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Single-particle electron cryo-microscopy (cryo-EM) is an emerging
tool for resolving structures of conformationally heterogeneous
particles; however, each structure is derived from an average of
many particles with presumed identical conformations. We used a
3.5-Å cryo-EM reconstruction with imposed D7 symmetry to further
analyze structural heterogeneity among chemically identical sub-
units in each GroEL oligomer. Focused classification of the 14 sub-
units in each oligomer revealed three dominant classes of subunit
conformations. Each class resembled a distinct GroEL crystal struc-
ture in the Protein Data Bank. The conformational differences stem
from the orientations of the apical domain. We mapped each con-
formation class to its subunit locations within each GroEL oligomer
in our dataset. The spatial distributions of each conformation class
differed among oligomers, andmost oligomers contained 10–12 sub-
units of the three dominant conformation classes. Adjacent subunits
were found to more likely assume the same conformation class,
suggesting correlation among subunits in the oligomer. This study
demonstrates the utility of cryo-EM in revealing structure dynamics
within a single protein oligomer.
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Understanding the function of a molecular machine typically
requires determination of the structural components at

atomic or near-atomic resolution. Although X-ray crystallography
can provide atomic details, the crystal lattice forces may un-
naturally constrain the structure. Moreover, solution methods, such
as NMR spectroscopy, can reveal short-range dynamic behavior in
the absence of information on the entire complex (1, 2). Electron
cryo-microscopy (cryo-EM) has made substantial progress toward
achieving atomic resolution for a broad range of molecular ma-
chines by averaging thousands to millions of single-particle images
that are assumed to have identical conformations (3–6).
Cryo-EM has also been used to determine multiple structures

of a single specimen preparation containing conformational and
compositional heterogeneity (7, 8). The focused classification
and refinement approaches (7, 8) have been used for two pri-
mary purposes: sorting out localized structural heterogeneity
among particles (9, 10) and improving feature resolvability of
flexible domains through local refinement (11, 12). These mo-
lecular machines frequently are composed of multiple protein
subunits that can generate correlated and/or uncorrelated mo-
tions (13), and no experimental technique has yet captured the
atomic structures of individual subunits within a single molecular
machine in solution. GroEL, Escherichia coli chaperonin (13,
14), are composed of 14 chemically identical protomers (13, 14)
and have been structurally characterized by both X-ray crystal-
lography (15, 16) and cryo-EM (5, 17–19). However, these
studies have not revealed any heterogeneity among the proto-
mers in each oligomer. Here we used a 3D classification strategy
for cryo-EM data (10) to investigate structural heterogeneity
among chemically identical subunits and their conformational
variation and correlation in a single GroEL.

Results
Cryo-EM Map and Model of GroEL. We reconstructed GroEL from a
set of 260 micrographs of apo-GroEL containing 37,367 particle
images with a detectable signal close to 3 Å (Fig. 1 A and B, Fig. S1
A–C, and Tables S1 and S2) (Materials and Methods). Imposing D7
symmetry resulted in a resolution of 3.5 Å (Fig. 1C and Figs. S1D
and S2A). At this resolution, we could unambiguously isolate and
segment the 14 individual protein subunits.
To analyze the map, we rigid-body fit an atomic model [Protein

Data Bank (PDB) ID code 1SS8] (15) to the 3.5-Å cryo-EM
density map and then optimized it to improve the fit-to-density
while maintaining proper stereochemistry (Fig. 1D, Fig. S2B, and
Tables S1 and S2) (Materials and Methods) (20). The optimized
model was structurally similar to previously published crystal
structures (15, 21, 22) (PDB ID codes 1SS8, 1GRL, and 1OEL),
with an rmsd of ∼0.7 Å at the C-alpha backbone level. The local
resolution (23) of the equatorial domain of the new model was
close to 3 Å, whereas that of the apical domain was ∼4 Å (Fig.
S3A). Furthermore, the nonuniform local resolution of the new
model was similar to the variation in atomic displacement pa-
rameters (ADPs) in the 1OEL model derived from X-ray crys-
tallography (Fig. S3B). High apical-domain ADP distributions
have been found in multiple crystal structures (Fig. S3B) (15, 24)
and molecular dynamics simulations of apo-GroEL (22). Thus,
localized flexibility of the GroEL apical domain is an inherent
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structural characteristic rather than an artifact of crystallization or
cryo-specimen freezing.

