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Summary

Hsp70s mediate protein folding, translocation, and macromolecular complex remodeling reactions.
Their activities are regulated by proteins that exchange ADP for ATP from the nucleotide-binding
domain (NBD) of the Hsp70. These nucleotide exchange factors (NEFs) include the Hsp110s, which
are themselves members of the Hsp70 family. We report the structure of an Hsp110:Hsc70 nucleotide
exchange complex. The complex is characterized by extensive protein:protein interactions and
symmetric bridging interactions between the nucleotides bound in each partner protein's NBD. An
electropositive pore allows nucleotides to enter and exit the complex. The role of nucleotides in
complex formation and dissociation, and the effects of the protein:protein interactions on nucleotide
exchange, can be understood in terms of the coupled effects of the nucleotides and protein:protein
interactions on the open-closed isomerization of the NBDs. The symmetrical interactions in the
complex may model other Hsp70 family heterodimers in which two Hsp70s reciprocally act as NEFs.

Introduction

Hsp70s are a diverse family of chaperones involved in a variety of protein processing reactions,
including protein import into the endoplasmic reticulum and mitochondrion, protein folding,
and the remodeling or dissociation of defined protein complexes and heterogeneous protein
aggregates (Mayer and Bukau, 2005; Sousa and Lafer, 2006; Young et al., 2003). All Hsp70s
are composed of a nucleotide-binding domain (NBD) and a protein substrate-binding domain
(SBD), with the latter subdivided into p sandwich (SBDp) and a-helical (SBDa) subdomains.
The helical subdomain is designated the “lid” because it caps the substrate-binding pocket of
the SBDp to block substrate release. Release of substrate is induced when ATP binds to the
NBD (Bukau and Horwich, 1998; Schmid et al., 1994; Wei et al., 1995). The SBD can then
bind a new substrate. Presentation of the substrate is carried out by a J protein cochaperone
that also stimulates the Hsp70 to hydrolyze the bound ATP (Misselwitz et al., 1998; Szabo et
al., 1994; Walsh et al., 2004). Upon ATP hydrolysis the SBD reverts to a conformation that
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releases substrate slowly, so the product of this step is a long-lived Hsp70*ADP*substrate
complex (Brehmer et al., 2001; Szabo et al., 1994).

NEFs regulate the lifetime of the Hsp70*ADP*substrate complex by inducing ADP release
from the NBD, allowing ATP to bind and induce release of substrate. The Hsp70 NEFs include
the homologous GrpE (Packschies et al., 1997) and Mgelp (Deloche and Georgopoulos,
1996) found in prokaryotes and mitochondria, respectively, and the Bag (Sondermann et al.,
2001) and HspBP1/Fes1/Sls1 (Shomura et al., 2005) families from eukaryotes. Structures of
complexes of GrpE (Harrison et al., 1997) and Bagl (Sondermann et al., 2001) with isolated
NBDs from, respectively, E. coli Hsp70 (DnaK) or bovine Hsc70 reveal that, while GrpE and
Bag are structurally unrelated, they use a similar mechanism to cause the Hsp70 NBD to release
nucleotide. Binding of nucleotide to the NBD induces it to close around the nucleotide, and
both GrpE and Bag bind to the NBD and induce it to open, so that nucleotide can dissociate.
The HspBP1 proteins also bind and induce a conformational change in the Hsp70 NBD, but
in this case, existing structures with HspBP1 encompass only a subdomain of the NBD
(Shomura et al., 2005), so the nature of the changes induced to cause nucleotide release are
less clear. The Hsp110s have recently been recognized as another class of eukaryotic NEFs.
Hsp110s are themselves divergent members of the Hsp70 family: while they possess similar
NBD and SBD architecture and can bind unfolded protein substrates to act as “holdases,” they
do not display the same ATP-driven allosteric cycles as do the canonical members of the Hsp70
family (Dragovic et al., 2006; Raviol et al., 2006; Shaner et al., 2004). Instead their primary
function in vivo seems to be to act as NEFs for the Hsp70s. In fact, inviability resulting from
deletion of the yeast Hsp110s (Ssel and Sse2) can be compensated for by expression of a
structurally unrelated NEF such as Fesl (Dragovic et al., 2006; Raviol et al., 2006; Shaner et
al., 2006).

The mechanism by which Hsp110s induce nucleotide release is unclear but is distinct from
how other NEFs work, in that an Hsp110 must first bind ATP to assume a conformation that
allows it to bind Hsp70 (Shaner et al., 2006). The resulting Hsp110:Hsp70 complex is stable
and dissociates only when ATP subsequently binds to Hsp70 (Andréassonetal., 2008). To better
understand how Hsp110 regulates Hsp70, we have determined the crystal structure of yeast
Hsp110 (Ssel) complexed with bovine Hsc70. This structure reveals extensive intermolecular
contacts encompassing an entire face of each NBD, with numerous charge:charge pairs and
direct H bonds, consistent with the remarkable stability of this complex. While the Hsp110
NBD contains tightly bound nucleotide and is in a closed conformation, the Hsc70 NBD is
open with nucleotide more weakly bound in what probably represents a prerelease
configuration. These findings provide a structural basis for understanding how a member of
the Hsp70 chaperone family diverged to become a dedicated Hsp70 cochaperone.

Yeast and Mammalian Hsp110 Are Functionally Interchangeable in a Clathrin Basket
Dissociation Reaction Mediated by Mammalian Hsc70

