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Solution structures of GroEL and its complex with rhodanese

from small-angle neutron scattering

P Thiyagarajan', SJ Henderson? and A Joachimiak!*

Background: Molecular chaperonins 60 are cylindrical oligomeric complexes
which bind to unfolded proteins and assist in their folding. Studies to identify the
location of the protein substrate have produced contradictory results: some
suggest that the substrate-binding site is buried within the interior of the
complex, whereas others indicate an external (polar) location.

Results: Small-angle neutron scattering (SANS) measurements were made on
GroEL chaperonin and on a complex of GroEL with rhodanese. The radius of
gyration and the molecular weight determined from SANS measurements of
GroEL agree well with those from its crystal structure. The positions of residues
which were unresolved in the crystal structure have been confirmed. In addition,
through model fitting of the SANS data, conformational changes in solution have
been assessed and the location of bound rhodanese has been determined.

Conclusions: The overall structure of GroEL in solution is similar to the crystal
structure. In GroEL the N-terminal and C-terminal residues are organized
compactly near the equator of the cylinder and the apical domains are flared by
about 5° The best fit of SANS data suggests the existence of an equilibrium
between the complex and single rings and monomers. SANS data for the
GroEL-rhodanese complex are consistent with a model wherein one rhodanese
molecule binds across the opening to the chaperonin cavity, rather than within it.
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Introduction

The relationship between protein structure in solution
and in crystal form has been studied extensively [1-4].
Due to the difficulties encountered with the crystalliza-
tion of large multisubunit macromoleculer assemblies,
solving their structures by X-ray crystallography is highly
challenging. Furthermore, the conditions of crystallization
and packing in the crystal mayv alter local three-dimen-
sional structures {5], bringing into question the functional
validity of macromolecular crystal structures [6,7]. Small-
angle scattering (SAS), using either X-rays (SAXS) or
neutrons (SANS), can provide important low-resolution
information on the structure of such assemblies and their
interactions in solution that may have more functional
relevance than crystal-derived data. These methods vield
information on the size, morphology, and composition of
macromolecular complexes and can detect conformational
changes and substrate binding. When the crystal structure
coordinates of the individual components of macro-
molecular complexes are available, more reliable informa-
tion on the solution structure of complexes can be

delineated by using that information in the model fitting
of the SAS dara.

SAXS and SANS methods, when applied to biomacro-
molecules in solution, yield complementary information
due to the difference in the nature of the interactions of

X-rays and ncutrons with matter. The X-rav scattering
from an atom results from the electron clouds around its
nucleus, whereas neutrons are scattered by the nucleus.
The contrast for the X-ray scattering for proteins in
aqueous solutions is rather low because of the small
difference in the scattering cross section of the solvent and
the protein. The contrast can be varied, to some degree,
by the addition of high concentrations of sucrose;
however, the applicability of such an approach is limited,
because that may alter the thermodvnamics of the
solution. Because the energy of X-ravs useful for SAXS
falls around 8-10 keV, radiation damage in the form
of denaturation and aggregation of proteins is often a
concern. In the case of SANS, the scattering power of
atomic nuclei varies in an irregular manner from nucleus
to nucleus. The most important aspect of neutron scatter-
ing that is useful for the study of biological macro-
molecules is the large difference in the neutron scattering
cross section of hydrogen and deuterium. Therefore, the
large contrast available for proteins in D,O solutions
makes SANS very effective even at the low-flux neutron
sources. Contrast variation can be accomplished by
changing the deuteration level in the solvent or solute,
and this change may not significantly alter the thermo-
dynamics of the system. Radiation damage is much lower
in the case of SANS because the energies of the neutrons
fall in the range of 10-80 meV, even though obraining
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SANS data requires more exposure time. The SANS
method can therefore only provide time- and space-aver-
aged low-resolution data and cannot probe the dynamic
nature of the interaction. Notwithstanding these limita-
tions, SANS is still a very useful tool for the determination
of the size, shape, conformational change, and the molecu-
lar weight of macromolecular systems. Hence, we
employed SANS (without contrast variation) rather than
SAXS for the present study.

Molecular chaperonins 60 (cpn60) have been identified as
essential constituents of cells [8]. Chaperonins protect cel-
lular proteins against stress conditions that cause protein
denaturation, such as heat shock, and poisoning with alco-
hols, free radicals and metals. Furthermore, chaperonins
help the newly synthesized polypeptides to fold [8-10].
The folding process appears to be quite dynamic and may
involve many rounds of protein binding and release [10].
The 2.8 A crystal structure of GroEL, a cpn60 from
Escherichia coli, has shown that the 57.4 kDa subunits are
assembled into two seven-membered rings that stack
back-to-back [11]. Each subunit is composed of three
domains that are loosely connected by antiparallel strands.
In the crystal structure, about 5% of the amino acid
residues comprising N- and C-terminal sequences have
not been resolved, presumably due to their disorder. The
seven-membered ring has an outer diameter of 137 A and
combines with a second ring to form a cylindrical particle
with a length of 146 A. Each ring has a cavity (volume
~125x 10° A3) with a circular mouth 45 A i in diameter [11].
The presence of this cavity was suggested by electron
micrograph (EM) reconstructions [12-14] and was later
confirmed by X-ray crystallography. The cavity was impli-
cated in protein binding and folding [13~16]; however, the
cavity is not big enough to accommodate large muldi-
domain proteins. Calculation of the volumes of the cavity
suggests that only proteins with molecular weights up to
72 kDa (assuming densities found typically in protein
crystals) can be accommodated inside a single-ring cavity
{11], buct it is not understood how the unfolded proteins
are directed into the cavity.

