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ABSTRACT. The dynamics of the GroELGroES complex is investigated with a coarse-grained model.
This model is one in which single-residue points are connected to other such points, which are nearby, by
identical springs, forming a network of interactions. The nature of the most important (slowest) normal
modes reveals a wide variety of motions uniquely dependent upon the central cavity of the structure,
including opposed torsional rotation of the two GroEL rings accompanied by the alternating compression
and expansion of the GroES cap binding region, bending, shear, opposed radial breathingjsoride
transrings, and stretching and contraction along the protein assembly’s long axis. The intermediate domains
of the subunits are bifunctional due to the presence of two hinges, which are alternatively activated or
frozen by an ATP-dependent mechanism. ATP binding stabilizes a relatively open conformation (with
respect to the central cavity) and hinders the motion of the hinge site connecting the intermediate and
equatorial domains, while enhancing the flexibility of the second hinge that sets in motion the apical
domains. The relative flexibilities of the hinges are reversed in the nucleotide-free form. Cooperative
cross-correlations between subunits provide information about the mechanism of action of the protein.
The mechanical motions driven by the different modes provide variable binding surfaces and variable
sized cavities in the interior to enable accommodation of a broad range of protein substrates. These modes
of motion could be used to manipulate the substrate’s conformations.

The activity of the bacterial chaperonin GroEL and its domain. These will be designated here as subdomains E1
cofactor GroES, and the molecular machinery underlying this (residues +137) and E2 (residues 41525). Likewise, the
activity, have been investigated by several groups in recentintermediate domain consists of two segments, 11 (residues
years (—3). The role of GroEL is twofold. First, it binds  138-192) and 12 (residues 376110), while the apical
partially folded or misfolded proteins in its central cavity, domain (A) consists of a single sequence connecting the in-
thus preventing their aggregatiofy 6). Second, the central  termediate domains (residues 19&75) (7). The co-chap-
cavity works as an Anfinsen cage in which the isolated eronin GroES also exists as a heptamer. It can bind to either
protein folding intermediate is actively folded, after being GroEL ring to form a cap on the central cavity. In the absence
unfolded, if necessary, to states more committed toward of GroES, the two rings have identical three-dimensional
correct folding 6, 7). structures, symmetric with respect to the inter-ring interface.

The crystal structure of the GroEIGroES complex was  In the form complexed with GroES and ADP, on the other
determined by Sigler and co-workerg.(The space-filling hand, they assume different conformations, and they are
model of the complex is displayed in Figure 1a. GroEL has distinguished as theis (GroES- and ADP-bound) artchns
the form of a double heptameric ring, with a large central (GroES- and ADP-free) rings. See the conformations of the
cavity in which the substrate protein is bound. The two rings subunits belonging to theis and trangingsin panels b and
stack back to back. Their (seven) subunits are each comprised of Figure 1, respectively.
of three domains (Figure 1): apical (red), intermediate
(green), and equatorial (blue). Two noncontiguous segments
at the N- and C-termini of the molecule form the equatorial

The individual domains of the subunits have been proposed
(8, 9) to engage in specific roles during chaperonin action.
The apical domain (A) recognizes the folding intermediates
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(a) GroEL/GroES complex (b) Cis—ring subunit (c) Trans-ring subunit

equatorial (E)
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Ficure 1. Structure of the GroEEGroES complex. (a) Space filling model from the crystal structure determined by Xu &) éPIB

entry 1aon). The GroEL molecule has a barrel-like shape composed of two rings, terneeiath@étransrings, depending on the position

of the GroES cap. Each ring is comprised of seven subunits, as well as the GroES cap. Panels b and c display structures of the subunits
belonging to thecis and trans rings, respectively. Each subunit consists of three domains: equatorial (blue), intermediate (green), and
apical (red). An ADP molecule bound to the equatorial domain oftheéng subunit is displayed in yellow in panel b. K agd3 identify

the positions of helix K ang-strand 13, respectively.