Yeast Hsp110 forms stable complexes with either mammalian (bovine) Hsc70 oryeast Hsp70
(Ssal) inan ATP-dependent fashion (Shaner et al., 2006). To determine if yeast Hsp110 could
also functionally substitute for mammalian Hsp110 in a macromolecular complex dissociation
reaction mediated by bovine Hsc70, we tested the effects of these NEFs on clathrin basket
dissociation. Mixing of clathrin baskets with Hsc70, ATP, andaneuronal-specific J
cochaperone (bovine auxilin) results in basket dissociation and can be followed by the decrease
in light scattering as the large clathrin baskets are dissociated into clathrin triskelia (Figure 1A)
(Jiang et al., 2005). When the Hsc70 concentration is substoichiometric relative to the clathrin,
dissociation follows burst kinetics with an initial, rapid exponential phase and a subsequent,
slower linear phase. Both the amplitude of the exponential phase and the slope of the linear
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phase are proportional to the amount of added Hsc70 (Figure 1 A; see legend for fitting details).
When the Hsc70 concentration approaches or exceeds the clathrin concentration, basket
dissociation is rapid with half the baskets dissociated in ~29 s. These Kinetics are due to
formation of clathrin:Hsc70 complexes, which dissociate slowly and therefore limit the Hsc70's
ability to participate in multiple rounds of basket dissociation (Greene and Eisenberg, 1990).
Addition of increasing amounts of a NEF, such as Bagl, to a reaction with a low Hsc70
concentration increasingly accelerates the second, slow phase of the dissociation reaction
(Figure 1B). Yeast and mammalian (human) Hsp110s also accelerate basket dissociation but
have quantitatively similar effects as Bag1 at 5-fold lower concentrations (Figures 1C and 1D).
These experiments used full-length Hsc70, so we ran similar reactions with a nonoligomerizing
truncated variant (aa 1-554) of the Hsc70 that is more suitable for crystallization. We found
that this truncated variant can also dissociate baskets and that its basket dissociation activity
is stimulated by yeast Hsp110 (see Figure S1 available online).

To determine if the effects of yeast Hsp110 on basket dissociation are, in fact, due to yeast
Hsp110 causing release of clathrin from Hsc70, we analyzed dissociation reactions by rapid
gel exclusion. When reactions were run in the absence of a NEF, the 70 kD Hsc70 coeluted
with the much larger (650 kD) clathrin triskelia, indicating that these two proteins remained
associated (Figure 1E). However, when the reaction was run in the presence of yeast Hsp110,
the Hsc70 emerged in a separate peak with the Hsp110, consistent with its lower MW (Figure
1F), indicating that the NEF action of the yeast Hsp110 had released clathrin from its
association with bovine Hsc70. We conclude that yeast Hsp110 can functionally substitute for
a mammalian NEF in this reaction.

Crystallization and Structure Determination

Bovine Hsc70 (aa 1-554; “Hsc70AC”) missing its 10 kD C-terminal oligomerization domain
(Jiang et al., 2005) was mixed with yeast Hsp110 (Ssel; aa 1-666) missing 27 residues from
its flexible C terminus, and complex formation was induced by addition of 1 mM ADP*BeFx.
SDS PAGE (data not shown) of crystals obtained in the presence of 30%-40% PEG 400
(Experimental Procedures) revealed both proteins at 1:1 stoichiometry. Molecular replacement
using the isolated open NBD from the Hsc70AC structure (1YUW; Jiang et al., 2005) and the
NBD + SBD§ of the yeast Hsp110 (2QXL; Liu and Hendrickson, 2007) was followed by
manual placement of the Hsc70 SBD and Hsp110 SBDa, and refinement to an R/Rfyge Of
22.4/28.3 at a resolution of 3.1 A (Table 1). With the exception of two and seven residues at,
respectively, the N and C termini of the Hsc70, aa 385-389 of the Hsc70 interdomain linker,
and 17 residues at the C terminus of the Hsp110, the entire complex was ordered and could be
clearly traced.

Overall Structure and Interactions in the Heterodimer

A dramatic feature of the complex is the sheer extent of the intermolecular interactions (Figure
2), with a total of 15,900 A2 of buried protein surface. Consistent with observations that the
isolated NBD of Hsc70 can form a stable complex with Hsp110 (Shaner et al., 2006), the most
extensive interactions are between the NBDs of the two proteins (aa 1-384 of each molecule):
9800 A2 of protein surface are buried in an interaction that involves an entire face of each NBD
(Figures 2-4). This interface exhibits extensive shape and chemical complementarity with a
total of 533 intermolecular contacts (between 2.5 and 5 A), 12 charge pairs, and 24 H bonds
(Figures 2 and 3; Table 2).

In addition, the Hsp110 SBDa. (aa 541-651) reaches out more than 40 A from the rest of the
Hsp110 to make a one-armed embrace around Hsc70 (Figures 2 and 3; Table 2). Residues 568—
579 of the SBDo. contact T278/Q279 and helix | residues 289-304/307 of subdomain I1B of
the Hsc70 NBD and make four charge pairs and eight H bonds with these elements (Figure 2;
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Table 2). The flexible and functionally critical linkers (aa 385-398) that connect the NBDs
and SBDs of each molecule interact with each other symmetrically, creating a short two-
stranded antiparallel  sheet between Hsp110 residues 386—-390 and Hsc70 residues 392-396
(Figures 2 and 3; Table 2).

The ability of yeast Hsp110 to form a functional complex with bovine Hsc70 likely reflects
the high sequence identity between bHsc70 and yeast Hsp70 (Ssal), which are 82% identical
in the regions (aa 1-400, corresponding to the NBD and linker) most important for binding
Hsp110. Residues at the intermolecular interface are even better conserved: 90% of the bHsc70
residues that form the interface are identical in Ssal, and all substitutions are conservative and
maintain the charge pairs listed in Table 2 (Figure S2). Mammalian (human) and yeast Hsp110
are more divergent, with an overall identity of 41%. Again, the regions forming the
protein:protein interface in the nucleotide exchange complex are more highly conserved,
exhibiting 61% identity and a high level of conservative substitutions (Figure S3).

Complex-Induced Conformational Changes

The largest changes seen in Hsp110 due to binding Hsc70 are in SBDa, which shifts by several
A (mean RMSD between free versus Hsc70-bound Hsp110 is 5.8 A for the main chain of
SBDa aa 568-651) to wrap around the Hsc70 NBD (Figures 2 and 3). Interactions with Hsc70
residues E48-M61 induce modest conformational changes in Hsp110 V277-F268 (mean
RMSD of aa 277-268 in Hsc70-bound versus free Hsp110 is 3.1 A), which are propagated into
neighboring elements (aa 300-315, 347-356) of the Hsp110. In addition to these changes,
which are induced by interactions in the heterodimer, crystal packing interactions with a
neighboring complex induce ordering of the acidic insertion loop (Hsp110 aa 503-525), an
element unique to the Hsp110s that is disordered in the structure of Hsp110 alone (Liu and
Hendrickson, 2007) (Figure 3). However, apart from these changes, the conformation of the
Hsp110 in the complex is similar that of the free molecule (Liu and Hendrickson, 2007) (mean
RMSD = 1.2 A).