The SANS measurements were performed to determine
the solution structures of GroEL chaperonin and the
GroEL-rhodanese complex in D,0. Rhodanese was
selected as a substrate because its folding intermediate is
known to bind to GroEL [17,18]. The GroEL-rhodanese
complex is well characterized and is stable for extended
periods of time at low temperature [17-19]. Rhodanese
can be released from GroEL only in the presence of ATP
and GroES [19]. Thus, the rhodanese should remain
bound to GroEL during SANS data collection. These data
were systematically analyzed and modeled by using the
crystal coordinates of GroEL, and the structural features
of both the native GroEL and its complex with rhodanese
in solution were determined.

Results and discussion

Chaperonin structure in solution

The SANS experiments on GroEL chaperonin at two con-
centrations (in the dilute regime) in buffered 98.5% D,0O
solutions were measured at the 30 m SANS instrument at
the High Flux Isotope Reactor at Qak Ridge National
Laboratory (see the Materials and methods section).
Because the radius of gyration (R,) remained the same at
both concentrations, and beaause the differential scatter-
Ing cross section at momentum transfer (g—0), d2(0)/d(),
scaled linearly with the concentration within the experi-
mental error, interparticle effects are insignificant in this
concentration range. Hence, the SANS data are presented
only for the sample with the higher GroEL concentration
(4.57 mg mi~; 5.5 uM) in Figure 1. In order to cover a
wide ¢ range (41 sinb/\, where 8 is half of the Bragg angle,
and X [the neutron wavelength]=4.75 A) measurements
were made at two sample-to-detector distances (12 m and
3 m). The modeling of the SANS data of GroEL
employed the available crystal coordinates at 2.8 A resolu-
tion. The Guinier analysis of the SANS data for the
457 mg ml I GroEL (Fig. 1 insert) yielded an Rg of
63.2+0.8 A and d2(0)/dQ of 2.73+0.02 cm-!. T hc Rg value
agrees well with the calculated R of 63.63 A from the
crystal coordinates [11]. The extrapolatcd d2(0)/dQ value
corresponds to a molecular weight of 663.3 kDa (as calcu-
lated using equation 1), which is about 82.6% of the true
molecular weight of the terradecamer (803.3 kDa). (The
significance of the lower value of the molecular weight
from SANS data of the GroEL complex will be discussed
later.) The molecular weight (M) of the scattering
molecule 1s given by:

a0 N,
dQ (22 C Ap?)

M = 1000 x (O

where N, is the Avogadro’s number and using the
dZ(0)/dQ2 Valuc from the Guinier analysis, the protein con-
centration (C) of 4.57 mg ml-!, a protein contrast (Ap) of
3.225x 10" ¢m2 (determined from the amino acid compo-
sition by assuming that 90% of the labile hydrogen atoms
exchanged with deuterium), and a partial specific volume
(v) of 0.722 cm? g-! (calculated for the amino acid compo-
sition of GroEL). The important result here is that the
molecular weight (weight-averaged) determined from the
SANS data is close to the true molecular weight of GroEL.

Modeling of the SANS data of GroEL was done by
employing the Monte Carlo method (described in the
Materials and mcthodb section) on the crystal coordinates
for GroEL at 2.8 A resolution. Note that the low g region
is sensitive to the overall size of the particle, R,; and the
high ¢ region is more sensitive to the local structures
describing the relative position of the protein domains and
the bound protein substrate, as well as the presence of
equilibria between the complex and its single ring and
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Figure 1

Comparison of experimental and calculated

SANS curves for GroEL chaperonin, Key: (o)
measured SANS data for 5.5 uM E. coli
GroEL; (- - ) calculated SANS curve from 1A
the crystal data of GroEL; (~) calculated curve
after smearing with a Gaussian resolution
function with Ag/g=1.77x10-3 and
Aq/g=5.61x 1073 for the sample-to-detector
distances of 12 m and 3 m respectively. The
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monomeric subunits. To evaluate the individual models,
the integral discrepancy factor (IDF), defined as
dg (
1(¢) ¢*dg

2)

