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Abstract

The molecular architecture of native GroEL has been studied by solution X-ray scattering. The radius of gyration for the
native molecule was estimated to be 66.0 A in 50 mM Tris—HCI, 100 mM KCI at pH 7.5 and 25°C. The maximum
dimension was estimated to be 170 A based on the pair distance distribution function. A cylindrical structure or two
heptameric rings was found to be the best for native GroEL among structures examined by using a multi-sphere model
analySIS in which the radius of constltuent sphere was 6 A. The results of the model analysis show that the radius of GroEL
is 68.0 A and the height is 150.7 A. Unexpectedly, the central penetrating hole through GroEL was not confirmed in the

best-fit structure.
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1. Introduction

Folding and assembly of proteins may not always
proceed spontaneously in a biological cell but are
facilitated by various protein factors including those
known as molecular chaperones. The chaperonin
GroEL from E. coli is one of the best characterized
chaperone proteins and consists of 14 equal subunits
whose molecular mass is 57.3 kDa as calculated
from the amino acid sequence [1]. Refolding reac-
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tions of rhodanese, dihydrofolate reductase [2,3] and
some other proteins are known to be promoted by
GroEL with ATP hydrolysis in the presence of Mg?*,
K" and GroES by preventing formation of nonspe-
cific insoluble aggregates. Electron microscopic stud-
ies have shown that the molecular structure of GroEL
is of 7-fold symmetry and consists of 14 subunits
which are arranged in two stacked heptameric rings
[4—7]. The central space of the ring structure, form-
ing a hole or channel, has been shown to have a
diameter of approximately 60 A [7].

Since the molecular structure of GroEL has been
studied in desiccated forms, it is important to eluci-
date its structure in solution. The technique of solu-
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tion X-ray scattering has proven to be a useful tool
for gaining information on the gross conformation
for macromolecules in solution [8]. There is, how-
ever, only a preliminary structural report by X-ray
crystallography of E. coli GroEL by Spangfort et al.
[9]. The present study deals with the GroEL structure
in solution as analyzed by solution X-ray scattering.

2. Materials and methods
2.1. Purification of GroEL from E. coli

A plasmid pKY206 containing a wild type GroE
operon from E. coli was kindly supplied by Profes-
sor K. Ito, Institute for Virus Research, Kyoto Uni-
versity [10].

The GroEL was purified by overexpressing E.
coli TG1 bearing the plasmid according to the pub-
lished procedure [11,12] with slight modifications.
Briefly, crude GroEL was prepared from soluble
lysate by precipitation between 30 and 50% ammo-
nium sulfate saturation. The precipitates were resus-

pended in an equal volume of 50 mM Tris—HCl
containing 1 mM dithiothreitol and 1 mM EDTA at
pH 7.5 and 4°C and then fractionated by Sephacryl
S-300HR gel chromatography. The GroEL peak was
identified by ATP hydrolysis activity [2,13] and by
molecular mass (ca. 60 kDa) determined on SDS-
PAGE. The GroEL containing fractions were pooled
and then loaded onto a DEAE Sepharose FF ion-ex-
change column equilibrated with the same Tris buffer.
After washing with a three column volume of the
same buffer, GroEL was eluted from the column
with a linear salt gradient of 0 to 0.5 M KCI. Pooled

fractions of native GroEL were dialyzed against 50

mM Tris—HCI containing 100 mM KCl at pH 7.5

and 4°C. Homogeneity of GroEL preparations was

judged by the SDS-PAGE analysis [14].

Protein concentration of GroEL was determined
spectrophotometrically using the absorbance value of

Asgp am (0.1%, 1 cm) = 0.25 [3].

