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Abstract 

A key event in bacteriophage T4 morphogenesis is assembly of the capsid, which requires 

correct folding and assembly of the major capsid protein, gp23. Folding of gp23 in vivo is 

strictly dependent on the T4-encoded co-chaperonin gp31 and the Escherichia coli 

chaperonin GroEL. Certain T4 mutant phages, called T4bypass31, propagate in the absence 

of gp31 as a result of mutations in gp23. Here we study the yields and rates of wild-type 

gp23wt and bypass31 gp23byp31 folding in vitro. We find that gp23byp31 is able to fold to the 

native state in the absence of GroEL and gp31 in contrast to gp23wt, albeit with substantially 

lower yield and rate compared to chaperonin-assisted folding. The folding yield of gp23byp31 

is not enhanced by GroEL-GroES, a result of the failure of this complex to encapsulate 

gp23byp31. A structural comparison of gp23 with the closely related minor capsid protein of 

T4, gp24, indicates that the native fold of gp23 is stabilized by the mutations in gp23byp31, 

which could be the reason of gp23byp31's ability to fold spontaneously and might explain why 

T4bypass31 phages can proliferate in the absence of gp31. 

Part of this chapter has been published in:  

P. Bakkes (2005), “Principles that govern the folding of the bacteriophage T4 major capsid protein”.  

Doctoral dissertation, VU University Amsterdam, The Netherlands 
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5.1. Introduction 

The first evidence that host genes participate in bacteriophage morphogenesis came 

in the 1970’s and was based on observations that phages such as T4 and  cannot grow on 

certain Escherichia coli mutant strains [155,156]. Genotyping of these strains uncovered 

mutations in two essential genes, groES and groEL, which are present in one operon 

[20,157]. Subsequent analysis of the GroEL and GroES proteins revealed that in vitro they 

form a complex in the presence of ATP [30,157]. It took until 1988 before their biological 

function was uncovered, i.e. they serve as chaperonins helping proteins to fold correctly 

[2,22,24]. This discovery was based on the notion that the sequence of GroEL is similar to 

that of the alpha subunit of the Rubisco subunit binding protein, a protein required for the 

assembly of Rubisco in the chloroplast [24]. Since then, the GroEL-GroES chaperonin 

complex has become the best-studied molecular chaperone and much is known about its 

structure and function [2,40,158]. GroES forms a single dome-shaped heptameric ring 

composed of identical 10 kDa subunits. GroEL is composed of 14 subunits of 57 kDa each, 

arranged in two heptameric rings stacked back to back. Each GroEL ring contains a central 

cavity in which a substrate protein can bind via hydrophobic interactions [32]. Binding of ATP 

and GroES to the GroEL ring occupied by the substrate, the so-called cis-ring, results in 

release of the substrate in the GroEL-GroES cavity. The substrate starts folding to its native 

conformation while ATP, bound to the cis-ring, is hydrolyzed. The subsequent binding of 

substrate, ATP and GroES to the opposite (trans-)ring of GroEL results in release of ADP, 

GroES and fully or partially folded substrate from the cis-ring. When the released substrate is 

not completely folded, it will rebind to a GroEL-GroES complex and undergo supplemental 

rounds of folding [30,31]. The folding cycle of GroEL-GroES has been estimated to be  

~0.12 s-1 in vivo and is limited by the rate of ATP hydrolysis [97]. GroEL and GroES are not 

only host factors required for the assembly of phage-encoded proteins, they are also 

required for the folding of many essential E. coli proteins [51,54,159,160], explaining why 

they are indispensible for bacterial growth [126].  

 The proliferation of certain bacteriophages, such as  and T5 in E. coli relies heavily 

on the folding assistance provided by the bacterial GroEL-GroES system [156,161]. 

Bacteriophage T4, however, is different in that it does require GroEL, but morphogenesis is 

not affected by mutations in the groES gene [156]. T4 encodes its own co-chaperonin, gp31, 

which is a structural and functional homologue of GroES [81,162]. In conjunction with GroEL, 

gp31 folds gp23, the major capsid protein of T4, a function that cannot be performed by the 

endogenous GroEL-GroES complex [80,88,162]. The inability of the host’s chaperonin to fold 

gp23 is in part due to the failure to encapsulate this protein. Cryo-electron-microscopy 

(Cryo-EM) has revealed that the volume of the empty folding chamber of the GroEL-gp31 

complex is about 8% larger than that of GroEL-GroES [84]. In addition, cryo-EM image 
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reconstruction of the GroEL-gp31 complex with the capsid protein inside the folding cavity 

has revealed that gp23 is in a close-to-native conformation [60]. The GroEL-gp31 complex 

appears distorted and expanded compared to empty chaperonin complexes. This might be 

the consequence of pressure exerted on the walls of the folding cavity by gp23, which barely 

fits inside the enlarged GroEL-gp31 cavity [60]. These observations provide a straightforward 

molecular basis for GroEL-GroES's inability and GroEL-gp31's ability to fold gp23. 