IDF=3 | I(g)=s 1 ()| 42

was calculated [20]. Equation 2 uses the invariant of the
scattering signal. This function weights the intensities by ¢
which becomes important in assessing the discrepancies in
the high g region (describing the local structures), where
the scattering signal decays exponentially. I, and /, are the
experimental and calculated scattering intensities respec-
tively and s is a scale factor proportional to the GroEL con-
centration. The model yiclding the smallest IDF value, as
well as an R, value consistent with that from SANS data,
was chosen to be the best. An important feature used in
the modeling of the SANS data of GroEL is a peak at
g=0.074 A~ (Fig. 1). Other factors that can affect the struc-
ture need to be carefully considered to account for this
difference. Simultaneous fitting of both the low ¢ region
and the secondary peak places enormous constraints on the
possible structural models for GroEL. Although the R,
value and the ¢ value of the peak agree well for both the
experimental and calculated differential scattering cross
section, the amplitude of the peak does not (Fig. 1). Mod-
cling of differential scattering cross section using the crystal
data shows that the peak amplitude is sensitive to several
factors including the location of the missing amino acid

residues in the GroEL crystal, the tertiary conformation of

GroEL chaperonin, and, to a smaller extent, the equi-
librium governing the oligomeric state of the chaperonin.

Location of missing N- and C-terminal residues

Of the 547 amino acid residues in each monomer subunit,
5 N-terminal and 26 C-terminal residues of each subunit
are not resolved in the crystal structure of GroEL, and
they appear to be disordered [11]. These 434 missing
residues in the crystal structure of GroEL account for
40.6 kDa (~5.1%) of the 803.3 kDa for the whole GroEL
chaperonin. Crvo-EM studies have suggested that these
missing residues may fill the cavity near the equator [13].
In the GroEL X-ray structure also, crystallographically dis-
ordered N- and C-terminal residues appear to project from
equatorial domains into the central channel near the
equator of the double-ring structure. In order to determine
the location and packing density of the N- and C-terminal
residues of GroEL in solution, a protein mass of 40.6 kDa
(in the form of a cylinder or ‘plug’) was included at the
equator of the hollow cylinder from the crystal structure.
Modeling studies were then performed by varying the dis-
tribution of the missing amino acid residues. As described
in the Materials and methods section, we kept the total
number of points (based on the calculated partial specific
volume of 0.700 ¢m? g-! for these amino acid residues) the
same when changing the volume of the plug. By so doing,
we conserve the scattering cross section of these residues.
The values of IDF and the volume of the plug from the
calculated models for the plug configuration are shown in
Figure 2a. The best agreement between the calculated
and the experimental data (smallest IDF) was obtained
when the missing amino acid residues were localized on
both sides of the equator of the chaperonin double-ring
structure. Thev were modeled in the form of a solid
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Figure 2
(a) (b) (©
[ 0.08 1 7 68
i { . !
: 4 0.11+ A
\ ) |
\ | | > |
W \ ) ; A ! N-terminal & }
2 \ = ‘ i C-terminal i
’ 0.061 \ .4 Cx oA : residues
P A ;
' ® A |
| W 0051 83 L ;
* L > L) ; — !
* 0 100 200 0 40 80 0 40 80

Volume of plug (x10° A3)

Apical domain flair angle (°')

Modeling of the GroEL structure in solution. (a) The missing mass at
the N- and C-terminal regions of GroEL was added to the crystal data
of GroEL as a cylinder with =20 A. The integral discrepancy factor
(IDF) is shown as a function of the volume occupied by the cylinder.
The zero volume point is for the GroEL with no plug, and the arrow
points to the volume determined from the amino acid partia! specific
volume. For further modeling, a cylinder with r=20 A and h=40 A
located at the equator was selected. (b) All 14 apical domains were

rotated outward for each subunit by using a center of rotation defined
by h=58 A from the equator and r=65 A. The IDF and radius of
gyration (R } values are given as a function of the flair angle. The arrow
points to thg IDF local minimum and the asterisk to the R, value
(63.2+0.8 A} determined from SANS data. The best fit corresponds to
a flair angle of 5°. (c) Cross section of GroEL indicating the plug and
apical domains where modifications to the structure (indicated by
arrows) were introduced.

cylinder filling the available space in the cavity with a
volume very close to that expected from the partial spe-
cific volume consideration. Changing either the shape or
the packing density of this region resulted in a poorer fit
to the experimental data (increasing IDF values in Fig.
2a). As expected, these changes affect R, only marginally

(data not shown). Thus, the N- and C-terminal residues of

all 14 subunits of GroEL seem to condense near the
equator, presumably preventing the exchange of protein
substrates between the individual rings.

The N-terminal residues appear to play an important role
in the stability of the chaperonin (residues Ala2 and Lys3
are highly conserved in the GroEL family) and therefore
are likely to be located near the equatorial plane of the
chaperonin complex [21,22]. In contrast, the sequence
homology of the C-terminal region of chaperonins is low,
and its sequence suggests neither a nor B structure. It is
likely that the role of these residues in chaperonin func-
tion may be of limited importance due to the fact that
removal of 16 C-terminal residues does not affect the
function of GroEL [23,24].

