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SUMMARY

The GroEL/ES chaperonin system functions as a protein folding cage. Many obligate substrates of

GroEL share the (βα)8 TIM-barrel fold, but how the chaperonin promotes folding of these proteins

is not known. Here we analyzed the folding of DapA at peptide resolution using hydrogen/

deuterium exchange and mass spectrometry. During spontaneous folding, all elements of the

DapA TIM-barrel acquire structure simultaneously, in a process associated with a long search

time. In contrast, GroEL/ES accelerates folding more than 30-fold by catalyzing segmental

structure formation in the TIM-barrel. Segmental structure formation is also observed during the

fast spontaneous folding of a structural homolog of DapA from a bacterium that lacks GroEL/ES.

Thus, chaperonin-independence correlates with folding properties otherwise enforced by protein

confinement in the GroEL/ES cage. We suggest that folding catalysis by GroEL/ES is required by

a set of proteins to reach native state at a biologically relevant time-scale, avoiding aggregation or

degradation.

INTRODUCTION

The chaperonins form nano-cages for single protein molecules to fold in isolation and are

essential components of the protein folding machinery in bacteria, archaea and eukaryotic

cells. The most widely studied chaperonin is GroEL and its co-factor GroES of E. coli (Kim

et al., 2013; Saibil et al., 2013). GroEL receives its substrates from Trigger factor and the

Hsp70 system (DnaK/DnaJ/GrpE), which chaperone a wide range of nascent polypeptides

emerging from ribosomes (Calloni et al., 2012; Oh et al., 2011). The substrate interactome

of GroEL comprises ~250 different proteins, including 50-80 proteins with an obligate
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GroEL requirement for folding (Fujiwara et al., 2010; Kerner et al., 2005). Approximately

30-50 % of these share the (βα)8 triose-phosphate isomerase (TIM)-barrel fold, a domain

topology characterized by many long-range interactions (Fujiwara et al., 2010; Kerner et al.,

2005). Why these proteins are GroEL-dependent and how exactly the chaperonin system

promotes their folding is still unresolved (Azia et al., 2012; Gershenson and Gierasch, 2011;

Jewett and Shea, 2010). One model suggests that the chaperonin cage acts solely by

allowing folding to occur unimpaired by aggregation (passive-cage model) (Apetri and

Horwich, 2008; Horwich et al., 2009). Another model posits that, in addition, encapsulation

in the chaperonin cage may accelerate folding kinetics through confinement (active-cage

model) (Brinker et al., 2001; Chakraborty et al., 2010; Tang et al., 2006) (Figure 1A). While

multiple studies demonstrate the functional significance of the GroEL/ES-cage in vitro and

in vivo (Brinker et al., 2001; Chen et al., 2013; Clare et al., 2012; Kerner et al., 2005; Martin

and Hartl, 1997; Tang et al., 2008; Tang et al., 2006), a third model suggests that the

function of GroEL/ES is to unfold misfolded states through iterative binding cycles, with

subsequent folding occurring either inside the cage or in free solution (iterative-annealing

model) (Thirumalai and Lorimer, 2001; Yang et al., 2013).

GroEL is an ATP-driven macromolecular machine of ~800 KDa consisting of two,

heptameric rings of ~57 kDa subunits stacked back-to-back (Kim et al., 2013; Saibil et al.,

2013). The apical domains of the GroEL subunits, forming the ring opening, expose

hydrophobic amino acid residues for the binding of molten globule-like folding

intermediates. Upon ATP binding to GroEL, GroES, a heptameric ring of ~10 kDa subunits,

caps the GroEL ring that holds the substrate, resulting in its displacement into an enclosed

cage large enough for proteins up to ~60 kDa (Figure 1A). This step is accompanied by a

dramatic conformational change in GroEL that renders the inner lining of the cage

hydrophilic and net-negatively charged. The enclosed protein is then free to fold during the

time required for the hydrolysis of 7 ATP molecules in the GroEL ring. Subsequent ATP

binding to the opposite ring causes the dissociation of GroES and substrate release. Not-yet

folded protein is rapidly recaptured by GroEL for another folding attempt.

Here we present evidence that encapsulation in the GroEL/ES-cage modulates the

mechanism of protein folding, as demonstrated with E. coli dihydrodipicolinate synthase

(DapA), a GroEL-dependent TIM-barrel protein (Kerner et al., 2005; McLennan and

Masters, 1998). Spontaneous and assisted folding was analyzed by hydrogen/deuterium

exchange (H/DX) and mass spectrometry (MS) at peptide resolution. The slow spontaneous

folding of DapA initiates from an ensemble of largely unstructured intermediates in a highly

cooperative manner, with nearly all structural elements of the TIM-barrel acquiring H/DX

protection simultaneously. Accordingly, this process is associated with a long search time

and a significant entropic penalty. Strikingly, GroEL/ES accelerates DapA folding more

than 30-fold, with the confining environment of the chaperonin cage lowering the entropic

component of the activation barrier by promoting segmental structure formation in the TIM-

barrel. Segmental structure formation is also observed during the fast spontaneous folding of

MsNanA (N-acetylneuraminic acid aldolase), a close structural homolog of DapA from a

bacterium that lacks GroEL/ES. Thus, chaperonin-independence of MsNanA correlates with

folding properties that are enforced in the chaperonin-dependent homolog by confinement in

the GroEL/ES cage.
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RESULTS

Accelerated Folding of DapA by GroEL/ES

DapA is an essential tetrameric enzyme that catalyzes the condensation of L-aspartate-β-

semialdehyde and pyruvate to dihydrodipicolinic acid, a metabolite required for lysine and

peptidoglycan biosynthesis. The monomer (31.2 kDa) consists of a N-terminal (βα)8 TIM-

barrel domain of 224 amino acids, containing the catalytic site, and a 68 amino acid C-

terminal domain of three α-helices that contributes to the strong and weak interfaces of the

tetramer (interface I and II, respectively) (Dobson et al., 2005) (Figure 1B). Formation of

enzymatically active DapA involves subunit folding, followed by assembly to dimer and

tetramer (Reboul et al., 2012). Upon dilution from guanidine-HCl (GuHCl), DapA refolded

and assembled efficiently between 10°C and 25°C but aggregated at higher temperature