Remarkably, some mutant T4 phages that do not produce functional gp31 (T4am31) 

can proliferate in E. coli [76,85]. Genetic mapping of these so-called T4 bypass31 mutant 

phages revealed that the mutations are located in gene 23, which encodes gp23 [86]. Three 

types of mutants were identified: (i) bypass31-1 carrying mutation A455V, (ii) bypass31-2 

with mutations G292S, V306I and V307I, and (iii) bypass31-1,2 with combined mutations 

A455V, G292S, V306I and V307I [85,86]. Since these T4 bypass31 mutants were grown on  

E. coli strains with impaired GroEL activity (EL44 and EL673), it was hypothesized that these 

bypass mutants also do not require GroEL for their morphogenesis. However, it has also 

been shown that gp23byp31 interacts with GroEL in vivo [86]. Therefore, it cannot be excluded 

that the folding of gp23byp31 is assisted by GroEL with or without the aid of GroES. Here, we 

characterize the spontaneous and chaperonin-assisted folding of gp23wt and gp23byp31 in 

vitro. We show that gp23byp31 can fold correctly in a chaperonin-independent manner, in 

contrast to gp23wt. Both gp23wt and gp23byp31 are folded with a substantially higher yield and 

rate by the GroEL-gp31 chaperonin system.  

5.2. Materials and methods 

5.2.1. Production and purification of proteins  

A plasmid encoding GroEL-315C under the control of an Isopropyl β-D-1-

thiogalactopyranoside (IPTG)-inducible promoter (kind gift of Dr. Hays Rye and Dr. Art 

Horwich) was used to transform E. coli strain MGM100. GroEL, GroEL-315C, SR1, GroES, and 

gp31 were expressed and purified as previously described [80,114]. Gp23wt and gp23byp31 

(containing the bypass31-(1+2) mutations A455V, G292S, V306I and V306I [86]) were 

expressed in E. coli strain BL21 (DE3) using the IPTG-inducible plasmids pET2331 and pETBY 

respectively, and purified as described earlier [80]. Proteins were stored at -80°C in 50 mM 

Tris-HCl pH 7.7, 50 mM NaCl, 1 mM EDTA, 1 mM DTT and 10% (v/v) glycerol. Protein 

concentrations were determined by a Coomassie Brilliant Blue (CBB)-based colorimetric 

assay, and, unless stated otherwise, are final concentrations of GroEL tetradecamer, 

SR1/gp31/GroES heptamer, and capsid protein monomer. 
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5.2.2. Fluorescent labeling  

GroEL-315C was pre-treated with 2 mM TCEP (Pierce), and labeled with a 5-fold 

molar excess relative to oligomer of 1,5-IAEDANS (Invitrogen) in 50 mM Tris pH 7.7, 

1 mM EDTA, 50 mM NaCl and 1 mM DTT (buffer A) for 1 h at 25°C. Unreacted fluorophores 

were removed by gel filtration using Sephadex G-50 equilibrated in buffer A containing 10% 

(v/v) glycerol. The labeling efficiency was calculated using the extinction coefficient of 

IAEDANS at 336 nm (ε336nm = 5700 M-1cm-1). Typically, the labeling efficiency was 

~4.5-12 dyes/GroEL 14-mer (GroELA).  

5.2.3. Refolding experiments using size exclusion chromatography and Western blot 

analysis 

Gel filtration analysis was performed using an ÄKTA-Explorer chromatography system 

(Amersham Biosciences) equipped with an RF-10Axl fluorescence detector (Shimadzu). 

Tryptophan fluorescence was monitored during gel filtration at 340 nm, upon excitation at 

295 nm. Prior to injection, protein samples were passed over a 0.45 µm membrane filter 

(PVDF Durapore, Millipore) and aliquots were applied to a TSKG4000SWxl column 

(Tosohaas) at room temperature (RT) with a flow rate of 0.75 ml/min.  

