since the intensity of the scattered light is related to the molecular 

weight and the diffusion constant of the complexes. This technique has, however, a low 

detection limit, requiring protein concentration as high as ~1mg/ml. Native mass 

spectrometry, which is a relatively new method in structural biology, is also used to 

determine the stoichiometry of subunits within intact protein complexes, with the 

advantage of using minute amounts of proteins (picomole to femtomole range). This 

technique was recently applied to identify and characterize the distinct GroEL-GroES and 

GroEL-gp31 chaperonin complexes that exist in solution during chaperonin-assisted folding 

of various proteins [88]. A biophysical technique that is very well suited to study the 

dynamics of protein-protein interactions is fluorescence spectroscopy, which has a very low 

detection limit (single molecules) and is ideally suited to study dynamics taking place in the 

range of picoseconds to hours. Fluorescence spectroscopy is the key technique applied in 

this thesis and its principles and applications as a tool to extract biomolecular information 

are discussed in detail below.  

1.6. Fluorescence  

1.6.1. Principle of fluorescence 

When a molecule is illuminated with light, it can absorb a photon with an energy of 

hc /  (  = wavelength of the absorbed light, h = Planck constant, c = speed of light). After 

absorption, the molecule is raised from the ground state S0 to an electronically excited state 

S1, S2, …, Sn (Figure 1.11). Usually, absorption brings the molecule in a higher vibrational level  
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Figure 1.11: Jabłooski diagram.  

The electronic energy levels of the various states of a molecule are usually represented in a Jabłooski 
diagram 

of the electronically excited state. The molecule will first relax to the lowest vibrational level 

of the first excited state S1 via internal conversion on a very fast time scale (typically less 

than 10-12 s). From this level, the molecule can return to the ground state in a radiative or 

non-radiative manner. First, the molecule can fluoresce: it emits a photon with an energy 

equal to (S1-S0). Due to the internal conversion mentioned before, the energy of the emitted 

photon is usually lower than that of the absorbed photon. The fluorescence will have a 

longer wavelength, a phenomenon called Stokes’ shift (Figure 1.12). Second, the excited 

state can decay without emitting a photon by transferring its energy to internal vibrational 

modes via internal conversion. Third, the molecule can be de-excited via spin conversion to a 

triplet state, T1 (intersystem crossing). A triplet state is usually much longer lived than an 

excited singlet state and can relax radiatively or non-radiatively. Emission of photons from 

the triplet state is called phosphorescence, and usually has a wavelength longer than 

fluorescence. Finally, the molecule can relax via quenching or excitation transfer, due to the 

interactions of the excited molecule with other solute molecules or the solvent itself. 

1.6.2. Fluorophores for biophysical studies 

Only a finite amount of biomolecules contains a fluorophore, the part of a molecule 

that emits fluorescence upon light absorption. Most fluorophores contain extended double-

bond systems such that electrons are delocalized over many atoms. Fluorophores used in 

biophysical studies can be roughly classified in two categories: intrinsic and extrinsic 

fluorophores. Intrinsic fluorophores are biomolecules that are fluorescent by themselves. 

Important examples are co-factors such as FAD, NADH and chlorophyll, however not all 

proteins function with co-factors. More ubiquitous probes, the aromatic amino acids 

tryptophan, tyrosine and phenylalanine, are present in most proteins and fluoresce in the 
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Figure 1.12: Schematic representation of the Stokes’ shift. 

The Stokes’ shift is the gap between the maximum of the first absorption band and the maximum of the 
fluorescence spectrum 

UV. Tryptophan fluorescence in particular is often used to study protein conformation (see 

below). Extrinsic fluorophores are in most cases small synthetic molecules like fluorescein,  

rhodamine or dansyl chloride that need to be added to biomolecules to render them 

fluorescent [89]. This can be performed by covalent attachment to specific functional groups 

in the biomolecule (e.g. sulfhydryl or amino groups in proteins). Other extrinsic fluorophores 

are attached to biomolecules by non-covalent association. Examples are intercalating dyes 

(such as ethidium bromide), which specifically bind to DNA, hydrophobic membrane probes 

(such as the carbocyanine dye DiI), and probes such as pyrene and ANS that specifically bind 

to hydrophobic parts of proteins. 