The conformation of the Hsc70 is more drastically altered. The Hsc70 SBD (aa 399-547)
undergoes a whole-body rotation and is shifted by 70 A from its position in the structure of a
two-domain Hsc70 (Jiang et al., 2005) (Figure 3). The new position of the Hsc70 SBD is
stabilized by crystal packing interactions with the Hsc70 SBD and Hsp110 acidic insertion
loop from a neighboring complex. However, apart from this whole-body movement, the
conformation of the SBD is unaltered: SBD residues 400-547 of the free Hsc70 superimpose
on the SBD from the Hsp110:Hsc70 complex with a mean RMSD of 1.1 A. Significantly, aa
539-544 near the C terminus of the Hsc70 SBD remain bound in the Hsc70 substrate-binding
pocket as seen in the structure of the isolated two-domain Hsc70. This interaction is believed
to be a consequence of the C-terminal truncation in this Hsc70 construct, which results in
destabilization of the terminal helix and subsequent binding of the unwound element in the
substrate-binding pocket, mimicking the interaction of an extended polypeptide substrate with
the Hsc70 (Wang et al., 1998). The observation that this interaction persists in the complex
suggests that binding to Hsp110 does not affect protein substrate interactions with Hsc70.

Solution Conformation and Oligomeric State of the Complex

Given the potential for crystal packing interactions to generate spurious oligomeric states or

alter interdomain interactions in these flexible proteins, we used analytical ultracentrifugation
(AUC) to characterize the solution oligomeric state of the complex and 3D reconstruction of
the Hsp110:Hsc70 complex using electron microscopy to corroborate the domain placement.

Sedimentation analysis of a sample used for crystallization revealed two major species with
sedimentation coefficients of 3.81 + 0.006S and 6.19 + 0.005S. Genetic algorithm analysis
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(Figure 4K) revealed the MW and shape of the 3.81S species to be 72.4 kD (frictional ratio =
1.61), in good agreement with the molecular weight of either bHsc70AC (61.1 kD) or Hsp110
(74.4 kD). This may reflect dissociated or unassembled complex as well as uncomplexed
bHsc70AC in the sample, since we use an excess of Hsc70 during crystallization to ensure
saturation of the Hsp110. The calculated MW of the 6.19S species, which was the predominant
component, was 125.6 kD (frictional ratio = 1.42), which matched the theoretical MW of the
Hsp110:Hsc70 complex (135.4 kD). There was no evidence for higher-order oligomers.

For the EM reconstruction, complexes were negatively stained, and 16290 particles obtained
at 0° and 25° tilt were selected. Consistent with the AUC, particles corresponding to
heterotetramers were not seen, indicating that the heterodimer is the solution species. The 3D
reconstruction reveals a compact structure (Figures 4A—4D), with the presence of a “VV”’-shaped
mass that can be assigned to the NBD of the Hsc70, since a 3D reconstruction performed with
6557 particles of a complex between Hsp110 and an Hsc70 NBD points to the missing region
(Hsc70 SBD; compare Figures 4D and 4H; see arrow in Figure 4H) as near this mass.

Opposite and parallel to the Hsc70 NBD, a second “V”-shaped density can be assigned to
Hsp110 (arrow and arrowhead in Figure 4B, respectively), and this is supported by docking
the crystal structure into the 3D reconstruction (Figures 4E-4G) which fits the two NBDs into
the “V”-shaped masses of the EM-generated volume (Figure 4F). There are, however,
differences between the EM and crystal structures. The first is the acidic insertion loop in the
Hsp110 SBDg, which protrudes from the 3D reconstruction (orange domain in Figures 4E, 4G,
and 4l). The absence of density for this loop in the reconstruction is consistent with observations
that it is disordered in the isolated Hsp110 (Liu and Hendrickson, 2007) and only becomes
ordered in the crystal structure of the complex due to crystal packing interactions.

The largest difference resides in the Hsc70 SBD, which protrudes from the volume of the
reconstruction (green domain in Figures 4E, 4G, and 4l), leaving empty a mass in which the
Hsc70 SBD fits very well (see arrow in Figure 4G and red domain in Figure 41), and which is
absent in the reconstruction of the Hsc70 NBD:Hsp110 complex (Figures 4H and 4J). This
indicates that the position of the Hsc70 SBD in the crystal is displaced by packing contacts
from where it would otherwise sit. Significantly, the Hsc70 SBD is not simply delocalized,
since in that case, the averaging of multiple particle images would have erased the density for
this portion of the complex. Instead, the Hsc70 SBD seems positioned to interact with both the
Hsp110 and Hsc70 NBDs near their vertices (NBD subdomains 1A and 11A), though at the 21
A resolution afforded by this reconstruction, we cannot be more specific about these contacts.
Nevertheless, this suggests that the Hsc70 SBD may play a functional role in the complex,
perhaps providing additional stabilizing interactions with the Hsp110 NBD.

The Nucleotide Exchange Mechanism

From the perspective of nucleotide exchange the most important conformational effects are on
the open versus closed state of the NBDs. Consistent with the observation that Hsp110 must
bind ATP or ADP*BeF3~ (Shaner et al., 2006) before it can bind Hsp70, the Hsp110 NBD is
closed with ADP*BeF3™ tightly bound (Figures 2 and 6). The Hsc70 NBD, however, is in an
open conformation similar to those seen in nucleotide-free NBD structures in a two-domain
Hsc70 (Jiang et al., 2005) or in a complex with Bag (Sondermann et al., 2001), but the NBD
in the Hsp110 complex is even more open: the angle formed by the Co atoms of K250/G190/
E110is 37.9° in a closed ATP*NBD (Flaherty et al., 1990), 43.2° in the nucleotide-free 2
domain Hsc70 (Jiang et al., 2005), 44.9° in the complex with Bag (Sondermann et al., 2001),
and 45.9° in the Hsp110 complex (Figure 5A).