(Figure 1C). To measure subunit folding independent of assembly, refolding reactions were

stopped by addition of GroEL to trap not-yet folded subunits, followed by incubation for ~1

h prior to enzyme assay to allow for completion of assembly. The rate of spontaneous

folding at 25°C was ~0.2 min−1 (t1/2 ~3.6 min) with a yield of ~75 % (Figures 1C and 1D).

Spontaneous refolding was apparently not limited by prolyl-isomerization (DapA contains 2

cis-prolines in the C-terminal domain): rapid unfolding on ice to maintain the prolines in

their native configuration (Schmid, 1986) did not accelerate refolding (data not shown).

Strikingly, GroEL/ES accelerated the folding reaction ~30 fold to a rate of ~6.0 min−1 (t1/2

~7 s) at 25°C and ~16-fold to a rate of ~1.5 min−1 (t1/2 ~28 s) at 10°C, with ~100 % yield

(Figure 1D). Assembly of active tetramer, as measured by immediate enzyme assay during

refolding, was ~2.5-fold accelerated by GroEL/ES (10°C; 2 μM DapA) (Figure 1E). DapA

tetramer proved to be kinetically stable with a slow rate of spontaneous unfolding (t1/2 ~29

days at 10°C) (data not shown). Notably, the Hsp70 chaperone system (DnaK/DnaJ/GrpE)

allowed only very slow refolding (t1/2 >1 h), even at 37°C, but efficiently maintained DapA

in a non-aggregated state for transfer to GroEL/ES and completion of folding within seconds

(Figure S1A). Thus, the ability to accelerate DapA folding appears to be unique to

GroEL/ES.

To test whether accelerated DapA folding occurs inside the GroEL/ES cage, we used the

single-ring mutant of GroEL (SREL) that allows only one round of ATP hydrolysis upon

GroES binding, resulting in a SREL/ES complex with substrate encapsulated (Weissman et

al., 1996). Refolding was performed with urea-denatured DapA, as the SREL/ES complex is

sensitive to salt and GuHCl. We confirmed that DapA bound to SREL was stably

encapsulated upon addition of ATP and GroES (Figures S1B and S1C). The folding reaction

was stopped by adding magnesium chelator and 60 mM GuHCl which results in dissociation

of GroES and capture of not-yet folded DapA by SREL. DapA folded at a rate of ~3.3 min−1

at 25°C (t1/2 ~13 s), i.e. ~17-fold faster than spontaneous folding (Figure 1D). Thus, a

single-round of encapsulation in the GroEL/ES cage is sufficient to achieve accelerated

DapA folding.

Catalysis of DapA Folding

Does the acceleration of folding by GroEL/ES reflect a catalytic role of the chaperonin or

merely a consequence of aggregation prevention (Figure 1A)? To test whether spontaneous
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DapA folding was limited by aggregation, we measured folding over a wide concentration

range. The rate of spontaneous folding was concentration independent at 10°C and 25°C

(Figures 2A and S2A). Partial aggregation at high concentrations resulted in a reduction in

yield but did not slow the apparent folding rate (Figures S2A and S2B), indicating that

aggregation was irreversible.

To further rule out aggregation as the cause of slow spontaneous folding, we used

fluorescence cross-correlation spectroscopy (FCCS) to analyze refolding reactions at very

low DapA concentration (100 pM), where intermolecular association is excluded

(Mukhopadhyay et al., 2007). A mutant of DapA was designed in which the surface exposed

cysteines (C20, C141, C218) were changed to serine and a cysteine was added to the C-

terminus (DapA-293C). DapA-293C was labeled with Alexa647 or Dy530 and the proteins

mixed at equimolar amounts, denatured and allowed to refold at 100 pM total. No FCCS

signal was observed during refolding, indicating the absence of intermolecular association

(Figure 2B). In contrast, cross-correlation was observed for 100 pM native tetramer when

the labeled proteins were first allowed to refold and assemble at 200 nM (Figure 2B). Using

fluorescence correlation spectroscopy (FCS), we next measured the diffusion coefficient of

spontaneously refolded DapA-293C-Alexa monomer (~102 ± 2 μm2s−1) and of GroEL-

bound DapA-293C-Alexa (~49 ± 2 μm2s−1) (Figure S2C). Taking advantage of the slower

diffusion speed of the GroEL-DapA complex and the ability of GroEL to trap not-yet folded

DapA molecules, we monitored the time dependent decrease in the average diffusion time of

DapA-293C-Alexa and extracted a refolding rate of 0.01 ± 0.001 min−1 (Figure 2C). Note

that DapA-293C-Alexa is enzymatically active but its spontaneous refolding rate is ~13-

times slower than that of wild-type DapA. Importantly, GroEL/ES accelerated the folding of

DapA-293C-Alexa (100 pM) more than ~50-fold at 20°C (Figure 2C). These data

demonstrate that GroEL/ES functions as a highly efficient catalyst of DapA folding under

conditions where subunit association (due to aggregation or productive assembly) is

excluded.

