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Abstract

The chaperonin GroEL is a 800 kDa nanomachine comprising two heptameric rings, each of 

which encloses a large cavity or folding chamber. The GroEL cycle involves ATP-dependent 

capping of the cavity by the cochaperone GroES to create a nanocage in which a single protein 

molecule can fold. We investigate how protein substrates sample the cavity prior to encapsulation 

by GroES using paramagnetic relaxation enhancement to detect transient, sparsely populated 

interactions between apo GroEL, paramagnetically labeled at several sites within the cavity, and 

three variants of an SH3 protein domain (the fully native wild type, a triple mutant that exchanges 

between a folded state and an excited folding intermediate, and a stable folding intermediate 

mimetic). We show that the substrate not only interacts with the hydrophobic inner rim of GroEL 

at the mouth of the cavity but also penetrates deep within the cavity, transiently contacting the 

disordered C-terminal tail, and, in the case of the folding intermediate mimetic, the base as well. 

Transient interactions with the C-terminal tail may facilitate substrate capture and retention prior 

to encapsulation.
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GroEL is a member of the chaperonins, a class of conserved protein nanomachines that 

facilitate protein folding and protect against misfolding and aggregation.1–3 GroEL is a 

barrel-shaped ~800 kDa supramolecular complex of two stacked homoheptameric rings, 

each of which encloses a large cavity accessible to protein substrates.4 Crystallography and 

cryo-electron microscopy (EM) of GroEL in a variety of states reveal a complex cycle of 

coupled conformational changes associated with ATP-dependent capping of the cavity by 

the cochaperone GroES, thereby creating a nanocage for single protein molecules to fold.5 

Various studies, including cryo-EM,6,7 have shown that non-native substrates bind to the 

apical domain of uncapped GroEL, close to the mouth of the cavity, but following 

encapsulation by GroES are then located either free within the cavity7 or in contact with the 

cavity base and the C-terminal tail.8 The latter is 23 residues long, intrinsically disordered 

(i.e., invisible in X-ray electron density maps),4 and rich in Met/Gly. While the tail has been 

shown to have a significant impact on protein folding, it remains unclear whether the tail is 

actively required to facilitate substrate incorporation, as well as unfolding of non-natively 

folded substrates,9 or simply acts passively to ensure retention of substrate by blocking the 

pore at the bottom of the GroEL chamber.10

GroES encapsulation is not an absolute requirement for GroEL function.11–13 Recently, 

using relaxation-based methods, we showed that apo GroEL exhibits unfoldase/foldase 

activity, stabilizing a folding intermediate of the SH3 domain relative to both folded and 

unfolded states and accelerating the interconversion between folded and intermediate states.
14,15 Here we elucidate the extent to which protein substrates explore the cavity of apo 

GroEL using intermolecular paramagnetic relaxation enhancement (PRE) measurements16 

to identify transient, short-lived contacts between various paramagnetically labeled sites on 

GroEL and several variants of the β-rich Fyn SH3 domain as a model substrate.

In the fast and intermediate exchange regimes, intermolecular PREs in the GroEL-bound, 

NMR-invisible, “dark” states of the SH3 variants are transferred by exchange to the NMR 

visible spectrum of free SH3 where they are easily observed.16 Because the PRE is 

proportional to <r−6> of the distance between the paramagnetic label and the nucleus of 
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interest, and the magnetic moment of the unpaired electron on the paramagnetic label is 

large, exchanging complexes with short proton–paramagnetic label contacts can be detected 

at populations as low as 0.5 to 1%.16 Thus the intermolecular PRE provides an exquisitely 

sensitive method for studying sparsely populated, transient GroEL–SH3 binding events.

GroEL, purified to remove ~95% of protein impurities bound within the cavity,17 was 

paramagnetically labeled with EDTA–Mn2+16 at six separate solvent-accessible, engineered 

cysteine sites (see the SI for experimental details): A138C and E315C located on the outside 

and top, respectively, of the GroEL cylinder; R231C and R268C at the mouth of the cavity, 

encompassing a hydrophobic patch on the surface of the apical domain formed by helices H 

and I (Figure S1); G545C located in the C-terminal tail, four residues from the C-terminus; 

and S43C in the equatorial domain at the base of the cavity (Figure 1, bottom). Three 

uniformly 15N-labeled variants of the Fyn SH3 domain were employed (Figure 1, top): the 

native, folded wild type (SH3WT); a triple A39 V/N53P/V55L mutant (SH3Mut) that exists in 

dynamic equilibrium between the major folded state and a minor population of folding 

intermediate (~2% at 10 °C);18 and a stable mimetic of the folding intermediate, 

SH3WTΔ57, consisting of a three-residue C-terminal truncation of the wild-type sequence.15 

The folding intermediate has the same fold as the native state, with the exception that the C-

terminal β5 strand is unfolded,15,18 resulting in exposure of a large hydrophobic surface 

patch (Figure 1, top).