Orientation of apical domains

It has been reported that GroEL shows significant flexi-
bility and plasticity in its structure [25,26]. Also, the X-ray
structure suggested that the apical domains might exhibit
two kinds of flexibility: ez bloc movement generated by a
hinge-like motion at its junction with the intermediate
domain; and a local or segmental flexibility within the
apical domain [11]. In addition, recent steady-state fluo-
rescence polarization studies have shown that the two

motion components in GroEL, namely, the slow and the
fast, can account for the fluorescence depolarization {26].
The authors concluded that the presence of the fast
motion suggests that cpn60 is not a rigid protein. The
movement of a large part of the protein, ex éloc, can alter
the R, and this alteration can easily be detected by SANS.
We have systematically analyzed the possibility of closing
and opening the mouth to the cavity by altering the orien-
tation of the apical domains (0—60°) thar are located near
the poles of chaperonin [11] (Fig, 2b). Changes in R, and
IDF were used to validate the models. Figure 2b shows
that when the apical domains were moved angularly from
0-10°, IDF shows a shallow minimum around 3° and
increases sharply for higher flair angles, while R, increases
monotonically with increasing angular movement of the
apical domains. The point at which the calculated R
value is consistent with that from SANS data and the
lowest 1DF value occurs (0.0530), corresponds to the con-
formation in which the apical domains are moved outward
by 5° (Fig. 2b). Because SANS data are time-averaged, it
is likely that the apical domains may be displaced ourward
by 57 with respect to their positions in the crystal. This
angular displacement of the apical domains results in an
increase of about 2.7 A in the diameter at the caviry
opening (Fig. 2¢), and this increase mav have implications
for binding of larger proteins.

Excellent agreement between the experimental and cal-
culated data (IDF=0.050) is observed when the molar ratio
of 0.9:0.025:0.075 for the equilibria between the double
rings, single rings and monomers, respectively, is intro-
duced (Fig. 3). This modeling was done by using the
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Figure 3

The best fit of the measured SANS data for

GiroEL, giving due consideration to the plug
location and volume, flairing of apical
domains, and the existence of equilibria 1
between the chaperonin and its subunits.
Inserts on the left are side and top views of
GroEL indicating the location and the shape
of the plug. The icon on the right represents a

cross section of GroEL with the plug. = o014
5
G,

0.01
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calculated scattering intensities for the double ring, single
ring, and a single subunit. Because we know the number
of GroEL molecules from its concentration, the SANS
data for the final state can be calculated by first mulciply-
ing the scattering intensities of the above individual
systems by their number and then summing them on the
basis of their molar ratios. The contribution of single rings
and subunits to scattering at low ¢ is very small. Only the
high ¢ region of the calculated scattering curve is sensitive
to the presence of the three systems considered. The best
estimate of the molar ratios was reached by looking for
agreement between the calculated and experimental
scattering curves, using IDF as an indicator. Furthermore,
the R, and the molecular weight obtained from the
experimentally determined dZ(0)/d€) are also consistent
with the previous equilibria. Given that only 90% of the
GroEL is in the double-ring configuration (concentra-
tion=4.11 mg ml-1), recalculation of the molecular weight
from the SANS data yields a value of 738 kDa; and this
value is in close agreement with the expected molecular
weight of 803 kDa. Moreover, the calculated d(0)/dQ)
value for the systems in equilibrium is 3.04 cm~!, which is
about 10% larger than the experimental d$(0)/d€ value of
2.73 cemr™!, The lower than expected values of dX(0)/d)
and molecular weight for GroEL may be due to the
uncertainty in the absolute calibration of the SANS data
(~10%), coupled with hydration effects of the protein by
the D,O solvent — an effect that is very difficult to
quantify, but is supposed to decrease the protein contrast.
Observed equilibria are consistent with the recent reports
on the presence of single rings and monomers in GroEL
solutions, as well as in preparations of related bacterial

chaperonins [27-31] and an archacosome (a cpn6l from
archaea [32)).

The solution structure of E. coi GroEL from synchrotron
SAXS has been reported recently [33]. The major conclu-
sions from this study are that the GroEL exists as a cylin-
der with an R_ 0f 66.2 A (radius=68 A and length=150.7 A)
and has no solvent cavities in solution. These results con-
tradict the observations from crystallographic and cryo-
EM studies [11,13]. The crystal structure of GroEL shows
that it is assembled as a hollow cylinder (radius=68.5 A
and length=146 A) with two large solvent cavities. The
present study agrees well with the crystal structure data.
The discrepancies between the SAXS study [33] and the
present SANS study may be explained in the following
way. First, the determination of Rg from the SAXS data
was done in a ¢ region of the SAXS data that is above the
Guinier crc:gion {g Rg ~1) for the measured size
(Rg=66.2 A). If the same ¢ region as the SAXS study [33] is
used for the Guinier analysis, our SANS data on GroEL
give a similarly large R, value. The volume of GroP;L
(solid cvlinder) from the SAXS study [33] is 219x 103 A3,
which is more than twice the size expected (96.4x 103 A3)
from the calculated partial specific volume of GroEL
(©=0.722 c¢m?® g1). Thus, the solvent-excluded volume
predicted by SAXS for the solid cylindrical model is quite
large, and the only way to obtain a reasonable value (based
on partial specific volume) is by having large cavities
inside the cylindrical volume. The modeling of our SANS
data shows that filling the cavities of the double-ring
GroEL complex with protein-like density leads to poor
agreement with the experimental data. The present study
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clearly demonstrates the presence of two independent
solvent cavities in the double-ring structure of GroEL
chaperonin [11,13] and these two cavities are separated by
a plug, preventing any exchange between the cavities.

