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Abstract 

Propagation of bacteriophage T4 in its host Escherichia coli involves the folding of the major 

capsid protein gp23, which is facilitated by a hybrid chaperone complex consisting of the 

bacterial chaperonin GroEL and the phage-encoded co-chaperonin, gp31. It has been well 

established that the GroEL-gp31 complex is capable of folding gp23 whereas the 

homologous GroEL-GroES complex cannot perform this function. To assess whether this is 

the consequence of differences in the interactions of the proteins within the chaperonin 

complex, we have investigated the dissociation kinetics of GroEL-gp31 and GroEL-GroES 

using Förster Resonance Energy Transfer. Here we report that the dissociation of gp31 from 

GroEL is slightly faster than GroES and is further accelerated by the binding of gp23. In 

contrast to what had been observed previously, we found that gp23 is able to interact with 

the GroEL-GroES complex, which might explain how bacteriophage T4 redirects the folding 

machinery of E. coli during morphogenesis. 
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3.1. Introduction 

The GroEL-GroES chaperonin complex is absolutely required for the folding of ~3.5% 

of the Escherichia coli proteins [54] and as a consequence is essential for bacterial growth 

under all conditions tested [126]. GroEL is composed of 57 kDa subunits, arranged in two 

heptameric rings stacked back to back. GroES is a dome-shaped heptameric ring of 10 kDa 

subunits that binds to the GroEL ring in the presence of nucleotides, thereby forming a cavity 

in which the folding of a non-native polypeptide chain is facilitated [32,127]. The folding 

process starts with the binding of the non-native polypeptide to one of the GroEL rings, 

which is then followed by binding of ATP and GroES to the same ring (cis), upon which the 

substrate is released into the GroEL-GroES cavity and starts to fold while remaining 

encapsulated. After hydrolysis of the ATP in the cis-ring, ATP binds to the opposite 

unliganded ring (trans), triggering the release of GroES, ADP and the partially or completely 

folded protein from the cis-ring [30]. The release of GroES is accelerated by binding of a 

substrate protein to the trans-ring. Under conditions where substrate proteins are in excess, 

the folding cycle is thought to occur with a rate of 0.12 s-1, which is equal to the rate of ATP 

hydrolysis in the presence of GroES [39,47]. 

Bacteriophages like  and T4 utilize their host's chaperonins for the folding of their 

own proteins [128]. Interestingly, folding of the major capsid protein of bacteriophage T4 

(gp23) requires GroEL but not GroES [129]. Instead, a T4-encoded homologue of GroES, 

gp31, is necessary. Even though the two proteins share only 14% amino acid sequence 

identity, their overall three-dimensional structure is similar [77,81,130,131]. Cryo-EM images 

reconstruction of the GroEL-gp31-ADP and GroEL-GroES-ADP complexes revealed that the 

folding cavity in the latter complex is smaller [60,84], providing a hint why the relatively 

large substrate gp23 (56 kDa) can only be encapsulated by gp31, and not by GroES [80].  

In addition to a larger folding cavity, other properties of the GroEL-gp31 chaperonin 

complex may be required for the proper folding of gp23, among which the dynamics of the 

interaction(s) between the different proteins in the complex. Here, we describe the 

dissociation kinetics of the co-chaperonins gp31 and GroES from GroEL, and the effect of 

substrate proteins on dissociation using Förster Resonance Energy Transfer (FRET). We 

report a novel interaction between gp23 and the asymmetric GroEL-GroES chaperonin 

complex, as well as subtle differences between gp31 and GroES regarding their interaction 

with GroEL. The results are discussed in view of the requirements of the bacteriophage T4 

during propagation in the E. coli cell.  
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3.2. Materials and methods 

3.2.1. Production and purification of proteins 

Plasmids encoding GroEL-315C and GroES-98C [47] under the control of an IPTG 

(Isopropyl β-D-1-thiogalactopyranoside)-inducible promoter (kind gifts of Dr. Hays Rye and 

Dr. Art Horwich) were used to transform E. coli strains MGM100 and BL21 (DE3), 

respectively. GroEL, GroES, GroEL-315C, GroEL D87K, GroES-98C and gp31 were expressed 

and purified as previously described [80,114]. Gp23 was expressed in E. coli strain BL21 (DE3) 

using the IPTG-inducible plasmid pET2331 and purified as described earlier [88]. Purified 

proteins were stored in 50 mM Tris-HCl pH 7.7, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT 

containing 10% glycerol at -80°C. 