The equatorial domain (E) binds and hydrolyzes ATP. It important for the efficiency of chaperonin-assisted folding.
plays a major role in mediating the overall chaperonin These conformational changes exemplify the relevance of
activity by an ATP-dependent allosteric mechanism, and the flexibility to biological activity (14).
intermediate domain (I) serves as a functional bridge between Computational studies by two different grouf22¢25)
the apical and equatorial domair} ( have provided important insights into the allosteric mecha-
A schematic description of one cycle of GroEGroES nism of the chaperonin GroEL. Karplus and co-worké&s (
action is presented in Figure 2,(14-16). First, the GroEL 5 a1y7ed the conformational transitions between the closed
binds a partially folded or misfolded intermediate at its apical ;4 open states of the individual subunits using targeted
QOmaln.(step 1). Binding is facilitated by the hydrophob|c tmolecular dynamics simulations. The opening of the subunits
Interactions betwe(_an the exposed hydro_phob|c re§|dues Oyvas shown to be accommodated by the heptameric ring only
the substrate protein and those of the apical domain as WeIIif accompanied by a concerted twisting and upward displace-

as electrostatic interactiont4). Then, seven ATP molecules ; ;
) e ment of the apical domains. Ma and Karpl@§) performed
bind, and the molecule proceeds to bind the cofactor GroES _ *\ o1 o analysis (NMA) of a construct of three

in such a way that the GroEL and GroES molecules form a equatorial domains (one in this ring and two in thetrans

ﬁﬁgﬁ?&ioaéﬁ]%nt?];rgrgéglg:ginptrr?(:eelxgs(esr:ig ozf)A'IgProglr_ollfss ring) and reported a positive cooperativity in one ring and a
P ' negative cooperativity between the two ringerendsen and

binding is accompanied by a large conformational change co-workers 22), on the other hand, considered the fluctua-

at the apical domain of theis ring leading to a 2-fold tions in the residue positions of five different, crystallo-

enlargement of the central binding cavit§).(The protein . . . d
substrate is accommodated inside the cavity by this confor—gra.ph'c""IIy deFermlned,_ fng structures. The_agsomated co-
variance matrix was diagonalized for obtaining a set of

mational change, where, protected against binding to other : . .
g P g 9 conformations sampled by the essential modes of motion.

roteins, it will be able to undergo conformational changes . Lo .
b g g This analysis indicated the role of the fluctuations near the

toward the folded state. The next step (step 3) is the i o L o .
hydrolysis of the ATPs in theisring. The energy released G_roES and n_ucle_:otlde binding 3"35 in establishing the inter-
ring communication, as well as the importance of the double-

during this reaction is likely to be absorbed by the substrate . . )

protein to surmount the energy barriers to unfold and fold N9 structure for the aIIostgrlc coupling between the nu-
correctly. This process is succeeded by binding of ATPs to ¢l€otide-induced conformational changes and the GroES-
the opposite tfang ring, which drives the release of the Mmediated transitions2@).

GroES cap and the substrate protein (step 4). The opposite, In the study presented here, we analyze the collective
originally trans, ring thus becomes the folding-actigis ring dynamics of the entire GroELGroES complex using a
for the next round of the chaperonin cycl). The released  simple, but rigorous, mathematical model based on statistical
protein goes through several cycles until it is correctly folded mechanical principles. Previous theoretical studies of chap-
(2, 15, 19—-21). Large conformational fluctuations during the eronin dynamics have explored either the individual subunits
chaperonin cycle, and the accompanying changes in the(or groups of subunits)2@—25) or statistical subsets of the
volume and hydrophobicity of the central cavity, are crucially complete conformational spac2?j. Our approach deviates
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coordinating the motions of the complex, being coupled
either to the equatorial domains (for this ring, i.e., ATP-

and GroES-bound form of subunits) or to the apical domains
(transring). This dual character is ensured by two hinge sites,
originally proposed by Xu et al.7f, one near the apical
domain (hinge 1, centered at Gly192 and Gly375) and the
other near the equatorial domain (hinge 2, at Pro137 and
Gly410), which are alternatively activated and frozen by a
switch mechanism controlled by ATP binding and hydrolysis.
Nucleotide binding locks$inge 2at the interface between

domains | and E, and stabilizes an “open” conformation of
\m’m + GroES the ring, open from the perspective of the interior of the
2

GroES molecule, or closed with respect to the nucleotide
binding site. This has two effects. (i) The central cavity
enclosed by the ATP-bound ring is enlarged, and (ii) the
apical domains of the same ring exhibit an enhanced mobility
supported by active motions about hinge 1 (connecting
domains | and A). The former effect ensures either the
accommodation of the substrate [for ATP molecules bound
to thecisring (step 2)] or the release of the folded protein
. from the cis ring [for ATPs bound to thdransring (step
4)]. And the latter effect either facilitates the recognition and
binding of the GroES cap by exposing and moving the apical
domains (step 2) or promotes the release of GroES by

\ h 7ATP -> 7 ADP dissociating thecis ring apical domains (step 4).
+TATP -T7ADP

4 ‘ MATERIALS AND METHODS
’ An important issue in the analysis of protein dynamics is

the identification of the mechanism of slow, large-amplitude

motions, also termed global motions. These are conceived
. to be essential for protein functio8@—34). One standard
. 3 technique for studying protein dynamics, and in particular

low-frequency domain motions, is NMA35—37). The

Ficure 2: Schematic description of the chaperonin activity cycle anisotropic network model (ANM)38, 39) presently as-

