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Abstract. In order to improve the low signal-to-noise ratio of the time-resolved small-angle X-ray scattering, we have used
a two-dimensional X-ray detector with a beryllium-windowed X-ray image intensifier and a charge-coupled device as an im-
age sensor, and applied this to studies on (1) the kinetic folding reaction ofα-lactalbumin, which accumulates the molten
globule-like intermediate at an early stage of refolding and (2) the cooperative conformational transition ofEscherichia coli
chaperonin GroEL induced by ATP, which occurs in an allosteric manner between the close and open conformational states.
In theα-lactalbumin reaction, we have firmly established the equivalence between the kinetic intermediate and the equilibrium
molten globule state, and obtained further information about dehydration from the highly hydrated folding intermediate during
a late stage of refolding. In the chaperonin study, we have successfully observed the kinetics of the allosteric transition of
GroEL that occurs with a rate constant of about 3–4 s−1 at 5◦C. The combination of the time-resolved X-ray scattering with
other spectroscopic techniques such as circular dichroism and intrinsic fluorescence is thus very effective in understanding the
conformational transitions of proteins and protein complexes.

1. Introduction

Small-angle X-ray scattering (SAXS) is a powerful technique for studying directly changes in the size
and shape of a protein molecule and a protein complex in solution [1,2], and should be complimentary in
the acquired structural information to other spectroscopic techniques such as circular dichroism, fluores-
cence, and vibrational spectroscopy. In combination with a stopped-flow technique, we have previously
used the time-resolved SAXS to investigate kinetic folding of globular proteins [3,4]. However, the low
signal-to-noise (S/N) ratio of the time-resolved SAXS measurement has hampered us from obtaining the
desired information about the molecular size and shape within a millisecond time region of the reactions.

In the present study, we have overcome the above problem by using a two-dimensional (2D) detector
with a beryllium-windowed X-ray image intensifier and a charge-coupled device (CCD) as an image
sensor. The sensitivity of the 2D detector is higher than a one-dimensional position-sensitive proportional
counter, and the use of the 2D detector has improved the S/N ratio dramatically by circular averaging the
SAXS patterns that have circular symmetry [5–7].

We have studied (1) the kinetic refolding reaction ofα-lactalbumin, which accumulates the molten
globule-like intermediate at an early stage of folding, and (2) the cooperative conformational transition
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of Escherichia coli chaperonin GroEL induced by ATP, which occurs in an allosteric manner between
the close and open conformational states. In theα-lactalbumin reaction, the molten globule intermedi-
ate has previously been characterized by various spectroscopic techniques, including circular dichroism
and hydrogen-exchange labeling NMR spectroscopy, and has been shown to have native-like secondary
structure but lack the specific tertiary packing of amino acid side chains [8,9]. By the stopped-flow SAXS
in the present study, we have firmly established the equivalence between the kinetic intermediate and the
equilibrium molten globule state, and obtained further information about dehydration from the highly
hydrated folding intermediate during a late stage of refolding. In the chaperonin study, we have suc-
cessfully observed the kinetics of the allosteric transition of GroEL that occurs with a rate constant of
about 3–4 s−1 at 5◦C, and this corresponds to the second phase of the ATP-induced kinetics of a trypto-
phan mutant of GroEL previously observed by stopped-flow fluorescence studies [10,11]. Therefore, in
both cases, the results obtained by the time-resolved SAXS give us new insights into the conformational
transitions of proteins, and the technique is very effective when combined with the other spectroscopic
techniques such as circular dichroism, fluorescence, and vibrational spectroscopies.

2. Materials and methods

2.1. Materials

Bovine α-lactalbumin was purified from crudely purified powder purchased from Sigma (St. Louis,
MO) as described previously [12]. An expression plasmid for a tryptophan-inserted mutant (Y485W)
of GroEL, in which tryptophan was substituted for Tyr458, was constructed from the plasmid pEL-WT,
which encoded wild-type GroEL, with a QuikChange site-directed mutagenesis kit (Stratagene). Purifi-
cation of GroEL and the Y485W mutant was carried out as described previously [13–15]. Guanidine
hydrochloride (GdnHCl) was specially prepared reagent grade for biochemical use from Nacalai Tesque,
Inc. (Kyoto, Japan). ATP was purchased from Sigma (St. Louis, MO). Other chemicals were guaranteed
reagent grade. The concentration of the proteins was determined spectrophotometrically using an extinc-
tion coefficient,E1%