Intermolecular PRE (1HN-Γ2) profiles observed for the three SH3 variants in the presence of 

paramagnetically labeled GroEL are shown in Figure 2. Three major sites of intermolecular 

PREs are discerned (Figure 2, right): site I (13RTEDD17) with two adjacent subsidiary sites, 

site I′ (18LSFHK22) and site I″ (9DYEA12), located in the loop connecting strands β1 and 

β2; site II (32SEGD35) in the turn connecting strands β2 and β3; and site 3 (47TGY49) in 

strand β4. These three sites broadly coincide with sites identified by intermolecular PREs 

upon interaction of SH3 with three small chaperones, Spy, SurA, and Skp.19

The surface formed by site I is contiguous with sites II and III, but the latter two are not 

contiguous with one another. The three sites do not overlap with the hydrophobic surface 

patch, located on the opposite face of the molecule, that interacts directly with the GroEL 

apical domain (Figure 1), as identified by chemical shift mapping derived from relaxation 

dispersion on a transient SH3Mut–GroEL complex.14 This is not surprising because residues 

buried at the GroEL–SH3 interface would be predicted to be less accessible to and hence 

further away from the paramagnetic labels.

Control experiments using both soluble hydroxylamine–EDTA–Mn2+ and an unrelated 

EDTA–Mn2+-labeled protein (maltose binding protein) show no evidence of any significant 

intermolecular PRE effects (Figure S2). In addition, PRE profiles are identical whether the 

diamagnetic control employed is EDTA–Ca2+-tagged or wild-type GroEL (Figure S3). Thus 

the PREs observed in the presence of paramagnetically labeled GroEL do not arise from 

either a solvent PRE due to random intermolecular collisions or preferential binding of the 

EDTA–Mn2+/Ca2+ tag to the SH3 variants.
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When the paramagnetic tag is located on the outside of the GroEL cylinder (A138C), no 

significant PREs are observed for SH3WT or SH3Mut, and only an isolated PRE at Thr47 is 

seen for SH3WTΔ57 (top row Figure 2). The backbone NH of Thr47 is solvent-exposed 

(Figure S4), and perhaps this PRE reflects a very minor transient encounter complex. One 

can therefore conclude that interactions between the SH3 variants and the outside of the 

GroEL cylinder are minimal.

With the tag placed on the top of the GroEL cylinder (E315C), not too distant from the 

mouth of the cavity, a few small PREs (10–15 s−1) are apparent for a subset of residues at 

sites I (Glu15 and Asp17) and III (Thr47) for SH3WT and SH3WTΔ57 but not for SH3Mut 

(Figure 2, second row). These PREs may reflect a low population of transient encounter 

complexes20 as SH3 makes its way to the GroEL cavity.

When the paramagnetic tags are located on the inner rim at the mouth of the cavity (R231C 

and R268C), substantial PREs are observed for all three SH3 variants at sites I and II (Figure 

2, third and fourth rows, and Figure 3, top) and for SH3WT at site III as well. The latter may 

reflect less precise sampling of the SH3WT surface as a consequence of the much shorter 

lifetime of the SH3WT–GroEL binary complex (40 μs versus 2–4 ms).14,15 Overall, these 

PRE data are consistent with the general location of non-native proteins in binary complexes 

with GroEL seen in low-resolution cryo-EM density maps.6,7

The paramagnetic label at G545C, in the C-terminal tail of GroEL, makes extensive contacts 

with all three SH3 variants involving a contiguous surface patch comprising sites I/I′ and III 

(Figure 2, fifth row). Leu18 and Phe20 are located in a shallow hydrophobic pocket that may 

act as an attachment point for the methionines in the tail (Figure 3, middle panel). The 

intermolecular PREs centered around residue 35 (site II) are small, possibly because this site 

faces the mouth of the cavity when SH3 interacts with the cavity rim. These data provide 

evidence that contact with the C-terminal tail of GroEL can occur not only while SH3 is 

confined and diffusing within the cavity, as suggested from quantitative analysis of 

relaxation dispersion and lifetime line broadening data,15 but also when bound to the rim. 