Blue, green, and red regions designate the equatorial, intermediateSUmes that a protein in its folded state is equivalent to a
and apical domains of the subunits, respectively, consistent with network, in analogy to the elasticity theory of random
Figure 1. The co-chaperonin GroES and the substrate are coloredyolymer networks40). This is an extension of the previously
black. ATP is shown |'n yellow and ADP in magenta. The four developed Gaussian network model (GNMJ6( 27) to
stages are as follows: (step 1) binding of a partially folded or . lude di . L ani ic off f on d
misfolded polypeptide to the apical domain; (step 2) binding of NClUde directional anisotropic effects on fluctuation dynam-
seven ATP molecules to the equatorial domains of disering ics. In principle, the GNM is equivalent to NMA with one
subunits, induced enlargement of ttie ring cavity that encapsu-  additional simplifying assumption, that being that there are
I;)tehs tofl‘e lsubstr?tigglypegtltﬂe, ?r}g_bmdmg/of the GroES Cag?t(ﬁteF’no directional effects, i.e., all fluctuations are isotropic. The
ydrolysis o and the folding and/or processing of the ; : - ;
substrate; and (step 4) binding of ATP to tinensring, followed GN.M thus _predl_c_ts the relative sizes of qu_ctuatlon§ buj[ not
by dissociation of the GroES cap and release of the folded (or their directionalities. The ANM does predict the direction-
partially folded) protein. alities, and permits us to decompose the molecular motions
into a series of B — 6 modes K = 8015 for the GroEE

from simulations in that it lends itself to a deterministic (or GroES complex).

unique) solution, for the mechanisms of motions of a given | general, the intramolecular potenthlof a protein of
structure. This information about tiidobal machinery of N yresidues may be expressed as a series expansion in the
the intact oligomer (of 21 subunits) is extracted at the cost fluctuationsAR: of individual residue positions, and it can

of specificity loss at théocal (atomic) scale. Our approach  pe wyritten in terms of the Hessian matri{)of the second
is to model the overall structure as a network of interacting gerivatives ofV as

residues, following the Gaussian network model (GNM)
(26—29) of proteins and its anisotropic network extension
model (ANM) that has recently been introduce’8,(39).

V="1,% 5 (*VIOAR 0AR)ARAR = "/,[AR]'H[AR]
]

We will extract the most cooperative collective motions of Q)
the overall structure after a decomposition of the spectrum
of modes. where AR represents theNsdimensional array composed

Our results indicate that the complex can undergo a of the N fluctuation vectorsAR and the superscript T
diversity of molecular mechanisms that underlie its chaperone designates the transpose. The conformational potential of the
action. The intermediate domains play a pivotal role in structure takes the form
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=1  — AR)-(AR — AR —R. results ¢) found from the X-ray crystallography-€). The
v IZVIZJZ(AR’ AR’) (AR AR')h(RC R") @ 7-fold periodicity consistent with the heptameric structure
can easily be discerned. Panel b gives a more detailed view
of the dynamic behavior for representative monomers
belonging to theéransandcis rings, and to the GroES cap.
The apical domains (residues 19375) are observed to be
the most mobile parts of the subunits, along with the GroES
molecule. These form the maxima on the curve. The
equatorial domains (residues-137 and 411-523) form the
minima. The high flexibility of the apical and intermediate
domains was also observed by Ma and Karp2s).(The
trans ring enjoys a higher mobility than theis ring,
2 —1 especially near the peptide segment of residues-380 of
AR)= kTraceH T; (3) the subunits, which includgdstrand 13p-helix K, and the
where H~1; is theith diagonal superelement of the inverse 100p connecting them. These are solvent-exposed elements
H-! and trace designates the sum of the diagonal elementsn the apical domains of thgans subunits (see Figure 1c).
of this 3 x 3 matrix. Equation 3 will be used in this study ~Unfolding studies of GroEL suggest that the apical and
for calculating the ms fluctuations of individual residues, and intermediate domains unfold first, while the equatorial
the global motions will be extracted by a mode analysis of domains continue to hold the two rings togethé8)( This
H. To this end,H is rewritten as the product of three IS consistent with the presently observed high stability (small
matrices, the diagonal matrix of its non-zero eigenvalues ~ fluctuations) of the equatorial domains.