Chaperonin-Dependent and -Independent TIM-barrel Proteins

Why are only some TIM-barrel proteins chaperonin-dependent (Azia et al., 2012; Kerner et

al., 2005)? To obtain insight into this question we compared the spontaneous folding of

DapA and its close structural homolog N-acetylneuraminic acid aldolase (NanA) from M.

synoviae (Ms), a bacterium lacking GroEL. Notably, the E. coli ortholog, EcNanA, is an

obligate GroEL substrate (Fujiwara et al., 2010; Kerner et al., 2005) that refolds efficiently

with GroEL/ES at a rate of ~1.36 min−1 (t1/2 ~30 s) at 25°C (Figure 3A). However, in

contrast to DapA, no spontaneous refolding could be measured with EcNanA (at 100-400

nM) even at low temperature, due to pronounced aggregation (Figure 3A). Remarkably,

MsNanA renatured spontaneously with a half-time similar to that measured for the assisted

refolding of EcNanA (Figure 3A). GroEL was inefficient in binding MsNanA upon dilution

from denaturant and no acceleration of folding was measured in the presence of GroEL/ES

and ATP (Figure S3A). Bis-ANS binding experiments demonstrated that during renaturation

at 10°C MsNanA buried ~80 % of its hydrophobic regions at a rate of ~2.2 min−1 (t1/2 ~20

s) (Figure S3B), i.e. more than an order of magnitude faster than refolding/assembly to

active enzyme (t1/2 ~2.3 min at 10°C; 2 μM MsNanA) (data not shown). In contrast, DapA
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buried hydrophobicity at the slow rate of spontaneous subunit folding (t1/2 ~10 min at 10°C)

(Figure S3B).

Considering that EcNanA and MsNanA share only ~36 % sequence identity (~26 %

pairwise identity with DapA), it was of interest to compare their structures. We solved the

crystal structure of MsNanA at 1.8 Å resolution (Figure 3B and Table S1) and confirmed

that the subunit structures of MsNanA, EcNanA and DapA are highly similar (pairwise

r.m.s.d. of 1.4 to 1.8 Å) (Figures 3B and 1B). Interestingly, MsNanA contains more than

twice the number of lysines (34) as the chaperonin-dependent EcNanA and DapA proteins

(16 and 13, respectively) and less than half the number of arginines (5 compared to 12 and

13, respectively). Lysines are generally solvent exposed and confer helical propensity

(Groebke et al., 1996). Indeed, the structure of MsNanA shows numerous lysines located on

the solvent exposed surfaces of the amphiphilic TIM-barrel α-helices (such as H1, H2, H3)

(Figure 3C). These lysine residues would be predicted to stabilize the α-helices and to

facilitate the formation of the hydrophobic core (Figure 3C). Furthermore, the total number

of aromatic residues Phe and Tyr in MsNanA is increased to 34 compared to 23 in EcNanA

and 12 in DapA. The aromatic side chains contribute to the hydrophobic core of MsNanA

and some engage in edge-face interactions (Figure 3C), stabilizing the fold (Burley and

Petsko, 1985; Singh and Thornton, 1985). Thus, differences in amino acid composition may

explain the efficient folding of MsNanA in the absence of chaperonin.

Comparing Spontaneous Folding of DapA and MsNanA

To characterize conformational states populated during spontaneous folding of DapA and

MsNanA, we employed pulse-labeling H/DX coupled to liquid chromatography (LC) and

MS (Miranker et al., 1993; Wales and Engen, 2006; Woodward and Hilton, 1979; Zhang

and Smith, 1993). After various times of refolding, the protein was pulse-labeled for 12 s by

10-fold dilution into D2O buffer (Figure 4A). These experiments were performed at 10°C to

improve time resolution of folding and exclude aggregation. Unfolded DapA incorporated

205 ± 2 deuterons (~74 % of total; 31475 Da, Figure 4B) and the native tetramer only 37 ± 2

deuterons (31307 Da, Figure 4B). During the first 70 s of refolding, DapA populated a

distribution of molecules with an average mass essentially identical to that of the unfolded

protein (Figure 4B), consistent with the presence of only ~20 % secondary structure by CD

spectroscopy immediately upon dilution from denaturant (Figure S3C). The wide high-mass

peak thus reflects a population of conformationally dynamic molecules lacking stable

secondary and tertiary interactions. This population gradually decreased at a rate of 0.08

min−1 (Figures 4B and S3D), corresponding to the rate of folding (Figure 1D), and gave rise

to a lower-mass peak at ~31350 Da. This peak most likely represents the folded monomer

(with ~80 exchangeable hydrogens being deuterated); it disappeared with slower kinetics,

reflecting assembly (Figure 1E) to give rise to native tetramer at ~31307 Da (Figure 4B).

Thus, DapA folding follows two-state behavior with only unstructured intermediate and

folded subunits being populated.

In contrast, MsNanA (208 ± 3 deuterons incorporated in the unfolded state) immediately

upon dilution from denaturant populated a broader range of folding intermediates with

varying numbers of deuterons incorporated (Figure 4C). CD spectroscopy showed that these
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early intermediates contain ~60 % of the secondary structure of the native protein (Figure

S3E), in contrast to DapA where secondary structure forms in parallel with acquisition of the

native state (data not shown). Furthermore, unlike DapA, this heterogeneous population

eventually converged into a peak around 33640 Da (38 ± 3 exchangeable deuterons),

corresponding to assembled tetramer, without formation of discernible folded monomers

(Figure 4C). Thus, in the case of MsNanA, subunit folding and assembly appear to be

coupled.