The extensive interactions between the two proteins are only possible with the Hsp110 NBD
closed and the Hsc70 NBD open. If a closed Hsc70 NBD is superimposed on the complex,
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interactions are lost and steric clashes are created. For example, in the open conformation
residues D285 and E283 of Hsc70 subdomain 11B make ionic interactions with a cluster of
positively charged Hsp110 NBD residues (K56/K110/R262), and Hsc70 NBD residues R299/
R301/R311 interact with the negatively charged face of the Hsp110 SBDa. (Figure 5B). Closure
of the Hsc70 NBD involves swinging of subdomain 11B toward subdomain IB and would
rupture these ionic interactions and create steric clashes between the loop (aa 285-292)
connecting Hsc70 B strands 14 and 15 and the corresponding loop (aa 289-296) of Hsp110
(Figure 5B). The effects of the open-closed isomerization of the Hsc70 NBD on the interactions
between the two proteins can therefore account for the observed effects of nucleotides on
Hsp110:Hsp70 complex formation and dissociation as well as nucleotide exchange. Binding
of ATP to Hsp110 induces the closed conformation, which can then bind Hsc70 and induce
the latter to open, facilitating nucleotide release. Subsequently, ATP can bind to Hsc70 and
induce it to close, rupturing NBD:NBD interactions and creating steric clashes that cause
complex dissociation (see Movie S1).

To test the importance of these interactions, we generated an E283K/D285K mutant in the
Hsc70 and a deletion of residues C-terminal to aa 567 in the Hsp110 (Hsp110ALid). As
measured by native PAGE, complex formation between the E283K/D285K Hsc70 and Hsp110
was markedly reduced relative to that seen with WT Hsc70 (Figure 5C). The clathrin basket
dissociation activity of the E283K/D285K Hsc70 was similar to that of the WT enzyme (Figure
5D); the ATPase rate of the mutant was also similar to WT (Figure S4), but while the basket
dissociation activity of WT Hsc70 was strongly stimulated by Hsp110, the E283K/D285K
mutant was only weakly stimulated (Figure 5D). The effects of deletion of Hsp110 residues
567-666 were even more severe. Complex formation was completely abrogated by this
deletion (Figure 5E) and the Hsp110ALid mutant did not stimulate basket dissociation (Figure
5F). These results indicate, consistent with the X-ray structure, that Hsp110 SBDa and Hsc70
residues E283 and D285 make interactions critical for complex formation and function.

Nucleotide Interactions in, and between, the NBDs

A large number of interactions anchor the ADP*BeF3~ in the Hsp110 NBD (detailed in the
legend to Figure 6A). The BeF3™ is H bonded to D8 and D203, forms an ionic interaction with
K69, and is coordinated by a Mg2* ion that is also bound by an oxygen from the B-phosphate.
Two other ligands for the Mg?* are the Nz of K69 and the N of N11. However, at this resolution
we did not attempt to place water molecules in the structure, and it is likely that missing waters
may also participate in Mg?* coordination. Many of the interactions made with the ADP are
identical to interactions seen in structures of Hsc70 NBDs complexed with ATP or ADP
(Flaherty et al., 1990, 1994), and even where the sequences have diverged, analogous
interactions are made. For example, a stretch of asparagines (N11-N13) makes an almost
identical set of H-bonding interactions with the phosphate oxygens as is made by T13-T14-
Y15 of Hsc70.

Inspection of the maps revealed electron density for an ADP in the Hsc70 NBD (Figure 6B).
This is surprising because the Hsc70 NBD is open, and an open NBD with bound nucleotide
has never been observed. This reveals that the strength of the Hsp110:Hsc70 interaction can
hold the Hsc70 open against the binding energy of an ADP, which would usually induce the
NBD to close. However, this ADP is more weakly bound than the ADP*BeF3™ in the Hsp110
or the ADPs seen in previous NBD:ADP structures. There is no BeF3~ or Mg2* present to
provide coordinating interactions with the phosphates, and there are few protein interactions
with the phosphates because the nucleotide has, together with subdomain 11B, swung away
from subdomains IB and 1A with which the phosphates interact in the closed NBD (there are
eight H bonds to the ADP phosphates in the closed Hsp110 NBD, but only three in the open
Hsc70 NBD).
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The adenine N6 groups of the ADPs in each NBD also make symmetric H bonds to the partner
NBD in the complex, with the ADP in the Hsp110 H bonding to Hsc70 Q33 (Figure 6A) and
the ADP in the Hsc70 interacting with Hsp110 S32 (Figure 6B). The nucleotides therefore
drive complex formation not merely by inducing an Hsp110 conformation that can bind the
Hsc70, but also by providing direct bridging interactions between the two NBDs.

A Nucleotide Entry/Exit Pore

The proposed mechanism for completion of the nucleotide exchange cycle requires that ATP
bind to the Hsc70 to induce complex dissociation (Andréasson et al., 2008). Nucleotides must
therefore have a mechanism for entry and exit from the complex. Inspection of the structure
reveals a pore formed by subdomains IB and 11B of each NBD that is large enough to
accommodate an ATP and that connects the nucleotide-binding sites to the bulk solvent (Figure
6D). There is no other visible mechanism of access to the nucleotide-binding sites, so this pore
probably allows nucleotides to enter and exit the complex. Coloring of the surface according
to electrostatic charge reveals that this pore forms an electropositive well within an
electronegative surround (Figure 6E). Such a charge distribution may serve to both attract and
orient the incoming ATP to accelerate its productive binding to the complex.

Discussion

While Hsp110 must bind ATP to assume a conformation that allows it to bind Hsc70 (Shaner
et al., 2006), once the complex is formed it is kinetically trapped and ATP can be removed
from the Hsp110 without causing complex dissociation (Andréasson et al., 2008). The
extensive protein:protein interface seen in the complex appears to be consistent with this
observation, as once formed, its spontaneous dissociation may be unlikely. This extensive
interface primarily involves the NBDs of both proteins, but Hsp110 SBDa:Hsc70 NBD
interactions also contribute to complex stability, consistent with observations that the Hsp110
SBD is also functionally important for the interaction with Hsc70 (Dragovic et al., 2006; Shaner
etal., 2004).