where- designates the dot produgt,s the spring constant
for all inter-residue interactions, andR. — R;) is the
Heaviside step function, which takes the value 1 if the
argument is positive (if the inter-residue distaf@emains
below the cutoff distanc&;) and 0 otherwiseH can be
conceived as afN x N matrix of 3 x 3 superelements
defined aH; = 9°V/dAR 9AR. Using the classical theory
of networks 40), it can be shown that the mean-square (ms)
fluctuations of junctions scale with the inversehbfas

Am (1 = m < 3N — 6), the matrixU of the corresponding The curve in Figure 3a has been obtained using the first

eigenvectorsiy, and the transpose &f 40 dominant (lowest-frequency) modes elucidated by the
. ANM. The correlation coefficient between the theoretical

H=UAU ~=[u; Uy Us... Uz and experimental data is 0.9. We obtain approximately the
diag@y A, Ag ... Agy_e)[Uy Uy Us ... u3N76]T () same level of agreement with experimental data even using

the first 10 dominant modes, which indicates the dominant
whereU is an orthonormal matrix, i.elUT = U~%, and the role of a small subset of low-frequency modes in determining

inverse ofH can be readily written asl~* = UA"U~! = the observed dynamics. Panel ¢ in the same figure shows
H1= S [Am UnUnT], such that the ms fluctuation of residue the cumulative contribution of theNeigenvalues to the
i driven by themth mode of motion becomes observed dynamics. The first 10 modes account¥60%
of the overall dynamics, and the first 40 modes amount to
[(AR)?,, = kT tracef,, "u,u,,'l; (5) ~75%. We focus on the effect of the individual lowest-

) ) _ ~ frequency modes in the following subsection.
The orientational cross-correlations between the fluctuations

of residues andj are given by Mechanisms of the Dominant Modes of Motion and Their
[AR-ARD Relevance to Function

Clij) = (AR-ARIAR-A ul/z (6) The six panels in Figure 4 illustrate the fluctuating
ARITAR-AR conformations visited by the action of the dominant modes
whereAR-AR[is calculated from the equatidAR-AR ] of motions, some of them related by radial symmetry being
= KTtraceH; (eq 3). The two limits ofC(i,j) are 1 and ~ combined.
—1, and correspond to pairs of residues exhibiting fully ~ Mode 1: Torsion about the Cylindrical Axis of symmetry
correlated (same direction, same sense) and fully anticorre-In this mode, the equatorial domains serve as support regions
lated (same direction, opposite sense) motions, respectively about which the apical domains and part of the intermediate
Zero refers to uncorrelated or orthogonal motions. domains rotate. The directions of rotation of the two rings
Equation 6 cannot distinguish between pairs of residues oppose one another; i.e., this is a global back-and-forth
subject to random (uncorrelated) motions and pairs undergo-torsional motion involving the overall cylindrical structure,
ing correlated but orthogonal fluctuations. Other measures with the interfacial plane between the two rings being almost
of describing correlated domain motions have been devel-fixed in space. The ms fluctuation distribution in Figure 5
oped, which take account of the couplings of orthogonal (top panel) shows the suppressed mobilities of equatorial
rotational motions %5, 41, 42). We use eq 6 here because domains E1 and E2 of both rings. The apical domains of
we focus on the functionally important cross-correlations that the cis ring subunits, on the other hand, undergo large-
occur between the intermediate domains and the neighboringamplitude coherent fluctuations consistent with previous
apical or equatorial domains, i.e., between pairs of domains observations?, 44). The high mobilities of theis ring apical
located at a given rotational angle about the cylindrical axis. domains are likely to be a prerequisite for the efficient
recognition of the substrate and the cofactor. The structural
RESULTS AND DISCUSSION deformation driven by mode 1 also induces an expansion at
the GroES binding interface. See the movie of this global
mode at http://www.ccbb.pitt.edu/groel.avi.

Figure 3a compares the temperature fact@dgagtors) The ribbon diagrams displayed in Figure 4 for mode 1
predicted by the ANM theory—{) with the experimental  show the top view of two fluctuating conformations of the

Temperature Factors
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Ficure 3: Temperature factor¢éa) Comparison of the theoretical (solid curve) and experimental (dotted curve) temperature factors for the
GroEL—GroES complex. Results in panel a are shown for all 21 subunits of the chaperonin complex. Note the 7-fold repeat pattern induced
by the heptameric structure of the rings and the cap. Panel b shows the same curves enlarged for individual monomers, belonging to the
cis andtrans subunits, and to the GroES cap. A subset of low-frequency modes (40 global modes) that dominate the fluctuation spectrum
are included in the calculations. The correlation coefficient between theoretical and experimental results is found by least-squares fit to be
0.90. (c) Cumulative contribution of all moded\8nodes) to the observed dynamics. The abscissa is the eigenvalue index, and the cumulative
percent contribution of all eigenvalues at the lower-frequency end of the spectrum, for a given index.