Structural Variation of the Apical Domain Within and Among GroEL
Particles. The high flexibility of the GroEL apical domain raised
the question of whether any specific pattern of structural varia-
tion exists among the 14 compositionally identical subunits of the
GroEL oligomer. A symmetry-free reconstruction would not be
sufficiently sensitive to resolve small differences because of
overwhelming signals from the entire GroEL complex. Most
importantly, the subunit variation might differ from particle to
particle, where an asymmetric reconstruction is unlikely to yield
an informative solution. Thus, we used a localized 3D classifi-
cation approach (10, 25) to analyze each of the particle images
and determine whether computationally isolated subunits could
be resolved into distinct conformations.
We extended the focused classification and localized re-

construction protocol (10, 25) to the analysis of the subunit con-
formations, as described in Materials and Methods. This method
allowed us to computationally isolate individual subunits per par-
ticle image and divide them into 10 classes according to their
conformational similarity (Fig. 2). In this classification process,
71% of the subunits from the entire particle dataset fell into one of
the three dominant conformational classes (Fig. S4). We computed
3D maps from each of these three sets of particle images consisting
of one subunit from the dominant class that had been computa-
tionally translocated to the same location within the oligomer. This
resulted in a map with one subunit corresponding to the specific
conformation class and the remaining 13 subunits corresponding to
the averaged conformation (Fig. 3A).
The resulting maps were well resolved, with visible features

such as α helices and β strands. Because of their good resolv-
ability, molecular models were built and optimized for the spe-
cific subunit in each of the three maps (Fig. 3B). The remaining
29% of the subunits fell into seven other classes whose derived
maps were insufficiently resolved at the secondary structure level
(Fig. 2D) and were not included for further analysis, although
they may be functionally or chemically relevant. As a control of
our computational approach, we carried out a simulated GroEL

dataset with a single rigid and identical subunit conformation to
the same classification data-processing steps. The end result
yielded one predominant conformation, as expected (Fig. S4B).
To validate our analysis, we performed the following simulations:
we generated a GroEL oligomer model with a mixed confor-
mation of our three dominant subunit models at a ratio of 4:5:5.
Our 3D classification analysis resulted in three dominant con-
formations of subunits, corresponding to the three input models.
In the absence of noise, the input and output conformational
classes were nearly identical to anticipated ratios (Fig. S4C);
however, when noise was included in the simulated models, ad-
ditional minor classes were detected.
The isolated subunit maps computed from the images of the

three dominant classes displayed almost identical equatorial do-
mains but had visually distinct rotation in their apical domains
(Fig. 3C). We confirmed these observations by superimposing
the three corresponding models and computed the deviation of
the C-alpha positions. For instance, the deviation was ∼0.5 Å for
the equatorial domain, a value similar to that of published crystal
structures (15, 22), but was ∼4 Å in the apical domain, with the
greatest deviation of ∼5 Å at the substrate-binding site, specifically
helixes H (residues 230–243) and I (residues 257–268) (Fig. 3C).
These conformational variations derive from a hinge-like motion
around the intermediate region of the subunit (Movie S1), af-
fecting the orientation of the apical domain with respect to the

Fig. 1. Cryo-EMmap and model of apo-GroEL. (A) A typical motion-corrected
raw image of vitrified GroEL particles recorded on a Gatan K2 direct de-
tector. (B) Reference-free 2D class averages for top and side views. (C ) Side
and end-on views of the 3.5-Å 3D cryo-EM map of apo-GroEL. Each sub-
unit is colored differently (EMD-8750). (D) Segmented cryo-EM map for a
single subunit with the model superimposed (PDB ID code 5W0S). Rep-
resentative areas revealing high-resolution features are highlighted in
the side panels.

