Macromolecular Research, Vol. 14, No. 2, pp 166-172 (2006)

The Allosteric Transition of the Chaperonin GroEL from
Escherichia coli as Studied by Solution X-Ray Scattering

Kunihiro Kuwajima*, Tomonao Inobe, and Munehito Arai
Department of Physics, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Received September 22, 2005; Revised January 18, 2006

Abstract: This is a short review article of our recent studies on the ATP-induced, allosteric conformational transition
of the chaperonin GroEL complex by solution X-ray scattering. We used synchrotron X-ray scattering with a two-
dimensional, charge-coupled, device-based X-ray detector to study (1) the specificity of the chaperonin GroEL for
its ligand that induced the allosteric transition, and (2) the identification of the allosteric transition of GroEL in its
complicated kinetics induced by ATP, Due to the dramatically increased sensitivity of the X-ray scattering technique
based on the use of the two dimensional X-ray detector and synchrotron radiation, different allosteric conformational
states of GroEL populated under different conditions were clearly distinguished from each other. It was concluded
that solution X-ray scattering is an extremely powerful tool for investigating the equilibrium and kinetics of coop-
erative conformational transitions of oligomeric protein complex, especially when combined with other spectro-

scopic techniques such as fluorescence spectroscopy.
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Introduction

Chaperonins are a class of molecular chaperones that pro-
mote protein folding in a biological cell and are widely found
in biological organisms, including bacteria, chloroplasts,
mitochondria, archaea, and eukaryotic cytosol."? The chap-
eronin GroEL from Escherichia coli is best characterized
among the chaperonins. It is a tetradecameric protein complex
of 14 identical 57 kDa subunits arranged in two heptameric
rings stacked back-to-back with a central cavity (Figure 1).”
A single subunit of GroEL is composed of three domains:
(1) an apical domain that forms an opening of the ring and
exposes a number of hydrophobic amino-acid residues
toward the center of the GroEL ring, (2) an equatorial domain
that contains the nucleotide-binding site and makes the foun-
dation of the GroEL ring structure, and (3) an intermediate
domain that joins the apical and equatorial domains.

SAXS is very effective as a technique to investigate overall
shape and dimension of a protein and a protein complex in
solution.” We used synchrotron SAXS to study GroEL, and
employed a two-dimensional (2D) charge-coupled device
(CCD)-based X-ray detector with a beryllium-windowed X-
ray image intensifier."® The experiments were carried out at
the beam line 15A of the photon factory at the High Energy
Research Organization, Tsukuba, Japan. Figure 2 compares
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raw scattering data of the chaperonin GroEL solution meas-
ured by the 2D CCD-based X-ray detector and by a one-
dimensional position sensitive proportional counter (1D
PSPC).’ We can see dramatic improvement of the signal-to-
noise ratio of the data obtained by the 2D CCD-based detector,
and this allowed us to carry out kinetic measurements with a
time resolution of 10 ms by combination with a stopped-flow
apparatus.

(b

Intermediate
Domain

Equatorial Domain

Figure 1. The structure of the E. coli chaperonin GroEL (PDB
code: 10EL). (a) A space-filling model of the GroEL particle
(the top view (upper) and the side view (lower)). (b) A ribbon
model of a subunit of GroEL.
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Figure 2. (a) Raw scattering data of the chaperonin GroEL solu-
tion measured by the 2D CCD-based X-ray detector and (b) by
the 1D PSPC. (c) The X-ray scattering curves of chaperonin
GroEL under the native conditions measured by the CCD-based
X-ray detector (thick lines) and by the PSPC (open circles). Pro-
tein concentration was 10 mg/mL. The channel width of the CCD
data was 0.1535 mm, while that of the PSPC data was 0.368 mm.
Total exposure time to X-ray beam was 170 and 800 s for the
measurement by the CCD-based X-ray detector and the PSPC,
respectively. The figure was from ref. (5) with permission.

GroEL is known to undergo cooperative allosteric transi-
tion induced by ATP, and the allosteric transition must be
important for functional activities of the chaperonin as a
molecular chaperone.”® We have recently studied the allos-
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teric transition of GroEL induced by ATP and also by a
series of metal fluoride-ADP complexes using small angle
X-ray scattering (SAXS) and fluorescence spectroscopy in
combination with a stopped-flow technique, and this paper
is a summary review of these studies.