The population of highly dynamic folding intermediates by DapA suggested the presence of

a significant entropic component of the kinetic barrier to folding. Consistent with this

notion, the spontaneous folding rate of DapA proved temperature independent between 15°C

and 25°C (Figure S3F and Table S2) (Bicout and Szabo, 2000; Dobson et al., 1998; Matagne

et al., 2000). Below 15°C the Arrhenius plot displayed a constant slope, reflecting a

transition state with both enthalpic and entropic components (Dobson et al., 1998) (Table

S2).The Arrhenius plot of GroEL/ES-assisted folding displayed a linear slope over the entire

temperature range from 7.5-25°C (Figure S3F), indicating that the activation barrier has

gained a significant enthalpic component and the entropic contribution is reduced (Table

S2). To extend this analysis to 37°C, we performed refolding experiments with single-

molecule detection (100 pM DapA; see Figure 2C). Identical rates of spontaneous refolding

of DapA-293C-Alexa were measured at 20°C and 37°C (Figures 2C and S3G), suggesting

that the non-Arrhenius behavior extends to 37°C. In contrast, the rate of assisted folding

increased ~2-fold from 20°C to 37°C, resulting in a ~130-fold acceleration of folding by

GroEL/ES over the spontaneous rate at the physiological temperature (Figures 2C and S3G).

The spontaneous renaturation of MsNanA displayed a similar temperature dependence as the

assisted refolding of DapA (Figure S3F and Table S2), suggesting that GroEL/ES shifts the

folding properties of DapA towards those of the chaperonin-independent MsNanA.

Analysis of DapA Folding at Peptide Resolution

H/DX analysis of full-length DapA upon refolding in the presence of GroEL/ES was not

feasible because the signals for GroEL/ES and DapA extensively overlapped. However,

detailed structural information on the spontaneous and assisted folding of DapA could be

obtained by monitoring H/DX protection at peptide resolution. Again, we compared

spontaneous and GroEL/ES-mediated refolding at 10°C to obtain improved time resolution

and exclude aggregation. In addition, refolding was analyzed upon stable encapsulation of

DapA in SREL/ES and compared to the cycling GroEL/ES reaction. These experiments

were performed at 25°C because the SREL/ES complex is unstable at low temperature.

GroEL-DapA complexes were first isolated by gel-filtration prior to initiating folding by

addition of GroES/ATP. After different times of refolding, pulse-labeling with D2O for 12 s

was performed as above (Figure 4A), the labeling reaction quenched, subjected to pepsin

digestion and the deuterium incorporation into individual peptides measured by LC-MS (Hu

et al., 2013; Wales and Engen, 2006; Zhang and Smith, 1993). The deuterium level found in

the peptides serves as a signature of DapA conformation during refolding, providing a

snapshot of the co-existing molecule populations (Hu et al., 2013; Miranker et al., 1993;

Zhang and Smith, 1993). Pepsin digestion of DapA produced 81 unique and overlapping
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peptides; we analyzed 28 peptides, covering 91 % of the sequence (Figures S4A and S4B),

for which data quality was high in both spontaneous and assisted folding experiments

(Figure S5). Note that peptide P176-180 forms a loop that did not change in protection

(Figure S5) and therefore was not included in subsequent analyses.

The isotope distributions for nearly all peptides during refolding (either spontaneous or

assisted) were bimodal, indicating that peptides were either unfolded or folded, but not

partially folded. This is illustrated for peptides P1-8 (MFTGSIVA) and P102-115

(TVTPYYNRPSQEGL): only two states are apparent, displaying either the same amount of

deuterium incorporation as in the unfolded state (represented by the 30 s time point of

spontaneous refolding) or limited deuterium incorporation as in the native protein (Figures

5A, 5B and S5). The mass spectra showed time-dependent transitions from an all-

exchangeable to an all-protected population (Figures 5C and 5D). P1-8, belonging to the

first β-strand of the TIM-barrel domain, acquired ~50 % protection after ~9 min of

spontaneous folding at 10°C, at a rate similar to subunit folding (Figures 5C and 1D). In

contrast, P102-115, forming part of interface I of the tetramer (Figure 1B), required more

than 20 min to reach 50 % protection, which is similar to the rate of tetramer assembly

(Figures 5D and 1E). DapA bound to GroEL showed only minor protection in a few

peptides (Figure S5), consistent with previous observations that GroEL-bound proteins lack

stable structure (Chen et al., 2001; Horst et al., 2005; Robinson et al., 1994). Strikingly,

GroEL/ES accelerated the rate at which P1-8 acquired protection by at least 50-fold (t1/2 ~12

s, the duration of the D2O pulse) compared to spontaneous folding (t1/2 ~9 min) (Figures 5A

and 5C). P102-115 acquired protection much more slowly (t1/2 ~9 min) with GroEL/ES, but

still ~2-fold faster than in spontaneous folding (t1/2 ~20 min) (Figures 5B and 5D),

consistent with assembly being enhanced due to accelerated subunit folding (Figures 5D and

1E). Acquisition of protection in distinct peptides generally correlated either with the rate of

subunit folding or assembly measured by enzymatic assay, arguing against non-specific

effects due to interaction of DapA with the wall of the GroEL/ES cage.

To distinguish between structure formation upon subunit folding versus assembly, we

performed H/DX measurements during stable encapsulation of DapA in SREL/ES at 25°C.

For comparison, folding with GroEL/ES was also analyzed at 25°C (Figures 5 and S5). In

both systems, P1-8 acquired protection at essentially the same rate, demonstrating that a

single round of protein encapsulation is sufficient to catalyze folding (Figures 5A, 5C and

1D). In contrast, P102-115 of interface I acquired only ~20 % protection in SREL/ES

(Figures 5B, 5D and S5), demonstrating that full protection of this peptide results from

subunit assembly after protein release from the chaperonin cage. Similar behavior was

observed for other peptides involved in assembly (see below), further excluding H/DX

protection as a result of protein binding to the cage wall.