Capsid protein (gp23wt and gp23byp31) was unfolded in 6 M urea for 1 h at 25°C at a 

final concentration of 24 µM. To monitor spontaneous refolding, unfolded capsid protein 

was rapidly manually diluted 24-fold in 50 mM Tris-HCl pH 7.4, 10 mM KCl and 10 mM MgCl2 

(buffer B). As a control, native capsid protein was diluted into the same buffer to a final 

concentration of 1 µM. The protein samples were incubated for 2 min at 25°C and then 

subjected to gel filtration chromatography (see above). To monitor chaperonin-assisted 

refolding, GroEL-gp23 complexes were formed by rapidly mixing unfolded capsid protein (4 

subsequent aliquots containing 250 nM each, within a timeframe of ~30 sec) with buffer B 

containing 1.3 µM GroEL, and incubated for 5 min at 25°C. Next, GroES or gp31 was added to 

a final concentration of 3.9 µM, and folding was initiated by the addition of ATP (final 

concentration of 5 mM). Immediately after ATP addition, and 30 min thereafter, a 100 µl 

aliquot of the folding mixtures was subjected to gel filtration (see above). Sample processing 

up until the sample injection onto the column took about 1 min. Proteins were eluted with 

buffer B containing 0.01% (v/v) Tween-20 and 0.25 mM ATP. Eluted proteins were 

precipitated by adding acetone to a final concentration of 80% (v/v) and analyzed by SDS-

PAGE and Western blotting. The capsid protein was detected using primary antibodies raised 

against gp23wt in guinea pigs and secondary antibodies conjugated to horseradish 

peroxidase. 
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5.2.4. Refolding experiments using fluorescence  

All fluorescence measurements were performed at 25°C with an integration time of 

50 ms per data point, using a Fluoromax-3 fluorimeter (JY-Horiba) and in the case of 

stopped-flow measurements, an RX2000 Rapid-mixing Accessory (Applied Photophysics). 

Typically 4-8 traces were recorded, fitted and averaged using Origin data analysis software 

(Origin Lab Corporation). The presence of hexameric capsid protein after refolding with 

either unlabeled or labeled GroEL-315C, in combination with gp31 and ATP, was verified 

independently with mass spectrometry as described before [88]. 

Stock solutions of 20 µM and 5 µM of native capsid protein in 50 mM Tris-HCl pH 7.7, 

10 mM KCl, 10 mM MgCl2 (buffer C) were diluted 100-fold in the same buffer to give a final 

concentration of 200 nM and 50 nM, respectively. Capsid protein was unfolded by 

incubation in 6 M urea for 1 h at RT at a concentration of 25 µM and then further diluted to 

20 µM or 5 µM with a 6 M urea solution. Final solutions of unfolded or refolded capsid 

protein were obtained by subsequent 100-fold dilution in 6 M urea or buffer C, respectively. 

Fluorescence spectra of native, unfolded, and refolded solutions were recorded after 

excitation at 290 nm. For determination of the kinetics of spontaneous refolding, unfolded 

gp23 prepared as described above, was diluted 100-fold in buffer C either in the presence or 

absence of a 5-fold molar excess of GroEL 14-mer to capsid protein monomer. The 

tryptophan fluorescence was monitored at 346 nm upon excitation at 290 nm. To determine 

the kinetics of chaperonin-assisted refolding of gp23, binary complexes were formed by 

adding unfolded capsid protein (1 µM) to a solution containing GroELA (1 µM) in 50 mM 

HEPES-KOH pH 7.4, 5 mM KCH3COOH, 10 mM Mg(CH3COO)2 and 2 mM DTT (buffer D). 

Folding was triggered by rapid mixing of the binary complexes with a solution containing 

2 M gp31 and 2 mM ATP with a stopped-flow apparatus. The refolding of capsid protein 

was monitored at 346 nm (tryptophan fluorescence) and 470 nm (IAEDANS fluorescence) 

upon excitation at 290 nm.  

5.2.5. Proteolysis protection assay  

Proteolysis protection assay was carried out as described previously [80]. The capsid 

protein was unfolded as described for the gel filtration experiments. Binary complexes were 

formed by rapidly mixing unfolded capsid protein (0.65 µM) with buffer containing either 

GroEL (0.8 µM) or SR1 (0.8 µM) and incubated for 5 min at 25°C. Next, GroES or gp31 was 

added to a final concentration of 1.9 µM, followed by the addition of ADP (1 mM). Ternary 

complex formation was allowed to proceed for 10 min at 25°C. Reaction mixtures were 

further incubated with or without proteinase K (1.2 µg/ml) for 10 min at 25°C. Proteolysis 

was stopped by addition of PMSF (1 mM) and proteins were analyzed by SDS-PAGE and 

Western blotting. 
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5.2.6. Structure alignment 

For structural analysis, the gp24 structure was used (PDB code: 1YUE), where the 

homologous regions were implemented according to secondary structure alignments made 

by Fokine et al. [163]. The gp23 bypass31 mutations as well as the interacting amino acids 

were introduced into the gp24 structure using the program COOT. The interacting 

amino acids were detected by an allowed sidechain-sidechain interaction of maximal 3.6 Å. 