The Allosteric Transition of GroEL

There are two levels of the allosteric transition of GroEL
induced by ATP, one within each ring and the second
between the rings. In the first level, the allosteric transition
occurs from the T to the R state in accordance with the
Monod-Wyman-Changeux (MWC) model, with positive
cooperativity with respect to ATP, where T and R denote
tense and relaxed states, respectively, for a single-ring part
of the GroEL complex.” In the second level of allostery,
GroEL undergoes sequential Koshland-Némethy-Filmer
(KNF)-type transitions from the TT via the TR to the RR
state with negative cooperativity between the rings. The
ATP-dependent control of the affinity of GroEL for its target
protein and resulting facilitation of protein folding are
underpinned by the allosteric transition.

Because GroEL has a weak ATPase activity, its allosteric
transition can be observed by monitoring the ATPase activity
as a function of ATP concentration. Figure 3 shows the
allosteric transition as measured by the initial rate (¥)) of
ATP hydrolysis by GroEL.” The first level of the transition
between TT and TR is observed below 100 ¢#M and charac-
terized by a sigmoidal dependence of ¥; on ATP concentration,
and the second level of the transition occurs above 100 uM,
where V; decreases with ATP concentration.

Currently, important issues on the ATP-induced allosteric
transition of GroEL may include : (1) Why GroEL has strik-
ingly high specificity for ATP as an effective allosteric
ligand,'® and (2) identification of the allosteric conforma-
tional transition in complex kinetics of GroEL observed by
fluorescence and other spectroscopic techniques.'' The allos-
teric transition of GroEL has so far only been investigated
by the ATPase assay or fluorescence spectroscopy of tryp-
tophan mutants or a pyrene-labeled form of GroEL,'>!* and
hence direct structural data by SAXS should give us further
insight into these issues.

Synchrotron SAXS Can Distinguish between Dif-
ferent Allosteric States of GroEL

SAXS can clearly distinguish the three allosteric states,
TT, TR, and RR. Figure 4 shows the SAXS profiles of
GroEL in the three states. The scattering pattern in the TT
state in the absence of ATP exhibits characteristic double
maxima at O values of 0.12 and 0.17 A”', where Q is given
by O=(47sin8)/A, and 20 and A are scattering angle and
wavelength (1.5 A), respectively. In the scattering pattern in
the TR state at 85 M ATP, the double maxima collapse into
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Figure 3. Initial velocities of ATP hydrolysis by GroEL (a) at
lower ATP concentrations up to 100 xM, and (b) at higher ATP
concentrations above 100 #M. The reactions were carried out in
50 mM Tris-HCI (pH 7.5), 10 mM KCI, and 10 mM MgCl, at
23°C. The monomeric concentration of protein was 420 nM. The
Figure was from ref. (9) with permission.
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Figure 4. SAXS patterns of GroEL at 0 M (black solid line), 85 1M
(solid line with open circles), and 3 mM ATP (gray solid line) at
25°C. The scattering intensity /(Q) is shown as a function of Q.
The scattering curves were measured at concentrations between
3-7 mg/mL. The scattering data below 0.025 A”' were extrapo-
lated to zero concentration. At high angle region (0>0.025 A™"),
the data only for one concentration are shown (7 mg/mL and 3 mg/
mL GroEL for TT/RR state and TR state, respectively). The Fig-
ure was from ref. (11) with permission.

168

a single maximum at 0.13 A™, and the intensity between
0.06 and 0.08 A" decreases significantly, both of which
may reflect the TT to TR allosteric conformational transition
of GroEL. A preliminary analysis of the scattering patterns
by a program of CRYSOL' has suggested that the changes
in the scattering pattern during the TT to TR transition are
consistent with cooperative twisting up of the apical domains
in the cis ring as suggested by electronmicroscopy studies'’;
the cis ring is the ring to which seven ATP molecules are
bound. At 3 mM ATP, where GroEL is in the RR state, the
scattering pattern shows further changes, and the intensity
between 0.11 and 0.16 A" increases.