Fig. 2. Single subunit focused 3D classification. (A) Location of the soft mask
on a single subunit. (B) Density mapwith deleted single subunit. (C) Subtraction
of the projection including 13 subunits from original particles resulted in single
subunit subparticles. (D) Subunit-focused classification into 10 groups.
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equatorial domain. The apical domain binds to unfolded substrate,
and a large conformational change is triggered by ATP binding
and hydrolysis at the upper part of the equatorial domain (26).

Three Conformational Variants Match with Three GroEL Crystal
Structures. To further assess the validity of the three GroEL sub-
units derived from the focused classification, we compared the
models with the 1XCK crystal structure, which was refined using
relaxed noncrystallographic symmetry (NCS) on each subunit.
This resulted in 14 discrete conformations (16). The greatest
conformational variations occurred in the apical domain, with a
maximum C-alpha deviation of ∼5 Å. When aligning the models
based on the equatorial domains, we noted a rotational spread of
12.3° among the apical domains (Fig. S5). Our three dominant
cryo-EM conformations (Fig. 3C) showed similar rotational het-
erogeneity in their apical domains. We found a close match for
each dominant cryo-EM subunit with a corresponding PDB crystal
structure (Fig. 4 and Table S3): 1XCK chain J matched the D7-
imposed cryo-EM model, 1XCK chain E matched class I, 1XCK
chain G matched class II, and 1XCK chain I matched class III.
These conformational similarities suggest that the observed cryo-

EM conformations are not artifacts generated by the focused
classification scheme.

Conformational Distribution in Single GroEL Oligomers. After estab-
lishing the existence of three primary conformational variants
among the subunits, we traced back the locations of each subunit in
the GroEL oligomers (Fig. 5 A and B). The number of subunits in
each conformational class varied from particle to particle, and their
relative locations in the GroEL oligomer differed as well (Fig. 5 A
and C and Fig. S6). Almost all of the individual GroEL oligomers
comprised a mixture of three, rather than one or two, dominant
class conformations in varying ratios (Fig. S6). Furthermore, the
majority of oligomers contained 10–12 subunits that fell into one or
more of the three conformation classes (Fig. S6). It should be
noted that a majority of GroEL oligomers also contained subunits
that were not classified into the three dominant classes. In addition,
each conformation class was nearly distributed evenly among all
subunit locations. These observations indicate that the motion of
the apical domain on each apo-GroEL subunit is not globally
correlated as an oligomer (14 subunits) or at the level of cis/trans
rings (7 subunits). Interestingly, only 687 (1.8%) of the GroEL
oligomers in our dataset were composed solely of the three major
conformation classes and thus could be used to build atomic
models (Fig. 5C). Conversely, no oligomer was composed entirely
of subunits other than the three major conformation classes.
To explore any possible conformational correlations among the

subunits in GroEL, we applied normalized mutual information
(NMI) analysis (27), measuring the relative correlation between
pairs of conformers. We calculated NMI for each GroEL oligomer
containing more than nine subunits (77%) in one of the three
major conformation classes (Fig. S6). Fig. 5D shows the calculated
NMI, revealing the overall correlation in each subunit pair. Cor-
relation was significantly higher between adjacent pairs of subunits
than between nonadjacent pairs of subunits (one-sided t test, P <
4.0 × 10−6), suggesting that a propensity of adjacent subunits be-
long to the same conformational class. Such a correlation between
adjacent pairs may imply the existence of intersubunit domain–
domain interactions, which are possibly influenced by ATP and
substrate binding (16, 28, 29).

Discussion
GroEL has two back-to-back seven-subunit rings and undergoes
large conformational changes driven by ATP binding and hy-
drolysis. Our cryo-EM analysis used 37,367 particle images in
which the subunits assumed three dominant conformations.
These conformations were found to match with those in a pub-
lished GroEL crystal structure, 1XCK (16). Our observation
confirms that the conformers observed in the crystal structure
were not caused by a crystallization artifact, given that the cryo-
EM structure is free from crystal packing constraints. In-
terestingly, these conformations are distributed at random in the
subunits of each oligomer in ∼71% of our data. However, 29%
of the subunits in our dataset were not sufficiently resolved to
allow us to establish atomic models associated with them; it is

Fig. 3. Conformational variants of GroEL subunits. (A) Focused classification
and localized reconstruction resulted in three major converged classes of
subunits with different populations. (B) Segmented subunit maps (EMD-
8750) and respective model (PDB ID code 5W0S), rotated with respect to
the view shown in A. (C) Superposition and C-alpha deviation distribution of
the three classes derived from the cryo-EM map.