Structure of the GroEL-rhodanese complex

The SANS data are sensitive to the conformation of chap-
eronin (as shown previously) and the location of bound
substrate [2]. Bovine rhodanese is a2 mitochondrial protein
of 33.8 kDa (calculated ©=0.719 c¢m? g!). Rhodanese
becomes insoluble when denatured and the aggregates
can be solubilized in the presence of GroEL [17-19]. We
chose this protein as a substrate because refolding of rho-
danese, in the absence of chaperonin 10 and ATP, is very
slow at 15°C [17,18]; and, hence, the folding intermediate
will remain bound to GroEL during the SANS experi-
ment. Fluorescence polarization studies have shown that
GroEL is very flexible in solution. However, binding of
the rhodanese folding intermediate causes freezing of the
local motion in GroEL. This observation suggests that the
structure of cpn60 can be stabilized in binary complexes
with protein substrates [{26]. The models for GroEL~rho-
danese complexes were chosen on the basis of previous
suggestions by a number of research groups [13-15,17,34].

The SANS data measured for the GroEL-rhodanese
complex (GroEL concentration of 5.5 pM, saturated with
rhodanese) were compared with those for GroEL and with
GroEL-rhodanese complex models (Fig. 4a). The differ-
ence between the measured values of R, for GroEL
(63.2+0.8 A) and for the GroEL-rhodanese complex
(64.3+0.5 A) is small. The dZ(O)/dQ from the SANS data
for the complex is 2.875+0.03 cm™!, which corresponds to a
molecular weight of 764 kDa (91.3% of that expected for
the GroEL-rhodanese complex); and this is larger than that
for the free GroEL by ~26 kDa. It is important to point out
that parameters such as the concentration, partial specific
volume, and the uncertainty in the bound D,0 reduce the
accuracy of the molecular weight determination from the
SANS experiments. However, when the best estimates of
these parameters are used, SANS can vield information on
the molecular weight within an uncertainey of about 10%.
The interesting observation here is that the molecular
weight of the GroEL-rhodanese complex is greater than
that for GroEL, and the difference is very close to the mol-
ecular weight of one rhodanese molecule. The binding of a
small protein to a large chapcromn has increased the R,
value of the complex by only ~1 A, which suggests that the
substrate binding did not cause any large conformartional
change in GroEL. On the basis of this small change in the
Rg value, we assumed that the GroEL in the complexed
state has an equilibrium identical to that for free GroEL.

Comparing the models of the GroEL-rhodanese complex
In the present study, we evaluated four different models
suggested previously for the GroEL-protein complexes:

first, protein substrate bound within the ring cavity;
second, protein substrate bound to the outside surface of
chaperonin; third, protein substrate bound at the top
opening of chaperonin; and fourth, two protein substrates
bound to chaperonin. In our modeling, rhodanese was
allowed to assume conformations such as ellipsoid, ring,
and ‘champagne cork’ (cvlinder+semi-ellipsoid). Because
of the dominance in size of GroEL over the rhodanese
folding intermediate, the scattering curves for the chosen
models depend much less on the shape of rhodanese and
more on its average position with respect to GroEL. The
important conclusion from these modeling experiments is
that the larger differences berween the SANS data for
GroEL and the GroEL~-rhodanese complex are observed
only in the high ¢ region, and the low ¢ region is insensi-
tive to the location of bound rhodanese (Fig. 4a). For each
model, the R, and the IDF [20] with the SANS data in the
whole ¢ region were compured.

The small but significant increases in R, and d2(0)/dQ for
the GroEl~rhodanese complex, when compared with
those for GroEL, indicate that the GroE L-rhodanese com-
plexes should be present in solution, In fact, GroEL alone
fits poorly to the GroEL~rhodanese dara (IDF=0.070).
The small increase in Rg also suggests that the rhodanese
is bound within the confines of GroEL but not outside.
This eliminates the model wherein the rhodanese is
bound to the outside surface of chaperonin (IDF=0.071).
The d2(0)/dQ) for the GroEL-rhodanese complex vields
an increase in molecular weight of 26 kDa over that for
free GroEL. This small increase indicates that probably
onlv one rhodanese molecule is bound to GroEL. There-
fore, the two-molecule protein substrate model can be
eliminated (IDF=0.057). Among the remaining three
models, the champagne cork and the ellipsoid models for
the rhodanese bound across one end of GroEL are indis-
tinguishable in the measured g region. Thev both agree
with the measured SANS data equally well (IDF=0.051),
On the other hand, a model in which rhodanese is placed
as an ellipsoid inside the cavity, agrees poorly with the
SANS data (IDF=0.073) (Fig. 4a,b). In fact, this model fits
the SANS data the worst of all the tested models. A more
detailed comparison of the ellipsoidal and champagne cork
models with our SANS data on the GroEL-rthodanese
complex in the ¢ region 0.05-0.15 A-! (Figs. 4b,c) indicates
that the protein substrate is probably bound at the mouth
(IDF=0.051) rather than inside the cavity of GroEL
(IDF=0.073). Our observations show that a small differ-
ence in the IDF values is still sufficient for discriminating
between the models. An inspection of Figure 4b shows
that the deviation from the experimental data at
7=0.06-0.12 Al s larger for the two-protein substrate
model {red line) (IDF=0.057) than that for the one-sub-
strate model (green line) (IDF=0.051). In the case of the
two-substrate model, it is seen that the minimum in the
intensity ar g=0.06 A is slightly larger than that for the
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Figure 4