 Key parameters of a given fluorophore used in biophysical experiments are its 

quantum yield and fluorescence lifetime. The quantum yield of a fluorophore is the fraction 

of absorbed photons that result in emission of a fluorescence photon. It can be expressed as 

Qy = kr / (kr+knr), where kr is the rate of radiative decay and knr the sum of non-radiative 

rates. In general, molecules with a high quantum yield are best suited for high-sensitivity 

experiments such as single-molecule experiments. The fluorescence lifetime (  = 1 / (kr+knr)) 

is the time a fluorophore resides in the excited state before relaxation. In experiments that 

probe changes of the fluorophore or its surroundings during the excited state (such as FRET 

and anisotropy, see below), the fluorescence lifetime sets the timescale over which these 

changes can be followed. Typically, the fluorescence lifetime of a fluorophore is on the order 

of a few nanoseconds.  
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Figure 1.13: Spectral properties of tryptophan residues.  

Tryptophan emission spectra reflect the environment of the tryptophan residues. Tryptophans in a 
completely apolar environment present a blue-shifted emission spectrum, whereas the emission of 
solvent accessible residues shifts to longer wavelengths. 

 

1.6.3. Fluorescence spectroscopy as a tool to extract molecular information 

Information on a fluorophore's environment can be obtained in several ways. First, 

the absorption and emission wavelengths of some fluorophores are very sensitive to the 

polarity of the surrounding medium. An example is tryptophan residues in proteins, the 

spectrum of which shifts to the red when its environment becomes more polar. Tryptophan 

fluorescence is widely used to probe protein folding since, in a folded protein, hydrophobic 

residues (such as tryptophan) are usually buried in the hydrophobic protein core, while in an 

unfolded protein such residues are solvent-exposed and sense a more polar environment 

(Figure 1.13). 

 Another example of a fluorescent environment-sensitive probe is the Green 

Fluorescent Protein (GFP). GFP is a monomeric protein of ~27 kDa from the jellyfish 

Aequorea victoria, which contains an autocatalytically formed chromophore that is well 

shielded from the environment by the β-barrel fold of the native protein. In the native fold, 

the fluorophore is held in a fixed conformation resulting in a high fluorescence quantum 

yield. In the unfolded protein, the chromophore is much more flexible and vibrational modes 

become accessible for efficient and fast internal conversion, reducing the fluorescence 

quantum yield to almost zero. Measuring the recovery of the fluorescence intensity of GFP 

upon correct folding is a valuable tool to study chaperonin-assisted protein folding. 

A tool to obtain information on inter- and intra-molecular interactions of 

biomolecules is fluorescence anisotropy (Figure 1.14). Fluorescence anisotropy experiments 

are based on the photoselective excitation of fluorophores by polarized light. In an isotropic  
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Figure 1.14: Fluorescence anisotropy.  

(A) In a sample illuminated with polarized light, the fluorophores presenting an absorption transition 
moment parallel to the electric vector of the incoming photons are selectively excited (black circles with 
double arrows). Between the moment at which light is absorbed by the “photo-selected” fluorophores 

and fluorescence is emitted, the molecules rotate freely during the time  (rotational correlation time). 
The emitted light from the excited fluorophores thus does not have the same angle as the incident light; 
it is then (partially or fully) depolarized. The depolarization is proportional to the rotational correlation 
time, which in turn is dependent on a number of factors, such as molecular shape, size, or viscosity of the 
environment. (B) Examples of the use of fluorescence depolarization in the study of proteins. 

solution, fluorophores are randomly oriented. Upon excitation with polarized light, only the  

fluorophores with transition dipole moments parallel with the electric vector of the incident 

light are excited and emit polarized fluorescence. The relative angle between the dipole 

moments of the incident and emitted photons determines the fluorescence anisotropy, and 

depends on how fast the fluorophore or whole biomolecule rotates. Rotational diffusion is 

strongly dependent on the size and shape of the biomolecule (Figure 1.14 A). Anisotropy can 

thus provide insight on the conformational state (unfolded versus folded) or oligomeric state 

(free in solution or in complex) of the protein (Figure 1.14 B). 

The most widely used tool to study protein-protein interactions is Förster Resonance 

Energy Transfer (FRET) (Figure 1.15). FRET is a non-radiative transfer of excitations requiring 

dipole-dipole interaction of two fluorophores. This occurs when the two molecules are close  
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Figure 1.15: Förster Resonance Energy Transfer.  