transring, in red and blue (on the left), and the side views counterparts in theansring is imparted by the active hinge

of two adjacent subunits, igis andtransrings, in the two 1 present in the ADP-bound form. The opposite situation
fluctuating conformations (pink and green, on the right). The occurs in thetrans ring subunit, where mainly hinge 2 is
arrows indicate the displacement directions for the apical operative and hinge 1 is inactive. Thus, in the absence of
domains. Ma and Karplus24) found that in the lowest- ADP, the molecule flexes at the interface between the
frequency mode, domains A and | imans rings rotate equatorial and intermediate domains.

together with respect to domain E. This type of twisting  In a sense, the intermediate domains are coupled either to
motion is very similar to our first mode and resembles the the equatorial domaini§ ring) or to the apical domains

structural changes described by Xu et &). ( (transring) of the same ring. This fundamental difference
A closer examination of mode 1 reveals, on the other hand, between the dynamics of the intermediate domains in the
significant differences in the behavior of tleés and trans two rings, which is an allosteric effect imparted by ADP

rings. The bottom curve in Figure 5 displays the change in binding, emerges by considering the intact complex, and
the fluctuations otis ring residues, relative to those of the becomes more evident upon direct examination of the cross-
transring (bottom part). The most significant difference is correlations between domain motions (see below).

the suppression of the mobilities of the intermediate domains Modes 2 and 3: Bending of the Complex at the Interface
(and the C-terminal portion of the apical domains) in¢ie between the Cis Ring and the GroES MolecAlecompanied
ring, relative to those of thérans ring. We also see an by a Slight Rotation of the Trans Ringhe right top panel
enhancement in the mobility of certain residues in the apical in Figure 4 displays the conformational fluctuations driven
domains of thecisring. Ma and KarplusZ5) compared the by orthogonal modes 2 and 3. Two of the subunits, belonging
fluctuations of the two subunits in an ATP- and GroES-free to the respectiveis andtransrings, are colored green and
structure and in an ATP-bound GroES-free structure con- yellow, to illustrate the alternative conformations of the same
sidering the cumulative effect of the 10 slowest modes. They subunits. Calculations show that residues -1895, 363-
found that the equatorial domain is more rigid, and both the 375, 171173, 327, and 328 in tha@sring are almost fixed
intermediate and apical domains are more flexible in the in space during this mode (not shown). These include hinge
ATP-bound ¢€is) subunits. The lower flexibility of thesis 1 crossover residues Gly192 and Gly375 previously shown
intermediate domains is found here by focusing on mode 1 (7) to link the apical and intermediate domains, suggesting
for the intact complex of 21 subunits. This restriction in that hinge 1 is controlled and/or activated by these modes.
mobility is induced by the coupling of thas ring intermedi- GroES is the most flexible part of the complex in this mode.
ate domains to the almost rigid equatorial domains of the See Figure 6 which shows alternative conformations of a
same ring. Hinge 2 in these subunits is indeed frozen by cis subunit, which are sampled by the action of modes 2
ADP binding. On the other hand, the higher flexibility of and 3. The equatorial domain and the neighboring part of
the apical domains of thasring subunits compared to their  the intermediate domain, shown in blue and green, respec-
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by the cis ring is hydrolyzed. Hydrolysis weakens the
interaction between the GroES molecule and the GroEL
apical domains of theis ring and primes theis chamber

for dissociation. Binding of ATP to thé&ans ring further
triggers the disassembly of the weakensgs ring apical
domains, releasing the GroES cap, the ADP molecules, and
the substrate protein, and completes a single round of the
folding cycle (L8). The global motion observed in this mode,
along with mode 1, may contribute to the opening or closing
of the entrance of the central cavity, required both for the
Modos 67 binding (is ring) and releaseti@ans ring) of substrate.

- Binding of denatured glutamine sythetase monomers induces
structural alterations in GroEL heptamers such as inward
movements of apical domains of both rings and narrowing
of thetransring (45, 46). De Groot et al. 22) also observed
inward and outward motions along their first two principal
components in their calculations, which could be attributed
to these modes.