2.2. Solution X-ray scattering study
X-ray scattering analyses were performed at the

beam line 15A of the Photon Factory, National
Laboratory for High Energy Physics as described
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Fig. 1. (a) 1: The composite X-ray scattering curve of 1.2%
GroEL observed by long and short camera. 2: The X-ray scatter-
ing curve at zero GroEL concentration were obtained by extrapo-
lating of the observed scattering curves at 1.2, 0.9, 0.45 and
0.225% GroEL. 3: The simulated curve calculated from the
cylinder model (1766 unit spheres). A =1.504 ;\; exposure time,
300 s; camera length 2318 mm for the long camera and 750 mm
for the short camera; intensity is normalized to a ring current of
100 mA. The vertical axis is arbitrary unit. (b) The P(r) function
of GroEL calculated from the experimental data (open circle) and
the simulated curve of the cylinder model (closed circle).
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previously [15,16]. Samples in a quartz cell with 1
mm path length were irradiated with monochromatic
X-ray (1.504 A) and the temperature of the cell
holder was kept at 25.0°C by circulating water. The
X-ray scattering curve of GroEL was measured at
two different camera lengths, a long-camera length,
{ = 2318 mm, for molecular mass measurement and
a short-camera length, /=750 mm, for molecular
internal information. The exposure time was 300 s
for each sample. When the scattering curves of
GroEL were measured for 30, 60, 300 and 600 s,
essentially the same results were obtained. Scattered
X-ray patterns were measured at 1.2, 0.9, 0.45 and
0.225% of GroEL concentration, respectively. Scat-
tered X-ray intensities were recorded on a position-
sensitive proportional counter (512 channels) with a
channel width of 0.368 mm. X-ray scattering data
were expressed in terms of A =4 sin /A (A,
wavelength; 26, scattering angle). To inspect the
molecular architecture of GroEL in solution, multi-
sphere model analyses [17,18] were carried out using
the program developed by Sato and co-workers [19].

3. Results and discussion
3.1. Solution X-ray scattering

Solution X-ray scattering of native GroEL was
measured in 50 mM Tris—HCI buffer containing 100
mM KCl at pH 7.5 and 25°C. The line 1 in Fig. la
shows a composite scattering curve obtained from
long- and short-camera length data. The original
scattering curves measured at the different camera
lengths overlapped with each other from the first
shoulder to the third peak. The scattering curve
displays two major minima at s = 0.06 and 0.105
A" and one faint minimum at 4 = 0.15 A~!. None
of the troughs were very sharp Maximum peaks are
found at & = 0 0.07 and 0.13 A", The last peak at
h=0.13 A~! is not so distinct but present. The line
2 in Fig. 1a shows a X-ray scattering curve of
extrapolated to zero concentratmn in a long camera
range (from 4 = 0 to 0.13 A~1). The positions of the
troughs and peaks of this curve are coincident with
those in the scattering pattern at 1.2% GroEL. The
pair distance distribution function, P(r), was evalu-
ated and is shown as open circle in Fig. 1b. The

pattern of the P(r) function shows a near symmetri-
cal peak. The peak position of P(r) function was 90
A. The maximum dimension, which corresponds to
the longest length of the intraparticle, was estimated
to be 170 A. The radius of gyration, R,, of GroEL
can be estimated by the Guinier plots of the normal-
ized scattering curve. Considering the effect of the
protein concentration on the scattering pattern, how-
ever, the R, value at zero protein concentration
should be evaluated. For this purpose, two different
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Fig. 2. (a) The Guinier plot at various GroEL concentrations 1.2%
(m), 0.9% (@), 0.45% (a), 0.225% (#), and the Guinier plot
extrapolated to zero protein concentration ( 0). The vertical axis is
arbitrary unit. (b) Concentration dependence of the apparent R,
values obtained from the Guinier plots at different protein concen-
tration.
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methods were used to extrapolate the observed R,
values. First, the apparent R, values were calculated
from a series of the Guinier plots at different concen-
tration of GroEL (Fig. 2a). The apparent R, values
thus obtained were linearly extrapolated to zero con-
centration of GroEL, which gave the R, of 66.0 £ 0.3
A (Fig. 2b). Second, the X-ray scatterlng curves
observed at different protein concentrations were
directly extrapolated to zero concentration of GroEL.
The R, was then obtained from the Guinier plot of
the extrapolated scattering curve and estimated to be
66.0 A. Thus, both the methods gave the same R,.

3.2. Model analyses

We used the multi-sphere model analys1s [17,18]
with a radius of a constituent sphere of 6 A to obtain
the structure best fit to the scattering curve of native
GroEL. The size (height or diameter) of model struc-
ture shown below corresponds to the center to center
distance of the two constituent spheres that are lo-
cated at both ends of the model structure. In the
initial stage of the model simulation, we tried to fit
the R, value of models with that of the GroEL
molecule (66.0 £+ 0.3 A). At the first step, three types
of models were investigated. The simplest model
among them was of sphere type. The radius of the
best fit among the models, which was composed of
2038 unit spheres, was 85 A and the R, value of this