SANS curves of the GroEL~rhodanese
complex. (8) SANS curves calculated for free
GroEL (continuous line} (IDF=0.070) and
several theoretical models of the

GroEL -rhodanese complex are compared
with the experimental data for the
GroEL~rhodanese complex. (The insert
shows an enlargement of the high g region
where the larger differences are observed.)
The key is as follows: (i} an ellipsoid inside the
cavity (~-) {IDF=0.073); (i) a ring located
outside GroEL (----) (IDF=0.071); (i) a
‘champagne cork’ bound at the mouth of
GroEL (.-} (IDF=0.051); (iv) two ‘champagne
corks’ bound to the ends of GroEL (- ~ -)
(IDF=0.057; (v) an ellipsoid bound at the
mouth of GroEL {IDF=0.051) (data not shown
because the scattering curve is virtually
identical to the single ‘champagne cork’
model). The champagne cork was created by
combining a cylinder with =20 A and

h=20 A, and a semi-ellipsoid with semi-axes
40x40x5 A, making up a total volume of
41.9x10% A, (b) Comparison of the
experimental data in the high q region with the
best fit ‘champagne cork’ bound at the mouth
of GroEL (green line), two ‘champagne corks'
bound to the ends of GroEL (red line) and an
ellipsoid inside the cavity (blue line). (c) Fit of
the experimental SANS data with the
rhodanese substrate in the form of a
‘champagne cork’ model. Inserts on the left
are side and top views of the
GroElL-rhodanese complex showing the
focation (at z=60 A from the equator) and the
shape of the bound rhodanese. The icon on
the right represents a cross section of the
complex.
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one-substrate model and the secondary peak is more asym-
metric (with a shoulder at ¢>0.1 A-!) for the two-substrate
model than that for the one-substrate model.

Thus, only one rhodanese molecule appears to bind to the
chaperonin, presumably allowing the cpn10 co-chaperonin
to bind on the other side of the cylinder. From our data, it
is not clear why the GroEL double-ring structure binds
only a single protein substrate (even with a large molar
excess of substrate), but our data are consistent with the
carlier observations of Mendoza e a/. [19], that only one
rhodanese molecule binds to GroEL. Perhaps binding of
the folding intermediate introduces subtle changes in the
conformation of chaperonin that are below the detection
limits of SANS but are sufficient to prevent binding of a
second rhodanese molecule to GroEL.

Of the two models that best fit the experimental dara of
the GroEL-rhodanese complex, the champagne cork
model appears to agree better with the mutational [16]
and EM data [13]. Figure 4c shows the SANS data for the
GroEL-rhodanese complex in solution, along with the
model that best fits the data. In this model, rhodanese
appears to be extensively and exclusively bound to the
apical domains of GroEL. These domains have been
implicated in protein binding and folding by mutational
analysis {16]. The rhodanese location and the high-affinity
interaction suggest an extensive network of contacts
berween the rhodanese and the apical domains of GroEL
at the opening to the cavity. In the GroEL-rhodanese
complex, the apical domains appear to remain flared by 5°
(the IDF increases when apical domains are moved in or
out of this position). It is likely that binding of larger pro-
teins with GroELL may involve more distortion in this
region. Modeling studies also revealed that the N- and
C-terminal regions of GroEL remain condensed near the
equator in the presence of bound protein substrate and
both cavities remain filled with solvent. The rhodanese
folding intermediate seems to spread across the GroEL
opening and assumes a globular shape (champagne cork or
ellipsoid-like) that may have ‘molten globule'-like proper-
ties, as suggested for protein folding intermediates
[17,19,35]. Thus, GroEL appears to provide a large active
surface for the binding of unfolded proteins. Our model
imposes constraints on the mechanism of chaperonin-
mediated protein folding and assembly of multisubunit
complexes. The model also implies that the rhodanese
folding intermediate is significantly exposed to the bulk
solvent and multiple rounds of protein binding and release
are easily envisaged. Our data are also consistent with the
report that the folding intermediate of 3-isopropylmalate
dehydrogenase binds to one axial end of the chaperonin
from Thermus thermophilus [36]. This enzyme folding inter-
mediate was bound to one end of holo-chaperonin and was
readily accessible to a specific antibody. Earlier reports
indicated that the stable folding intermediates (including

rhodanese) are sensitive to proteolysis when bound to
chaperonins, suggesting surface rather than cavity binding
[17,19,35]. Our results are consistent with the report that
rhodanese in the GroEL-bound state remains accessible
to proteases [17], but our data differ with the same study’s
suggestion that such rhodanese is bound inside the cavity.