Gp31-112C was engineered by adding a cysteine residue to the C-terminus of wild-

type gp31 using the QuickChange Site-Directed Mutagenesis kit (Stratagene). The protein 

was expressed in E. coli strain MC1009 in the presence of 0.001% w/v L-arabinose for ~18 h. 

Cells were lysed by sonication in 100 mM KPO4 pH 7.4 and the cell-free extract was adjusted 

to a protein concentration of 8.5 mg/ml. Ammonium sulfate was added to 35% w/v 

saturation in the presence of 20% v/v ethanol at 25°C. After centrifugation, gp31-112C was 

predominantly in the supernatant. The protein solution was dialyzed against 50 mM Tris-HCl 

pH 7.7 at 4°C and loaded onto a MonoQ HR 10/10 column (Pharmacia) equilibrated in 

20 mM Tris-HCl pH 8.0, 5 mM MgCl2. Proteins were eluted using a NaCl gradient (0-1 M) in 

the same buffer. Fractions containing gp31-112C were pooled, concentrated (Centriprep 

YM-10 from Millipore) and stored at -80°C in the presence of 10% glycerol. Both GroEL-315C 

and gp31-112C were tested for in vivo folding activity as previously described [132], and 

were able to support the growth of bacteriophage T4 to the same extent as the wild-type 

proteins.  

Enhanced Green Fluorescent Protein (eGFP) was expressed in E. coli strain JM101 

using a pTrcHisB-based plasmid (Invitrogen). After induction with 0.2 mM IPTG for ~18 h, 

cells were harvested by centrifugation and a cell-free extract was prepared in 50 mM Tris-

HCl pH 8.0 containing 8 M urea. NiNTA agarose beads (Qiagen) were added and the slurry 

was incubated at room temperature for 1 h. His-tagged eGFP (eGFPhis) was eluted from the 

beads with 50 mM Tris-HCl pH 5.9 containing 8 M urea and 100 mM imidazole. Purified 

eGFPhis was dialyzed against 10 mM sodium phosphate buffer pH 7.0 at 4°C, and stored at 

-80°C.  

Protein concentrations were determined by Coomassie blue-based colorimetric assay 

and are expressed as monomers unless otherwise stated. 
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3.2.2. Fluorescent labeling 

Proteins were reduced with 2 mM Tris (2-Carboxyethyl) Phosphine Hydrochloride 

(TCEP, Pierce) for 30 min at room temperature prior to labeling. A 15-fold molar excess of 

Atto647N-maleimide (Sigma) and a 5-fold molar excess of Cy3-maleimide (GE Healthcare) 

were added to GroEL-315C tetradecamers and gp31-112C (or GroES-98C) heptamers 

respectively. After incubation for 1.5 h at 23°C in the dark, unreacted dye was removed by 

gel filtration (Sephadex G50 spin-columns, Pharmacia). The number of dyes per protein was 

calculated using the following extinction coefficients: Atto-647N-maleimide, 150 000 M-1cm-1 

at 644 nm; Cy3-maleimide, 150 000 M-1cm-1 at 549 nm; GroEL/GroEL-315C (monomers), 

9 300 M-1cm-1 at 280 nm; GroES/GroES-98C (monomers), 1 200 M-1cm-1 at 280 nm; 

gp31/gp31-112C (monomers), 4 080 M-1cm-1 at 280 nm. The extent of labeling was typically 

~4.3 Atto647N/GroEL tetradecamer and ~1.9 Cy3/GroES (or gp31) heptamer.  