Effect of Chaperonin on the Folding Pathway of DapA

Our analysis of time-dependent H/DX protection of DapA peptides revealed different

categories of protection (Figures 6 and S5). During spontaneous refolding at 10°C, the

peptides in the fastest category were all located in the TIM-barrel domain and acquired

protection with a t1/2 of ~9.5 min, consistent with the rate of subunit folding (Figures 6A,
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1D and S6A). Three TIM-barrel peptides (P9-24; P63-85; P160-167) acquired protection

more slowly. P160-167, containing the conserved K161 involved in binding the substrate

pyruvate, has the slowest protection (t1/2 ~22 min). This is similar to the rate at which

peptides of the C-terminal domain and regions at the tight dimer interface (interface I)

acquire protection (Figures 6A and S6A), and corresponds to the rate of tetramer assembly

and acquisition of enzymatic activity (Figure 1E). P63-85 has 3 of its residues located in

interface I (Figure S5), possibly contributing to its slower protection. During GroEL/ES-

assisted folding, all TIM-barrel peptides, except P160-167, acquired protection with a t1/2 of

30 s or less, while several of the C-terminal domain and subunit interface peptides reached

protection with a t1/2 of 6-11 min (Figures 6B and S6B), the rate of assembly in the presence

of GroEL/ES (Figure 1E). Upon encapsulation in the non-cycling SREL/ES complex, all

TIM-barrel peptides (except P160-167) reached protection at similar rates as with the

cycling GroEL/ES, while regions involved in assembly showed markedly reduced protection

(Figure 6B).

Our analysis suggests that during spontaneous folding the structure of the TIM-barrel

evolves in a highly concerted process, with almost all its segments not involved in assembly

acquiring H/DX protection simultaneously (t1/2 ~9.5 min) (Figures 6A, S5 and S6A). During

folding with GroEL/ES, these peptides acquire protection 20- to 50-fold faster (Figures 6B

insert). Moreover, protection no longer develops simultaneously for all TIM-barrel peptides.

Specifically, P62-66, P116-124 and P144-150 mapping to α-helices H2, H4 and H6,

respectively, acquire protection 2- to 3-fold faster than peptides with mixed secondary

elements: P9-24 (coil and α-helix), P63-85 (αβ), P86-101 (αβ) and P125-132 (coil and β-

strand) (Figures 6B insert and S6B). These differences in protection were highly

reproducible (Figure S5) and suggest that confinement by chaperonin catalyzes folding by

promoting local structure formation in amphiphilic α-helices onto which β-strands can dock

(Figures 6B, insert and S6B). This is consistent with GroEL/ES reducing the entropic

component of the folding energy barrier (Table S2).

Folding Mechanism of GroEL/ES-independent MsNanA

Next we analyzed the folding/assembly of MsNanA by H/DX at peptide resolution (Figures

S4C S4D and S7) to obtain insight into the mechanism underlying its chaperonin-

independence. We detected non-uniform rates of protection for elements within the TIM-

barrel domain, with up to 4-fold rate differences (t1/2 ~15 s to ~1.8 min at 10°C) (Figures 6C

and S7), consistent with the population of a broad range of folding intermediates as detected

by H/DX of the full-length protein (Figure 4C). Folding appears to initiate in a nucleus

formed by the amphiphilic α-helices H1 to H3 with their corresponding β-strands and H10

in the C-terminal domain, which is adjacent to H1. Structure formation then proceeds in a

wave around the TIM-barrel and reaches completion with formation of H8 and the C-

terminal domain helices H9 and H11 (Figures 6C and S6C). Helices H1 to H3 are enriched

in solvent exposed lysines and their early formation may be coupled to organization of the

hydrophobic TIM-barrel core which is stabilized by numerous aromatic (Tyr and Phe)

residues (Figure 3C). Although both the assisted folding of DapA and the spontaneous

renaturation of MsNanA involve local structure formation in the TIM-barrel, the folding

regimes differ. In the former we observed multiple foci of initial structure formation, as
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might be expected for a protein confined in the chaperonin-cage, whereas structure initiates

asymmetrically in the latter. Another notable feature of MsNanA is that peptides located in

interface I acquire protection at the fast rate of TIM-barrel folding (Figure 6C), which may

facilitate subunit assembly to occur coupled with folding. In contrast, interface I of DapA

acquires protection from exchange slower than the TIM-barrel, indicating that subunit

folding and assembly are sequential steps (Figures 6A and 6B).

DISCUSSION

Whether GroEL/ES actively promotes folding beyond preventing aggregation has remained

controversial. In this study, we analyzed the spontaneous and assisted refolding of DapA, an

obligate in vivo substrate of GroEL. We find that the chaperonin accelerates DapA folding

more than 30-fold over its spontaneous folding rate. Analysis by H/DX-MS at peptide

resolution demonstrates that GroEL/ES catalyzes folding of the DapA TIM-barrel domain.

The slow spontaneous folding of the TIM-barrel in the absence of GroEL/ES involves a

concerted transition from an ensemble of dynamic folding intermediates to the native state

that is associated with a high free energy barrier (Figure 7A). In contrast, folding in the

confining environment of the chaperonin cage is characterized by rapid stepwise, i.e. less

cooperative, structure formation, which effectively lowers the entropic component of the

energy barrier (Figure 7B). The spontaneous folding of MsNanA, a GroEL-independent

protein virtually identical in structure, also employs a segmental folding regime (Figure 7C).

We propose that the chaperonin cage acts as a powerful folding catalyst for a set of proteins

which otherwise fail to reach native state at a biologically relevant time scale.