Specificity of GroEL for Its Ligand that Induces the
Allosteric Transition

Figure 5 shows fluorescence titration curves of pyrene-
labeled form of GroEL titrated with ADP, ATP analogs
(AMP-PNP, and ATP}S), and ATP, in which the observed
fluorescence change at 375 nm, AF,,,, is plotted as a func-
tion of the ligand concentration, [S].” Only ATP induces the
cooperative allosteric transition as shown by a sigmoidal
titration curve (Figure 5(c)), which is phenomenologically
well fitted to the following equation with a Hill coefficient,
ny, of 2.5:

AF,, = ap-RenlSL ()

1+K,, [ST"

app

where K, is the apparent binding constant of ATP to
GroEL. On the other hand, the titration curves with ADP,
AMP-PNP and ATPyS are consistent with non-cooperative
bindings to two independent binding sites, and well fitted to
the equation:

K[S]

K,olS]
+ AF,
TN R

Aon =41 T+ KlS]

2)

where AF, and AF), are total fluorescence changes, and sim-
ilarly Kj, and K}, are binding constants for the first and second
sites, respectively. The difference between ATP and the
ATP analogs is rather surprising, because for example, there
is an only very subtle difference in the y-phosphate group
between ATP and ATPyS.

To further investigate the specificity of GroEL for its
ligand, we studied the effect of a series of metal-fluoride
ADP complexes and vanadate-ADP on GroEL by small-
angle X-ray scattering.'® The metal fluorides and vanadate,
complexed with ADP, are known to mimic the y~phosphate
group of ATP (Figure 6), but they differ in geometry and
size; it is expected that these compounds will be useful for
investigating the strikingly high specificity of GroEL for
ATP that enables the induction of the allosteric transition.

Figure 7 shows X-ray scattering patterns of GroEL in the
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Figure 5. (a) and (b) The fluorescence change of pyrenyl-GroEL
at different nucleotide concentrations, and (c) the fluorescence-
detected ATP titration of pyrenyl-GroEL. (a) and (b) Pyrenyl-
GroEL and nucleotide were mixed at 25°C, yielding the final
concentration of 700 nM monomeric subunit and a given concen-
tration of nucleotide, and the fluorescence change at 375 nm was
recorded. Symbols indicate as follows: ADP (@); ATP S ([);
and AMP-PNP (A). The solid line shows the optimal fit of the
data to two saturation curves, indicating noncooperative binding,
The data for the nucleotide titration to pyrenyl-GroEL at nucle-
otide concentration below 200 #M are shown in panel (b). (¢)
One volume of ATP solution was added to 4 volumes of 62.5 nM
pyrenyl-GroEL for a final concentration of 50 nM, and the fluo-
rescence change at 375 nm was recorded. The figure was from
ref. (9) with permission.
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Figure 6. Chemical structures of ATP and metal-fluoride ADP
complex.
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Figure 7. The X-ray scattering patterns of GroEL in the various
nucleotide/y-phosphate analog conditions. The scattering inten-
sity I{Q) is shown as a function of Q. From the top: in the pres-
ence of ATP, AlF, plus ADP, BeF, plus ADP, GaF, plus ADP,
ScF, plus ADP, ADP alone, and AlF, alone, and in the absence of
both the nucleotide and the y-phosphate analog. The scattering
data at 7 mg/mL GroEL are shown. Each line has been shifted
such that it can be clearly seen. The scattering patterns shown by
solid lines indicate the occurrence of the allosteric transition,
while those shown by broken lines indicate the absence of the
transition. The figure was from ref. (10) with permission.
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Table 1. The Presence or Absence of the Allosteric Transition of
GroEL by Various ADP-yPhosphate Analogs, and Coordina-
tion Number, Geometry, and Size of the Phosphate Analogs”

Coordination No.