Fig. 4. The three major conformational variants match conformations in
the GroEL crystal structure. Distances between C-alphas matched between
the cryo-EM models and selected crystal subunit structures from 1XCK.
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possible that these additional conformations could be identified
using a larger image dataset.
The primary difference among the three conformers is con-

fined to the apical domains of apo-GroEL (Fig. 3 and Movie
S1). Although these motions are limited, they are potentially
related to functionality in substrate binding and ATP hydrolysis
(15, 28). One intriguing, as-yet unanswered question concerns
the possible connections between the apical domain confor-
mational flexibility of the GroEL oligomer and its complex
allosteric behavior and/or ability to capture a wide diversity of
substrate proteins. A closer inspection of our subunit con-
formers shows that a salt bridge, D83-K327, formed between
the apical and equatorial domains seems to be related to or to
respond to the apical domain flexibility; its distance varied
significantly from 4 Å to 6 Å among the three dominant cryo-
EM conformations (Fig. S7). This distance variability in D83-
K327 is similar to that among the matched crystal structures
(16). Interestingly, these residues are located in the close
proximity of the entry path of ATP to its binding pocket (24).
Thus, D83-K327 could be a chemical switch or sensor linking
the apical domain flexibility and the ATP-binding pocket.

Evidence that binding of the substrate protein to the apical
domain is sensed by the nucleotide binding pocket in the
equatorial domain comes from the observation that substrate
binding accelerates the release of ADP by ∼100-fold (30).
Structural fluctuations in proteins can occur simultaneously

and at different protein structure levels, including residues,
domains, and subunits of macromolecules. Even when the pro-
teins are at chemical equilibrium, slight variations in atom po-
sitions exist (31, 32). A robust structural strategy for resolving
independent fluctuations, as well as the potential correlations
among fluctuations within a single molecular complex, has not
yet been demonstrated experimentally. Here we have shown that
cryo-EM can be used to decipher the protein dynamics of
identical subunits in a molecular machine. Using our protocol,
we generated full or partial atomic models for each GroEL
oligomer, one particle at a time. This approach may have a wider
application for studying oligomeric macromolecules and uncov-
ering different conformational hotspots. Moreover, our method
makes it possible to explore the conformational networks within
a single protein oligomer, thereby providing the opportunity to
study structure-function relationships at a greater level of detail.

Fig. 5. Structural correlation between adjacent subunits among conformational variants in a single apo-GroEL oligomer. (A) Subunit conformations for each
GroEL particle. (B) Assembly of subunit conformations to the respective subunit location of each GroEL complex. (C) Models for one GroEL particle at a time.
(D) Correlation based on normalized mutual information between pairs of subunits.
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Materials and Methods
GroEL Protein Purification. We expressed and purified GroEL as described
previously (33). For cryo-EM specimen preparation and imaging, we applied
3-μL aliquots of GroEL (0.1 mg/mL) to glow-discharged holey-carbon Quan-
tifoil R1.2/1.3 grids, blotted them for 2–3 s, and then plunge-froze them in
liquid ethane using a Leica EM GP plunge freezer. We transferred the grids
into cartridges and loaded them into a JEM 3200FSC (300 KeV) electron mi-
croscope with an in-column Ω filter (25 eV energy slit). We recorded images at
0.7–2.5 μm underfocus on a K2 Summit direct electron detector (Gatan) in
superresolution mode at nominal 30K magnification, corresponding to a
sampling of 1.23 Å/pixel (superresolution sampling of 0.62 Å/pixel).