sphere was calculated to be 66.5 A. The scattering
curve of the sphere model showed that all the min-
ima of the curve shifted to the lower A values and
were deeper than the experimentally observed min-
ima (data not shown). The second model was an
ellipsoid of revolution. When the ratios of long and
short axes were set as 1.2(94.4 /80), 1.6(109.3 /70)
and 2(121.6 /60), the R, values were estimated to be
66.0, 66.2 and 66.2 A respectively. These values
were in close agreement with the experimental data.
When the Rg value was kept constant, these sets
showed that the length of the long axis was inversely
proportional to that of the short axis. However, none
of the scattering curves of these models were coinci-
dent with the experimental curve (data not shown).
The last model was of cylinder type. The candidates
of dimension were as follows. The dimension of
GroEL structure was first based on the electron
micrographs reported by Langer et al. [7], i.e. the
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Fig. 3. The relationships among the evaluated R, the radius and
the height of the cylinder model. (W) Rg < 65 5 A, (@) 655
A <Rg <665 A, (a) 665 A<R

radius was 72.5 A and the height was 160 A. The
R,s were calculated for each set with radii varied
between 58 and 78 A and height varied between 120
and 180 A. The relationships among the evaluated
, the radius (r) and the height (k) are shown in
F1g 3 for R, between 65 and 68 A, r from 58 to 78
A and & from 120 to 180 A. The R,s of cylinder
models whose dimensions are of r = 68 Aand h=
148-152 A and of r =58 A and h = 168-174 A are
in a range of the experimental R, value (66.0 + 0.3
A). The GroEL model structure that gave the best fit
among the structures examined to the observed scat-
terlng curve resembles a cyl1nder with a radius of
68.0 A and a height of 150.7 A. This model showed
the R, of 66.2 A. The simulated scattering curve for
the cyllnder model structure is depicted by line 3 in
Fig. la for comparison with that observed experi-
mentally. The simulated curve displays maxima and
minima at positions identical to those of the ob-
served curve, indicating a good fit of the model
structure. The third minimum of this model showed a
deeper trough, but its position coincided with that in
the experimental curve. The fourth maxima and fur-
ther peaks of the model were no more detectable in
the experimental curve. The ratio of the first shoul-
der to the first maximum is nearly the same between
the two curves.
The simulated P(r) function (closed circle) for
the model structure of GroEL is compared with the
corresponding function obtained from the experimen-



Y. Igarashi et al. / Biophysical Chemistry 53 (1995) 259-266 263

tal data in Fig. 1b. Both the curves have one peak
position at 90 A. The maximum dimension of the
simulation was a little longer than that in the experi-
mental data. The edges of the cylinder model may be
more round for GroEL molecule.

Next, we investigated if a hole perforated through
the cyhnder model of GroEL If the cylinder model
(r=680 A, h=150.7 A) has a hole of which
radius is 2/5 or one third of the cylinder radius as
reported by Langer et al. [7], the R, of each model is
calculated to be 68.9 or 68.2 A that is larger than a
cylinder model (66.2 A). The patterns of P(r) func-
tion of them were apparently not identical with
experimental data (data not shown) If the radius of
the cylinder was changed to 64 A and the radius of
the hole was kept one third of radius of this cylinder,
the R, was calculated to be 66.2 A. The second peak
of thxs scattering curve, however, became quite large
and was not coincident with the peak of the experi-
mental curve (Fig. 4a (i)). The peak position and the
maximum dimension shown by the P(r) function
(Fig. 4b (i)) were in agreement with those of the
cylinder model (Fig. 1b). The P(r) function showed
a little diminution in a region below the peak posi-
tion (<90 A). When a minimum hole (r=7 A)
through the cylinder was assumed, the R, was esti-
mated to be 664 A. The second trough of the
scattering curve was shifted to right (Fig. 4a (ii)).
There was no difference between the P(r) function
of the minimum hole model and that of the cylinder
model without the hole (Fig. 4b (ii)). These findings
suggest that there is no central hole penetrating
through the molecule in the cylinder model of GroEL.
By the electron microscopic studies, Braig and co-
workers showed that both tops of GroEL were fur-
nished with caves that did not perforate through
GroEL and suggested that the caves might play a
significant role in folding process of proteins [20,21].
We made a model that had the caves on both ends of
the cylinder. The radius of the cave was one third of
the cylinder radius and the depth of the cave was one
third of the cylinder height as was estimated by
Braig and co-workers. The R, of this model was
found to be 66.9 A. Thus, the depth of the cave was
changed to one sixth of the cylinder height. The R,
was evaluated to be 66.0 A and the scattering pattern
(Fig. 4a (iii)) and P(r) function (Fig. 4b (iii)) were
very similar to those of the cylinder model.
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Fig. 4. (a) The X-ray scattering curves of various GroEL cylinder
models as described in the text calculated by using the multi-sphere
model. i: With a central hole through the molecule; the radius and
height of the cylinder; 64.0 and 150.7 A, respectively and a hole
radius of 21 A (1426 unit spheres). ii: With a central hole through
the molecule, the radius and height of the cylinder; 68.0 and 150.7
A, respectively and a hole radius 7 A (1744 unit spheres). iii:
With a cave on each top side; the radius and height of the cylinder
68.0 and 150.7 A, respectively and a radius and height of cave, 23
and 26.0 A, respectively (1632 unit spheres). iv: The X-ray
scattering curve of 1.2% GroEL. The vertical axis is arbitrary unit.
(b) The P(r) functions corresponding to the various models as
described above.
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Finally, we have simulated the structure that shows
7-fold symmetry, consists of two heptameric rings
that are stacked on each other, and has a cave on
each side [20,21]. Seven grooves around the GroEL
structure has a wedge shape (Fig. 5b). The angle of
the wedge is 38.4°. A side-view of the heptameric
ring shows a semicircle with a radius identical to the
half height of the ring at both sides (Fig. Sc). The R,
of the best fit model among the structures examined