(A) Non-radiative energy transfer between two fluorophores requires interaction of the donor and 
acceptor molecules, as well as the overlap of the donor emission spectrum and the acceptor absorption 
spectrum. (B) Several vibronic transitions of the donor must have the same energy as corresponding 
transitions of the acceptor. Those coupled transitions are said to be in resonance. (C) When FRET occurs 
between a donor and an acceptor fluorophores, the emission spectrum of the donor decreases in 
intensity (quenching), whereas the acceptor signal increases accordingly. In some cases, the extent of 
donor quenching can be used to determine the donor-to-acceptor distance. (D) The distance dependence 
of FRET makes it a very useful tool to study protein-protein interactions as well as intra-molecular 
conformational changes. 

to each other and the emission spectrum of one of the donor fluorophores overlaps with the  

excitation spectrum of the acceptor fluorophore (Figure 1.15 A), such that some vibronic 

transitions of the donor have the same energy as vibronic transitions of the acceptor  

(Figure 1.15 B). The efficiency of energy transfer (E) between the two fluorophores is 

inversely proportional to the distance between the donor and acceptor (r) to the power six. 

The distance at which the fluorescence of the donor is reduced by half is the Förster  
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distance R0, which depends on the spectral overlap. The FRET efficiency can be expressed as 

E = R0
6 / (R0

6 + r6). When FRET occurs, the emission intensity of the donor decreases (donor 

quenching), whereas that of the acceptor emission increases (Figure 1.15 C). FRET is widely 

utilized as a “spectroscopic ruler” to determine changes in distance between sites on 

proteins during a conformational change, as well as to measure association and dissociation 

kinetics of protein complexes (Figure 1.15 D).  

Overview of fluorescence studies on the E. coli GroEL-GroES 

chaperonin system  

Over the past 15 years, the application of the aforementioned fluorescence 

techniques to the GroEL-GroES chaperonin system of E. coli has yielded fundamental insight 

into the mechanism of action of this molecular chaperone system and more generally on 

protein folding. To monitor various conformational changes that occur during the folding 

reaction of GroEL-GroES, both in the substrate protein and in the chaperonin protein itself, 

tryptophan fluorescence has been used. For example, to resolve the kinetics of the GroEL-

GroES-assisted refolding of reduced lactalbumin (rLA), Makio et al. monitored the changes in 

fluorescence due to the burying of the tryptophan residues in rLA, upon folding [90]. 

Structural transitions in GroEL induced by nucleotide [91,92] and GroES binding [92,93] have 

also been monitored with the use of tryptophan fluorescence. To study the kinetics of the 

conformational changes within GroEL during the folding cycle, Cliff et al. engineered a series 

of GroEL mutants in which the intrinsic tyrosine residues were replaced by tryptophan 

residues, one at a time [32]. The mutations of tyrosines at positions 360 and 485 to 

tryptophan residues showed to be most effective with respect to fluorescence intensity 

changes upon nucleotide binding, as was expected from the from the crystal structure [32]. 

Tyrosine 360 is located in a region of the apical domain that is known to undergo a massive 

change in environment, as it becomes buried by the rotation and extension of the apical 

domains induced by ATP binding [32]. The proximity of tyrosine 485 to both the nucleotide-

binding pocket and the inter-ring interface makes this residue, when replaced by an indole 

probe, perfectly adapted to monitor the conformational changes induced by the binding of 

ATP and to report on events occurring in the opposite ring [91]. Upon binding of increasing 

amounts of ATP to GroEL Y485W, they noted that the observed rate constant of tryptophan 

fluorescence changes plotted against ATP concentration showed a bi-sigmoidal behavior. 

They concluded that the two saturation points were an indication of two discrete processes 

saturating at different ATP concentrations, which they interpreted as a reflection of the 

binding of ATP to the first ring of GroEL and then to the second opposite ring. In another 

study focusing on the conformational changes within the chaperonin molecule, Taniguchi et 

al. introduced a single tryptophan residue in the apical domain of GroEL, in place of an 
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arginine residue at position 231 which, in the crystal structure of GroEL, is located in 

between α-helices H and I, a region implicated in the interactions between GroEL and its co-

chaperonin GroES. Combining the monitoring of intrinsic tryptophan fluorescence of GroEL 

R231W with stopped-flow techniques, they were able to resolve the rapid dynamics of the 

conformational changes in the apical domain due to both ATP and GroES binding to GroEL 

during the chaperonin cycle [92].  