1 cm = 20.1, 2.1, and 3.05 forα-lactalbumin, GroEL, and the Y485W mutant, respec-
tively, at 280 nm. The concentration of GdnHCl was determined from the refractive index at 589 nm [16].
Solutions were filtered through membrane filters (pore size 0.45µm) before measurements. All solutions
for α-lactalbumin contained 50 mM sodium cacodylate (pH 7.0), 50 mM NaCl, and 1 mM CaCl2, except
for the equilibrium molten globule state (10 mM HCl (pH 2.0)). Solutions for the chaperonin contained
50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 100 mM KCl, and the indicated amount of ATP.

2.2. SAXS measurements

SAXS measurements were performed at beamline 15A of the Photon Factory at the High Energy
Accelerator Research Organization, Tsukuba, Japan as described previously [7,17]. Briefly, the sample
solution in a sapphire- and a mica-windowed cell for stopped-flow and static measurements, respectively,
had a 1-mm path length, and was irradiated with a monochromatic X-ray beam (1.5 Å). The intensity of
the beam at the sample position was 1× 1010 ∼ 2.4× 1010 photons/s. The CCD-based X-ray detector is
composed of the beryllium-windowed X-ray image intensifier (Hamamatsu, V5445P-MOD), an optical
lens coupling, and an interline transfer-mode CCD (Hamamatsu, C7300) as an image sensor [5]. Data
were collected in a range of scattering vector,Q, from 0.015 to 0.2 Å−1, whereQ is given byQ = 4π
sin θ/λ (λ, wavelength; and 2θ, scattering angle).
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Stopped-flow SAXS measurements were carried out using a stopped-flow apparatus constructed by
Unisoku, Inc., Osaka, Japan, as described previously [4,7]. The dead time of the mixing was 7 (±2) ms.

2.3. SAXS analysis

When the CCD-based X-ray detector is applied to the SAXS experiments, it is necessary to make
corrections to the data, because the CCD-based X-ray detector has its own intrinsic distortion of images,
non-uniformity of response, and contrast reduction of the X-ray image intensifier. The procedures for
these corrections were described elsewhere (Ito et al., manuscript in preparation) [18,19] and carried out
accordingly.

The radius of gyrationRg of the scatterer and the zero-angle intensityI(0) were obtained based on the
Guinier approximation,

ln I(Q) = ln I(0)−
(
R2

gQ
2)/3 (1)

at small-angle regions, where lnI(Q) is linearly dependent onQ2 [1,2].
The time-dependent change in theR2

g, I(0) or integral intensityIint value was fitted to a single-
exponential function,

A(t) = A(∞) + ∆A exp(−k · t) + at, (2)

whereA(t) andA(∞) areR2
g, I(0) or Iint at timet and at infinite time, respectively,∆A is the change in

the amplitude,k is the rate constant of the reaction, and the last termat was introduced for correction, if
required, for beam damage of the protein.

2.4. Stopped-flow fluorescence measurement

The fluorescence kinetics of the Y498W mutant of GroEL were measured in an SX.18MV stopped-
flow spectrometer (Applied Photophysics; Leatherhead, UK) by monitoring the change in fluorescence
above 320 nm when excited at 295 nm (5.1◦C). The optical path length was 0.2 cm, and the dead time
of the apparatus was approximately 4 ms. The time-dependent change in the fluorescence intensityF (t)
was fitted to the following equation by the nonlinear least-squares method

F (t) = F (∞) +
∑

i

∆Fi exp(−ki · t), (3)

whereF (∞) is the fluorescence intensity at infinite time, and∆Fi andki are the amplitude and the rate
constant, respectively, of theith phase.