Phosphate Allosteric Inter-atomic lon

Analog  Transition an%fg}l\e/ﬁ: rgjtry Distance Radius
AlF, Yes 4 1.63 0.53
BeF, Yes 4 (Tdy 1.53 0.41
GaF, Yes 4 (Td) - O..61

P; No 4 1.6 0.31
ScF; No 6 (Oh) 2.06-2.18 0.88
\A No 5 (tbp) 224 0.5

“The table was from ref. (10) with permission.
Td = tetrahedral, Oh = octahedral, and tbp = trigonal bipyramidal.

various nucleotide/y-phosphate analog conditions.'® The
results indicate that the allosteric state induced by these metal
fluoride-ADP complexes is structurally equivalent to the
allosteric state induced by ATP, and that both the size and
coordination geometry of y-phosphate (and its analogs) are
related to the allosteric transition of GroEL. Table I summa-
rizes coordination number, geometry, and size of various
phosphate analogs used in this study.'® It is thus concluded
that the tetrahedral geometry of y-phosphate (or its analogs)
and the inter-atomic distance (~1.6 A) between phosphorous
(vanadium, or metal atom) and oxygen (or fluorine) are both
important for inducing the allosteric transition of GroEL,
leading to the high selectivity of GroEL for ATP. about
ligand adenine nucleotides, which function as the preferred
allosteric ligand. Confinement of the y-phosphate of ATP to
a small space available in the nucleotide binding site may
result in tight binding of ATP to GroEL, increasing the
binding affinity of the ligand, but may remarkably enhance
the specificity for the ligand as well."’

Kinetics of the Allosteric Transition of GroEL Moni-
tored by Stopped-Flow SAXS and Fluorescence

The kinetics of the allosteric transition of GroEL induced
by ATP were previously studied by a stopped-flow fluores-
cence technique by monitoring tryptophan fluorescence of
tryptophan mutants of GroEL."*"” The kinetics were compli-
cated with at least four exponential phases, and hence there
was the question which of the four phases corresponded to
the allosteric transition of GroEL.

We thus used the stopped-flow X-ray scattering to investi-
gate the kinetics of the transition of GroEL induced by 85 pM
ATP at 4.8°C." The resultant kinetic progress curve shown
in Figure 8(a) is a time course of the integral intensity of the
X-ray scattering in a region of Q between 0.06 and 0.08 A™'.
The intensity is first decreased with a rate constant of 3.4 s,
followed by a small linear increase in the intensity, The first
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Figure 8. (a) A kinetic curve of the ATP-induced structural
change of GroEL at 4.8°C monitored by the integral intensity /;,
of X-ray scattering. The integral region of Q employed was from
0.06 to 0.08 A'. The structural change was initiated by a mixing
with ATP (final concentrations of 3.8 uM (3 mg/mL) and 85 uM
for GroEL and ATP, respectively). The solid line shows a theoreti-
cal kinetic progress curve assuming a single exponential with the
equation: /,,(£)=Ae*+ Bt+C, where 4 and k are the amplitude
and the rate constant of the exponential phase, B and C are con-
stants. The second term Bt is introduced for the purpose of cor-
recting linear increase in the scattering intensity caused by beam
damage (see text). (b) The SAXS patterns were averaged between
10 and 310 ms (solid line) and between 1.5 and 3 sec (broken
line). The figure was from ref. (11) with permission.

decrease in the intensity reflects the allosteric (TT to TR)
transition of GroEL, and the small linear increase in the
intensity may be caused by beam damage of the protein by
X-ray. Figure 8(b) shows transient scattering patterns of
GroEL averaged between 10 and 310 ms and between 1.5
and 3 s after induction of the allosteric transition by ATP."
The two scattering patterns are coincident with the static
scattering patterns in the TT and TR states (Figure 3),
respectively, indicating that the above first decrease in the
kinetics measured by the integral intensity results from the
TT to TR transition, and this kinetics has been found to be

Macromol. Res., Vol. 14, No. 2, 2006
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identical with the second phase of the kinetics measured by
fluorescence.