As explained in section 1.6.3., GFP can readily be used to monitor protein (re)folding 

in real time, using the GFP chromophore fluorescence as a marker of native structure 

recovery. The unique fluorescent properties of GFP have provided useful information on the 

GroEL-GroES complex throughout the years. In 1996, Weissman et al. brought substantial 

proof that not only is a substrate protein released in the cis-cavity of the GroEL-GroES 

complex upon ATP binding, but also undergoes productive folding while encapsulated in this 

cavity [94]. Using gel filtration chromatography, they observed that unfolded GFP bound to a 

release-deficient single-ring mutant of GroEL, SR1, regains chromophore fluorescence upon 

addition of GroES and ATP while remaining encapsulated in the SR1-GroES complex. In 

essence, these experiments revealed the cis-folding mechanism of the GroEL-GroES 

chaperonin complex. A year later, Makino et al. established GFP as a very useful tool to 

directly visualize protein folding in real time, as they followed the regain of chromophore 

fluorescence during the chaperonin-assisted folding reaction using stopped-flow 

fluorescence spectroscopy. They observed that in the presence of the complete GroEL-GroES 

chaperonin system and ATP, acid-denatured GFP refolds with a half-life of ~24 s [95]. 

Sakikawa et al. determined the maximum size of substrates that can fit in the cis-cavity of 

the GroEL-GroES complex by submitting the total soluble proteins of E. coli bound to GroEL 

to proteinase K digestion in the presence of GroES and nucleotide. In order to determine 

whether proteins with a size close to the maximum capacity of the GroEL-GroES cis-cavity 

(~57 kDa) could complete folding while encapsulated in the complex, they constructed a 

BFP-GFP (where BFP is a blue variant of GFP) fusion protein with a size of ~54 kDa. By 

following the regain of fluorescence and energy transfer between the two moieties of the 

fused protein, they were able to show that large substrates with a size close to ~60 kDa, not 

only are encapsulated by the chaperonin complex, but can achieve complete folding while 

remaining in the cis-cavity [96].  

Fluorescence anisotropy measurements have shed light on the stoichiometric, 

structural and dynamic aspects of the interactions between the various components of the 

chaperonin complex during a folding reaction. Because fluorescence anisotropy is 

dependent on the size of the studied molecule, it is a very useful method to determine the 

binding of substrate proteins to GroEL, as well as their flexibility during the chaperonin-

assisted folding reaction. In 1997, Rye et al. monitored intrinsic tryptophan anisotropy of 
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Rubisco when bound to GroEL, or the single-ring mutant of GroEL SR1, upon addition of 

GroES and nucleotide. They observed a rapid decrease of anisotropy upon binding of GroES 

and ATP to the same ring as Rubisco, which they attributed to the encapsulation-induced 

mobilization of the bound substrate (t1/2 ~1s) [97]. The dissociation rate of a cycling  

GroEL-GroES complex was determined in a series of stopped-flow fluorescence experiments 

combining anisotropy measurements and GFP fluorescence. GFP was bound to an  

ATP-hydrolysis mutant of GroEL, GroEL D398A, which has a very slow ATPase activity 

compared to the wild-type GroEL. Upon addition of GroES and limiting amounts of ATP, GFP 

was able to refold completely without the GroEL D398A-GroES complex dissociating. Upon 

addition of excess ATP, the dissociation of the GroEL-GroES complex was followed as the 

anisotropy of released GFP decreased significantly compared to the anisotropy of 

rotationally constrained GFP in the cis-cavity [47]. Anisotropy measurements on  

GroEL-bound substrate have provided more details on the early events of the chaperonin-

assisted folding reaction. Using a fluorescently labeled mutant of the maltose binding 

protein, DM-MBP, Sharma et al. showed that when bound to GroEL, the substrate protein 

undergoes a collapse upon ATP binding, which is accelerated upon encapsulation by GroES. 

Indeed, they observed that upon binding of GroES and ATP, the anisotropy of DM-MBP 

decreased suggesting a gain in flexibility of the substrate following encapsulation. By 

changing the place of the label on DM-MBP, they showed that less hydrophobic regions of 

the protein are mobilized (released) before more hydrophobic ones, and that this sequential 

compaction may contribute to preventing the formation of kinetically trapped intermediates 

during chaperonin-assisted folding [98]. 