In summary, our data clearly indicate that the protein sub-
strate is much more exposed to the solvent than previ-
ously thought. Our data are highly consistent with the EM
reconstructions  of the GroEL-malate dehydrogenase
complex {13} and GroEL mutational studies [16], and do
not support those models in which the protein substrate is
either bound inside the cavity [15,17] or outside the
GroEL cylinder [34]. Furthermore, it is unlikely that the
protein substrate can cross the equatorial plane and
exchange freely between chaperonin cavities.

Biological implications

Chaperonins 60 (cpn60) of which GroEL from
Escherichia coliis an example, help to fold proteins in
vivo and in vitro into their functional three-dimen-
sional structures. These large oligomeric complexes
first recognize and bind to the unfolded protein.
Transformation of the protein folding intermediate
into its native conformation requires the cooperation
of cpn60 and cpnl0 (e.g. GroES) chaperonins as well
as ATP hydrolysis. It has been suggested that the
cpn60 chaperonin’s cavity provides an ‘infinite dilu-
tion’ environment for the unfolded protein, thus pre-
venting any non-productive interaction between the
different unfolded polypeptides during their folding.
Studies to date have produced conflicting results with
respect to the location of the protein substrate; some
show the substrate bound inside the cavity of the
chaperonin and others suggest that it is bound at the
pole of the chaperonin.

In order to understand the functional role of chaper-
onins in protein folding it is essential to know their
structure. X-ray crystallography has provided the
detailed atomic structure of E. coli GroEL and cryo-
electron microscopy determined the lower-resolution
structure of GroEL and its complexes with ATP and
proteins. Our objective was to determine the struc-
ture of GroEL and its complex with a protein folding
intermediate in solution. We carried out small-angle
neutron scattering (SANS) studies on GroEL and a
GroEL-rhodanese complex. The SANS data of
GroEL were compared with the scattering data cal-
culated from the coordinates of the GroEL crystal
structure. The present study reveals that the solution
structure of GroEL from SANS is similar, but not
identical to that in the crystal. The differences
between the crystal and solution structures allow the
extraction of additional structural information. The
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location and packing density of the residues at the N
and C termini, which appear disordered and are
therefore missing in the crystal structure, have been
determined. These N- and C-terminal regions seem
to be condensed near the equator of GroEL. While
N-terminal residues may confer specificity to form
oligomeric chaperonin, the C-terminal residues may
play a structural role in blocking the transfer of
unfolded proteins between the cavities of GroEL.
This study also shows that the apical domains in the
solution structure are projected outward slightly, as
compared with the crystal. The flexibility of the apical
dlomains and the larger opening of the mouth seen in
the solution structure may enable GroEL to provide
the necessary surface for the binding of denatured
proteins of different sizes.

The intriguing question that carries important mech-
anistic implications is the location of the binding site
for the unfolded protein in the chaperonin. If the
unfolded protein is bound inside the chaperonin
cavity, then the folding process could proceed in an
infinite dilution environment. However, if, as this
study demonstrates, the folding intermediate binds
across the opening of the cpn60 cavity (i.e. on the
surface), the roles of the solvent and other cofactors
also have to be considered in determining the
mechanism of chaperone-mediated protein folding.,
With the folding intermediate bound on the surface of
the chaperonin, assembly of oligomeric proteins can
also be explained by the interaction of multiple chap-
eronin-protein complexes. However, the detailed
explanation of the chaperonin-protein interaction
must await high-resolution structural studies of
chaperonin-protein complexes.

Materials and methods

Materials

£. coli GroEL was obtained from the overproducing strain provided by
Ir A Horwich (Yale University). The cells were grown in 2xTY medium
16 g Trypton [Difco], 10 g yeast extract [Difco], 5 g NaCl per liter) and
ipon induction with 1 mM isopropylthiogalactoside (IPTG) large quan-
ities of GroEL and GroES were produced, GroEL was purified in three
steps. GroEL was chromatographed on a Q Sepharose Fast Flow
solumn (Pharmacia Biotech, Inc., Piscataway, NJ) and eluted with a
inear (0-500 mM) NaCl gradient. Chaperonin fractions were concen-
rated by using Filtron 300 (Filtron Technology Corp., Northborough,
#A) and were purified by gel permeation chromatography on a
Sephacryl $-300 column (Pharmacia). This step was followed by sepa-
ation on a high-resolution MonoQ (16/10) column (Pharmacia), and
3roEL was eluted with a linear (100~350 mM) NaCl gradient. GroEL
vas more than 99% pure, as determined from overloaded polyacry-
amide gel electrophoresis under denaturing conditions and silver stain-
'g. For short periods, 0.25 mM GroEL was stored at +4°C in 20 mM
ris-HC! (pH 7.5), 1 mM DTT, and 100 mM NaCl. Alternatively,
125 mM GroEL was stored with 30% glycerol at -25°C. Prior to data
ollection, the chaperonin complex was purified rapidly (8 min) on a
juperdex 200 column (Pharmacia) by using FPLC and was concen-
ated on a Centricon 100 membrane (Amicon, Inc., Beverly, MA) in
%0 buffered with 40 mM Na/K phosphate (pH 7.0) and 1 mM DTT.