3.2.3. Chaperonin-assisted refolding  

All experiments were performed at 25°C. Purified eGFPhis was denatured in 8 mM Tris 

(pH 7.5), 12.5 mM HCl, 0.3 mM EDTA, 2 mM DTT (final pH 1.3) for 10 min. Acid-denatured 

eGFPhis was rapidly diluted to a final concentration of 0.5 M in a solution containing 50 mM 

HEPES-KOH pH 8.0, 5 mM KCH3COOH, 10 mM Mg(CH3COO)2, 2 mM DTT and 14 M GroEL. 

The binding of eGFPhis to GroEL was monitored with mass spectrometry, and under these 

conditions, a maximum occupancy of 1 eGFPhis/GroEL tetradecamer was obtained. The 

mixture was incubated for 10 min to allow spontaneous refolding of the eGFPhis molecules 

that were not bound to GroEL. Chaperonin-assisted refolding was triggered by rapid mixing 

of GroEL-eGFPhis with a solution containing 28 M co-chaperonin and 2 mM ATP in a 1:1 

ratio. After 10 min, the extent of eGFPhis refolding was calculated from the intensity of 

fluorescence at 508 nm upon excitation at 490 nm. Spontaneous eGFPhis refolding was 

monitored after rapid mixing of denatured eGFPhis in buffer without GroEL. 

3.2.4. Protein complex formation and dissociation kinetics with stopped-flow 

fluorescence  

All fluorescence experiments were performed at 25°C in a solution containing 50 mM 

HEPES-KOH pH 7.4, 5 mM KCH3COOH, 10 mM Mg(CH3COO)2 and 2 mM DTT using a 

Fluoromax-3 fluorimeter (JY-Horiba) and an RX2000 Rapid-mixing Accessory (Applied 

Photophysics), unless stated differently. Double-mixing experiments were performed with 

an SFA-20mxM/SPEX Rapid Kinetics Accessory (TgK Scientific). To determine complex 

formation under steady-state conditions, Atto647N-labeled GroEL-315C (GroELA) and Cy3-

labeled gp31-112C (gp31D) were mixed to a final concentration of 14 µM each, in presence 

or absence of 1 mM ATP. Fluorescence spectra were measured with an integration time of 

50 ms per data point after excitation at 532 nm.  
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For determining the dissociation kinetics under steady-state conditions, GroELA and 

gp31D were mixed to a final concentration of 180 nM, in presence of 5 mM ATP and loaded 

into the stopped-flow syringe. After rapid mixing with 20-fold molar excess of unlabeled 

gp31, the fluorescence was recorded (λexc = 532 nm, λemi = 665 nm, integration time = 50ms 

per data point). Typically 10-25 traces were fitted and averaged using Origin data analysis 

software (OriginLab Corporation). The errors quoted for the fit results are the standard 

deviation. 

3.2.5. Dissociation kinetics in the presence of substrate  

To analyze the effect of substrates on the dissociation of co-chaperonin during 

steady-state ATP hydrolysis, 25 µM of either gp23 or MDH was denatured in 6 M urea for 2 h 

at 25°C. Denatured substrate was further diluted in 6M urea to 10 µM or 5 µM, such that the 

final concentration in the stopped-flow cuvette was 1 µM or 500 nM respectively. Denatured 

substrate was added to GroELA-gp31D-ATP complexes (prepared as stated above) in a ratio of 

1:10 (v/v), immediately following the rapid addition of excess unlabeled gp31 using a 

double-mixing stopped-flow apparatus. To monitor the effect of substrate on the 

dissociation of GroEL-gp31-ADP (ADP-bullets), fluorescent complexes were formed by mixing 

14 µM GroELA with 14 µM gp31D and 1 mM ADP at 23°C for 2 h in the dark. The ADP-bullets 

were rapidly mixed with 10-fold molar excess of unlabeled gp31 and 4 mM ATP. The final 

concentrations in the cuvette were 1 µM GroELA, 1 µM gp31D, 140 µM ADP, 10 µM gp31 and 

2 mM ATP. Ternary complexes were formed by adding denatured substrate to preformed 

GroEL-gp31-ADP complexes in five subsequent loadings to give a final total ratio of 

substrate:ADP-bullet of 1:1. The ternary complexes were incubated 10 min at 25°C before 

rapid mixing with 10-fold molar excess of unlabeled gp31 and 5 mM ATP.  