Mode 10: Longitudinal Elongation and Compression of
the Entire ComplexXA substantial change in the overall shape
of the complex occurs in this mode, which can be described
as an overall stretching and/or contraction along the cylindri-
cal axis of symmetry. The GroES cap undergoes large
displacements during this mode. The low packing density
at the interface between GroES and GroEL favored by this
mode suggests its possible involvement in the dissociation

Ficure 4: Alternative conformations visited by the action of the of the cap, or perhaps a syringelike intake of substrate.

global modesThe associated mechanisms of motions are torsion _ ; ; ;
about the cylindrical axis of symmetry (mode 1), bending near the Cross-Correlations between Domain Motions

GroEL—GroES interface (modes 2 and 3), compression and/or  Figure 7 shows the correlations between residue fluctua-

extension of the rings (trans ring, in particular) into oblate forms ; - ; ;
(modes 4 and 5), global deformation along the diagonal axis (modestlons for acis subunit (top map), for &anssubunit (middle

6 and 7), alternating radial breathing of the apical domains of the Map), and for the overall complex together with GroES
cis and trans rings (modes 8 and 9), and elongation and/or (bottom map). A large subset of modes (41 of them) is
contraction of the complex near the GroES cap (mode 10). considered, for a clear visualization of the types of cooper-
ativity between the motions of the individual domains. We
tively, exhibit little change, while the apical domain enjoys note that the top two maps represent only small portions (the
a large motion. The high mobility of the apical domains is 7 + 7 diagonal squares) of the overall correlation map
presumably functional in nature for facilitating an optimal displayed at the bottom. The labels indicate the different
interaction with the GroES cap together with substrate domains of the subunits, and the color codes on the right
proteins. side indicate the type and strength of cross-correlations
Modes 4 and 5: Lateral Expansion and Compression of between the fluctuations of the individual residues. Red
the Rings.Here the circular symmetry of the rings is regions refer to positively correlated pairs of residues, i.e.,
manifested by a combination of two orthogonal modes that those undergoing concerted motions in the same direction.
differ by 9C° in their symmetry axes. In the figure, we Blue regions, on the other hand, refer to pairs of anticorre-
displayed only the top view of the superimposed fluctuating lated residues, or residues undergoing opposite direction
conformations of theransring. fluctuations. Both extreme cases correspond to strongly
Modes 6 and 7: Shear Motion with Extension along a coupled, concerted motions, either in the same direction or
Diagonal Longitudinal AxisThe molecule fluctuates between in opposite directions, whereas yellow-green regions are
two conformations distorted along a diagonal axis, as uncorrelated pairs. The transitions between the red and blue
illustrated in the figure. This mechanism of motion does not regions indicate the loci of hinge-bending sites. These are
involve a net change in the volume of the internal cavity highlighted by the white lines.
but allows for cooperative geometric distortions that likely ~ The first observation in the top two maps is the coupled,
affect interactions with the encapsulated protein. concerted motions of the individual domains, indicated by
Modes 8 and 9: Alternating Breathing of the Apical the red blocks along the diagonal. The off-diagonal red
Domains.This mode involves an expansion of the apical blocks also refer to the noncontiguous segments of the same
domains of theéransring, accompanied by a contraction of domains, consistent with the coherent motion of the indi-
cis ring apical domains, followed by the opposite process. vidual domains. The most important difference between the
A substantial increase in the volume of the expanded ring maps for thecis andtranssubunits resides in the cross-corre-
occurs. The internal association of the apical domains is lations involving the intermediate domains. See the block
necessarily weakened during the expansion stage. We recaltorresponding to the correlations between the E1 and 11
that the GroEE-GroES complex is very stable in the subdomains, as well as those referring to the 11, 12, and A
presence of ATP and cannot dissociate until the ATP bound domains.

Mode 1
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Ficure 5: Differences between the residue fluctuationgisfandtransrings. Distribution of residue fluctuations in thas ring (—) and

transring (--+) subunits. Note that the equatorial domains, consisting of two separate sequences, E1 and E2, are severely confined in both
rings, while the intermediate and apical domains enjoy relatively high flexibilities itrédms andcis rings, respectively. The bottom curve
indicates the difference in the flexibility of thes ring subunit, relative to that of sansring subunit. The reduced flexibility of the apical

domain in thetransring is attributed to its coupling to the intermediate domain, while the same (apical) domainais timg is decoupled

from the other parts of the subunit.