3. Results and discussion

3.1. Refolding of α-lactalbumin

α-Lactalbumin, a monomeric globular protein with a molecular weight of 14,200, is one of the best-
studied proteins in protein folding. It forms the molten globule state at equilibrium that has a native-
like secondary structure, a hydrophobic core exposed to solvent, and a compact size with a radius of
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Fig. 1. Schematic representation of bovineα-lactalbumin (PDB code: 1HFZ). A black ball shows one calcium ion bound to
the protein molecule. Four disulfide bonds are shown by ball-and-stick. In the molten globule state, theα-domain consisting of
threeα-helices and a 310 helix is more organized than theβ-domain that consists of a three-strandedβ-sheet and a 310 helix,
being less organized. The figure was prepared with the program MOLMOL [26].

gyration, Rg, only 10% larger than that of the native state but lacks most of the specific side-chain
packing interactions (Fig. 1) [8,9]. The results of the kinetic refolding experiments using various spec-
troscopic techniques, including circular dichroism, vibrational, aromatic absorption, fluorescence, and
pulsed hydrogen-exchange labeling NMR spectroscopy, have shown that the protein accumulates a ki-
netic folding intermediate within the dead time of the stopped-flow measurements, and the characteris-
tics of the intermediate are coincident with those of the equilibrium molten globule state [9]. However,
because of the lack of kinetic methods to monitor the size and overall shape of a protein molecule
with a time resolution of milliseconds, the compactness of the kinetic folding intermediate has not yet
been clarified. Thus, here we measured the equilibrium and kinetics of folding-unfolding reactions of
α-lactalbumin by the SAXS technique using the 2D CCD-based X-ray detector.

To determine the conditions for the kinetic experiments, we first measured the equilibrium unfolding
transition ofα-lactalbumin by SAXS (Fig. 2). TheRg of a protein molecule was obtained from Guinier
approximation of a scattering curve at small-angle regions by Eq. (1) (see Materials and methods), and
the transition curve was monitored byR2

g, because the observedR2
g value is known to be represented by

linear combination of theR2
g values of the native, intermediate, and/or unfolded states [1,2]. The results

show that the protein is in the native state at less than 2 M GdnHCl, while it is in the unfolded state above
3.5 M GdnHCl.
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(a) (b)

Fig. 2. (a) The GdnHCl-induced equilibrium unfolding transition ofα-lactalbumin monitored byR2
g. The thick lines are the

theoretical transition curves assuming a two-state transition. In the calculation of the thick continuous line, theR2
g values in

the native and fully unfolded states, (R2
g)N and (R2

g)U, respectively, are assumed to linearly depend on GdnHCl concentration.
The thin dotted and dashed lines are the baselines for the unfolded and the native states, respectively. In the calculation of the
thick broken line, constant values for (R2

g)N and (R2
g)U are assumed. The (R2

g)N and (R2
g)U values thus obtained are 256± 6 Å2

and 448± 8 Å2, respectively. The free energy of unfolding∆GNU, the cooperativity indexm, and the transition midpoint,
cM, are 7.0 (±0.4) kcal mol−1, 2.6 (±0.1) kcal mol−1 M−1, and 2.7 (±0.2) M, respectively [7]. The inset shows the GdnHCl
concentration dependence ofI(0), which is fitted linearly. TheI(0) values were corrected for absorption of X-ray by GdnHCl.
Errors are standard errors in fitting of Guinier plots. (b) The Kratky plots ofα-lactalbumin at 0 M (thick continuous line),
0.75 M (thin broken line), and 4 M GdnHCl (thin continuous line). Filled circles show the Kratky plot of the equilibrium
molten globule state at pH 2. The scattering intensities of each plot are normalized with respectiveI(0) values.

Figure 3 shows a kinetic refolding curve measured by theRg values during the refolding reaction
induced by a concentration jump of GdnHCl from 4 M to 0.77 M. Changes in theR2

g values were fitted
to a single-exponential function by Eq. (2) (see Materials and methods), and the rate constant of the
refolding reaction thus obtained was 0.49 (±0.07) s−1, which is in agreement with the rate measured
by other spectroscopic techniques. TheRg value after the refolding reaction was 15.5 (±0.1) Å, and
the Rg value at zero time of refolding obtained by extrapolation of the fitting curve to zero time was
17.5 (±0.2) Å. Because this protein forms the transient folding intermediate within the dead time of
the stopped-flow measurement, the folding intermediate has theRg of 17.5 (±0.2) Å, which is in good
agreement with the knownRg value of the equilibrium molten globule state (Table 1) [20].