3.3. Results and discussion  

3.3.1. Refolding activity of fluorescent chaperonin complexes  

In order to monitor the dissociation kinetics of GroEL and the GroES and gp31 co-

chaperonins with FRET, variants of gp31, GroES and GroEL with specific cysteine residues 

were generated for fluorescent labeling. A donor fluorophore (Cy3-maleimide) was attached 

to the C-terminus of the co-chaperonin (gp31 or GroES) on the outer rim of the dome-

shaped ring (gp31D or GroESD). An acceptor fluorophore (Atto647N-maleimide) was attached 

to the apical domain of GroEL at residue 315 (GroELA). The positions of the fluorophores 

were chosen such that energy transfer only occurs when the co-chaperonin is bound to 

GroEL (Figure S3.1). To determine whether labeling has an effect on the activity of the 

chaperonin complexes, the fluorescent chaperonins were analyzed for their ability to refold 

denatured eGFPhis. Because the chromophore of eGFP only fluoresces when the protein is  
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Figure 3.1: Dissociation of gp31 from GroEL during steady-state ATP hydrolysis.  

(A) Schematic representation of the experimental procedure. (B) Fluorescence emission spectra of a 
mixture of Cy3-labeled gp31 and Atto647N-labeled GroEL in presence (dashed line) and absence (solid 
line) of ATP. (C) and (D) Dissociation of fluorescent gp31 from GroEL was monitored as the decrease in 
intensity of the acceptor signal at 25°C and 37°C, respectively. The data were fitted with a single 
exponential decay (white superimposed lines). Dissociation rates are listed in table 3.1.  

correctly folded, eGFP is a suitable protein to monitor chaperonin-assisted folding [94,95]. 

Acid-denatured eGFPhis was rapidly diluted in a neutral-pH buffer containing various 

combinations of chaperonin complexes (Figure S3.2 A). After the refolding reaction was 

allowed to proceed for 10 min, the fluorescence intensity of the eGFP chromophore was 

determined. When acid-denatured eGFPhis was diluted into a buffer containing only GroEL 

(or GroELA), no refolding was observed (Figure S3.2 B), indicating that eGFPhis remained 

bound to GroEL and did not refold spontaneously. When either co-chaperonin was added in 

the presence of ATP, the refolding yield of the wild-type and the fluorescent GroEL-GroES 

and GroEL-gp31 complexes was about 65% (Figure S3.2 B). The kinetics of refolding were 

virtually identical for both the GroEL-GroES and the GroEL-gp31 complexes (Figure S3.2 C). 

These results show that the fluorescently labeled chaperonin proteins have comparable 

refolding activity as the wild-type proteins.  

3.3.2. Steady-state dynamics of the GroEL-gp31 interaction monitored with FRET  

In order to gain insight into the kinetics of the GroEL-co-chaperonin interactions, we 

focused our attention on the dissociation of gp31 from GroEL during steady-state ATP 
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hydrolysis (Figure 3.1 A). First we showed that in the presence of ATP, the donor and 

acceptor are close enough in the GroEL-gp31 complex to allow FRET. It has been shown that 

complex formation between GroEL and GroES occurs with a bi-molecular rate constant of 

~5  107 M-1 s-1 in the presence of ATP [39,47], indicating that under our conditions (180 nM 

GroEL and co-chaperonin), complex formation is largely complete within a second. As can be 

seen in figure 3.1 B, the donor signal (at 570 nm) is quenched, whereas the acceptor signal 

(at 665 nm) is enhanced. Complex formation was also observed in the presence of ADP, or 

with the GroES co-chaperonin (data not shown). Next, the rate of gp31 dissociation from 