Finally, the application of resonance energy transfer to the GroEL-GroES chaperonin 

has provided detailed insight on the folding cycle, both on a dynamic and mechanistic point 

of view. In 1999, Rye et al. showed that FRET is a very practical tool to study the interactions 

of GroEL and its co-chaperonin GroES. The fluorescent labeling of GroEL and GroES with a 

donor-acceptor pair of fluorophores and the use of rapid-kinetics techniques allowed the 

determination of the association and dissociation constants of GroES, as the FRET signal 

increased upon formation of the fluorescent chaperonin complex and decreased upon its 

dissociation. By means of a competitive binding assay between fluorescent substrate and 

unlabeled GroES, or vice versa, they showed that the substrate protein binds before GroES 

to the open ring of a GroEL-GroES complex. They also showed that binding of substrate 

further accelerates the dissociation rate of GroES from GroEL [47]. In 2004, Motojima et al. 

answered a question that had been going on for years: why is the GroEL-GroES-ADP complex 

unable to promote folding of substrates, whereas the structurally identical GroEL-GroES-ATP 

complex has folding activity? It was known that although substrates can be encapsulated in a 

GroEL-GroES-ADP complex, they are not released inside the cavity from the apical domain, 

where they initially bind, and thus cannot fold. By using FRET to monitor the opening 
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movements of the GroEL apical domains upon GroES binding, they showed that the rate and 

extent of the apical domain movement in a substrate-bound GroEL molecule are much lower 

in the presence of ADP, than with ATP. They concluded that the folding activity of the  

GroEL-GroES-ATP complex is due to the additional energy supplied by the hydrolysis of the  

γ-phosphate of ATP, which allows a better movement of the apical domain of GroEL, 

resulting in the release of the substrate in the cavity [99]. Finally, more recent studies, 

combining ensemble FRET and single-molecule detection, have addressed another debated 

point in the chaperonin-assisted folding community: i.e. the “passive” vs. “active” nature of 

protein folding in the GroEL-GroES complex. Indeed, it is still unclear if the GroEL cavity 

merely provides an aggregation-free environment for substrate proteins to fold 

spontaneously, or if GroEL plays an active role, such as “untangling” misfolded substrates by 

stretching them upon binding. By monitoring the conformational transitions of DM-MBP, a 

mutant of the maltose binding protein, labeled at two positions with a FRET pair,  

Sharma et al. showed that the substrate protein undergoes unfolding upon transfer from the 

DnaK/DnaJ/GrpE system to GroEL. They also showed that ATP binding to GroEL provokes 

further localized stretching of the GroEL-bound substrate [98]. The thus uncovered 

“unfoldase” activity of GroEL was confirmed in another study. FRET measurements using 

Rubisco labeled with a FRET pair have shown that during the folding cycle of GroEL-GroES, 

the stringent Rubisco substrate undergoes forced partial unfolding before it proceeds to 

correct folding [100].   

Extensive knowledge on the molecular mechanism of GroEL-mediated protein folding 

has been obtained using various fluorescence techniques. However, most of the 

experiments described above have been done using artificial substrates of GroEL-GroES, 

such as GFP, Rubisco or porcine metabolic enzymes which would normally never encounter 

the bacterial chaperonin system. A lot remains to be discovered about the folding 

mechanism of physiological substrates. 

Outline of this thesis 

This thesis describes a collection of studies on the chaperonin-assisted folding of 

gp23, bacteriophage T4's major capsid protein, using fluorescence spectroscopy. The first 

part of the thesis is dedicated to the study of the dynamics of the interactions between 

GroEL and gp31, and how they compare to the interactions between GroEL and GroES. 

Chapter 2 describes steady-state fluorescence and electro-spray ionization mass 

spectrometry experiments that monitor the thermal stability of the gp31 and GroES  

co-chaperonins. In chapter 3, the dissociation of the GroEL-gp31 complex during steady-

state ATP hydrolysis is studied with stopped-flow kinetics and FRET and compared to the 

dissociation of the GroEL-GroES complex, including the effect of the physiological substrate 

gp23. The second part of this thesis addresses the folding kinetics of the bacteriophage T4 
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major capsid protein. In chapter 4, the chaperonin-assisted refolding of gp23 is extensively 

monitored using a combination of stopped-flow kinetics, FRET and tryptophan fluorescence. 

Chapter 5 describes a study on the kinetics of refolding of gp23byp31, a mutant capsid protein 

which can fold independently of gp31 in vivo. The requirements for in vitro refolding 

(spontaneous and chaperonin-assisted) are identified by using gel-filtration, proteinase K 

protection assays, FRET and tryptophan fluorescence techniques. Finally, in chapter 6, an 

overview is provided of the results presented in this thesis, including a discussion in the 

context of chaperonin-assisted protein folding in general. 
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