Interestingly, while the individual domains of Hsp110 are generally very similar to the
corresponding elements in Hsc70, the SBDa constitutes one area where these differ. In the
Hsp70s there is a bend between the first two helices of the SBD, which positions the second
helix to act as a lid over the substrate-binding pocket (Zhu et al., 1996). In Hsp110 these helices
are fused into one long helix (Liu and Hendrickson, 2007). The structure of the complex
explains this: the long helix allows SBDa to extend more than 40 A out from the Hsp110 to
establish interactions with the NBD of the Hsc70. These interactions may be important not
only for complex stability, but also for opening the Hsc70, since the interactions between the
Hsp110 SBDa and Hsc70 NBD subdomain 11B require that subdomain I1B hinge outward
toward the SBDa (Figure 5B). In concert with this outward movement, the Hsp110 SBDa.
moves toward subdomain 11B, away from its lower energy conformation in the isolated Hsp110.
The SBDua is therefore probably under some tension in the complex, effectively pulling on
subdomain 1B to help open the Hsc70 NBD.

However, the shift in the SBDa is modest, and the conformation of the rest of the Hsp110 is
almost unaltered relative to its conformation in isolation. This is consistent with observations
that interdomain interfaces in Hsp110 are robust and stable (Liu and Hendrickson, 2007) so
that allostery (changes in interdomain interactions due to induced conformational changes in
one domain) in this molecule is limited. For example, ATP binding to Hsp110 leads to changes
in the trypsin sensitivity of its NBD but does not alter the trypsin sensitivity of the interdomain
linker or SBD (Liu and Hendrickson, 2007). In contrast, ATP binding to the Hsc70 NBD
primarily induces changes in the trypsin sensitivity of the linker and SBD (Wei et al., 1995).
Binding of the J cochaperone to Hsc70 also requires displacement of NBD:SBD interactions
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(Jiang et al., 2007). Such observations are consistent with relatively weak NBD:SBD
interactions in the Hsc70 (Liu and Hendrickson, 2007) that can be modulated by binding of
nucleotides or other ligands. The lability of these interactions allows Hsc70 to act as an
allosteric machine, while the stability of the Hsp110 interdomain interactions may limit its
allosteric flexibility. In this study we observe two locations for the Hsc70 SBD. One of these
is affected by crystal packing contacts and is unlikely to be physiological. However, the
position of the Hsc70 SBD in the EM reconstruction suggests that it could interact with the
Hsp110 (Figure 4). The observed interactions between the linkers of the two proteins could
also be functionally important. In particular, since the ATP-driven conformational changes in
the Hsc70 involve allosteric changes in the linker and SBD, they could contribute to ATP-
induced complex dissociation by disrupting interactions between the Hsc70 linker or SBD and
Hsp110.

The structure of the Hsp110:Hsc70 complex also explains how ATP initially stimulates Hsp110
binding to Hsc70 and, subsequently, causes dissociation of this complex by binding to the
Hsc70 NBD to cause the latter to close. The ability of Hsp110 to induce ADP release from
Hsc70 is also explained by the effect of the Hsp110 interaction on stabilizing the open state of
the Hsc70 NBD, which it is able to do even when the latter has ADP bound. Interestingly,
while the Hsc70 NBD is open, we observe ADP bound to it in a configuration not previously
seen in any Hsp70 NBD nucleotide complex. The interaction of the ADP appears specific, for
while it retains only a subset of the H bonds to the NBD that have been observed in previously
described Hsp70 NBD*ADP complexes, those H bonds that persist are identical to those seen
in those previously described complexes (Flaherty et al., 1994), and even the H bond made by
the Hsp70 ADP to Hsp110 S32 recapitulates the bond made to Hsp70 Q33 by the ADP in the
Hsp110 NBD (Figures 6A-6C).

It is therefore likely that what is captured here is a prerelease complex: the Hsp110 has bound
Hsc70*ADP and induced opening of the Hsc70 NBD, but the ADP has not yet dissociated.
The Hsp110:Hsp70 complex does not dissociate when ADP is released (Andreasson et al.,
2008), implying that release of the ADP proceeds through the proposed nucleotide entry/exit
pore (Figure 6D). Subsequently, ATP binding to the Hsp70 to induce complex dissociation
would require that ATP enter through the pore, whose electrostatic character (Figure 6E) may
serve to recruit and orient the incoming nucleotide to increase the frequency of productive
binding events.

The Hsp110:Hsp70 complex is not the only functional Hsp70 family heterodimer that has been
reported. The Hsp70s in the yeast ER, Lhs1 (Grp170) and Kar2 (BiP), form a complex in which
each acts as a NEF for the other (Steel et al., 2004). The coordination provided through this
coupling is essential for the function of these chaperones, as mutations that eliminate this
reciprocal activation have the same effect as deletion of the Grp170. It has been proposed that
such reciprocal activation by pairs of Hsp70s may be a common feature of this group of
chaperones (Meunier et al., 2002; Steel et al., 2004). The Hsp110:Hsc70 structure may provide
a model for these widespread Hsp70 heterodimer interactions.

Experimental Procedures

Protein Preparation and Crystallization

Bovine Hsc70AC (aa 1-554) was expressed and purified as described (Jiang et al., 2005).
Proteolysis of complexes with yeast Hsp110 (Ssel) revealed that the ~ 30 C-terminal amino
acids of the Hsp110 were protease sensitive, so we prepared a construct expressing aa 1-666
of the Hsp110 and linked at its N terminus by a tobacco etch virus (TEV) protease site to an
8-histidine tag. The tagged Hsp110 was expressed as described (Shaner et al., 2006) and
purified on nickel resin. To remove adhering proteins the Hsp110 on the resin was extensively
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washed with 6 M urea, 50 mM Tris (pH 8.0), 1 M NacCl, and 0.1% Triton X-100, followed by
washing and on-column cleavage with TEV protease in 50 mM Tris (pH 8.0). Following elution
with the same buffer, complexes were formed by mixing the Hsp110 and Hsc70 with Hsc70
in excess to ensure saturation of the Hsp110 (1:1.5) and then dialyzing the proteins into 10 mM
Tris (pH 8.0), L mM DTT, 1 mM EDTA, 50 mM KCl, and 5 mM MgCl,. Following dialysis,
the sample was supplemented with ADP, BeCl,, and NaF to concentrations of 1 mM, 1.2 mM,
and 6 mM, respectively, and concentrated to 20-40 mg/ml by ultrafiltration through
membranes with a 100 kD MW cutoff. Crystals grew over 2-3 months by vapor diffusion
against 0.2 M LiSQOy, 40% PEG 400 at 4°C in sitting drops prepared by mixing complexes 1:1
with reservoir solution. Before data collection, crystals were soaked in reservoir solution +
15% glycerol and flash cooled in liquid nitrogen.