Figure 4 shows SAXS patterns for transient states at different times during the refolding (10–20 ms,
10–110 ms, and 10–960 ms after the initiation of refolding), for the native state after the refolding re-
action has completed (8–11 s), and for the equilibrium molten globule state at pH 2, all represented by
the Kratky plot [1,2]. Because the refolding reaction has a time constant of 2.0 (±0.3) s, the scattering
pattern averaged within 10–20 ms of refolding must correspond to the pattern for the transient folding
intermediate. Figure 4 thus shows that the scattering pattern of the transient folding intermediate is co-
incident with that of the equilibrium molten globule state. Therefore, the present data of theRg values
and the profiles of the Kratky plots clearly show that the transient folding intermediate has the same
molecular size and shape as the equilibrium molten globule state, and when combining these results with
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Fig. 3. Time-dependent changes in theRg during the refolding reaction ofα-lactalbumin. Time-dependent changes in theR2
g

were fitted to a single exponential function, and the fitting curve of theRg thus obtained is shown in the figure (thick continuous
line). The rate constant of the reaction was 0.49 (±0.07) s−1. The dotted line shows theRg value after the refolding is completed.
Errors are standard error in fitting of Guinier plots.

Table 1

Radius of gyrations ofα-lactalbumin in different states

State Rg (Å)
Equilibrium

Native 15.5
Molten globule 17.5
Fully unfolded 21.0

Kinetic burst-phase intermediate 17.5

the previous results by other spectroscopic techniques, we can firmly conclude that the transient folding
intermediate ofα-lactalbumin is equivalent to the equilibrium molten globule state.

The Guinier analysis of the present SAXS data has shown that not only theRg but also theI(0) value
varies during the kinetic refolding ofα-lactalbumin, and Fig. 5 shows these changes in theI(0). The time
dependence ofI(0) fits in with a single-exponential function with a rate constant of 0.65 (±0.14) s−1,
which is similar to the refolding rate constant of the protein. TheI(0) value at zero time of refolding
obtained by extrapolation of the fitting curve is 1.10 (±0.01) times larger than theI(0) of the native
state. TheI(0) of the SAXS is generally given by

I(0) = (∆ρv)2 = [(ρ1 − ρ0)v]2, (4)

where∆ρ is the difference in the electron density between the protein (ρ1) and the solvent water (ρ0),
andv is the volume of the protein [1,2]. Becauseα-lactalbumin does not show any aggregation under the
present condition, the largerI(0) for the transient folding intermediate is probably due to the presence
of more hydrated waters in the intermediate than in the native state. The hydrated water on the protein
surface has been shown to have 1.1 times larger electron density than bulk water [21], and the equilib-
rium molten globule state is known to have more hydrated water molecules than the native state [8,9].
Therefore, if we assumeρ0 = 0.33 e−/Å3, ρ1 = 0.45 e−/Å3 for the native protein [2], and theRg values
for the intermediate and the native state shown in Table 1, Eq. (4) leads to an estimate of about 140 excess
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Fig. 4. The Kratky plots ofα-lactalbumin averaged between 10 and 20 ms after the initiation of refolding (thick dotted line),
between 10 and 110 ms (thin continuous line), between 10 and 960 ms (thin broken line), and between 8 and 11 sec (thick
continuous line). Filled circles show the Kratky plot of the equilibrium molten globule state at pH 2. The scattering intensities
of each plot are normalized with respectiveI(0) values.

Fig. 5. Time-dependent changes inI(0) during the refolding ofα-lactalbumin. The thick continuous line is a fitting curve
assuming a single-exponential function. The dotted line shows theI(0) value after the refolding is completed. Errors are
standard errors in fitting of Guinier plots.

hydrated water molecules present in the intermediate. The decrease inI(0) in Fig. 5 may thus be caused
by dehydration of the excess hydrated waters in the intermediate during the refolding.