Image Processing. We initially binned each movie stack by two and then
corrected for drift and radiation damage using DE_process_frames.py (Direct
Election Ltd.; Fig. S1) (20, 34). The first three frames were ignored during
movie processing. We used EMAN2 to automatically select 42,000 particle
images from 260 micrographs (35). Contrast transfer function parameters
were estimated internally based on the boxed particles (e2ctf.py). We then
performed 2D reference-free averaging with ∼2,000 particle images using
the default parameters in EMAN2 and generated an initial 3D map based on
the 2D class averages, with D7 symmetry imposed. We converted a set of
contrast transfer function-corrected particles to a RELION-compatible format
using E2refinetorelion3d.py. We performed all further refinements using
RELION 1.4 (36), starting with maps that were low-pass filtered to 50 Å from
the initial model generated by EMAN2. At first, we used RELION to perform
3D classification (K = 3) with C1 symmetry to exclude non-GroEL-like parti-
cles. Then we excluded ∼6,000 low-correlated particles and subsequently
refined the 37,367 remaining particles using the “auto_refine” command,
which resulted in a 3.8-Å map with imposed D7 symmetry. Using the de-
termined particle orientation, we constructed the final map using only
frames 3–20 (∼20 e−/Å2 cumulative exposure). The final resolution of the
map was 3.5 Å based on the gold-standard Fourier shell correlation (FSC)
at 0.143.

Focused Classification and Localized Reconstruction of Individual Subunits. The
overall workflow for the focused classification and localized reconstruction of
GroEL subunits is described in Fig. 2 (10, 25). We converted the 3.5-Å map-
derived GroEL model into a density map using the e2pdb2mrc.py program of
EMAN2. We applied a mask around the GroEL complex using standard
automasking in RELION and also generated a mask around a single subunit
(Fig. 2A). The subtraction of a single-subunit mask from the mask of the
entire GroEL complex yielded a mask with one subunit deleted from the
entire GroEL. This one subunit-deleted mask was multiplied to the 3.5-Å
GroEL map, and the resulting masked map (i.e., a modified GroEL 3D map
with only 13 subunits; Fig. 2B) then was used for further processing steps.

Using the “relion_particle_symmetry_expand” command (37), we com-
puted the rotational matrix for each of the 14 subunits in each original
GroEL particle image, based on the D7 symmetry and the already well-
refined orientation parameters for the particles used to compute the 3.5-Å
map (Fig. 1C). These operations resulted in 14-fold more particle images
(hereby called symmetry-expanded images), with each of the 14 subunits
aligned to the same orientation. Different projection images from the
modified map with only 13 subunits were generated according to the par-
ticle orientations images and were subtracted from the respective symmetry-
expanded images. This resulted in 14 × 37,367 subparticle images containing
only a signal of a single subunit (called a subparticle hereinafter). These
subparticles were subjected to 3D focused classification while keeping all of
the orientations fixed at the values determined in the refinement of the
original 3.5-Å map. In the classification, 10 classes of 3D maps were computed,
each of which showed unique conformations of a single GroEL subunit (Fig.
2D). On examination of these maps, three of them showed well-resolved
density, such as α-helices and β-strands. The other maps showed less well-
resolved features, and we discarded the particles in those classes because
they could not be used to build reliable atomic models. For the final map
reconstruction, we grouped the symmetry-expanded images in each of the
three major classes and performed another round of 3D autorefinement
runs without refining orientations (Fig. 3A) (36). The resolution of these
three maps was 3.7 Å based on a gold standard FSC at 0.143 from two
independent datasets.

As a control, we took advantage of a simulated dataset from a GroEL
model (PDB ID code 1SS8) that was generated with crystallographic symmetry
displaying a single conformation in all of the subunits (10, 15, 25). That
dataset consisted of the same number of particles with identical Euler angles
and similar signal-to-noise ratio levels compared with our experimental data
but was expected to have no heterogeneity at the apical domain, being