Analysis of Hsc70:Hsp110 Complex Formation and Clathrin Basket Dissociation Assays

Native PAGE of Hsp110:Hsc70 complex formation was as described (Shaner et al., 2006).
Clathrin baskets (1 uM CHC) made from bovine clathrin were mixed with 0.1 uM bovine
auxilin in 20 uM imidazole, 25 mM KCI, 10 mM (NH,4)2SO4, 2 mM Mg acetate, and 3 mM
DTT (pH 7.0) at 25°C. Dissociation was initiated by adding bovine Hsc70 (0.2-1 uM)
preincubated with 1 mM ATP and monitored by DLS as described (Jiang et al., 2005). Rapid
gel filtration analyses were performed in spin columns with superose 6, immediately after
mixing the reactions at the indicated concentrations.

X-Ray Data Collection and Structure Determination

Data were collected at ALS beamline 4.4.2, on a NOIR-1 MBC detector. The crystal-to-
detector distance was 160 mm; the oscillation range was 0.5° for a total of 139° of data. Data
were processed to 3.1 A using HKL2000 (Otwinowski et al., 2003), and the P212,2 SG was
determined by examination of systematic absences. Molecular replacement (MR) was
performed with Molrep (Vagin and Teplyakov, 2000). Hsp110 NBD + SBD@ (residues 3-540
from 2QXL; Liu and Hendrickson, 2007) was used as the first search model. Once this domain
was placed, it was fixed while the second model (bHsc70 NBD) from 1YUW (Jiang et al.,
2005) (residues 1-384) was used. The R factor from MR was 0.516 with a CC of 0.475. Rigid-
body refinement in Refmac (Murshudov et al., 1996) using each subdomain as a rigid element
reduced the R/Rfee t0 0.44/0.45. Electron density maps showed clear density for the missing
bHsc70 SBD and Hsp110 SBDa domains, which were placed by hand using Coot (Emsley and
Cowtan, 2004), which was also used for all model building. Simulated annealing, positional,
and residue grouped B factor refinement in PHENIX (Adams et al., 2002) gave a final refined
structure with an R/Ryee 0f 0.224/0.283.

Electron Microscopy and Image Processing

Complexes between Hsc70AC (Hsc70) and Hsp110 were prepared by incubating the proteins
in a 1:1 molar ratio in 10 mM Tris (pH 8.0), 1 mM DTT, 5 mM MgCl,, 25 mM KClI, and 1
mM ADPBeFx. The complex was isolatedby size exclusion chromatography on Superose 6.
Fractions were analyzed by SDS PAGE, and a few microliters of fractions containing the
complex were adsorbed to carbon grids and negatively stained with 1% uranyl acetate.
Micrographs at 50,000x were taken with a JEOL 1230 operating at 100 kV under low-dose
conditions. To increase the angular sampling, images were obtained at 0° and 25° tilt.
Micrographs were digitized using a ZEISS scanner, and particles were extracted using XMIPP
software (Sorzano et al., 2004). Data from tilted and untilted samples were averaged to 2.8 A
per pixel and processed without any a priori assumption. Several volumes were prepared as
starting templates for angular refinement in EMAN (Ludtke et al., 1999). First, images were
classified into homogeneous groups using reference-free methods (refine2d.py command in
EMAN and maximum-likelihood approaches implemented in XMIPP), and selected averages
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were used to build reference volumes using common lines. We also used artificial noisy ellipses
and Gaussian blobs with the rough dimensions of the protein as starting models (Rivera-
Calzadaet al., 2007). Projections from template volumes were confronted to the data set using
angular refinement in EMAN (Sorzano et al., 2004). The different strategies converged to
similar solutions, and one of the models was selected to complete the refinement. Similar
methods were used to analyze the data from a complex formed between Hsp110 and the Hsc70
NBD. In this case, the 3D reconstruction of the complex between Hsp110 and bHsc70AC was
also tested as starting reference for refinement. The resolution of the final structures was
estimated by FSC (eotest command in EMAN) to be 22 and 21 A (using the 0.5 cross-
correlation coefficient criteria) for, respectively, reconstructions of Hsp110:Hsc70AC and
Hsp110:Hsc70NBD. A difference map between these two reconstructions was calculated using
proc3d after alignment of the two structures using the align3d command in EMAN and
normalization to a comparable grayscale. The density maps and atomic structures were
visualized with UCSF Chimera (Pettersen et al., 2004). Thresholds were chosen to account for
approximately 100% of the protein mass. The atomic structure of the Hsc70AC:Hsp110
complex was manually fit within the EM density, and the handedness providing the best fit
was chosen to render the EM reconstruction.

Analytical Ultracentrifugation and Bead Modeling

Sedimentation experiments were performed in a Beckman Optima XLI analytical
ultracentrifuge. A 30 uM sample of Hsp110:Hsc70 in 1 mM ADP*BeF3, 5 mM MgCl,, 50
mM KCI, 20 mM sodium phosphate (pH 7.5) was scanned at 35,000 rpm and 20°C using
interference optics. Data were analyzed using UltraScan 9.5.1 (Demeler, 2005) Time-invariant
noise was removed with the 2D spectrum analysis (2DSA) (Brookes and Demeler, 2006), and
diffusion-corrected sedimentation coefficient distributions were calculated with the enhanced
van Holde-Weischet method (Demeler and van Holde, 2004). Parsimonious regularization of
the 2DSA results and MW determinations were performed by genetic algorithm and Monte
Carlo analysis (Brookes and Demeler, 2007). Partial specific volumes calculated using
UltraScan were 0.7347 ccm/g for bovine Hsc70, 0.7355 ccm/g for Hsp110, and 0.7351 ccm/g
for the complex. Bead-modeling was performed with HydroPro (Garcia De La Torre et al.,
2000).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Yeast and Human Hsp110 Are Functionally Interchangeable