Final figures of protein structures were prepared using the program PYMOL 

(http://pymol.sourceforge.net). 

5.3. Results  

5.3.1. Gp23byp31 can refold in vitro without the assistance of the GroEL-gp31 

chaperonin system 

The bacteriophage T4 major capsid protein gp23 is a structural protein that  

–if correctly folded– readily assembles into hexamers, which are incorporated into the phage 

head. Hexamer formation therefore reflects proper gp23 folding and can be monitored with 

gel filtration chromatography [80]. Here, we investigate the folding of mutant gp23byp31 (with 

mutations A455V, G292S, V306I and V307I) in vitro, first in the absence of molecular 

chaperones (Figure 5.1 A). To this end, urea-denatured gp23 was diluted into buffer without 

denaturant and allowed to refold for 2 min. Subsequently, the reaction mixture was 

subjected to gel filtration in order to determine gp23 stoichiometry and folding. Native 

gp23byp31 eluted with an apparent molecular weight of ~348 kDa, identical to that of native 

hexameric gp23wt (Figure 5.1 B) [88]. Unassisted refolding of denatured gp23wt did not lead 

to hexamer formation, since no peak was observed at the elution volume expected for 

correctly folded hexamers. Most likely, gp23wt forms aggregates [161], which are removed 

by filtration and/or adsorb to the column material during analysis. In contrast, unassisted 

refolding of denatured gp23byp31 resulted in a single peak eluting at the volume as native 

hexameric gp23byp31 (Figure 5.1 B), indicating that a considerable amount of the gp23byp31 

molecules had refolded correctly. From the area of this peak, the yield of correct, 

spontaneous gp23byp31 refolding was determined to be in the range of 5-20%. Most likely, the 

rest of the protein forms aggregates, just like gp23wt. These observations indicate that, in 

contrast to the gp23wt, gp23byp31 can fold productively in vitro in the absence of the 

chaperonins. 

5.3.2. Monitoring the spontaneous refolding of gp23byp31 using intrinsic tryptophan 

fluorescence 

Both gp23wt and gp23byp31 contain four tryptophans, which makes gp23 ideally suited 

for folding studies using tryptophan fluorescence spectroscopy [89]. The fluorescence  
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Figure 5.1: Spontaneous refolding of gp23byp31 and gp23wt.  

(A) Schematic representation of the experimental procedure. (B) Elution profiles of 

native and spontaneously refolded gp23byp31 ( ) and gp23wt (▼), analyzed by gel 
filtration chromatography. The dashed line indicates the elution position of hexameric 
gp23byp31 and gp23wt. 

emission spectra of native gp23wt and gp23byp31 were virtually identical, with maxima at 

345 nm (Figure 5.2 B), considerably blue-shifted from tryptophan free in water (355 nm). 

This indicates that, at least, part of gp23's tryptophan residues are in a hydrophobic 

environment in the native fold of the protein [164]. Upon unfolding with urea, the emission 

maxima of gp23byp31 and gp23wt both shift to 355 nm, while the fluorescence intensity drops 

markedly (Figure 5.2 B), indicating that the tryptophan residues become exposed to the 

water, as expected. Subsequently, spontaneous refolding of gp23byp31 and gp23wt was 

monitored by fluorescence after diluting denatured capsid protein into buffer without 

denaturant (Figure 5.2 B). Five minutes after dilution, the gp23byp31 solution showed an 

emission maximum at 347 nm and fluorescence intensity closer to native than denatured 

gp23byp31. In contrast, the gp23wt solution showed an emission maximum at 350 nm, with 

fluorescence intensity markedly lower than that of the native gp23wt. These spectra are 

consistent with the gel filtration experiments shown above, i.e. denatured gp23wt does not 

 



5. Folding requirements of gp23 are bypassed by subtle amino acid changes 

 

90 

 

 

Figure 5.2: Intrinsic tryptophan 
fluorescence of gp23byp31 and 
gp23wt.  

(A) Schematic representation of the 
spontaneous refolding of urea-
denatured gp23. (B) Tryptophan 
emission spectra of native (1), urea-
denatured (2) and spontaneously 
refolded (3) gp23byp31 (left) and 
gp23wt (right). 

refold correctly but forms aggregates, with tryptophan emission properties close to the 

denatured protein. From the gel filtration experiments it is clear that a substantial fraction of 

denatured gp23byp31 refolds to the native structure and forms hexamers, while the rest 

misfolds and forms aggregates, like gp23wt. This results in tryptophan fluorescence 

properties of gp23byp31 that are a mixture of the aggregated and native forms of gp23. 