In general, the intermediate domain acts to communicate and intermediate domains, which are found to be engaged
between the apical and equatorial domains. Yet indise in coupled correlated fluctuations, are shown in lighter gray.
subunit, it is positively correlated with the equatorial domain, The ADP molecule is shown in black. The darker and lighter
whereas in thérans subunit, it is positively correlated with  regions thus represent two anticorrelated substructures, A
the apical domain. Its coupling to the equatorial domain in and FE. The location of hinge 1 at residues Gly192 and
thecisring is an ATP-dependent effect, already noted above Gly375 separating the two anticorrelated substructures is
in the examination of the first global mode. In the absence shown on the left. In théransring, on the other hand, the
of ATP (thetransring in the structure presented here), on apical domain is coupled to the intermediate domain (both
the other hand, it has a tendency to move in concert with shown in darker gray). Hinge 2 residues Gly410 and Pro137
the apical domain. facilitate the anticorrelated motions of the two substructures,

The lowermost map shows the cross-correlations for the A—I and E, in this case.
overall structure. In general, each subunit in the rings is  These figures illustrate how the hinge site changes upon
highly correlated with its neighboring subunits in the same ADP and GroES hinding. In theisring, as described in the
ring. The red positive correlations between tieeandtrans study by Xu et al. 7), the intermediate domain swings down
rings, on the other hand, refer to adjacent subunits of the toward the equatorial domain, pivoting approximately,25
two rings. The regions of the GroEL making contact with around Pro137 and Gly410. This movement closes the
the GroES cap (i.e., the M-loops in the apical domain of the nucleotide binding site, and generates new interactions with
cis rings) are positively correlated with the GroES. GroES the equatorial domain, both within the same subunit and in
motions are generally negatively correlated with those of the the neighboring subunits. The present correlated motions
trans ring. Finally, GroES subunits are highly correlated indicate that the presence of a bound nucleotide is sufficient
(lowermost right square), suggesting that the cap undergoeso join the equatorial and intermediate domains into a united
cooperative motiongn bloc substructure. This reduction in entropy is however counter-

Figure 8 displays a schematic view of the two types of balanced by the enhanced mobility of the apical domain,
coupling of the intermediate domains, revealed by the top ensured by the activation of hinge site 1. Indeed, it has been
two maps in Figure 7. Panel a shows a subunit ofdise pointed out that the apical domain swings up 6&ative to
ring and panel b one from theansring. In thecisring, the the equator and twists around the long axis of the domain
apical domain is shown in darker gray, whereas the equatorialby 9C°, leading to an interaction with the mobile loop (M-
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Ficure 6: Fluctuating conformations dafis subunits in modes 2
and 3 Equatorial domains are superimposed to show the displace-
ments of the intermediate and apical domains. ADP is shown in
yellow. A significant change in the position of the apical domain
occurs, leading to an overall bending of the complex (see the top
right of Figure 4). The hinge-bending sites are identified from the
minima of the mode shape curve in Figure 3b as the stretches of
residues 363375 and 189-195. These regions are colored gray.

loop) of the GroESY). Ma and Karplus Z5) also indicate
that structural changes induced by ATP binding in the
individual subunits appear to be a primary source of the
positive cooperativity within a ring.

Fluctuations of Hydrophobicity of the @ay

Previous analyses using simple models suggested that ¢
moderately hydrophobic confinement assists the folding
process by lowering barriers to folding8). However, in
the case of confinement in an overly hydrophobic cavity,
folding could become inefficient because of many strong ,
substrate-cavity interactions¥4). Furthermore, a cavity with ~ gropy
periodically varying hydrophobicity has been shown to
reduce the folding timeld). A change in the hydrophobicity
of the walls lining the cavity can occur either due to periodic
changes in conformation during the chaperonin cycle or due

to conformational fluctuations driven by the cooperative

modes of motion of the molecule. Here, we explore the th,%i_

changes in the hydrophobicity associated with the individual il

global modes of the GroELGroES complex. L e
Figure 9 is analogous to Figure 4, but instead shows views | be bl

of the central interior cavity colored by the residues’  GroES ‘}l‘,mu

hydrophobicities, for similar fluctuating conformations as in

Figure 4. Residues Val, Leu, lle, Met, Phe, Trp, Pro, Ala, ) _ )
Ficure 7: Correlation mapsCorrelation maps for residue fluctua-

and Tyr, which cah be F:Iassmed as hydrophobic res'.dues’tions in thecis subunit, theranssubunit, and the overall GroEL

are colored yellow; Gly is colored gray, and the remainder Groes complex, based on the dominant global motions of the
(polar and charged residues) are colored cyan. The front threecomplex. The abscissca and ordinate refer to residue numbers, and
subunits have been removed to facilitate viewing of the the red and blue regions correspond to strongly correlatgaid
interior cavity surfaces. Note the yellow patches intiiams strongly anticorrelated~) pairs of residues, respectively. Correlated