(A) Clathrin basket dissociation mediated by full-length Hsc70 and auxilin, and monitored by
dynamic light scattering. The clathrin and auxilin concentrations were, respectively, 1.0 and
0.1 uM, and the Hsc70 concentration was varied as indicated. Basket dissociation was fit to y
=yo + Al(exp(—t1*x) — 1) — k*x, where yo = total scatter at x = 0 s = ~1,225,000 for 1 uM
clathrin; A1 = amplitude of 1st (rapid) exponential phase; t1 = time constant of 1st exponential
phase; k = rate of 2nd (slow) linear phase = decrease/s in number of scattered photons. Data
were globally fit with yo held constant, since yo is determined by the constant amount of
clathrin baskets added to each reaction.
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(B-D) Basket dissociation reactions run with constant Hsc70 (0.2 uM), auxilin (0.1 uM), and
clathrin (1 uM) concentrations but with varying concentrations of either Bagl (B), yeast
Hsp110 (Ssel; [C]), or human Hsp110 (D). Data in each panel were globally fit as in (A) with
yo constant, but with Al and t1 shared by all data sets since the model assumes that Al and t1
are determined by the amount of Hsc70 added. Only data between 0%-80% completion of the
dissociation reaction were used in fitting to reduce effects due to substrate depletion.

(E) Fractions from rapid gel exclusion chromatography of a basket dissociation reaction run
with 0.6 uM clathrin (“CHC”), 0.1 uM auxilin, and 0.6 pM Hsc70.

(F) As in (E) but with 0.6 uM yeast Hsp110 (Ssel) added.
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110SBDa

Figure 2. Ribbon Models of the Hsp110:Hsc70 Nucleotide Exchange Complex

Hsc70 is colored in blue tones, and Hsp110 is colored in autumn tones (red, orange, yellow,
brown). NBDs of Hsp110 and Hsc70 are colored yellow and light cyan, respectively. The
interdomain linkers of Hsp110 and Hsc70 are red and blue, respectively. The Hsc70 SBD is
dark cyan, and the Hsp110 SBDp and SBDa. are orange and brown, respectively. Subdomains
IA-11B of the NBDs are labeled in (A) and (D), and individual domains are labeled in (B);
different views of the complex are related by the indicated rotations.
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Figure 3. Crystal Packing Interactions and Induced Conformational Changes

(A) Ribbon model of two crystallographically related Hsp110:Hsc70 heterodimers colored as
in Figure 2. The dashed line demarcates the boundary between each heterodimer, but the acidic
insertion loop of the Hsp110 SBDB domain reaches across from one heterodimer to interact
with the Hsc70 NBD of its neighbor.

(B) Ribbon models (colored and oriented as in [A]) of the Hsp110 (2QXL; Liu and
Hendrickson, 2007) and Hsc70 (1YUW; Jiang et al., 2005) in the conformations seen when
these proteins are not complexed with each other. The conformational differences between the
proteins in isolation and in the nucleotide exchange complex include movement of the Hsp110
SBDa toward the Hsc70 NBD, ordering of the acidic insertion loop due to crystal packing
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interactions, and rotation of the Hsc70 SBD due to crystal packing and/or interactions between
the interdomain linkers in the nucleotide exchange complex.
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Figure 4. Conformation and Oligomeric State of the Hsp110:Hsc70 Complex in Solution

(A)—-(G) and (I) show different views of the 3D reconstruction of the Hsp110:Hsc70 complex,
while (H) and (J) show reconstructions of an Hsp110:Hsc70 NBD complex. (E)-(G) and (H)
also show a ribbon model of the Hsp110:Hsc70 crystal complex (110 NBD: yellow; 110
SBDg: orange; 110 SBDa. gray; 70 NBD: light cyan; 70 SBD: green) fit into the EM envelope.
The model fits very well with the exception of the acidic insertion loop and the Hsc70 SBD.
An alternative position for the Hsc70 SBD (red) suggested in (1) and (J) fits very well into the
density that is missing in the complex in which the SBD is deleted (arrows in [G] and [H]).
(K) Genetic algorithm Monte Carlo fit of the sedimentation data for the Hsp110:Hsc70
complex. Relative concentrations are shown as a color gradient (white = 0 uM, black = 16
uM). The predominant species (black center) corresponds to the dimer, while the minor species
at ~72 kDa corresponds to free Hsc70AC and Hsp110.
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Figure 5. Effects of Hsc70:Hsp110 Interactions and Nucleotides on the Open-Closed Isomerization
of the NBDs

(A) Superimposed ribbon models of closed ATP bound Hsc70 NBD (1KAX; Flaherty et al.,
1990; orange), the NBD from a nucleotide free two-domain Hsc70 (1YUW; Jiang et al.,
2005; blue), from an Hsc70 NBD:Bagl complex (1HIX; Sondermann et al., 2001), yellow),
and from the Hsp110:Hsc70 complex (light cyan). Increased opening of the NBD occurs as
subdomain 11 swings progressively farther from IB and is greatest in the Hsp110:Hsc70
complex (the Hsc70-bound ADP from the Hsp110:Hsc70 complex is shown in red space-filling
representation).

(B) Ribbon models of a closed Hsc70 NBD (orange) and free Hsp110 (light gray) superimposed
on the Hsp110:Hsc70 complex (colored as in Figure 2). Selected residues forming ionic
interactions (blue for positively charged; red for negative) between the proteins are in stick
representation. The loops formed by residues 285-292 and 289-296 of, respectively, the Hsc70
and Hsp110 NBDs are enclosed with a dashed ellipse. Closing of the Hsc70 NBD would create
steric clashes between these loops and rupture the illustrated ionic interactions.

(C) Native PAGE of complex formation between Hsp110 (aa 1-666; “110™) and either WT
Hsc70DC (aa 1-554; “70”) or Hsc70AC E283K/D285K (“70mut”). Lanes 1-3: individual
indicated proteins at 10 uM; lanes 4 and 5: indicated proteins mixed at 10 uM; lanes 6 and 7:
indicated proteins mixed at 5 uM; lanes 8 and 9: indicated proteins at 2.5 uM. All reactions
contained 1 mM ATP.