5.3.3. Kinetics of spontaneous refolding of gp23byp31  

To resolve the kinetics of spontaneous gp23 refolding, changes in tryptophan 

fluorescence intensity were monitored in time (Figure 5.3). Upon rapid dilution of denatured 

gp23byp31 into buffer without denaturant and chaperonins (Figure 5.3 A), a slow increase of 

tryptophan fluorescence intensity was observed (Figure 5.3 B). The fluorescence time trace 

could be fitted to a single saturating exponential, yielding a rate constant of 0.025 ± 0.001 s-1 

(average ± standard deviation of 5 traces). These changes in fluorescence intensity reflect 

changes in the environment of the tryptophans and might reflect folding, hexamerization, 

but also aggregation of gp23byp31. We observed that the rate of the fluorescence increase 

was independent of gp23byp31 concentration, suggesting that the mechanism underlying the 

observed signals is unimolecular, and thus most likely reflects folding of gp23 monomers and 

not hexamerization nor aggregation. To independently exclude that aggregation also  
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Figure 5.3: Kinetics of spontaneous refolding of gp23 in the absence or presence of 
GroEL.  

(A) and (C) schematic representations of the experimental procedures. (B) Changes in 
gp23 tryptophan fluorescence during the spontaneous refolding. (D) Changes in 
tryptophan fluorescence during the spontaneous refolding of gp23byp31 free in solution 
or in the presence of GroEL, without ATP (black traces). As a control, the fluorescence 
of a solution containing only GroEL is shown (gray trace).  

contributes to the observed signals, the same experiment was performed with gp23wt (which  

does not fold correctly and only forms aggregates under these conditions, see above).  

For gp23wt, the tryptophan fluorescence intensity did not change in time (Figure 5.3 B), 

indicating that aggregation does not contribute to the signals on the time scale monitored 

here. To further substantiate that the observed increase in tryptophan fluorescence of 

gp23byp31 is due to folding to the native state, we performed a control experiment in which 

denatured gp23byp31 was prevented to fold by binding to GroEL (in the absence of  

co-chaperonin and ATP) (Figure 5.3 C). After diluting unfolded gp23byp31 in buffer containing 

a 5-fold excess of GroEL, no increase of tryptophan fluorescence intensity was observed 

(Figure 5.3 D), indicating that binding of gp23byp31 to GroEL does prevent folding and inhibits 

changes in tryptophan fluorescence intensity. Taken together, these tryptophan 

fluorescence experiments suggest that gp23byp31 monomers spontaneously refold into the 

native conformation with a rate of 0.025 ± 0.001 s-1. 
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Figure 5.4: Chaperonin-assisted refolding of gp23byp31.  

(A) Schematic representation of the experimental procedure. (B) Gel filtration elution 

profiles of chaperonin-assisted refolding of gp23wt (▼) and gp23byp31 ( ). The dashed 
line indicates the elution position of hexameric gp23byp31 and gp23wt. (C) SDS-PAGE and 
Western blot analysis of the indicated gel filtration fractions after 1 and 30 min of 
refolding. For comparison, a folding experiment using the wild-type capsid protein is 
shown (B and C). PC; pre-column input sample.  
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5.3.4. Gp23byp31 can be efficiently refolded by the GroEL-gp31 chaperonin system but 

not by GroEL-GroES  

So far, we have shown that part of the gp23byp31 molecules can fold correctly without 

chaperonin assistance in vitro, whereas gp23wt cannot. Our results are in agreement with the 

in vivo observation that T4bypass31 phages can propagate in a groEL-mutant E. coli strain, in 

a gp31-independent manner [76,85]. It was, however, observed that proliferation of these 

mutant phages is significantly enhanced when functional GroEL and gp31 are available, 

suggesting that gp23byp31 can be folded by the GroEL-gp31 chaperonin system [86].  

To further substantiate this observation under well-controlled in vitro conditions, we 

next investigated the influence of GroEL-gp31 and GroEL-GroES on the folding of gp23byp31. 