projected from a single rigid model. We processed the control data the same
way that we processed our experimental GroEL data and achieved a 3.8-Å
map with imposed D7 symmetry. The control map had no noticeable vari-
ation in local resolution between the apical and equatorial domains, and its
resolution was more isotropic than that of the experimental GroEL map. We
next performed localized classification, splitting the subunits into 10 classes,
and found a single dominant population of subunits (Fig. S4). We refined
the models based on the D7-imposed map and subtracted single subunits
from the same initial model used for the experimental GroEL data. All of the
models were very close to 1SS8 and the D7-imposed cryo-EM experimental
map. These results further indicate that our results truly reflect the naturally
existing conformational variation among single GroEL subunits. In addition,
as a positive control, we placed our three cryo-EM subunit conformations at
random in the 14-subunit location in the oligomer at a ratio of 4:5:5 and
derived a synthetic model of a GroEL complex. Using this model, we gen-
erated two simulated particle datasets with/without noise (10), then pro-
cessed each simulated dataset as previously described (Fig. S4C). We found
three major populations in both datasets, corresponding to the three cryo-
EM subunit conformations used as input.

Model Building. To derive our molecular model, we used Chimera’s Fit in Map
tool to perform rigid-body fitting of a previously published model (1SS8) (15)
into the cryo-EM density map (38). We then used a 20-Å color zone in Chi-
mera to segment the density around a single subunit. To optimize the
model, we used Phenix.real_space_refine with default parameters (20),
which quickly adjusted the fit-to-density for the subunit. We then rigid-body
fit the resulting model into each of the other 13 subunits of the density map.
To improve the protein–protein interface, we optimized the complex using
Phenix.real_space_refine with the default parameters and the complete
3.5-Å density map as a constraint. We then used Coot (39) to manually adjust
loop regions that did not converge into the density. We also adjusted
Ramachandran outliers and amino acids with distortions in their bond
lengths and angles. A final round of model optimization was performed
with Phenix.real_space_refine using new parameters: global minimization,
morphing, and atomic displacement. Molprobity (40) statistics were assessed,
and the resulting model was complete.

To assess fit-to-density, we derived cross-correlations at the amino acid
level and by means of a map/model FSC (Fig. S2). To perform this assess-
ment, we generated a weighted map, derived solely from an atomic model
that accounted for both ADP of all atoms and weak/negative density of all
charged oxygen atoms, and compared it with the experimental map (41).
The weighted map provides a better approximation of the experimental
map by simulating map variability as opposed to treating all atoms equally.
The correlations for both the FSC and the per-residue assessment showed
improvements when properly weighted, further demonstrating that our
model provides a good approximation of the experimental data. Finally, we
computed an EM-ringer score (42).

Computational Analysis to Capture Correlation Among the Subunits. We used
mutual information (MI), which measures the conformational correlation
between a pair of subunits (43). The MI is defined by the entropy measure,
which represents the uncertainty of information contents for random vari-
ables. The entropy of a single subunit, X, was defined as

HðXÞ=−
X

i

pi log2pi ,

where pi is the marginal probability of class i for subunit X and i∈ f1,2,3g.
The joint entropy of two subunits X and Y was defined as

HðX,YÞ=−
X

i

X

j

pij log2pij ,

where pij is the joint probability of class i and class j for subunits X and Y.
From those definitions, the MI of two subunits X and Y was defined as

MIðX,YÞ=HðXÞ+HðYÞ−HðX,YÞ.

If there is no correlation between X and Y, then MIðX,YÞ = 0. A higher MI
value implies a stronger correlation between the pair of variables.

Instead of using the MI measure, we used the normalized mutual in-
formation (NMI), which is a modified MI measure (27). The NMI converts the
maximal value of MI into 1. The NMI was defined by the following equation:

Roh et al. PNAS | August 1, 2017 | vol. 114 | no. 31 | 8263

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704725114/-/DCSupplemental/pnas.201704725SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704725114/-/DCSupplemental/pnas.201704725SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704725114/-/DCSupplemental/pnas.201704725SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704725114/-/DCSupplemental/pnas.201704725SI.pdf?targetid=nameddest=SF2


NMIðX,YÞ= MIðX,YÞ
minðHðXÞ,HðYÞÞ.

To compare the NMI distribution of the data with a random distribution, we
generated 100 replicate shuffled datasets based on the original data. In the
replicated data, each particle in the original data was rotated at random.
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