(D) Effects of Hsp110 on basket dissociation with either full-length WT or E283K/D285K
Hsc70. Red data points: no Hsc70 added; cyan: WT Hsc70 alone; green: E283K/D285K Hsc70
alone; dark blue:WT Hsc70+0.1uM Hsp110; yellow: E283K/D285K Hsc70+0.1 uM Hsp110.
Reactions were run with1 uM clathrin, 0.2 pM Hsc70, and 0.1 uM auxilin and fit as in Figure
1.

(E) Native PAGE of complex formation between Hsc70AC and either Hsp110 (aa 1-666) or
Hspl10ALid (aa 1-567; “110ALid™). Lanes 1-3: individual indicated proteins; lane 4:
Hsp70AC + Hsp110; lane 5: Hsc70AC + Hsp110ALid (all proteins at 10 uM).
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(F) Basket dissociation reactions as in (D), but run with either full-length Hsc70 alone (yellow),
Hsc70 + Hsp110 (blue), or Hsc70 + Hsp110ALid (green).
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Figure 6. Nucleotide Interactions and Nucleotide Entry/Exit Pore

(A) The nucleotide-binding site in the Hsp110 NBD. The ADP is green, BeF3™ is magenta,
Mg?2* is brown, and residues interacting with these ligands are blue, red, yellow, and gray for
positive, negative, polar, and hydrophobic. The BeF3™ is bound by D8, D203, K69, and the
Mg?2*. The Mg?2* is also liganded by the N of N11, the Nz of K69, and an Op from the ADP.
Protein: ADP H bonds include the following: four between the B-phosphate and the amides of
N11, N12, N13, and H206 and one to the N13 carbonyl O; two between the a-phosphate and
H206 and G343 amides and one to the N13 side-chain O; three ribose O, and O, bonds to,
respectively, the T344 amide and Os¢; and Nz of E272 and K275; five between the base N3,
N9, and N6 atoms and the Nz and carbonyl oxygens of K276 and G343 and to the O¢ of Hsc70
Q33.

(B) The nucleotide-binding site in the Hsc70 NBD. Colors as in (A). Electron density from an
Fo-Fc map phased with a model missing the nucleotide is shown contoured at 3.0c.
Protein:ADP H bonds include the following: one between the B-phosphate and O, of T14;
two between the a-phosphate and O, of D366 and the G202 amide; five between the ribose
02, O3, and O4 atoms and the Nz of K271, the O, of E268, and the amide and O, of S340;
and three between the base N6 and N7 and R272 carbony! and the O, of Hsp110 S32.

(C) Ribbon models of Hsp110 (yellow) and Hsc70 (cyan) NBDs with nucleotides (red) and
side chains (Hsc70 Q33 and Hsp110 S32) that bridge one NBD to the adenine N6 of the
nucleotide in the partner in space-filling representation.
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(D) Transparent surface model of the complex with nucleotides in space-filling representation
(coloring and orientation as in [C]) reveals a pore that connects the nucleotide-binding sites to
the bulk solvent.

(E) Coloring of the surface according to charge (blue = positive; red = negative) reveals that
the pore forms an electropositive well embedded in an electronegative surround.
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Table 1

Data and Refinement Statistics
PDB Accession Code 3C7N
Wavelength (A) 1.0720
Beamline ALS 4.2.2
Space group P2(1)2(1)2
Unit cell dimensions (A) a=1235,b=169.5 c=877
Diffraction resolution (A) 50-3.10
No. of observations 179, 719
No. of unique reflections 32, 644
Completeness (%) 97.2 (92.8)8
Mean I/c) 8.8 (2.6)2
Reym 0.15 (0.55)@
No. of protein atoms 9285
No. of adenosine-5'-diphosphate (ADP) molecules 2
No. of berillium-trifluoride ions 1
No. of magnesium ions 1
No. of chloride ions 3
No. of sulfate ions 4
Reryst 0.224 (0.290)2
Riree 0.283 (0.324)2D
RMSD bond lengths (A) 0.012
RMSD bond angles (degrees) 1.42

Ramachandran plot®

Favored (%) 81.4
Allowed (%) 16.6
Generous (%) 15
Disallowed (%) 0.5

Average B factors (A2)

Protein 53
ADP molecules 53
Berillium-trifluoride 40
Magnesium ion 15
Chloride ions 61
SO, 86

%alues in parentheses are for the outer resolution shell of the data.

b A
5% Rfree random test set used for crossvalidation.

CThe Ramachandran plot was generated with PROCHECKSS.
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Table 2

Intermolecular Charge Pairs and H Bonds in the Hsp110:Hsc70 Complex

Charge Pairs

Direct H Bonds

Hsp110NBD:Hsc70NBD

R34:E367 K56Nz:E2830e,
K56:E283 T580g,:D2850d,
D140:K509 1240:K25Nz
K262:D285 E300:52760g
R266:D285 V310:R272Ne
R266:D292 N330d;:R272NH,
E289:R258 N55Nd,:$2810
E289:R262 T2820g,;:E480e,
K351:D32 $2870g:R258Ne
E370:R36 $590¢:E2830¢1
K374:E27 $2870:R258NH,
D25:K25 $29009:52860g

T3860:V396N

F1850:H23Ne,

K2760:Q33Ne,

$2790:Q330¢;

N2810d;:A540

N281Nd,:N570d;

E2890e,:R258Ne

T3640g;:A1330

K374Nz:E270e,

K374Nz:E270e,

Hspl10Linker:Hsc70Linker

R388N:L3940

R390:D390

R3880L394N

R390N:L3920

R390NH2:D3900

R390NH2:D390N

Hsp110NBD + Linker + SBDB:Hsc70SBD

R388NH2:T4190g;

R388NH1:N4170

E494:K524

S20G:R509NE

D532:K524

13820:K512NZ3.16

Hsp110Lid:Hsc70NBD

D569:R299

E568062:Q2790g;
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Charge Pairs

Direct H Bonds

E575:R301 E5680:T27809;
E576:R299 D5690d,:T2780g;
E587:R311 K571Nz:R301NH;

N572Nd,:T2980g;

E5750e;:R301Ne

E5750e;:R301NH;

E5750e;:R301Ne

Mol Cell. Author manuscript; available in PMC 2010 June 27.

Page 25