To this end, gp31 or GroES was added to preformed GroEL-gp23byp31 complexes in the 

presence of ATP (Figure 5.4 A). After 1 min and 30 min, protein mixtures were subjected to 

gel filtration chromatography and the different proteins were identified by CBB (Coomassie 

Brilliant Blue) staining or Western blot analysis. After 1 min of chaperonin-assisted folding, 

most gp23byp31 eluted at a position corresponding to native hexameric gp23byp31, while a 

minor amount co-eluted with GroEL-gp31 (Figure 5.4 B). Prolonged incubation (30 minutes) 

did not increase the yield of correctly folded gp23 (Figure 5.4 C). These results were almost 

identical to those obtained with gp23wt, indicating that GroEL-gp31-assisted folding of 

gp23byp31 is efficient and complete within one minute, just like gp23wt (Figure 5.4 B and C) 

[80]. Productive folding of gp23byp31 did not occur when GroES was used as a substitute for 

gp31, again similar to gp23wt (Figure 5.4 B and C) [80]. In the absence of co-chaperonin (but 

in the presence of ATP), a low amount of hexameric gp23byp31 was observed after 1 min of 

folding, while after 30 min about 14% of the gp23byp31 molecules had refolded and 

assembled into hexamers (Figure 5.4 C). It is likely that the refolded gp23byp31 observed in the 

absence of co-chaperonin is due to release of gp23byp31 from GroEL after ATP binding, 

followed by folding free in solution. These results show that, although gp23byp31 has the 

ability to fold in the absence of gp31, its folding yield is much higher when assisted by the 

GroEL-gp31 chaperonin complex, supporting the observation that, in vivo, GroEL-gp31 

greatly enhances the yield of T4bypass31 phages [165]. In addition, we observed that the 

yields GroEL-gp31-assisted folding of gp23byp31 and gp23wt are similar and that folding is 

complete within one minute, suggesting that chaperonin-assisted folding of both capsid 

proteins follows the same mechanism. 
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Figure 5.5: Encapsulation of gp23byp31 in the GroEL-gp31 folding chamber.  

(A) Schematic representation of the experimental procedure. Proteinase K treatment of 
GroEL-GroES [166] and GroEL-gp31 complexes [80,88] results in cleavage of the 16 C-
terminal amino acids from the GroEL subunits that are not occupied by the co-

chaperonin (indicated by X). (B) SDS-PAGE and Western blots of a proteinase K 

protection assay performed on GroEL-bound gp23byp31 in the presence of GroES or 
gp31, and ADP. Note that gp23, when bound to GroEL in the absence of ADP, protects 
the GroEL subunits to some extent. (C) Western blots of the same proteinase K 
protection assay performed on gp23byp31 bound to a single-ring mutant of GroEL, SR1.  
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5.3.5. Gp23byp31 is enclosed within the GroEL-gp31 folding chamber  

To test whether the chaperonin-assisted folding of gp23byp31 involves cis-

encapsulation, just like gp23wt [60,80], we performed limited-proteolysis experiments. To 

this end, preformed GroEL-gp23byp31 complexes were mixed with co-chaperonin and ADP, 

which allows encapsulation but not folding. The protein solutions were subjected to 

proteolysis by proteinase K and analyzed by SDS-PAGE (Figure 5.5 A). In the presence of gp31 

and ADP about 50% of the gp23byp31 molecules were protected from proteolysis (Figure 

5.5 B), as observed before for gp23wt [80]. In a similar experiment using SR1, a single-ring 

variant of GroEL, in which only cis-encapsulation can occur [99], 100% of the gp23byp31 

molecules were resistant to proteolysis in the presence of gp31 and ADP (Figure 5.5 C), 

indicating that all gp23byp31 molecules were encapsulated. When encapsulation of gp23byp31 

is not possible, for example in the absence of ADP, the protection provided by gp31 was 

completely lost (Figure 5.5 B and C). In experiments with GroES instead of gp31,  

gp23byp31 was not protected from proteolysis, confirming that GroES is unable to encapsulate 

GroEL-bound gp23byp31. Taken together, these experiments show that chaperonin-assisted 

folding of gp23byp31 involves cis-encapsulation in GroEL-gp31 complexes, like for the wild-

type capsid protein. 

5.3.6. Kinetics of GroEL-gp31 assisted refolding of gp23byp31 are fast and virtually 

identical to those of gp23wt  

In order to determine whether the kinetics of the GroEL-gp31-mediated folding of 

gp23byp31 are similar to gp23wt, the folding reaction was monitored in time using Förster 

Resonance Energy Transfer (FRET) in combination with tryptophan fluorescence (Figure 5.6). 