GroEL during steady-state ATP hydrolysis was determined. A solution containing GroELA, 

gp31D and ATP was rapidly mixed with an excess of unlabeled gp31 at 25°C. As expected, a 

decrease of the FRET signal was observed due to the dissociation of gp31D from GroEL and 

binding of unlabeled gp31 (Figure 3.1 C). It should be noted that it is not possible to 

discriminate between the binding of unlabeled gp31 to GroEL, before or after release of 

fluorescent gp31. The data were fitted with a single exponential decay, yielding a rate 

constant of kgp31 = 0.037 ± 0.001 s-1. Under the same conditions, the dissociation of GroES 

occurred with a rate constant of kGroES = 0.029 ± 0.001 s-1, which is consistent with the 

previously reported rate [47]. To ensure that the subtle difference in the rate of release of 

GroES and gp31 is really due to inherent properties of the two co-chaperonins and not to the 

presence of contaminating peptides in the co-chaperonin stock solutions, the experiment 

was repeated in the presence of GroEL “trap”, a mutant GroEL protein (GroELD87K), which 

binds but cannot release bound substrate [55]. In these conditions, where any residual 

unfolded protein that could be present in the stocks of co-chaperonins binds to the GroEL 

“trap”, the rate of gp31 release from GroEL was 1.1 fold faster than for GroES (data not 

shown). At the physiologically more relevant temperature of 37°C, the dissociation of both 

co-chaperonins from GroEL was faster and the dissociation rate of gp31 was 60% faster than 

that of GroES (kgp31 = 0.169 ± 0.007 s-1, kGroES = 0.105 ± 0.004 s-1, figure 3.1 D). When the 

increase of donor fluorescence was monitored in time, similar results were obtained (data 

not shown). These results show that during steady-state ATP turnover, gp31 is released from 

GroEL faster than GroES (Table 3.1).  

3.3.3. Effect of gp23 binding on the dissociation rates of gp31and GroES from GroEL 

In previous studies, dissociation of GroES from cycling GroEL-GroES complexes (i.e. 

during steady-state ATP hydrolysis) in the presence of substrate was shown to proceed with 

two rates [47,133]: a slow rate, corresponding to co-chaperonin release during steady-state 

ATP turnover and a fast rate, reflecting GroES dissociation from ADP-bullets that have 

undergone a conformational change in the cis-ring following ATP hydrolysis ("activated" 

ADP-bullets). This conformational change is thought to be the rate-limiting step controlling 

the release of the co-chaperonin in the absence of a substrate protein [47].   
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 Dissociation rates (at 25°C) 

 kfast (s
-1

) Relative 
amplitude (%) 

 kintermediate (s
-1

) Relative 
amplitude (%) 

 kslow (s
-1

) Relative 
amplitude (%) 

Steady-state ATP hydrolysis 

GroEL*-gp31* 

 no substrate 

 

- -  - -  0.037 ± 0.001 - 

gp23 
500 nM 1.610 ± 0.008 35.2  0.211 ± 0.001 50.7  0.037 ± 0.001 14.1 

1 µM 2.110 ± 0.058 35.4  0.220 ± 0.017 57.4  0.037 ± 0.001 7.2 

MDH 
500 nM 1.390 ± 0.164 37.5  0.239 ± 0.016 46.6  0.037 ± 0.001 15.9 

1 µM 2.170 ± 0.149 33.3  0.228 ± 0.002 56.9  0.037 ± 0.001 9.8 

GroEL*-GroES* 

 no substrate 

 
 

- -  - -  0.029 ± 0.001 - 

gp23 200 nM 0.871 ± 0.167 37.5  0.212 ± 0.016 25.2  0.029 ± 0.001 37.3 

Preformed GroEL*-gp31*-ADP complexes 

no substrate 

 

- -  - -  0.035 ± 0.001 - 

gp23 500 nM 0.274 ± 0.024 54.4  - -  0.035 ± 0.001 45.6 

 1 µM 0.257 ± 0.022 52  - -  0.035 ± 0.001 48 

 

Table 3.1: Overview of the dissociation rates of the GroES and gp31 co-chaperonins from GroEL. 