Because the second phase of the multiphasic kinetics
measured by tryptophan fluorescence was identified as the
allosteric transition, we next studied the second phase more
in detail by the use of a tryptophan mutant (Y485W) of
GroEL." Figure 9 shows the rate constant and the amplitude
change of the second phase measured by stopped-flow fluo-
rescence as a function of ATP concentration. Both the ob-
served rate constant (k,,,) and amplitude change (&,s,) show
sigmoidal dependence on ATP concentration, reflecting the
cooperativity of the allosteric transition. The dependence of
k.55 and a,,, on ATP concentration is well represented by a
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Figure 9. Kinetic parameters of the fluorescence change of
Y485W when it is mixed with ATP at 25.4°C. (a) The observed
rate constant and (b) the amplitude at the second phase of the
ATP-induced fluorescence change as a function of ATP concen-
tration. The data of the rate constant and the amplitude at the sec-
ond phase were simultaneously fitted to equations (3) and (4),
respectively (solid lines). The buffer used in this measurement
was 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, and 10 mM KCI.
The figure was from ref. (11) with permission.
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combination of the conventional MWC allosteric model and
the transition state theory, in which the T state (TT state) that
is stable in the absence of ATP is cooperatively transformed
into the R state (TR state) through a single transition state (I
state) that is the state of maximum free energy between the
T and R states.""'® The cooperative transconformation is
linked with ATP binding, because there are multiple (seven)
binding sites in one ring of GroEL with the binding constant
in the R state (K,") being larger than that in the T state (K,7).
The dependence of &, and a,,, on ATP concentration ([S])
is thus given by the equations:

(+KISD |, o (1+KHIS))
A+KSD (1+K5[SD)’

2nd _ 40
kobs - kTR

3)

e L(1+K}[S)

= —— — “

(1+K}[S) +L(1+K}(S])
where K} is the binding constant in the ] state, k(;R and k(/)gr
are the microscopic rate constants of the T to R and the R to
T transitions in the absence of ATP, respectively, and L
equal to Kox/kyr . The parameters obtained by simultaneous
nonlinear least squares fitting of the data of Figure 9 to egs.
(3) and (4) are K,7=22(x4)x 10> M, K,;R=140(x10)x 10
M, K, =130(290)x 10> M, k3 =0.15(x0.55) s, and Aoz
=3(x11)x10* 5!, Because K,* is similar to K,¥, the transi-
tion state of the allosteric conformational change of GroEL
is more similar to the R state than to the T state.

Figure 10 shows a schematic representation of the GroEL
allosteric transition induced by ATP. This simple two-state
model can well interpret the rate constant and the amplitude
change of the allosteric transition kinetics measured by
stopped-flow fluorescence.

Tt K =10x 104 M-

g,

TT K ,T=2x104 M TR KR=14x 104 M~

Figure 10. A schematic representation of the GroEL allosteric
transition induced by ATP. The relaxation times, 77z and 7y, are the
reciprocals of the microscopic rate constants, krz and &gy, respec-
tively, and change with ATP concentration. Following equation
(3), krz and kgr are given by kp=kfk (1+K}[S])/(1+K,7[S])” and
kar=kd (14K [SD/(1+K,F[S]), respectively.
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Conclusions

Both of the above studies thus clearly indicate that the
solution X-ray scattering is extremely powerful for investi-
gating the equilibrium and kinetics of cooperative confor-
mational transitions of oligomeric protein complexes,
especially when combined with other spectroscopic tech-
niques such as fluorescence spectro-scopy. Major conclu-
sions obtained in the above studies are:

(1) By the use of synchrotron X-ray scattering, we observed
high selectivity for the allosteric ligand complex in a series of
the metal fluoride ADP and vanadate-ADP complexes. This
selectivity is probably due to confinement of the y-phosphate
of ATP to a small space available in the nucleotide-binding
site of GroEL leading to the high selectivity of GroEL for
ATP as the ligand.

(2) The stopped-flow X-ray scattering study has shown
that the transition from the close (TT) to the open (TR) state
of GroEL occurs after binding by ATP with an apparent rate
constant of 3.4 s at 4.8°C and 85 4M ATP. This process cor-
responds to the second phase of the multi-phase kinetics of
GroEL (Y458W) observed by stopped-fluorescence.

Another unresolved question of the chaperonin complex
at present is concerning "What kind of structure does the
GroEL/ES complex form in a biological cell?" There are two
possibilities on this issue: (1) A one (GroEL) to one (GroES)
bullet-type complex, and (2) a one (GroEL) to two (GroES)
football-type complex. Although many studies have sug-
gested the bullet-type complex is the major species, electron-
microscopic studies have demonstrated the existence and
importance of the football-type complex,'” and this question
has been controversial.”® The solution X-ray scattering should
be very effective to distinguish between these two types of
the complexes, and in fact, our preliminary studies by X-ray
scattering have shown that only the bullet type complex is
detected under naturally occurring native conditions.
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