3.2. The allosteric transition of GroEL

The chaperonin GroEL, a tetradecameric protein complex composed of two rings stacked back-to-
back on each other with each ring consisting of seven identical subunit of 57 kDa, is one of the best
characterized molecular chaperones [22]. The X-ray crystallographic structure of GroEL has revealed
that each subunit of GroEL consists of three domains, an equatorial domain that contains a nucleotide
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Fig. 6. The X-ray crystallographic structure of GroEL. (a) The 14-mer structure: the top view (top) and the side view (bottom).
(b) The structure of a single subunit. The apical (light grey), intermediate (dark grey) and equatorial (white) domains are shown.

binding site as well as most of the interaction sites between monomers and most of the contact regions
between the heptameric rings, an apical domain that contains a binding site for a target protein, and an
intermediate domain that connects the equatorial and apical domains (Fig. 6) [23].

The full functional activity of GroEL requires the co-chaperonin GroES and the nucleotide ATP, and
the allosteric transitions of GroEL induced by ATP are important for regulating the affinity of GroEL
for its target proteins [22,24]. The nested allosteric model proposed by Yifrach and Horovitz assumes
two levels of allostery, one within each ring and the second between the rings [25]. In the first level, the
allosteric transition occurs from the T to the R state in accordance with the Monod–Wyman–Changeux
model with positive cooperativity with respect to ATP, where T and R denotes tense and relaxed states, re-
spectively, for a single-ring part of the GroEL complex. In the second level of allostery, GroEL undergoes
sequential Koshland–Némethy–Filmer-type transitions from the TT via the TR to the RR state with neg-
ative cooperativity between the rings. However, these allosteric transitions have so far been investigated
by the ATPase assay of GroEL or fluorescence spectroscopy of tryptophan mutants of GroEL [10,11,14,
25], and there is no direct structural data of the real-time allosteric transitions in solution. Therefore, here
we have applied the SAXS technique with the 2D detector to investigating the allosteric transitions of
GroEL.

Figure 7 shows the SAXS patterns of GroEL at 0 M, 85µM and 3 mM ATP at 25◦C. At 0 M ATP,
GroEL is in the TT state. At 85µM ATP, the SAXS pattern was measured during a period between 0.5
and 2.0 s after mixing of ATP and GroEL by the use of the stopped-flow apparatus, where the amount
of the ATP hydrolyzed must be less than 6µM. Therefore, the concentration of the un-hydrolyzed ATP
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Fig. 7. SAXS patterns of GroEL at 0 M (continuous line), 85µM (dotted line) and 3 mM ATP (continuous line with open
circles) at 25◦C. The scattering intensityI(Q) is shown as a function ofQ.

was larger than 79µM, and the GroEL was mostly in the TR state, because the TT to TR transition is
fast enough as compared with a delay time (0.5 s) for the SAXS measurement, and the ATP hydrolysis is
slow enough as compared with the time of the SAXS measurement; the apparent rate constant of the TT
to TR transition is an order of 10 s−1 at 80µM ATP and 25◦C (unpublished data). At 3 mM ATP, ATP
hydrolysis was in the steady state, and GroEL was in the so-called RR state.

The SAXS patterns of the three allosteric states of GroEL thus obtained are different from each other,
reflecting the allosteric conformational changes of the GroEL particle. However, compared with clearly
discernible differences between the TT and the TR states in a range of the scattering vectorQ from 0.12
to 0.2 Å−1, the differences between the TR and the so-called RR state are very minor (Fig. 7). This
indicates that the conformational change from TR to the so-called RR is not equivalent to the change
from TT to TR and that the RR may be fairly similar in structure to the TR state.

We next studied the kinetics of the TT to TR transition of GroEL by stopped-flow SAXS measure-
ments. We monitored the transition induced by mixing GroEL and ATP with the final concentrations of
3.8 µM (GroEL) and 85µM (ATP) at 4.8◦C. The low temperature was used to increase the S/N ratio
by decelerating the kinetics. We used the integral scattering intensity,Iint =

∫
I(Q) dQ, in a region of

Q from 0.06 to 0.08 Å−1 to follow the kinetics of the structural change. This further increased the S/N
ratio, and the resultant kinetic trace is shown in Fig. 8(a). The kinetics monitored byIint in a different
Q region from 0.09 to 0.15 Å−1 was found to coincide with that of Fig. 8(a) (data not shown). When
the time course ofIint was fitted to a single exponential function, the apparent rate obtained was 3.38
(±0.39) s−1. The apparent rate constant measured byIint was found to increase with ATP concentration,
and it was 7.0 (±1.5) s−1 at 124µM ATP. A small increase inIint after 2 s seen in Fig. 8(a) was due to
beam damage of GroEL by X-ray, the intensity of which was more than two times in the kinetic exper-
iments than in the static experiments. The beam damage became more noticeable with increasing time,
but the overall scattering pattern was not significantly affected in the time range shown in Fig. 8(a).