. . L _ pairs undergo concerted same direction, same sense fluctuations;
ring and cyan patches in thws ring of the X-ray structure % 000 iey pairs, on the other hand, undergo same direction,

(top left of Figure 9). The fluctuating conformations driven  gpposite sense motions. Note the differences in the types of
by the global modes are then shown in the different parts correlations exhibited by the intermediate domains in the two rings.

numbered by mode numbers. Also, the substantial changes
in volume of the interior of theis andtransrings are readily In the first global mode, there is no visible change in the
visible in this figure. hydrophobicity of the rings, but their relative positions do

trans GroES
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Hinge 1
Gly192
Gly375

Ficure 8: Coupling of the three domainSchematic diagram of
the type of coupling exhibited by the intermediate domains of the
cis (a) andtrans(b) subunits. The substructures subjected to strongly
coupleden blocmotions are shown in either dark or light gray.
Note the shift in the coupling of the intermediate domain, an
allosteric effect induced by nucleotide binding.

Ficure 9: Cavity hydrophobicity profiles. The inner walls of the
cavity encapsulating the substrate protein in the native conformation,
and in the fluctuating conformations driven by global modes
presented in Figure 4, are colored by the residues’ hydrophobicities.
Residues Val, Leu, lle, Met, Phe, Trp, Pro, Ala, and Tyr, here
classified as hydrophobic residues, are colored yellow; Gly is

Biochemistry, Vol. 41, No. 2, 2002499

tion), the polarity around the wall of the cavity changes such
that the surface becomes more hydrophilic (bluer) on the
walls where the bending occurs (see the right panel). This
change in polarity might trigger the dissociation of the non-
native polypeptide from the wall of the cavity. The released
polypeptide would then be free to reinitiate folding as an
isolated molecule in theis cavity that has a nonhomoge-
neous hydrophilic lining conducive to self-burial of its
hydrophobic residues.

Fluctuations in the hydrophobicity of the cavity are
observed in modes 4 and 5. The hydrophobic residues seem
to be more clustered in one form (right) of the fluctuating
conformations of these modes. In modes 8 and 9, as the ring
breathes, the cavity exposes more hydrophobic residues, and
as it shrinks, the polar residues cluster. The density of
hydrophobic residues in the GroES binding interface is also
subjected to significant changes in these important global
modes.

Consered Residues

The most evolutionarily conserved residues are those
located at the ATP and/or ADP binding sites. Hydrophobic
residues that contribute to substrate binding are also signifi-
cantly conserved4Q). All the conserved binding regions
(Thr30—Pro33, Lys51+Gly53, Asp87Thr91, lle150, Serl51,
Asp398, Gly414-Gly416, lle454, Tyr478 Ala481, 1e493,
and Asp495) occupy lowermost minima regions in the ms
fluctuation curve (Figure 3b), which can be verified by
guantitative examination of the results. These residues play
a critical role in coordinating the global hinge-bending
mechanism near the nucleotide-binding site. They are
therefore conserved due to functional requirements.

On the other hand, most of proposed substrate recognition
regions (0, 50) are highly conserved. These are located in
the apical domain of the GroEL molecule. Recognition sites
have been seen in several of our previous fluctuation studies
to be located at the maxima of the global mode shapes, their
high mobilities presumably permitting more efficient rec-
ognition of, and optimal interaction with, substrate. And,
consistent with previous studies for other substrate-binding
proteins R9), in the GroEL residues involved in the
recognition of the substrate are distinguished here by their
high mobility. Further studies of the relationship between
sequence conservation and structural location  wgsdhe
hinges in individual modes might indicate the relative
importance of the individual modes.

CONCLUSION

The wide range of changes in the shape of the internal
cavity during the GroEL cycle of activity is believed to play
an important role in unfolding and folding the substrate.
These are also coupled to ATP binding, to hydrolysis, and
to interactions with the co-chaperonin GroES.

In the study presented here, we have explored the switch
role of the intermediate domain in establishing communica-

colored gray, and the remainder (polar and charged residues) ardion between the other two domains, apical and equatorial,

colored cyan.

change. This is consistent with providing the essential
binding sites for the substrate protein. In the second and third
modes (top right box, two side views of the same conforma-

of the individual subunits, in the presence of the coupling
of all 21 subunits forming the GroELGroES complex.
Kawata et al. 9) showed that for certain proteins, the binding
of nucleotides to the GroEL equatorial domain results in the
release of refolding protein intermediates from the GroEL
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central cavity. This suggested that binding of nucleotides unravel the possible changes in the dynamics of the system,
induces a signal that is transferred from the equatorial domainwhen the cavity of GroEL is occupied with a protein.
to the apical domain.
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