A variant of GroEL containing a cysteine residue at position 315 was fluorescently labeled 

with the FRET acceptor 1,5-IAEDANS (GroELA), while the tryptophans of gp23 were used as 

donors. GroELA-gp23 binary complexes were formed by adding denatured gp23wt or 

gp23byp31 to GroELA in a 1:1 ratio (relative to GroELA tetradecamers). Under these conditions, 

~30% of GroELA is occupied with one gp23 and ~70% is unoccupied [64]. Chaperonin-assisted 

refolding was initiated by rapid mixing of GroELA-gp23 complexes with a solution containing 

gp31 and ATP (Figure 5.6 A). Changes in tryptophan and IAEDANS fluorescence were 

monitored. The fluorescence time traces show that GroEL-gp31 assisted folding of gp23byp31 

occurs with complex kinetics, similar to gp23wt, i.e. three phases can be readily observed 

(Figure 5.6 B and C). Donor and acceptor traces were fitted globally with a sum of three 

exponential decays, resulting in rates k1-byp = 1.11 ± 0.07 s-1, k2-byp = 0.19 ± 0.02 s-1, and 

k3-byp = 0.054 ± 0.027 s-1. A similar global fit of the gp23wt data yielded rates 

k1-wt = 6.25 ± 1.18 s-1, k2-wt = 0.25 ± 0.03 s-1and k3-wt = 0.089 ± 0.007 s-1. In chapter 4 of this 

thesis, the characterization of these three phases of chaperonin-assisted refolding of gp23wt  
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Figure 5.6: Kinetics of GroEL-
gp31-assisted folding of 
gp23byp31. 

(A) Schematic representation 
of the experimental 
procedure.  
(B) Changes in tryptophan 
fluorescence intensity during 
GroEL-gp31-mediated 
refolding of gp23byp31 (left) 
and gp23wt (right).  
(C) Changes in IAEDANS 
emission upon tryptophan 
excitation during GroEL-gp31-
mediated refolding of 
gp23byp31 (left) and gp23wt 
(right). (B) and (C) Tryptophan 
and IAEDANS traces fitted 
globally with a sum of three 
exponentials (superimposed 
gray lines) with rate 
constants: 

k1-byp = 1.11 ± 0.07 s-1 
k2-byp = 0.19 ± 0.02 s-1 
k3-byp = 0.054 ± 0.027 s-1  

(for gp23byp31)  
 
and  
 
k1-wt = 6.25 ± 1.18 s-1 

k2-wt = 0.25 ± 0.03 s-1 
k3-wt = 0.089 ± 0.007 s-1 

(for gp23wt)  
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is described in detail. Phase 1 is the encapsulation of GroEL-bound capsid protein by gp31 

and subsequent release into the GroEL-gp31 folding cavity. Phase 2 is the folding of gp23 

inside the cavity. The final phase, 3, is the release of gp23 from GroEL, after completion of 

the folding cycle. Here we show that the kinetics of chaperonin-assisted folding of gp23byp31 

are virtually identical to those of gp23wt suggesting that GroEL-gp31-assisted refolding of 

gp23wt and gp23byp31 occur via the same mechanism. 

5.4. Discussion 

The biochemical and spectroscopic analysis of gp23byp31 refolding presented here 

sheds new light on the mechanisms by which this protein can acquire its native 

conformation. We show that, in contrast to gp23wt, gp23byp31 is able to fold spontaneously to 

the native state and to form hexamers in vitro, albeit with low yield. Furthermore, we show 

that gp23byp31 is folded much more effectively by the GroEL-gp31 chaperonin complex, with 

similar kinetics as gp23wt, via cis-encapsulation [80]. Like gp23wt, the folding of gp23byp23 is 

not aided by GroEL in combination with GroES. This resolves the long-standing question 

whether or not, in vivo, the bypass31 phages employ the host GroEL with or without GroES 

for productive folding in the absence of functional gp31. The results presented here show 

that this is not the case. A striking difference between spontaneous and chaperonin-assisted 

refolding of gp23byp31 is that during the spontaneous folding, tryptophan fluorescence 

intensity increases over time (Figure 5.3), whereas it decreases during folding inside the 

GroEL-gp31 cavity (Figure 5.6). This difference can be attributed to the different starting 

points of the two folding reactions, i.e. gp23 is free in solution for spontaneous folding and 

GroEL-bound for chaperonin-assisted folding. When bound to GroEL, gp23 is rather well 

structured [60]. It is very likely that, free in solution, unfolded gp23byp31 is in a less well-

defined conformation, exposing the tryptophans to the solvent, resulting in different 

fluorescent properties. We observed that GroEL-gp31 assisted folding of both gp23wt and 

gp23byp31 are very fast (kbyp ~0.19 s-1, kwt ~0.25 s-1) compared to GroEL-GroES assisted folding 

of Rubisco and GFP [95,141]. As discussed in chapter 4 of this thesis, we suggest that fast 

and efficient folding is the result of specific interactions of gp23 with GroEL and the rather 

structured conformation of gp23 bound to GroEL [60]. 