Figure 8(b) shows the transient scattering curves of GroEL measured at early and late stages (10–
310 ms and 1.5–3 s, respectively, after mixing of GroEL and ATP) of the ATP-induced kinetics. These
transient SAXS curves are the results of data accumulation of about 400 shots of the stopped-flow mixing.
The averaged scattering curve between 10 and 310 ms shows characteristic of the TT state, while the aver-
aged scattering curve between 1.5 and 3.0 s is coincident with that in the TR state (Fig. 7), affording clear
evidence that the kinetics observed byIint represents the ATP-induced TT to TR transition of GroEL.
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Fig. 8. (a) A kinetic curve of the ATP-induced structural change of GroEL at 4.8◦C monitored byI int. The integral region of
Q employed was from 0.06 to 0.08 Å−1. The structural change was initiated by a mixing with ATP (final concentrations of
3.8µM and 85µM for GroEL and ATP, respectively). The continuous line shows a theoretical kinetic progress curve assuming
single exponential. (b) The SAXS patterns were averaged between 10 ms and 310 ms (continuous line) and between 1.5 sec
and 3 sec (dotted line).

We finally studied the kinetics of the ATP-induced structural transition of GroEL by stopped-flow
fluorescence measurements using a tryptophan-inserted mutant of GroEL (Y485W), so as to correlate
the SAXS-detected kinetics with the fluorescence-detected ones. Figure 9 shows fluorescence-monitored
kinetics of the Y485W mutant (0.5µM) when mixed with ATP (85µM) at 5.1◦C. The kinetics are
composed of four phases: the first phase occurring within 0.15 s and accompanied by an increase in the
fluorescence intensity, the second and third phases with rate constants of 4.5 and 0.88 s−1, respectively,
and both accompanied by a decrease in the fluorescence intensity, and the fourth phase that shows an
increase in the fluorescence with the rate constant of 0.013 s−1. As compared with the kinetics measured
by SAXS, the second phase corresponds to the kinetic process observed byIint that has the rate constant
of 3.38 (±0.39) s−1. The results thus indicate that the second phase observed by the fluorescence kinetics
represents the conformational transition of GroEL from the TT to the TR state. We also observed similar
four-phase kinetics by fluorescence at 25.0◦C but with increased rate constants (data not shown), which
were coincident with the kinetics previously reported by Cliff et al. [11].
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Fig. 9. Kinetics of the ATP-induced fluorescence change of tryptophan-inserted mutant of GroEL (Y485W). The Y485W mutant
(0.5 µM) was mixed with ATP (85µM) at 5.1◦C. Time-dependent changes of fluorescence were fitted to four exponential
functions, and the fitting curve of the fluorescence thus obtained is shown in the figure (thick continuous line). The first phase
occurred within 0.15 s and accompanied by an increase in the fluorescence intensity, the second and third phases were with rate
constants of 4.5 and 0.88 s−1, respectively, and both accompanied by a decrease in the fluorescence intensity, and the fourth
phase showed an increase in the fluorescence with a rate constant of 0.013 s−1.

4. Conclusions

We have applied the SAXS with the 2D CCD-based detector using the beryllium-windowed X-ray
image intensifier to the folding study ofα-lactalbumin and the study of the allosteric transition of the
chaperonin GroEL complex. As a result, we have firmly established the equivalence of the transient
folding intermediate formed in the burst-phase of refolding and the molten globule state of the protein,
and we have successfully identified the TT to TR allosteric transition step in the complex kinetics of
GroEL induced by ATP. The equilibrium and kinetic SAXS technique is thus very effective for the studies
of globular proteins, especially when we use the technique in combination with other spectroscopic
techniques such as circular dichroism, fluorescence, and vibrational spectroscopies.
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