The GroEL concentration was determined spectrophotometrically from
its molar extinction coefficient. The GroEL-rhodanese complex was
prepared in the following way: 6 M guanidinium/HCl-denatured rho-
danese was added in 7.5-fold molar excess to GroEL chaperonin.
Insoluble rhodanese was removed by centrifugation, and the com-
plex was purified rapidly by gel permeation chromatography on a
Superdex 200 column by using FPLC, in a similar way to that
described by Holdan et a/. [17]. The complex was concentrated in D,0
as described previously. Denaturing polyacrylamide gels confirmed that
the purified preparation contained the GroEL-rhodanese complex.

SANS measurements and data processing

SANS data were measured at 15°C for 5.5 pM (0.47%) and 2.9 uM
(0.23%) solutions of GroEL in 98.5% D,0 buffered with 40 mM Na/K
phosphate {(pH 7.0} and 1 mM DTT, at the WC Koehler 30 m SANS
facility at the High Flux Isotope Reactor at Oak Ridge National Labora-
tory. The effects of interparticle interaction in this concentration regime
were insignificant as the values of R, were the same at both of these
concentrations, and the dX(0)/d() scaled linearly with the concentra-
tion. Because the concentrations considered here are in a high dilution
regime for SANS, we show the data only for the higher concentration
(8.5 uM). The neutron wavelength was 4.75 A (Ar/A ~5%), and mea-
surements were made at two sample-to-detector distances, 12 m (4 h)
and 3 m (1.5 h) to obtain sufficient statistical precision. For the 12 m
sample-to-detector distance, the sizes of the source and sample slits
(irises) were 3 cm and 1 cm, respectively; and they were separated by
a distance of 7.5 m. For the 3 m sample-to-detector distance, a source
slit of 4.5 cm was used; and the distance between the source and
sample slits was 3.5 m. Samples were contained in quartz cells with a
path length of 0.5 cm. The data were corrected for the sample trans-
mission, detector efficiency on a cell-by-cell basis, and for the back-
grounds from the instrument, the quartz cell, and the solvent, prior to
radial averaging. Net intensities were converted to an absolute differen-
tial scattering cross section per unit sample volume (d2{g)/d(} in units
of em™") by comparison with precalibrated secondary standards [37].
The incoherent background for each sample was determined on the
basis of the number density of hydrogens and was subtracted as a flat
background prior to modeling.

Modeling

A Monte Carlo method was used to model the proposed structures
with the measured SANS data (S Henderson, unpublished data). The
crystallographic coordinates provide the location in space and the scat-
tering power of the elements of GroEL. The solvent-excluded volumes
of the amino acid residues are calculated from the van der Waals radii
of the atoms and their bond lengths. Random points in space are
chosen around the center of the mass of each amino acid, where the
number of such points for each amino acid is proportional to the
product of the amino acid volume and its scattering length density dif-
ference with respect to the solvent. Calculation of all pairwise dis-
tances between such points and binning these as a function of
distance generates the pair distribution function P{r) as a function of r,
and this function is then readily transformed to dZ{g)/dQ) versus q. The
instrumental smearing function for the SANS instrument (due to
neutron wavelength spread, beam size, and detector pixel size) is then
applied to the calculated dX(q)/dQ} to produce the smeared model
intensities, and compared with the measured SANS intensities per mol-
ecule. This Monte Carlo approach to evaluate model intensities from
protein crystal coordinate files allows easy extension to the study of
bound proteins that have crystal coordinates. Modeling is still possible
even if such crystal coordinates are not available for proteins, such as
for the rhodanese folding intermediate. This is due to the fact that the
partial specific volume for proteins varies between 0.70 and
0.74 cm3 g7 and can be calculated from the amino acid composition.
Hence, the volume occupied by a protein is proportional to its molecu-
lar weight. For the rhodanese folding intermediate, we calculated the
partial  specific volume from its amino acid composition
(0.718 cm® g-'), and this calculation leads to its volume (V) by using
the relationship: V {A3)=0.719 1024 x Mwt (Da}/6.02x 1023, A shape,
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orientation, and position of this volume can be selected with respect to
the GroEL structure. This volume is then filled with k random points
such that the density of points (k/V) is the same as the average random
point density (PD) in the GroEL structure. While modeling with differ-
ent shapes for the bound protein, the point density of the bound
protein is adjusted such that the total number of points in the volume is
always conserved. The previously described procedure of calculating
the P(r) function, followed by conversion to dZ(g)/d(}, is then repeated.
Simiiarly, the distribution of N- and C-terminal residues within GroEL
was modeled. The volume occupied by these amino acid residues is
determined by using the calculated partial specific volume of
0.700 cm® g-' (based on the amino acid composition) and their total
molecular weight. In the modeling, this volume (Vp) was randomly filled
with the total number of points (Np=VpxPD) and was allowed to
change its volume and point density such that Np is always conserved.
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