The paramagnetic label is located at position 19 of the C-terminal tail, and the average end-

to-end distance of a 19-residue random coil is predicted to be ~44 Å,22 more than sufficient 

to extend from the bottom to the rim of the cavity (35–40 Å), consistent with the results of 

molecular dynamics simulations.23

Finally, when the paramagnetic label is located at the base of the cavity (S43C, Figure 1), 

extensive PREs are observed for SH3WTΔ57 at sites I/I′/I″ and III, but none is observed for 

either SH3WT or SH3Mut (Figure 2, bottom panel), probably due to substantially reduced 

occupancy. This is not surprising as the populations of GroEL-bound native SH3 and 

SH3Mut folding intermediate are only ~0.3 and 0.7%, respectively, and the unbound 

population of the latter is only ~2%.14 SH3WTΔ57, on the contrary, is entirely in the folding 

intermediate state, and while the population of GroEL-immobilized SH3WTΔ57 is small 

(~1.5%), by analogy to a very closely related folding intermediate mimetic, the occupancy 

of a mobile, cavity-confined state, identified by relaxation dispersion, is ~20%,15 thereby 

significantly increasing the probability of detecting transient contacts with the base of the 

cavity.

Wälti et al. Page 4

J Phys Chem Lett. Author manuscript; available in PMC 2018 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In conclusion, the intermolecular PRE studies reported here show that SH3 variants sample 

the cavity of apo GroEL extensively and are capable of penetrating deep within the cavity 

prior to encapsulation by GroES. Thus in sparsely populated binary SH3–GroEL complexes, 

the SH3 domains not only interact transiently with the mouth of the cavity but also make 

contact with the disordered C-terminal tail and, in the case of the folding intermediate 

mimetic SH3WTΔ57, with the base of the cavity as well. The C-terminal tail itself can 

contact the SH3 domain when the latter is located at either the mouth or the base of the 

cavity, which may facilitate substrate capture and retention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fyn SH3 variants and sites of GroEL paramagnetic labeling. Top: molecular surface of the 

folding intermediate mimetic SH3WTΔ57, native SH3WT, and the SH3Mut folding 

intermediate. Residue coloring: hydrophobic, white; hydrophilic, cyan; positively charged, 

dark blue; and negatively charged, red. The largest differences in chemical shift between free 

and GroEL-bound SH3Mut are observed for residues 2–7, 28, 37, and 50–56 that form a 

largely hydrophobic surface patch.14 Bottom: vertical slice through the two GroEL cavities 

showing five subunits for each stacked ring.4 (Note GroEL is depicted at a ~2 times smaller 

scale than SH3.) The locations of the solvent-accessible engineered cysteine residues used 

for paramagnetic labeling with EDTA–Mn2+ are indicated. Note that all 14 subunits bear a 

single paramagnetic label per sample. EDTA was conjugated to GroEL via a disulfide 

linkage to each Cys mutation to yield a (cysteaminyl–EDTA)–Cys adduct, which is then 

chelated to either Mn2+ (paramagnetic) or Ca2+ (diamagnetic).
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Figure 2. 
Intermolecular PRE (1HN–Γ2) profiles observed on 15N-labeled SH3WTΔ57 (left panels), 

SH3WT (middle panels), and SH3Mut (right panels) in the presence of GroEL 

paramagnetically labeled with EDTA–Mn2+ at six cysteine engineered sites. Regions with 
1HN-Γ2 > 5 s−1 are shaded. The secondary structure is shown above the panels. PREs are 

measured using a 1H–15N correlation-based experiment21 as the difference in corresponding 
1HN-R2 values between paramagnetic and diamagnetic reference samples. Data were 

recorded at 800 MHz and 10 °C on samples containing 100 μM 15N-labeled SH3 and 100 

μM (in subunits) GroEL. The locations of sites I/I′/I″ (top), II (middle), and III (bottom) on 

the molecular surface of SH3WTΔ57 are shown on the right, with residues color coded as in 

Figure 1. In the views for sites II and III (rotated by 180° relative to the top view), site I is 

shown in yellow.
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Figure 3. 
Mapping the sites of large intermolecular PREs observed for the SH3 variants originating 

from paramagnetic labels located at the rim (R231C and R268C), tail (G545C), and base 

(S43C) of the GroEL cavity. The SH3 domain is shown as a black ribbon with the regions 

exhibiting significant intermolecular PREs depicted as transparent surfaces. Three of seven 

subunits forming a single GroEL ring are depicted as a light-gray molecular surface. A 

cartoon of the intrinsically disordered C-terminal tail (dark gray), extending upward toward 

the mouth of the cavity, with the paramagnetic label at G545C, is included in the middle 

panel. Cys–EDTA–Mn2+ is depicted as a stick diagram with Mn2+ shown as a sphere.
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