Binding of a substrate protein to the GroEL trans-ring induces the formation of "activated" 

bullets, resulting in fast co-chaperonin release kinetics in a concentration-dependent 

manner [47]. In order to determine whether the binding of gp23 to the trans-ring of cycling 

GroEL-gp31 complexes affects the dissociation kinetics of gp31, a solution containing GroELA, 

gp31D and ATP was rapidly mixed with an excess of unlabeled gp31, immediately followed by 

the addition of urea-denatured gp23 using a double-mixing stopped-flow apparatus  

(Figure 3.2 A).  

In contrast to what was observed in the absence of gp23, the dissociation of gp31 

from GroEL occurred with three distinct rates, kslow = 0.037 ± 0.001 s-1, kfast = 2.110 ± 0.058 s-1 

and kintermediate = 0.220 ± 0.017 s-1 (Figure 3.2 B, table 3.1). In order to assess whether the 

effect of gp23 on the dissociation kinetics is comparable to the effect of other substrates, we 

analyzed the effect of urea-denatured MDH on the dissociation of gp31 from GroEL.  
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Figure 3.2: Effect of substrate on the dissociation of gp31 from GroEL.  

(A, C) Schematic representation of the experimental procedures. (B) Dissociation of fluorescent gp31 
from GroEL during steady-state ATP hydrolysis, shown as the decrease in intensity of the acceptor signal, 
in the presence of increasing concentrations of denatured gp23 (grey) or malate dehydrogenase (black). 
The data were fitted with a triple exponential decay (white superimposed lines). Note: the trace in 
absence of substrate is the same gp31 dissociation trace as in figure 3.1C. (D) Dissociation of fluorescent 
gp31 from preformed ADP bullets in the absence (black) or presence (gray) of denatured gp23. The data 
were fitted with a double exponential decay (white superimposed lines). Dissociation rates are listed in 
table 3.1. 

As can be seen in figure 3.3 B and table 3.1, the effect of MDH on the dissociation kinetics 

was similar to that of gp23. Although the affinity of MDH for free GroEL has recently been 

estimated to be higher than that of gp23 with mass spectrometry [64], it is possible that in 

the presence of co-chaperonin, the difference in affinity of the two substrates for the trans-

ring of GroEL is reduced, explaining the comparable effect of MDH and gp23 on the  

co-chaperonin dissociation kinetics. It should be noted that a 2-fold increase in denatured 

substrate concentration had no effect on the dissociation rates, but did have an influence on 

the amplitudes. With increasing amounts of denatured gp23 or MDH, the amplitude of the 

slow component decreased, while that of the intermediate component increased (Table 3.1). 

The presence of denatured gp23 also had an accelerating effect on the dissociation of 

preformed GroEL-gp31-ADP complexes, which occurred with two exponential rates of  

kfast-ADP = 0.257 ± 0.022 s-1 and kslow-ADP = 0.035 ± 0.001 s-1 (Figure 3.2 C and D, table 3.1).  
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Figure 3.3: Binding of gp23 to GroEL-GroES complexes.  

(A) Schematic representation of the GroES dissociation from GroEL in presence of gp23. (B) Dissociation 
of GroES from GroEL during steady-state ATP hydrolysis in the absence (black) and presence of 
denatured gp23 (grey). The data were fitted with a triple exponential decay (white superimposed lines). 
Dissociation rate values are listed in table 3.1. (C) Schematic representation of the binding experiment. 
(D) Sum of the emission spectrum of a solution of urea-denatured Cy3-labeled gp23 and the emission 
spectrum of a solution containing Atto647N-labeled GroEL in complex with GroES and ATP (solid line). 
Emission spectrum of a solution containing urea-denatured Cy3-labeled gp23 pre-incubated with 
Atto647N-labeled GroEL in complex with GroES and ATP (dashed line). Note: here, the sum of the 
emission spectra of the two solutions was used to determine the “theoretical” spectrum of unbound 
denatured fluorescent gp23 in the presence of fluorescent GroEL, since the addition of denatured gp23 
to a solution containing GroEL would have resulted in binding, and therefore FRET. 