Catalysis of Folding is Biologically Relevant

The observed rate enhancement of folding by chaperonin cannot be explained by prevention

of aggregation that might otherwise slow the spontaneous folding reaction. Importantly, 50-

to 130-fold accelerated folding (at 25-37°C) was measured by FCS at a very low

concentration of DapA (100 pM), conditions excluding intermolecular association

(aggregation or assembly) as determined by dual color FCCS. This dramatic catalysis of

folding is biologically highly relevant. About 30-50 % of the obligate GroEL substrates,

including DapA, share the TIM-barrel domain fold (Fujiwara et al., 2010; Kerner et al.,

2005) and many of these proteins aggregate or are degraded in E. coli cells when GroEL/ES

is depleted (Calloni et al., 2012; Kerner et al., 2005; Powers et al., 2012). At physiological

temperature (37°C), GroEL/ES allows folding of proteins like DapA to be completed faster

than the time of synthesis (~14 s, assuming translation at 20 amino acids/s), thus avoiding

the build-up of unfolded protein and making efficient use of available chaperonin capacity.

GroEL/ES Modifies Folding of Encapsulated Protein

Our analysis by H/DX coupled to MS showed that the spontaneous folding of DapA

proceeds in an apparent two-state manner with only kinetically trapped folding intermediate

and largely folded subunits being significantly populated (Figure 7A). The folding

intermediate represents an ensemble of collapsed states lacking stable structure. These

species bind ANS, indicative of a fluctuating hydrophobic core (Dobson et al., 1998),

contain only ~20 % secondary structure by CD and have virtually no H/DX protection
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compared to the unfolded state in denaturant. H/DX-MS at peptide resolution showed that

nearly all peptides within the (βα)8 TIM-barrel acquire protection with an identical half-time

of ~9.5 min at 10°C, equivalent to the rate of subunit folding (Figures 7A and 6A). This

indicates that the TIM-barrel domain folds in a highly concerted manner. This process is

associated with a long search time as the (βα)8 barrel contains many long-range interactions

and at a length of 224 amino acids exceeds the theoretical size limit for productive

hydrophobic collapse (Lin and Zewail, 2012).

GroEL/ES affects predominantly the folding of the TIM-barrel domain, accelerating

structure formation at peptide level 20- to 50-fold compared to spontaneous folding (at

10°C) (Figure 6). Different secondary structure elements of the TIM-barrel acquire H/DX

protection at up to 3-fold different rates, with the fastest speed being measured for structure

formation in α-helices. Thus, in the GroEL/ES catalyzed reaction folding nucleates locally,

building up the structure in a segmental manner and thereby reducing the entropic penalty

(Figure 7B). Moreover, the difference in protection rate between TIM-barrel segments and

peptides located in the C-terminal domain is magnified to more than 15-fold in assisted

folding (only ~2-fold in spontaneous folding), reducing possible effects of inter-domain

interference that may retard spontaneous folding.

How does GroEL/ES catalyze the folding of the DapA TIM-barrel? Theory predicts that

steric confinement of unfolded protein in a repulsive (net-negatively charged) cage can

accelerate folding by 1-2 orders of magnitude by restricting the conformational freedom of

folding intermediates and making the formation of local and long-range contacts, including

those present in the transition state, more favorable (Baumketner et al., 2003; Hayer-Hartl

and Minton, 2006; Sirur and Best, 2013). Our results with the single ring variant of GroEL,

SREL, show that folding catalysis is achieved upon a single round of protein encapsulation

within the SREL/ES cage. This excludes repetitive binding and unfolding of misfolded

states by GroEL (Lin et al., 2008; Sharma et al., 2008; Thirumalai and Lorimer, 2001) as a

requirement of accelerated folding, at least for DapA. The negative net charge of the

GroEL/ES cavity wall likely plays an additional role through an ordering effect on water

structure that may enhance hydrophobic core packing of encapsulated protein (England and

Pande, 2008; Tang et al., 2006). However, accelerated folding is not generally observed for

all substrates. For example, in the case of the model substrate rhodanese, spontaneous and

GroEL/ES-assisted refolding occur at similar rates (Brinker et al., 2001; Hofmann et al.,

2010). We suggest that, as a result of co-evolution, the physical properties of the GroEL/ES-

cage are particularly suited to achieve folding catalysis for a subset of TIM-barrel domain

proteins, which occupy ~45 % of GroEL capacity in vivo (Kerner et al., 2005).

Escape from Chaperonin Dependence

A small group of bacteria, including M. synoviae, lack GroEL/ES but contain a number of

orthologs of GroEL-dependent E. coli proteins. Our analysis of MsNanA, the ortholog of

EcNanA and a close structural homolog of DapA, provided insight into the strategies that

have been employed in evolution to render a protein GroEL-independent. Unlike DapA,

MsNanA does not form a largely unstructured intermediate during renaturation. Instead,

hydrophobic collapse is closely coupled with the gain of secondary structure during
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refolding, as measured by CD and H/DX. The secondary structural elements of the TIM-

barrel form sequentially, propagating “as a wave” from a nucleus initiating at α-helices H1-

H3 (Figure 7C). The crystal structure of MsNanA showed that these amphiphilic helices are

enriched in solvent exposed lysines which confer strong α-helical propensity. Burial of

hydrophobic residues coupled with the formation of native structure is apparently facilitated

by a hydrophobic core that is enriched in aromatic residues. These structural properties may

explain the ability of MsNanA to nucleate TIM-barrel folding in distinct segments, a feature

otherwise induced by the confining environment of the GroEL/ES cage. Moreover, folding

and assembly of MsNanA appears to be coupled, suggesting a mechanism of ‘self-

chaperoning’. MsNanA’s independence of the chaperonin cage for folding would have

facilitated the evolution of such a mechanism.

EXPERIMENTAL PROCEDURES

Proteins

Chaperone and substrate proteins were purified as previously described (Brinker et al., 2001;

Hayer-Hartl et al., 1996; Kerner et al., 2005) (see Extended Experimental Procedures).

Refolding, Assembly and Enzymatic Assays

Spontaneous refolding of DapA was initiated by 100- to 200-fold dilution from denaturant

into refolding buffer B (20 mM Tris-HCl pH 7.5, 100 mM KCl, 10 mM MgCl2, 10 mM

pyruvate) at the temperatures and final monomer concentrations indicated in figure legends.