Wild-type gp23 and gp23byp31 differ in only four amino acids (G292S, V306I, V307I, 

and A455V) and the substitutions are rather subtle. So what might be the structural basis for 

this acquired ability of gp23byp31 to fold without the aid of the chaperonins in vitro and in 

vivo? Unfortunately, no crystal structure of gp23 is available. However, sequence alignment 

and homology modeling have indicated that gp23 is closely related to the T4 vertex protein 

gp24, which structure is known (Figure 5.7 A) [71,163]. Additional support for the structural 

similarity between gp23 and gp24 comes from the observation that certain gp23 mutants  
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Figure 5.7: Crystal structure of the bacteriophage T4 vertex protein gp24 with 
projections of the gp23 bypass31 mutations.  

(A) Crystal structure of gp24 (PDB ID # 1YUE) showing the axial and insertion domain in 
green and cyan respectively. The peripheral domain and the N-terminal domain are 
depicted in gold, with the central alpha-helix highlighted in blue. (B) gp24 structure 
with projected gp23 bypass31-1 mutation A455V interacting with R476 and the 
backbone of A87. (C) gp23 bypass31-2 mutations V306I and V307I interacting with 
C112, Y450 and D426 respectively. In all cases the interaction distance was between 3.2 
and 3.6 Å.  

(gp23byp24) can functionally substitute gp24 [86,167]. Furthermore, cryo-EM studies have 

indicated that the electron density of gp23 encapsulated inside GroEL-gp31 has a shape 

similar to that of the core domain of gp24 [60]. We therefore argue that the gp24 crystal 

structure is a suitable template for the projection of the gp23 bypass31 mutations. 

A key structural element of gp24 is the long central alpha-helix (Figure 5.7 A and C, 

blue) that is also found in the structurally related capsid proteins of phage HK97 and P22 

[163,167]. Amino acid sequence identity indicates that this central helix is also present in 

gp23 [163]. The bypass31 mutations V306I and V307I map to this central helix. The 
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equivalent residues in gp24, I214 and L215 appear to interact with residues Y342 and D321, 

located in the peripheral and axial domains respectively. In gp23, identical residues are 

present in the equivalent positions: Y450 and D426. The amino acids surrounding these 

residues are also highly conserved: I-F-Y450-A-P-Y for gp23 compared to I-Y-Y342-A-P-Y for 

gp24 and V-Y-I-D426 for gp23 compared to L-Y-C-D321 for gp24. The conservation of these 

residues might suggest that they play an important structural role in gp23 and gp24. It thus 

appears likely that bypass31 mutations in gp23 allow for additional contacts between I306, 

Y450 and possibly C112 (V40 in gp24) on the one hand and I307 and D426 on the other, 

resembling the contacts present in gp24 (Figure 5.7 C). Note that the combined V306I and 

V307I mutations are sufficient to confer gp31-independent folding [86]. The bypass31 

mutation A455V might also stabilize the native structure by interacting with A87 and R476 

(R378 in gp24), located in the N-terminal and peripheral domain respectively (Figure 5.7 B). 

Note that gp24 does not require gp31 for correct folding (it can be expressed in E. coli in the 

absence of gp31) [163]. Whether it uses GroEL-GroES, is unknown. Taken together, the 

results of this sequence and structural comparison suggest that the bypass31 mutations 

allow for additional inter-domain interactions that stabilize the native fold and thus allow 

gp23byp31 to fold to the native state spontaneously (to some extent). 

Our and previous [86] results have shown that the requirement for GroEL-gp31 in the 

folding of gp23 can be bypassed by relatively modest changes in the amino acid sequence. 

This raises the question why bacteriophage T4 has evolved the need for specialized 

chaperonin assistance. Both in vivo and in vitro, the yield of chaperonin-independent folding 

of gp23byp31 is lower than the chaperonin-assisted folding. In vivo, less progeny phages are 

produced per infected E. coli cell [86] and only ~5-20% of the proteins fold spontaneously to 

the native structure in vitro. We have shown here, that the yield of gp23byp31 folding 

increases to ~90% when assisted by GroEL-gp31, a result that corroborates well with the 

in vivo observation that the number of progeny T4bypass31 phages produced per infected 

E. coli increases to wild-type levels when the functionality of GroEL and gp31 is restored [86]. 

Fast and efficient folding of its major capsid protein goes along with T4's objective to 

produce as many capsids as fast as possible, and supports the notion that the acquisition of 

gp31 is an evolutionary gain of function for the phage. On the other hand, during evolution, 

T4 did not acquire gp31 in conjunction with gp23byp31, suggesting that the wild-type capsid 

protein holds, as of yet unknown, beneficial traits over the bypass31 capsid proteins. It 

might be that GroEL-gp31 allows the phage to increase its genetic diversity by assisting the 

folding of gp23 mutants with altered stability, thereby allowing the evolution of new and 

improved traits, similar to what has recently been reported for GroEL-GroES [168]. 
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