The slow rate kslow (~0.04 s-1), determined during steady-state ATP hydrolysis, is 

similar to the dissociation rate obtained in the absence of substrate (Table 3.1). 

Furthermore, the amplitude decreased with increasing substrate concentration. Taken  

together, these observations indicate that kslow corresponds to the dissociation of gp31 from 

GroEL to which no gp23 is bound (Figure 3.1). In a previous, similar study of GroEL-GroES 

ADP-bullets a co-chaperonin dissociation rate of 1-2 s-1 was observed [47]. This rate was 

interpreted to reflect dissociation of GroES from GroEL-GroES-ADP complexes having 
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undergone a conformational change in the cis-ring, as a result of ATP hydrolysis ("activated 

bullets"). It is thus likely that the comparable rate we observed, kfast ~2 s-1, corresponds to 

gp31 dissociating from similarly activated GroEL-gp31-ADP bullets (Figure 3.4). Finally, the 

third rate (kintermediate ~0.2 s-1) occurs on the same timescale as ATP hydrolysis by GroEL in the 

presence of GroES and denatured substrate [47] and thus might reflect the rate of ATP 

hydrolysis of cycling GroEL-gp31 complexes in the presence of gp23 (Figure 3.4). The 

observation that increasing amounts of denatured substrate increase the prevalence of 

kintermediate suggests that in vivo, the presence of non-native substrate (i.e. newly-synthesized 

gp23 during bacteriophage T4 infection) may influence the GroEL-gp31 folding cycle so that 

the overall rate would correspond to kintermediate ~0.2 s-1 (Figure 3.4). 

In a previous study, ternary complexes of gp23 bound to the trans-ring of pre-formed 

GroEL-GroES-ADP could not be observed using size-exclusion chromatography and immuno-

detection [80]. However, we show here that gp23 has an accelerating effect on the 

dissociation kinetics of cycling GroEL-GroES-ATP complexes (Figure 3.3, table 3.1), hinting to 

an interaction of gp23 with the trans-ring of GroEL-GroES complex. In order to confirm the 

binding of gp23 to the trans-ring of GroEL-GroES binary complexes a FRET experiment was 

performed. To this end, fluorescently labeled gp23 (gp23D) was denatured in urea and added 

to a solution containing GroELA, unlabeled GroES, and ADP (Figure 3.3 C). A 10-fold excess of 

unlabeled GroES relative to GroELA was used, to ensure that all GroELA was in complex with 

GroES. Upon addition of gp23D to the pre-formed GroEL-GroES-ADP binary complexes, a 

decrease in the gp23 donor fluorescence intensity correlated with an increase in the GroEL 

acceptor fluorescence intensity (Figure 3.3 D), indicating the occurrence of FRET. Identical 

results were observed when ATP or when labeled gp31 was used. Collectively, these findings 

show that the bacteriophage T4 major capsid protein can bind to the trans-ring of GroEL-

GroES asymmetric complexes.  

3.4. Conclusion 

Here, we show that the dissociation kinetics of gp31 from cycling GroEL-gp31 

complexes are faster than those of GroES and that the binding of the natural substrate 

protein gp23 to the trans-ring of the GroEL-gp31 complex accelerates the release of gp31 

(Table 3.1). In contrast to what has been reported previously, we find that gp23 can bind to 

the trans-ring of the GroEL-GroES complex [80]. It is interesting to consider that during T4 

infection of E. coli the demand for chaperonin-assisted folding is very high. Most of the 

GroEL is expected to be in complex with gp31 by the time gp23 is synthesized. However, 

some GroEL-GroES complexes may still be present. Gp23 can bind to these latter 

endogenous chaperonin complexes and accelerate the dissociation of the GroES co-

chaperonin (incompetent for the folding of the major capsid protein), allowing binding of 

gp31 to undergo productive folding [60,84]. 
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Figure 3.4: Proposed model for cycling of the GroEL-gp31 chaperonin complex in the absence and 
presence of gp23. 

 In the absence of substrate (black arrows), the GroEL-gp31 chaperonin complex dissociates slowly, with 
an overall rate of ~0.04 s

-1
.
 