Refolding was stopped by addition of excess GroEL D87K (GroEL Trap). For GroEL/ES-

assisted refolding of DapA, unfolded substrate was diluted into buffer B containing

chaperones as specified in figure legends and was stopped by CDTA or apyrase as indicated.

For SREL/ES-assisted refolding, DapA was unfolded in urea and refolding performed in low

salt buffer C (20 mM Tris-HCl pH 7.5, 10 mM KCl, 5 mM MgCl2, 10 mM pyruvate). In the

case of MsNanA, spontaneous renaturation was performed in refolding buffer D (20 mM

Tris-HCl pH 7.5, 100 mM KCl, 10 mM MgCl2) and enzyme activity measured immediately.

Enzyme activities were measured as previously described ((Kerner et al., 2005) and

Extended Experimental Procedures).

FCS and dcFCCS Experiments

DapA-293C was labeled with either Alexa647 (Invitrogen) or Dy530 (Dyomics) using

maleimide chemistry. Fluorescence correlation spectroscopy (FCS) and dual color

fluorescence cross-correlation spectroscopy (dcFCCS) (Muller et al., 2005) were performed

to investigate the oligomeric state of DapA during refolding and to measure the rates of

refolding at 100 pM DapA concentration. See Extended Experimental Procedures for further

details.

Hydrogen/Deuterium Exchange (H/DX)

Refolding reactions were essentially performed as above. Aliquots were withdrawn at

different times and pulse-labeled for 12 s by 10-fold dilution with buffer E (20 mM Tris-

HCl, 20 mM KCl, pD 7.5, 99.9% D2O) to a final concentration of 90 % D2O, followed by

acid quenching (Figure 4A). Intact proteins were immediately analyzed by LC-MS on a
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Waters Synapt G1 mass spectrometer. To obtain H/DX data at peptide resolution, acid

quenched samples were injected into an H/DX Waters nanoACQUITY UPLC (Wales et al.,

2008) and passed through a Poroszyme immobilized pepsin cartridge (Applied Biosystems).

Peptic peptides eluting from the pepsin column were trapped, desalted and then separated in

6 min with a 8-40 % acetonitrile gradient in 0.1 % formic acid pH 2.5. All chromatographic

elements were held at 2.5°C. The average amount of back-exchange was 20-25 % (Wales et

al., 2008). All experiments were performed between 2-4 times. Mass spectra were processed

with DynamX software (Waters Corp., Milford, MA, USA). See Extended Experimental

Procedures for detailed description.

Miscellaneous

Bis-ANS fluorescence, CD spectroscopy and X-ray crystallography were performed using

standard procedures as described in Extended Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spontaneous and Chaperonin-assisted Refolding of DapA
(A) Schematic representation of DapA refolding/assembly. Top panel: Spontaneous

refolding/assembly, highlighting the steps modulated by GroEL/ES in preventing off-

pathway aggregation (red cross) and/or accelerating subunit folding (red box). Bottom

panel: Model of the GroEL/ES mechanism of assisted refolding.

(B) Structure of E. coli DapA monomer (left) and tetramer (right) in ribbon representation

(PDB 1YXC). The (βα)8 TIM-barrel domain is shown in blue and the C-terminal domain in
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gold. Helices H1 to H11 and locations of the strong and weak interfaces of the tetramer

(interface I and II, respectively) are indicated.

(C) Yield of spontaneous DapA refolding at 10°C-37°C. Refolding was initiated by diluting

GuHCl-denatured DapA into refolding buffer B to a final concentration of 200 nM monomer

and yields analyzed by enzyme assay after 1.5 h (15°C-37°C) and after 16 h (10°C). Folding

yields are plotted as DapA activities in % of native enzyme control incubated at the

respective temperature.

(D) Rates of spontaneous and chaperonin-assisted DapA subunit folding at 10°C and 25°C.

Refolding was measured at 200 nM DapA by diluting the denatured protein into refolding

buffer as in (C) or into buffer containing 2 μM GroEL or SREL and 4 μM GroES. Assisted

refolding was initiated by addition of ATP. In the case of SREL, urea-denatured DapA and

low salt refolding buffer C was used (see Experimental Procedures). Spontaneous refolding

was stopped by addition of 0.8 μM GroEL D87K and GroEL/ES-assisted refolding with 50

mM CDTA. In the case of SREL/ES, 50 mM CDTA and 60 mM GuHCl were added to stop

folding. Reactions were incubated for 1 h at 25°C to allow for complete assembly prior to

enzyme assay. Single exponential rates are indicated.

(E) Spontaneous and assisted assembly of DapA. Refolding reactions were performed as in

(D) at 10°C with 2 μM DapA and 4 μM GroEL/8 μM GroES when indicated. The reactions

were not stopped and enzyme activities were measured at the time points indicated. All

standard deviations are from at least 3 independent experiments.
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Figure 2. GroEL/ES Catalyzes DapA Refolding
(A) Rates of spontaneous and GroEL/ES-assisted refolding are concentration independent.

Spontaneous and GroEL/ES-assisted subunit refolding was performed at 10°C and 25°C as

in Figure 1D over a range of DapA concentrations.

(B) Absence of inter-molecular association during refolding by FCCS. DapA-293C was

labeled with either Dy530 or Alexa647 fluorophores. The labeled proteins were mixed,

denatured and diluted into refolding buffer to a final concentration of 50 pM each. FCCS

was recorded within the first 30 min of refolding. As a positive control, DapA-293C
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tetramer refolded and assembled from Dy530 and Alexa647 labeled subunits at 200 nM

concentration was diluted to 100 pM. A 1:1 mixture of the free dyes at 50 pM each was used

as a negative control.