Y. Igarashi et al. / Biophysical Chemistry 53 (1995) 259-266

was evaluated to be 66.0 A. The maximum radius of
the heptamer in the model was 76 A and the height
of the whole molecule was 150.7 A. There is a cave
on the top of the each heptamer instead of a penetrat-
ing hole. The cave of this model (two-heptameric-ring
model) has a radius of 30 A and a depth of 20 A
(Fig. 5). The scattering pattern of this model was
found to be in close agreement with the experimental
data (Fig. 6a). The P(r) function of this model (Fig.
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Fig. 5. The two-heptameric-ring model structure of GroEL illustrated by the multi-sphere model (1248 unit spheres). (a) Bird’s eye view and

(b) top view, (c) side view.
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Fig. 6. (a) The X-ray scattering curves of (i) the two-heptameric-
ring model as described in the text calculated by using multi-sphere
model and (ii) the X-ray scattering curve at 1.2% GroEL. The
vertical axis is arbitrary unit. (b) The P(r) function of the
two-heptameric-ring model.

6b) was nearly identical to the P(r) function of the
cylinder model that has a cave on each top of the
cylinder(Fig. 4b (jii)). Considering the reported elec-
tron microscopic images [7] that have suggested

four-ring stacked shape for GroEL instead of the
double toroidal rings, we also simulated the scatter-
ing pattern of the fourfold toroidal structure and
compared the scattering pattern with that for the
other structures. The dimension of this model was as
follows; the radius of toroidal ring was 74 A, the
height of the model was 150.7 A and the radius and
the depth of cave were 20 A and 30 A, respectively.
The scattering pattern of this model was found to be
similar to the pattern of the double toroidal model
described above. We thus selected the double toroidal
model of Fig. 5 because the number of parameters
was less than the fourfold toroidal model. Recently,
Saibil et al. [22] proposed a double toroidal model
for GroEL of Rhodobacter sphaeriodes by electron
microscopy. The scattering curves calculated from
the cylinder and two-heptameric-ring models show
significant differences at 4 > 0.14 A~'. However, it
is difficult to judge which model fits better, as S /N
ratio is not sufficient to distinguish two models at
h>014 A7,

The structural information about the oligomeric
state of GroEL has so far been limited to the electron
microscopic studies. In order to understand the
molecular mechanism of chaperonin action in solu-
tion, however, it is necessary to use other methods,
for example, X-ray crystallography. The three-di-
mensional structure of GroEL is insufficiently avail-
able now [9]. Thus, we used the solution X-ray
scattering that is a convenient method to elucidate
the structure in solution [8,15,17,19]. The cylinder
model and the two-heptameric-ring model were found
to be most suitable for native GroEL. The model
structures, however, do not have a penetrating hole
through the molecule, which was claimed to be
found in the electron microscopy studies [7,23,24].
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