In the presence of its physiological substrate gp23 (blue arrows), the GroEL-

gp31 chaperonin complex dissociates very rapidly (~ 2 s
-1

), ensuring an overall cycle rate of ~ 0.2 s
-1

 (ATP 
hydrolysis becomes the rate limiting step).  

In the absence of substrate proteins, we find that the dissociation rate of gp31 is 

faster than that of GroES. This observation supports the notion that the physical interactions 

of gp31 with GroEL are different from those of GroES, due to different amino acid sequences 

in co-chaperonin mobile loop that interacts GroEL [81]. Furthermore, mutations in the 

mobile loop of gp31 influence the affinity and binding kinetics of gp31 and GroEL [134]. 

 In the presence of substrate protein, we show that dissociation of gp31 is greatly 

accelerated. We infer that under saturating substrate concentrations, the GroEL-gp31 cycle 

occurs at a rate of ~0.2 s-1, which is likely the rate of ATP hydrolysis, similar to the GroEL-

GroES cycle [47]. How does this GroEL-gp31 cycling rate of 0.2 s-1 relate to the required rate 

of gp23 folding in vivo? During infection by T4, one E. coli cell produces on average 200 

progeny phages. Each bacteriophage prohead consists of 930 gp23 copies [71,135], so at 

least 186 000 gp23 molecules have to be folded in ~10 minutes, which is the time between 

the start of gp23 synthesis, and cell lysis required for release of progeny phages [69].  
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An infected E. coli cell contains 1600 GroEL tetradecamers, 3000 GroES heptamers and 7800 

gp31 heptamers [125,136]. Note that host protein synthesis shuts down after infection and 

gp23 is by far the most abundant newly-synthesized protein. This implies that GroEL is 

exclusively folding gp23 and that one GroEL-gp31 complex folds on average ~120 gp23 

molecules in about 10 minutes, i.e. the chaperonin-assisted folding rate of gp23 should be 

~0.2 s-1. Here we show that the cycling rate of GroEL-gp31 in the presence of excess 

physiological substrate is ~0.2 s-1, which is remarkably close to the anticipated folding rate of 

gp23 in vivo. This indicates that the efficiency of chaperonin-assisted folding of gp23 is close 

to unity, in other words that the folding of gp23 inside the GroEL-gp31 complex is largely 

complete before release of the co-chaperonin. It will be interesting to directly determine the 

rate of gp23 folding by the GroEL-gp31 chaperonin complex to further dissect the adapting 

nature of bacteriophage T4. 
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Figure S3.1: Positions of the cysteine residues engineered for fluorescent labeling.  

(A) Ribbon representations of the crystal structures of wild-type gp31 (top) and wild-type GroEL 
(bottom), generated with the RasMol freeware, using PDB IDs # 1G31 (for gp31) and 1DER (for GroEL). 
The residues 111 in gp31 and 315 in GroEL (black space fill) represent the positions at which the 
fluorescent dyes were attached to the variant proteins gp31-112C and GroEL-315C. (B) Ribbon 
representation of the GroEL-gp31-ADP complex, structure reconstituted from cryo-EM images, PDB ID # 
2CGT. When gp31 is in complex with GroEL, the distance between the donor and acceptor fluorescent 
dyes is estimated ~43 Å. Note: In this representation of the GroEL-gp31 complex, the mobile loop of gp31 
is not visible because the residues 23-46 of gp31, which constitute the mobile loop, were not located in 
the cryo-EM structure. 

 



3. Co-chaperonin dissociation kinetics 

 

67 

 

 

 

Figure S3.2: Chaperonin-assisted refolding of eGFPhis. 

(A) Schematic representation of the experimental procedure. (B) Percentage of recovered fluorescence 

after chaperonin-assisted refolding of eGFPhis (GroEL-A: Atto647N-labeled GroEL, GroES-D/gp31-D: 

Cy3-labeled GroES/gp31). (C) Kinetics of spontaneous and chaperonin-assisted refolding of eGFPhis. 
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