(C) Spontaneous and assisted refolding of DapA-293C labeled with Alexa647 was measured

at a final concentration of 100 pM at 20°C. GroEL and GroES, when present, were 2 μM

and 4 μM, respectively. Refolding was stopped either by addition of 2 μM GroEL

(spontaneous refolding) or by addition of Apyrase (assisted refolding). The difference in

diffusion rate between not-yet folded DapA bound to GroEL and folded DapA monomer

free in solution was monitored by FCS, resulting in rates of subunit refolding. All standard

deviations are from at least 3 independent experiments.
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Figure 3. Chaperonin-Dependent and Independent TIM-Barrel Proteins
(A) Assisted refolding of EcNanA and spontaneous refolding of MsNanA occur at similar

rates. Spontaneous and GroEL/ES assisted refolding of EcNanA were analyzed at 25°C (400

nM EcNanA) in buffer D essentially as described in Figure 1D. Spontaneous renaturation of

MsNanA (400 nM final concentration) in buffer D was analyzed by direct enzyme assay at

the time points indicated. The observed kinetics reflects both subunit folding and assembly.

Standard deviations are from at least 3 independent experiments.
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B) Crystal structures of MsNanA (PDB 4N4P, this study) and EcNanA (PDB 2WO5) are

shown as for DapA in Figure 1B. Left, monomer; right, tetramer. Helices H1 to H11 as well

as the locations of the interfaces I and II of the tetramer are indicated.

C) Amino acid compositional bias in MsNanA. The monomer structures of EcDapA,

EcNanA and MsNanA are shown in ribbon representations with α-helices and β-strands

indicated in salmon and pale green, respectively. The side-chains of lysines and aromatic

residues (Phe and Tyr) are highlighted in blue and purple, respectively.
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Figure 4. Different Properties of DapA and MsNanA Refolding by H/DX
(A) Schematic representation of the H/DX pulse experiment. After different times of

spontaneous refolding, proteins are pulse-labeled with D2O buffer E for 12 s, followed by

acid quenching of the H/DX reaction and LC-MS analysis. See Extended Experimental

Procedures for details.

(B and C) Mass spectra during spontaneous refolding of DapA (B) and MsNanA (C). The

positions of the unfolded proteins and the folded tetramers in the mass spectra are indicated

by red and black dotted lines, respectively. In the case of DapA, the blue dotted line marks

the position of folded monomer. Asterisk in the native tetramer in B indicates a potassium

adduct. Asterisks on the broad peaks of unfolded MsNanA and MsNanA tetramer in C
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represent the presence of potassium and sodium adducts (1 sodium, 1 potassium, 2 sodium

and 2 potassium).
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Figure 5. Deuterium Incorporation into Peptides of DapA During Spontaneous and Assisted
Refolding
(A and B) Deuterium incorporation into P1-8 of the TIM-barrel domain (A) and P102-115

of interface I (B) of DapA. Left panels: Examples of mass spectra for DapA peptides P1-8

and P102-115 at different times during spontaneous, GroEL/ES-assisted and SREL/ES-

assisted refolding at 10°C and 25°C, as indicated. Amino acid sequences of the peptides are

indicated in single letter code. Right panels: Deuterium uptake in Da is plotted versus

refolding time (see Figure S5 for full dataset).
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(C and D) Time courses of H/DX protection during refolding for P1-8 (C) and P102-115

(D). For comparison, subunit refolding and assembly based on enzymatic assay (Figures 1D

and 1E) are also shown (dashed and dotted lines, respectively).
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Figure 6. Comparison of DapA and MsNanA Refolding at Peptide Resolution
Apparent half-times of H/DX protection for peptides along the amino acid sequence during

spontaneous (A) and GroEL/ES-assisted refolding/assembly (B) of DapA, and spontaneous

renaturation of MsNanA (C) at 10°C are presented in the bar graphs and are mapped on the

tetramer structures of DapA and MsNanA (right panels). Peptides are assigned either to

TIM-barrel domain, C-terminal domain or interfaces I and II (when at least 25 % of the

sequence is in the interface; see Figure S5). Half-times of protection are color-coded: Red

bars indicate peptides with half-times as fast or faster as subunit refolding in enzymatic
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refolding assays (Figure 1D); blue bars denote peptides with half-times of protection as slow

as assembly (Figure 1E), and yellow bars denote peptides with intermediate half-times of

protection. Note that P207-213 (asterisk) in GroEL/ES-assisted folding is already fully

protected in the GroEL-bound state. The insert in (B) highlights the differences in protection

of TIM-barrel domain peptides (x-axis labeling as in main figure of panel B) and the

secondary structure of the peptides is indicated: α, α-helix; β, β-strand; cα, coil and α-helix;

cβ, coil and β-strand. Squares below the bar graph in (B) indicate protection properties of

peptides upon refolding with SREL/ES in comparison to GroEL/ES at 25°C. Peptides with

reduced protection with SREL/ES are highlighted in the tetramer structure. In the case of

MsNanA, refolding and assembly are coupled and half-times of protection are colored from

fast (red <0.5 min) to slow (blue >1.0 min).
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Figure 7. Mechanisms of Spontaneous and GroEL/ES-Assisted TIM-Barrel Folding
Free energy diagrams, schematically summarizing the salient features of spontaneous (A)

folding and GroEL/ES-assisted folding (B) of DapA and spontaneous folding of MsNanA

(C). Intermediate states populated during folding with the approximate half-times indicated,

as determined by H/DX-MS at peptide resolution, are tentatively assigned to different

phases of the energy diagrams. Ribbon diagrams show acquisition of H/DX protection

during folding in red. U, unfolded state; N, native tetramer. See Discussion for detail.
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